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FOREWORD

FOREWORD

The practical guidelines for test pumping presented in this publication
reflect years of hands-on experience in borehole exploitation in both rural
and urban settings, from Africa to the Middle East and Asia.

Working in cooperation with the water and habitat team from the regional
delegation of the International Committee of the Red Cross (ICRC) in
Nairobi, Richard Boak — author of this publication and a seasoned hydro-
geologist and engineer - strikes the right balance between theoretical and
practical knowledge. There is no doubt that his work will greatly help the
ICRC's water and habitat engineers address technical dilemmas under dif-
ficult field conditions.

In the water-stressed regions beset by armed conflict or rife with tension
where ICRC engineers work, groundwater is the most suitable source of
drinking water. A good understanding of borehole technology, along with
a comprehensive analysis of the local situation that places human dignity
and the needs of the community at the forefront while addressing wider
environmental concerns, is a key element of any successful operation pro-
viding people with sustainable and cost-effective solutions.

This is the second publication on the topic of water and habitat in the ICRC's
new “Reference” series. Together with Borehole Drilling and Rehabilitation, it
constitutes a reference package essential for the ICRC's water and habitat
engineers in the field. Practical Guidelines for Test Pumping in Water Wells is
an important contribution to the efforts of the ICRC's Water and Habitat
Unit to promote good field practices among its staff and among other
humanitarian players.

| am extremely grateful to Laurent Wismer, former ICRC Regional Water and
Habitat Engineer in Nairobi, for his contribution to this publication, and to
Jean Vergain and Thomas Nydegger, expert hydrogeologists, who provided
invaluable guidance throughout the editing of the text.

Philippe Dross
Head of Water and Habitat
International Committee of the Red Cross
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Abstract

Groundwater is frequently chosen as the most suitable
source of drinking water, supplies of which are brought to
the surface by rehabilitating existing boreholes or drilling
new ones. Pumping tests are a practical way of obtaining
an idea of the borehole’s efficiency and its optimal produc-
tion yield. Much of the specialized knowledge and techni-
cal expertise needed for this purpose can be gained from
the standard literature. However, field operations in remote
areas or in difficult conditions often require flexibility and
imagination in avoiding or solving technical problems.
These guidelines are intended mainly as a practical tool and
therefore contain a minimum of theory. They are aimed at
water and habitat engineers working in the field who are
undertaking or supervising borehole drilling or rehabilita-
tion programmes and are not conversant with pumping-
test procedures. The end result should be a cost-effective
facility capable of supplying drinking water for many years.
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Background

The International Committee of the Red Cross (ICRC) pro-
vides support, through its Assistance Division, to victims
of armed conflict around the world. One of the Division’s
main tasks — carried out by its Water and Habitat (WatHab)
Unit - is to provide people with clean drinking water.
Groundwater is frequently chosen as the most suitable
source, and supplies of drinking water are obtained by
rehabilitating existing boreholes or drilling new ones. This
is done either by the ICRC itself, using its own staff and
equipment, or by contractors working under the supervi-
sion of ICRC staff.

WatHab engineers need to be able to determine the ‘suc-
cess’ and sustainability of a rehabilitated or new borehole
as a source of drinking water. In most cases, the borehole
characteristics that the engineers are looking for are effi-
ciency and optimal production yield. Pumping tests are a
practical way of obtaining some idea of these characteris-
tics. WatHab engineers have a wide range of technical back-
grounds and levels of experience, and not all are trained as
hydrogeologists. Practical guidelines on pumping tests are
therefore required.

Purpose

These guidelines are aimed at WatHab engineers working

in the field who are undertaking or supervising a borehole-

drilling or rehabilitation programme and are not conver-

sant with pumping-test procedures. Intended mainly as a

practical tool, with a minimum of theory, the guidelines

should enable readers to:

- Understand the importance and aims of pumping tests,
and know what different types of test are available.

= Understand which borehole or aquifer parameters can
be derived from each type of test, and what the mean-
ing and limitations of such parameters are.
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- Select the type of test to undertake in a particular situ-
ation, depending on what parameters are needed and
what equipment is available.

- Supervise the contractor, if one is being used to con-
duct the test.

- Interpret the results of tests carried out in simple hydro-
geological environments, and understand when certain
interpretation methods cannot be used.

- Know where to look if additional information or special-
ist techniques are required.

These guidelines are designed to cover three types of
borehole that WatHab engineers commonly need to test,
namely:

1. Small boreholes designed to be fitted with a hand-
pump and requiring a simple test that takes a few
hours and can be done by any WatHab engineer using
minimal equipment.

2. Medium-sized boreholes designed to be fitted with a
motorized pump (generally for medium-sized commu-
nities or health/detention facilities supplied by small
piped networks) and requiring a more comprehensive
test conducted by an experienced WatHab engineer
with reasonable knowledge of hydrogeology.

3. Large production boreholes intended for urban or
large-scale distribution and requiring sophisticated
tests usually carried out by a specialized contractor
under the supervision of a WatHab engineer.

Since WatHab engineers often work under difficult condi-
tions in remote locations, none of the techniques described
in these guidelines requires a computer or other sophisti-
cated equipment. It is very rare that measuring points other
than the borehole itself are available, so the guidelines
concentrate only on information that can be obtained by
pumping the borehole.
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Picture 1: Borehole drilling
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Limitations of test pumping

Hydrogeology is not an exact science. Groundwater levels
and pumping rates measured during pumping tests pro-
vide some indication of the behaviour or state of ‘health’ of
the groundwater system. These tests undoubtedly provide
valuable information, help us to understand the ground-
water system, and inform our decisions. However, there are
no magic formulas in hydrogeology, and decisions should
be based on a wider understanding of the regional geol-
ogy, hydrogeology and environment. It is no use blindly
inserting data from pumping tests into equations.

Terminology

and further reading

A glossary of common hydrogeological terms is provided
in Annexe A for the benefit of people without specific
training. For in-depth information on the basic principles
of groundwater flow, the theory behind pumping-test
analysis, groundwater exploration, borehole drilling and
construction, wider issues of groundwater protection and
resource management, and hydrogeology in general, the
reader is referred to Annexe D, which gives references and
suggestions for further reading.

Some explanation is needed for the use of the terms
‘borehole’ and ‘well! In general, ‘borehole’ means a vertical
cylindrical hole of relatively small diameter for abstracting
water, usually constructed using a drilling rig. 'Well’ means
a vertical hole of relatively large diameter dug by hand to
access the water table.’Borehole’is sometimes used to refer
to both boreholes and wells, or vice versa, but this is usually
clear from the context.
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What is a pumping test?

The basic concept of a pumping test is very simple: water
is abstracted (removed by pumping or bailing) from a well
or borehole, thus lowering the water level. The water level
in the abstraction borehole and the pumping rate are
monitored over time, along with various other parameters
if possible (such as water levels in observation boreholes).
The way in which the water levels respond to the pump-
ing is then analysed to derive information about the per-
formance characteristics of the borehole and the hydraulic
properties of the aquifer.

In reality, the situation is much more complicated. There are
many different types of test from which to choose (inter-
mittent or continuous, short or long in duration, low or
high pumping rates, etc.). What other parameters or water
features should be monitored in addition to the obvious
ones, i.e. the water level and pumping rate in the borehole
being tested? Can conclusions about long-term behav-
iour be extrapolated with confidence from the results of
a short pumping test? The main problem with investigat-
ing groundwater (in contrast to measuring the flow in a
river, for example) is that one is effectively working blindly,
because it is impossible to see into the aquifer and directly
observe its behaviour. One can infer information about the
borehole and aquifer only by observing how the water level
changes in response to pumping.

Why do we undertake pumping tests?
Pumping tests can be undertaken for a wide variety of rea-
sons, including the following:

- To determine the reliable long-term yield (or ‘safe’yield)
of a borehole, and therefore whether or not the bore-
hole can be regarded as a‘success, and how many peo-
ple it will be able to supply.

- To assess the hydraulic performance of a borehole, usu-
ally in terms of its yield-drawdown characteristics. How
much drawdown does it take to yield a certain amount
of water?
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- Toderive the hydraulic properties of the aquifer. Pumping
tests are the classic (and perhaps the only) way to derive
in situ aquifer hydraulic properties, such as transmissivity
and the storage coefficient, or to reveal the presence of
any hydraulic boundaries.

- To test the operation of the pumping and monitoring
equipment, to make sure that everything is working
safely and efficiently, and if applicable, to confirm that
the contractors have done their job properly.

- To determine the effects of abstraction on neighbour-
ing abstractions (sometimes referred to as derogation).

- To determine the environmental impact of the abstrac-
tion. All groundwater abstraction eventually has an
impact; it is only a matter of where, when and whether
or not the impact is acceptable.

- To provide information on water quality. Is the water
quality suitable for the intended use? Is it stable in the
long term? Are there likely to be any problems such as
drawing in saline or polluted water after extended peri-
ods of pumping?

- To optimize operational pumping regimes (especially
from multiple-borehole sources), including selecting
the most suitable pumping plant for long-term use, and
estimating probable pumping and/or treatment costs.

- To help determine the correct depth at which the per-
manent pump should be installed in the borehole (the
subjects of pump choice and installation are covered in
other guidance documents).

It is important for WatHab engineers to define the aims of
each test before the test is carried out, as this will greatly
influence the choice of test and the parameters that need
to be monitored. Just look through the above list and select
which aims apply to each planned pumping test.
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Main types of pumping test

There are many different types of pumping test from which

to choose. The main types that are applicable to the situa-

tions faced by WatHab engineers are as follows:

1. Step test: Designed to establish the short-term rela-
tionship between yield and drawdown for the bore-
hole being tested. It consists of pumping the borehole
in a series of steps, each at a different discharge rate,
usually with the rate increasing with each step. The
final step should approach the estimated maximum
yield of the borehole.

2. Constant-rate test: Carried out by pumping at a con-
stant rate for a much longer period of time than the
step test, and primarily designed to provide informa-
tion on the hydraulic characteristics of the aquifer.
Information on the aquifer storage coefficient can be
deduced only if data are available from suitable obser-
vation boreholes.

3. Recovery test: Carried out by monitoring the recovery
of water levels on cessation of pumping at the end of
a constant-rate test (and sometimes after a step test).
It provides a useful check on the aquifer characteris-
tics derived from the other tests but is valid only if a
foot-valve is fitted to the rising main; otherwise water
surges back into the borehole.

These tests can be carried out singly or in combination.
A full test sequence usually starts with a step test, the
results of which help to determine the pumping rate for
the constant-rate test, with a recovery test completing the
sequence. The test design can be adapted for use in small,
medium or large boreholes, the main differences being the
pumping rates, the length of test and the sophistication of
the monitoring system. Each type of test will be described
in more detail in subsequent chapters.
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Picture 2: Manual dipping

Introduction

Before commencing any pumping test, there are certain
basic preparations that should be made. These include
gathering information about the borehole or well that is
about to be tested. The outcome of the preparations may
influence the choice of test and will certainly increase the
value of the results obtained from the test.

Basic monitoring equipment

The two parameters that must be measured in any pump-
ing test are the water level in the pumped borehole and the
rate at which water is being abstracted (pumped or bailed).
The basic equipment necessary for monitoring these two
parameters is as follows:
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MONITORING WATER LEVELS

The hand-held water-level monitor, commonly known as
a“dipper,” is the most practical, robust and easily available
method of monitoring water levels in boreholes and wells.
The dipper probe is lowered down the borehole, and when
it reaches the water surface, an electrical circuit is com-
pleted and a ‘bleep’ is heard. The water level is then read
off a graduated tape, usually to a resolution of the nearest
centimetre. The water level is typically recorded in metres
below a local measuring datum, such as the lip of the bore-
hole casing. Manual dipping is widely trusted as a reliable
and relatively trouble-free way of obtaining water-level
data, but it is not without its problems, for instance:
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- Different people visiting the same site can inadvertently
use different local datums for taking the reading. If they
do not record this fact, there may be confusion when
comparing readings in the future.

- The graduated dipper tape can suffer from stretch due
to age, temperature or misuse, introducing a systematic
inaccuracy, especially if different dippers are used.

- If the water level is falling or rising quickly, as during the
early stages of a pumping test, it can be difficult to take
manual readings fast enough, although this problem
improves with practice.

- It can be difficult to get a ‘clean’ water-level reading
from the borehole, especially if there is water cascading
down the side of the borehole, or there is turbulence at
the water surface.

= The dipper can become stuck, entangled or wrapped
around the pump, rising main, electrical cables, or other
items down the borehole. This can be avoided by the use
of a dip tube (an open-ended plastic tube installed in the
borehole specifically for the dipper to go down), which also
solves the problem of cascading water and turbulence.

Picture 3: Pressure-transducer installation

The main alternative to manual dipping is to install a pres-
sure transducer in the borehole. The transducer is placed
in a known position down the borehole (below the water
level) and it measures the pressure at that point. This infor-
mation can be used to deduce the height of the water above
that point, and therefore the water level in the borehole.
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Picture 4: Bucket and
stopwatch
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Transducers (with built-in dataloggers) have an obvious
advantage: they can be left unattended for long periods,
while still taking frequent water-level readings. In practice,
however, they can pose the following problems:

—> Transducers are expensive compared to manual dip-
ping, and they cannot always cope with rough field
conditions and high temperatures.

- Transducers are manufactured to cope with different
pressure ranges, and if the wrong type of transducer is
used, it may be damaged and the data corrupted.

- If the transducer or datalogger malfunctions, or the bat-
tery runs out, the data obtained since the last download
may be lost, and the test may have to be repeated.

Despite these drawbacks, dataloggers are becoming more
common, and provide a useful means of checking pumping
tests undertaken by contractors (in cases where continuous
field supervision cannot be maintained). Other, less com-
monly used methods for measuring water levels include:
float-and-counterweight, pneumatic (bubbler), ‘plopper,
chalked tape, vibrating-wire piezometer, acoustic doppler
and water whistle.

MONITORING PUMPING RATES

There are many methods of measuring pumping rates, of
which the most common, or the ones most likely to be of
use to WatHab engineers, are as follows:

Bucket and stopwatch: The simplest method of measuring
relatively low pumping rates is to use a bucket and a stop-
watch. Arrangements are made for the discharge from the
pump to flow freely into a bucket of known volume, and
the time taken for the bucket to fill is recorded. The flow
rate is then calculated by dividing the volume of the bucket
by the time taken to fill it. For this method to be precise, it
should take a minimum time of about 100 seconds to fill
the bucket. If necessary, use a larger container of known
volume, such as an oil drum.
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Flow meters: Where more sophisticated equipment is avail-
able, pumping rates can be measured using flow meters,
of which there are various types. Shown on the right is the
flow meter supplied with the ICRC's standard test-pumping
kit. This uses spring-loaded pistons that are deflected by
the flow of water, and the flow rate is read off the gradu-
ated scales. It is important to double-check the flow rate by
using another method, to operate the gauge correctly, and
to keep the equipment in good condition.

Water meters: Some ‘flow’ meters actually record the
cumulative volume of water passing through the meter,
so it is necessary to take readings at known times and to
calculate the flow rate, after confirming what units the
meter is using. In order to be accurate, flow meters should
be installed according to the manufacturer’s instructions,
with the correct lengths of straight, level pipe before and
after the meter.

Weir tanks: A weir tank is a thin-plate ‘V-notch’ gauging weir
within a self-contained tank. Weir tanks must be installed
exactly level, and there must be an accurate method of
measuring the water level inside the tank, plus a conver-
sion table supplied by the tank manufacturer (to convert
the water levels into flow rates). See BS I1SO 14686:2003 for
more information about constructing and using weir tanks.

Locally made weir tanks: Alternatively, small weir tanks can
be made using local materials, sometimes even a converted
oil drum. These weir tanks should be calibrated by an inde-
pendent flow-measurement method, in order to ensure
reliable data. For accurate results, care should be taken to
follow design advice (see BS I1SO 14686:2003), especially
about the thin-plate ‘V-notch’ itself. The example shown
on the right is not a standard design since the lip of the
‘V-notch’is too wide; this affects the way in which the water
flows through the notch.

Picture 5: Flow meter

Picture 8: Locally made
weir tank
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Whichever method is used, it is important to measure the
pumping rate frequently during the test since it will prob-
ably fall as the water level drops, and an average pumping
rate needs to be calculated for use in the test analysis.

Other equipment available

Before choosing the type of test to conduct, WatHab engi-

neers should establish what equipment is available, prac-

ticable or affordable. In addition to the water-level and
flow-monitoring equipment described above, potential
equipment includes the following:

—> Motorized pump: Commonly an electrical submersible
pump. Check whether or not a suitable power supply
is available; many submersible pumps require a three-
phase power supply, so ordinary mains electricity is not
always suitable.

—> Generator: Necessary if a motorized pump is being used
in remote locations, or if the local electricity supply is
unsuitable or unreliable. Make sure that there is sufficient
fuel available for the planned length of the test.

= Rising main: To carry the water up the borehole from
a submersible pump; it can be made of flexible tubing
or lengths of rigid pipe connected together.

—> Manually-operated valves: Installed between the rising
main and the discharge pipes, to control the pumping
rate if the pump is operated at a fixed speed.

- Discharge pipes: To carry the water far enough away
from the borehole so that it does not recirculate (that is,
flow back down into the borehole, or quickly soak into
the ground and affect the groundwater levels close to
the borehole being tested).

—> Water-quality monitoring equipment: See separate dis-
cussion below about water-quality monitoring.

- Surface water flow-gauging equipment: It is sometimes
necessary to monitor the flow in a nearby river or stream
to establish whether or not the groundwater abstrac-
tion is affecting the flow or causing infiltration from the
river (which may represent a health risk because of poor
surface-water quality).



3. PREPARATIONS FORTEST PUMPING

23

—> Bailers: Necessary for a bailer test (described later, under
“recovery tests”).

Whatever equipment is used, it should be maintained
in good condition and used correctly (according to the
manufacturer’s instructions). It should also be designed so
that it can be operated safely, and if necessary, should be
calibrated to give reliable and accurate data. Equipment
should be tested when it is in position, before a pumping
test is begun, in order to ensure that it is all working prop-
erly and to determine pump or valve settings that will give
appropriate pumping rates.

Information collection
When planning a pumping test, it is useful to gather
together all the information that can be found about the
aquifer and the borehole itself. The results from the pump-
ing test will be added to the information, and will improve
your understanding of the local groundwater system. Try
to collect information on the following:

= Similar boreholes: Are there any other boreholes in
the area (especially in the same geological formation)?
What are the typical water levels and yields, and what
is the quality of the water, from those boreholes? Are
the boreholes being pumped at the moment? Ideally,
other boreholes in the area should not be pumped dur-
ing your pumping test, or for at least 24 hours before
the start of the test (and they might serve as observa-
tion boreholes). What drawdown can be expected in
the borehole about to be tested? At what depth should
the pump intake be set so that it remains well below the
water level during the test?

- Basic geology: Are the rocks crystalline basement, vol-
canic, consolidated sediments or unconsolidated sedi-
ments? Groundwater occurs in these rocks in different
ways, and behaves in different ways.

- Aquifer configuration: Is the aquifer confined, uncon-
fined or leaky? Many test-pumping methods of analy-
sis (including the ones described in these guidelines)
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assume that the aquifer is confined. However, the meth-
ods are often still valid for use in unconfined aquifers,
as long as the drawdown is small compared with the
saturated thickness of the aquifer.‘Small’is not defined
in the literature, and the saturated thickness of the aqui-
fer is not often known with any degree of accuracy, so
the validity of the method of analysis is, unfortunately, a
matter of judgement.

- Borehole construction: How deep is the borehole, and
of what diameter? Has solid casing, screen or gravel
pack been installed? Note that if the total depth of the
borehole is unknown, a dipper can be used to measure
this, by taking the battery out (so that it doesn't bleep
continuously) and lowering the dipper probe until the
base of the borehole is felt. Take care not to get the
dipper tape entangled with the pump or rising main. If
there is any risk of this happening, use a weight on the
end of a long piece of cord or thin rope.

- Installed equipment: If a pump is already installed in the
borehole, what are its type and capacity, and at what
depth is the pump’s intake? Can the pumping rate be
varied?

- Historical or background water levels: Information about
the historical behaviour of the groundwater level is very
useful. Does the water level vary much from wet season
to dry season? In the period before the test takes place,
is the water level already falling or rising or is it stable?
What is the current water level?

- Local knowledge: Residents often have a surprisingly
good understanding of how the groundwater in the
area behaves. For example, how does the water level
respond to rainfall? Can borehole yields be maintained?
Is the water safe for drinking, and does the water quality
change over time?

—> Monitoring access: When planning a pumping test on an
existing borehole, find out if there is access through the
borehole headworks for the dipper or temporary pump.
If you have not seen a particular borehole before, you
may arrive at the site with all your equipment ready to
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Figure 3.1 Borehole construction diagram

mbGL DESCRIPTION LOG NOTES

Top of borehole is
at ground level (G.L.)

10—
;_ _____________________ Submersible pump B
— Pump inlet: 18.0 m
20 --emmeeenoes -~~~ 0.61 m (24") dia. Solid steel lining - - - - - KF _. Kidderminster Formation
0
00— o )
10 ---0.483 m (19") dia. Perforated steel lining - - --

----------------------- 51 m CCTV 1998 Sediment infill - == - - -

cocsssocccoccoood booooo 0.432 m (17") dia. Unlined borehole - - - - --

Borehole was intentionally
collapsed due to poor water quality

Upper Carboniferous
Pink and chocolate marl
and clay followed by
grey mudstone and
siltstone @ 39 mbgl




26

ICRC PRACTICAL GUIDELINES FORTEST PUMPING IN WATER WELLS

conduct the test, only to find that there is a solid borehole
head-plate with no easy access down into the borehole.

There may not be much information available, in which
case the planned pumping test will be the starting point
for your understanding of the local groundwater system. It
is good discipline to write down all the data collected so the
work does not have to be duplicated in the future. A form
for recording basic borehole information can be found in
Annexe E.

AIRLIFTING
If the pumping test is being conducted on a new borehole
soon after it has been drilled, then airlifting is a potential
source of useful information. Airlifting consists of pump-
ing compressed air into a borehole through a high-pressure
air line, sometimes with the air line within an ‘eductor’ pipe,
which acts as a rising main. The compressed air is discharged
well below the water level, and if this is done correctly, it forces
water out of the borehole, acting as a crude pumping method.
Airlifting is routinely carried out as part of the process of drill-
ing and completing a new borehole, when it is primarily used
to clean and ‘develop’the borehole. In simple terms, develop-
ing a borehole means pumping it hard until all the drill cut-
tings, mud and suspended sediment have been removed and
the water runs clear. Airlifting is normally carried out while
the drilling rig is still in place over the borehole, but it can be
done separately using a portable air compressor. Although
not a substitute for a pumping test, airlifting can nevertheless
provide useful information about the yield of a borehole, and
can help decide what pumping rate should be used for the
pumping test. Ask the drillers to measure the discharge from
the airlifting process. Other useful hydrogeological informa-
tion can be gained from the drilling process, such as:

- Water strikes: The depth at which water was first
encountered, and the drilling depths at which signifi-
cant inflows of water were encountered, can indicate
the depth and yield of individual fissures and fractures,
and help decide the positioning of casing and screen.
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- Rate of drilling: The daily progress with drilling can indi-
cate the hardness of the rock layers that are being pen-
etrated, giving an idea of the differences between the
layers and the relative chances of obtaining water.

—> Head at different depths: The static water level meas-
ured in the borehole as drilling progresses can give
clues about the presence of vertical hydraulic gradients.

Water hygiene
The links between water quality and public health are well
known, and much has been written on the importance of
good sanitation and hygiene, the protection of ground-
water resources and the improvement of traditional water
sources. It is essential that the principles of good water
hygiene not be forgotten during test pumping. Things to
look out for include the following:

—> Make sure that contaminated water cannot enter the bore-
hole during test pumping, especially when using temporary
pumping equipment in an open borehole, and when there
is water spillage or run-off from rainfall during the test.

- Provide adequate sanitation facilities for the field staff
and test-pumping crew, and insist that they follow good
hygiene practices, particularly hand-washing. Also, if
one of the workforce has symptoms such as persistent
diarrhoea or prolonged unexplained fever, recommend
that he or she not work on the test.

- Ensure that all equipment that will come into contact
with the groundwater or the wellhead (pumps, pipes,
valves, dippers, samplers, bailers, ropes, tools, etc.) has
been cleaned properly before use, especially if it has
previously been in contact with contaminated water.
Don't forget to flush contaminated water out of pump
chambers, valves and rising mains.

- If mechanical equipment such as mobile generators, air
compressors and drilling rigs is being used, make sure
that it is in good condition, with no leaks of hydraulic
fluid, lubricating oil or diesel or other fuels. Items such
as drip-trays and absorbent mats should be available in
case of leaks or spills.
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Picture 9: Hand-held
turbidity meter

- Make adequate arrangements for the temporary stor-
age of drums or containers of fuel, oil or other hazard-
ous substances, and enforce good practices for refuel-
ling, so that there is no danger of contaminating the
water supply during the test pumping.

—> Make sure that the borehole has been secured when
you leave it, so that foreign objects, animals or dirty
water cannot enter.

When preparing instructions or terms of reference for test-
pumping contractors, include these points as requirements
or conditions (see Chapter 7 for more on this subject).
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Water-quality monitoring

Although the focus of most pumping tests is on monitoring
water levels and pumping rates, water-quality monitoring
can be an important part of the test, and should be consid-
ered at the planning stage. As mentioned above, there is a
strong link between water quality and public health, and
even if a certain borehole can sustain a high yield, the water
produced by it may be unsuitable for drinking. Bear in mind
that water-quality problems are not always immediately
obvious — witness the controversy about high arsenic levelsin
groundwater in Bangladesh. Fluoride is a common problem
in groundwater in certain parts of Africa. This document is not
the place for an extended discussion of groundwater quality,
but for planning purposes, it is important to decide whether
or not water-quality monitoring needs to be included in the
test-pumping programme. Water-quality monitoring during
a pumping test can help answer key questions such as:
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- Is the water quality suitable for the intended use
(particularly for drinking)?

- Is the water quality stable in the long term?

- Does the water quality change with the pumping rate?

- Is there a pumping rate above which the water quality
suddenly deteriorates?

- Is any treatment necessary before the water can be used?

= Is the groundwater vulnerable to pollution, or to
ingress of contaminated surface water?

When planning a pumping test, therefore, take into account

the following practical issues:

- Some parameters, such as electrical conductivity, tem-
perature, pH and turbidity, must be measured at the
well-head, or very soon after the water has come out of
the ground. Readings are usually taken with hand-held
probes.

- Measuring some parameters involves collecting sam-
ples in bottles, for subsequent analysis by a field testing
kit or in a laboratory. Make sure that there is a suitable
sampling pointincluded in the discharge arrangements,
so that good clean samples can be obtained, without
splashing from the ground, for example.

= Unless there is a field testing kit available, samples for
microbiological analysis need to be kept cool and must
reach a laboratory within a certain time limit. Is this
practicable?

- Electrical conductivity can be correlated with total dis-
solved solids, thus providing a useful field indicator of
water quality (especially salinity). Observe how the con-
ductivity changes during the test, particularly during a
step test as the pumping rate progressively increases.

- Don't forget simple clues such as the appearance, smell
and colour of the water. Make notes of these during the
test. Do they change?

—> Some boreholes produce sand, which can damage
pumping equipment and fill up storage tanks. If this is
suspected, collect a sample of the discharge water in a
clear container. Set it aside, allow the sand to settle, and

Picture 10: Evidence
of sand production
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then measure the depth of sand. Using the same con-
tainer, take more samples at intervals, and record how
the sand content changes.

- With all water-quality sampling, record basic informa-
tion such as the time and date of sampling, and the
name and location of the borehole.
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Figure 4.1 Outline of step test

Introduction
The step test (sometimes referred to as the step-drawdown
test) is designed to establish the short-term relationship
between yield and drawdown for the borehole being
tested. It consists of pumping the borehole in a sequence
of different pumping rates, for relatively short periods (the
whole sequence can usually be completed in a day). There
are many different ways to perform a step test, but the
most common practice is as follows:

= Start with a low pumping rate, and increase the rate
with each successive step, without switching off the
pump between steps.

—> Aim for four or five steps in total, with the pumping rates
roughly spread equally between the minimum and max-
imum rates.

- All steps should be of the same length in time, with
somewhere between 60 and 120 minutes per step
being common.

—> The pumping rate for the final step should be at or beyond
the intended operational pumping rate when the bore-
hole is fully commissioned. Of course, this depends on
whether the pump being used for the step test is capable
of that pumping rate.
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Figure 4.1 illustrates a typical series of pumping rates (Q)
and the behaviour of the water level. It is immediately clear
why it is called a step test.

Equipment and limitations

The equipment necessary for conducting a step test is as

follows:

—> A motorized pump complete with power supply, rising
main, valves and discharge pipes, set up in such a way
that the discharge rate can be changed to achieve the
rates required for the different steps. Most pumps work
at fixed speed, so this is usually achieved by ‘throttling’
the pump using a valve, and progressively opening the
valve to achieve successively greater discharge rates.

- A stopwatch to measure the time of pumping and
recovery.

- A dipper to measure the water levels.

—> A method of measuring the pumping rate (bucket and
stopwatch, flow gauge, etc.).

- A notebook, or a standard form, and a pencil, to record
the test data.

- Linear graph paper and ruler to plot the results.

As mentioned above, step tests are primarily designed to
provide information about the borehole performance char-
acteristics (the yield-drawdown relationship). It is possible
to use step-test results to estimate aquifer transmissiv-
ity, and methods for doing this can be found in the main
hydrogeological textbooks (see Annexe D for examples).
However, the present guidelines focus on borehole perfor-
mance. Step-test results are not very good for predicting
the behaviour of a borehole under long-term pumping, for
which a constant-rate test should be used.
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Picture 11: Gate valve
in discharge pipe

Richard Boak

Setting pumping rates: It is advisable to spend time, on
the day before the step test itself, experimenting with the
valve settings that are necessary to produce the required
pumping rates for each step. Manually operated gate or
globe valves are commonly used, and these are operated
by a screw handle. Fully close the valve, then open it to the
fully open position, counting the number of turns of the
handle that are made between fully closed and fully open.
Experiment with opening the valve different numbers of
turns from the fully closed position, to achieve the different
pumping rates for the steps, and make a note of the results.

Choosing step length: In practice, the length of each step
depends on the number of steps and the total time avail-
able for the test (which is usually one day), but 60, 100 or
120 minutes are common step lengths. Ideally, the water
level in the borehole will approach equilibrium at the end
of each step, but this cannot always be achieved. Even if the
water level has not reached equilibrium at the end of each
step (in other words, if it is still falling slowly), the results
from the test will still be useful. They provide a‘snapshot’ of
borehole performance under certain conditions, and can
be compared with the results from the same test (same
pumping rates and step length) repeated at another time,
to see if the borehole performance has changed. If at the
end of the planned time for the first step the water level is
still falling quickly, the decision may be taken to extend the
length of the step (and extend the length of subsequent
steps to match). Further details on the theory and practice
of step tests can be found in Clark (1977).
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Step-test procedure

Assuming that all the equipment is ready and people have
been assigned their tasks, the procedure for conducting a
step test is as follows:

1.

Choose a suitable local datum (such as the top of the
casing) from which all water-level readings will be
taken, and measure the rest-water level. The water level
must be at rest before the start of the test, so the test
should not be conducted on a day when the borehole
is being drilled or developed, or when the equipment is
being tested.

Open the valve to the setting for the first step (deter-
mined by prior experiment, as described above) and
switch the pump on, starting the stopwatch at the same
time. Do not keep changing the valve setting to achieve
a particular pumping rate (a round number in litres per
minute, for example). Rather, aim for an approximate
rate and measure the actual rate (see 4) below).
Measure the water level in the borehole every 30
seconds for the first 10 minutes, then every minute
until 30 minutes have elapsed, then every 5 minutes
until the end of the step (the length of each step
having been decided during the test preparations).
If you miss the planned time for a water-level read-
ing, write down the actual time the reading was taken.
Record all the readings on the standard step-test form
(Annexe E).

Measure the pumping rate soon after the start of the
step, and then at intervals during the step (every 15
minutes would be reasonable). If there is a noticeable
change in the rate of increase of drawdown or the
pump sounds different, then measure the pumping
rate at those times as well. If the pumping rate changes
significantly (say by more than 10%), then adjust the
valve setting to maintain as steady a pumping rate as
possible throughout the step. Be careful not to over-
adjust and make the problem worse.
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5. Atthe end of Step 1, open the valve further, to the set-
ting for Step 2, note the time (or restart the stopwatch)
and repeat the procedures for measuring water levels
and pumping rates (see 3) and 4) above).

6. Repeat the procedure for subsequent steps, progres-
sively increasing the pumping rate for each step.

7. Atthe end of the final step (which will probably be Step
4 or 5), switch the pump off, note the time (or restart
the stopwatch), and measure the water-level recovery
at the same measurement intervals as for measuring
the drawdown in each step. Continue for at least the
length of a step, and ideally for much longer, until the
water level approaches the pre-test level. See Chapter
6 for a full explanation of the recovery period.

Analysis and interpretation

There are many different ways to analyse step-test results,
some of them very sophisticated, but the present guidelines
describe simple methods that concentrate on borehole per-
formance. The reader is referred to the standard textbooks
(see Annexe D) for details of complex methods of analysis.

JACOB’S EQUATION

The theory of groundwater hydraulics assumes that during
pumping from a borehole, the flow conditions in the aquifer
are laminar. If this is the case, then drawdown in the bore-
hole is directly proportional to the pumping rate. However,
turbulent flow may occur in the aquifer close to the bore-
hole if pumping takes place at a sufficiently high rate, and
the final path of the water from the aquifer, through the
gravel pack and screen, into the borehole and the pump
intake itself is nearly always subject to turbulent flow con-
ditions. This results in ‘well losses, meaning that additional
drawdown is required to get the water into the pump. If
turbulent flow is present, Jacob suggested that drawdown
in a borehole can be expressed by the following equation
(explained at length in Kruseman and de Ridder [1990]):

s =BQ + CQ? Equation 4.1



4. STEPTEST

37

where s is the drawdown, Q is the pumping rate, and B and
C are constants. If all the terms in Equation 4.1 are divided
by Q, it becomes:

s/Q=B + CQ Equation 4.2

which is the equation of a straight line (if s/Q is plotted

against Q on linear graph paper). Note that the term s/Q

is called the specific drawdown, and the inverse (Q/s) is

called the specific capacity. So, for this analysis of the step
test results, do the following:

1. Calculate the average pumping rate for each of the
steps in the test (take all the measurements of the
pumping rate recorded during Step 1 and calculate the
average; now repeat the procedure for the other steps).
If there were five steps in the test, you should end up
with five values for the pumping rate (Q;, Qy, Q3, Q4
and Qs).

2. Take the water-level readings from the very end of each
step (in metres below datum) and convert them into
drawdowns, by subtracting the rest-water level. Again,
for a test with five steps, you should end up with five
values of drawdown (S1, S, S3, S5 and Sg).

3. Calculate the specific drawdowns from the pairs of val-
ues (51/Q7,5,/Q>, etc.).Now draw a graph of s/Q against
Q on linear graph paper (by plotting $;/Q; against Q;,
S2/Q; against Qy, etc.), as shown in Figure 4.2 below.
Draw a best-fit line through the points (the solid blue
line in Figure 4.2): the intercept of the line on the y-axis
represents the constant B, and the gradient of the line
represents the constant C.

The values for B and C can then be used in Equation 4.1
above to calculate the expected drawdown for the other
pumping rates or, with a little rearrangement of the equa-
tion, the expected pumping rate for a given drawdown.
If the step test is repeated at a later date and the best-fit
line (in Figure 4.2) has shifted vertically (different B) but has
the same gradient (C), that represents a change in aquifer
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conditions. If B is the same but C has increased, then the
borehole performance has deteriorated, probably due to
a factor such as clogging of the screen. Jacob’s equation is
often used to calculate borehole efficiency, but there is a
lot of confusion about borehole efficiency, and the reality
is much more complex (see Box 4.1). When analysing step-
test results, it is much more practical to concentrate on
understanding the borehole performance characteristics,
as will now be described.

Figure 4.2 Step-test analysis

Specific drawdown (s/Q)

Deterioration in borehole performance

Change in aquifer conditions

Pumping rate (Q)

BOREHOLE PERFORMANCE CURVES
Borehole performance curves are best plotted on a graph
of water level against pumping rate. Water levels are used
(in metres below datum) instead of drawdowns so that
seasonal variations can be plotted on the same graph
if the borehole is tested again at a different time of year.
Such graphs are very useful tools for managing boreholes:
operational data and various constraints can be plotted in
addition to pumping-test data. The procedure is as follows:
1. Prepare a graph with pumping rates on the x-axis and
water levels on an inverted y-axis, as shown in Figure
4.3. Plot the rest-water level (measured just before the
start of the step test) against a zero pumping rate.
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Box 4.1 Borehole efficiency

The drawdown in a pumped borehole or well can be considered as
consisting of two components: the aquifer loss (head losses as the
water flows through the aquifer towards the well) and the well loss
(head losses as the water flows into the well itself, often through
gravel pack and screen). In the Jacob step-test equation (s = BQ + CQ?),
the terms BQ and CQ? are sometimes regarded as representing the
aquifer loss (assumed to be laminar flow) and the well loss (turbulent
flow) respectively. Furthermore, the same terms are sometimes

used to calculate well efficiency, using the equation: Efficiency = BQ/
(BQ + CQ?). However, this equation actually shows only the proportion
of the total losses that can be attributed to laminar flow, which is not
the same as well efficiency. Analysis of test-pumping data from real
wells has shown that the situation is not so simple, because the term
BQ often includes well losses, and the term CQ? sometimes includes
aquifer losses. In practice, it is very difficult to measure directly the
proportion of drawdown attributable to well losses. Driscoll (1986)
provides a graphical method involving extrapolating lines on distance-
drawdown graphs, but this requires several observation wells at
different distances from the pumping well, a luxury that is unlikely to
be the case in countries where the ICRC is operating. Instead, the focus
of step tests should be on establishing yield-drawdown relationships.
Borehole efficiency is likely to be an issue only in the case of large
boreholes with high pumping rates. For these, the emphasis should
be on good well design and construction, because the main factors
contributing to excess drawdown are (Driscoll [1986]): well screen

with insufficient open area; poor distribution of screen openings;

insufficient length of well screen; poorly designed filter packs;
inadequate well development; and poor placement of well screen.

2. Take the water-level reading from the end of each step
(in metres below datum) and plot it against the aver-
age pumping rate for each step (Q;, Q,, etc.). Draw a
smooth curve through these points (including the
rest-water level). This is the characteristic performance
curve for that borehole; it can be used to predict the
drawdown for other pumping rates, and vice versa.
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Figure 4.3 Borehole performance diagram
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To use the graph as a management tool, keep it as a
source of reference and update it by plotting opera-
tional data (single points on the graph) every time the
borehole is visited. This will build up a picture of the
typical behaviour of the borehole at different times
of year (annotate the points with dates). If applicable,
plot various constraints on the graph as vertical or hori-
zontal lines. Vertical lines represent factors that limit
the pumping rate, such as: maximum capacity of the
installed pump; permitted maximum pumping rate (if
there is an abstraction licensing regime in the area);
capacity of a water-treatment plant; or capacity of a
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downstream booster pump. Horizontal lines represent
factors that limit the water level in the borehole, such
as: depth of the installed pump intake; base of the solid
casing; or total depth of the borehole.

This graph helps the borehole operator to visualize at a
glance factors that can affect management decisions, such
as whether more water could be obtained from the bore-
hole if the pump intake were to be lowered, or if a bigger
pump were to be installed. The shape of the curve can
also reveal a lot of information. An ‘efficient’ borehole will
have a flatter curve (see Figure 4.3), because it can sustain
a given pumping rate with less drawdown than a less effi-
cient borehole. Some curves steepen dramatically above a
certain pumping rate (behaviour sometimes called ‘drop-
off’), indicating that the borehole is approaching its limits
and that it would be wise to operate it at a point before
the drop-off occurs. The curve is thus a convenient tool for
deciding the optimal production yield of the borehole.

If the step test is conducted again at a different time of year
or after an interval of a few years, changes in the position
or shape of the curve can help to diagnose problems such
as clogging of the screen (which would steepen the curve,
because more drawdown would be required to sustain a
given pumping rate), or changes in the behaviour of the
aquifer (which would shift the curve vertically). An example
of step-test results over many years revealing a progressive
deterioration in the operational performance of a produc-
tion borehole in a heavily abstracted alluvial aquifer is
shown in Figure 4.4. The maximum yield decreased from
60 to 10 litres per second over the period 1964-84, while
pumping lift increased from 15 to 55 m. The deterioration
was largely due to the dewatering of the most productive
aquifer horizon (Foster et al [2000]).

It is important to remember that step tests involve pump-
ing for relatively short periods, and the results need to be
treated with caution, especially if the water level has not
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reached equilibrium (is still falling) at the end of each step.
Data from repeated step tests are most valuable for com-
parison if the tests are conducted in exactly the same way,
with the same length of step and similar pumping rates. In
order to get a good idea of the long-term performance of
a borehole, there is no substitute for a constant-rate test,
which is the subject of the next chapter.

Figure 4.4 Borehole deterioration

(From: Foster et al [2000]) . . . .
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Introduction

The constant-rate test is the most common type of pumping
test performed, and its concept is very simple: the borehole
is pumped at a constant rate for an extended period (from
several hours to several days or even weeks) while the water
levels and pumping rates are monitored. If the most value
is to be gained from constant-rate tests, water levels should
be monitored in an observation borehole as well as in the
pumping borehole (or better still, several observation bore-
holes at different distances from the pumping borehole). As
this is rarely possible in most places where the ICRC oper-
ates, the present guidelines concentrate on what to do with
the data obtained from the pumping well alone. Data from
constant-rate tests can be analysed to derive the transmis-
sivity of the aquifer. The storage coefficient of the aquifer
can be calculated only if data from observation boreholes
are available, which is assumed not to be the case here.

Equipment and limitations

The equipment necessary for conducting a constant-rate

test is as follows:

—> A motorized pump complete with power supply, ris-
ing main, valves and discharge pipes. Particular care
needs to be taken with the discharge arrangements
for constant-rate tests, especially if the test is going to
last for several days. Make sure that the water will not
recirculate back into the borehole or create a nuisance
by accumulating in or flowing to an inconvenient loca-
tion. Discharging into a natural flow channel at some
distance from the borehole is usually the best option.

—> A stopwatch to measure the time of pumping and
recovery.

= A dipper to measure the water levels. If available, a
transducer with built-in datalogger is very valuable,
because it continues to collect data while the people
responsible for manual dipping are resting.

—> A method of measuring the pumping rate (bucket and
stopwatch, flow gauge, or weir tank).
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- A notebook, or a standard form, and a pencil, to record
the test data.
- Semi-log graph paper and a ruler to plot the results.

Richard Boak
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Picture 12: Discharge into surface-water channel

The two main decisions to make with a constant-rate test

are the pumping rate and the length of the test:

- Pumping rate: Typically, the chosen pumping rate is
equal to the intended operational pumping rate when
the borehole is fully commissioned, although some
hydrogeologists prefer to set the test pumping rate
25-50% higher than the intended operational pump-
ing rate. Information from a step test is very helpful
in deciding this pumping rate. The chosen rate also
depends on how the borehole is going to be operated.
Some boreholes are pumped at a high rate to fill up a
storage tank or reservoir in a relatively short period,
and then the water is used gradually (by gravity) from
storage. The pumping rate for the test can either be the
actual pumping rate when the pump is switched on,
or the average long-term pumping rate (including the
operational non-pumping periods). If the focus of the
test is on long-term sustainability, then it would be bet-
ter to use the average pumping rate.
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Box 5.1 Pump performance

The discharge rate of a centrifugal pump depends on several factors,
such as power and efficiency; the most important factor, however,

is the total hydraulic head against which the pump is working. Total
head includes static head and friction losses in the pumping and
discharge system. During a pumping test in a borehole, as the water
level in the borehole falls, the total head that the pump is working
against will increase, and the discharge rate will fall. This relationship
is illustrated by pump-performance curves, which can be defined
for each type of pump (and can usually be provided by the pump
manufacturer). The practical relevance of undertaking pumping tests
is that it can be difficult to maintain a constant discharge rate if the
total head changes significantly, which is inevitably the case during
most pumping tests, especially at the start of the test. Careful pump
selection is the best solution, so that the pump is not operating at
the extremes of its performance. Under given operating conditions,
a pump will tend towards a preferred operating point (see diagram
below), where the pump-performance curve intersects with the

system curve (representing the combined hydraulic characteristics of

the intake and delivery system, including pipes and valves).

Pump curve

Head

Operating point

Operating head

System curve

Operating discharge

Pump discharge

- Length of test: Ideally, a constant-rate test should be
long enough for the water level to reach or at least
approach equilibrium. How long it takes to do this
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depends on the hydraulic properties of the aquifer.
Again, the step-test results will help in understanding
how the aquifer responds to pumping. For a small or
medium borehole, one or two days should be sufficient,
but for a large borehole expected to supply a large pop-
ulation, one or two weeks are common.

Many aquifers behave differently in the wet season com-
pared with the dry season; if possible, constant-rate tests
should therefore take place at the relevant time of year. For
example, if the borehole is intended as a source of water for
critical drought periods, then it should be tested during the
dry season, otherwise a false impression will be gained of
the aquifer’s performance. Another good reason to conduct
a test during a dry period is that the groundwater levels
may be influenced by recharge from heavy rainfall, which
makes it more difficult to interpret the test results.

Maintaining a steady pumping rate during a constant-
rate test is sometimes a problem, especially if the chosen
pumping rate results in a large drawdown. This is because
for centrifugal pumps (the most commonly used type
of pump) there is a relationship between pumping rate
and pumping head; see Box 5.1 for more information.
Incidentally, the pump must be set at a depth that is sev-
eral metres below the deepest water level expected during
the test.

Constant-rate test procedure

Assuming that all the equipment is ready and people have

been assigned their tasks, the procedure for conducting a

constant-rate test is as follows:

1. Choose a suitable local datum (such as the top of the
casing) from which all water-level readings will be
taken, and measure the rest-water level. The water level
must be at rest before the start of the test, so the test
should not be conducted on a day when the borehole
is being drilled or developed, or when the step test is
taking place.
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2. Open the valve to the appropriate setting and switch
the pump on, starting the stopwatch at the same time.
Do not keep changing the valve setting to achieve a
particular pumping rate (a round number in litres per
minute, for example). Rather, aim for an approximate
rate and measure the actual rate (see 4) below).

3. Measure the water level in the borehole every 30 sec-
onds for the first 10 minutes, then every minute until
30 minutes have elapsed, then every 5 minutes until 2
hours have elapsed. After 2 hours, observe how quickly
the water level is still falling, and decide an appropri-
ate frequency for water-level readings until the end of
the test. If the water level is falling very slowly, then a
reading every 30 minutes or even every hour may be
sufficient. If the test is to continue for several days,
review the measurement frequency depending on the
behaviour of the water level. If you miss the planned
time for a water-level reading, write down the actual
time the reading was taken. Record all the readings on
the standard form (Annexe E).

4. Measure the pumping rate soon after the start of the
test, and then at intervals during the test (every 15
minutes would be reasonable for the first few hours,
then decide a suitable frequency for the remainder of
the test). If there is a noticeable change in the rate of
increase of drawdown, or if the pump sounds different,
then measure the pumping rate at those times as well.
If the pumping rate changes significantly (say by more
than 10%), then adjust the valve setting to maintain as
steady a pumping rate as possible throughout the test,
but be careful not to over-adjust and make the prob-
lem worse.

5. At the end of the test, switch the pump off, note the
time (or restart the stopwatch), and measure the water-
level recovery at the same measurement intervals as
for measuring the drawdown. Continue until the water
level has recovered to the pre-test level, or at least
approaches that level. See the next chapter for a full
explanation of the recovery period.
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If there is a problem during the test, such as an interrup-
tion to the power supply or a pump failure, then use your
judgement, depending on when the problem occurs and
how long it is likely to last. For example, if something goes
wrong in the first few minutes, wait for the water level to
recover and start again. If the failure occurs well into the
test and can be solved quickly, just restart the pump and
carry on. If it is going to take a long time to solve, it may
be better to allow full recovery of the water level and start
again. For long constant-rate tests, it is especially important
to ensure that there is an adequate fuel supply to last the
planned duration of the test.

Analysis and interpretation

The method of analysis presented here is called the Jacob

(sometimes referred to as the Cooper-Jacob) straight-line

method, which is based on a simplification of the Theis

method (see Annexe D for further reading on the subject).

The procedure is as follows:

1. Prepare a graph on semi-log graph paper, with water
levels on the (linear) y-axis, in metres below datum, and
time on the (logarithmic) x-axis (time since the start of
pumping, in minutes). See Figure 5.1. Note that draw-
downs can be plotted on the y-axis instead of water lev-
els, if preferred - this does not affect the analysis.

Figure 5.1 Constant-rate test analysis

Log cycle

Water level (depth) below datum

T 1
1000
Time since pumping started
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2. Plot the water levels against time for the duration of
the test. The data should plot roughly as a straight line.
Draw a best-fit line through the data, ignoring the early
data and concentrating on middle to late data.

3. From this line, measure a parameter known as As, which
is the difference in water levels (in metres) over one log
cycle (best understood by looking at Figure 5.1).

4. Calculate the average pumping rate for the duration of
the test, Q, in m*/day.

5. Insert the values of Q and As into the formula below to
calculate the transmissivity T. Make sure that the cor-
rect units have been used, in which case the units of T
will be m?/day.

T=0.183 Q/As

When a fine line was fitted to the data points in 2) above, the
early data were ignored because they tend to be affected
by the volume of water stored in the borehole itself, and the
points would probably not have fallen on the straight line.
If there are other deviations from the straight line, first look
for explanations such as sudden changes in the pumping
rate or heavy rainfall during the test. Different types of devi-
ation from the standard Jacob straight line are commonly
observed, as shown in Figure 5.2 and described below (the
figure and the explanations are taken from MacDonald et
al [2005]).

- Gradual decrease in drawdown: This occurs because
the aquifer is gaining water from another source, either
because the aquifer is leaky, or because the expanding
cone of depression has intercepted a source of recharge,
such as surface water. This is an encouraging sign for the
borehole as a sustainable water source, and the transmis-
sivity value should be measured using the data before
the leakage is observed.

- Gradual increase in drawdown: This indicates that the
aquifer properties away from the borehole are poorer
than those closer to the borehole. This can be because
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Figure 5.2 Deviations from straight line during constant-rate test
(From: MacDonald et af [2005])
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the aquifer is limited in extent (in other words, the
expanding cone of depression has encountered a
hydraulic barrier), or because shallow parts of the aqui-
fer are being dewatered. This is not an encouraging sign,
and indicates that less water is available than appeared
at first. If the test has been continued long enough (for
the data to stabilize on a new straight line), calculate the
transmissivity from the late data.

- Sudden increase in drawdown: This can result from the
dewatering of an important fracture or the interception
of a hydraulic barrier. Such behaviour is of serious con-
cern and indicates that the borehole may dry up after
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heavy usage or during the dry season. All is not lost,
however, as the borehole may still be usable, at a lower
pumping rate.

During a constant-rate test, it is worth roughly plotting the
data in the field as the test proceeds, in case these devia-
tions are observed. Decisions can then be made about
extending or shortening the planned test length, or trying
a different pumping rate.

We have now calculated a transmissivity value in m?/day,
but the question is, what does that value mean? Is a value
of 10 m*day good or bad? The answer mainly depends on
what the intended yield of the borehole is. MacDonald et al
(2005) carried out modelling using typical assumptions and
parameters applicable to emerging countries, and came to
the conclusion that for a borehole supplying 5,000 litres per
day (20 litres per person for 250 people), the transmissivity
value of the aquifer should be at least 1 m*/day. An aquifer
with a transmissivity value of 10 m?/day would be capable
of yielding around 40,000 litres per day. By comparison, a
public water-supply borehole in a typical sandstone aquifer
in England capable of yielding about two million litres per
day would have a transmissivity value of 300 to 400 m?/day
when tested. Highly productive aquifers, capable of sup-
porting major abstractions, can have transmissivity values
of 1,000 to 2,000 m%/day.

In fact, a calculated transmissivity value is most useful for
comparison with other boreholes in similar hydrogeo-
logical environments or geographical areas. This is why it
is important to keep good records of pumping tests. An
overall picture of groundwater development potential in
a certain region can be built up from the results of many
tests, ideally plotted on a map. As with all mathematical
equations, the method of analysis described here should
not be applied blindly. Comparison with other tests should
give an idea of whether or not the results of a particular
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test are reasonable. If the calculated transmissivity value is
orders of magnitude different from the typical values men-
tioned above, it is probably because the wrong units have
been used for input to the equation, and these should be
double-checked.

Unfortunately, there is no magic formula to predict the
maximum yield of a borehole from parameters such as
transmissivity. In practice, the long-term sustainable yield
of a borehole depends on many factors, including: regional
hydrogeology (aquifer boundaries, recharge, seasonal vari-
ations in water level, etc.); the way the borehole is operated
(intermittent or continuous pumping); the impact on the
environment and whether other sources of water are being
affected by the abstraction. Data from individual pumping
tests should be assessed alongside background informa-
tion and long-term monitoring to build up a picture of how
a borehole behaves.
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Introduction

The recovery test is not strictly a pumping test, because it

involves monitoring the recovery of the water level after

the pump has been switched off. We have already come
across it in the final stages of the procedures for undertak-
ing step tests and constant-rate tests. It has been given

a chapter to itself because recovery data are not always

given the attention they deserve. Recovery tests are valu-

able for several reasons:

= They provide a useful check on the aquifer character-
istics derived from pumping tests, for very little extra
effort — just extending the monitoring period after the
pump has been switched off.

- The start of the test is relatively ‘clean! In practice, the
start of a constant-rate test, for example, rarely achieves
a clean jump from no pumping to the chosen pumping
rate. Switching a pump off is usually much easier than
starting a pump, and the jump from a constant pump-
ing rate to no pumping can be achieved fairly cleanly.

- Similarly, recovery smoothes out small changes in the
pumping rate that occurred during the pumping phase,
and there is no problem with well losses from turbulent
flow. This results in more reliable estimates of aquifer
properties when the recovery data are analysed.

—> The water levels in the borehole are easier to measure
accurately in the absence of turbulence caused by the
pumping (especially in the early stages of the test, when
water levels are changing quickly). Some people find
that it is easier to take readings quickly with a dipper
when the water level is rising than when it is falling.

—> Recovery tests represent a good option for testing oper-
ational boreholes that have already been pumping at a
constant rate for extended periods. In these cases, the
recovery test can be performed when the pumps are
first switched off, followed by a constant discharge test
when the pumps are switched back on again.
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Equipment and limitations

The equipment required for a recovery test is very simple (if

we ignore the fact that all the pumping equipment is still

in place from the pumping period that immediately pre-

ceded the recovery test):

- A stopwatch to measure the time of recovery.

- A dipper to measure the water levels (or a transducer
with built-in datalogger, if available).

- A notebook, or a standard form, and a pencil, to record
the test data.

- Semi-log graph paper and ruler to plot the results.

Ideally, the duration of the recovery test should be as long
as is necessary for the water to return to its original level,
which, theoretically, would be as long as the duration of the
pumping phase of the test programme. In practice, how-
ever, the recovery test is often shorter, partly for reasons
of cost (keeping equipment and personnel on the site). It
should not be too short however, because as described in
relation to the constant-rate test, the data from the early
part of the test are affected by well storage. If the data from
the constant-rate test have been roughly plotted in the
field on semi-log graph paper, this will give some idea of
the length of time before the data become useful for cal-
culating transmissivity (when they fall on a straight line).

The pump should not be removed from the borehole while the
recovery test is taking place, because the sudden removal of
the submerged volume of the pump and rising main will cause
a sudden change in the water level in the borehole. For a simi-
lar reason, there must be a non-return valve (called a foot-valve
in this context) at the base of the rising main. In the absence
of a foot-valve, when the pump is switched off, the contents
of the rising main will flow back down into the borehole and
cause a sudden change in the water level in the borehole.
Having said that, unless the foot-valve can be opened from
the surface, the rising main will be full of water, and therefore
heavy, when it is removed from the borehole. Thus, it may not
always be practicable to carry out a recovery test.
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In theory, the recovery curve should be a mirror image of
the drawdown curve, as long as it is measured from the
extension to the drawdown curve. This is illustrated in
Figure 6.1, which also introduces the concept of residual
drawdown (s), the difference between the original water
level before the start of pumping and the water level meas-
ured at a time (t') after the pump was switched off.

Figure 6.1 Explanation of recovery-test terminology
(From: Kruserman and de Ridder [1990])

t

i

0

S s is the drawdown
l (increasing with time)

s’ is the residual drawdown
(decreasing with time)

Pumping period

Recovery period

In practice, the water level may not actually recover to the

original rest level for a variety of reasons, such as:

- The aquifer might be of limited extent with no recharge
having taken place, in which case the recovered rest-
water level may be lower than the original one (con-
versely, if recharge occurs during the test, recovery may
occur sooner than expected).

—> Some confined aquifers are not perfectly elastic, so they
behave differently on recovery (they have a different
storage coefficient).

- In unconfined aquifers, air may be trapped in pore
spaces on rewetting of the dewatered portion of the
aquifer.
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Recovery-test procedure

The procedure for undertaking a recovery test is as follows:

1. Switch the pump off and start the stopwatch at the
same time.

2. Measure the water level in the borehole in the same
way as for the start of the pumping test, that is, every 30
seconds for the first 10 minutes, then every minute until
30 minutes have elapsed, then every 5 minutes until 2
hours have elapsed. After 2 hours, observe how quickly
the water level is still rising, and decide an appropri-
ate frequency for water-level readings until the end of
the test. If the water level is rising very slowly, then a
reading every 30 minutes or even every hour may be
sufficient. If you miss the planned time for a water-level
reading, write down the actual time the reading was
taken. Record all the readings on the standard form
(Annexe E). Make sure the same datum is used for meas-
uring water levels as for the pumping phase.

Analysis and interpretation

Methods of analysis for recovery tests are supposed to be

used only if the pumping was at a constant rate during

the pumping phase, with the water level at or approach-
ing equilibrium. Recovery data following an extended
constant-rate test are therefore preferable (as opposed to
after a step test). As before, a simple analytical method will
be presented here; the reader is referred to the reading list

(Annexe D) for more complex methods. The procedure for

analysing recovery data is as follows:

1. Take all the water levels measured during the recov-
ery phase (in metres below datum) and convert them
to residual drawdowns (s') by subtracting the original
rest-water level measured just before the start of the
pumping phase.

2. The time elapsed since the start of the recovery phase
(in minutes) is denoted by t' For all the residual draw-
downs, calculate t, which is the time elapsed since the
very start of the pumping phase of the test (in minutes,
asillustrated in Figure 6.1). For example, if the pumping
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Figure 6.2 Recovery-test analysis

1

Residual Drawdown (")

10

phase was 600 minutes long, for recovery readings
taken at times t of 1, 10 and 100 minutes, the respec-
tive times t would be 601, 610 and 700 minutes.

For all these pairs of times, divide t by t".

Prepare a graph on semi-log graph paper, with residual
drawdown s’on the (linear) y-axis, in metres, and t/t'on
the (logarithmic) x-axis. See Figure 6.2.

100 1000 14

Log cycle

5. Plot s’ against t/t’ for the duration of the test, noting

that time runs from right to left on this graph. The data
should plot roughly as a straight line. Draw a best-fit
line through the data, ignoring the early data (those on
the right-hand side) and concentrating on middle to
late data. Under normal circumstances, the line should
trend towards t/t'=1 when s’=0.

From this line, measure a parameter known as As’, which
is the difference in residual drawdowns (in metres) over
one log cycle (best understood by looking at Figure 6.2).
Calculate the average pumping rate for the duration
of the pumping phase of the test, Q, in m3/day. This
should already have been done during the analysis of
the constant-rate test.
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8. Insertthe values of Qand As’into the formula below to cal-
culate the transmissivity T. Make sure that the correct units
have been used, in which case the units of Twill be m*/day.

T=0.183 Q/As’

As in the analysis of data from the constant-rate test, the early
data were ignored because they tend to be affected by the
volume of water stored in the borehole itself, and the points
will probably not fall on the straight line. Several types of devi-
ation from the straight line are commonly observed, as shown
in Figure 6.3 and explained briefly below.

Figure 6.3 Deviations from straight line during recovery test
(From: MacDonald et af [2005])
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- Well-storage effects: The water level does not recover
as quickly as it should do in theory, because water is
required to fill up the volume of the borehole itself.

- Leakage from other aquifers: The aquifer being tested is
receiving water from other aquifers or aquifer layers by
vertical leakage.

- Cascading fracture: As the water level recovers, it even-
tually submerges a fracture from which water was cas-
cading (when the water level was below the fracture).

- Dewatered fracture: The rate of recovery is affected
by the fact that a fracture was dewatered during the
pumping phase.

- Very low-yielding: The recovery is very slow, and likely
to be dominated by the need to fill up the volume of
the borehole.

There are other ways in which the line on the graph can
differ from what was expected, if real aquifer conditions are
different from theoretical conditions: these are illustrated
in Figure 6.4.

Figure 6.4 Differences between real and theoretical aquifer conditions
(After: Driscoll [1986])
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Todd (1980) points out that the initial recovery rate of a
borehole after pumping stops can be a way of recognizing
an inefficient borehole. If the borehole is inefficient, the well
losses will be large, and this component of the drawdown
will recover rapidly by drainage into the borehole from the
aquifer. Todd’s rough rule of thumb is: if a pump is shut off
after 1 hour of pumping and 90% or more of the drawdown
is recovered after 5 minutes, then it can be concluded that
the borehole is unacceptably inefficient.

As mentioned at the end of the previous chapter, the
method of analysis described here should not be applied
blindly, and comparison with other tests (particularly the
constant-rate test immediately preceding the recovery
test) should give an idea of whether or not the results are
reasonable.

Bailer test

The bailer test is a special type of test designed to be per-
formed by hand with simple equipment (a motorized pump
is not needed). Its results can be analysed with a minimum
of training to gain an idea of whether or not a borehole is
likely to be successful when equipped with a hand-pump.
It is mentioned here because the analysis is done using the
recovery data. The bailer test is unlikely to be used very
often by ICRC WatHab engineers, but full details are given
in Annexe F for information. It may be the only test that it is
possible to conduct in very remote locations, or in aquifers
of very low permeability.
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Large-diameter wells

One of the assumptions built into the theory behind nearly

all methods of analysing test-pumping data is that the vol-

ume of water stored in the borehole or well itself is neg-
ligible. When describing the analysis of constant-rate and
recovery tests in earlier chapters, we pointed out that data
from the early stages of a test are often affected by storage,
and should not be included in the analysis. For large-diam-
eter wells, however, the assumption of negligible storage
breaks down completely, and it becomes very difficult to
analyse pumping-test data meaningfully (certainly without

a computer). Conducting pumping tests in large-diameter

wells is difficult from a practical point of view as well since,

unless a high-capacity pump is used, it is difficult to induce
sufficient drawdown in a short time, and the behaviour of
the water level is dominated by the large storage volume.

The most practical approach when dealing with large-

diameter wells is to concentrate on the following:

- Local knowledge: With the help of the local community,
try to derive approximate yield information by count-
ing the number of containers (of known volume) that
are filled from the well every day. How does the water
level respond to this level of abstraction? Can water be
collected at any time of day, or does the well have to be
allowed time to refill? How does this behaviour change
during the dry season? What are typical wet and dry
season rest-water levels? Use a simplified version of the
performance diagram (Figure 4.3) to summarize and
visualize the information.

- Recovery rate: Pump water from the well as quickly as
possible until the well is nearly empty, then monitor the
way in which the water level recovers (using a dipper
and stopwatch). Using an estimate of the dimensions of
the well, an approximate ‘yield’ can be derived, in [vol-
ume] per [time]. Of course, this test must be carried out
with the agreement of the local community, so that they
are not deprived of their water source at a critical time. It
would be wise to discharge the water in such a way that
it can be used, and is not wasted.
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Choice of pumping test

Faced with a particular borehole or well, what type of
pumping tests should a WatHab engineer conduct? This
question has been left to the final chapter, because the
answer depends on all the factors, assumptions, limita-
tions, equipment constraints, methods of analysis and
uncertainties that have been discussed throughout these
guidelines. Table 7.1 gathers all the important information
in one place, and thus serves as a quick-reference guide for
WatHab engineers.
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Table 7.1 Guide for selecting pumping tests in different situations

Type of test

Step test

Parameters derived
from the test (using
simple methods of
analysis)

Specific drawdown.
Specific capacity.
Qualitative
assessment of
borehole performance
(yield-drawdown).
Pumping rate for
constant-rate test.

Typical length
of the whole test

1 day

Limitations of the test

Must be able to vary the
pumping rate.

Not very good at
predicting long-term
aquifer behaviour.

Constant-rate

Aquifer transmissivity.

From 1 or 2 days

Difficult to keep the

test Storage coefficient, if up to 1 or 2 weeks : pumping rate constant.
observation borehole Aquifer parameters
available. may be different in wet
Qualitative assessment season compared to dry
of ability to maintain season.
the planned yield. Must have a good
discharge system.
Recovery test  Aquifer transmissivity.  Several hours There must be a foot-
Qualitative assessment : to several days valve fitted to a rising
of well losses (related to main.
borehole efficiency). Pump cannot be
removed during test.
Bailer test Qualitative assessment : Several hours Water level should be

of whether or not the
borehole is capable
of supporting a
hand-pump.

shallower than about
15-20 m.

Not suitable for high-
permeability aquifers or
large diameters.
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Applicability to certain situations

Small borehole
(to be fitted with a hand-
pump)

Applicable if a pump is
used that is suitable for
low pumping rates (and
the pumping rate can be
varied).

Medium borehole
(motorized pump,
serving a medium-sized
community)

Applicable, and
recommended, if a suitable
method of varying the
pumping rate is available.

Large borehole
(motorized pump,
serving a large
community)

Highly applicable, and an
essential part of the test-
pumping programme.
Repeat the test to detect
changes in performance.
Will probably need a
contractor.

Applicable if a constant
pumping rate can be
maintained with a small

pump.

Highly applicable, and an
essential test to conduct.
Pumping rate must be

at or above the intended
operational rate.

Highly applicable, and an
essential test to conduct.
Pumping rate must be

at or above the intended
operational rate.

Will probably need a
contractor.

Applicable if a constant-rate
test has been conducted.
Bailer test (below) is a form
of recovery test.

Highly applicable, and
recommended, as a
complement to the
constant-rate test.

Highly applicable, and an
essential test to conduct
after the constant-rate test.

Highly applicable. In fact,
the bailer test is specifically
designed for this type of
borehole.

Not applicable

Not applicable
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Managing contractors

With the right training, experience and equipment, all the
tests described in these guidelines can be carried out in-
house by the ICRC. However, we recognize that it may be
necessary to employ specialist contractors to undertake
some pumping tests, especially tests on large boreholes
involving high pumping rates or long periods of pumping.
The practical procedure for conducting and analysing a
pumping test is essentially the same whether it is carried
out in-house or by a contractor. For a WatHab engineer in
the position of commissioning and supervising an external
contractor, Annexe G contains a checklist of things to look
out for, presented as a series of questions. Note that not
all the questions are applicable to every situation. Annexe
G also contains another list, with many of the checklist
questions rephrased as statements that the WatHab engi-
neer can include (if applicable) in a contractor’s terms of
reference.

Common mistakes

The most common mistakes made while test pumping

include the following:

- Not finding out in advance whether there is access
through the borehole headworks for the monitoring
equipment or for a temporary pump.

- Choosing the wrong-sized pump for the test. Too small,
and it may not be capable of imposing sufficient draw-
down. Too big, and the pump may run dry.

- Not installing the pump deep enough in the borehole,
so that the pump runs dry before the test is finished.

- Installing the pump too deep in the borehole, so that
there is insufficient space between the pump intake
and the base of the borehole.

- Insufficient fuel available (if a generator is being used),
so that the test is interrupted.

—> No spare batteries for the dipper and other monitoring
equipment.

- Not experimenting with pumping rates in advance, so
that it takes several attempts to achieve a steady rate.
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- Discharging water too close to the borehole being
tested, so that it recirculates down the borehole.

— Water levels being influenced by other abstractions,
tides or heavy rainfall during the test, making test
interpretation very difficult.

- Conducting the test at the wrong time of year
(conditions too wet or too dry).

- Different people using different measuring datums,
so that water-level results are not consistent.

- Forgetting to bring essential equipment to a remote
site, or taking equipment that has not been tested or
is not functioning correctly.

- Not familiarizing yourself with the equipment in
advance (not knowing how to operate it correctly).

- No foot-valve installed on the rising main, so that the
recovery-test results are affected.

All these mistakes can be avoided with careful planning
and preparation, for which the checklist in Annexe G is a
useful aide-mémoire.

Long-term monitoring

Finally, a few words on long-term monitoring. The value
of background information and historical water levels was
emphasized in Chapter 3, in the context of planning pump-
ing tests. The same principle applies when looking to the
future. Itis very difficult to fully understand a groundwater
system or a particular water source just on the basis of a
relatively short test-pumping programme. Even a con-
stant-rate test lasting several weeks is short in compari-
son to the operational life of the borehole. Groundwater
is often slow to respond to ‘events’ such as recharge and
abstraction, and long-term data on water levels and pump-
ing rates are essential for gaining a full understanding of
the ‘efficiency’ or optimal production yield of a particular
borehole or well. It is strongly recommended that a long-
term monitoring programme be established, based on the
following practical advice:
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Picture 13: Marking the local . . .
datum by annotating photo —> Keep good records, with each borehole clearly identi-

fied by a unique name or reference number, and all
data, information, photos, field notes, and reports about
a borehole clearly referenced, to avoid confusion.

—> When monitoring water levels, make sure that the same
datum is used every time (for quoting water level, in
metres below datum), especially if different people
carry out the monitoring. Mark the datum clearly, or
identify it in a photo or diagram. If the datum changes
unavoidably, then record the fact, and adjust the water-
level data accordingly.

- For all monitoring parameters, make sure the units are
specified, and be careful when converting units for
calculations.

- Use a borehole-performance diagram (as in Figure 4.3)
as a tool for summarizing and visualizing long-term
monitoring data as well as one-off test-pumping data.

—> When constructing new boreholes or rehabilitating
existing boreholes, make sure that the design includes
access points for future tests.
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Annexe A Glossary

Abstraction: Removal of water from groundwater or sur-
face water, usually by pumping.

Aquiclude: Geological formation through which virtually
no water moves.

Aquifer: Sub-surface layer or layers of rock or other geolog-
ical strata of sufficient porosity and permeability to allow
either a significant flow of groundwater or the abstraction
of significant quantities of groundwater.

Aquitard: Poorly permeable geological formation that
does not yield water freely, but which may still transmit
significant quantities of water to or from adjacent aquifers.

Cone of depression: Depression in the water table or
piezometric surface around a groundwater abstraction
(approximately cone-shaped, centred on the abstraction).

Confined aquifer: Saturated aquifer that is isolated from
the atmosphere by an overlying impermeable formation
(an aquiclude).

Derogation: Abstraction of water that affects the ability of
an adjacent abstractor to obtain as much water as previ-
ously, or that increases the drawdown required.

Drawdown: The vertical distance between the static water
table or piezometric surface (rest-water level) and the sur-
face of the cone of depression.

Hydraulic conductivity: A measure of the rate at which
water can flow through a porous medium (transmissivity is
hydraulic conductivity multiplied by saturated thickness).

Laminar flow: Water flowing smoothly in thin layers, with
no intermixing between the layers.
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Leaky aquifer: An aquifer, sometimes referred to as semi-
confined, whose upper (or lower) boundary is an aquitard.

Porosity: The proportion of a rock or sediment mass that
consists of voids or pores; the groundwater resides in or
flows through these pores.

Recharge: The process by which water (usually originating
as rainfall) is added to groundwater, or the amount of water
added to groundwater in a given period.

Recovery: The period after a borehole pump is switched
off, during which the water returns to its rest level.

Specific capacity: The quantity of water a given borehole
can produce per unit of drawdown.

Storativity: A dimensionless measure (also known as stor-
age coefficient) of the amount of water released from or
taken into storage in an aquifer per unit surface area for a
unit change in hydraulic head.

Transmissivity: A measure of the ease with which water
can flow through a saturated aquifer (the product of
hydraulic conductivity and saturated thickness).

Turbulent flow: Water flowing in such a way that water
particles follow irregular paths and intermix completely.

Unconfined aquifer: Aquifer in which the water table is
exposed to the atmosphere through unsaturated overly-
ing material.

Water table: The surface of a body of unconfined ground-
water where the pressure is equal to the atmospheric
pressure.

The reader is referred to the bibliography (Annexe D)
for more information on all of these terms.
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Annexe D References and further reading
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Todd D. (1980). Groundwater Hydrology. Second edition,
Chichester, John Wiley & Sons.
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FURTHER READING

Conducting pumping tests on boreholes and wells has

long been a standard technique for investigating borehole

characteristics and aquifer properties, and much has been
written on the subject. In particular, the reader is referred
to the following publications:

- BS ISO 14686:2003, Hydrometric Determinations. Pump-
ing Tests for Water Wells. Considerations and Guidelines
for Design, Performance and Use. This is the updated Brit-
ish Standard code of practice for test pumping of water
wells, and it provides good descriptions of how to plan,
carry out, and present the data from pumping tests.

—> Driscoll F. (2008), Groundwater and Wells, third edition,
published by Smyth Companies. Found on the book-
shelves of most hydrogeologists (at least in the ear-
lier editions), this comprehensive book gives practical
descriptions of all aspects of designing, drilling, develop-
ing, test pumping and equipping boreholes and wells.

- Kruseman G. P. and de Ridder N. A. (1990), Analysis
and Evaluation of Pumping Test Data, second edi-
tion, published by the International Institute for Land
Reclamation and Improvement. This is the standard
textbook on analysing and evaluating pumping-test
data, covering all conditions: confined, unconfined,
leaky, steady-state, unsteady-state, anisotropy, multi-
layered systems, partial penetration, etc. It includes case
studies.

For general coverage of all aspects of hydrogeology, there
is a growing body of literature and many books from which
to choose. The following is a useful selection:

- Brassington R. (2007), Field Hydrogeology, third edition,
published by John Wiley & Sons. A popular textbook,
concentrating on practical methods for hydrogeologi-
cal fieldwork; it includes a chapter on test pumping.

- Fetter C. (2001), Applied Hydrogeology, fourth edition,
published by Pearson Education. A good textbook for
those who want a more mathematical approach to
hydrogeology, and more about water chemistry.
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- Freeze R. and Cherry J. (1979), Groundwater, published
by Prentice-Hall. One of the best-known textbooks on
groundwater, this has become a classic.

- Price M. (1996), Introducing Groundwater, second edi-
tion, published by Chapman & Hall. Very accessible
introductory textbook on groundwater; includes a sec-
tion that discusses pumping tests against the theoreti-
cal background of groundwater hydraulics.

- Todd D. and Mays L. (2005), Groundwater Hydrology,
third edition, published by John Wiley & Sons. Updated
version of a classic textbook that is easy to read and
informative, and still widely quoted as an authority.

Here are a few books on hydrogeology in Africa:

- Adelana S.and MacDonald A. (eds) (2008), Applied Ground-
water Studies in Africa, published by Balkema. This is
No. 13 in a series of selected papers on hydrogeology
from the International Association of Hydrogeologists.
Chapter 9 contains a particularly useful paper on the
subject of African hydrogeology and rural water supply,
including a summary of the groundwater potential of
the main hydrogeological environments.

—> MacDonald A., Davies J., Calow R. and Chilton J. (2005),
Developing Groundwater, published by Practical Action
Publishing. Referenced several times in these guide-
lines, it is a welcome addition to the literature, providing
very practical advice.

- Wright E. P. and Burgess W. G. (eds) (1992), The Hydro-
geology of Crystalline Basement Aquifers in Africa, Special
Publication No. 66, Geological Society of London. A col-
lection of papers reporting research carried out mainly
in Malawi and Zimbabwe.
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Finally, here are some websites that contain useful
information:
- www.iah.org
(International Association of Hydrogeologists)
- www.groundwateruk.org (UK Groundwater Forum)
- www.igrac.nl (International Groundwater Resources
Assessment Centre)
- www.whymap.org (Worldwide Hydrogeological
Mapping and Assessment Programme)
- www.africanwater.org (African Water Page)
- www.worldbank.org (search under GW-MATE
for the World Bank briefing note series)
—> www.ramsar.org (Ramsar Convention on Wetlands)

Annexe E Standard forms

Annexe E contains standard forms for recording the
following:

- Basic borehole information

- Step-test data

- Constant-rate-test data

- Recovery-test data

Print or photocopy as many blank forms as needed.
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Basic borehole information form

Borehole name:

Name of person completing form:

Date of form completion:

Borehole location:
(village, parish, district, etc.)

Grid reference or latitude/longitude:

Total borehole depth:

Borehole diameter:

Borehole construction:
(describe what is known about casing,
screen, gravel pack, etc.)

Type of pump installed:

Depth of pump intake:

Any other relevant information:

Sketch map of borehole location:
(showing landmarks like buildings, fences, trees, roads, and, if applicable,
locations of other boreholes or water features in the area)
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Step-test data form

Borehole name:

Borehole location:

Date of test:

Name of person completing form:

Rest-water level (m below datum):

This step number:

Start time of this step:

Planned duration of step:

Target pumping rate for this step:

Calculated average pumping rate
for this step:

Time elapsed since Water level
start of step (min.) (m below datum)

Calculated
drawdown (m)

Pumping rate Comments

0.5
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Time elapsed since
start of step (min.)

Water level
(m below datum)

Calculated
drawdown (m)

Pumping rate

Comments

20

21

22

23

24

25

26

27

28

29

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120
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Constant-rate-test data form

Borehole name: Borehole location:

Date of test: Name of person completing form:

Rest-water level (m below datum): Start time of test:

Target pumping rate: Calculated average pumping rate:

Time elapsed since Water level Calculated
start of step (min.) (m below datum) drawdown (m) Pumping rate Comments

0.5

20

21
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Time elapsed since
start of step (min.)

Water level
(m below datum)

Calculated
drawdown (m)

Pumping rate

Comments

22

23

24

25

26

27

28

29

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120
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Recovery-rate-test data form

Borehole name:

Borehole location:

Date of test:

Name of person completing form:

Original rest-water level (m below datum):

Start time of recovery:

Average pumping rate during pumping period:

Length of pumping period (minutes):

Time elapsed since start
of recovery t'(min.)

Water level
(m below datum)

Calculated residual
drawdown s’ (m)

Time since start of
pumping, t (minutes)  Calculated ratio t/t’  Comments

0.5

20

21
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Time elapsed since start
of recovery t’ (min.)

Water level
(m below datum)

Calculated residual
drawdown s’ (m)

Time since start of
¢ (mil

)  Calculated ratio t/t’

22

23

24

25

26

27

28

29

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120
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Annexe F Bailer test

Introduction

The bailer test is a simple test designed specifically for rural
water-supply projects in developing countries. It requires
nothing more than basic hand-held equipment, and can
be carried out after minimal training. The test consists of
removing water from the borehole with bailers to lower
the water level, and then monitoring the way in which the
water level recovers to its starting point. Similar methods
have been used for many years, often under the name of
‘slug test’ but a systematic and practical bailer-test method
has now been developed and published. Intensive testing
of the method in Nigeria by the British Geological Survey
has established that the bailer test is almost as efficient
as longer constant-rate tests in predicting the likelihood
of borehole success. Most of the material in Annexe F is
derived from MacDonald et al (2005) and (2008), who
define a ‘successful’ borehole as one that can sustain a
hand-pump serving 250 people at 20 litres per person per
day; in other words, a yield of 5 m® per day. The ICRC pre-
fers to use 8 to 10 m? per day as a yield threshold, and the
method presented here has been adjusted to correspond
to this higher threshold.

The bailer test is particularly suitable for low-permeability
aquifers, which are common throughout sub-Saharan
Africa, where only a very low abstraction rate can be sus-
tained. However, because the bailer test relies on manual
labour to pull water out of a borehole intensively for 10
minutes, it is really suitable only for boreholes in which
the water level is shallower than about 15 to 20 m below
ground. Also, it is suitable only for boreholes, as opposed
to large-diameter wells, because the water level must be
lowered sufficiently to measure changes realistically. If
the aquifer is very permeable, the drawdown may be too
small and the recovery too fast to be accurately recorded
(although in this case, the test will still have shown that the
borehole can sustain a hand-pump). More detailed analysis
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of the data from a bailer test can determine the transmis-
sivity of the aquifer, but this requires a computer program,
and is not discussed here.

Equipment

The equipment for conducting a bailer test, shown in

Figure D.1, is as follows:

- Two bailers for removing water from the borehole. A
bailer is a long cylindrical bucket that can easily fit in
the borehole and that will remove approximately 4 to 5
litres with each bail. Such a bailer can readily be made
from steel pipe in a local workshop. The volume of the
bailer can be calculated from the formula rr’h (where
mis 3.14, r is the inside radius of the pipe, and h is the
length of the pipe). For example, a bailer with an inside
diameter of 75 mm and a length of 1 m would have a
volume of 4.4 litres. A rope about 20 m long should be
attached to the top of each bailer.

- A stopwatch to measure the time of pumping and
recovery.

—> A dipper to measure the water levels.

- A notebook, or a standard form, and a pencil to record
and analyse the test data.

Stopwatch

@ Water-level
recorder

Bailers

/I 20 m rope

Figure D.1: Bailer-test equipment
From: MacDonald et al (2008)
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Bailer-test procedure

Assuming that all the equipment is ready and people have
been assigned their tasks, the bailer-test procedure con-
sists of the following steps:

1.

Choose a suitable local datum (such as the top of the
casing) from which all water level readings will be
taken, and measure the rest-water level. The water level
must be at rest before the start of the test, so the test
should not be conducted on a day when the borehole
is being drilled or developed..

Bailer A is lowered into the borehole and submerged.
The stopwatch is started the moment Bailer A is full
and starts to be hauled out of the borehole. While
Bailer A is being emptied, Bailer B is quickly lowered
into the borehole and removed as soon as it is full. This
procedure continues, alternating the two bailers, for
a duration of 10 minutes, in which time around 20-50
bails should have been abstracted (depending on the
distance to the water level). A good target to aim for
would be 40 bails in 10 minutes (one every 15 seconds);
the test results are more accurate if the rate of bailing
is fairly constant throughout the test. The people doing
the bailing need to pace themselves so that the rate of
bailing does not start too fast, then slow down as the
water level drops and the people become tired. The
total number of bails removed from the borehole dur-
ing the 10-minute ‘pumping’ period should be counted
carefully, and written down. Bailing must stop after
exactly 10 minutes.

As soon as the bailing stops, the time is noted (or the
stopwatch is reset) and the water level is measured
with the dipper every 15 seconds for 10 minutes, then
every 30 seconds for a further 20 minutes. A standard
form for recording bailer-test data is provided below.
Make sure that, in addition to the water-level data, all
the information requested is recorded, including the
volume of the bailers and the number of bails removed.
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Analysis and interpretation

The method of analysis presented here will determine
whether or not the borehole is likely to be able to sustain a
yield of 8 to 10 m? per day. To analyse and interpret bailer-
test results, follow these steps:

1.

Convert all the measured water levels into drawdowns
by subtracting the rest-water level (space is pro-
vided on the bailer-test data form for the calculated
drawdowns).

Identify the maximum drawdown (spqx), Which is cal-
culated from the first water level measured after the
bailing stops.

Using the form provided on the last page of this
annnexe, calculate the total volume of water abstracted
from the borehole during the test and the average
pumping rate for the test.

Calculate ss50, which is half of the maximum drawdown
(550 = Smax/2); also calculate s;5, which is the drawdown
when the water level has recovered to a quarter of the
maximum drawdown (575 = Smax/4).

Read from the recorded data the time when ssp and s;5
occurred (we will call these tsp and t;5 respectively).
Measure or estimate the borehole diameter. If the bore-
hole is open-hole or cased but with no gravel pack,
then the diameter is the drilled diameter. If the bore-
hole already has a gravel pack, then the effective diam-
eter of the borehole is somewhere between the casing
diameter and the drilled diameter. Since the porosity
of the gravel is usually around 30%, the diameter can
be approximated through the following calculation:
0.3 x (drilled diameter — casing diameter) + casing
diameter.

Use the pumping rate and the effective borehole diam-
eter to find the correct set of guideline values in Table
D.1 below. If the values for sy, tsp and t7s, calculated
on the basis of the test, are all less than the guideline
values in the table, then the borehole is likely to be able
to sustain a yield of 8 to 10 m* per day. If the calculated
values are all greater than the guideline values, then
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the borehole is unlikely to be able to maintain that
yield (although it may still be a useful water source if
a lower yield is acceptable). If some of the calculated
values are greater than the guideline values and some
smaller, or if they are very close to the guideline values,
then it may be advisable to test the borehole further
using a constant-rate test.

Table D.1 Guideline values for bailer-test analysis 8 to 10 m* per day

Borehole

Diameter Pumping rate (litres per minute):

100 mm : Maximum drawdown, Spmax (M) 254 381 : 508 : 6.35 : 7.62
Time for half recovery, tso (minutes) 6 6 6 6 6
Time for three-quarters recovery, 11 11 11 11 11
t75 (minutes)

125 mm : Maximum drawdown, Smay (M) 222 333 443 . 554 : 6.64
Time for half recovery, tso (minutes) 7 7 7 7 7
Time for three-quarters recovery, 16 16 16 16 16
t75 (minutes)

150 mm : Maximum drawdown, Smax (M) 1.89 : 2.84 3.78 473 5.67
Time for half recovery, tso (minutes) 9 9 9 9 9
Time for three-quarters recovery, 21 21 21 21 21
t75 (minutes)

200 mm  Maximum drawdown, Smax (M) 1.35:203: 271 339 4.06
Time for half recovery, tso (minutes) 17 17 17 17 17
Time for three-quarters recovery, 35 35 35 35 35

t75 (minutes)

(The authors are grateful to Alan MacDonald for recalculating the guideline values for a 10 m* per day threshold)
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Borehole

Diameter Pumping rate (litres per minute): 14

100 mm : Maximum drawdown, Smax (M) 35 53 7.1 8.8 | 10.6
Time for half recovery, tso (minutes) 6 6 6 6 6
Time for three-quarters recovery, 14 14 14 14 14
t75 (minutes)

125 mm : Maximum drawdown, Smax (M) 29 43 57 @ 7.1 8.5
Time for half recovery, tso (minutes) 9 9 9 9 9
Time for three-quarters recovery, 21 21 21 21 21
t75 (minutes)

150 mm : Maximum drawdown, Smax (M) 23 34 46 57 69
Time for half recovery, tso (minutes) 12 12 12 12 12
Time for three-quarters recovery, 28 28 | 28 28 28
t75 (minutes)

200 mm | Maximum drawdown, Spay (M) 1.5 ¢ 23 3.1 3.8 46
Time for half recovery, tso (minutes) 19 19 19 19 19
Time for three-quarters recovery, 46 - 47 47 | 47 @ 47

ty5 (minutes)

Table D.2 shows guideline values to indicate whether or not a borehole is likely to be able to sustain a yield of 5 m?* per day.

If Smax, tso and tys are all less than the values shown in these
tables, the borehole is likely to be successful.

If smax ts0 and tys are all much greater than the values in

these tables, the borehole is unlikely to be successful.

If some are greater and some are less, then consider con-
ducting a constant-rate test.
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Bailer-test data form

Borehole name:

Borehole location:

Date of test:

Name of person completing form:

Rest-water level (m below datum):

Start time of test:

Period of pumping (should be 10 minutes):

Number of bails removed:

Time since bailing  Water level Calculated gTime since hailing - Water level Calculated gTime since bailing | Water level Calculated
stopped (minutes)  (m below datum) | drawdown (m) ;stopped’ i )  (m below datum) : drawdown (m) ;stnpped (minutes) : (m below datum) : drawdown (m)
025 is i20
05 i85 i205
0.75 i85 in

1 i85 215
125 o in
15 f9.25 ins
175 los in
2 i975 ins
225 i0 in
25 i05 (45
2.75 in i2s
3 s (255
325 in i26
35 i i265
375 i3 Y
4 i35 i75
4.25 i1 i2s
45 i1 (285
4.75 §15 §29
5 f55 i295
5.25 16 i30
55 i165 :
5.75 7

6 iz

6.25 i

6.5 1185

675 i9

7 i195
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Bailer-test data form

Borehole name: Borehole location:

Date of test: Name of person completing form:

Calculation procedure

A =Total number of bails removed

B = Volume of each bailer (litres)

C=Total volume of water extracted (A x B) (litres)

D = Length of bailing period (minutes)

E = Average pumping rate for the test (C - D) (litres per minute)

Smax = Maximum drawdown (first drawdown after bailing stopped) (m)

s59 = Half maximum drawdown (50% recovery) (spax = 2) (m)

t5o = Time at which water level recovered to s5, (minutes since bailing stopped)

s75 = Quarter maximum drawdown (75% recovery) (Syay <+ 4) ()

t;5 = Time at which water level recovered to s;5 (minutes since bailing stopped)

Borehole diameter (mm)
Use drilled diameter if no screen and gravel pack installed. Calculate effective diameter if there is a gravel pack, in which case,
if screen diameter is F and drilled diameter is G, an approximation of effective diameter would be: 0.3(G—F) + F

For the appropriate pumping rate and borehole diameter, compare the calculated values of s ..., tso and t75 with the values given in tables D.1 and D.2 on pp. 92-93
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Annexe G Checklist when supervising contractors

No. | Item to check Notes

GENERAL

9 Certification: Can the contractor provide evidence of technical qualifications and business
registration?

> Reputation: Is there any reason to believe that the contractor has a reputation
for unreliability or unsafe practices?

g Health and safety: Does the contractor provide appropriate safety equipment
(hard hats, safety boots, etc.)?

q Training: Have all the crew employed by the contractor been properly trained to conduct
pumping tests?

5 i Is all equif intained regularly, operated correctly, and kept in good
condition?

G Sanitation: Does the contractor make sure that the test-pumping crew follow good hygiene
procedures?

5 Cleanliness: Is all equipment cleaned properly, especially after being used in contaminated
water?

0 Leakage: Is equipment provided (drip trays or absorbent mats) to collect drips
and spillages?

g Fuel storage: Are fuel and other hazardous substances stored properly at a safe distance
from the borehole?

10 Sub-contracting: Has the contractor sub-contracted any aspect of the work?

Is this acceptable?

PREPARATIONS FORTHE TEST

Objectives: Have clear objectives been set for the test? What information are you trying
to gain from the test?

n

Background information: Have you collected information on geology, the borehole,
historical water levels, etc.?

13 Borehole identity: Has the contractor confirmed that the correct borehole is being tested?

14  Type of test: Is it clear what type of test, or sequence of tests, is going to be carried out?

Monitoring water levels: Is the dipper in good condition and working properly?
Do you need a reserve dipper?

16  Datum: Has a local datum been identified and agreed for measuring all water levels?

Pumping rate: Is there a suitable method in place for measuring the pumping rate?
Isit calibrated?

18 | Other monitoring: What other parameters or water features need to be monitored?

19  Standard forms: Are there sufficient standard forms available for recording the test data?

Other boreholes: Are there any other boreholes in the vicinity that could influence the test
if they are being pumped?

20

21 Access: Is there access through the borehole head-plate for all monitoring equipment?

22 | Water quality: If applicable, is there a convenient point for taking water-quality samples?

Microbiology: If applicable, can water samples be kept cool until analysed

23
for microbiological parameters?

24 Power supply: Is a suitable power supply available? How reliable is it?

2 Generator: If a generator is being used, is sufficient fuel available for the duration

of the pumping period?
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No. | Item to check Notes

% Rising main: Is the rising main fitted with a foot-valve? Can the rising main still be removed
easily?

27 ' Valves: Is there a valve in place that can be used to control the pumping rate?

28 ' Discharge: (an the water be discharged without affecting the test (by recirculation)?

29 ' Use of water: Have arrangements been made for the discharge water not to be wasted?

7 Equipment testing: Has all the equipment been tested when in position? Is it working
properly?

3 Pump-intake depth: Has the pump intake been set well below the lowest expected water
level during the test?

2 Contamination: Is the borehole protected from dirty water running back into it during
the test?

13 Public safety: Have arrangements been made to prevent public access (especially
by children) to working areas?

o Rest-water level: Has this been measured just before the test? Was the water level stable
at the time?

5 Monitoring frequency: Is it clear how frequently the water level and other parameters are
going to be measured?

STEP TEST

% Number and the length of steps: For a step test, have the number of the steps and length
of each step been agreed?

7 Pumping rates: Have target pumping rates for each step been agreed and practised before
the test?

e Interruptions: Were there any interruptions to pumping during the steps? If so, why did

they occur?

CONSTANT-RATE TEST

39 | Pumping rate: Has a target pumping rate been agreed and practised before the test?

m Constant rate: Was the pumping rate maintained fairly constant throughout the pumping
period?

M Interruptions: Were there any interruptions to pumping during the test? If so, why did they
occur?

RECOVERY TEST

@ Foot-valve and rising main: Was the water level affected by the lack of a foot-valve
or before the removal of the pump?

AFTERTHETEST

B Contamination: Has the borehole been secured (foreign objects, animals, dirty water
cannot enter)?

44 ' Data quality: Are all the standard forms complete, with all the necessary information filled in?

s Demobilization: Are you satisfied that the test is complete and that all equipment can be
demobilized?

46  Test analysis: Did the contractor use appropriate methods to analyse the test data?

47 ' Long-term monitoring: Has a plan been made for long-term monitoring of this borehole?

48 ' Access: Has provision been made to ensure easy access for future monitoring?

o Archiving: Have the test data, records and any other notes all been copied and safely

archived?
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Statements to be included in contractors’
terms of reference

This table contains many of the questions from the check-
list above, rephrased as statements that can be used in
terms of reference or contract documents drawn up for
test-pumping contractors. They will not all be applicable in
every situation, so copy and paste as required.

Certification: Evidence of technical qualifications and business registration (such as
copies of registration certificates) should be provided.

Health and safety: Appropriate safety equipment (such as hard hats and safety boots)
must be provided for all test-pumping crew working on the site.

Training: All the crew employed by the contractor must have been properly trained in
conducting pumping tests.

Maintenance: All equipment used in the tests should be kept in good condition,
maintained regularly, and operated correctly.

Sanitation: Adequate sanitation facilities should be provided for the test-pumping
crew, and the crew should follow good hygiene procedures during the test, to avoid
contamination of the water supply.

Cleanliness: All equipment should be cleaned properly before it is used for test
pumping, especially if it has previously been used in contaminated water.

Leakage: Appropriate equipment, such as drip trays or absorbent mats, should be
provided to collect drips and spillages of fuel or other hazardous substances.

Fuel storage: Fuel and other hazardous substances must be stored properly at a safe
distance from the borehole that is being tested and other water sources in the area.

Sub-contracting: The contractor must not sub-contract any aspect of the work without
written permission.

PREPARATIONS FOR THE TEST(S)

Borehole identity: The contractor should confirm that the correct borehole is being
tested, especially if there are several boreholes in the vicinity.

Monitoring water levels: Equipment used for monitoring water levels, such as dippers
and pressure transducers, must be in good condition and working properly.
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Datum: The local datum used for measuring all water levels must be clearly identified
and recorded.

Pumping rate: The contractor should define what method is to be used for measuring
the pumping rate and what procedures are to be put in place (such as calibration) to
ensure that the measurements are accurate.

Standard forms: Whenever possible, test data should be recorded on standard forms, to
facilitate record keeping and test analysis.

Water quality: If applicable, a convenient point for taking water-quality samples should
be provided as part of the discharge arrangements for the test.

Microbiology: If samples are being taken for microbiological analysis, facilities should
be provided to keep the samples at the correct temperature until they can be delivered
to a laboratory (unless the analysis is being conducted with a field testing kit).

Generator: If a generator is being used, sufficient fuel must be provided for the planned
duration of the pumping period, to ensure that there are no interruptions to pumping.

Rising main: If a recovery test is to be conducted, the rising main must be fitted with a
foot-valve.

Valves: A suitable method of controlling the pumping rate, such as a valve, should be
provided.

Discharge: The water from the test should be discharged at a safe distance from the
borehole, so that it does not recirculate and affect the results of the test, and so that it
does not cause flooding.

Use of water: If requested, arrangements should be made for the discharge water to be
provided for local use rather than be wasted.

Equipment testing: All the equipment must be tested once it has been installed so as to
make sure it is working properly.

Pump-intake depth: The pump intake should be set well below the lowest expected
water level during the test.

Contamination: The borehole should be protected from dirty water running back into it
during the test.

Public safety: Arrangements should be made to prevent public access (especially by
children) to the work site.

Rest-water level: The rest-water level must be measured and recorded just before the
test.
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DURING THE TEST(S)

Length of test: The pumping should continue for the agreed length of time (including
individual steps during a step test) unless the contractor is instructed otherwise by the
test supervisor.

Pumping rates: The borehole must be pumped at or close to the agreed pumping
rate (including individual steps during a step test) unless the contractor is instructed
otherwise by the test supervisor.

Monitoring: Parameters such as the pumping rate and the water level must be measured
at the agreed intervals unless the contractor is instructed otherwise by the test supervisor.

Interruptions: The contractor must inform the test supervisor of any interruptions to
the pumping or monitoring, giving reasons for the interruptions and their duration.

AFTERTHE TEST(S)

Contamination: The borehole must be secured, so that foreign objects, animals, or dirty
water cannot enter.

Data quality: The standard forms should be completed neatly and legibly, with all the
necessary information filled in, and handed over to the test supervisor.

Demobilization: The equipment and crew should be demobilized only when the test
supervisor is satisfied that all testing has been completed properly.

Archiving: The test data, records and any other notes should be copied and safely
archived.



MISSION

The International Committee of the Red Cross (ICRC) is an
impartial, neutral and independent organization whose
exclusively humanitarian mission is to protect the lives and
dignity of victims of armed conflict and other situations
of violence and to provide them with assistance. The ICRC
also endeavours to prevent suffering by promoting and
strengtheninghumanitarianlawanduniversalhumanitarian
principles. Established in 1863, the ICRC s at the origin of the
Geneva Conventions and the International Red Cross and
Red Crescent Movement. It directs and coordinates the
international activities conducted by the Movement in
armed conflicts and other situations of violence.
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