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ABSTRACT

The City of Nairobi is the capital as well as the soc@al, economic and communication hub of
Kenya. It is located on the eastern flank of the East African Rift Valley. The study arca is mainly
underlain by pyroclastic volcanic rocks intercalated with sediments that were deposited in a large
lake or series of lakes that extended from Ol Doinyo Sabuk to almost Kajiado. Owing to the
geologic origin, the Nairobi subsurface is not homogencous. Constructors have reported variable
subsoil at building sites, defects in structures that can be related to foundation conditions or
adjacent excavation and groundwater {low into excavations and basements. There is also fear
that the extensive groundwater extraction could result in depletion of aquifers and eventually
cause surface subsidence. The main objective of this study was to investigate the geological and
geotechnical characteristics of the subsurface materials and recommend areas where shoring and
underpinning works are required to safeguard against effects of ground movement, sensitive and

variable subsoil and groundwater drawdown.

Primary data was collected through standard methods of data collection. This included
observation and sample collection from construction sites, investigation of causes of distress in
structures, core logging of geotechnical and water supply boreholes drilled during the period of
study and geophysical resistivity survey. Geophysical resistivity surveys were carried out to
relate geoelectric properties to mechanical properties using various formulae obtained from
experimental studies elsewhere. The electrical sounding was in most cases carricd out adjacent to
boreholes to compare the subsurface profile with the geophysical propertics. Secondary data was
obtained from archival records and reports, structural designs, publications and conference
papers as well as from people who previously carried out work in the study area. The secondary
data includes data on geology, rainfall, hydrogeology, earthquakes, structural foundation design,

shoring and underpinning operations and geotechnical and failure investigations.

In the analysis, the geological map, rivers and contours were digitized {or use in GIS; spatial and
temporal rest level variations were analysed using Surfer and GIS software packages. Subsurface
profiles for various localities were plotted using Strater software and probable scttlements were
calculated. Fractures were traced using borehole logs and Didger software. The following
geotechnical properties were analysed: grading; consistency; expansion and collapse; direct shear

and triaxial shear; consolidation; bearing capacity and allowable pressures.
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The study concluded the following: groundwater rest levels have dropped with an average of 73
m in the last 80 ycars and cstimated scttlement of 0.034 m to 5.9 m could result from
groundwater depletion from aquifers and clay aquitards over a long period of time; there scems
to have been many centres of volcanic activity during formation of Kerichwa Valley Series
leading to formation of materials with variable geotechnical propertics; variable subsoil at
construction sites and in adjacent borcholes can be related to fractures that are concealed by
swamp soils and deep alluvium; the geologic materials have been insufficiently characterised by
geotechnical data but the gaps in knowledge were bridged by analysis of logs recovered from
water supply wells; the engineering properties of the soils vary widely and are related to the
parent material; the difference in bearing capacities of weathered and fresh rock ranges between
10 and 30 times; the allowable pressurcs on the subsoil range between 0 kN/m? to 26537 kN/m?
while the design pressurcs range between 0 kN/m? and 6000 kN/m? ; Weathercd/decomposed
tuffs, agglomeratic tuffs, silty clays and red clays are liable to collapse in cxcavations; Distress is
common in structurcs supported on concealed fractures, moisture sensitive soils, thin/ variable

laterites, fill and inclined profiles.

The study recommends the following: Drilling of monitoring boreholes in the vicinity of
meteorological stations to estimate natural recharge and determine safe yield for the purpose of
controlling rest level falls; installation of a few real-time settlement meters to monitor sitcs with
high yielding wells and areas with potential of large scttlements; use of two-dimensional
tomography to further investigate the presence of concealed fractures and for routine site
investigations; shoring and/or underpinning operations when making vertical cuts adjacent to
cxisting shallow foundations to control movements; and, use of the successf{ul construction and
shoring/underpinning methods discussed here to mitigate distress in structures. It also
recommends serious attention to the conditions of the subsoil before structures arc constructed to
avoid potential of hazards and disasters in the construction industry like what has been

experienced in Nairobi in the last few years.
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DEFINITION OF GEOLOGICAL TERMS

Extrusive igncous rocks arc formed at the earth’s crust as a result of the partial melting
of rocks within the mantle and crust. Extrusive Igncous rocks cool and solidify quicker
than intrusive igneous rocks. Since the rocks cool very quickly they are fine grained.
Eruptions of velcanoes into air are termed subaerial and when deposited in water they
are termed subaqueous,

Pyroclastic rocks or pyroclasts are clastic rocks composed solcly or primarily of
volcanic materials. Pyroclastic rocks may be composed of a large range of clastic sizes;
from the largest agglomerates, to very fine ashes and tuffs.

Pyroclastic deposits that are compacted and cemented together are referred to as tuff.
Welded tuff is a pyroclastic rock, of any origin, that was sufficiently hot at the time of
deposition to weld together.

Agglomerates are coarse accumulations of large blocks of volcanic material that contain
gravels, cobbles and boulders. Agglomerates are typically found near volcanic vents and
within volcanic conduits, where they may be associated with pyroclastic or intrusive
voleanic breccias.

Lava is molten rock material that reaches the earth’s surface. Lavas also may contain
many other components, sometimes including solid crystals of various minerals,
fragments of exotic rocks known as xenoliths and fragments of previously solidified
lava, |

Phonolite is any member of a group of extrusive igneous rocks that arc rich in nepheline
and potash feldspar. The typical phonolite is a fine-grained, compact igneous rock that
splits into thin, tough plates which make a ringing sound when struck by a hammer,
hence the rock's name,

Trachyte is a light-coloured, very fine-grained igneous rock composed chicily of alkali
feldspar with only minor mafic minerals (biotite, hornblende, or pyroxene). Occasionally
minerals of the feldspathoid group, such as nepheline, sodalite and leucite, occur, and

rocks of this kind are known as phonolitic trachytes.
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CHAPTER ONE
INTRODUCTION

1.1 General introduction

The City of Nairobi is the capital as well as the social, economic and communication hub of
Kenya. The city is Jocated on the eastern flank of the East African Rift Valley. It is mainly
underlain by pyroclastic volcanic rocks intercalated with sediments that werc deposited in a large
lake or series of lakes that extended from Ol Doinyo Sabuk to almost Kajiado (Matheson, 1966).
Owing to the geologic origin, the subsurface in Nairobi is not homogeneous. Constructors have
reported variable subsoil at building sites, defects in structures that can be related to foundation
conditions or adjacent excavation and groundwater flow into excavations and basements. There
is also fear that the extensive groundwater extraction could result in depletion of aquifers and

eventually cause surface subsidence,

In general, natural geological materials are difficult to quantify for enginecring use because of
the various factors that affect their behaviour. For example, soil behaviour is affected by the
initial state of stress, direction of loading, drainage conditions and loading rate. The engineering
behaviour of a rock depends on its type, the number and location of discontinuities, fractures,
joints, fissures, cracks and planes of weakness. Because of variation in the above factors,
samples from the same material can exhibit varying engineering properties. Therefore, the
important component of characterizing geological materials for engineering purposes involves
establishing reasonable property variations and providing properties that represent the best
cstimates. The qualitative and quantitative description of conditions on or bencath the surface
that leads to appropriate facility design or the feasibility of remedial actions is referred to as

subsurface characterization.

1.2 Characteristics of the study area

1.2.1 Location of the study areca
Nairobi City is located in the central part of Kenya, 500 km from the port of Mombasa wherc the
country borders the Indian Ocean to the east and 400 km from Busia at the Kenya-Uganda

Border to the west (Figure 1.1). Currently, the city covers an area of 692 km? (Central Bureau of
1



Statistics, 2009). Nairobi City and the area around it herein referred to as the study area is
bounded by longxludcs 36°40°00"'E and 36°55'00"L and latitudes 01°10'30" S and 01°25'00" S.
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Figure 1.1: Location map of Nairobi Clty (Atlas.com)

Dcvelopment of the City of Nairobi started in 1899 during the construction of the Kenya-Uganda
Railway Line. The first settlement was started by the Railway Survey Team that pitched tents
beside the crystal clear water from the Central Highlands after working through dry arid arcas. It
was decided that Nairobi be made a Storagc depot for the railway construction materials and

building of permanent structures began. With the depot acting as the nuclcus, the population



started to grow and by 1905, Nairobi became the capital of Kenya with a population of about 10
000 people. It became a municipality in 1919 and a city in 1950 (Mwangi, 2005). The Nairobi

City boundaries have since been revised at least four times.

1.2.2 Population

According to the Republic of Kenya Population and Housing Census, the urban population of
Nairobi City reached 3,138,295 million on August 2009 (Table 1.1). This figure does not include
the population in the surrounding suburban and rural arcas that work in the city or the population
that comes to the city to carry out administrative tasks or conduct business and remains in the
city for a short period. The estimated growth rate of the city population is about 5.5% per annum;
approximately 100 000 new people being added to the city every year. The rate of migration
from rural to urban areas has significantly increased due to economic opportunities in urban
areas and to the decrease in productive farmlands in rural areas as a result of population growth

and climate change.

Table 1.1: Nairobi City population between 1906 and 2009

Year Area (Ha) Population Average incrcasc per annum
1906 1,813 11,512 0
1928 2,537 29,864 834
1931 2,537 47,919 6,018
1936 2,537 49,600 336
1944 2,537 108,900 7,037
1948 8,315 118,976 2,519
1960 68,945 266,795 12,318
1969 68,945 509,286 26,943
1979 68,945 827,775 31,848
1989 68,945 1,324,570 49,679
1999 68,945 2,143,254 81,868
2009 68,945 3,138,295 99,504

[
{(Source: Republic of Kenya, Central Bureau of Statistics, CBS)




1.2.3 Climate

Nairobi has an average altitude of 1695 m above sea level with tropical highland climate. There
are two rainy seasons: late March to early June and late September to carly December and two
dry seasons: late December to early March and late June to early September. The altitude makes
for some chilly evenings, especially in the June/July scason when the temperature can drop to
10 °C. As Nairobi is situated close to the Equator, the differences between the seasons arc

minimal though there are years when the dry seasons extend over longer periods.

1.2.4 Structural development

In the face of rapid population growth, it has become increasingly difficult to meet the demand
for office space and housing. This has led to development of many medium and high-rise
buildings within the city boundaries and in peri-urban areas that arc currently being absorbed
into urban Nairobi. Some of the structures are being built on marginal land whose capacity to
support the substantial weight of structures has not been ascertained. Such areas include former
swamps, river banks, former dumpsites and quarries. Developers are also increasing the number

of floors in old low-rise structures or altogether replacing them with taller structures.

1.3 Geological setting
The City of Nairobi is located on the eastern flank of the East African Rift Valley. Geologically,

the subsurface comprises of volcanic formations cooled under acrial and subaqueous conditions.
The volcanic rocks overliec Mozambique Belt metamorphic rocks of Neoproterozoic Era. Figure
1.2 is a geological map showing the full extent of the study arca while Figure 1.3 is the key to the

geological succession.

The Mozambique Belt rocks consist of ancient sediments that were metamorphoscd as a result of
high temperatures and pressures in the latc Precambrian to Lower Palaeozoic times. Following
the metamorphism and folding of the rocks, the area was subjected to erosion lasting for more
than 400 million years, leaving an erosion surface dated to end Cretaceous Age (Ministry of

Works, 1969).
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In the Upper Miocene times, phonolitic lava flowed across the eroded metamorphic surface from
the edge of the newly formed Rift Valley. This lava is known as Kapiti Phonolite since it
underlies the Kapiti Plains. The Kapiti phonolite is a rock with large white crystals of feldspar
and waxy-looking ncphelines st in a fine-grained dark-green to black ground mass (Saggerson,
1991). Some exposurcs reveal the vesicular nature of parts of the phonolite and small patches of

calcite and zeolite-filled amygdales arc common.

The Kapiti Phonolite is overlain by pyroclastic rocks with interbedded lacustrine sediments. The
succession is referred to as Athi Series Tuffs and Lake Beds or simply as Athi Scrics because the
largest exposures are in Athi River arca. The colour of the tuffs ranges from black to grey to
yellow but are generally fine grained. The lake beds contain plant remains and show signs of
desiccation. The Athi Series has variable thickness depending on the shape of the erosion surface
at the time of deposition with a maximum thickness of 305 m at Nairobi City Centre (Gevaerts,
1964).

Generally, the Athi Series is characterized by the presence of obsidian but with much lateral
variation. The Series is divided into three parts namely: the Upper Athi Scries, Middle Athi
Series and Lower Athi Scries. The Upper Athi Series (UAS) mainly consists of sandy sediments
and tuffs, clays being subordinate. The Upper Athi Series also includes few intercalated black
non-porphyritic basalt flows. The UAS is generally soft and friable in character. A hard yellow

tuff band (6 m) forms a good marker horizon.

In between the UAS is Mbagathi Phonolitic Trachyte, which is porphyritic lava with tabular
insets of feldspar. The most striking feature of the Mbagathi Phonolitic Trachyte is its texturc of
crowded feldspar laths set in a grey-brown matrix, the colour of which is emphasized by rusty
brown weathering and alteration products. In many places, Mbagathi Phonolitic Trachyte is
vesicular and the feldspars, which are up to a centimetre in length, are flow oriented (Saggerson,
1991). Mbagathi Phonolitic Trachyte can be traced in borcholes at Kabete, Karen, Ngong and

Ongata Rongai. The most easterly extent is at Nairobi National Park.

Middle Athi Series (MAS) consists of basalt lava flows, sands and agglomerates. The lavas

show abundant insets of feldspar and the sands often have a clay matrix (Gevaerts, 1964). Lower
7



Athi Series (LAS) are predominantly clayey deposits between the basaltic Middle Athi Series
and the uppermost flow of the Kapiti Phonolite (Saggerson, 1991). In some places the LAS lics

dircctly on the metamorphic rocks.

Overlying the Athi Series rocks are the Nairobi and Kandizi phonolites. Nairobi Phonolite is
dark- grey, porphyritic lava with tabular inscts of feldspar and a few flakes of biotite. The lava is
distinguished in drilling samples by the presence of biotite. The Kandizi Phonolite is non-
porphyritic lava with only very sporadic insets of feldspar, biotite being absent. The groundmass
of Kandizi Phonolite is like that of the Nairobi Phonolite.

In some places, Nairobi Phonolite is overlain by Nairobi Trachyte. Nairobi Trachyte is greenish
grey lava that is occasionally porphyritic with tabular phenocrysts of feldspar. The groundmass is
fine-grained with a silver lustre. Nairobi trachytes are traced in boreholes in Karen, Langata,
Upper Hill, Kilimani Lavington, Riruta, Kasarani and Kiambu. Scveral flows of the Nairobi
Trachyte have been encountered in boreholes at Upper Hill with a total thickness of 91 m. A
borehole at Kenyatta National Hospital penetrated five flows, each with a vesicular upper
contact. Three flows separated by sediments or tuffs were recognized at Mbagathi (Gevaerts,
1964). At Upper Hill, Nairobi Trachyte is separated from Nairobi Phonolite by a few mctres of
agglomeratic tuff. Nairobi trachytes have great affinities to phonolitic rocks though lacking in

nepheline.

Ngong’ Volcanics overlie Kandizi Phonolite and overtap onto the Mbagathi Phonolitic Trachyte.
They are dark-grey lavas of basalt and nepheline interbedded with sands. In boreholes they occur
immediately below Nairobi Trachyte. Kerichwa Valley Secries (KVS) overlics the Nairobi
Trachyte and nearly cvery other older formation. The series comprises of pumice-rich trachytic
tuffs and agglomerates that have some resemblance to some of the Athi Tuffs and Lake Beds.
They are found in boreholes at Wilson Airport, Ongata Rongai, Bulbul, Dagoretti, Ruaraka,
Eastleigh, Karura, Muthaiga and Mathare.

The KVS tuffs range from cemented finc-grained, wind-sorted pumiceous ash to agglomeratic
tuffs with rock fragments up to 0.5 m size. The tuffs are referred to as “agglomeratic tuffs” not

agglomerates because of the larger proportion of fine material that forms the rock. The colour of
8



Kerichwa Valley tufls is generally yellow, grey or black. The deposits of KVS buried a pre-
existing landscape, the former valleys of which are now being re-excavated to reveal Nairobi
Trachyte and Nairobi Phonolite. The KVS is up to 20 m thick at the City Centre where it overlies

Nairobi Phonolite,

The Series cannot be traced to any volcanic vent and it is probable that they are the result of
rapid pressure release following rift faulting and graben-forming collapse. It is thought that one
of the centres of volcanic activity during this period was located somewhere in the City Centre
because it is unlikely that the large agglomerate fragments were ejected from a far away vent
(Ministry of Works, 1969). At one time during the period of this volcanic activity, there scem to
have been two main drainage systems through Nairobi City Centre (Gevacrts, 1964). One ison a
line running in the general direction of Moi Avenue, which possibly was the old line of Nairobi
River. The other one is in a direction from parliament towards the Railway Station. These vallcys
were subsequently filled with tuffs and Nairobi River changed its position to the present course.

The presence of conglomerates and fluvial deposits in the series suggests more than one flow.

The north of the study area is covered by Kabete Trachyte, Karura Trachyte and Limuru Quartz
Trachyte. These trachytes overlic the Kerichwa Valley Serics that is found to thicken to the north
and north-west with an increase in obsidian content. Kabete Trachyte is greenish-grey
porphyritic rock that weathers to soft grey colour and has similaritics with Nairobi Phonolite. It
has limited lateral extent and has a maximum thickness of 30 m in Kabete. Karura Trachyte is
fine-grained, dull grey to lustrous rock, similar to Nairobi Trachyte but higher in succession and

spotted when weathered.

1.4 Statement of the problem

Geotechnical and construction records indicate that highly variable volcanic materials and
sediments are encountered at construction sites in Nairobi City (Ministry of Works, 1987).
Development of buildings in such high variability soils requircs geotechnical studies to obtain
accurate information for foundation design (Terzaghi et al., 1996). However, most high-risc
residential buildings and medium-rise commercial enterprises in Nairobi City are designed using

information obtained from trial pits that are done to firm strata.

9



Development of several high-rise buildings on altemating layers of weak and strong subsoil can
cause “group failure”. Group failure may occur when a group of individually safe foundations
rest on a relatively strong layer overlying a thick layer of weak material. The foundations soils
settle due to the weight of the individual buildings, termed “inherent settlement” and can be
accompanied by the additional settlement caused by loads on neighbouring foundations termed
“interference settlement” (Comrie, 1961). The new high-rise buildings in the city may be
individually safe but when their bearing pressures are combined with those of adjacent

structures, they affect deeper subsoil and can be liable to group failure.

Groundwater in the pores assists the subsoil in sup'porting structural loads and thus reduces the
effect of foundation pressures on the subsoil. Extensive groundwater abstraction is taking place
across Nairobi City causing drawdown (Foster & Tuinhof, 2005). Whencver the water table is
lowered, the soil particles adjust as they occupy the empty pore spaces and thus decrease in
volume; the resulting displacements produce settlement of the ground surface that is roughly
proportional to the descent of water (Sun, 1997). When the ground settles, it causes distress or
damage to the structures that it supports.

There is increasing difficulty in getting parking space within the Nairobi City Centre and this is
causing many tenants to seek alternative office space with ample parking. Faced with critical
shortage of tenants, new property developers within the City Centre will consider constructing
multilevel parking basements. But from drillhole information, weak soils have been encountered
at some shallow depths leading to backfilling of boreholes up to 20 m (Gevaerts, 1964).
Excavations with vertical cuts in such soils would lead to construction difficulties and necessitate
the need for shoring and underpinning operations. A study of subsurface strata done down to
depths penctrated by water supply wells has bridged the gap in knowledge about subsurface
conditions beyond depths confirmed in excavations and geotechnical site investigation

boreholes.

Excavation for foundation placement adjacent to an existing structure removes the side support
to the foundation of the latter. Removal of foundation support causes deformation that commonly
takes the form of a subsidence of the area surrounding the excavation; an inward movement of

the soil at the sides and an upward movement of the soil beneath the bottom (Coduto, 2001).
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Structurcs supported by foundations resting on the material that deforms experience
corresponding movement; they settle and move towards the excavation (Tomlinson, 1995). This
movement bencath a building is manifested in form of bulging floors, cracked walls, and jammed
doors and windows. Some structures in Nairobi City have experienced distress that is attributable

to adjacent excavation.

Foundations for most old buildings in the city are supported on Kerichwa Valley Series deposits,
some with bearing capacity that cannot sustain extra load (Gevaerts, 1964). In spite of this, some
property developers increase the number of storeys in response to increasing demand.
Additional loads on the structures lead to higher foundation pressurcs and can induce new
settlement and distress in structures. This study analysed the enginccring properties of the
various subsurface materials encountered at building sites so that effects of increasing loads on

old buildings can be evaluated and handled accordingly.

1.5 Objectives of the study

Main objective
To investigate the geological and geotechnical characteristics of the subsurface materials and
recommend areas where shoring and underpinning works are required to safeguard against
effects of ground movement, sensitive and variable subsoil and groundwater drawdown.
Specific objectives

1. To study the variation in groundwater rest levels with time and location and their effccts

on the stability of civil engineering structures in the city.
2. To analyse the subsurface profile, total thickness of aquifers and estimate the settlement

that might result from groundwater extraction.

3. To establish the reasons for sudden changes in subsoil type at construction sites and water
supply boreholes within localities.

4. To determine the engincering properties and bearing capacities of the various geologic
materials for use in design of structures in the city.

5. To determinc the strata liable to collapse at construction sites or settle as a result of
physical weight of high-rise buildings so as to determine the most appropriate methods of

shoring and underpinning foundations.
11



6. To identify the causes of defects in structures and to propose methods of preventing

them.

1.6 Justification and Significance of the study

The City of Nairobi is progressively becoming highly populated and the development of high-
rise residential and commercial structures is replacing old low-rise buildings. The high building
density in some parts of the city has resulted to narrow structurcs that are sensitive to demolition,
excavation and construction operations. Furthermore, most of these structures cover the entire
footprint of the site and thercfore most of their foundations and foundation walls are exposed
during adjacent construction. Thorough knowledge of the foundation conditions of the
subsurface is necessary for successful shoring or underpinning of such structures. One of the
objectives of the study was to analyse the engineering properties of the various strata in the city
based on results of laboratory tests, construction and drilling experiences so as to determine the
property ranges and pinpoint subsurface materials that requirc shoring and underpinning works

during construction.

Most foundations depend upon the uppermost soil layers to provide sufficient bearing capacity to
support the structure and keep the foundation stable. If the bearing soil is weak or non-uniform
and is insufficiently recognized prior to construction, the foundation is subject to failure as the
supporting soil adjusts to the various pressures. Analysis of the engineering properties of the
subsurface provides information useful in the design of structurcs in high variability areas.
Availability of this engineering data can improve the methods uscd as protection/ mitigation

measures prior to the start of construction operations in Nairobi City.

Whereas some research has been done on the cffect of groundwater extraction on water rest
levels (Gevaerts, 1964; Mailu, 1987; Foster & Tuinhof, 2005), there is inadequate information on
the effects of the observed water table lowering on structures. Evaluation of the consolidation-
settlement characteristics of the subsurface materials is necded to shed some light on the question
of what will be the long term consequences of groundwater level lowering. This study has
investigated the current effects of intensive extraction of groundwater and calculated long term
settlement that can result from groundwater depletion thus bridged the gap in knowledge.

12



An unpublished report on settlement problems in Shanghai City in China noted that the rate at
which the older city arcas were sinking picked up at the beginning of the 1990s when many high-
rise buildings were built. The Shanghai report notes that varying heights and the locations of
high-rise structures produce uneven pressure on the ground which in turn creates uneven
subsidence that may lead to safety risks. According to the Shanghai Geological Research
Institute, excessive groundwater pumping contributes to 70 per cceat of Shanghai surface
subsidence, with the remaining 30 per cent created by the physical weight of skyscrapers. This
study has investigated settlement resulting from the weight of skyscrapers in Nairobi City Centre
using real-time measurcments taken at specific locations in order to postulate the potential
effects that the combination of groundwater extraction and weight of skyscrapers might have on

the subsoil.

In this study, investigations have been done on a number of sites with deep soft and sensitive
soils where structural defects and foundation failures are prevalent. The results describe the
construction methods that have been applied to minimize/remedy total and differential settlement
and distress in buildings. It is therefore hoped that this study will go a long way in sensitizing our
urban developers on the real need for thorough geological and geotechnical investigations at

construction sites to avoid future hazards and imminent loss of lives.



CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

Review of literature presented in this chapter is in three parts. The first part discusses the history
of groundwater extraction in Nairobi and highlights some cases of ground subsidence due to
groundwater withdrawal across the globe. The subsidence/scttlement cases are used to express
the importance of studying the groundwater rest level variations and the scttlement that can result
from groundwater extraction in Nairobi City. The part also discusses the effects of groundwater
on design and construction of structures in Nairobi City. The second part discusses subsurface
characterisation and relates the results of various geotechnical studies that have been carried out
elsewhere to the significance of the present study. The third part is a short review on shoring and

underpinning of foundations depending on the type of structure and subsurface conditions.

2.2 Nairobi Groundwater

Groundwater is an important element of the overall city water supply through a large number of
publicly and privately-operated boreholes. Surface water supply for Nairobi is undertaken by
Nairobi Water and Sewerage Services Company (NWSSC). Most of the water is conveyed by
gravity from Ndakaini and Sasumua Dams located about 100 km north-west of Nairobi. The bulk
water supply is not reliable during periods of drought, and is also endangered by reservoir
siltation associated with catchment deforestation. The supply problem is further aggravated by
the inadequate distribution system, which results in about 50% losses due to leakage and illegal

connections (Foster & Tuinhof, 2005).

Figure 2.1 shows a geological map on which 1600 out of 2500 boreholes in Nairobi arca are
plotted. The geological units on this map are as explained on Figurc 1.3. Most boreholes are
concentrated in Karen, Langata, Lower Kabete, Ruaraka, Muthaiga, Westlands and Industrial
Area. Due to the frequent water rationing, Water Resources Management Authority (WRMA)
receives, on average, thirty requests for drilling boreholes every month. These requests are
mainly for parts of the city that have traditionally depended on surface water supply from
NWSSC.
14
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Figure 2.1: Borehole distribution in Nairobi City (map after Saggerson, 1991)

Exploration and drilling for groundwater in Kenya began in December 1927 when a farmer by
the name Briscoe drilled two holes at Roysambu (indicated on Figure 2.1) to depths of 20 m and
22 m. By 1934, 190 such boreholes had been drilled (Gevaerts, 1964). The peak of drilling in
pre-independence Kenya was in 1950-1951 due to change of the Water Act introducing subsidy
for drilling of boreholes. One hundred and sixty nine (169) water supply wells were driiled in

two years and intensive abstraction of groundwater took place all over the city. The extraction
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caused a 13 m fall in the artesian pressure of borehole C-2321 in Kamiti zone within four years
after completion. The same kind of drawdown occurred at Kahawa Barracks and at East African
Breweries in Ruaraka area where the density of drilling and rate of abstraction were

exceptionally high,

In 1953, the government declared Ruaraka area and its immediate surroundings a conservation
area, with the object of maintaining a better control of the groundwater resources. A groundwater
observation network was established within the conservation area. In 1958, the conservation arca
boundaries were extended to include the peri-urban areas around Natrobi and part of Kamiti area.
Outside the conservation area no restrictions of any kind were placed on boreholes that were
drilled more than a kilometre from any existing borehole, but in the conservation area, no
borehole would be sunk and no groundwater was to be abstracted without the permission of the

Water Apporttonment Board.

Before large-scale groundwater development took place in the vicinity Nairobi City, there used
to be water flow within the aquifers from the west through the deep, confined aquifer section.
The flow emerged in the east near Athi River and boreholes drilled to Kapiti Phonolite (e.g. C-
252 and C-498) encountered artesian conditions at the contact with the Athi tuffs and sediments.
Artesian pressurcs were also encountered in Kamiti area in the east. Gevaerts (1964) observed
groundwater levels in various boreholes drawing from KVS and Athi Series aquifers in 1963. He
noted water level riscs in boreholes drawing from KVS aquifers afier rainy seasons indicating
adequate replenishment while there were no rises in borcholes tapping from Athi Series aquifers.
Gevaerts (1964) also performed continuous large scale abstraction followed by 12 hours of
monitoring of some boreholes tapping from confined aquifers at Kahawa, Ruaraka and Athi
River. He observed no water level recovery during the 12 hours of monitoring. Gevaerts
concluded that the depressions were permanent and attributed the falls to depletion of storage

and permanent compaction.

Explaining further this phenomenon of permanent compaction in aquifers is a study by Poland et
al. (1972). They noted that the usable storage capacity of the aquifer system, defined as the
volume that can be taken from or recharged to the system, is not changed appreciably by the

compaction of the aquitards but the spccific storage is greatly reduced for later cycles. As fluids
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arc withdrawn from porous media, pore-fluid pressures decrcase. Because deformation of porous
media is controlled by effective stress, a decrease in pore-fluid pressure causes a decrease of pore
volume. When effective stress exceeds the yield strength of the granular skeleton of the media,

the compaction is permanent and irreversible.

In 1972, the World Health Organisation (WHO) carried out a feasibility study on augmenting the
Nairobi surface water supply with groundwater, It was found that the major problem of the
groundwater was its characteristic high fluoride content (Hove, 1973). The study recommended
that groundwater be mixed with surface water in a ratio of 1:1 to make it suitable for domestic
use. City Council of Nairobi adopted the findings by WHO and drilled a number of wells to
supply certain sectors of the city that were not connected to the main distribution system. By
1985 most of these borecholes were closed down and the corresponding areas shifted to surface

water supply (Mwangi, 2005).

A more recent study by Foster & Tuinhof (2005) reports that biannual groundwater-level
measurements in a 275 m deep borehole (C-2730) during 1958-1996 by a private company
showed a decline that started in 1970 and reached 40 m in 1996. Comparison of data from the
Ministry of Water and Irrigation (MW&I) for new water wells drilled at different dates during
the period 1950-1998 also indicated a substantial lowering of groundwater level in the upper
aquifer units. Groundwater level hydrographs for measurements made in 1970 -1975 also
pointed to a similar trend. Foster & Tuinhof (2005) estimated the annual total abstraction in the
city at 12 million cubic metres from 1400 borcholes by 1980 and 36 million cubic metres from
2250 boreholes by 2002.

Wells drilled during pre-colonial times encountered water sufficient for domestic supply at
depths between 20 and 60 m. New weclls drilled adjacent to the old wells have encountered
minimal water in the upper aquifers as a result of extensive abstraction. Wells tapping water
from depths above 60 m have been deepened while those that have not been deepencd are out of
operation. There has been a public concern that the amount of groundwater being extracted by
the existing 2,500 boreholes in Nairobi Area could lead to depletion of aquifcrs and cause

subsidence/settlement of the ground surface.
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A number of cities in the world have been affected by subsidence resulting from groundwater
extraction. According to a geological survey by Xu et al. (2004), 46 citics in China are sinking
due to the excessive pumping of groundwater. Shanghai, for example, started pumping
groundwater in 1860, and by the carly 1960s, over 200 million cubic metres were being uscd
annually. As a result, thc 144 square-metre old district of Shanghai sank an average of 1.75
metres from 1921 to 1965. Shanghai alone has suffered direct economic losses of US$35.1
billion in the last 40 years from destructive tidal waves, floods and other surface subsidence-
related disasters. Extraction of groundwater for irrigation purposes has caused subsidence in
farmlands in some areas such as Suzhou where the land is more than a metre lower than the
surrounding surface water level during rainy scasons. Farmers have to spend a great deal of

money to drain off their flooded fields every year.

Japan has the largest number of subsiding areas in the world according to Yamamoto (1977).
The number of subsiding areas in Japan had reached 40, and was still increasing. Most of the
subsidence was related to groundwater withdrawal from heavily populated topographically low
arcas. Ten chief subsidence areas in Japan border the ocean. Osaka City where much of the land

is reclaimed from the sea is the most affected (Mimura and Young, 2008).

The historic City of Venice, for instance, lies on an island within a lagoon, offshore from the
north coast of Italy with the Adriatic Sea to the south. It is underlain by thick sedimentary
deposits of up to 1000 m. The top 350 m comprise six sand aquifers interbedded with deposits
of silt/clay which act as aquitards. It also has thin layers of peat that are highly compressible
(Barnes, 2000). Prior to 1900, artesian heads in Venice City were recorded up to 6 m for wells
sunk to shallow aquifers. More intensive water pumping especially after world war IT mainly for
industrial purposes led 1o lowering of the piczometric level in the industrial zone up to 20 m
while in the city area, it amounted to 10 m. The city expericnced subsidence mainly duc to
exploitation of the aquifer system. An exceptional high tide caused flooding of the city in

November 1966.

Bangkok in Thailand is a city that has most of its parts lying about I m above sea level. It is built

on highly compressible clay of large thickness and excessive groundwater extraction caused
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consolidation of the clay (Pincharoen, 1977). It has been sinking at the rate of 100 mm/ycar due
to the rapid groundwater drawdown and destruction of mangrove forests (AIT, 1981). It is
postulated that if the groundwater extraction continues at the same rate, the city would sink into

the Gulf of Thailand in less than 50 years.

In the desert state of Arizona USA, there is evidence of groundwater level decline by between
100 - 200 m, and associated ground subsidence of at least 5 m, causing unequal subsidence and
deep land fissures (Newton, 1981). Overdraft in the Santa Clara Valley groundwater basin
caused land surface subsidence over an area of about 63,000 hectares with a maximum
depression of 3.6 m between 1912 and 1967. Damages resulting from land surface subsidence
are cstimated to have amounted to over US$ 130 million (Fowler, 1981). In the area of Houston,
Texas, groundwater pumping has led to subsidence of about 3 m at the surface, together with a

lowering of the groundwater level by about 120 m.

Mexico City in Mexico has also been affected by groundwater drawdown. The city lies within a
large basin at an elevation of 2250 m above sca level surrounded by volcanic mountains. Parts of
the city are underlain by one of the most difficult and unusual soils in the world, Mexico City
Clay (Barnes, 2000). Pumping of the groundwater from the aquifers below Mexico City
commenced around 1850, rapidly increased in the 1940s and by 1974 there were 3000 shallow
aquifer wells and 200 deep aquifer wells. With this number of wells, abstraction far exceeded
recharge and piezometric levels fell up to 30 m in some parts of the city. Settlement records from
1891 to 1973 show that scttlements up to 8.7 m occurred in the old city with a maximum rate of
460 mm/yr in 1950. It has been estimated that settlement would potentially reach 20 m (Coduto,
2001).

Much of the settlement in Mexico City has been due to consblidation and secondary compression
of the clays down to 50 m. The consequences of the settlements have been disruption of surface
infrastructure such as roads, bridges, pavements, services and drainage. In particular, the loss of
water supply from dislocated leaking pipes has been considerable. Buildings which were
supported on piles taken through the compressible strata have not settled as much, but with the

scttlement of the surrounding area they appear to be raised out of the ground.
19



The Leaning Tower of Pisa (Bell Tower) in Italy (perhaps the world’s most successful
foundation failure) is an example where variable foundation conditions and groundwater affected
the stability of the structure. Building of the tower, also known as the campanile, was
commenced in 1173 under the leadership of Architect Bannano Pisano. In 1178 when the tower
reached a height of four storeys, building was stopped due to construction difficulties and war
with Florence. By this time, the tower was leaning north. Nothing further was done for another
100 years. During this 100 year break, the foundation strengthcned duc to consolidation of the
subsoil beneath the weight of the tower. Construction resumed in 1270 under the direction of a
new architect Giovanni Di Simone. Although it would have been probably best to tear down the
completed portion and start from scratch with a new and larger foundation, Di Simone chose to
continue working on the uncompleted tower attempting to compensate for the tilt by tapering the
successive storcys and adding extra weight to the higher side. Work ceased again in 1284 due to
war with Genoa. Construction continued in 1370 leading to completion. Altogether, the project

had taken nearly 200 ycars to complete.

Both the north and south sides of the Bell Tower continued to settle such that by 1817, the tower
had settled about 2.5 m into the ground and tilt was 4.9°. As a result the elegant carvings at the
bottom of the tower were no longer visible. To “rectify” this problem, in 1838 a circular trench
was excavated around the perimeter of the tower to cxpose the bottom of the columns.
Unfortunately construction of the trench disturbed the groundwater table and removed some
lateral support from the side of the tower. As a result, the tower suddenly lurched and added
~ about half a metre to the tilt at the top. In the 1930s, the fascist dictator Benito Mussolini decided
the leaning tower presented an inappropriate image of the country, and ordered a fix. His
workers drilled holes through the floor of the tower and pumped 200 tons of concrete into the
underlying soil, but this only aggravated the problem and the tower gained an additional 0.1
degree of tilt (Barnes, 2000). The nature of the subsoil was completely ignored as no detailed
measurements or analyses were carricd out for understanding the causes of movements of the

structure.
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2.3 Subsurface characterisation

Civil engineering structures are supported on natural geologic materials with diverse
geotechnical characteristics. Loads from the structures are transmitted to the underlying materials
through their foundations. Foundation is that part of a structure that provides support to the
structure and the loads coming from it (Tomlinson, 1995). Foundation also includes the soil or
rock that ultimately supports the loads. For a structure to be stable, the underlying materials must

be adequately strong to support the loads from it.

Investigations on the capacity of geologic materials to support a proposed structure are carried
out by direct methods such as borings and trial pits or through indircct geophysical methods such
as resistivity and ground penetrating radar. Usually, it is impossible to define all subsoil
characteristics through field exploration and laboratory testing. Combining information from

various sites for the purposes of engineering design makes foundation designs safer.

The ancient foundation designs were based solely on precedent, intuition and common sense. To
avoid a number of subsurface challenges, builders selected good sites for construction of
structures. The builders knew that even the most carefully designed structures can fail if they are
not supported by suitable foundations, Through trial and error, they developed rules for sizing
and constructing foundations depending on the type of subsoil. The empirical rules usually
produced acceptable results as long as they were applied to structures and soil conditions similar
to those encountered in the past. However, the results were often disastrous when the builders

extrapolated the rules to new conditions (Powell, 1884).

Records indicate that most areas in Nairobi city that are covered by alluvium and swamp soils
were classified as unsuitable for foundation support during the early stages of city development
(Sikes, 1934). However, with time, good sites posing no construction challenges became
occupied and builders were forced to consider these sites with poorer soil conditions making
foundation design and construction much more difficult. Loose soft soils often found beneath
wetlands have been found to be closcly associated with bearing capacity and scttlement problems

in some parts of the world (Sced, 1970; Bray et al., 2004)



When the problematic soils also include organic material, they compress when loaded further
aggravating the bearing capacity and scttlement problems. Excessive scttlement can lead to
serviceability problems. Fenton et al. (2003) carried out studies on the cffects of variability in
soil properties on total and differential settlement of structural foundations. From the study, they
concluded that unless the total settlements themsclves arc particularly large, it is actually
differential scttlements which lead to unsightly cracks in fagades and structural clements,

possibly even structural failure.

In seismic areas, loose saturated alluvium soils can become weak through the process of
liquefaction. Moderate to strong ground shaking can create pore pressures in these soils, which
temporarily decrease the shear strength. One of the most dramatic illustration of loss of strength
in alluvial deposits occurred in Niigata, Japan, during the 1964 carthquake. Many of the
buildings suddenly settled more than 1 m and these settlements were ofien accompanied by

severe tilting, one apartment building tilted to an angle of 80° from the vertical! (Seed, 1970).

Numcrous studies have indicated that the greatest element of risk in a building project lies within
the uncertainties in ground conditions (Littlejohn er al., 1994; Institution of Civil Engincers,
1991; National Research Council, 1984). The risks are significantly increased with inadequate
geotechnical investigations resulting in unpredictable construction costs and programming
(Collingwood, 2003). Consequently, site investigation forms a vital part of a building design, yet,
in general the scope of such investigation is constrained by financial and time considerations. In
reference to such constraints, the Institution of Civil Enginecrs (1991) stated that “you pay for a
site investigation whether you have one or not”, suggesting that a limited site investigation will
either result in gross over-designs or a foundation design that may not mect the design criteria.
Additionally, the National Research Council (1984) concluded in a study of 89 underground
projects that the level of geotechnical investigations in 85% of the cases was inadcquate for

accurate characterization. This inadequacy resulted in large cost overruns and time delays.

Site investigations aim to reduce uncertainty of ground conditions by various combinations of
field and laboratory testing. Goldsworthy ef al. (2004) carricd out a study cntitled “Risk and
reliability of site investigation”. They analyzed the performance of various site investigation

schemes with respect to the cost of the resulting foundation system and the probability of failure.
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An overdesign was defined as a conservative foundation design resulting from site investigation
data being larger than the optimal. The designs based on inadequate site investigation were
deemed not to comply. Goldsworthy ef al. (2004) made the following conclusions:

1. A greater amount of information about a site will result in a foundation design that is
less likely to fail. However the probability of overdesign shows a slight upward trend
for site investigation of incrcasing scope.

il. The magnitude of overdesign is much larger than the magnitude of underdesign for
foundations on both low and high variability soils.

iii. A site investigation of a larger scope does not necessarily provide a less expensive
foundation; however this is negated by the significant reduction in probability of

failure,

The risk of foundation failure is heavily dependent on the quantity and quality of information
obtained from a geotechnical site investigation aimed at characterizing the underlying soil
conditions. Increasing the scope of the site investigation significantly reduces the risk of
foundation failure, potentially saving clients and consultants large sums of money. To measure
accurately the risk of a site investigation scope, it is necessary to attribute the costs resulting

from decisions made regarding such an investigation.

Normally, the total cost of a structure is taken to include the cost of the site investigation, the
cost of foundation construction designed from results of the investigation and the cost of building
the superstructure. This approach usually leads designers to ignore or carry out insufficient site
investigation to reduce the total cost of the structure. Goldsworthy et al. (2004) suggest that in
addition to the above items, it is necessary to include costs of potential failurcs and refers to this
as the total cost approach. In all, it is apparent that increased subsurface characterisation

expenditure saves more than it costs.

To determine the potential failure cost, a failure severity scheme is used in three categories;
minor retrofit; major retrofit; and demolish and rebuild as shown in Table 2.1. Day (1999) has
provided settlement limits for each failure severity category on the basis of differential

scttlement as shown in Table 2.2.
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Table 2.1: Failure Severity Scheme (Rawlinsons, 2002).

Failure severity | Failure description Unit rate description

Minor Some cracking evident from excessive | Minor  refurbishment  works
settlement-  requires  patching and | divided by 2 ( not include
repainting plumbing)

Major Major cracking and structural failures — | Major refurbishment works

requires significant patching, structural | +
retrofitting and foundation underpinning | Foundation underpinning

Demolish  and | Building can no longer be used for | Demolish costs
rebuild intended purposes- requires complete | +
demolition and rebuild Rebuild costs

Table 2.2: Relationship between failure severity and differential settlement (Day, 1999)

‘:f Failure severity Differential scttlement (m) limits
No damage 25 mm
Minor 60 mm
' Major 100 mm
- Demolish and rebuild 130 mm

The deposits of Kerichwa Valley Series in Nairobi have the largest thickness along River
Kerichwa and hence the name. The thickness of the scries varies greatly as reported by Sikes
(1934) and Morgan (1967). Areas underlain by deep KVS deposits such as Lavington Estate now
have many high-rise residential blocks. Variable thickness of alluvial deposits beneath such
structures can promote excessive differential settlement. For example, when part of a terrace of
houses straddles an old river bed, that part is likely to settle by a diffcrent amount from the rest

of the terrace,

Similarly, there is a risk of differential settlement occurring between a building which has been
disturbed and neighbouring parts which have not e.g. adjoining buildings which may have
finished their constructional settlement years ago. Richardson (2005) concluded that scttlement
in such structures can be difficult to control duc to the constraints of the existing fabric. The
remedial measures can only be carried out at 1he end of the settling period when the movements
would have ceased (Kordahi, 2004). Richardson (2005) adviscd that provision should always be
made within the project costs to pay for the monitoring and repair of any distress which may

occur in structures supported on such deposits.
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The Eiffel tower in Paris is an excellent example of a type of structure supported by subsoil with
similar geological origin as Kerichwa Valley Series. It was originally built for Paris Universal
Exposition in 1889 and was the tallest structure in the world. Alexandre Gustave Eiffel, the
designer and builder, was very conscious of the nced for adequate foundations, and clearly did
not want to create another ‘Leaning Tower of Pisa’ (Kerisel, 1987). The Liffel Tower was to be
built at a site adjacent to Seine River filled with soft alluvial soils. Picrs of Alma Bridge that
were founded in this alluvium had settled by 1 m. The proposed tower could not tolerate such
settlements. Using crude equipment of his time, Eiffel explored subsurface conditions of the site
(Coduto, 2001). The studies revealed that the two legs of the tower closest to Scine River were
underlain by softer and deeper alluvium, and were immediately adjacent to an old river channel
that had filled with soft silt. Foundation design had to accommodate these soil conditions or else
the two legs on the softer soils would settle more than the other two, causing the tower to tilt

toward the river.

2.4 Shoring and underpinning

The increasing need for multilevel basements in built-up areas requires placement of foundations -
in excavations with vertical cuts. Challenges arise when such decp cuts have to be made in
poorly graded soils adjacent to an existing structure (Ciancia et al, 2006). In construction,
shoring and underpinning operations are recommended when working at sites with weak

materials.

2.4.1 Shoring

Shoring is the provision of support for existing structure while excavating underncath or adjacent
to it. Shoring systems are installed for temporary and permancnt earth retention. The systems
also provide ground reinforcement and stabilization, speedy excavation and project schedule
acceleration thus saving cost. Shoring is typically installed from the top down. A typical
sequence would include installation of vertical structural members from the existing ground
surface followed by the installation of anchors as cxcavation proceeds downwards. Figure 2.2
presents a shoring system installed to support a perimeter wall and pedestrian pavement at

Hannover City, Germany. The vertical structural members in a shoring system resist lateral



pressures and prevent soil ravelling. Anchors, consisting of steel tendons or high strength

deformed bar, are also used to resist lateral pressures.
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Figure 2.2: A shoring system installed to support a perimeter wall and pedestrian pavement at
Hannover City, Germany.
Traditional shoring methods include timber shores (shown in Figure 2.2), sheet piling, soldier
piles with lagging and tieback anchors (soil nailing and rock bolting). New methods utilize
ground improvement systems such as soilcrete walls (formed by jet grouting or soil mixing
techniques) and improved ground walls. Soil nail walls and reaction block anchor walls are
installed as excavation proceeds downwards without the initial installation of vertical structural
members. These shoring systems typically use shortcrete or precast blocks to control the
ravelling of the excavation face during the performance of the work. Several methods of grouting
can offer support, but only a few can resist compressive loads while also resisting lateral earth
pressures, This is particularly so when historic and sensitive structures are in consideration and

deformation tolerance is minimal (Burke, 2007).

Before selecting any shoring method one has to understand that support of existing structures,
equipment and utilities requires means and methods that will lend this support without causing

any harm. The successful installation of shoring is dependent on thorough and accurate
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characterization of site and subsurface conditions prior to design and installation. Important
considerations in the installation of shores include:
i) The engincering characteristics of the soil and rock that will be encountered during
shoring installation and the likclihood of variations in assumed subsurface conditions;
it) The elevation and fluctuation of the ground water tablc; _
iti)  The location of cxisting structurcs, including utilitics, and the cstimation of the
stresses induced upon the shoring systems from these structures;
iv) The allowable vertical and lateral movement that can be tolerated by existing
structures (i.e. the required wall stiffness); and,

V) The need for temporary or permanent easements for wall anchor installation.

In a variety of circumstances, the use of deep mixing methods for the construction of excavation
support systems is often the method of choice based on design requircments, site
conditions/restraints and economics. Multiple auger deep mixing mecthod was successfully
utilized to limit lateral movement of adjacent structures, prevent the loss of support due to
unravelling soils and control groundwater in a number of projects in Wisconsin and

Pennsylvania by Andromalos and Bahner (2003).

2.4.2 Underpinning

Underpinning is the process of constructing or stabilizing the foundation of an existing building
or other structure. Underpinning is accomplished by extending the foundation in depth or in
breadth so it either rests on more supportive soil stratum or distributes its load across a greater
area or by stabilizing the soil beneath the foundation. Underpinning may be necessary for a
variety of reasons: the original foundation is simply not strong or stable enough,; the usage of the
structure has changed; the properties of the soil supporting the foundation may have changed
(possibly through subsidence) or were mischaracterized during planning; the construction of
nearby structures necessitates the excavation of soil supporting existing foundations; and, it is
more economical, duc to land price or otherwise, to work on the present structure's foundation
than to build a new one. Underpinning can either be defined as remedial or prccautionary.

Remedial underpinning adds foundation capacity to an inadequately supported structure.
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Precautionary underpinning is provided to obtain adequate foundation capacity to sustain higher

loads or accommodate changes in ground conditions.

If underpinning is nccessary to arrest settlement, it is essential that the underpinned foundations
should be taken down to relatively unyielding ground below the zone of subsidence.
Underpinning must be taken to a deeper and relatively incompressible stratum if necessary by
means of piers or piles. In all cases where underpinning is provided close to excavations, it is
important to design the underpinning members to carry any lateral loads transmitted to them
from the retained earth or groundwater. The method of underpinning selected is dependent on the

expertise required and the available equipment.

While underpinning Medical Research Institute facility in Ohio State University, Perko (2005)
cncountered very difficult soft soils and its location within an cxisting building and limited
access for construction equipment complicated the construction process. The excavation
measured 7 m by 13 m and was 4 m deep. The sides of the excavation could not be sloped due to
spatial constraints within the existing building. Conventional shoring such as sheet pile or soldier
pile walls was impossible due to low overhead clearance and limited arcas to manoeuvre. In
addition, the excavation bordered several masonry building walls with shallow footing
foundations and an interior column. Other areas of the building remained occupied during

construction, so vibration and noise were intolerable.

Many of the buildings that have gained landmark status in Nairobi City were built when there
were no adjacent buildings. When new buildings are proposed adjacent to old buildings, tell-tale
and datum points should be placed where necessary for observing the movement of cracks and
scttlements in structures adjacent to the excavation. Observations and measurements should be
continued throughout the period of excavation, shoring or underpinning and until such a time

thereafter as all detectable movements have ccased (Kordahi, 2004).

Figure 2.3 presents a structure supported on a reinforced slab foundation being underpinned at
Sydney Australia while Figure 2.4 presents a structure along Luthuli Avenue at Nairobi City
Centre whose foundation walls and footings were exposed during excavation and as a precaution

should have been shored or underpinned to mitigate distress.
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Figure 2.3: Underpinning of a building supported on a reinforced slab foundation at Sydney
Australia {Therix Group, Australia)

Figure 2.4: A structure along Luthuli Avenue at the City Centre whose foundation walls and
footings were exposed during excavation and should have been shored
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2.3 Gaps identified through literature review

The effects of extensive groundwater abstraction in major cities across the world have bcen
documented as shown in the literature review. There are many localities in Nairobi City (Figure
2.1) that have a large concentration of boreholes and need to be investigated for effects of
abstraction on rest levels. It is also apparent that consolidation scttlement due to groundwater
extraction can take many years before its effects are cvident on the ground surface. Spatial and
temporal groundwater rest level variations in Nairobi City werc analysed from records of initial
rest levels measurcd after borchole drilling. The best logged drillhole logs were selected to study
the subsurface profile, aquifer and aquitard thicknesses and to estimate the consolidation

settlement that can result from groundwater depletion in Nairobi City.

Information from contactors and consulting engineers indicates that poorly graded soils exist at
various depths that are excavated when building basement floors in Nairobi City. Some
structures supported on these soils have shown cracks attributable to effects of adjacent
excavation. According to Tomlinson (1995) small settlements may not damage a structure or the
cost of repairing damage and compensating the owner may be less than the cost of underpinning.
This study has analysed the engineering characteristics of critical subsoil layers cncountered at
building sites and drill holes in Nairobi City to ecnable property developers to know
circumstances under which they may be required to shore excavation sides or underpin existing

foundations to avoid ground movement.

The records from City Council of Nairobi show that majority of low-risc and medium-rise
structures in Nairobi City are designed without adequate information on foundation conditions.
From the studics on subsurface characterisation, it can be obscrved that structures that are
designed without knowledge of subsurface conditions cost more due to being overly conscrvative
or are likely to fail (Collingwood, 2003; Littlejohn ef al., 1994; Goldsworthy et al., 2004). It is
necessary to determine the engineering properties of the subsurface and provide information can
enable developers to design structures based on knowledge of subsurface conditions. Most cities
in developed countries have such information available for their citizens. Jones (1981) explains
that availing such scientific and technical information to citizens saves the country time and

money required for emergency response for example due to collapsc of a building.
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Variable and difficult conditions have been encountered in construction sites across the city
during construction of large buildings (Ministry of Works, 1969; Sikces, 1934; Gevaerts, 1964).
Recent examples include the excavation for construction of Hazina Towers in the City Centre
that caused distress to the adjacent buildings, large flows of groundwater capable of causing
lateral pressures on basement walls beneath City Hall Annexe, and, sloping formations with
groundwater flowing along the bedding plane. When geotechnical investigations on such high
variability subsoil are not adequate, constructors are faced with a chalicnge of change in assumed
structural and/or subsurface conditions revealed during cxcavation. Availing information on the
subsurface conditions from various construction sites can provide additional information to what

is revealed during construction and enable construction of better engincered structures.

The literature review indicates that settlement of structures starts during construction as the
ground adjusts to the new weight imposed upon it. When structures are built on rocks, gravels or
sands, constructional settlement is substantially complete by the end of construction. For clays,
silts and peats however, settlement may take many years. Once constructional settlement is
complete it will not recur, unless the status quo alters (Richardson, 1991). However, in Nairobi
City, signs of distress have been noted in old residential buildings in Ngei, Garden and Madaraka
Estates (Ministry of works unpublished reports). Analysis of the distribution and thickness of
the loose soils across Nairobi City is necessary so as to indicate areas where long-term settlement
1s expected so that protection measures can be provided.

The Kerichwa Valley Series that provides support to most shallow to medium foundations in the
city was designated by Sikes (1934) to include deep alluvium and agglomerate beds that owe
their origin mainly to lacustrine deposition. Gevaerts (1964) recorded encounter of channels
containing water during building operations and sealing of underground basements to large
buildings that resulted in thc diversion of water producing an additional hazard to the
foundations of older buildings supported on KVS of limited loading capacity. Gevaerts (1964)
further notes that, this substantially disturbed the balance between the ground and the structure
and could promote new settlement. In the past, no extensive study has been donc on the depths
and localities with shallow groundwater leading to hazards during construction and in the life of
the buildings. This study has characterised the various layers that comprise the KVS for

behaviour during construction and under applied loads, especially when the water table is high.
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CHAPTER THREE
METHODOLOGY

To mect the objectives of the study, both primary and sccondary data were collected. The data
collected were analyzed under two categorics: geological investigations and geotechnical
investigations. The various procedures in which these studies were carried out are discussed in

this chapter.

3.1 Geological Investigations

3.1.1 Acquisition of secondary data
Sccondary data was obtained from archival records and reports, publications and conference

papers as well as from people who carried out work in the study arca. The data includes;

1) Four topographical maps of scale 1:50,000 acquired from Survey of Kenya,

ii) Geological map of scale 1:125,000 acquired from the Ministry of Environment and
Mineral Resources together with the geological report,

iti)  Geological and hydrogeological reports obtained from the Ministry of Water and
[rrigation.

tv)  Research reports and journal/conference papers obtained from the Ministry of
Education and University of Nairobi.

V) Rainfall data for the period 1975-2008 for 13 metcorological stations obtained from

~ the Kenya Meteorological Department.

vi) Monthly rest level measurements for monitoring wells in the period 1971-1975
obtained from the Ministry of Water and Irrigation and for the 2006-2008 obtained
from the Water Resources Management Authority (WRMA)

3.1.2 Acquisition of primary data

The site investigation phase of any geotechnical design whether by direct or indirect means plays
a vital role, where inadequate characterization of the subsurface conditions may contribute to
cither a significantly over-designed solution or foundations that are likely to fail (Goldsworthy ef
al., 2004). Projects with limited sitc investigation funds can carry out geophysical resistivity
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surveys after which borcholes can be drilled to verify the interpretation thus avoiding a
significant amount of drilling. However, the amount of ground investigations required will vary

among different typces of projects and soil conditions.

Geophysical resistivity techniques are based on the response of the carth to the flow of electrical
current. In these methods, an electrical current is passed through the ground using electrodes.
Two potential electrodes allow recording of the resultant potential difference between the current
clectrodes, giving a way to measure the electrical impedance (ratio of potential to current) of the
subsurface material. Because the carth is ncither homogeneous nor isotropic, a measured voltage
difference yields a resistivity value that is an average over the path along which the current
follows. Data are thus termed ‘apparent resistivity”. The apparent resistivity is a function of the

measured impedance and the geometry of the electrode array.

Geological research prior to starting of the geophysical study identified a network of lineaments/
{ractures in the south-western section of the project area which are predominantly trending north-
northwest, The geophysical surveys were designed to relate the lineaments to the possible
fractures as well as to map the stratigraphy of the subsurface. The preliminary study also
involved identification of suitable sounding sites and seeking permission from relevant
‘authorities to use the site on a specified day. The sounding centres were selected based on the
lincaments that had been gcologiéally identified particularly for the purpose of bridging the gap
in knowledge about the subsurface at the locality by relating the nearest borehole log information
to the geoelectric propertics, and, on the availability of space for carrying out geophysical

resistivity survey.

Vertical electrical sounding was carried out at forty eight (48) sites with current electrode
distances ranging from 80 m to 500 m. Many of the sounding centres were located in public
institutions or along straight portions of roads. A number of sounding centres were also located
adjacent or near boreholes with known well log data so as to determine the corrclation between
the geophysical attributes and the hydrogeological and mechanical properties of the subsurface.
Each sounding centre constituted a vertical sounding (VS) and designated VS-1 through to VS-

48 as shown in Figure 3.1. The sites are labelled along south-north lines in the west-east
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direction beginning with VS-1 through VS-48. The geological units on this map are as explained

in Figure 1.3.
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Figure 3.1: Map showing vertical electrical sounding sites (stars), positions of boreholes with
fracture traces (purple circles), fractures traced (green and pink) and outline of the City Centre

and immediate environs (red rectangle) (map after Saggerson, 1991)

The geophysical resistivity survey was conducted using a WDDS-1 Digital Resistivity Meter
manufactured by Benteng Digital Control Technology Institute in China. WDDS-1 resistivity
meter is a new generation of resistivity instrument that can automatically measure and store
parameters such as self potential, current, voltage, geometric factor and apparent resistivity. The

equipment basically consists of three parts, i.e. Central Processing Unit (CPU), transmitting unit
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and a receiving unit. Voltage signal is input through the potential pots, transformed by
impedance and deduced by sclf potential (SP), filtered and then finally transformed. The current
signal is sampled by standard impedance and then isolated, filtered, amplificd and transformed.
CPU unit functions by taking out the transformed voltage and current signals and then
transmitting them to display once the execution is complete. All calculations are carried out by

thc WDDS-1 resistivity meter and saved to be downloaded to a computer.

The Schlumberger array was utilized to carry out the resistivity survey. A nested electrode

configuration with internal spacing of % for the potential electrodes and an increased distance

of % from the centre for the current electrodes as shown in Figure 3.2 was used. The potential

clectrodes were fixed at one location while the current electrodes were expanded about the centre
point. Only when the current electrodes became relatively distant did the potential electrode
spacing need to be expanded in order to have mcasurable potentials. Schlumberger technique
was preferred because it provides for high signal-to-noise ratios, good resolution of horizontal

layers, and good depth sensitivity (Ward, 1990).

< AD/2 >« Ab/2 >
l l Il [l l l
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curein electiode potenitial electiods ! Potential efecti ode Cutrent electiode

‘ WDDS resistivity meter

Figure 3.2: Schlumberger resistivity arrangement (Ward, 1990)

3.1.3 Analysis of geological data

3.1.2.1 Analysis of hydrogeological parameters

Borehole depths as well as hydrogeological parameters such as borchole yields, drawdown and
recovery were studied from core logs and hydrogeological reports. The hydrogeological
parameters were plotted as contours on Surfer (a software package developed by Golden

Software of Golden, Colorado) in order to compare their variation across the study area.
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Rest level hydrographs were plotted from monthly groundwater levels measured at 21
monitoring wells for the period August 2006 to March 2008 and for 1971 to 1975 period. This
was to express the rest level variations in one dimension. The water level hydrographs are
presented in Appendix 1. The regular monthly water level measurements obtained for the period
1971-1975 were commenced as a response to public concern regarding rapid water level drop at
various localities. Before the period of monitoring, the largest water level drop of 100 m was
recorded at Langata Barracks at Nairobi National Park. Ruaraka and Karen also experienced
receding water levels whereby most old boreholes run dry or the yields were too uneconomical
to abstract. Another water level monitoring regime began in 2006 after the formation of WRMA
but the steam seems to have reduced by 2008 as no records of rest levels for the succeeding

period were obtained.

The apparent resistivity values obtained for each survey line were plotted against half the current
electrode spacing (AB/2) on a log-log plot. Two different softwares i.e. Interpex 1-D sounding
and Earth Imager were used to characterise the subsurface. Interpex 1-D software is suitable for
detecting aquifers whereas the Earth Imager software has the capability of recognizing thinner
subsurface layers in addition to detecting aquifers. The simulated profiles and the corresponding
resistivities were used to identify water-bearing zones in the subsurface and to provide a geologic
context for evaluating the results of geotechnical investigations. The aquifers identified on the
Intcrpex 1-D software as well as their thickness are presented in Appendix 2 while results for the

other analyses are discussed in Chapter Four,

3.1.2.2 Analysis of water rest level variations on GIS software

Scanned and geo-referenced topographical sheets in raster format were digitized and vectorized
on screen using GIS software to derive the relevant features. Surface drainage and contours were
prepared as base maps in the analysis of temporal and spatial variation in groundwater rest levels
using GIS. The contours were used in the analysis of the relation between topography and water
rest levels while the drainage map was uscd to analysc the relationship between borchole yiclds,

rest [evels and surface water sources.

Hydrogeological data for 1600 boreholes as well as logs for 900 boreholes were obtained from
MWE&I. Five hundred boreholes had no coordinates. The missing coordinates for boreholes
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manually plotted on base maps were established by pointing a cursor on the georeferenced map
and recording the data after which it was keyed in on Microsoft Excel files. Coordinates for all
borcholes were converted to comma separated values (CVS) after which they were transferred to
Notepad. Using the data in Notepad, the borchole positions were plotted in GIS environment to

cxpress the distribution of boreholes in the study area.

Due to the fact that the boreholes are not evenly distributed and that no continuous measurement
of groundwatcr rest levels for all boreholes exists, a simple method was devised whereby the
horeholes were grouped into decades to visualize initial water level variations. To analyse
temporal rest level variations, measurements starting from late 1920s and ending in 2010 were
divided into seven decades. This was because boreholes for the 1920s and 1930s as well as
1960s and 1970s were few and were thus combined. Water rest level in each borchole was

considered as a value and compared with the surrounding for analysis of spatial variation.

In the absence of precise altitude measurements at borehole positions, an Advanced Space-borne
Thermal Emission and Reflection radiometer (ASTER) 30 m planar resolution Digital Terrain
Model (DTM) was used as terrain reference. This DTM is geo-referenced to the WGS84 geoid
with an estimated vertical accuracy of 8 m and estimated horizontal accuracy of 12 m both at
68% confidence. The location of each borehole was registered to the DTM for purposes of

calculating the precise altitude above sea level and for spatial modelling.

Since borehole positions and DTM had different resolutions, an interpolation was carried out in
order to calculate the precise altitude. Interpolation in the vicinity of a borehole was carried out
assuming that the groundwater rest level between ncighbouring boreholes is continuous and
smooth. Kriging method was sclected for interpolation because of the sparse or uneven nature of
data points. Kriging is a geostatistical interpolation mcthod based on the assumption of spatial
autocorrelation. The correlation states that the distance and direction between sample points are
the major factors governing the estimated values at unknown points (Gold, 1989). The weights
;/alues are calculated by taking into account spatial structure of data distribution represented by a

sample variogram derived by the distances between boreholes.
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Alfter interpolation by Kriging method, groundwater “surfaces” were generated for cach of the
scven decades. Because of the difference in elevation between the cast and the west, it was easy
to identify some boreholes that were plotted in wrong locations because they showed significant
pcaks above the surrounding. A filtering process was carried out by identifying the boreholes
represented by peaks and counterchecking with the information in records and positions plotted
on base maps after drilling. Approximately 10% of data points with significant peaks were found
to be plotted at different locations on base maps and GIS. It was difficult to establish which of
the two points represented the true position on the ground and the data points were thus

climinated.

‘ ¥
Rainfall hydrographs were plotted for monthly and annual totals for a period of 32 years (1975-
2008). Shapes of the graphs were used in understanding rainfall distribution and intensity across
the year and how they are related to water rest levels in boreholes and groundwater recharge.
They were also used to explain some peaks in water level surfaces on GIS. The data used was
for the following stations: Ngong Forest Station, Ngong Divisional Office, National Agricultural
Laboratories, Kigwa Estate; Kiambu, Mathari Hospital, Moi Airbase, Muguga K.A.R.], Runda
Water Ltd, Wilson Airport, Dagoretti Corner, Kikuyu Agricultural Office, Jomo Kenyatta
International Airport and Kabete Agromet.

sy

Other significant peaks were found to be related to the method of reporting locations (by
contours or GPS) that could result in varying the location of data point by 100 m to 300 m.
Boreholes 300 m apart could be found close together resulting in peaks on 3-D surfaces. After
omitting or rectifying the data points affected by the above-mentioned factors, modelling of
groundwater surfaces for all epochs and regeneration of spatial models was done to represent the

variation in water rest levels through the various decades.

3.1.2.3 Analysis of water rest level variations on Surfer software

To cstablish historic variation in the shape of the groundwater surfaces in two dimensions, water
rest levels in relation to sea level for the various decades were plotted as contours on Surfer. The
information required for plotting the Surfer contours included borehole identity, coordinates and

water rest level. This information was already filtered during the GIS analysis where many of the
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crroneous data was eliminated. The trends in the Surfer contours enabled identification of the

changes in rest levels over the 80-year period.

3.1.2. 4 Analysis of subsurface profiles and aquifer gcometry

For analysis of the stratigraphy, a preliminary quality assurance was carried out on the raw data
for 900 boreholes that had been drilled by different companies and over a long period of time.
Discrepancy in interpretations of even the same stratum and the way in which borchole locations
were recorded was evident. All poorly logged wells were not used in the analysis. To eliminate
problems that could be related to borchole location, data points that plotted on positions in
disagreement with location name in records were rectificd where possible or eliminated.
Boreholes without rest level record were also eliminated. In the end, 457 borehole logs were

found suitable for use in the analysis of stratigraphy.

The general subsurface profile as well as the thickness and acrial extents of the various
geological units were analysed from the 457 drillhole logs. The positions of the boreholes were
plotted on the map so as to ensure that all the geological units covering the study area were
represented in the profiles. To harmonise the different interpretations of the same rock type by
different drillers, entire borehole log profiles werc typed in worksheets. The profile descriptions

were then interpreted in reference to 29 cross sections prepared by Gevaerts {1964).

Each drill hole log consisted of the following information: borehole identity (BHID); geographic
coordinates (x,y); thickness of the stratum (from-to); the name of the geologic unit (formation) or
hydrogeologic unit identity (HGUID) as well as description of the formation and code
(HGUcode). Subsurface profiles for the individual borcholes were plotted using Strater software
(by Golden Software) and compared at several locations across the area to provide a sight into

the subsurface stratigraphy.

The aquifer geometry of the study arca was studied from 307 best logged borcholes. The
confined systcm was divided into aquifers, aquitards and hydraulic separators. The aquitards are
old land surface and Athi Series clays while the hydraulic separators are the rocks. Although the

method of reporting aquifers differs from driller to driller, the aquifer thicknesses were
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calculated for all the boreholes. The thickness contours were plotted on surfer to express the

aquifer geometry across the study area.

3.1.2.5 Analysis of prebable settlement due to groundwater withdrawal

Aquifer propertics such as transmissivity, storativity and specific storage were calculated from
test pumping records. These properties together with aquifer and aquitard thicknesses were used
in the analysis of settlement that can result from groundwater depletion. The calculations were
based on the theory of compaction due to groundwater withdrawal as proposed by Poland et al.

(1972). Various other formulae used in settlement analysis are discussed here.

In test pumping, extracting water from a well at a known rate causes drawdown. Once pumping
is stopped, well and aquifer water levels rise towards their pre-pumping levels. The rate at which
this occurs depends on many factors including aquifer thickness and permeability.
Transmissivity (T) is a measure of the amount of water that can be transmitted horizontally
through a unit width by the full saturated thickness of the aquifer under a hydraulic gradient of 1.
Transmissivity of aquifers is calculated using Equation 3.1 (Batte er /., 2008):

2.30
T= it 3.1
{ 47As } 6.1
Where,
As = Change in the head (m),

Q = final borehole yield (m? hr).

Transmissivity could also be obtained from plotting drawdown/recovery versus log time graph
and finding the slope of the graph at a point towards the end of the recovery period. Values
obtained from analysis of the recovery record serve to countercheck calculations based on the

pumping records (Fletcher, 1989).

Storativity (8) is the volume of water that a permeable unit will absorb or expel from storage per
unit surface area per unit change in head. Storativity is a dimensionlcss quantity. Specific storage
(Sy) is the amount of water per unit volume of a saturated formation that is stored or expelled

from storage owing to compressibility of the mineral skeleton and the pore water per unit change
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in head (also called the “elastic storage coefficient™). It is caused by pressure changes and the

resulting expansion and contraction of the aquifer and the groundwater,

Groundwater withdrawal results in fluid pressure change in the subsoil. If the pressure head in a
confined aquifer reduces, the effective stress acting on the aquifer will increase; the aquifer will
consolidate due to this increased stress. The hydraulic head drop in the aquifer will eventually
result in the same amount of head drop in the confining layer (aquitard) as well (Sun, 1997). In
response to this drainage, the effective stress will increase, resulting in 2 commensurate volume

reduction in the aquitard itself.

Consolidation due to groundwater withdrawal comprises both elastic and inelastic changes. The
elastic consolidation of an aquifer refers to the compaction that can be recovered afler the
induced stress is lifted. This consolidation of the confined aquifer is related to its storativity and
compressibility. Consider a homogeneous, isotropic and horizontal confined aquifer; assume the
stress increment producing the abnormal fluid pressure was vertical only and the individual solid

component making up the rock is incompressible. From Jacob (1940),

Ss= pwg (Bytn Bu) (3.2)
Where, -

S; = the specific storage,

pw = the density of water,

g = gravitational acceleration,

B, = the bulk compressibility of the rock,

n = the porosity of the aquifer,

Bw = is the compressibility of the water (4.6 x 107" m¥N).

Storativity is the product of specific storage and aquifer thickness (Pucci et al., 1994):
S=8sm =py g m (By+n Pu) (3.3)
Where,
m = thickness of the aquifer

By definition (Domenico, 1983) rock bulk compressibility is given by:
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= B, Ac=p,AP (3.4)

Where,

Am = layer thickness change

Ac = effective stress change = fluid pressure change, AP
Combining Eq 3.3 and 3.4 and solving for Am gives the elastic subsidence change of a confined
aquifer

Am = AP (p—jé -nm B.) (3.5)

Inelastic compaction refers to the compaction that cannot be recovered afier the stress is lifted. It
is mainly occurs in the aquitards (Sun, 1997). The maximum subsidence due to inelastic
compaction is given by Domenico and Schwartz (1998) as:
Am’' = 84’ m (Ah; +Ahy) (3.6)
2

Where, ;

Am' = the thickness change of the aquitard,

Ss = the specific storage of the aquitard,

m = the thickness of the confined aquifer,

Ahy and Ahy = the head change in the upper and lower confining beds.

After analysing the evidence of general and specific drop in rest levels and dctermining the
average aquifer thicknesses, probable settlement due to groundwater withdrawal was calculated
using Equations 3.2 to 3.6. Porosity of the aquifers was assumed as 0.25 (Sun ef al., 1999). The
transmissivity and storativity values used in settlement analysis are presented in Appendix 3. The
probable settlement duc to consolidation of clay layers was calculated for 23 sites representing

various subsurface profiles across the study area and the results are presented in Chapter Four.

In some localities such as Industrial Arca, Karen, Langata, Ruaraka and Lower Kabete,
storativity values from more than one borehole were used for settlement analysis. Calculation of
storativity for other localities such as Parklands and Westlands data was limited to only one
borehole because of test pumping records. The storativity values used here were calculated from
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values of drawdown during pumping and the thickness of aquifers indicated on the core logs.
More accurate storativity can only be determined by measurement of an observation well

response during the constant rate pumping of a production well (Van Tonder ef al., 1998).

3.1.2.6 Analysis of fracture traces

Fracture traces are linear features on the earth's surface that are naturally occurring and are
surface manifestations of subsurface fracture zones in the bedrock. When viewed in cross-
scction, fracture traces are seen to be vertical or near vertical breaks in the bedrock. Surface
water bodies, such as streams or rivers meander along paths of least resistance. An abrupt
straightening of a river or stream is a good indication that it is following the path of least
resistance created by an underlying fracture zone. Lines of incrcased moisture may be scen as
vegetation alignments. For example, a tree species which requirecs more water than is normally
available may appear along a fracture zone. Similarly, greater water availability can result in a

local increase in vegetation size and density.

Fracture zones are identified in borehole logs because deeply weathered rock associated with
fracture zones causes numerous drilling problems including caving conditions, loss of drilling
fluids and difficulty with drill bit rotation. Other indicators include abnormally large
unconsolidated zone thickness, high moisture content in the unconsolidated zone, highly
weathered bedrock, presence of iron staining and authigenic minerals (such as calcite) on

fractured rock surfaces, and increases in water yicld with depth.
The purpose of fracture trace analysis in this study was three-fold:

1. To analyze structural jointing and fracturc trends and their possible association
with abrupt changes in soil type at construction sites and borehole yields,

2. To determine weak arcas that support structures, and

3. To assist in cvaluating if fracturing and jointing trends obscrved on the surface arc

present at depth within on-site borcholes.

900 borchole logs were analysed for fracture traces of which 97 had cne or more of the
indicators of fracturing. The levels of abrupt change in rock type as well as collapsible zones

were recorded to be compared with the fracture trace depths recorded in boreholes outside the
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fault zone. The summary of fracture traces in boreholes is presented in Appendix 4. Positions of
the borcholes with fracture trace indicators werc plotted on the geological map using Didger
software (by Golden Software, Colorado) and those aligned were taken to represent fractures as

shown in Figure 3.1.

In addition to the usual indicators of fracture traces, the artesian wells at Kangemi High School,
Braeburn School and Muthurwa were also taken to present traces. This was based on the
following observations by Hove (1973): faults affect not only the water storage, but also the
pattern of its migration and conscquent discharge in Nairobi Arca; several springs issue along
faults in the north-west; if a stream flows parallel to a fault plane in the high ground,

groundwater recharge takes place, discharge (springs) occurs into the stream in the lower ground.

3.2. Geotechnical investigations

The scope of this subsection was to investigate the geotechnical character of the subsurface
geological materials and features that are likely to have or have had considerable engineering

implications on civil engincering structures in Nairobi City.

3.2.1 Acquisition of Sccondary data

Drilling boreholes for geotechnical site investigation is a very expensive excrcise only carried
out for large construction projects. It could have been impossible for such information to be
collected for the purpose this study. However, enormous amount of data is available (459
borcholes and 644 trial pits), thanks to failure investigation and site investigation reports for 183
sites archived at the Materials Testing and Research Department at the Ministry of Roads as well
as records for permit applications submitted to the City Council of Nairobi (1914 - 2008).

The sites from which geotcchnical data was obtained are indicated in Figure 3.3. The geological
anits on this map are as explained in Figure 1.3, The investigation sites are concentrated at the
City Centre because it is where most of the high-rise structures are located. The raw data for each
of the sites investigated is available in records. It is indicated that the soil samples collected
during the investigations were tested for classification- according to the Unified Soil

Classification System (1957). The rocks were tested according to International Society of Rock

44




Mechanics (ISRM) standards reviewed from time to time. The soil classification tests include:
motsture content, Atterberg limits, particle size distribution, consolidation and in situ density.
The soil and rock strength tests include triaxial and direct shear, unconfined compressive
strength and point load strength tests. The principles behind the geotechnical tests carried out and
application of the test results are briefly explained below. The results of the analysis of the raw

data obtained during the study are presented in Chapter Four.
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Figure 3.3: Map showing sites for geotechnical investigation (red circles), distress in structures

(blue circles) and sample collection (light blue stars)

3.2.1.1 Moisture content
Moisture content is the quantity of water in a mass of soil, expressed in percentage by weight of

water in the mass. Moisture content of natural soils will depend on their degree of saturation but
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can vary considerably from less than 5% for dry sand to several 100% for montmorillonite clay

or peat. The natural moisture content test is carried out as an index test.

3.2.1.2 Atterberg limits

Atterberg limits are the limits of water content used to define engincering soil behaviour. Liquid
limit (LL} is the lowest water content above which soil behaves like liquid, normally below
100%. Plastic limit (PL) is the lowest water content at which soil behaves like a plastic material,
normally below 40%. Shrinkage limit (SL) refers to the point at which further reduction in
moisture content does not cause reduction in volume, A low shrinkage limit indicates that a soil
will begin to swell at low water content. If natural moisture content lies above the shrinkage
limit, then the soil will shrink on drying. The range of water content within which a soil behaves
as a plastic material is known as plastic range. Plasticity index, PI, is the numerical difference

between plastic limit and liquid limit.

3.2.1.3 Particle size analysis

The particle size analysis test has the scope of grouping constituent particles into separate ranges
of sizes. The ultimate purpose is to determine the relative proportions of dry weight of each size
range especially the clay fraction (colloid content) that has direct bearing on the engineering

properties of soils (Terzaghi et al., 1996).

3.2.1.4 Triaxial shear and dircct shear tests

The purpose of triaxial testing is to determine strength characteristics of soils and the variation of
strength with lateral confinement, pore water pressures, drainage and consolidation. Direct shear
test provides an alternative method of evaluating the shear strength of soil. The test involves
applying a load to a split ring device containing the soil sample. The strength is determined
based on maximum resistance to loading. Either reconstituted or intact samples of cohesionless
or cohesive soil can be used. There are various limitations associated with dircct shear device.
These include boundary conditions during testing, imposed failure surface and the inability to
control drainage during testing. Often the direct shear test is viewed as an index test for strength

whose application will vary from location to location.
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3.2.1.5 Consolidation tests

When loads (e.g. embankments, spread footings) are placed or constructed on soils, the soils
compress. The compression can be very rapid as in the case of granular soils, or very slow as in
the case of cohesive soils. The calculation of settlement involves many factors including the
magnitude of the load, change in strength at the depths, permeability of the soil, water table
location and stress history for the soil. Consolidation testing is performed to determine the
effects of these factors on the amount and rate of soil compressibility. One dimensional
consolidation tests are performed in an oedometer (Terzaghi, 1943). This device consists of a
confining ring that contains the soil sample and an apparatus for applying a vertical load on a

loading platen located on top of the soil specimen.

During the test, increments of the vertical static load are applied to the undrained soil sample
while recording the corresponding settlement. The consolidation test results include the
presentation of stress-void ratio in a semi-logarithmic scale. From the changes in thickness at the
end of each loading step, one can determine the compression index (C.) and coefficient of
volume compressibility (m,). The coefficient of consolidation (c,) and the rate of consolidation
can be also measured using the results of the thickness changes of the sample against time during

aload step.

The consolidation settlement is computed using the Terzaghi method considering the thickness
of unconsolidated deposits, overburden pressure and structural loads. According to Terzaghi
(1936), when a soil stratum of initial thickness Hy has fully consolidated under a pressure
increment AG ', the final consolidation settlement prcan be computed as:

p,=mH,Ac’ 3.7)

Assuming the pressure increment AG' is transmitted uniformly over the thickness Hg.

When the compressible soil layer is thick, vertical stress due to finite surface loading decreases
“non-linearly with depth. Hence, Equation 3.7 is applied for computing the settlement of a thin
layer dz and then integrated over the total thickness H
Ap, =mAo.dz . (3.8)

Ap, =m H A0 (3.9
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Both m,and Ao’ are variables.

The integration may be performed numerically by dividing the total thickness I into a
convenient number of layers and computing the settlement for cach layer taking Ao’ at the

middle of a Jayer as representing the average pressure increment for that layer. Another equation

for computing settlement is given below:

(4

Hlogo Zot29
+e, o'o"

Pr= ) (3.10)

Where,
H = initial thickness of consolidating layer

¢, = initial void ratio of the layer

C. = compression index

o,'= initial effective pressure at the middle of layer

Ao’'= effective initial increment at the middle of the layer

3.2.1.6 Swell potential of clays

[This soil test is not carried out routinely on all samples but is done when the soils physically look
suspicious or originate from materials that are known to have unusual engineering properties.
The one dimensional swell potential test is used to determine the percentage swell and swell

ressures developed by swelling soils.

swelling is a characteristic reaction of some clays to saturation. The potential swell depends on
nineralogical composition. While montmorillonite exhibits high swell potential, illite exhibits
wne to moderate swell characteristics and kaolinite has almost none. The percentage of
‘olumetric swell depends on the amount of clay, its relative density, permeability, and location
'f the water table, presence of vegetation and trees and overburden stress. Percentage of

‘olumeltric swell is investigated by the free swell test.

-2.1.7 Collapsc potential of soils

‘he collapse potential test is similar to a consolidation test. The sample is placed in a
onsolidation system and an axial load is applied while the sample is dry. The samplec is then

ooded and vertical compression of the sample recorded with time. At high moisture content,
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these soils collapse and undergo sudden changes in volume. The collapse during wetting occurs
due to destruction of clay or calcium carbonate binding which provides the original strength of

these soils.

3.2.2 Acquisition of primary data

3.2.2.1 Investigation of distress in structures

Investigation of distress in structures began by a study of records at City Engineer’s Department
where information on areas with sensitive soils and distress in structures was obtained.
Distressed structures that were still standing were investigated by visual inspection and
photography. Eyewitness accounts were recorded to gain information about the design and
construction of the structures, and any events that occurred afterwards. Geotechnical data from
the vicinity of the distressed structures was used for identifying the strata, determining the
physical properties, analyzing the bearing capacity and allowable soil pressures of failed

materials.

3.2.2.2 Geotechnical investigations at drilling sites

The Ministry of Roads provided information on dates of drilling for geotechnical investigations
at flyover sites on the Nairobi- Thika Road, and bridge sites on the Eastern and Northern
bypasses. In liaison with the drilling teams, logging was carried out on freshly cored samples.
The site log included description of the physical characteristics of the subsoil, groundwater levels
and levels of strata changes. Records of total core recovery (TCR), rock quality designation
(RQD) and fracture index (FI) for each run of the core barrel from rotary drilling were made. A
thorough study of geological reports was carried out after which description of the formation was
amended where necessary in the light of information from past geological survey as well as

laboratory testing.

3.2.2.3 Investigation of construction excavations

‘The sites where excavations were investigated are summarised in Table 3.1. Excavation sides
were visually inspected and the general information concerning location of boundaries between
hard materials and overlying soft deposits, groundwater conditions and liability to ground

rnovement was recorded and compared with existing information. In all cases samples could not
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be collected for classification because none of the structures were supported on loose soil and the
excavated soil was too disturbed to provide any meaningful results for building design. Also, the
Development Control Department at the Nairobi City Council gets information on structures that

are already underway.

Table 3.1: Sites where excavations were investigated and information collected

Site location Excavation depth (m)

Chiromo Road 14
National Water Conservation and Pipeline Corporation,
[ndustrial Area

Acacia Centre, Hurlingham

Kongoni Primary School, South C

Strathmore University

Opposite Ramogi_studio, Luthuli Avenue

Catholic Church, Tena Estate

Parklands

Jumuia Place, Lenana Road

Cedar Springs, Riara Road

Hja NN ]

t

3.2.2.4 Investigation of construction difficulties and shoring and/or underpinning

operations

The City Council provided information on consulting engineers and contractors that have
yverseen certain projects within the city. Telephone contacts and physical addresses of the
:onsulting firms were obtained from the plans submitted to the City Council. Questionnaires
were sent to 68 consulting cngineers requesting for information on some specific projects carried
out. The information requested for in each questionnaire included: name of structure, type of
structure, part of the city, number of storeys, foundation conditions, groundwater conditions,
nethod of shoring and underpinning of adjacent structurcs (if any) and level of success. A

ample of the questionnaire used is as shown in Appendix 5.

‘ollow-up was made by way of calls to rcqucsf for appointment. Thirty ninc consulting
ngineers offered invitation and provided valuable information on the foundation problems,
auses of distress in structurcs and the methods of coping with the problems as well as any

horing/underpinning operations carmricd out at 85 sites. On-going projects at the level of
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foundation were visited in the company of the consultant engineers. Three consultants filled in

the questionnaires, attached the reports and sent by post.

3.2.3 Analysis of gcotechnical data

3.2.3.1 Soil classification

Plotting the results of liquid limit and plasticity index test on a Casagrande plasticity chart
cnables the various soil types to be classified in order of compressibility, The higher the liquid
limit and plasticity index, the higher the compressibility. Plasticity charts for some of the
peotechnical investigation sites arc presented in Appendix 6 while a summary of the results is

presented in form of a table in Chapter Four.

Atterberg limits are also used to predict liquefaction potential of soils. Liquefaction occurs when
loose saturated sediments are subjected to ground vibrations of greater than 0.2 g resulting in
total or substantial loss of shear strength. During liquefaction, the affected soil behaves as a
liquid or semi-viscous substance and can cause structural distress or failure due to ground
settlement, loss of bearing capacity in foundation soils and the buoyant rise of buried structures.

(Sced, 1970).

icld and laboratory studies show that the occurrence of liquefaction depends on many factors,
such as earthquake magnitude, shaking duration, pcak ground motion (acccleration/velocity),
depth to the groundwater table, basin structures, sitc cffects and liquefaction susceptibility of
scdiments (Wang er al., 2006). The study was based on updated compilation of worldwide data
te provide a new relation between the liquefaction limit and earthquake magnitude. Galli (2000)
also reported a linear relation between magnitude (M) and the distance (Ryg,) within which
liquefaction may occur for liquefaction in Italy from both historical and instrumental records.
The results of these studies are plotted in Figure 3.4. These results are generally consistent with
the understanding that the intensity of ground motion increases with carthquake magnitude and

attenuates with epicentral distance.

Data on the frequency and magnitude of earthquakes that affect the city was obtained from the

University of Nairobi and Wanyumba (2001). The data was plotted on Figure 3.4 based on the
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subsoil characteristics and the distance of the site from Lake Magadi in Kenya that is known to
be the most seismically active part of the Rift Valley. This was to investigate whether the loose
deposits that underlie Nairobi are liable to liquefaction and determine any relation between

earthquakes and defects in structures.

Figure 3.4: Chart for determining potential of liquefaction (Wang et al., 2006)
(OR- Ongata Rongai, NC- Nairobi City centre)
From the particle size analyses, points of cumulative percentage quantities finer than certain
sizes (e.g. passing a given size sieve mesh) were plotted against log size. A smooth S-shaped
curve drawn through these points is called a grading curve. The position and shape of the grading
curve determines the soil class. Unified Soil Classification System (USCS) was used to classify
the soils for engineering purpose by combining particle size characteristics, liquid limit and

plasticity index. A summary of the information obtained from grading curves is presented in a

table in Chapter Four.

The raw data from triaxial shear and direct shear tests was plotted on graphs of normal stress

against shear stress to obtain values of cohesion and internal friction from which shear strength
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was calculated according to the Mohr- Coulomb criterion (Ranjan and Rao, 2002). The strength
was then defined in terms of friction angle and cohesion for total and cffcctive stress conditions

or in terms of undrained shear strength as presented in a table in Chapter Four,

The consolidation that occurs when the soil specimen is wetted without any additional load is
called potential hydrocollapse strain (E4). Potential hydrocollapse strain calculated from the raw
data was used to classify soils according to the criterion given by Coduto (2001) as shown in
Table 3.2.

Table 3.2: Qualitative assessment of collapsible soils (after Coduto, 2001)

potential hydrocollapse strain €, Severity of the problem
0- 0.01 No problem
0.01-0.05 Moderate trouble
0.05-0.10 Trouble
0.1-0.20 Severe trouble
>0.20 Very severe trouble

The required remedial measures are specified based on qualitative assessment of the test results
e.g. soil with a strain £, greater than 0.1 must always be excavated and compacted back in place.
However the qualitative assessment does not provide an estimate of the potential scttlement due
to hydrocollapse. For example a thick stratum of “moderate trouble” soil that becomes wetted at
a great depth may cause more settlcment than a “severe trouble™ soil that is either thin or does

not become wetted to as great depth.

3.2.3.2 Bearing capacity calculation

The database used for bearing capacity analysis has been compiled over 60 ycars approximately,
and represents sites with high-risc buildings and arcas with sensitive soil. Site investigation has
mainly been carried out by wash boring of overburden followed by rotary drilling. Borcholes for
multi-storeyed buildings at the City Centre are terminated at predetermined depth regardless of
the subsoil conditions. The number of gecotechnical borcholes drilled at a site is determined by
the developer and their depths range between 10-28 m. Soil and rock samples collected arc tested
for compressive strength used for calculating bearing capacity. There arc two main methods for

cstablishing rock strength: uniaxial compressive strength and point load strength tests.
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Uniaxial compressive strength (UCS)

Uniaxial compression test is the most dircct method for detcrmining rock strength. The
laboratory uniaxial compressive strength tests are carried out on rock cores without physical
fractures (intact rocks) after soaking in water for scven days. Depending on the length of core

the test is carried out cither axially or diametrally on the specimen.

The Cylindrical rock specimens are tested in compression without lateral confincment. When the
specimens are too soft, the confinement can be provided as in a triaxial test. If strain for cach
step during compression is measured, elastic modulus of intact rock can be obtained by this
method. Also, by including lateral strain measurements in the test, it is possible to determine the
Poisson’s ratio of the test specimen. Since strains in rocks are usually very small, the accuracy

and resolution of the strain measuring instrument must be very high.

Some layers penetrated by geotechnical borcholes in Nairobi City are described as highly
fractured or decomposed. A highly fractured rock mass is one that contains two or more
discontinuity sets with typical joint spacing that is small with respect to the foundation width,
Highly fractured or decomposed rock behaves in a manner similar to dense cohesionless sands
and gravels when loaded. As such, the mode of failure is likely to be general shear. Knowledge
of the depth, type and size of foundations is important in the study of bearing capacity of

foundations resting on rock.

When ground formations are loaded in situ, the vertical loading will always induce lateral
subgrade reaction due to lateral confinement. By considering crushing of rock under the footing
and with subgrade reaction acting equal to compressive strength (qy), Goodman (1989) suggested
the following cquation for a case where the rock s heavily fractured:
Quit = qu (Not1) 3.1
Where,
que = the ultimate bearing capacity

q, = the ultimate stress (uniaxial compressive strength)

¢

No = tan? (45+5)

¢ = friction angle of intact rock
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It is important to note that the q, valucs used for bearing capacity calculation are for one-
dimensional loading conditions and thercfore they represent failure values at extremely rare and
worst site conditions. Hence in such circumstances, the failure stress will be much higher (twice
as much as qu). As per Equation 3.11, the quy will gencrally be high for rock mass. The actual
values will be lower mainly due to the rotation and sliding of some blocks within the zonc of
nfluence. With the uncertainty involved in the estimation of q, and ® it is always desirable to

adopt larger factor of safety or conservative values of q, and @ (Sowers, 1979).

It has been found that a rupturc surface may develop on one side of a foundation due to defects
in the rock (Ramamurthy, 2008). Additionally, in cases where the shear failure is likely to
develop along planes of discontinuity or through highly fractured rock masses such as those
underlying Nairobi, cohesion cannot be relied upon to provide resistance to failure. The
allowable bearing pressure value is determined by applying a suitable factor of safety to the
calculated ultimate bearing capacity. Foundations located above the water table will develop
significantly more resistance to potential bearing capacity failures than foundations below the

water table,

Point load strength

The purpose of point load strength testing is to determine the strength classification of rock
materials. This test provides an indication of strength much more quickly and incxpensively than
uniaxial compression testing. However, the strength obtained from this test is not as accurate as
an unconfined compression test. Therefore the test results are used as an index of strength and
generally not used directly for design purposes. The test can be performed in the field with
portable equipment or in the laboratory. In the test, a cylindrical sample is trimmed and scated on
the apparatus after which it is loaded to failure. The load at failure is divided by the cross-

sectional area to obtain normal stress value.

Using the Point load test results, the bearing capacity is computed by relating the values of stress
obtained to the uniaxial compressive strength (q,) of the rock by Equation 3.12 (Goodman,
1989).

qQu = K Isso, (3.12)

Where,
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qu = the ultimate stress (uniaxial compressive strength)

Issg = the stress value obtained from the point load test.

The value of K could vary from 15-35 (ISRM, 1985) for most rocks; often it is taken in the range
of 20-25. Some weathered sedimentary rocks like sandstones, siltstones and shalcy mudstones
have given K values as low as 6, beyond the range suggested by ISRM (Ramamurthy, 2008).
The allowable bearing pressure value is determined by applying a suitable factor of safety to the
calculated ultimate bearing capacity. Foundations located above the water table will develop
significantly more resistance to potential bearing capacity failures than foundations below the

water table.

For engineering use, rocks are classified based on individual property such as UCS, modulus,
sonic velocity and point [oad strength index. When no test data for q, and @ is available, RQD
from bore log may be adopted with caution to cstimate the ultimate bearing capacity from
Ramamurthy ( 2008):

ROD
100

qute = qu ( ) (3.13)

Table 3.3 presents the classification for intact rocks based on the UCS as proposed by ISRM
(1981) whereas Table 3.4 presents rock mass classification based on rock quality designation

(RQD) as proposed by Deere (1964)

Table 3.3: Uniaxial compressive strength classification of intact rocks (ISRM, 1981)

Class UCS (MPa) Strength description
1 <6 Very low strength
2 6-20 Low strength
3 20-60 Modcrate strength
E 60-200 High strength
S >200 Very high strength

56



Table 3.4: Classification of rock mass based on RQD (Deere, 1964)

RQD (%) Rock quality
0-25 Very poor
25-50 Poor

50-75 Fair

75-90 Good

90-100 Excellent

3.2.3.3 Correlation of resistivity and mechanical properties

Ior areas without past geotechnical tests, correlations between the resistivity values and the UCS
were used to determine the character of the subsurface. The cquation for relating resistivity and
UCS was derived from two experiments (Keller, 1974; Kate and Sthapak, 1995) that depicted a
curvilinear increase in UCS with resistivity. Keller performed experiment on saturated quartz
monzonites while Kate and Sthapak experimented on 26 samples of igncous, sedimentary and
metamorphic origin. A generalized relationship between UCS (MPa) and p (ohm-m) is expressed
in the form of Equation 3.14 (Ramamurthy, 2008).

logio qy = 0.2 logjep + 1.2 (3.14)

Deshmukh and Gokhale (1990) studied the variation of point load strength and resistivity for
saturated coalmine and observed linear increase in point load strength with increase in p. The
variation of punching shear strength 1, with electrical resistivity of rocks obtained by Gokhale
(2000) depicted a trend of linear increase in t, with increase in p on log scalc. The generalised
relationship between punching shear strength and p (ohm-m) is given as follows:

1, = 19.55 logjo p - 68.9 (3.15)

Keller (1974) also reported curvilinear increase in resistivity with increase in Young’s Modulus
on log-log plot for thermally soaked Palacocene basalt. Donaldson (1975) rcported decrease in
compressibility and increase in modulus of elasticity with increase in resistivity for monzonite.

Kate and Rao (1989) reported curvilinear increase in resistivity with increase in both the tangent

-modulus of clasticity as well as Poisson’s ratio for dry sandstones. In all cases, high resistivity -

signifies superior engineering properties.
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A comparison of mechanical properties and resistivity data was done for sites adjacent to
boreholes. Results for five VES sites are presented in Appendix 7 while the figures arc presented
in Chapter Four. This comparison takes into account the individual resistivity values at each
depth and relates this to the borehole log. The assumption in this criterion is that when very close
resistivity values arc obtained for successive depths of penetration, the strength properties of the
layers are the same. Change in resistivity values with successive depth of penetration indicates
change in mechanical properties of the subsoil and hence a different layer. When approaching
groundwater, resistivity continues to reduce with greater depth until it gets to a minimum and

then starts to rise,

3.2.3.8 Foundation designs used in Nairobi City

An extensive database surpassing one hundred and fifty sites supporting low-rise, medium-rise
and high-rise structures was revicwed and summarised as shown in Appendix 8, Appendix 9 and
Appendix 10. Information from Nairobi City Engineer and consulting engineers indicates that
design of low-rise buildings is in most cases preceded by inspection of trial pits dug to sound
material. In some cases, information on design bearing pressure and bearing stratum is obtained
from a private firm called Soils Laboratories or determined on site (D.0.S). In general,
conservative soil and rock shear strength parameters are adopted for design of foundations to

take care of any form of settlement due to the physical weight of the buildings.

The main types of foundations used to support structural loads include footings (pads) that are
provided to support columns of a building frame, raft foundation that can be considered as a
large footing extending over a great area, frequently an entire building area, to support columns
and walls of a building and pile foundations that are driven or otherw.isc into the soil to carry
vertical compression load from buildings, bridges etc or to resist horizontal or inclined loads by
retaining wall, bridge pier, waterfront structures and structures subjccted to wind and seismic

force. A pile can be a column of wood, concrete, reinforced concrete or steel.

Raft foundation is used on soils with low bearing capacity or where soil conditions are variable
and erratic. Figure 3.5 shows a raft foundation that was built to support a classroom at Kongoni

Primary School while Figure 3.6 is shows an expression of a pile foundation supporting a mast.
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CHAPTER FOUR
PRESENTATION OF RESULTS

4.1 Geological conditions

4.1.1 Variation of hydrogeological parameters in space and time

Many boreholes across the city have been drilled in responsc to increase in population and
increase in industrial activities. The first borcholes were drilled at Ruaraka arca, mainly to supply
industries and farms in that area. Other areas with old borcholes are Lower Kabete and Karen-
Langata where the water was also used for farming. Intensive abstraction of water in Nairobi’s
Industrial Area started in the early 1980s afier the curfew imposed on drilling boreholes was
lifted. Currently, the largest concentration of boreholes per square kilometre is in the Industrial
Area, followed by Karen-Langata arca as shown oh the density and distribution map (Figure
2.1). Because of the temporal and spatial variation of hydrogeological parameters, the six main
abstraction areas, that is, Karen, Langata, Industrial Arca, City Centre, Lower Kabetc and

Ruaraka are indicated on the Surfer contour maps for reference.

Depths to which boreholes in Nairobi are drilled vary from time to time, place to place and also
according to the individual needs of the owner. Currently, the depths generally range between
200 m and 340 m. Figure 4.1 is a contour map of borehole depths for all decades based on data
from 1299 boreholes. From the map, it can be noted that most of the deep boreholes are located
to the west of the City Centre. It is also noteworthy that in the entire study area, newer boreholes
are generally deeper than the adjacent old ones. This can be attributed to the requirement to seal
upper aquifers to avoid depletion of adjacent boreholes and also to the desire to tap more water.
Another reason for borehole termination is the encounter of sticky clays of the Lower Athi Series
that makes drilling difficult. These clays occur at 200-250 m depth in East Nairobi arca and
LEmbakasi. In a number of borcholes, the clays appear to act as good aquitards as most of the

aquifers encountered above them have high yielding wells.

—y



17 ( N N\ \\‘Z\ { H W\ ]
LMD = D Ty e
(1151~ N \“(\‘ ( (’“‘\—\-L‘\“\”‘:ﬁ_\/ /'/"_“\ ,m" X 1
. \ A i RN . R ¢
T OAANNEY ‘ ' 20
0\ - —-40
+—--1-60
+— {80
" t——1-100
| a2
——-140
+—1-1604
r-—1-180
t— -200{
— 2204
P~=d 240
+—1-260)
- -280|
—-300
b—-320
w—F.340
" ; f i T .\ T
36.65 367 36.75 36.8 36.85 369 36.95
Figure 4.1: Contours of borehole depths

Figure 4.2 presents contours of average borehole yield in cubic metres per hour during pumping.
The yields range from 58 m%hr in one borehole in Ruaraka to very low yields (<1 m%hr)
obtained in boreholes in Karen and Langata areas. Boreholes in Ruaraka area are known to have
high yields when they are initially drilled but the yields drop drastically after a few years in
operation. Examples are those found at Kahawa Barracks and East African Breweries. The
average yield all over the study area as indicated by the frequency of the contours is 6 m*hr. The
high yielding borehole at City Centre is BH No. C-1987 at Uhuru Highway railway crossing that
is thought to penetrate a fault.

On Figure 4.2, it can also be observed that the borehole yields in Karen and Langata areas are
mainly low to moderate (< 10 m*hr). This is probably because of the small thickness of the Athi
Series (50-70 m) that yields much of the groundwater in the rest of the study area. In other
localities, the Athi Series is thicker; for example, it is 305 m thick at the City Centre while at
Kasarani it is about 140 m. Boreholes in Industrial Area and Embakasi have higher yields and

experience less drawdown owing to this thickness.
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Figure 4.2: Contour map showing borehole yields in cubic metres per hour

Water rest levels in boreholes in Nairobi City are measured from the ground surface using a dip
meter and reported in metres. The water rest level is influenced by the type of main aquifer
struck; whether unconfined or confined. ~When an unconfined aquifer is encountered,
groundwater rests at the level of the aquifer (representing the water table) and when it is a
confined aquifer, the rest level rises above the level of the first aquifer (representing the pressure
surface). In some instances, water level rests below the first water strike; this is so when the first
aquifer is minor. At Kangemi High School, Braebum Secondary School in Garden Estate and at
Muthurwa, the water levels rose to the ground surface when the main aquifers were struck in the

boreholes. Such boreholes are referred to as artesian. Figure 4.3 presents contours of drawdown

while Figure 4.4 presents contours of recovery during test pumping.
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Records indicate that a drawdown of 140 m was experienced during test pumping of a borehole
at Wangige. The borehole recovered only 58 m of the drawdown. Complete recovery was not
attained in the borehole and hence there was a residual drawdown of about 82 m after the initial
test pumping. Test pumping of BH C-2373 at Langata Barracks lead to a drawdown of 128 m
and a recovery of 5 m, resulting in a residual drawdown of 123 m. Continuous rest level
measurements in 1971-1975 indicate that the borehole had a further recovery of 23 m. Large
initial drawdown is also observed in BH C-2413 along Lower Kabete Road at Spring Valley that

experienced a drawdown of 100 m and a recovery of 4 m; a residual drawdown of 96 m.

4.1.2 Variation of water rest level as analysed on GIS
Figure 4.5 depicts an image of rest levels superimposed on the DTM of the study area. The

height difference between the west and the east is 650 m.
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Figure 4.5: Rest levels in Nairobi boreholes superimposed on the DTM.
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From the borehole distribution, it can be observed that most parts of the test area are represented
in the analysis except the Ngong Hills to the south west and the Nairobi National Park to the

south. Figure 4.6 depicts the position of sample boreholes on the geological map more clearly.

38 36 36
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Groundwater Boreholes Epoch
% 2010

3% 36 36

Figure 4.6: Position of sample boreholes on the geological map
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Proximity to surface water sources sometimes influences rest levels in boreholes. Figure 4.7
presents a digitized drainage map that was used to study this relationship in the study area. The
drainage pattern is dendritic and most rivers cut across all rock types without much meandering
although several rapids can be found along the courses. Old rivers may have existed before the
deposition of some of the geologic units as exemplified by existence of rounded conglomerates
in materials recovered from different depths in various boreholes. The drainage map was
overlaid on contour maps of the rest level surfaces and 3-D views generated for the various

decades to enable identification of anomalies related to proximity to rivers.
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Figure 4.7: Digitized drainage map of Nairobi City
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Figure 4.8 depicts a section of contour lines of groundwater surface produced by Kriging
interpolation of rest level data for the decade that ended in 1990. On the figure is a superimposed
drainage map (Figure 4.7), a buffer of 100 m along the rivers (blue), and, the borehole identities
in that area (purple). River influence is observed in certain borcholes, such as borcholes 5018
and 4876 (highlighted), where groundwater rest levels are in the range of 30 to 60 m higher than
those in the surrounding boreholes. Some local peaks that can be related to the structural geology
are also observed. For instance, the south-western part of the arca has several faults that act as
recharge paths thus producing groundwater rest level anomaties. Borehole 4735 (shown) has a

rest level that is almost 100 m higher than the levels in the surrounding boreholes.

1:100,000

38

Figure 4.8: Superimposition of contours of rest level surface, rivers with 100 m buffer and

borehole iDs for the decade ending in 1990.
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Figure 4.9 depicts profiles of groundwater surfaces along a 20 km distance for decades endin gin
1950 and 1990 compared with the terrain. The planimetric extent of this profile is also depicted
in light blue in Figure 4.6. It is clear that there is a cormespondence between the rest levels and
the local terrain. The slope on the surface is reflected in the groundwater rest levels in the
boreholes. For the decade ending in 1950, the rest level is closer to the terrain with an average
altitude difference of 50 m; the 1990 profile shows a surface that is somewhat further from the
terrain with an average altitude difference of 70 m, an average drop of 20 m from 1950. This
trend is expected as it represents a 40 year period in which the number of borcholes increased
from 400 to 1600.

West-East Groundwater Rest Level Profile
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Figure 4.9: West-East cross section profile of rest level surfaces for 1950 and 1990 compared

with local terrain (X axis in Decimal degrees; Y axis altitude in 10 metres).

To view the rest level variations in three dimensions, 3-D surfaces were generated for all
decades. Figure 4.10 shows a superimposition of 1950 and 2010 3-D rest level surfaces together
with rivers. It is clear that within the entire test area, the water rest level surface of 1950 (Pink) is
above the one of 2010 (green). The exposed 2010 rest level surface to the north-western part of

the area is a result of missing 1940s data.
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Figure 4.10; Overlays of 1950 (pink) and 2010 (green) rest level surfaces
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Some anomalies that have no relationship with the structural geology or proximity to rivers were
noted on the 3-D surfaces. For example, the two peaks from the 2010 surface that are visible in
the middle of Figure 4.10 had to be explained. Rainfall hydrographs were used to relate the static
levels with seasons. It was noted that high precipitation preceded drilling of the two boreholes.
Figure 4.10 together with the analysis depicted in Figure 4.9, demonstrate that the rest levels
have been descending over the past 70 years: from 1950 through 1990 and 2010. Figure 4.11
presents profiles representing rest level surfaces of 1950, 1990 and 2010 in comparison with the

local terrain, The planimetric extent of this profile is depicted in purple in Figure 4.6.
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Figure 4.11: Profile of rest level surfaces at 1950, 1990 and 2010 compared with local terrain

(X axis in Decimal degrees; Y axis altitude in 10" meters)

Statistics of the height difference between the 1950 and 2010 surfaces (after omitting the
exposed area of the 2010 surface) in Figure 4.10 show that the majority of the area is
experiencing a descent in water rest level, with a mean value of 61.5 m, and a standard deviation
of 30 m. A few areas indicate otherwise, but these can be explained by local geological or
hydrogeological effects as well as interpolation through areas without data. The cross sections in
Figure 4.11 show a clear rest level drop and high correspondence between the rest level surface

and the terrain for all three profiles along the cross-section.
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4.1.3 Variation of water rest level as analysed on Surfer software

Rest level analyses on Surfer software were done with reference to the sca level because
topography has great influence on the water levels in boreholes. To study the relationship
between topography and rest levels in boreholes, contours were digitized as presented in Figure
4.12. The difference in elevation between the contours is 20 m. From the map, it can be observed
that most of the contours run from nerth to south. The topography is thus gently rolling with the
highest point standing at 2150 m above sea level on the north-western side and the lowest point

at 1500 m above sea level on the south-eastern side.
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Figure 4.12: Digitized contour map of Nairobi City

The contour maps produced by analysis of spatial water rest level variations for the various
decades on Surfer Sofiware are presented in Figure 4.13 to Figure 4.19. The direction of ground

water movement can be understood in the fact that ground water always flows in the direction of
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decreasing head. The rate of movement is dependent on the hydraulic gradient, which is the
change in head per unit distance (Van Tonder ef al., 1998).
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Figure 4.13: Contour map of water rest levels in boreholes drilled between 1920-1939
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Figure 4.17: Contour map of water rest levels in boreholes drilled between 1980-1989
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Figure 4.18: Contour map of water rest levels in boreholes drilled batween 1990-1999
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Figure 4.19: Contour map of water rest levels in boreholes drilled between 2000-2009

Surfer contours for 1927-1939 period show groundwater rest level surfaces with N-§ trend in
correspondence with the topographic contours. Change in contour trends started in the 1940s
when several pockets developed in majority of the six main abstraction areas. The pockets
evened out in the 1960-1979 decade. The recovery of rest levels in the 1960-1979 decade can be
attributed to control on borehole drilling and restriction in abstraction (Mwangi, 2005). The
control was accompanied by development of surface water supplies from Tana River Basin and
regular measurement of rest levels in some selected boreholes. Owing to the curfew on dnlling
and the control in abstraction, water levels rose by an average of 40 m between 1960 and 1979 as
expressed by the contours (Figure 4.15 and Figure 4.16). However after the control in drilling
was lifted in the mid 1980, extensive abstraction of water commenced again leading to a fall of

100 m in the period between 1989 and 1999 (Figure 4.17 and Figure 4.18).

75



4.1.4 Subsurface profile in water supply borcholes

Most of the data used in analysing the subsurface profile was obtained by authors dedicated to
water supply development. As might be expected, the database is variable due to differences in
personnel and reporting procedures over time. Table 4.1 gives the stratigraphic profile and a
summary of the thickness ranges of the main geologic units as established from water supply
borehole logs. Most of the rocks are thought to have originated from Ngong” volcano or through

the faults in Limuru area.

Table 4.1: Geologic profile and summary of thickness ranges of geological units

Age Geologic unit Thickness  range | Total thickness
s (m) range (m)
Quaternary | Alluvium, clays and swamp soils 1.5-22
Pleistocene | Limuru Quartz Trachytes 0-25
Karura Trachytes 0-40
- | Kabete Trachytes 0-32
Kerichwa Valley Series 8-45
Nairobi Trachytes 0-91
) . | Ngong Volcanics 0-58
Tertiary * [ Nairobi Phonolites 0-110
Kandizi Phonolites 0-60
Mbagathi Phonolitic Trachyte 0-100
Athi Series Tuffs and Lake Beds 16-305 50-430
Kapiti Phonolite 0-53
Precambrian | Crystalline Rocks of Mozambique Belt Extending beyond
drilled depths

In summary, thirtecen geologic units are encountered in Nairobi with a variety of subsurface
profiles. The depth of encounter of the geological units varies depending on the shape of the
eroded surface at the time of deposition. The youngest rocks are exposed to the west and the
oldest to the east. For comparison purposes, two profiles representing the extreme west and

extreme east of the study area are presented in Figure 4.20.

Although the method of reporting aquifers differs from driller to driller, the average thicknesses
were calculated from all the boreholes. From the core logs, it was found that the aquifer
thicknesses are in the range of 28 m to 60 m. This corresponded well with the surfer contours

(Figure 4.21) that show an average thickness of 40 m. The few localities with larger aquifer
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thicknesses are within areas with fracture traces as will be shown later. Depletion of aquifers in

many parts of the world has lead to subsidence of the ground surface.
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Figure 4.20: Subsurface profiles for the extreme east and extreme west of the study area

The following are depth ranges within which one would expect to encounter an aquifer: 18-30 m,
40-48 m, 76-134 m, 138-144 m, 150-162 m, 170-180 m, and 196-220 m. Up to six aquifers have
been encountered in some boreholes. Main aquifers (yielding above 12 m/hr) are associated
with volcanic sediments, basalts and faulted trachytes. The permeability of the volcanic
sediments is relatively high and the sediments have provided typical extensive aquifers in
Nairobi area (Mailu, 1987). The lateritic material underlying the near-surface soils and laterites

on old land surfaces are often aquifers (Gevaerts, 1964).
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Figure 4.21: Surfer contours for aquifer thickness

4.1.5 Probable settlement due to water level lowering

An analysis of total and per annum change in rest levels for some observation boreholes is
presented in Table 4.2. The most remarkable drops in rest levels are recorded at the following
sites; Aga Khan Hospital with 1262 m drop and an average annual drop of 5.0 m; Uchumi
Ngong® Road with 87 m drop and an average annual drop of 7.91 m; Unilever Industrial Area
with a total drop of 87.5 m and an annual drop of 2.65 m; St Laurence University along Miotoni
Road in Karen with total drop of 71 m and annual drop of 8.88 m. A few boreholes such as the
one at the Hindu temple in Parklands and Kenya Polytechnic Men’s Hostels show a rise in rest
level resulting from either shut-down or controlled pumping. The drop at St Lawrence University

borehole occurred during test pumping.
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Table 4.2: Total and per annum change in water rest levels in monitoring wells

BH Owner Date drilled ! Total Initial Change in | Date Operating Average p.a change
No. depth(m) | WRL (m) | WRL (m) measured ears (m)
12357 | Hindu Temple Pl 1999 204 160 29.80 | 2008, March 9 3.31
168 | NCC Kabete 1941 128 13 -2.50 | 2008 March | Not pumping
14539 | Riverside Park 2004 280 149 -17.30 | 2008, March 4 -4.33
10883 | Hill Crest Karen 1994 300 110 -14.00 | 2008, March 14 -1.00
10333 | Hurlingham 1993 250 152 -31.00 | 2008,March 15 -2.07
3958 | Karen Club 1973 | 312 1i4 -8.00 | 2008, March | Not pumping
13860 | Hotel Boulevard 2003 255 115 -2.90 | 2008 ,March 5 -0.58
6310 | KEWI South C 1985 169 77 -54.20 | 2007 March 22 -2.46
8697 | Trufoods 1989 164 105 -27.90 | 2008,March 19 -1.47
4790 | STATE HOUSE 1980 200 146 -19.20 | 2007 March 27 -0.71
4147 | Unilever 1975 258 79 -87.50 | 2008,March 33 -2.65
11701 | Public Service Cl 1997 250 166 -4.10 | 2007 March | Not pumping
11592 | Uchumi Hyper 1997 250 143 -87.00 } 2008,March 11 -7.91
5050 | Aga Khan Hosp 1982 171 21 -126.20 | 2007 March 25 -5.05
14559 | Kabansora Millers 2005 200 102 -4.50 | 2007 March 2 -2.25
12885 | Kenya Poly Host 2000 200 112 -31.00 | 2008,March 8 -3.88
15129 | Jorgen L Karen 2006 170 92.7 -11.00 | 2008,March 5 -2.20
13594 { KICC 2002 250 105.4 -31.30 | 2008,March 6 -5.22
13069 | St Laurence Univ. 2000 320 55 -71.00 | 2008,March 8 -8.88
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To calculate the settlement that might result from groundwater drawdown, rest levels taken
during monitoring and test pumping were used. From the monitoring data, the actual water level
measurements show that the minimum annual water level drop is 0.58 m while the average drop
is 2.2 m. If the rest level measurements are extrapolated to 1930, the minimum water level drop

would be expected to be 46.4 m after 80 years of active abstraction.

The cumulative drop in rest level calculated from the records of initial rest levels measured
before test pumping is 79.34 m. GIS depicts an average drop of 62 m in the period between 1940
and 2010; an average drop of 0.89 m/year or 8.9 m per decade. So from 1927 to 1939, the water
level drop could be 11.5 m and the total drop would then be 73 m. Considering the lowest
expected rest level drop of 46.4 m from actual measurements and the calculated cumulative
average drop of 79.34 m, the average drop of 73 m determined on the GIS models was taken as
representative for calculating settlement in areas without measurements. In areas with actual

water level measurements, drops of greater than 73 m were used for calculation of settlement.

Presented here is an example of settlement calculation for Ruaraka area where 17 wells were
considered. The upper confining layer is Nairobi phonolite and the confined aquifers are within
the 142 m thick Athi Series. The average aquifer thickness is 48.7 m while the aquitards are 38 m
thick. The hydraulic separators are 55.3 m thick. In 1963, borehole C-944 at East African
Breweries showed a 33 m depression of pressure surface after 14 years in operation, an average
drop of 2.357 m per year. If this trend could be assumed to continue in the successive years, after
48 years the drop would be assumed to be 33+ (2.357*48) = 146 m, so an assumption of 73 m
drop is very modest. Settlement values calculated for Ruaraka and 22 other localitics are as

shown in Table 4.3.
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Table 4.3: Calculation of probable settlement due to groundwater withdrawa!

[

Locality Aquifer {m)}|Aquitard (m){Ah [(m) |B. Ss ap am{m) |AM{m)} [S¢im)
Parklands 48.35 52| 126.2 4.60E-10] 0.000221 0.0107 474.3] 5.17e-02| 1.452279| 1.5E+00
Westlands 40.17 54 73 4.60E-10} 0.000205 0.0083 394.1| 3.31E-02| 0.805597] 8.4E-01
Chiromo/R-Side/ Kileleshwa 46.92 60 73 4.60E-10] 0.00117 0.0549 460.3| 2.58£-01| 5.124936| 5.4E+00
Muthaiga 40.64 56 73 4.60E-10| 0.000637 0.0258 398.71 1.05€-01| 2.605295| 2.7E+00
Langata 57.27 64 100 4.60E-10| 0.000384 0.0220 561.8] 1.26£-01| 2.457369{ 2.6E+00
Dam Est/Kibera/Woodley 48.71 32 87 4.60E-10] 0.000111 0.0054 477.8} 2.64E-02] 0.309492| 3.4E-01
Mombasa Rd 38.00 70 73 4 60E-10{ 0.00033 0.0126 372.8] 4.77e-02] 1.687645| 1.7E+00
Industrial Area 48.70 36] 87.5 4 60E-10| 0.000679 0.0331 477.7] 1.61E-01) 2.139388] 2.3E+00
Embakasi 38.50 54 73 4.60E-10] 0.000326 0.0126 377.7] 4.83E-02] 1.28499| 1.3E+00
Runda/Kitisuru 52.60 46 73 4.60E-10| 0.000174 0.0081 516.0} 4.81E-02] 0.583394 6.3E-01
Riruta/kangemi/Kawangw 45.75 74 73 4.60E-10| 0.00014 0.0064 448.8| 2.92E-02| 0.754509) 7.8£-01
Gigiri/Rosslyn 47.00 46 73 4 60E-10| 0.000213 0.0100 461.1] 4.70E-Q2| 0.714468| 7.6E-01
Karen 38.38 52 77 4.60E-10| 0.000573 0.0220 376.5| 8.44E-02| 2.25407) 2.4E+00
Lowe Hill/N-West 58.40 78 73 4.60€E-10| 0.000207 0.0121 572.9] 7.07e-02] 1.17975] 1.3e+00
Lavington Kilimani/Thomp 43.81 70 73 4.60E-10| 0.000112 0.0049 429.8| 2.15£-02} 0.571536| 5.9e-01
Upper Hill/Milimani 58.30 64 73 4.60E-10] 0.000842 0.0549 571.9| 3.20E-01| 4.399533| 4.7E+00
Lower kabete/Wangige 55.18 38 73 4.60E-10] 0.000166 0.0091 541.3] S.04E-02| 0.459401] S.1£-01
Ngara/Pumwani/Eastleigh 50.20 58 73 4.60E-10| 0.00012 0.0060 492.5] 3.02E-02] 0.507743 5.4E-01
Ongata R/ Ngong'/Kiserian 34.82 32 73 4.60E-10| 0.002397 0.0835 341.6( 2.91E-01| 5.59996| 5.9E+00
Buru/Umoja/Kayole 39.70 36 73 4,.60E-10| 0.000322 0.0128 389.5| 5.07E-02| 0.845461| 9.0E-01
Kikuyu/Dagoretti/Kinco 32.37 48 73 4.60E-10} 0.001291 0.0418 317.5( 1.35£-01] 4.524782| 4.7e+00
Ruaraka 48.70 38 73 4.60E-10| 0.000875 0.0426 477.7| 2.08E-01| 2.428328| 2.6E+00
National Park 51.00 65 100} 4.60E-10| 0.000498 0.0254 500.3] 1.30E-01] 3.2372551 3.4E+00
Calculated average 46.24 53.17| 79.07 0.00 0.00 0.02| 453.59 0.10 2.00 2.10

S; = the specific storage

S = Storativity {dimensionless)

Bw= is the compressibility of the water (4.6 x 107'° m¥N).

Am = layer thickness change

61 = Total settlement

AP= Fluid pressure change



4.1.6 Fracture traces

Several fractures were traced in the Vicinity of Nairobi City as shown on Figure 3.1.The traces
indicate that the City Centrc subsurface may have been affected by two sets of faulting: NW-SE
and E-W. One NW-SE fracture trace at the City Centre affects the Nairobi Trachyte that is
prominent at Upper Hill area but is not encountered beyond Uhuru Highway. A borchole at the
Latter-Day Saints church at Lower Hill encountered a small thickness of the Nairobi Trachyte
but BH C-1987 at Uhuru Highway railway crossing did not encounter it, showing that it
suddenly ends within the Railway Golf Club.

The second City Centre fracture trace is observed at Uhuru Highway railway crossing through
Moi Avenue line to the Premier Academy borehole at Parklands that has exceptionally high yield
like BH C-1987 at railway crossing. The third fracture trace is mapped in several boreholes in
Industrial area and emerges at the Railway Station and can be observed as far north as Muthaiga
where distress in structures is reported. Given the three faults cutting through City Centre in the
N-S direction, the parts covered with deep soft soils seem to represent a graben while those

covered by KVS represent the horst.

The E-W faulting is represented by Kenyatta Avenue-Valley Road where there are different
subsoil types on either side of the road. The other important fracture traced is that along Ngong’
Road where deep soft soils are encountered in construction excavations. aquifers and rest levels
are very deep along Ngong Road. Engineering consultants for the NSSF building at Upper Hill

also reported encounter of sudden voids within very competent Nairobi Trachyte.

4.1.7 Electrical resistivity survey

Results for the resistivity survey are presented as curves for various sounding sites plotted on
both Interpex and Earth Imager softwares. Each horizontal flat surface on the models represents
a geoelectric layer whose depth and thickness can be obtained from the curve. Figure 4.22 shows
* Interpex and Earth Imager curves for Uhuru Park site; Interpex identified five layers whereas
Earth Imager identified 9 layers as shown on Table 4.4. The other curves (Figure 4.23 to 4.28)

were interpreted in the same manner. The difference between the models in Interpex and Earth
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Imager software are due to the number of iterations that can be performed during modelling. It is
possible to manually shift points to fit the curve in the Earth Imager not in the Interpex.
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Figure 4.22: Sounding curves and layered model for Uhuru Park (VS-34)

Table 4.4: Layer parameters identified on Interpex and Earth Imager curves for VS-34

Interpex Curve Earth Imager Curve
Layer | Resistivity (ohm- | Thickness Layer Resistivity Thickness
m) (m) ohm-m) m)
1 27 0.5 1 36 0.5
2 1.8 2.5 2 2 0.7
3 15 375 3 3.2 0.9
4 8 120 4 7.3 20
5 2400 ® 5 11.5 3.1
6 23.5 6.7
7 30.8 11.8
8 22.6 15.5
9 15.7 0

- means extending beyond the modelled depth

Curve marching involves comparison of VES curves obtained in a resistivity survey with Master
Curves obtained from several experimental studies. The comparison is based on the values of
apparent resistivity of the subsurface layers detected in a resistivity curve. The Master Curves
include: H type where p;> p2 < ps; K type where pi< p2 > ps; A type where p;< p, < p3; and, Q
type where p;> py > ps. On marching the curves for various VES sites, it was observed that where
the subsurface profile is similar, the resistivity curves have a similar shape. Seven shapes of
curves were obtained for the entire study area. A summary of the geoelectric parameters
(resistivity, p; and thickness, h;) obtained from the sounding curves analysed on Interpex 1-D

sounding software as well as the aquifers identified are as shown in Appendix 2.
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VES at Uhuru Park site (Fig. 4.22) recorded low resistivity values ranging from 4.3 to 36.0 Ohm-
m indicating the dominance of clays and weathered materials. This corresponds well with the
core log recovered from the water supply borehole at Serena Hotel (C-9754) that indicates the
presence of alternating layers of weathered and fresh materials. Seventeen sites with curves of
similar shape as the VS-34 (HAKQ type) are indicated in the same colour on Figure 3.1. The

stratigraphic column for Serena Hotel site is presented later in section 4.1.8

The second shape of curve obtained is KHQ type represented by the Interpex curve for
University of Nairobi Sports Field (Fig 4.23). This curve shows a low resistivity layer that
extends from the surface to 21.5 m depth, while Earth Imager curve shows six low resistivity
layers extending to 13.9 m. The low resistivity near-surface layers correlate well with a
geotechnical borehole log at Museum Hill Bridge that shows layers of clay, silt and some peat
extending to 22 m. At 250-320 m depth, resistivity values dropped from a high of 85 ohm-m to a
minimum value of 15 ohm-m which was indicative of an aquifer underneath. The core log from
Boulevard Hotel indicates that first aquifer was encountered at 150-162 m and the second aquifer
at 204-323 m, cormrelating well with the resistivity values. The stratigraphic column for the

University of Nairobi borehole is presented later in section 4.1.8.
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Figure 4.23: Sounding curves and layered model for Nairobi University Sports Field
(VS-35)

The third shape of curve obtained is the AHKA type represented by Figure 4.24. Twelve sites
with curves of similar shape as 4.24 are indicated in the same colour on Figure 3.1, The fourth

type of curve obtained is AKQ type as represented by Figure 4.25. Eight sites with curves of
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similar shape as 4.25 are indicated in the same colour on Figure 3.1, most of them in east Nairobi
and Karen- Langata.
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Figure 4.24: Sounding curves and layered model for Nembu Primary School (VS-16)
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Figure 4.25: Sounding curves and layered model for Makadara (VS-43)

The fifth shape of curve is AHKQ type while the sixth shape of curve is represented by Figure
4.27. VES was carried out at Bulbul (Figure 4.27 and Figure 4.28), one line running along the
fault and the other line running across the fault. The resistivity variation along the fault forms a
curve of HQA type while across the fault, the curve is HAQK type. The near surface layers along
the fault have the resistivity values below 5 chm-m up to 5 m depth and less than 30 ohm-m up
t0 30 m depth. Across the fault, the ground surface was very dry, with resistivity value of 210
ohm-m at the ground surface gradually reducing to 46 ohm-m at 4 m depth after which it

remained below 65 ohm-m. Four sites with HQA type curves and two sites with HAQK curves
are indicated in the sam