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Foreword

We, at the Rwegarulila Water Resources Institute, are very happy with the publication of this
handbook.

In trying to opt for least cost alternatives in providing our people with clean drinking water
and hygienic sanitation, the Ministry of Water, Energy and Minerals directed the Institute to
give priority to local resources technology in its craft and technical curriculum.

Training in Shallow Wells Technology has been included in our three year Full Technician
Programme. While meaningful development in this direction has been achieved, lack of
performance oriented instructional materals has been our major setback. The publication of
this handboek is timely. It is indeed an invaluable input into our training system.

For those involved in the construction and maintenance of tube wells at community level this
handbook will be of much help.

r

Wowhlucts

Washington Mutayoba

Principal
Rwegarulila Water Resource Institute
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Preface and Acknowledgements

This Manual on Hand Drilled Wells 1s the product of 3 years’ field and classroom teaching experience,
first at the Morogoro Wells Construction Project and later at the Rwegarulila Water Resources
Institute When I was asked to prepare the manual I accepted the task with enthusiasm, but I was
immediately confronted with a problem. Although primanly meant for pre-service students at the
Institute, the book should, at the same time, serve a much broader public including craftsmen,
technicians and practising engineers, and also project planners I have tried to solve this problem by
writing a kind of reference book with some features of a ’true” manual in the sense that the most
important operations have been described as step-by-step procedures and illustrated with many
drawings and photographs However, since | am convinced that practical skills can only be improved
by theoretical knowledge, I have included more background information than strictly required for a
manual
I realize that by writing in the English language, I will not reach the entire group of people involved 1n
well construction Particularly for the in-service training courses which are mamly followed by
craftsmen with primary education only, and mn view of the strongly recommended village level
operation and maintenance of water supply systems, a translation in due course of relevant parts of the
book nto Kiswahili remains a task of high prionty
The manual 1s built up in six parts The first part - Chapter 1 - 1s an introduction to the subject In the
second part - Chapters 2 and 3 - the nost necessary hydrogeological theory 1s given Part three which
includes Chapters 4 and 5, deals with site investigation and the criteria for approving a site for
construction of a well In part four - Chapter 6 - the design of the well 1s discussed, and in part five
- Chapters 7 to 11 - the actual construction of the well including the mstallation of a hand pump In
the last part - Chapter 12 - a possible approach towards the maintenancé of pumps and wells 1s
indicated In order to keep the size of the chapters on site investigation and well drilling operations
limited, the survey and well dnlling equipment have been described in seperate appendices
In the course of reading this manual, the realization of a well can be followed with the help of an
actual example from Chamazi village near Dar es Salaam I am much indebted to the people of this
village for their hospitality. In fact, this v.llage has virtually become a permanent training ground for the
Institute Most of the photographs were taken here
Publication of this manual would not have been possible without the continuous encouragement of
Washington Mutayoba, the Principal of the Institute, and the teaching staff Elnathan M. Mundo,
John T Sambu, Juma M Kaeje and Abdallah S. Bunga, who gave me good advice on the desired
content of the book
1 am very grateful to the following persons for their invaluable contributions.
— My former colleagues 1 the Morogoro Wells Construction Project, especially Aat van der Wel
who read an early version and made very helpful comments
— The Orgamzation of Netherlands Volunteers for giving me the opportunity to finalize this work
— Abubakr Kiging1, executive engineer in the Morogoro Regional Water Engineer’s office, Frans van
der Laak and Geert van den Honing of the Morogoro Wells Construction Project, Hartmut Floegel
of the Tanga Integrated Rural Development Project and Jo Smet of the Community Health
Department, Faculty of Medicine, University of Dar es Salaam, for their critical review of several
chapters
— Daphne Beaton and Malcolm Norris of the Communication Skills Unit, University of Dar es
Salaam, for their patient and undaunted correction of my English.
— Helen Cramer, for typing the first version and large parts of the final manuscnpt
To Peter van der Werff, an old friend of mine, I owe special thanks for all his tireless work behind
the scenes.

Bob Blankwaardt

Dar es Salaam, Apnl 1984
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Chapter 1

Introduction

For the development of rural water supply the Tanzanian Government started the National Rural Water Supply
Programme in 1971, and has adopted the United Nations’ Water and Sanitation Decade target: ”To provide a
reliable water supply by the year 1991, whereby all people have ease of access (at a distance of 400 m or less) to a
public domestic water point”. The ministry responsible for the planning, preparation and execution of this
programme is the Ministry of Water, Energy and Minerals (MAJI).

The Government’s optimistic claim that currently 40 % of the rural population of 15 million people has access to
clean drinking water, might hold true if it were based on the installed capacity. However, taking into account the
water supply schemes that are out of order, probably not more than 3 million people at present have access to a
reliable supply. The remainder of the population is still (or again!) entirely dependent on the use of water from hand
dug holes, unprotected wells, rivers, pools, etc. The traditional picture of women fetching water of dubious quality at
places many miles from their homes is still the rule in the rural areas. Long walking distances also imply a low rate of
consumption. Both the poor quality and the small quantity of water (often less than 10 litres per person per day) are
responsible for the spread of water-related diseases.

Assuming a growth rate of 3 % per year, the total rural population will have grown to about 20 million people by the
year 1991. Consequently new water supply systems will have to be constructed, and old ones rehabilitated, for 17
million people in 7 years’ time; that is to say, for around 2.5 million people per year, provided that none of the existing
or new supplies breaks down. In the present economic situation it is entirely beyond the country’s capabilities (even
with donor assistance) to provide every household with a tap inside the house. The country has to resort to low cost
technology which requires the least capital expenditure per head of population for investment, operation and

maintenance and at the same time guarantees a reliable and safe supply.

1.1 Comparison of water supply systems

Supply systems of the following types are commonly
constructed 1n the country

— gravity-fed or pumped surface water,

— deep boreholes with motor-driven pumps,

— wells with hand pumps.
The features of these systems can briefly be described as
follows

a) Surface water - pumped or gravity-fed - 1s generally
polluted, bacteriologically unsafe and carries a high
seasonal sediment load Very often 1t needs treatment
which results 1n high investment and operational costs
and 1n a demand for skilled manpower

b) For the construction of deep boreholes machine-
powered equipment is required Even the simplest dnll
ng requires skilled operators and high investment, and
its operation depends on the availability of fuel and
spare parts Moreover, the exploration of deep ground-
water requires expensive geophysical investigations

Both surface water and borehole supplies require capital
intensive distribution systems, These include pipelines,

break-pressure tanks, storage tanks and domestic water
pownts The cost depends, of course, on the location of the
niver intake or borehole and the size of the village(s) to be
supplied .

¢) Tube wells and ring wells of shallow to medium depth
(often not quite correctly called ’shallow wells’’) can
be made by hand dniling and digging respectively
This leads to comparatively low investment costs.
Construction failures (lower yield than anticipated)
seldom occur if the location and the design of the wells
are based on the results of proper test drilling and
pumping Operational costs are low because these
wells can be equipped with hand pumps, which do not
require any fuel or highly skilled personnel Moreover,
if maintenance 1s made the responsibility of the village,
maintenance costs can be limited. In fact, centralized
maintenance may well be beyond the country’s
financial and organizational capabilities

A comparison of estimated investment, operational and
maintenance costs of the various systems 1s given in Table
11



HAND DRILLED WELLS

Table 1.1 Cost of water supply systems per head

of population in T.Shs.

Type of supply Investment O & Ma)/year

Gravity 600-1200 10
Pumped surface water 600- 900 20
Deep borehole 600- 900 15
Concrete ring wellb) 100- 150 5
Hand dnlled tube wellb) 60— 100 5

) QOperational and maintenance costs
%) Equipped with handpump
Source' Reference |16}

Given these figures, 1t 1s not surprising that the Regional
Water Engineers’ Conference in 1980 passed the following
resolution ”An appropnate technology mix emphasizing
the shallow well technology as a least cost alternauve
should be worked out and used as a means of realizing the
objectives of the programme where possible”

1.2 Hand drilled wells: a short
description

The term “shallow well” 1s frequently used to describe any
water supply from a borehole which is not constructed by
percussion or drill g This 1s incorrect According to
current ternational terminology, a shallow well is a well
from which the water can be pumped by means of a suction
pump, which implies a water level not lower than 6 to 7 m
below ground level

However, a large number of hand drilled wells draw their
water from deeper levels Therefore, such a well should be
termed a hand drilled tube well or, more briefly, a hand
drilled well It may be necessary to add of shallow to
medium depth.

Site 'investigation and construction

Construction of a well, be 1t a dnlled well or a dug well,
must always be preceeded by a detailed survey in the area
in order to find the most suitable location The best method
for site investigations has proved to be drilling by hand of
small test boreholes (¢ 100 mm), followec by a simple
pump test whenever a prospective aquifer 1s found If the
test yield and the water quality meet certain criteria, and if
the site itself fulfils certain other conditions. a site can be
approved for construction This procedure greatly
diminishes the risk of a low yield and/or unsatisfactory
water quality after construction

Tube wells (Figure 1) are constructed 1n a relatively
small diameter borehole and this manual will deal with
only the hand dnlling of such boreholes A PVC filter pipe
1s set into the borehole, the lower part of which (the screen)
i1s provided with small openings to let the water pass
through The upper part 1s closed and serves as a lining. A

2

gravel pack 1s installed around the screen to prevent it from
clogging up Where necessary the aquifer(s) 15 sealed off !
by means of one or more clay seals The rest of the
borehole 1s backfilled with soil The well is brought to its
maximum capacity by means of surging and overpumping
At ground level a hard-core slab 1s constructed around a
sturdy pre-cast concrete well cover This slab prevents
unhygienic conditions from developing around the well
and a built-in gutter drains the spill water into a ditch
Equipped with one of the hand pumps described 1n this
manual, a tube well can serve 250 to 300 people

Public health aspects

A great many of the communicable diseases prevailing in
the country are 1n one way or another related to water or to
impurities 1n the water Improvement of the water supply
conditions is therefore one of the key factors 1n the struggle
to push back these water-related diseases The
mechanisms by which these diseases are transmitted are
known and their spread can be largely prevented by putting
certain conditions to the siting, construction and man-
tenance of wells, as described 1n Appendix A

However, 1t appears time and again from studies in
developing countries that improved village water supplies ;
may have no significant effect on public health conditions, y
when they are the sole environmental Intervention
Extensive health education and proper excrata disposal
are just as crucial i achieving any improvement tn public”
health And of course, the availability of water 15 a
prerequisite for their success

It 1s often said that if people are used to drinking
contaminated water, improvement of the water quality wiil
diminish their immunity against disease This 1s certainly
not true in Tanzania, where malnournishment is the main
reason for lack of immunity Therefore, this should never
be used as an excuse to construct cheap supplies which are
bactenologically unsafe. However, the prevailing water-

Fig 1 Section of a tube
well.
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related diseases in Tanzania are, apart from malaria, those
conveyed by the water-washed mechamism Thus prionty
should be given to quantity of the water. Advocating many
cheap supples, taking some contamination for granted,
would seem to contradict the above But if, apart from
being cheap, such water supplies are also bacteniologically
safe, then there 1s all the more reason to install these
wherever possible

Summary of well construction activities

Construction of hand dnlled wells was started in Tanzania
in 1975 by the Shinyanga Shallow Wells Project The
Morogoro Wells Construction Project (MWCP) con-
tinued with this approach to rural water supply, becoming
a tramnmg centre for personnel from all regions and a
supply centre for drilling equipment and construction
matenals (including hand pumps) In 1981 the training
programme was transferred to the Water Resources
Institute in Dar es Salaam. Some other organizations
involved 1n well construction programmes are*

— Regional and District Water Engineers;

— Regional Integrated Development Projects,

- Finnwater Consulting Engineers in Mtwara/Lindi,

— Tanzania Water Development Project in Singida,

- Tanganyika Chrisian Refugee Service in Dar es

Salaam (Mishamo and Ulyankulu settlements)

The total number of tube wells with hand pump so far
constructed in the country now amounts to approximately
2500 It 1s anticipated that because of favourable hydro-
geological conditions 1n large parts of the country, 50 to
60 % of the rural population can be served by this type of
water supply

1.3 Hand drilled wells versus dug wells

The construction of hand dug wells has a long history in the
country Alongthe coast we can stll find quite a number of
masonry wells, dating back to the period of Arab settle-
ments, most of them of (very) shallow depth and not
protected by any cover A bucketon arope, whether or not
wound onto a windlass above the well, was the traditional
means of drawing water In later days, many new wells
made of concrete rings were built and these were mostly
covered with concrete slabs and sometimes provided with
heavy-duty hand pumps However, as shown 1n Section
25, the wells often ran dry and the water quality
deteniorated 1n the dry season Therefore, when the
Shinyanga Shallow Wells Project was started, emphasis
was put on the improvement of the groundwater ex-
ploration methods (test drilling and pumping) and con-
struction methods (e g introduction of porous concrete
filter rings) m order to guarantee water in the well
throughout the year. For a typical section of a ring well see
Figure 2

For the construction of hand dug rning wells, reference
should be made to two excellent publications on this
subject

INTRODUCTION

& a0 8N

Fig 2 Section of a nng
well

* Hand dug Wells and their Construction (1976), by
SB Watt and W E Wood, see Reference [22]

* Shallow Wells (2nd ed 1979), by DHV Consulting
Engineers, see Reference |4)

However, this method of well construction was cumber-
some and relatively expensive, and more reliable water
bearing formations than the shallow top aquifers could
often not be reached due merely to their depth or to an
excessive flow of water into the dug hole making
installation of the nings impossible For these reasons,
hand operated equipment was developed for drilling
boreholes 1n which small diameter PVC pipes could be
installed Ever since, there has been discussion as to which
type of construction 1s most appropriate

Advantages of dug wells

The obvious advantages of hand dug ring wells above tube
wells are that they can be constructed in areas where

— the soil conditions are unfavourable for dnlling by
hand (very hard formations such as laterites and
calcretes, the presence of big stones, etc ),

— the permeability of the aquifers 1s too low or 1its
thickness too small for a sufficient flow towards a small
diameter tube well and storage capacity 1s required 1n
the well for overmght recharge

In fact, in such areas, a rning well may be the only
alternative

Secondly, in the case of a breakdown of the pump, water
can still be drawn from a ring well by letting a bucket down
through the man-hole 1n the cover of the well This 1s, of
course, impossible with a small diameter tube well
However, 1n such a case the well water might become
contaminated by the use of dirty buckets,

Thirdly, some people argue that the use of ring wells
would contribute to an increase in village participation

3
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True, more people can be mvolved at the construction
stage, but whether this would have such a positive
influence on the attitude of the people towards the upkeep
and maintenance of the wells can be much doubted

Advantages of hand drilled wells

On the other hand, there are many factors which make
large-scale production of hand drilled wells more attrac-
tive than that of hand dug ring wells

Construction method and materials

In the first place, drilling a borehole 1s much easier than
digging the hole for the concrete rings, because this does
not require dewatering during construction Secondly,
installation of a PVC filter pipe (screen and hining) in a
borehole 1s much simpler than lowering concrete rings
The whole process takes place above the ground, which
makes the operation less troublesome and dangerous
Hand drilling equipment and construction materials can
be carried virtually anywhere while the heavy concrete
rings limit the location of ring wells to places accessible by
lorry only, unless they are manufactured on the spot.
Furthermore, the availability of cement 1s often a serious
bottleneck 1n the production of rings, except in those
regions with easy access to a cement factorv With the
existing national supply centre for construction materials
n Morogoro, this problem 1s largely solved for tube wells
in those regions where they are hydrogeologically feasible

Depth of the wells

Deeper aquifers are, in general in Tanzania, more suitable
for water supply than unconfined top aquifers because
— the seasonal groundwater fluctuations are smaller and
therefore the likelihood of wells drying up during the
dry season is reduced,
— they can be sealed off completely so that no
contamination by polluted surface or spill water can
occur

Costs n 1,000 T Shs

Depth in m

Fig 3. Investment costs of wells as a function of the well
depth Source Reference [16]

4

Proportionately more ring wells have their irtake in a
shallow unconfined aquifer because of dewatenng
problems at greater depth Tube wells, on the other hand,
mostly draw their water from unconfined aquifers

Construction time

Expernience has shown that the construction tume for a ring
well 1s 3 to 7 weeks, depending on depth and soil
conditions, whereas a tube well 1s normally constructed in
only 3 to 5 days Consequently, the budget al.owing, an
average of 5 times as many tube wells can be constructed
in the same periode of time. an important factor with the
1991 target in mind

Investment costs

Figure 3 shows a graph of costs versus depth for nng wells
and tube wells From a depth of 6 to 7 m, a sharp increase
in the price of hand dug wells can be observed At this
point, the normal suction pumps used for dewatering no
longer function and other, more expensive, high-capacity
pumps have to be used In addition, the cost of labour and
transport of rings increases rapidly with depth So, for an
average depth of 8 to 10 m, a ring well 1s app -oximately
2 to 2 5 times as expensive as a tube well Ifproduced on a
large scale the difference in investment costs becomes
substantial

Even in areas where after mitial investigation the
possibilities for tube wells seem to be limited, th= relatively
cumbersome and expensive construction of ring wells can
often be avoided by means of an intensified survey of the
area Once a surveyor has armived 1n a village, the cost of
an extra test borehole 1s very low (maximum T Shs
200-300) This means that for the additional cost of a nng
well, 30 to 40 survey boreholes can be drilled to find a
suitable site for a tube well

Note: Operational and maintenance costs are approximately the
same for both types of well, if they are equipped with the
same type of hand pump

A



Chapter 2

Groundwater

Groundwater is one of the best sources for drinking water because it is generally free from pathogenic organisms,
has an almost constant quality and temperature and is available in large quantities. How much value is attached to
these properties may be illustrated by some examples from West European countries.
~— In West Germany, only temporary permits are issued for the exploitation of river water for domestic supply.
~ In Austria, which has plenty of very clean surface water, over 99% of the domestic water is groundwater.
— In the Netherlands, large quantities of river water are first stored underground for filtration.
In other countries, particularly those with very dry climates, groundwater is often the only source available

throughout the year.

2.1 The hydrological cycle

The total amount of water on the earth does not change
Due to meteorological conditions 1t 1s 1n continuous
movement, changing into different phases' solid, liquid
and gaseous This 1s called the hydrological cycle. In
broad” outline 1t can be described as follows: water
evaporates from the ocean, forms clouds which move
wland and condense to fall on the land as rain. From the
land, water runs back to the ocean either 1n nvers or
underground This process 1s illustrated in Figure 4
For a better understanding of underground storage and
movement, this cycle needs further consideration The
main factors which influence the groundwater balance are

described below
Sh oS

Precipitation

Evapotranspiration

Evaposation

Infiitrabon -

vl
oot
LA |

;\erndwalev flow

—_—

Fig. 4 The hydrological cycle

Infiltration

When rain falls on the land, part of it infiltrates into the
ground and part runs off over the surface How much water
infiltrates depends on-

— the permeability of the topsoil e g 1n sandy souls, 1t 1s
easier for the water to enter the ground than in clay,

— the slope of the terrain the flatter the area, the smaller
the amount of water which runs off immediately;

— the intensity of the rain during heavy raimstorms most
of the water runs off because 1t cannot be absorbed all
atonce Gentle rains over an extended period are much
more favourable for infiltration

The soil layers close to the surface are only partly filled
with water and infiltrating rain s first used to replenish any
deficiency of this soil moisture The water 1n this upper
zone 1s held up against gravity by molecular and capillary
forces and 1t 1s this water which plants absorb by means of
their roots. If more water infiltrates than can be used for
replenishing the soil moisture, 1t percolates to deeper
layers under the influence of gravity. At a certain depth 1t
reaches the saturated zone, where all the pores of the soil
are completely filled with water and this 1s the zone n
which the groundwater 1s stored

Evapotranspiration

Part of the groundwater returns to the atmosphere 1n the
form of vapour through the combined processes of
evaporation and transpiration, under the influence of
solar energy Direct evaporation of groundwater only
occurs when the water table 1s not very far from the ground
surface (1 to 3 m, depending on the soil type)
Transprration, on the other hand, 1s the process by
which plants release groundwater into the atmosphere by
“breathing” Most plants éet their water from the soil
moisture zone, and if the water table 1s near the surface, the
roots will also extract water from the saturated zone Some
types of plants, particularly deep-rooting trees, are even

5
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able to absorb water from far below the ground surface.
The losses of groundwater by transpiration are generally
much greater than those by evaporation

Discharge to rivers

The greatest losses of groundwater occur from discharge to
streams, rivers, lakes and oceans. Groundwater in the
saturated zone 1s not stationary, but flows very slowly with
velocities varymg from 1 m/year to 1 m/day, towards
areas with a low water table River flow 1n the dry season
can only be the result of outflowing groundwater either
directly into the river bed or indirectly through springs
(Figure 5)

Note: The reverse situation may also occur when, at the
beginning of the rany season, the groundwater table 1s
still low Heavy rains may lead to big surface run-off
and high river levels At this point the river water can
start feeding the groundwater

Water japig

Fig. 5 In the dry season rivers are fed by the ground-
water.

2.2 Types of aquifers

An aquifer or water-bearing layer 1s a rock or soil
formation, which yields sufficient water to wells for them
to serve as reliable sources of water supply 1t may vary in
thickness from less than half a metre to several hundreds of
metres, 1t may lie under a whole village and 1its sur-
roundings, 1t may be hike a winding underground river or
Just be the river bed itself A distinction 1s made between
two types of aquifers.

a) Confined aquifer. a confined aquifer 1s one 1n which
the water nises to a higher level in the borehole than in
the surrounding rock (borehole no. 1 1n Figure 6) This
occurs where the aquifer 1s confined at the top by an
overlying impermeable layer and the level to which the
water rises in the borehole 1s known as the prezometric
level In such an aquifer the water pressure 1s higher
than atmospheric pressure Water pressure can be so
great that water flows out of the borehole opening and
this phenomenon 1s called an artesian well (borehole
no 2 i Figure 6)

Replenishment or recharge of the water in a
confined aquifer can occur far away from the location
of the well by infiltration 1n a recharge area

b) Unconfined aquifer 1if a borehole is drilled in an
unconfined aquifer, the water does not nise above the

Recharge area Perched waler lable

Fig 6 Dyfferent types of aquifers.

level where 1t was struck (borehole no 3 in Figure 6)
The water in such an aquifer 1s at atmospheric
pressure, just like an open reservoir The upper limit of
the aquifer 1s formed by the water table, the shape and
slope of which depend on local recharge/discharge
areas and permeability

Perched water tables can occur when infiltrating
water 1s stored on top of impermeable layers of
relatively small area such as clay lenses (Figure 6)
They can easily be mistaken for the water table of the
main aquifer which lies deeper The chances are that a
well 1n such a perched water body will quickly run dry, _
since the storage capacity 1s only small and recharge ~
can only take place in the ramny season by local
nfiltration

Note: Impermeable layers are, in reality, mostly slightly
permeable water from a confined aguifer can pass
through to an unconfined one and vice versa,
depending on the levels in both aquifers

2.3 Characteristics of aquifers

The aquifer material must contain interconnected open
spaces or pores, filled with water, and the openings
between these pores must be large enough 0 permit the
water to move towards wells at a sufficien:ly high rate
The water yielding charactenistics of aquifers, which are
largely determined by the grainsize of the soil particles,
are described below and some representative values are
listed 1n Table 2 1

Porosity and specific yield

If a rock or soil contains many pores, 1t 1s described as a
formation of high porosity This means that, per unit of
volume, a large amount of water can be stored i such an
aquifer Porosity 1s defined as the percentage of the total
volume which 1s occupied by the pores. For example
total volume of soil = 1 litre, volume of poras = 0 3 litre,
porosity = 30%
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The water 1n the pores, however, 1s not always easy to
remove by pumping Some of 1t 1s very tightly connected to
the soil particles by molecular forces. For example, clay
has a very high porosity, but 1f saturated clayis placedona
steve, hardly any water will drain out Sand and gravel, on

, the other hand, easily release the stored water They have

a high specific yield and are therefore of more interest for

" the construction of wells The specific yield of a soil 1s

o

defined as the ratio of the volume of water that, after
saturation, can be dramned by gravity, to the onginal
volume of the saturated soil (Figure 7) and 1s usually
expressed as a percentage Figure 8 shows that with
increasing size of the soil particles, the value of the specific
yield approaches that of the porosity because the influence
of the molecular forces 1s reduced.
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Fig 8 Porosity, permeability and specific yield as a
Junction of the grainsize Source Reference (3]

Storage coefficient

The storage coefficient 1s defined as the volume of water
released from, or taken into storage, per unit surface area
of the aquifer per umt change in the water level. In
unconfined aquifers the storage coefficient 1s equal to the
specific yield For example, if during pumping, the water

GROUNDWATER

table 1in such an aquifer drops by O 8 m and the specific
yield 1s 25 %, the volume of water released amounts
08 x025=0.2m’ perm? of surface area In confined
aquifers, however, assuming that the aquifer remains
saturated, a reduction of the hydrostatic pressure (as
occurs during pumping) produces only a shight com-
pression of the aquifer and expansion of the water,
resulting 1n only a small change 1n storage Values of the
storage coefficient for confined aquifers fall in the range
from 0 00005 to 0.005, whereas those for unconfined
aquifers vary from 0 1to0 3 Hence, at the same pumping
rate, the cone of depression (see Section 2 4) 1s generally
larger 1n confined aquifers than in unconfined ones

Permeability

Permeabiiity 1s a measure of the capability of an aquifer to
conduct water. If the connections between the pores are
large, the water can flow easily and the permeabulity 1s
high It has the dimension of a velocity and 1s usually
expressed in m/day or cm/sec. When the pores are not
interconnected, water cannot pass through and the rock or
sotl 1s descnibed as impermeable

Some hard rocks can have a high permeability, despite
the impermeability of the rock material itself This 1s
caused by faults and fractures in the rock through which
the water can flow and is called secondary permeability
However, such aquifers are of no interest for the con-
struction of hand dnlled wells

Conclusion

From Figure 8 which shows the data of Table 21
graphically, 1t 1s easy to see that the most suitable aquifers
are those consisting of coarse sand and gravel. This does
not mean, however, that layers of fine sand or even silt
cannot be used for wells because the yield of the well 1s not
only determined by the permeability of the aquifer, but
also by 1ts thickness (see also Section 2 4).

Note: The data of Figure 8 are valid for homogeneous aquifers
only, 1 e with little variation 1n the size of the particles Ina
heterogeneous material, e g a mixture of sand and gravel,
the smaller particles fill the space between the bigger ones
and block the passage of the water (Figure 9) Thus greatly
reduces the specific yield and permeability of such a
mixture

Fig. 9. (a) Homogeneous material (b) Heteroge-
neous material
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Table 2.1 Characteristics of some unconsolidated sediments
Type of Gradation Grainsize Porosity  Specific Permeability
sediment yield
(pm) (%) (%) (cm/sec)

Clay <2 45-55 3-5 10-8-106  (very low)
Silta) 2-50 40-50 5-10 10-6-10-3  (low)
Sand 30-40 10-30 103-1 (moderate)

fine 50-250

medium 250-500

coarse 500-2000
Gravel > 2000 25-35 20-30 1-100  (very high)

2) Qften the terms silt and loam are used as equivalents Loam, however, descnbes a combination of clay, silt anc
fine sand, and 1s a soul classification used for agricultural purposes

2.4 Basic well hydraulics

Groundwater movement

Groundwater flows under the influence of a pressure
difference It travels in an aquifer from borehole A to
borehole B if the water table or piezometric level in B 1s
lower than in A (Figure 10). The velocity at which the
water flows 1s determined by the permeability of the
aquifer and the slope or gradient of the water table The
gradient 1s defined as the quotient of level difference and
distance This relationship 1s known as Darcy’s law D
v=kx1i 21

where v 1s the velocity of the groundwater, k the permeabi-
Iity of the aquifer and 1 the gradient of the water table or
piezometric surface The above formula 1s valid for the
flow in one direction only, that 1s, horizontally, parallel to
the plane of the section in Figure 10

The flow towards a pumped well 1s more complicated to
describe mathematically, because water flows from all
directions 1n the honizontal plane This flow system 1s
known as radial flow However, the phenomena that occur
can easily be understood by means of Darcy’s law

.
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Fig. 10. The gradient of the groundwater table between
A and B is defined as 1 =_h
L

Flow towards a well

If water 1s pumped from a well, the water level in the
vicinity of the well drops (Figure 11) and, due to the
pressure difference, groundwater starts flowing towards
the well This drop 1in water level is called drawdown It1s
the difference between the static water level (before
pumping) and the pumping level (during pumping) The

Radius of influence

T

Drawdown
Cone of depression
Pumping lev:l

_—

Fig 11. The groundwater table n the vicinity of a
pumped well

radial flow of groundwater imphes that its velocity
increases as 1t nears the well Since - according to Darcy’s
law - the velocity is proportional to the gradiert, the slope
of the water table becomes increasingly steep towards the
well This effect causes the water table to assume the
shape of a cone, known as the cone of depression, with the
lowest point at the centre of the well

With continued pumping the cone of depression
expands. If the aquifer 1s extensive and no boundaries of
constant level are present, this process, theoretically,
continues indefinitely with ttme However, the drawdown
decreases logarithmically with time and distance from the
well and consequently, after a period of pumping at a
certain rate, the drawdown remains virtually the same
Furthermore, at some distance from the well, <he effect of
pumping on the water level 1s virtually zero This distance
1s termed the radius of influence.

) Henn Darcy, a French hydraulic engineer, mvestigated the
flow of water through horizontal beds of sand to be used for
water filtration, more than a century ago
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The shape of the cone 1s influenced by the permeability
in an aquifer of low permeability, the cone 1s deep with
steep sides and the radius of influence 1s small In highly
permeable aquifers we find a shallow cone with a large
radius of influence (Figure 12)

When pumping 1s stopped, the water level in the well
nises again to the original static water level The speed at
which this recovery takes place 1s also important for the
evaluation of a pump test a fast recovery indicates a high
permeability of the aquifer

Fig 12 Different shapes of the cone of depression
(a) 1n an aquifer of low permeability, (b) in an aquifer of
high permeabiiity

Well yield

If the flow towards a well has reached a condition of
“equilibrium”, 1 e. one i which the drawdown changes
negligibly with time, and the screen of the well penetrates
the entire aquifer, the discharge or yzeld of the well can be
written as

_273kDs
log (R/ry)

(22)

where Q 1s the yield, k the permeabulity of the aquifer, D
the ’thickness” 1) of the aquifer, s the drawdown 1n the
well, R the radius of influence and r,, the radius of the well

An important conclusion that can be drawn from the
above formula is that an increase 1n the well diameter has
only a limited effect on the well yield For example,
assuming R (radiwus of influence) = 20 m, then doubling the
diameter of the filter pipe from 11 ¢m to 22 c¢m increases
the yield by only 12%. A more substantial increase in
yield, e.g. by 100 %, can only be achieved by using a well
diameter approximately 10 times larger

Reduction of the screen length as shown in Figure 13
has a strong adverse (almost proportional) effect 2’ on the
well yield. For example, if the screen covers only half the
thickness of a confined aquifer, the yield 1s decreased by
approximately 409% Therefore, wherever possible, the
screen length should be equal to the full thickness of the
aquifer

GROUNDWATER
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Fig 13 The yield of an “incomplete well” (a) is
considerably lower than that of a well of which the screen
covers the full thickness of the aquifer (b).

2.5 Groundwater level fluctuations

The phenomenon of well yields falling towards the end of
the dry season 1s all too common throughout the country

Unaccounted for seasonal water level fluctuations are
normally the cause of such events, although 1t 1s notably
wells 1n unconfined aquifers which are sensitive n this
respect

Causes of fluctuations

Rises 1n water level are mawly due to recharge of the
system by nfiltrating rainwater Although nfiltration is
governed by rainfall intensity and distribution, and also by
surface run-off and vegetation, a clear relationship
generally exists between rainfall and rises in water level
The main causes of a drop (n water level are the natural
dramage of groundwater, followed by the evapotrans-
piration of plants

Particularly in tropical countries like Tanzanma, with
clearly defined dry and rainy seasons, 1t 1s very easy to
distinguish one or two peaks per year in the groundwater
level Anexample of thisis given in Figure 14 which shows
the fluctuations of water levels as observed in different
filter pipes in a deep borehole near Mtwara (Mbuo
Valley). In the year of observation (1975-1976) there was
one continuous pertod of rain.

The graph also shows that the water level does not
necessarly nise immed:ately after the start of the rains
There 1s often % to 1 month time lag, due to slow
percolation the dry soil has to be wetted before 1t allows
water to penetrate deeper On the other hand, as soon as
the rains have stopped, the water level starts falling

Y For confined aquifers D equals the actual thickness of the
aquifer; for unconfined aquifers D equals half the drawdown 1n
the well

2) This effect can only be denved from (2 2) by approximation
since this formula s based on the assumption of horizontal flow,
whereas 1n this case the flow towards the well s truely three-
dimensional, the mathematical description of which 1s much
more complicated
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Fig 14 Recorded groundwater
levels tin a borehole 1n Mbuo
Valley, Mtwara

Source Reference |12]

Influence of fluctuations in water level on water
quality

Through evapotranspiration from an unconfired aquifer,
the salts which are dissolved in the water remain behind
and the salt content in the aquifer increases. Therefore a
drop in the water table 1s often accompanmed by a
detenioration 1n water quality Although the effect is
strongest 1n unconfined aquifers, it 1s also felt in confined
and semi-confined aquifers How seriously entire areas
can be affected, 1s shown in Figure 15 Duning the Water
Masterplan studies villages all over Coast and Dar es
Salaam Reglons reported that shallow pits usually
detenorate in quality towards the end of the dry season.

This is again demonstrated in Figure 16 In the borehole
shown 1in Figure 14, in Mbuo Valley, Mtwara, the
electrical conductivity E.C (a measure of salt content)
was determined at different depths and different times
of the year By the end of the dry season the E.C.
had increased by more than 40 9%

Note: Figure 16 also shows that the E C increases with
depth This is due to the fact that water in deeper layers has
been in contact with the original or weathered bedrock
for a longer period and therefore has a higher mmeral
content

Consequences for surveying

A surveyor will be interested in the maximum annual
water level fluctuation that can be expected 1n a certain
area The safest method of eliminating all uncertainties
would be to investigate sites towards the end of the dry
season only For practical and economic reasons this 1s
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Fig. IS. Deterioration of the water quality in shallow
wells during the dry season in Coast and Dar es Salaam
Regions. Source- Reference [2).
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Fig. 16 Recorded E.C values in a borehole in Mbuo
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qu1t'e mmpossible but fortunately there are easy ways to
collect information Moreover, 1t 1s important to know
how, by an intelligent choice of stte location and aquifer,
the fluctuations in a well can be mmmized

As will be explained 1n Chapter 5, some of the critenia
applied for approval of a borehole for construction - test
yield and E C. - may have to be adjusted if the survey
takes place during the rainy season. In this way, a good
well yield and reliable water quality can be guaranteed
throughout the year

1,800

~»

GROUNDWATER

Where to find information

* Some information can be obtamed directly from the
working area Water levels 1n open ring wells or hand
dug holes which get water from the aquifer under
mvestigation are generally well-known by the villagers

* More general information can be found in water
masterplans, agricultural studies, etc Data in these
kinds of publications are often based on prolonged
observations of a few boreholes mn a relatively large
area It will be obvious that such data can only give a
rough indication and should be handled with care locat
situations may vary a great deal

* In areas where the fluctuations are considerable, for
example 3 to 10 m, or where absolutely nothing 18
known about fluctuations, 1t might be wise to carry out
the survey at the end of the dry season In the latter
case the water levels in several test boreholes should be
recorded at least until the end of the rains so that the
maximum fluctuation 1s established and can be applied
to other sites n the area

Choice of aquifer

In Tanzania, the seasonal fluctuation in deeper (confined
or semt-confined) aquifers 1s generally smaller than that
mn unconfined aquifers: percolating rain and evapotrans-
piration are felt more directly in an unconfined aquifer
For example, in Figure 14, the water levels 1 the
subsequent unconfined and confined aquifers show
maximum fluctuations of 1 4 m and 0 9 m respectively
Investigation of a borehole should therefore not be stopped
as soon as an unconfined aquifer has been found. A well
mn a confined aquifer has less chance of drying up and 1s
also better protected aganst contamination by the
overlying impermeable layer

11



Chapter 3

Origin and Occurrence of

Unconsolidated Sediments

Unconsolidated sediments !) are potentially the most productive geological formations for the explcitation of
shallow groundwater by means of hand drilled wells for the following reasons:

— they are relatively soft and easy to drill so that both investigation and construction are cheap;

— where they are found in valleys, groundwater levels are often closest to the surface and therefore no expensive

pumps are required;

— the specific yield and permeability are generally higher than those of other types of rock.
In this chapter, some basic geological processes which contribute to the formation of these sediments, are discussed
briefly. Methods are given for test drilling at locations where such sediments are most likely to occur.

3.1 The process of weathering

Any type of rock at the earth’s surface 1s attacked and
decomposed sooner or later by the action of the atmos-
phere, rainwater and organisms The ongmnal rock breaks
down into small pieces and, during this process which 1s
known as weathering, its chemical composition 1s
changed Thus a topsoil 1s formed and the succession of
layers, as shown 1n Figure 17, can normally be found in
nature

When all the matenal remains at the same place, the
weathering process will stop after some time If the top soil
is carried away by erosion, the process continues

JAJLIR B o L L
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+ ’ + L_} L Fissured rock
+ + + +
+ + Fresh rock
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+ + + s

Fig 17 Sohd rock disintegrates into soil by the process
of weathering

Types of weathering

There are two types of weathering mechamcal and
chemical, of which the latter 1s the most important n
tropical areas. Both processes intensify the action of the

other
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Mechanical weathering

a) Rock 1s heated in the hot sun and expands When
sudden cooling occurs, € g by rain, the 1ock shnnks
and cracks can develop n 1ts outer layess.

b) Roots of plants and trees can penetrate small cracks
in the rock When the roots grow in thickness, the
cracks are widened and the rock splits apart

Chemical weathering

Reactions occur between the minerals m the rock and
chemical substances such as carbon dioxide, oxygen and
organic acids which are dissolved in the water Through
these reactions the sohid rock disintegrates and the onginal
minerals are changed; for example, 1n the case of silicates,
into clay munerals.

This chemical weatherning has an important secondary
effect some of the original rock minerals are dissolved in
the water They largely determine the chemical com-
position of both groundwater and river-water

Products of weathering

In particle size, the weathening products range from stones
to gravel, sand, silt and clay They may be denived from
various types of rock such as granite, gneiss, basalt,
Iimestones, siltstones and sandstones.

1)Sediments which stll have a loose structure and have not yet
become solid under the influence of pressure from overlying
layers and of time



Typical products of chemical weathering 1n the tropics
are the very thick red soils which mainly consist of.

— won oxides, which give the soil 1ts red colour;

— clay minerals, with aluminium and silicon as com-

ponents

In areas with intensive rainfall, chemical weathering can
be more extensive: the silicon 1s partly removed and the
iron oxide content 1s increased. Such a soil is called a
laterite. It can be very hard when dried out and can be a
troublesome obstacle 1n hand dnlling.

Weathenng of granites needs special attention because
the weathering products often form very good aquifers.
Granites consist of several minerals, some of which have
little resistance to weathering Generally granites are cut
by fractures several metres apart. Rainwater can intrude
and along these fractures the rock gradually disintegrates
into coarse grit, mainly consisting of quartz sand which 1s
hughly resistant. If this grit is washed away by rain, core
stones remain behind forming outcrops called tors
(Figure 18) These charactenistic granite outcrops are
found over large areas of the country, from the south
(Mbeya, Innga) to the north (Shinyanga, Mwanza).

Fig. 18. A granite tor” near Innga town

The weathering products of basalts, on the other hand,
do not form good aquifers for tube wells Basalt is a fine-
grained rock which, after weathering, leaves a matenal of
low permeability. Concrete ring wells with overnight
storage capacity might be more suitable in such areas.

3.2 Slope erosion

Weathered rock material 1s usually carried down slopes by
gravity, gradually eroding the surface of mountains, hills
and even gently sloping areas. The intensity of slope
erosion is highly influenced by:

~ climate (intensity and frequency of rains, temperature),

~ vegetation (type, density);

~ charactenstics of rock and soil (cohesion, permeability,

resistance to weathering)

In the processes described below, water 1s the man agent
for the erosion

ORIGIN AND OCCURRENCE OF UNCONSOLIDATED SEDIMENTS

* Falling of loose stones* due to the fissuring process, the
stones come away from the rock and form a slope of
rock waste at the foot of the mountain.

* Landslides a mass of rock as a whole slides down a
mountain (Figure 19) This usually occurs after heavy
rains on steep slopes of rather soft rock, saturated with
water

Fig 19. A landshde

* Washing away of topsoil by rainwater when more rain
is falling than can infiltrate, the remainder runs off over
the surface. If vegetation is scarce, or not present at all,
soil particles are carried away by the water The effects
can be very serious (Figure 20).
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Fig. 20. Soilerosionin Singida Region Photo Tanzana
Government Information Service

Usually the surface run-off first collects in small gulhes,
the gullies then come together in streams and these develop
mto rivers which finally drain into the ocean and the lakes
Loose soil and rock particles can also be transported by
wind and in areas outside the tropics i1ce can also
contribute In Tanzania, however, water 1s generally the
most important factor

3.3 Erosion and sedimentation by rivers

A niver itself can be very erosive, particularly after heavy
rains when the discharge, and therefore the transport
capacity is high The force of the water erodes both the
bottom and the walls of the nver-bed The transported

13
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stones and sand intensify this by their scraping and
scouring action. As the velocity of the niver-water
decreases further downstream, the transported materials
are deposited in the river itself and on the banks, 1n lakes or
i the sea Most unconsolidated sediments of interest for
well construction were, and still are being deposited after
transportation by rnivers and these are called alluvial
sediments Apart from these there are also lacustrine,
marine and aeolian sediments, deposited by lakes, the sea
and wind respectively

The ideal’ river

All particles transported by a nver setile 1n time. The
sedimentation rate mainly depends on:
— the size of the particles the smaller the particles, the
further downstream they will be deposited,
~ the velocity of the nver-water the faster the water
flows, the longer 1t will take before a parucle settles in
the river-bed.
Every river tends to develop an equilibrium profile along
its length Suppose a river originally flows from A (top of
mountain) to B (sea) along a umiform slope (stage 1 1n
Figure 21a) Due to acceleration of the water it starts to
erode the lowest part of the slope (stage 2) Through
backward erosion stages 3 and 4 are successively
developed Stage 4 1s known as the equilibrium profile It
has the approximate shape of a parabola, 1 ¢ steep mn the
upper part and quickly flattening out downstream
In a river with this regular longitudinal profile, the
velocity of the niver-water gradually decreases going
downstream (Figure 21b) and the smallest particles are
deposited furthest downstream (Figure 21¢) This natural
process 1s know as progressive sorting The course of such
a niver is normally divided into three stretches: the upper,
muiddle and lower course, and the sediments most suitable
for the construction of tube wells are found in the middie
and the lower course of the river

Upper course

In this stretch the river 1s highly erosive and the nver-bed 1s
generally deeply incised, forming a V-shape (Figure 22)

Occastonally in the dry season - when the velocity of the
water 1s lower - some sand may be deposited, but this 1s
immediately washed away by floods in the ramy season

Therefore only large stones and gravel will be found here

These sediments are of no use from the point of view of
well construction

HwW

N o f
AV

Fig 22. In the upper course of a river no suitable
sediments are found.

HW = High water

LW = low water

Middle course

Here the valley and the river-bed are usually wider and the
river both erodes and deposits In the dry season (at the
lowest rate of flow) the river 1s commonly found winding
through its own sediments which largely consist of fine
gravel and sand (Figure 23a). During the rains when the
water level rises and the velocity increases, tnese sedi-
ments are often eroded again They are not only trans-
ported further downstream but, due to lateral currents, also
deposited at the sides (Figure 23b).

Lower course

Further downstream the river usually flows through a wide
plain where deposition mostly takes place with very little
erosion. At low water levels only a little fine material 1s

@ o |
B
L Upper J Middle i Lower course J
" T ] —1
(b} § Fig 21 (a) Development of the
“equilibnum profile” of a river.
- (b) Velocity of the nver water inan
g’ "ideal river”.
e g | Veycoase | Cowse | Medum |  Fine | Veyfme (o) Sedimentation pattern in such
I ‘ ' 1 T | a river.
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transported (the coarser particles having already settled in
the higher reaches of the nver). With an increased river
discharge, the sediment load also increases If the niver
then floods the plain, the coarser matenal settles just
outside the nver-bed, forming slightly elevated river
banks Beyond the banks only very fine sand, silt and clay
are deposited and thus thick clay beds can be found 1n the
flood-plain (Figure 24)

(b)

Fig 23 The nuddle course of a river showing sand
banks: (a) in the dry season, (b) tn the rainy season

HW

Fig 24 A typical section of the lower course clay
deposits n the flood-plain beyond the river banks

Fig 25. An example of a meandering river- the Lutle
Ruaha near Innga town.

Outer bank Inner bank

Fig. 26 Erosion and sedimentation in the bends of a
meandering river.

ORIGIN AND OCCURRENCE OF UNCONSOLIDATED SEDIMENTS

Deviations from the regular pattern

Well-sorted sedimentation as descnbed above for an
”1deal” river with a regular longitudinal profiie seldom
occurs 1n nature Differences in geological structure along
the course of a nver may cause irregulanties in this profile
and therefore also in the sedimentation pattern. Other
disturbances 1n the normal sedimentation pattern may be
caused by

— the inflow of tributaries with a high sediment load (the
merging of the Blue Nile with the White Nile in Sudan
is a well-known example),

- sedimentation of particles in natural or artificial lakes
(the velocity of the river-water 1s strongly reduced so
that virtually all transported material 1s deposited 1n
the lake),

- severe floods, washing away previously deposited
sediments.

It would be beyond the scope of this manual to discuss all
these phenomena in detail Three important examples,
however, are given below

a) In the middle and particularly the lower course where
the nver flows 1n a wider valley or plain, 1t often winds
or meanders (Figure 25) In the bends of such a river
both erosion and sedimentation take place. The outer
banks are eroded due to the higher water velocity on
that side of the niver, while on the nner banks
sediments are deposited, not only due to the lower
velocity, but also due to lateral currents in the nver
(Figure 26) These sediments show a gradation
upwards from gravel to coarse sand (good aquifers') at
the bottom and silty clay at the top

The result of these processes is that the bends tend to
move further and further outwards, untl short-cir-
cutting occurs (see arrow in Figure 25). The sickle-
shaped abandoned part of the niver 1s then very slowly
filled up with fine sediments (mainly clay), but with
sand and gravel found at the ends

b) Due to hard layers at point C, the niver cannot further
erode 1ts bed backwards and the profile shows a sharp
bend (Figure 27) Upstream of C fine matenal 1s
deposited At point C the niver ceases to deposit and
begins to erode again A short distance downstream of
this point coarser deposits can be found again

Fig. 27. A discontinuity in the longuudinal profile of
a rwer caused by more resistant rocks at point C.
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c) The river profile 1s disturbed by a fault in the rocks at
point D (Figure 28) The velocity of the water
decreases rapidly there, resulting in large quantities of
sediments They are often deposited in a cone or
alluvial fan of which an overhead view is given m
Figure 29 An alluvial fan generally contains nich
aquifers

Fig. 28. The equiltbrium profile can also be disturbed
by faulting of the mountains

The longitudinal profile (as denved from topographical
maps) of the Wami River with some of its tributaries
(Figures 30 and 31) clearly shows a combination of cases
b) and c) Case b) is found between Dakawa and the
Tanga-road bridge, and case c) occurs near Kilosa where
Mkondoa River comes down from the Rubeho Mountains
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Fig. 29. Aerial photograph of an alluvial fan at Lake
Mansi, south of Dar es Salaam. Note the typical
triangular shape Source. Reference |2]

A river profile such as this can give us a clear indication
of the possible locations of good aquifers. For example,
from this profile we might conclude that the area east of
Kilosa is very suitable for the constructiort of wells,
whereas 1n Dakawa 1t will be more difficult to find good
aquifers (which 1n reality 1s the case)

Dakawa

Marogoro

Dar es Salaam

Fig. 30. The course of the Wami
River and some of its tributaries
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3.4 The search for aquifers

The sediments of interest for groundwater exploitation are
normally covered by formations of more recent date and
are therefore not visible from the surface Moreover, these
older sediments were often deposited at places which - at
first sight - have no, or little, correlation with present-day
locations of sedimentation. The geological history of large
parts of the country, however, 1s only known 1n rough
outline and detailed studies have virtually always been
aimed at the exploitation of ores, mnerals or deep
groundwater Little knowledge therefore exists about the
exact position of water bearing formations in the upper
20 m of the ground (20 m 1s about the maximum depth of
hand drilled wells).

Nevertheless, without detailed knowledge of an area,
some hydrogeological sites with reasonable prospects of
shallow groundwater, can be detected by an expenienced
eye from the topographical and landscape features of the
area For a number of typical hydrogeojogical sites in
Tanzama, possible approaches to test drilling which have
proven their value in practice are described below. The
purpose of the given dnlling patterns is to collect, in the
most economical way, information about the substructure
and to avoid ineffictent random drlling. It should be
remembered however, that it 1s impossible to give a
straightforward plan of operation for every different
situation and that drilling patterns often have to be adapted
locally The order in which the described sites are found in
nature, is from the mountains towards the sea approximately.

Alluvial fans

The formation of alluvial fans has already been discussed
i the previous section They are mostly found along
mountain ndges bordening tectonic valleys or wide river
valleys Tectonic valleys owe their origin to movements of
the earth crust rather than to erosion by rivers For
example, the East Afrnican Ruft Valleys have been
developed between sets of parallel faults during an
upheaval of the earth crust (Figure 32).

The best locations for wells are usually some distance
from the mountains, tn order to avoid large quantities
of stones which may have been deposited there
(Figure 33). Test dnlling should take place along
profiles perpendicular to the mountain range, in order
to find the transitions from fine to medium to coarse
deposits and where they are bounded by the bedrock.
Drilling should start in the lower, flat area and then
move to sites further uphill. Wells should not be
located too high on the slope: although the aquifers
may be more permeable because they consist of
coarser matenal, they can easily run dry in the dry
season.

ORIGIN AND OCCURRENCE OF UNCONSOLIDATED SEDIMENTS

Much upward mavement

Fault scarps

Less upward movement

Fig 32 Formation ofthe Rift Valley. Source Reference
[13]
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Fig 33. An alluvial fan site

Pediments

These are very gently sloping areas at the foot of mountain
ranges or mndividual mountains or hills (Figure 34), often
combining to form vast pediplains They are usually
underlain by the bedrock, the upper part of which 1s
weathered and covered with a few metres of silty soil
Because of the generally open vegetation in these areas,
the weathered matenal is easily washed away by rains and
this allows weathering of the bedrock to continue

Fig. 34. Pediments at the foot of the Uluguru Mountains
near Morogoro town.
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The best prospects for well sites are in depressions,
small valleys and, of course, near pools and wet places
A number of boreholes should then be drilled along
two profiles perpendicular to each other.

If the mountains from which the pediment originated
consist of granite, suitable aquifers may be found at the
foot of the granite outcrops Figure 35 shows a typical
section.

+

Pediment

m Red cay
Granite gnit

+
+

Fig 35 Formation of a pediment at the foot of granite
rocks Note that the inselberg s eroded at the foot,
causing the rock to be “peeled off"’ gradually Source:
Reference [18]

Small river valleys

Most valley deposits have a simple succession from coarse
sands near the bottom to silts and clays at the top It 1s
important to trace the course of the buried valley 1n order
to find out where the aquifer 1s deepest and thickest.

Kikundi River

l Well

Tes! boreholes

\r—
——
+

+

+

+

-+

E Silty ciay
Fine sand
Medium sand
Bedrock

Fig. 36. Sediments in a small river valley: Kikund:
Ruver near Morogoro town
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Therefore, test drilling should be carried out in profiles
more or less at night angles to the current nver-bed
position Figure 36 shows an example of the dnlling
pattern along a section of the Kikundi Ruiver valley at
Melela village, 30 km from Morogoro town How such
a section 1s drawn, 1s explained in Section 4.6 Test
boreholes were drilled 20 to 50 m apart and the best
location for a well was easily found by this method In
order to reduce the danger of flooding, try to locate the
wells as far as possible from the present river-bed

Alluvial plains

In alluvial plains, often formed by large river systems n
tectonic valleys, e.g the Wami and Mkata plains, the
sequence of layers 1s usually far from regular Instead,
alternating layers of sand, gravel, clay and sit occur and
often more than one aquifer 1s found 1n a single borehole
(Figure 37) It 1s also not at all unusual to obtain
completely different borehole descriptions only a few tens
of metres apart Since the danger of flooding by the
existing, much smaller, rivers is reduced, villzges are often
established on the plains and local dug wells are com-
monly used 1n this situation

m Clay
E Silt

Fig 37 Inalluvial plains often more than one aquiferis
found in a single borehole

Fine sand
Medium sand

Because of the flatness of this type of area, it 1s rarely
possible to predict the best locations for well sites from
the surface Drilling therefore has to proceed along
parallel profiles at intervals of 50 to 100 m. In this way
a clear picture of the hydrogeology of the area 1s
obtained and the best well sites can be selected.

River terraces

A nver terrace is the remainder of an earlier valley floor,
into which the river has cut a new course The formation of
nver terraces i1s mainly due to changes in sea level during



the glacial periods and to mountain formation, which
caused changes in the longitudinal profile The niver has
had to erode backwards into the sediments deposited
previously. Particularly when the original valley was wide
and the new incision 1s shallow, the terraces thus formed
may contain good aquifers (Figure 38). These nvers are
often seasonal, in the dry season, when the niver-bed
appears to be dry, there is actually a slow flow of
underground water beneath the surface

>10m Present nver-bed

Gravl

+
si
E Sand Bedrock

Fig. 38 A typical river terrace site

ORIGIN AND OCCURRENCE OF UNCONSOLIDATED SEDIMENTS

Present niver-bed

E Siity clay
E Fine sand

Fig. 39 Buried riverbeds offer good prospects for wells

Beach ndges, which are found along the coast, were
formed by the ocean 1n former times, when the sea level
was higher than at the present day They are commonly
underlain by very permeable sediments

Dnlling should take place 1n profiles, perpendicular to
the ridges

The best strategy for test dnlling in these cases 1s to
drill boreholes parallel to the direction of the valley at
relative distances of about 50 m, and at least 10 m
distance from the present river-bed Where a
promising aquifer 1s found, boreholes should be drilled
along a profile across the valley, 1n order to find an
underground connection with the present river-bed
Try to locate the well as far as possible from the nver
because

o natural filtration of the water will be enhanced,

o the well will be closer to the village,

o the nisk of flooding will be smaller

Coastal plains

Particularly in the lower courses near the coast, rivers
flowing 1n a wide plain are hable to change their course
_ frequently During high floods the river-banks may break

causing the main stream to shift and start building a new
bed in the fine material previously deposited outside the
former bed Afterwards the abandoned river-bed will be
buried under new deposits of fine sediments Such old,
buned niver-beds (Figure 39) can be very good aquifers

Test dnlling 1n profiles across the plain, perpendicular
to the main axis of the river, gives the best chances of
locating such aquifers. In this situation, boreholes
should be dnlled at intervals of 100 to 200 m.

Springs

Good sites for wells can often be found near springs, where
groundwater appears at the surface as a stream of flowing
water Springs occur 1n all kinds of rock, sometimes on
mountain slopes, but also 1n valleys and depressions Of
interest are those springs which are fed by groundwater
flowing 1n unconsohdated sediments

Since spning-water 1s traditionally highly valued by the
population, villagers will always be able to tell a surveyor
if springs exist 1n or near the village and whether they
flow throughout the year

Direclion of test driliing -
|

Well #
!

|

E_ Sandy clay
:] Medum sand

Fig. 40. A section of a spring in Chamazi village. site
no. 186/3-15 (see also Figure 55)
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Test boreholes should always be drlled going uphill
away from the spring (Figure 40) The purpose is to
find a location where the aquifer 1s more or less
confined by overlying impermeable layers, in order to
reduce the nisk of pollution from the surface. If a
suitable site ts found on a slope, measures should be
taken to protect the future well agatnst soil erosion

Dry valleys

The most economical way to collect information about
the structure of small dry valleys, of limited width (100 to
200 m) and where no river flows, 1s the following.

Boreholes should be drilled along two perpendicular
profiles” one profile in longitudinal direction in the
centre of the valley, and the other one across the valley
The distance between the boreholes should be 20 to
50 m.
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Chapter 4

Site Investigation

The importance of proper site investigation cannot be stressed enough since this determines to a very large extent
whether the performance of the wells will be satisfactory throughout the year.

There are many methods of exploring shallow groundwater, although they vary widely in investment, operational
and maintenance costs, degree of difficulty of interpretation, skilled manpower requirements and effectiveness.
Some examples include:

—~ geo-electrical resistivity measurements;

— seismic refraction measurements;

— geophysical well logging;

- test drilling and pumping.

It is the last method which is preferred for detailed groundwater surveys for both hand drilled tube wells and hand
dug ring wells. Apart from the fact that it can provide absolute certainty about quantity and quality, which none of the
other methods can, test drilling and pumping is also a very cheap method, if carried out with hand operated
equipment.

Most of the survey equipment can both be manufactured and repaired locally and almost everybody can learn to
handle it properly in a short period of time. It does not require fuel and can easily be transported. For a detailed
description of this type of equipment, see Appendix B.

4.1 Preparations in the office

No fieldwork should be undertaken without prior planning
and study of the available documents relating to the area
The latter 1s normally done by the hydrogeologist in charge
because 1t requires specialist knowledge.

Planning of the survey

In pninciple, planning of the survey in a District or Region
is based on a list of villages with prionty for improvement
of the water supply conditions When well construction is
undertaken on a large scale, however, it may be more
feasible to concentrate on entire areas rather than on
individual villages because this greatly reduces transport
costs.
When planning the survey of a village or area, the time
of year must be taken into account In areas where
— the groundwater level fluctuations are known to be
very great, e g 3 to 10 m, or completely unknown,
and/or
— the E C. of the groundwater 1s known to have a value
close to the highest acceptable level,
the survey 1s preferably carried out towards the end of the
dry season (see also Section 2 5). At this ime the water
levels will be at their lowest and the water quahity will be
poorest. Any borehole 1n which the yield and water quality
meet the criteria given in Chapter 5 can then be safely
approved

Another factor that influences planning 1s the acces-
sibihity of the villages Where villages cannot be reached
during the rains, any surveying has to take place in the dry
season

Study of existing data

Before fieldwork in the village starts, as much information
as possible about the hydrogeological situation should be
collected from existing reports, maps, etc Most useful for
this purpose are

* Water masterplans, which generally give a good
picture of the existing supplies, the hydrogeology of the
area (groundwater levels and fluctuations) and the
possibilities for future supplies

¥ Geological maps, which may give useful information
on the charactenstics of deeper layers and possible
weathering products and which wusually indicate
alluvial sediments. However, since these maps are
generally small scale, they are insufficiently detailed to
indicate small aquifers which are often quite adequate
for wells with a hand pump.

* Topographical maps, which, although not providing
information on the subsoil, indicate surface level
features such as nivers, valleys and plains from which
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information about groundwater can be derived (see
Appendix E) Make sure that the part of the map under
study corresponds with the actual location of the
village most topographical maps have not been
updated since the villagization operation, started in the
early 1970s

* Aerial photographs, which may give some clues about
the presence of shallow groundwater from the types of
vegetation and other charactenstics of the landscape
Interpretation 1s a highly specialized job.

Information from these data can, when combined, provide
quite reliable predictions of groundwater occurrence. It
should be noted, however, that water masterplans are
sometimes inaccurate or even biased in their suggestions
for future supplies For example, in some places, more
expensive piped supply systems were recommended
although, after detailed investigation, well construction
appeared to be quite feasible Such recommendations may
have been made because
- masterplan studies often have to cover a large areaina
short pertod of time, with the result that smalier
aquifers remain undetected,
— the technology of tube wells with hand pumps was not
known at the time or was considered technologically
mferior

4.2 Preparatory work in the village

For an optimal participation of the village 1n the water
supply project and a self-rehant maintenance of the wells
afterwards (see also Section 12.1), the actual site inves-
tigation - test drilling and pumping - should always be
preceded by one or more meetings with the village
authorities. At these meetings which could be orgamized by
District or Regional Commumnity Development staff,
assisted by MAJI or the executing agency, agreement
should be reached with the village government about
— the election of a Village Water Commuttee to represent
the village in all matters concerning the water supply
and water-related developments:
— the required number of wells in the v:llage,
— the mobuilization of self-help labour 1n all stages of the
project,
— the responsibilities of the village for proper upkeep and
maintenance of the wells
The tasks of the surveyor during these visits should be
— an explanation of his work and working methods,
— a reconnaissance of the village 1n order to assess the
required number of wells,
— an imtial selection of well sites in close cooperation
with the villagers

Reconnaissance of the village

In order to collect relevant information about the present
water supply conditions, the hydrogeology of the area and
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the layout of the village, the surveyor should make an
orientation tour through the willage, accompanied by
members of the Water Committee This walk around the
village 1s a very important part of the survey work and
should not be undertaken by car! It does not matter if it
takes a whole day or even two or three days proper
selection of the sites saves a lot of drlling work The
following equipment 1s required during this tour.

—~ water level meter,

- E C. meter,

—~ compass,
topographical map;

— paper and pen

The surveyor should always find out where the villagers
draw their water at present. Existing wells, hand dug holes
or springs may reveal aquifers surtable for wells, par-
ticularly if they provide water throyghout the year The
villagers who built these wells can often give further
information such as the depth of the aquifer cr difficulties
met while digging The depth and the water lzvel of these
sources should be sounded and the E C should be
measured as well to give an indication of the quality of the
groundwater

The landscape features provide information about the
hydrogeological conditions and notice should be taken of
rivers, streams, valleys, swamps, mountairs and other
features of the area. Certain types of vegetztion such as
papyrus, date palm, certain species of Ficus and crops like
bananas, yam and sugar cane, indicate the presence of
shallow groundwater (Figure 41).

In order to get a clear picture of the layout of the village a
sketchmap should be drawn, showing the bou1daries of the
village, the settlement pattern, the roads, stieams, power
lines, most important buildings, existing wells and other

}

Fig. 41 The date palm 1s an indicator of fresh shallow
groundwater. Photo Royal Tropical Institute, Am-
sterdam.



prominent features Distances can be measured by
counting steps and should be marked on the sketchmap
The north arrow should also be marked having determined
the direction with a compass

Required number of wells

How many people can be served by one well, depends on
the average daily water consumption per head of popula-
tion and the maximum quantity of water delivered by the
pump during water collection hours

The average consumption 1n villages with access to a
reliable supply 1s at present 15 tot 20 litres per person per
day. New water supplies are commonly designed for a
service period of 20 years In this period the consumption
level will definitely not remain the same because
availability of the water and the awareness of its benefit
increases demand Therefore a prognosis should be made
of the water consumption after 20 years, to which the
capacity of the water supply system will have to be
attuned

For the rural areas the design criterion for water
consumption n the coming 20 years is set at 30 litres
per person per day

SITE INVESTIGATION

Road
o Well

b
XD

Village A

Village B

This criterton prescribes a water allowance, rather than
giving a real estimate of future demand However, given
the present consumption level and the policy of MAJI to
restrict services n the rural areas provisionally to
domestic water points (i e no taps inside the houses yet) in
order to serve as many people as possible within the
limited budget, the above criterion seems reasonable.

Water 1s commonly collected during two peak periods,
namely from 6 00 to 9.00 1n the morning and from 3.00 to
6 00 in the afternoon, making a total of six hours If the
pump has a capacity of 1,000 to 1,500 litres per hour, a
total quantity of 6,000 to 9,000 litres per day 1s drawn
from a single well With a water consumption of 30 litres
per person per day, such a well can serve 200 to 300
people, or an average of 250 people

Therefore, theoretically, the required number of wells
n a village equals the total population divided by 250
For example, in a village of 1,500 inhabitans, 6 wells
will be required

However, the distribution of the houses and the layout of
the village may influence this number. Where villages are
very spread out or even split up into several sub-villages,
the walking distance from the houses to the wells may
become decisive Although the two villages A and B 1n
Figure 42 have the same number of inhabitants, more
wells will be required 1n village B because of the way it is
spread out along the road.

Fig 42 The required number of wells in a village 1s not
only determined by the number of inhabitants, but also
by the settlement pattern

Initial selection of well sites
With the aid of the information gathered during the village

tour, sites are selected for test dniling Each site has to
fulfil the following conditions

o 1t should be within a distance of 400 m of that part
of the village for which the well 1s meant to serve
and must be acceptable to the villagers,

o 1t must be safe from flooding,

o 1t must meet environmental criteria, 1 e. be at least
50 m from pit latrines, cattle pools, etc. (see also
Appendix C),

o 1t must be accessible to the villagers throughout the
year,

o 1t should be located 1n such a way that spill water
and rainwater can be drained away from the well

Exceptions may be made in cases where no alternative
solutions are available Forexample, if no suitable site can
be found within the maximum walking distance, either a
longer walk has to be accepted, or the houses have to be
moved closer to the available source. Furthermore, when
planning the sites, a well should be located near the school
and another near the dispensary Such wells may have a
very favourable effect on the health conditions in the
village

The proposed sites should be plotted on the village
sketchmap, so that 1t 1s easy to check if each part of the
village 1s served equally (see sketchmap of Chamazi
village near Dar es Salaam in Annex 1)

4.3 Test drilling operations

A surveyor never knows what kinds of soil he 1s going to
encounter and he has to develop a certain feeling for
handling the equipment For example, he should know:
— under which conditions drill-bits should be changed;
— how much force can be applied to the dnll-rod and
casing without damaging them,
— how many strokes 1t takes to fill the bailer, etc.
All these “tricks of the trade” can only be learned from
expertence in the field and every surveyor, after some
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ume, will develop his own style of working However, the
principles of drilling as described 1n this section remain
the same for alil

Preparations at the site

When choosing a location for a borehole, make sure that
no power transmission or telephone lines are just above the
working area Touching such wires with the extension rods
can be fatal Although the shade of a tree can be attractive,
1t 1s better to locate the borehole a little away from the tree
itself because
— the extension rods may get tangled n the branches,
— 1t may not be possible for the construction team to set
up a tripod or install the long filter pipe close to the tree
trunk
Secondly the drilling place has to be cleared An area of
2 X 2 m around the borehole 1s sufficient, but a space
should also be cleared for laying out the soi. samples
The ten-cell leader living nearest to the site can be asked
to store the drilling equipment for the night This will save
transporting the equipment every day from camp to site
and vice versa A simple trolley i1s a practical means of
transporting equipment from site to site (Figure 43)

Fig. 43 Transport of surveying equipment in the
village

Drilling without casing

Normally drilling is started with the ¢ 100 mm combination
or riverside auger of the hight-weight set (Figure 44) Ifthe
topsoil 1s very dry and hard, it may be necessary to break
up the upper layer with a hoe or pickaxe. It 1s advisable to
drill a pilot hole with the ¢ 70 mm augers 1n cases when
— dnlling 1n very suff soils, e g. heavy clay,
— surveying n difficult areas, where a large number of
test holes is required for each approved site
As soon as an aquifer has been found, the borehole 1s then
reamed with the ¢ 100 mm bats, so that the casing can be
inserted
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Fig. 44 Test dnlling 1s normally started wuh a
combination auger of 100 mm diameter

Fig. 45 If the soil is too hard, the heavy-we'ght set can
be used.

In hard or stony layers, when little or no progress is
being made, the sturdier heavy-weight szt which is
operated by four men instead of one, may be more effective
(Figure 45).

The borehole must always be as vertical as possible:
a slanting borehole may give problems at greather
depth, both for the dnlling operations and for the
installation of the casing.

If the first metre 1s vertical, the rest of the borehole will
almost automatically be vertical as well Assembly and
disconnection of the drill-rod has to be done 1n pieces not
longer than 3 m, 1e. max 3 extension rods at a time,



in order to prevent bending of the rods. Drilling with the
@ 100 mm bits is continued until the borehole starts caving
i This 1s quite easy to see because either
— the soil is too loose to remain 1n the auger so 1t 1s pulled
up empty, or
- there 1s no progress in the dnlling, 1.e. the borehole
does not become any deeper
This collapse or caving of the borehole can be expected
particularly n sandy layers below the water table (Figure
46), although even silty layers show the same tendency
Where caving occurs, a casing pipe has to be inserted to
retain the borehole wall and the wet sand has to be
removed by means of a bailer

Clay

——

l+—— Borehole

| -
] /
| Sand

Fig 46 Caving of a borehole occurs in sandy layers
below the water table

Bailing in the casing

The casing 1s lowered section by section into the borehole
with the slotted pipes first, the lower one with the casing
shoe, so that the total screen length 1s 3 m On top of these
come the plain pipes Always remember how many
sections have been installed in order to ensure that the
screen has really reached the aquifer when the pump test s
started

The most effective way to use the bailer 1s to move 1t
quickly up and down 1n the upper 10 cm of sand Asa
result a kind of quicksand (sand particles "floating” in
the water) 1s created, which facilitates the flow of sand
mto the bailer The bailer should never go deeper than
10 to 20 cm below the casing shoe, otherwise excessive
caving will occur

SITE INVESTIGATION

When the bailer 1s pulled up it wall be full of sand and water
withdrawn from the borehole. This will make the water
level inside the casing drop, resulting in a flow of water and
sand from underneath into the casing (Figure 47a) In
order to prevent this, a bucket of water should be poured
into the borehole before the bailer is taken out (Figure
47b).

Note: Take care that no water 1s spilled outside the casing It will
wash the sand 1n around the pipe and make 1t difficult to
remove

The casing must be lowered as bailing takes place,
otherwise the borehole will not become any deeper A
casing clamp 1s used to push the casing down, thereby
rotating 1t clockwise (Figure 48) Ths job should always
be done by one person only, otherwise the casings may be

damaged As soon as a more solid layer 1s reached, baihng

,
b

Fig 48 The casing has to be lowered while bailing and
1s rotated clockwise

Add water
rrryrrerrryr LI A T I O O B L B ﬁ'!'rﬂ"v—h'\—r'ﬁrv_:1|v‘v|\m1ﬂ1
la——— Casing l :
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pe——— Baller
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Fig. 47. The flow of sand 1nto the . —~
borehole (a) can be prevented by . Water and sand
adding water before the bailer 1s %
lifted (b). (@ (b)
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should be stopped and the casing 1s pushed into this layer,
unless it 1s bedrock, in order to prevent further caving .

Whether or not to do a pump test should be decided at
this point. If the aquifer 1s well protected by a clay layer
and its thickness and grain size look promising, a pump test
should be performed. If the test results turn out to be
unsatisfactory, drilling can always be continued If, on the
other hand, the aquifer 1s unconfined, 1t i1s generally
advisable just to continue drilling in the hope of finding a
deeper aquifer, without performing the pump test.

If an aquifer 1s struck which has an E C value higher
than the allowable standard (2,000 p.S/cm), this does not
automatically imply that the pump test must be omitted
or that dnlling must be stopped It often happens that
the E C value decreases during the pump test (see Section
52)

Drilling down to a second aquifer

Further drilling should take place mnside the casing with the
¢ 70 mm augers, with the casing being left initially where tt
1s, to seal off the upper aquifer It 1s only pushed further
down into the borehole if a deeper aquifer 1s actually
found By this means, a lot of unnecessary hard work can
be avoided because it can never be known beforehand if a
second aquifer 1s actually found

When the casing has to pass through very suff clay, for
example, it may be tempting to push 1t down with two or
more persons Again this should never be allowed when
using ABS casings, for this equipment has been designed
for operation by a single person only' If it 1s impossible to
continue down any further, the only solution 1s to start
dnlling at another location

The screen of the casing is lowered into the second
aquifer by méans of bailing as descrnibed above Where
possible, the casing 1s pushed into an underlying layer so
that sand will not enter the borehole and affect the pump
test. After the pump test 1s finished, the casing is retrieved
by both pulling and rotating it (also clockwise). Rotating1s
essential since this greatly reduces the friction between
pipe and sotl.

4.4 Survey pump test

When a promising aquifer has been found, a pump test of
one hour duration and some simple water quality checks
must be carmed out ”Promising”’, in this respect, means a
confined aquifer of at least 1 m or an unconfined aquifer of
4 to 5 m thickness, with an E C preferably under 2,000
uS/cm Ifthe E.C 1s much higher the pump test should be
omitted and a new borehole dnlled.

The test described here is not a true pump test, from
which the charactenistics of the aquifer - permeability,
storage coefficient - can be calculated. Such a test would
require at least one more observation borehcle, a pump of
constant discharge and a longer testing perind However,
this simple test gives suffictent information to base
decisions upon
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Test procedure

The following equipment 1s required for a survey pump

test

hand operated test pump,

— water level meter,

— watch or alarm clock,

- 1 or 2 buckets;

electrnical conductivity meter,

— bottle (clear glass or plastic),

— fluonde test kit (only 1n certain regions)

This equipment ts described 1n more detail in Appendix B
Assembly of the pump and rising main 1s a simple job.

Make sure that the foot valve i1s approximately 1 m above

the bottom of the borehole to reduce the likelthood of

sucking in sand or air The foot plate should alwzays rest on

top of the casing, which must be as close as possible to

ground level (if necessary a casing of 0 5 m length can be

used for this purpose) The pump should be operated by

one man (Figure 49), but changing operators every 10 to

15 minutes may be necessary Note that quick, long

strokes secure the best results, 1 e a maximum discharge

|

Fig. 49 Survey test pumping. In order for the casing not
to be damaged by the foot plate of the pump, a steel head
1s screwed on top of the casing

A rapid decrease 1n discharge generally means that the
water level has dropped below the intake Sometimes this
can also be noticed from water spurting out at the top of the
pump. In this situation either the intake has to be lowered
or, if this is not possible, there must be a delay until the
water has nsen again

The pump test should be carried out over a peniod of one
hour according to the procedure below

1  Measure the water level in the borehole. Take ground
level as the point of reference
2 Check the foot valve in a bucket of water



3. Assemble pump and rising main of destred length and
lower 1t into the borehole.

4 Pump up 5 buckets worth 1n order to “develop” the
borehole and wait until the water has reached its static
level again

5 Start pumping as intensively as possible and maintain
this for the entire test period, unless the water level
drops below the intake and a delay 1s necessary This
delay time must be included in the test period'

6. Every 10 minutes record

- the number of buckets drawn;
— the water level;
— the E C. of the pumped water

7 After one hour, stop pumping, but leave the pump 1n
the borehole

8 Immediately after pumping, measure the water level
recovery for a period of S minutes at 1 minute intervals

9 At the end of the test, take a water sample 1n a clear
bottle for some simple physical quality checks.

The results of the pump test should be entered on the back
of the Borehole Description Form (see Annex 3) The
yield of the borehole in litres per hour 1s calculated as the
total number of buckets multiplied by the content of one
bucket which is normally about 15 to 20 htres

Follow-up

On the basis of the test results a decision must be taken as
to whether the aquifer can supply water of sufficient
quantity and quality The criteria to be applied for the
evaluation of a borehole are described 1in Chapter 5
If the pump test fails because the yield 15 too low or the

quality 1s sub-standard, other test holes should be drilled
according to the patterns indicated in Section 3 4 If the
other boreholes also fail to give the desired results, the site
must be abandoned and drilling must be resumed at a new
site If, on the other hand, the borehole can be approved,
some additional drilling still has to be carned out 1n order
to

- 1nvestigate the extent of the aquifer,

— find the best location for the well
After the test drnlling at a site has been completed, a
situation sketchmap of the site 1s prepared, indicating the
exact locations of the boreholes. An example ts shown 1n
Annex 2. The best borehole, that 1s the one with the

Fig. 50 A benchmark in-
dicates the location of an
approved borehole.

SITE INVESTIGATION

highest yreld, in the deepest part of the aquifer or closest to
the village, 1s chosen and 1s marked with a benchmark
(Figure 50) The surveyor shows this place to the village
authorities, stressing that the benchmark shouid not be
removed because 1t may be some time before a con-
struction team arrives in the village

4.5 Description of soil samples

The so1l samples must be described very carefully because
the design of the well - particularly the depth and location
of the screen - is based on this description It must
therefore be accurate, consistent and umform
— the description of a soil sample by a surveyor today
should not differ from his descniption of the same
sample tomorrow,
— there should be no big differences when two surveyors
descnbe the same sample independently.
In order to get umformaty of soil description, it1s advisable
to check regularly with colleagues

Sampling

The dniling up soil is removed from the augers or bailer
and 1s neatly collected 1n rows of | m length, each row
corresponding to one metre of the borehole (Figure 51)
The first row should be laid at least 1 5 m from the
borehole, 1n order that the samples should not be disturbed
by the drilling operations The sample rows are laid from
left to right, when facing the borehole Description of the
samples has to be done after every 1 to 2 m dnlling,
otherwise they may dry out or change colour and
consistency.

A water sample should then be taken as well for
determination of the electrical conductivity (E C.).

Fig. 51 Sample row after 7.5 m of test dnlling
Counting 1s easier if a space is left open after every Sm

Recognition of soils

The most important characteristic used to classify soils 1s
the s1ze of the particles For projects where a very accurate
soil description 1s required, such as road or dam con-
struction, the samples are sieved 1n a laboratory by means
of a series of standard sieves From the results a gratn size
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distribution diagram 1s drawn for every sample. To carry
out such an analysis for all the samples from the test
boreholes would be much too expensive and time con-
suming and moreover, it would produce a lot of irrelevant
information For the siting of wells, field methods are
adequate The only instruments required are the hands and
eyes of the surveyor, providing a cheap and quick method
of sufficient accuracy.

Each type of soil has its own particular feel when it 1s
rubbed between the fingers

o clay - s plastic and sticky when moist and can
be rolled into threads, i1t makes clear
finger prints and often stains the skin,

o silt  — has a smooth soapy feel, amoist sample
can be moulded to some degree, but will
break easily,

o sand -~ the rigid particles can easily be felt and
seen, when dry 1t 1s loose and when wet,
not sticky at all.

The description of a sample becomes more difficult when 1t
1s a mixture of different soil types Generally the charac-
teristics of one of the components are dominant, which 1s
then called the major part Any additional material 1s
called a minor part Particularly with mixtures of clay and
silt 1t may be difficult to determine which is the major part.
Where 1n doubt, the following method can be applied

Roll a moist sample between your hands to form a
“worm”, the thickness of a pencil If you can make a
nng from the “worm”, the major part will be clay
(Figure 52) The more readily the sample breaks
during moulding, the higher 1s the silt content

Fig. 52 This soil sample
has a high clay content

Soil description

The details of the samples from the borehole should be
entered on the front of the Survey Borehole Description
Form (see Annex 3). All the items to be entered are briefly
discussed below The abbreviations to be used can be
found 1n the Index on the form

Depth

The location of the layers, expressed in metres below
ground level (m ~GL), 1s derived from the rows of samples
Because the samples inevitably become a little mixed, 1t 1s
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useless to measure to the nearest centimetre Give round
figures like 1.45 - 220, and not 1 44 - 2 18.

Lithology and gradation

These have to be filled 1n for both major and minor parts
The technique for recogmzing the different soils has been
explained above Gradation 1s only given for sand fine,
medium or coarse because clay and silt particles are too
small for further subdivision

Note: Sand 1s usually brought up by means of the bailer As a
result of the up and down movement, the coarsest and
heaviest particles tend to sink to the bottom of the bailer
but when the bailer 1s emptied, the fine particles come out
first and the coarsest appear on top Therefore a sand
sample should be mixed before 1t 1s described

Consistency

This indicates the solidity of the soil The most common
descriptions are

- soft — easy to mould, e g sit or mixtures
with silt can be soft, especially when
wet,

- sticky — hard to remove from the auger, e g
moist clay,

~ loose — runs eastly through the fingers, e g
sand,

~ hard — difficult to break the fresh sample,
e g dry clay,

~ weathered — special condition of bedrock (see

Section 3 1)

Colour

Different shades in colour are indicated by “’dark” and
“light”, and ”’mottled” means that different coloured spots
can be seen on the sample

Water content

This 1s an important item for the appraisal of the borehole
and for the construction of the well because the location of
the screen 1s based on this information Four descriptions
are used
~ dry — a sample may be wet on the outside
but be completely dry on the inside
and this 1s especially true of clay,

-~ moist — a moist sample 1s usually easy to
mould,
~ wet and/or — classification as wet or water bearing

has not so much to do with the actual
water content as with the soil type.
saturated clay can be very wet (high
porosity), but can never be water
beanng (low permeability),

silt on the other hand can be wet and
water bearing, sand below the water
table 1s virtually always water
bearing

water bearing



E.C

As soon as water is reached, a sample 1s taken with the
bailer and the electrical conductivity 1s measured. This 1s
repeated for every metre dnlled

Kind of auger

The kind of auger used will provide information on
possible difficulties to be expected during constructton of
the well

Soil profile

A soul profile 1s a schematic drawing of the hithological
borehole description, in which the soil types are represen-
ted by symbols It must always be drawn in the special
column on the rght-hand side of the Borehole Description
Form An experienced surveyor will be able to “read” a
soil profile much more easily than an extensive wrntten
description It will immediately give him a good picture of
the succession of layers. When several soil profiles are
combined 1n sections of a site or area (see Section 4 5),
they can help the surveyor or hydrogeologist to choose the
best location for a well at a particular site, estimate the
extent of an aquifer, select promising new sites and so on

A soll profile will also facilitate the work of the designer
of the well 1t will give him direct information on the depth
of aquifers, confiming clay layers, etc. In the case of

Table 4.1 Symbols for soil profiles
Description Soil symbol

Major part Minor part
Clay I:D m
Sult [E
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