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Editorial

At the time of publishing this book, we know that around the world, more than 1 billion people do
not have access to potable water and 2.4 billion people do not have access to basic sanitation faci-
lities, consequently more than 15 000 people die each day from water borne diseases!.

The Action contre la Faim International Network (ACFIN)Z2, governed by Jean-Christophe Rufin,
implements water and sanitation programs for populations in humanitarian situations. Water-supply
and sanitation conditions directly affect health and food security and are key components in the
fight against Hunger and Malnutrition. This fight leads us to work together with local vulnerable
populations, and the general public, by organising awareness campaigns each year to improve the
public knowledge about water and sanitation and the consequences it has on public health3. ACFIN
defends the right to have water accessible for everyone.

The present edition was coordinated by Hubert Sémiond and Francisco Gonzalez, respectively head
of the Action contre la Faim and Accion contra el Hambre water and sanitation departments.

This edition is the second edition of "Alimentation en eau des populations menacées", by Eric
Drouart and Jean-Michel Vouillamoz, published in 1999, that has been deeply reviewed, revised,
updated and extended, with more than 60% of new information.

The main contributors to this edition are (in alphabetical order) : Francisco Gonzalez (Curro), Jean
Lapegue, Elisabeth Lictevout, Hubert Sémiond, Alvaro de Vicente and Jean-Michel Vouillamoz. An
exhaustive list of authors is presented in the summary.

The final English version has been entirely reviewed by John Adams.

This book is the summary of more than ten years experience of project implementation in water sup-
ply, sanitation and hygiene promotion, for populations in danger. This field experience has been
strengthened and informed by the scientific research, technical development and literature review
that Action contre la Faim permanently undertakes to optimise its interventions. One of the pur-
poses of this second edition is to capture recent experiences and expertise developed by the Action
contre la Faim international network.

The present edition particularly benefited from the PhD work done on groundwater prospecting by
Jean-Michel Vouillamoz between 2001 and 2003 in collaboration between Action contre la Faim,
the Institut de Recherche pour le Développement (IRD) and the Bureau de Recherche Géologique
et Miniere (BRGM).

This work is the fruit of teamwork and of the dynamism that has driven the Water and Sanitation
department since its creation in Paris and later in Madrid, New York and London. But above all, this
book is the result of the strong commitment and creativity of the Action contre la Faim teams on
the field, national and international staff, who developed appropriate technology and approaches in
collaboration with the beneficiary communities.

1. Kofi Annan, Summit of Johannesburg (30.08.2002).
2. ACFIN include four headquarters: Paris, Madrid, London and New York.
3. Water Day ACF event’s.
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This book has come into existence thanks to the confidence shown and the resources provided by
Action contre la Faim in order to facilitate the project. Our thanks are due to all the team, and espe-
cially to Jean-Luc Bodin, who has sustained and accompanied the development of the Water and
Sanitation department since its creation and strongly encouraged and supported the first edition. The
publication and the promotion of this second edition was followed up by Frank Hourdeau.

We would also like to thank our partners from the NGO’s community and donors, with whom we
collaborate daily to implement water and sanitation programs.

The main objective of this book is to transfer our knowledge acquired from years of experience in
the field, in order to better reach the largest possible number of national and international humani-
tarian actors.

Happy reading!

Benoit MIRIBEL
Executive director
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Action contre la Faim

Action contre la Faim (formerly Action Internationale Contre la Faim) is an independent, apolitical
non-governmental humanitarian organisation which, for the last twenty five years, has waged an unre-
mitting war on hunger in crisis situations around the world.

Internationally recognised as one of the world's premier organisations in combating hunger, Action
contre la Faim intervenes in humanitarian situations involving war, famine, natural disasters and other
crises to bring help to displaced people, refugees and any other populations in danger. After the emer-
gency is over, continuity of action helps affected people recover their independence through medium
and long-term programmes. The prevention of disasters is also one of its objectives.

In order to increase its capacity for action and advocacy, Action contre la Faim developed an inter-
national network with the opening of Accion Contra el Hambre in Madrid and Action Against Hun-
ger in London and New York. This network allows intervention in more countries, the pursuit of new
areas of technical development and an enlarged human-resources potential.

From its four headquarters (Paris, London, Madrid and New York), and with its 350 international
volunteers and 4 000 national staff, Action contre la Faim focuses on rapid, effective, and highly-tar-
geted responses in all four areas intimately involved in the fight against hunger and malnutrition:
nutrition, health, food security, and water and sanitation.

A parallel aim of the organisation is to bring the world-wide problems caused by hunger sharply into
focus, to increase awareness of the fate of those civilian populations who are victims of discrimina-
tion and violence in famine-hit areas, to alert public opinion to the true causes of hunger and to prompt
the international community to take action.

If you would like to become a volunteer, to become a member of the organisation, to help by organi-
sing a “race against hunger” in your area, to enter into partnership with the organisation by sponso-
ring one of our programmes, or simply to make a contribution, you can contact us at : www.action-
contrelafaim.org

The Charter

Action contre la Faim is a non-governmental organisation. Private, non-political, non-denominational
and non-profit making , it was set up in France in 1979 to intervene in countries throughout the world.

Action contre la Faim’s vocation is to save lives by combating hunger, disease, and those crises threa-
tening the lives of healpless men, women and children.

Action contre la Faim intervenes in the following situations :

— in natural or man-made crises which threaten food security or result in famine,

— in situations of social/ economic breakdown linked to internal or external circumstances which place
particular groups of people in an extremely vulnerable position,

— in situations where survival depends on humanitarian aid.

Action contre la Faim intervenes either during the crisis itself, through emergency actions, or after-
wards, through rehabilitation and sustainable development programmes.
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Action contre la Faim also intervenes in the prevention of certain high risk situations.

The ultimate aim of all of Action contre la Faim’s programmes is to enable the beneficiaries to regain
their autonomy and self-sufficiency as soon as possible.

Action contre la Faim respects the following principles :

INDEPENDENCE

Action contre la Faim acts according to its own principles so as to maintain its moral and financial
independence.

Action contre la Faim’s actions are not defined in terms of domestic or foreign policies nor in the
interest of any government.

NEUTRALITY

Action contre la Faim maintains a strict political and religious neutrality. Nevertheless, Action contre
la Faim can denounce human rights violations that it has witnessed as well as obstacles put in the way
of its humanitarian action.

NON DISCRIMINATION
A victim is a victim. Action contre la Faim refutes all discrimination based on race, sex, ethnicity, reli-
gion, nationality, opinion or social class.

FREE AND DIRECT ACCESS TO VICTIMS

Action contre la Faim demands free access to victims and direct control of its programmes. Action
contre la Faim uses all the means available to achieve these principles, and will denounce and act
against any obstacle preventing it from doing so. Action contre la Faim also verifies the allocation of
its resources in order to ensure that the resources do, indeed, reach those individuals for whom they
are destined. Under no circumstances can partners working together with or alongside Action contre
la Faim become the ultimate benefactors of Action contre la Faim aid programmes.

PROFESSIONALISM

Action contre la Faim bases the conception, realisation, management and assessment of its pro-
grammes on professional standards and years of experience, in order to maximise its efficiency and
the use of its resources.

TRANSPARENCY

Action contre la Faim is committed to respecting a policy of total openness to partners and donors and
encourages the availability of information on the allocation and management of its funds. Action
contre la Faim is also committed to providing guarantees of proof of its good management.

All members of Action contre la Faim, world-wide, adhere to the principles of this Charter and are
committed to respect it.

Action contre la Faim XXi
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1 Global water and sanitation problem

Access to water and sanitation is one of the major challenges for the 215t century. According
to WHO (2004), 1.1 billion people across the world do not have access to safe water and 2.4 billion
people do not have access to basic sanitation facilities (see Box 1.1). As a consequence every year
around 4 million people, the majority of who are children, die from water and sanitation related
diseases.

Water is not only important for public health, but also for general livelihoods: crop production
(70 to 80% of all water used is for crop production), livestock production, industry, commerce and
daily life depend on access to water. Water-supply conditions therefore affect health, hunger, poverty
and community development.

This disastrous access to water and sanitation is due partly to a lack of infrastructure but also
to poor management that creates waste, contamination and degradation of the environment. Water
shortages may lead to tensions between individuals, communities or countries, which can evolve into
conflicts. At the same time, the demand for water is increasing due to population growth, urbanisation
(rural exodus) and industrialisation. Urbanisation has also created extremely poor sanitary conditions.

Most of these problems can be solved through comprehensive management of water resources
and demand. Water is a finite resource that must be managed with a global vision that works at three
levels: international to define rules to protect water resources and to avoid international conflicts;
national to apply defined rules and to define national water-access policies; and local to develop local
initiatives to ensure communities’ water access. Box 1.2 introduces the main commitments of the
international community regarding this issue.
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Box 1.1
Water & sanitation in the world (mainly from World Water Assessment, WHO & UNICEF, 2003).

Limited access

— 1 100 million people do not have access to safe water (drinking water).

— 2 400 million people do not have access to basic sanitation facilities (half of the world’s population), the
majority of who are in rural areas (80%).

Consequences

— 80% of disease in developing countries is related to water.

— 4 million people, the majority of who are children, die each year (more than 10 000 each day) due to
diseases related to water, sanitation and hygiene.

Aggravating factors

— By the year 2025, water needs will be increased by 20% (mainly due to population growth, urbanisation
& industrialisation).

— The reduction of water resources due to waste, erosion, desertification (global warming), overexploita-
tion and contamination.

— The uneven distribution of water resources that leads to tensions between communities and countries for
its control.

Conflicts, natural disasters, discrimination and marginalisation, destructuration® of the state and
communities, and extreme poverty exacerbate sanitary problems and may lead to humanitarian crises.

The first objective of humanitarian assistance programmes is to protect and improve the lives
of the people in these critical situations. In principle, the first interventions of a water and sanitation
programme focus on coverage of the most basic and immediate needs, while at the same time seeking
to reinforce and stabilise the foundations for development in the community, in a way that will reduce
or eliminate the risks linked to these vulnerable situations. In addition, water programmes also try to
work to establish peace and equity: community mobilisation through water supply and sanitation pro-
jects can be a means of creating social cohesion and removing tension.

2  Crises and humanitarian contexts
2.1 Typology of humanitarian contexts

Millions of people in the world find themselves in situations of crisis (displaced populations,
marginalized populations, victims of conflict etc.), see Box 1.3. As a consequence, entire communi-
ties live in a state of extreme vulnerability and their survival is constantly threatened. Humanitarian
programmes are implemented in situations where human dignity is not respected and where basic
needs are not met.

Action Contre la Faim distinguishes five types of problem that may classically lead to huma-
nitarian situations and that warrant intervention:

Open conflicts

This refers to any conflict (civil war, armed conflict between countries etc.) which has a strong
impact on the way of life of populations and which jeopardizes their survival. The main consequences
of such conflicts are:

— physical insecurity and persecution;

— the disintegration of state structures and services (electricity, sanitary infrastructure, hospi-

tals etc.);

* The word destructuration, applied to social organisations (States, communities, etc.), means the loss of struc-
ture and social cohesion and therefore results in changes infunction, relationships and capacities.
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Box 1.2
International commitments regarding water and sanitation issues.

Over the last thirty years the United Nations has been especially conscious of the significant role that water
and sanitation play in human development and it has set out to define some general plans for development:

In the conference of Mar de Plata in 1977, the United Nations declared the eighties as the International Decade
of Water and Sanitation, with a clear objective: 100% world-wide coverage of safe water and sanitation.

In 1992, the Statute of Dublin defined 4 fundamental principles:

— Fresh water is a vulnerable and finite resource, which is essential for life, development and the environment.
— Development and management of water should have a participative focus, involving the users, and those
responsible at all levels, in the management plans and the politics of water.

— Women play a fundamental role in the provision, management and safekeeping of water.

— Water has an economic value in every aspect and has to be recognised as an economic good.

In the Forum of The Hague in 2000, an attempt was made to establish an international policy for water under
the name of World Vision of Water. This policy developed three sectors: water for people, water for food and
water for nature. The principal theme, which the document develops, is the integrated management of
resources. One of its most important premises is that communities decide their own level of access to safe
water and the hygienic conditions for healthy living, as well as the economic activities for which they use the
water, and that they organise themselves to accomplish them. The most controversial recommendation is that
a price must be placed on the total cost of water services (and it recommended doing so through the users).

In 2001, Koffi Annan, Secretary General of the United Nations, recognised that access to water is a funda-
mental human need, and as such, a basic human right. Water is necessary for human dignity.

The Kyoto Forum in 2003 focused on solutions and perspectives for the future, and the two main debates
were private versus public management, and the accomplishment of the Objectives of the Millennium,
which aim is to halve the number of people without access to safe water and sanitation by 2015.

Some NGOs have criticised the World Water Forums’ initiatives because of their technocracy, lack of trans-
parency, and scant acknowledgment of the understanding and experience of local people (though in Kyoto,
there was good participation from local organisations), and mainly because they support the World Bank
strategy on the privatisation of water, itself criticised for its very commercial vision, that gives little impor-
tance to development concerns and the situation of vulnerable communities.

The Sphere Project was launched in 1997, and reviewed in 2004, by a group of humanitarian NGOs and
the Red Cross and Red Crescent movement, who framed a Humanitarian Charter and identified Minimum
Standards to be attained in disaster assistance. The Charter describes the core principles that govern huma-
nitarian action and reasserts the right of populations affected by disaster, whether natural or man-made
(including armed conflict), to protection and assistance. It also reasserts the right of disaster-affected popu-
lations to life with dignity.

The ‘Academie de I’eau” (a French NGO) also created the ‘Charte Sociale de I’eau’ (the ‘Social Charter
for Water’), in which they summarise tools and concrete actions arising from the diverse experience of com-
munity management of water.

— the sudden loss of means of subsistence/livelihoods (commercial exchanges, market access,
agricultural activities etc.);

— the weakening of internal mechanisms of regulation;

— the displacement of populations inside and/or outside of the country.

Natural disasters

This refers to the occurrence of any natural phenomenon which jeopardises the lives of popu-
lations. These phenomena can be sudden (e.g. earthquake or flood) or gradual (e.g. drought). Some
disasters are foreseeable (e.g. hurricanes), others are completely unpredictable (e.g. earthquakes).
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Box 1.3
Global picture of affected people.

— There are more than 12 million refugees in the world (ACNUR, 2002).

— There are more than 5 million internally displaced people in the world (ACNUR 2002).

— Approximately 608 million people were affected by disasters in the year 2002 (IFRC 2003).

— 842 million people (almost 800 million in developing countries), or 15% of the world’s population, are
undernourished, consuming less than 2 000 kilocalories per day (FAO 2003).

Consequences are:

— the sudden loss of means of subsistence/livelihoods (commercial exchanges, market access,
agricultural activities, sanitary infrastructure etc.);

— the weakening of internal mechanisms of regulation;

— the displacement of populations inside and/or outside of the country.

Post-crisis

This refers to the time period following a serious crisis, be it man-made or natural. The popu-
lations affected are no longer subject to the immediate threats of the crisis, but must now deal with
the resulting consequences and challenges: returning home after having been displaced, recovering
lost goods and means of production etc. The powers in place are often unable (or unwilling) to help
people recover their self-reliance, and must face their own problems of restructuring.

Destructuration

A country is in a state of destructuration when there is no officially recognized government, or
when the government does not meet its responsibilities towards the population. This can be due to a
lack of capacity (financial, structural, legitimacy issues etc.) within the state apparatus, or because of
specific political actors who are either too uninterested or too self-seeking to bring the state’s capa-
city to bear. At the same time, the international community doesn’t recognise the absence of a state
and act accordingly. As a consequence, people are left to themselves. When such is the case, violence
usually becomes widespread and social services (construction, maintenance, management of sanitary
infrastructure etc.) are at a minimum. In many cases state disintegration leads to community disinte-
gration that prevents people from coping with their traditional means.

Discrimination

This refers to a country where communities or sections of the population suffer from discri-
mination along social, cultural, ethnic, religious or racial lines. This discrimination can be the result
of policies (active or passive) implemented by a government (usually a strong state) but also by com-
munities or groups themselves. The consequences for people discriminated against can be many:

— physical and moral persecution (e.g. forced displacement);

— blockage of internal mechanisms of regulation;

— exclusion from all types of development policy.

2.2 Humanitarian situations and their evolution

Not all the situations described above lead to humanitarian crises, and the consequences of a
disaster or of a context favourable to crisis depend on the type and level of vulnerability of the affected
populations (see Figure 1.3). These conditions determine the severity and impact of each event. For
example, hurricanes of the same intensity will cause much greater loss and more damage in Central
America than in Florida, principally due to the weakness of preparedness policies and local capacities
in Central American countries. In another example, the year following the Iraqi war in 2003 did not lead
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Figure 1.1 Evolution of humanitarian situations.
A: continuum model. B: contiguum model.

to an acute humanitarian crisis as previously feared. The level of development and internal structure of
the country before the conflict allowed it to deal with the losses of the state and with local conflicts.

Analysis of the situation allows consideration of threats and vulnerabilities that may lead to a
crisis and therefore decision on, and design of, an intervention. Section 4 and Chapter 2 develop the
determination of criteria for intervention.

Crisis situations are usually complex and characterised by the interaction of various factors:
natural catastrophes and/or human conflicts are added to various socio-economic and structural pro-
blems. The resulting compounded effects are often of the greatest magnitude. A crisis can initially
arise from a sudden (quick-onset) occurrence (e.g. war, flooding) or via a slow and gradual (slow-
onset) process (e.g. economic disruption or drought). Following its original manifestation, a crisis can
then further evolve according to two possible models as explained below.

If a crisis consists of a single event, once that event is over and the more urgent needs are cove-
red, one can move on directly from an emergency phase to a recovery phase. In such a case, the aim
is to return to a state of normality similar to that prior to the crisis. This is called the continuum model
(Figure 1.1A), and it has traditionally been used in the humanitarian community to describe the linear
evolution of a crisis and response mechanisms corresponding to each phase: emergency, rehabilita-
tion and development once the situation has recovered. These phases are reflected in the strategies and
policies of many humanitarian organisations (donors and NGOs).

However, the reality is much more complex. Crises do not follow single evolutionary lines; the
causes and aggravating factors are diverse, and situations may follow a succession of emergency
phases and recovery phases, leading to cyclical crises. Populations must then face increasing levels of
insecurity and socio-economic hardship. On the other hand, the situation prior to the event is not
always a good model for recovery and it may be necessary to set other goals.
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In recognition of this complex reality, the contiguum model was later developed (Figure 1.1B).
This model incorporates the idea that in the same context, different levels in the response can coexist (the
population is not affected uniformly by the crisis), and it emphasises the idea that in the majority of cases,
the evolution of a situation is not linear (special attention needs to be paid to cyclical crises). This puts
the concept of an ‘emergency’ in a much wider framework that recognises importance of the lack of orga-
nisational capacity, and reinforces the approach of disaster preparedness and risk management.

2.3 Mechanisms of response

The mechanisms of response are various and the strategy of any intervention includes several
different kinds of response. Nevertheless, these responses can be classified as follows:

Emergency responses

The main objective is to guarantee the survival of people facing a crisis, meeting basic needs
(i.e. the most urgent). The response must be swift and effective, focusing on short-term vulnerability
reduction. Typically, following an emergency response, the general situation will still be fragile, and
a strong dependency on outside help will exist. Emergency responses are mainly appropriate in cases
of open conflicts and natural disasters.

Capacity-building and rehabilitation responses

The main objective is to help provide or restore people’s livelihood and reduce dependence on
external aid. Such interventions focus on the rehabilitation of social structures as well as the rehabi-
litation of infrastructure. In many cases, simply repairing material and social damage is not sufficient,
as conditions prior to the disaster were not adequate. The response mechanisms need to be adapted to
more self-reliant models and focus their objectives on the improvement of basic living conditions and
the reduction of the major vulnerabilities faced in the medium term. This is achieved by providing a
complete coverage of needs via self-reliant systems and so implies the participation and the empo-
werment of local structures and communities, as well as national institutions, in order to guarantee
sustainability. They are appropriate where the situation is still fragile but where there is not as great a
threat to life as in post-crisis, destructuration or discrimination situations.

Long-term interventions

These focus on structural problems, and the principal objective is the reinforcement of the
existing local capacity, with the goal of improving the living conditions of the communities in a sus-
tainable way, and respect for their rights. The participation of the communities concerned, in the defi-
nition and implementation of programmes, is central to this approach. These programmes focus on
the reduction of vulnerability in the long term. External support is kept to a minimum, and imple-
mentation is mainly done through local partners. These responses are appropriate in cases of post-cri-
sis, destructuration and discrimination.

Disaster-preparedness and risk-management programmes
These seek to reduce the impact of disasters through reducing communities’ vulnerabilities and
reinforcing their capacity for response. It includes:
— Prevention: measures and actions to avoid or remove risk (e.g. soil conservation, dam
construction and earthquake-proof constructions).
— Mitigation: measures and actions to reduce or decrease risk; increasing the capacities of
communities and decreasing their vulnerabilities (e.g.: institutional capacity-building, disaster
education and awareness raising, legislation and planning etc.).
— Preparedness: measures for planning, organising and facilitating warning systems, search
and rescue, emergency response and rehabilitation in case of disaster; strengthening the capa-
city of local actors to respond to disasters (e.g. community contingency plans).
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Disaster preparedness is appropriate when vulnerability is high and a strong likelihood of
disaster exists. It can form part of emergency, rehabilitation and development interventions, but has a
long term approach.

) Threat + vulnerability
Risk =

Response capacity

Note. — In principal, the affected population should always be closely involved in the assistance acti-
vities. However, even in some long-term projects, direct implementation with little or no involvement
of the affected population may be required for technical or contextual reasons.

2.4 Technical intervention and advocacy

Hunger, and humanitarian crises, may have a variety of causes: political, economic and natu-
ral, as presented in Section 2.1. Most of the humanitarian crises of the late 20th and early 215t centu-
ries have had a political component resulting from a failure within the political system, just as they
may have stemmed from a lack of concern by key actors, or by a blatant disregard for human rights.

As a consequence, effective humanitarian response often implies intervening both through
technical interventions in the field (including infrastructure building, education and community
strengthening, and institutional support such as involvement in national water policy development, as
Action Contre la Faim did in East Timor etc.), to meet needs created by the crises (see Section 3.2),
but also through advocacy in order to fight against the political causes of the humanitarian situation.

Advocacy aims to act on the underlying causes (often political and economic) of a crisis by bea-
ring witness and highlighting a state of affairs that is unacceptable in humanitarian terms, with the objec-
tive of creating a level of public awareness and reaction that leads to pressure on policy makers to improve
the situation. Examples of activities carried out include the collection of information (identification under-
lying political and economical causes), awareness campaigns, victim-protection programmes, institutional
lobbying, and defence of human rights, including access to water (see Section 3.2).

3  Water and sanitation programmes

Action contre la Faim’s main objective is to fight hunger and assist populations faced with life-
threatening situations.

Water is essential for life and is very often a priority for threatened communities; in addition, water
and sanitation factors are part of the underlying causes of malnutrition as presented in the Figure 1.2.

3.1 Programme objectives

The global objective of water and sanitation programmes is to guarantee access to water and
sanitation that is essential to survival and socio-economic development. In many programmes the
main concerns are sanitary risks and in these cases the objective is specifically focused on the reduc-
tion of diseases related to water and poor sanitary conditions.

This global objective can involve three aspects:

1) Covering the minimum requirements necessary for life

When a serious threat to human life exists it is necessary to meet the minimum needs for sur-
vival, i.e. a minimum access to water and vital sanitation structures.

In each situation it is necessary to carry out a specific analysis to decide which minimum stan-
dards and reference indicators will be used. The Sphere project established a set of key indicators as
a guideline, serving as reference in emergency situation (see Box 1.4 and Chapter 2). Action Contre
la Faim was involved in writing the first two versions of the Sphere handbook.
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Figure 1.2: Integrated Framework showing the contribution of water and sanitation factors
to the underlying causes of mortality and malnutrition (adapted from UNICEF, 1990).
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Box 1.4
The Sphere project.

The Sphere project is a global and interactive definition of standards designed for use in disaster response,
and may also be useful in disaster preparedness and humanitarian advocacy. It is applicable in a range of
situations where relief is required, including natural disasters as well as armed conflict.

It is designed to be used in both slow- and rapid-onset situations, in both rural and urban environments, in
developing and developed countries, anywhere in the world. The emphasis throughout is on meeting the
urgent survival needs of people affected by disaster, while asserting their basic human right to life with
dignity.

Sphere handbooks includes specific points to consider when applying the standards and indicators in diffe-
rent situations, guidance on tackling practical difficulties, and advice on priority issues. They may also
include critical issues relating to the standard or indicators, and describe dilemmas, controversies or gaps
in current knowledge. See Chapter 2, Section 1.2 for more details.

2) Reducing the risk of the spread of water, sanitation and hygiene-related diseases

In developing countries, 80% of disease is related to water and approximately 2 billion people
die each year because of diarrhoeal water and sanitation-related diseases (WHO 2003). For Action
Contre la Faim, water has to be considered in a broad public health sense, to include general sanitary
conditions and hygiene practices, mainly responsible for water contamination (faecal contamination)
and pathogen development (e.g. malaria), see Figure 1.2.

The main water, sanitation and hygiene-related diseases are presented in Chapter 2, Section 2.2.

Action Contre la Faim’s water programmes normally integrate water supply, sanitation, local
capacity building, and hygiene and environmental promotion.

3) Guaranteeing access to water as a necessary resource for food security
and socio-economic development

The means of survival and development for many communities are tightly linked to the avai-
lability of water resources (see Figure 1.2, impacts on household food security).

This dependence on water is particularly true for many rural communities who rely on agri-
culture and livestock production. For those communities these production activities depend mainly on
suitable access to water through irrigation systems or livestock water points. In arid and semi-arid
land (ASAL) regions, where livelihoods are chronically affected by droughts that cause disruption of
the economic system, the construction of appropriate water systems and the training of communities
in water-resource management can significantly decrease the vulnerability of rural populations to
water shortages.

Lack of access to water also has a strong impact on the household economy, as the cost of
water is an important part of many families’ budgets (particularly in urban and peri-urban areas). For
example, in Haiti, after the floods of December 2003 that destroyed the water-supply network of Port
de Paix, and the lack of capacity of the government, that had just fallen, to carry out its rehabilitation,
the price of water multiplied by five and became a large part of the daily family budget. The econo-
mic impact of lack of access to water can be also directly linked to the water-related chores that
consume time and energy (mainly for women and children), instead of productive or educational acti-
vities. The problem is particularly acute in the remote areas of ASAL regions where Action Contre la
Faim often observes several hours dedicated daily to water collection during the dry season, or in
urban areas where queuing can consume a lot of time.

Water-related diseases also affect food security as well as economic development; sick people
represent a loss of working capacity, and the cost in terms of drugs and treatment (even traditional)
has an impact on the family budget.
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Improving access to water means that families have easy access to infrastructure that supplies
water in sufficient quantities. The focus is on local capacity building in order to guarantee the sustai-

nability of this access.

Note. — Water and sanitation projects usually have a positive impact on the social and care

environment, see Figure 1.2.

3.2

Intervention domains and activities

Activities can be grouped into different intervention domains as presented in Tables 1.I and 1.I1.

Table 1.I: Intervention domains and activities.

Domains Activities Domains Activities
Context analysis * Socio-economic studies Solid waste * Solid-waste awareness
and studies related to water management * Refuse pits
* KAP surveys  Refuse collection
* Evaluation of existing and * Recycling
potential water resources * Medical-waste management
» Search for new water
resources Vector control * Risk analysis
* Vector-related hygiene
Water supply * Construction / rehabilitation awareness

of water points:
— open wells, boreholes
— springs
— river / lake catchment
— rainwater catchment and ponds
* Conservation of water sources
* Reforestation
» Systems for agriculture
and livestock
* Installation
of water-extraction systems:
— manual (e.g. rope and bucket)
— gravity
— handpumps, motorised pumps
— solar systems
— wind powered systems
* Water-quality analysis
and monitoring
* Water treatment
* Distribution and storage
Excreta disposal * Promotion of excreta disposal
* Construction / rehabilitation
of latrines
* Composting
* Sewerage systems
* Sewage treatment

Run-off and
wastewater disposal

* Drainage systems

* Protection of banks

* Wastewater drainage
and treatment

Hygiene promotion

Knowledge transfer
and training

Risk management

* Mosquito-net distribution
¢ Insecticides, rodenticides
and disinfection

* Fly traps

 Construction / rehabilitation
of hygiene structures:

— showers

— laundry areas

— hand-washing facilities

* Hygiene kits distribution

* Hygiene education

* Transmission routes

for diseases and measures
to avoid them

* Basic hygiene habits:

— use of water

— proper use of latrines

— hygiene and food

* Strengthening of local
structures and training

¢ Water and sanitation
committees set-up

» Data collection and transfer
of information

* Water policy development

* Prevention
* Mitigation
* Preparedness
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Table 1.II: Activities linked to advocacy.

Advocacy in water and sanitation programmes can be developed at three distinct levels:

At the individual level
Information on rights*
Promotion of community mobilisation in order to help people claim their rights*

At local and national levels
Informing relevant people of the problems
Informing relevant people of rights*
Sensitisation regarding the situation and the possible solutions

At the international level, and in developed countries
Diffusing information regarding crisis
Presenting viable solutions to crisis in order to show that solutions exist
Actively involving the international community and political stakeholders; heightening their sense of responsibility

* Claiming the right of access to water and basic sanitation is directly linked to defending the right to life. Meeting
this right requires providing infrastructure and systems that allow the communities to live a dignified life, but also
requires denouncing situations that prevent communities or people from enjoying this right.

4  Intervention criteria
41 General considerations
411 THE CONCEPT OF VULNERABILITY

Vulnerability concerns the fragility of a group / person in an adverse context. The key elements
that define the degree of vulnerability are the exposure to risks and the capacity to cope with these
risks.

Globally, the level of vulnerability of a household/individual is determined by the risk of fai-
lure of the coping and reaction strategies when faced by a crisis. Vulnerability of a household can thus
be defined as an imbalance between the resources required and those available, and an insufficiency
of ‘capital” assets to respond to a situation. It refers to the entire range of factors that place people
in danger, the degree of vulnerability for an individual, a household, or a group of people being
determined by their exposure to risk factors and by their ability to confront crisis situations and to
survive them.

For a given household, population or region, this means the combination of:

— the exposure to different hazards or events placing the population at risk;

— and the potential capacities / coping mechanisms which could be applied to face that risk,

anticipate it, resist it, and recover.

The crises/events to which populations are exposed are the circumstances and the conditions
over which they have no direct control and which present a risk to their normal functioning. They
could be climatic or environmental disasters (earthquakes, floods, droughts etc.), poverty (leading to
risky life conditions: precarious housing, poor diet, unsanitary conditions, limited access to education
etc.), or social or political conflict (war, moral prejudice, racism, ethnic tension, dictatorship etc.).
Like capacities, vulnerabilities can be distinguished according to their physical, social, mental, or spi-
ritual characteristics.

Vulnerability often also involves the degradation of the social and/or natural environment: fre-
quently, vulnerable homes can no longer manage a balance between basic needs over the short term
(survival) and their means of existence (livelihood) over the long term.
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4.1.2 ABROADER ANALYSIS FOR HUMANITARIAN INTERVENTIONS, CONCEPT OF VITALISM

During the 1990s, there was criticism of humanitarian agencies for providing assistance
without taking into consideration the social or political character of conflict-affected populations, the-
reby reducing human beings only to the vital physiological functions they share with other animals.
Focusing on this principle of life as such, humanitarian actors were criticised for giving in to vitalism.
In concrete terms, the suggestion was that humanitarian assistance should have been designed diffe-
rently and should have been accompanied by a psycho-social approach to people affected by conflicts,
focusing on dignity and human rights (e.g. right to justice).

Applying the same critique may be made of programmes with a ‘technical’ focus. Humanita-
rian interventions should not be designed only according to physiological criteria, without taking into
consideration the social environment and balance of the group concerned. For example, most water-
supply and sanitation projects are justified by bad public health indicators, and promote access to sani-
tary facilities as well as changes in hygiene practices. In the case of pastoral populations, most of the
reasons for their bad sanitary environment are constraints inherent to the way of life of such a popu-
lation, a way of life that usually results itself from adaptation to an arid environment. Any change in
such a fragile equilibrium should be carefully introduced, analysing in depth the risks of social disin-
tegration that changes could create, and responses must be closely adapted to those factors. In extreme
cases, when negative impacts are too high in relation to the acuteness of needs, the benefit of inter-
vention itself should be questioned.

4.2 General criteria

The main objective of humanitarian aid is to guarantee minimum conditions for the survival of
populations faced with a crisis (mortality rate is therefore a key criterion for intervention, see Chapter 2).

Generally speaking, interventions are launched when:

— the survival of populations is threatened,;

— local structures are unable to respond to needs and require emergency assistance;

— the crises are recurrent and are leading to a disintegration of the affected communities;

— the general state of under-development prevents populations from reaching minimum stan-

dards of living and human dignity;

— communities petition for assistance.

Figure 1.3 shows a theoretical example of how living conditions are affected by a crisis. The
evolution depends on the initial vulnerability level of the different groups in the affected population
(represented by the different lines), on the deployment of effective coping strategies and on the extent
of outside assistance.

Living conditions (food security, access to water & health facilities, etc.)

A
crisis intervention _group A

group B

survival

{minimum standards of living)

group C

-

» Time

migration
t=0 (situation of failure)

Figure 1.3: Crisis and living conditions.
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4.3 Specific criteria

The main situations that justify the application of Action Contre la Faim ‘water and sanitation’
programmes are when:

— populations do not have (or no longer have) access to sufficient quantities of water to meet

their drinking, domestic, agricultural and livestock needs;

— the distance from water points is limiting the scocio-economic development of the community;

— the quality and quantity of water is such that it heightens the risks of epidemics and water-

related diseases;

— the environmental sanitation conditions represents a health hazard (contaminated or unheal-

thy places favourable to the transmission of diseases such as malaria or scrub typhus that are

linked to vectors, or diarrhoeal diseases, such as cholera).

Standards, benchmarks and guidelines (see Chapter 2 and Annex 2) permit a quick assessment
of a situation in comparison to an established frame of reference; they must however be interpreted
according to each specific context (see Box 1.4 and Chapter 2).

The end or the hand-over of a programme will depend on: achieving satisfactory coverage
meeting the needs, achieving (or returning to) a state of self-reliance (at the level of the community
or the local authorities), the presence of other actors, and the success or failure (blockage) of the
programme.

4.4 Target population

Humanitarian organisations focus their work in areas where the needs are greatest, and where
they find the most vulnerable populations. The decision of where to direct aid is made without consi-
deration of race, religion or belief (see Action Contre la Faim Charter in ACF presentation). Target
populations are:

— displaced or refugee communities*™;

— communities having lost their livelihoods due to crisis (open conflict, natural disaster etc.);

— ethnic or religious minorities that are victims of the discriminatory behaviour of govern-

ments, other communities or groups;

— isolated communities, located in inaccessible rural areas, excluded from development efforts;

— communities unable to maintain minimum standards of living and dignity (e.g. in peri-urban

areas).

Within these target populations, specific attention will be paid to the most vulnerable groups,
normally: women, children, the elderly, people with handicaps, sick people (e.g. HIV/AIDS-affected
people), and marginalized and poor groups.

4.5 Definition of priorities

The needs assessment (health status, sanitary survey, vulnerability and food-security study,
infrastructure and resources inspection, hygiene knowledge and practices etc.) done prior to starting
action, should give a global picture of the situation.

The analysis of the fulfilment of vital needs is systematic and can, for example, be expressed
in number of litres of drinking water per person per day and, in the case of a pastoral affected popu-
lation, in number of litres per animal per day (see Chapter 2).

* In the case of displaced populations, as they usually mix with the resident populations, the actions carried out
must be targeted not only at the displaced people: the residents’ needs must also be assessed and taken into
account in order to favour the integration of both communities and to avoid possible conflicts.
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Human, financial and technical resources being limited, certain priorities must be set out to
ensure minimum fulfilment of basic needs and a maximum impact of action taken:

— Vulnerable people and groups (see Section 4.4) must be attended to as a priority.

— It is better to cover the entire population to basic standards than to cover a limited popula-

tion to high standards (both for public health or food-security issues).

— Water quantity takes priority: it is preferable to have an average quantity of average quality water

than to have a small quantity of high quality water (without enough quantity of water, personal and

domestic hygiene are compromised, as well as parallel activities such as gardening etc.).

— Breaking the faecal-contamination chain is a priority (e.g. managing human excreta in a

camp) when sanitary risks exist.

— The coverage of needs must be guaranteed in key places: health centres and feeding centres,

schools and public places.

— All other things being equal, communities displaying motivation and willingness should take

precedence.

— All other things being equal, one should intervene where local water resources permit an

immediate response.

5 Intervention principles

The contexts and modalities of water and sanitation interventions are many. Nonetheless, a
certain number of principles must be respected during the project-management cycle.

These principles are designed to create a sense of responsibility in the aid worker (but also in
all the actors involved in crisis management), who must be accountable to the affected population for
their actions. The respect of these principles throughout the whole project cycle should guarantee the
relevance, quality, effectiveness and sustainability of the intervention.

5.1 Adirect approach to populations

Ensuring that interventions reach the target population in an appropriate way is part of the
Action Contre la Faim Charter. This is essential, as it provides a measure of the success of the pro-
gramme and enables an understanding of any obstacles from local, national or international groups or
institutions.

In order to ensure a fair and effective intervention, a direct collaboration with the populations
concerned is essential and allows programme staff to do the following:

— analyse contexts and define interventions while listening to the affected populations;

— find the best way of fitting the programme within the existing social dynamics and building

partnerships;

— monitor the impact of the programme and avoid the obstacles that might divert the pro-

gramme from its course.

Although the role of Action Contre la Faim is to work with and for a population, it is impor-
tant to consider the local institutional capacity and its role in the medium and long term. Therefore,
the implementation of programmes may take place with local organisations and state services; the
involvement of these partners depends on their aims (political, religious etc.) and their working capa-
city. If these partners hinder reaching the objectives of the programme, it will then be advisable to
develop an independent way of working in order to fulfil identified needs.

Note. — During the last decade, new contexts of intervention obliged humanitarian agencies to
develop remote-management of interventions. This method of intervention is used in contexts where,
for security reasons, permanent access to the field is not possible. Consequently, strict monitoring pro-
cedures must be implemented in order to guarantee impacts.
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5.2 Aresponse that depends on analysis

In order to understand and clearly define the nature of needs and their causes, and to define the
most appropriate response to a given situation, analysis must be done, to understand the different
determining factors.

This analysis, carried out both before and during the intervention, must take into account:

The context
— The factors relating to the crisis (political, natural etc.).
— The situation prior to the crisis (conditions, resources, vulnerabilities, assets etc.).
— The current situation and the available capacities and coping mechanisms within the affec-
ted population.
— The context’s possible evolutions.

The population
— Local specificities and socio-economic, cultural and religious constraints.
— The nature of the population’s needs and expectations.

The environment
— The type of water resources available.
— The climate.

5.3 Multidisciplinary analysis

In order to reduce mortality and to fight effectively against malnutrition, it is essential to take
into consideration all their potential determinants (see Figure 1.2). The analysis of the context and the
identification phase (in particular, meetings with the population concerned) must involve multidisci-
plinary teams (for example, water and health and/or food security).

Action Contre la Faim takes an integrated approach to its interventions when appropriate. This
integrated approach includes both curative and preventive interventions within the nutrition, food secu-
rity, water and sanitation and health (primary care, mental health etc.) sectors. Examples of integrated
approaches include water, sanitation and hygiene-promotion activities complementing primary-health
projects, or irrigation and water supply for livestock being integral parts of food-security programmes.

An integrated approach does not signify that one organisation must develop a package of seve-
ral kinds of activity, but that the actions identified as appropriate (from and around the needs of the
population concerned) must be co-ordinated throughout all phases of the project. These actions can
also be implemented by different actors.

5.4 Involvement of affected communities

The participation of the affected communities in the different phases of the programme is fun-
damental (identification of needs, implementation, monitoring and evaluation), since it guarantees the
relevance and sustainability of actions in relation to needs.

Programmes must aim to have the maximum involvement of the communities concerned.
Depending on the intervention context, the type of programme, the phase of the project and the com-
munity, the level of involvement varies from simple consultation to proactive participation in the pro-
ject. A displaced community is usually in a precarious situation, having more or less lost everything,
and sometimes it is difficult (or not relevant during the implementation phase) to convince people to
participate actively in a project. On the other hand, a stable population should be more easily mobili-
sed to involve itself in the project and its involvement could be a condition for external intervention.

Concerning the implementation phase, community participation can be done through direct
contributions (money or material) to infrastructure construction or, more commonly, through physical
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work. This reinforces the appropriation of the infrastructure by the community and therefore improves
its management.

5.5 Understanding, respecting and integrating local factors

Many communities have a detailed knowledge of the potential of their physical environment
to provide resources for production activities or for preventive and curative medicine (and of its
potential to cause diseases). In general there is an understanding of the environment, not only in a phy-
sical sense but also in the sense of its relationship with social and spiritual factors. This holistic vision
of the environment is embedded in many cultural beliefs and habits that affect the use of water and
behaviour concerning sanitation (see example in Box 1.5).

The project has to determine how the community’s beliefs, knowledge and management of the
environment can be dealt with in a positive manner. The most important thing to keep in mind is res-
pect. Instead of showing that a taboo or a belief is absurd because it is so in their own culture, staff
should work on understandable and appropriate messages that show the causes of a problem and
should seek an effective solution with the community. In cases where it proves more convenient to
change a certain habit, respect should guide the way the necessary information and encouragement
are provided to the community to raise awareness about the benefits of this change.

5.6 Sustainable impact of activities

Achieving a sustainable system is an issue that must be considered from the outset of the pro-
gramme’s definition.

During the first steps of an emergency the initial response must be quick and effective, and
self-reliance is not necessarily an objective. However, once basic needs are met, the evolution of the
response must be planned with long-term sustainability in mind. In order to achieve this, the factors
that must be taken into account are:

— appropriateness of technology for the context and the population;

— quality of design and construction of installations;

— involvement of communities and local structures;

— capacity building and training (management, maintenance etc.).

To meet such conditions, care must be taken to understand and respect socio-cultural and eco-
nomic factors, to use appropriate technology and to achieve a good transfer of skills.

5.6.1 A RESPONSE ADAPTED TO THE CAPACITIES AND WILLINGNESS
OF THE COMMUNITIES

Taking into account the socio-cultural and economic characteristics of the community is a
necessary condition for achieving a successful and effective project.

Box 1.5
Perceptions of clean and dirty.

The concepts of clean and dirty, and of pure and contaminated, are well developed in many religions and
cultures. Besides the reference to a physical state, these concepts are spiritually important and have a cen-
tral place in religious ceremonies. Consequently there is a need to be attentive when trying to pass mes-
sages. “Clean” can have very different meanings for the project promoters and for the community. It is cru-
cial to examine the traditional understanding of cleanness and dirtiness, purity and contamination before
starting to mobilise the community to participate in a sanitation project.
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Indeed, technical decisions must be made according to criteria that are not only technical, but
also social and cultural, and so the responses chosen must be appropriate to the way of life of the com-
munities concerned.

In order to define a project, it is therefore necessary to:

— evaluate both the willingness and the management capacity of local communities;— respect

local religions, beliefs and taboos (in relation to water, sanitation etc.) and adapt technical

interventions accordingly;

— evaluate the human, technical, logistical and economic resources required and available for

the maintenance of the installations;

— respect the social hierarchy and anticipate potential conflicts that could arise from the

construction of water points (what is the purpose of the water point and who is meant to use it?).

5.6.2 APPROPRIATE AND TESTED TECHNIQUES

The use of technologies that are appropriate to the communities’ socio-cultural and economic
constraints (see Section 5.6.1), as well as the natural environment, is a pre-condition for the success
of any project.

The use of techniques of proven effectiveness is the safest way to ensure that the response is
both appropriate and sustainable.

However, there are instances when a perfectly appropriate solution is not available. In such
cases, the project must be inventive and look actively into solutions designed for other contexts. This
requires:

— a precise analysis of the needs and resources;

— a study of the solutions already deployed at the local level, as well as an evaluation of the

necessary modifications;

— promotion, at the regional level, of techniques designed by both the local communities and

other local stakeholders (South-South exchange).

5.6.3 TRANSFER OF KNOWLEDGE AND HANDOVER

From the onset its implementation, the project must allow for a gradual withdrawal of aid, with
total withdrawal as the final objective. From the beginning it is important to clarify the different roles
of the communities, the traditional authorities and political actors. Specific attention should be given
to ownership, accessibility and management. Eventually the project will have to include an official
handover of activities and infrastructure to a recognised and legitimate group.

Technical training and maintenance groups are an essential aspect which must go together with
the implementation of the project. There is a distinction between training aimed at making operation
and maintenance teams self-reliant from a technical point of view, and training of users. Training is
carried out on-site, day-by-day, but training sessions are also planned, bringing together technicians
and user-committee members (treasurers, plumbers etc.) in order to accumulate experience, publicise
local successes, and allow all partners to benefit.

5.7 Coordinating activities

Coordinating the different stakeholders is crucial in order to maximise the value of the avai-
lable resources, and must be maintained throughout the various phases of the project cycle, from defi-
nition to evaluation.

This coordination must include all concerned stakeholders: the communities concerned, local,
traditional and administrative authorities, other organisations present (NGOs, United Nations, private
sector etc.).
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5.8 Community strengthening

Crises often lead to a breakdown of communities. Humanitarian aid must therefore seek to
reinforce social organisation and cohesion through a communal approach to water management.

Community mobilisation and participation during the project, as well as water-point commit-
tees, is a way of achieving this objective. It must be handled in a way that is both participative and
democratic, thus allowing for the promotion of these values.

5.9 Gender issues

During the project-definition phase, it is important to understand the role and status (specific
vulnerability) of women within the community, as well as the part they will come to play within the
project itself.

Where possible, women should be employed for the hygiene-promotion, sanitation, and water-
management components of a project. As women are almost always responsible for children’s edu-
cation and housekeeping, their inclusion is a necessary element of the project.

Beyond this ‘technical” aspect, favouring the active participation of women in project activities
and in the building of committees has the added value of strengthening their role in the community.

5.10 Capitalising on experience and analysis

Implementing a project allows the gathering of a considerable amount of information, be it on
the general context or on the methodologies and technologies employed. All this information is of
great value to the communities, the local stakeholders and the various actors who may wish to ope-
rate in the area.

Consequently, the collection, analysis and sharing of information is invariably an objective of
any programme. This involves:

— the systematic collection of trustworthy data;

— the use of databases to facilitate information management and analysis;

— the use of geographic information systems (GIS) for a clear and attractive analysis;

— capitalising on the working methodologies through notes and manuals;

— the sharing and promotion of the body of information gathered.

5.11 Respect for the environment

Projects always have a potential impact on the natural environment. Therefore, during each
intervention, the environmental risks must be assessed and the impact should be minimised.

In every case, it is important to sensitise the affected community and other local stakeholders
about the proper management of their water resources and the environmental risk factors.

It is particularly important to avoid the over-exploitation of aquifers: during the implementa-
tion of drilling or well-digging programmes, the available resources must be systematically assessed
(through geophysical studies, pumping tests etc.). This helps determine the number of water points
and appropriately size the pumping systems chosen. Gathering meteorological information is also
essential. If there is a risk of exhausting underground water resources, alternative resources must be
considered.

The creation of refugee or displaced people’s camps generates a risk of deforestation, of ove-
rexploitation and of contamination of resources (e.g. by refuse and faeces), and constant vigilance is
required regarding these risks. Also, during the implementation of water-treatment projects, the dis-
posal of sedimentation residues must be carried out far from water courses and surface-water bodies.
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1 Management of water and sanitation programmes

This chapter will focus on planning and implementing water and sanitation projects. In general,
projects may be stand-alone or may be integrated into a more comprehensive programme where seve-
ral projects contribute to one overall goal (water and sanitation projects can fit within health, food secu-
rity, education or capacity-building programmes). Despite the difference in scale and nature of projects,
there are aspects of sound project management that are universal. The components discussed here are
adapted to the humanitarian context and, more specifically, to water and sanitation interventions.

This chapter is based on Project-cycle management and the Logical Framework approach.
Project-cycle management involves an approach and a set of tools for designing and managing pro-
jects, which are used by most humanitarian agencies and donors. However, there are also agencies
which are strongly critical of the use of these tools, as the stages of the cycle are not so neat in rea-
lity, and they merge and involve an iterative process. Also, project-cycle tools put too much empha-
sis on planning and appraisal, and too little on implementation or evaluation.
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The Logical Framework approach is a set of useful tools for planning and managing a project.
Its purpose is to provide a clear, rational framework for planning the envisioned activities and deter-
mining how to measure a project’s success, while taking external factors into account (Introduction to
the LFA, Adam Walsch, 2000).

Guidelines and standards are also necessary and complementary tools for preparing and imple-
menting projects, and these are addressed in Section 1.2.

1.1 Project-cycle management

The project cycle describes the phases of a project from concept to completion (see Figure
2.1). The cycle is a progressive sequence which outlines information requirements, responsibilities
and key decisions for each stage of a project.

Project-cycle management is an iterative process in which the stages are not always discrete,
and experience acquired during the development of the project serves to develop further stages and to
define future projects.

There are six main phases in the project cycle.

1) Strategy and policy

Strategy and policy are the bases on which projects can be identified and prepared.

Implementing organisations and donors develop their own strategies which define principles,
intervention criteria and methodologies. These strategies can be separate among organisations and
developed by country or region, where national, regional and sector policies developed by govern-
ments and other agencies must also be taken into account. In this sense, it is important for imple-
menting organisations and donors to work in partnership with governments and other stakeholders,
contributing also to the definition of these governmental strategies and policies.
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Figure 2.1: The Project Cycle.

22 . Programme development



Strategies should be periodically reviewed, updated and improved by taking project expe-
riences and the changing operating environment into consideration.

2) Project identification

Identification of problems and analysis of the main options to address these problems are
undertaken at this stage. Analysing the existing and potential capacities of various stakeholders and
understanding the main characteristics of the context are required to create a well-developed project.
This involves consultation with the intended beneficiaries, governments, NGOs and other stakehol-
ders to ensure that needs are met and coordination is undertaken.

3) Project design and formulation

During this phase project ideas are developed, addressing technical and operational aspects.
Once the main features are defined, the project is assessed for feasibility (whether it is likely to suc-
ceed) and sustainability (whether it is likely to generate long-term benefits for the beneficiaries). Pro-
jects should be assessed from technical, financial, economic, gender, social, institutional and envi-
ronmental perspectives. The final steps of this phase are often the writing of a project proposal and
its submission to potential funding agencies.

Note. — The separation of the project identification and project design and formulation phases
is particularly important. Project preparation takes place in a social and political context, where
expectations are raised and often-conflicting demands and aspirations must be reconciled. By adhe-
ring to the identification phase, the relevance of project ideas can be systematically established before
the preparation process is too far advanced for the idea to be dropped. During the formulation phase,
project ideas can then be fully developed with the knowledge that they are based on real beneficiary
needs and are sufficiently ‘owned’ by the main stakeholders.

4) Donors appraisal and financing
Project proposals are examined by the funding agency, and a decision is taken on whether or
not to fund the project.

5) Implementation and monitoring

Implementation of project activities is undertaken, with on-going monitoring of progress and
feedback from beneficiaries and stakeholders. Adaptive management, or a continuous review and
updating of operations in the context of the ever-changing situation, should be used. Even fundamen-
tal objectives may need to be modified in the light of any significant changes that may have occurred
since earlier planning.

6) Evaluation and evolution
Achievements and lessons learned should be reviewed upon project completion. Evaluation
findings are used to improve the design of future projects or programmes.

This chapter provides a general overview of the management of a project, but it should be
complemented by the other chapters of the book.
Applying guiding principles and analytical tools and techniques within the structured decision-
making process of the project cycle ensure that:
— Projects are aligned with agreed strategies and the needs of beneficiaries:
* projects are linked to sectoral, national and implementing agency objectives;
* beneficiaries are involved in the identification and the planning process from the earliest stage;
* problem analysis is thorough;
* objectives are clearly stated in terms of benefits to target groups.
— Projects are feasible in that objectives can be realistically achieved within the constraints of
the operating environment and the capabilities of the implementing agency:
* objectives are logical and measurable;
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e risks, assumptions and implementing agency capabilities are taken into account;
* monitoring concentrates on relevant targets.
— Projects are sustainable:
» factors affecting sustainability are addressed as part of project design;
e previous evaluations building upon lessons learned are integrated into the design of projects;
* beneficiaries are involved significantly through all the project-cycle phases;
* methodologies and technologies are adapted to the specific situation;
e local capacities and resources are utilised to the fullest.

1.2 Guidelines and standards

Standards and procedures for different aspects of the projects can be developed in specific gui-
delines as a support for designing and implementing projects. Guidelines can be set by a host of stake-
holders (governments, donors, organisations, communities) at various levels (international, national,
local, organisational). Implementing organisations should be aware of all relevant guidelines and uti-
lise them to the extent that they are appropriate. Special attention must be paid during emergency res-
ponses, as normal standards may not be appropriate.

Different types of guideline can be used for different aspects of the project:

— standardised models and designs (e.g. type of latrine or water point);

— minimum requirements to attain (e.g. water quality or number of people per handpump);

— programme procedures (e.g. standard evaluation procedures).

Using guidelines can ensure that efforts are streamlined and simplified, and that it is easier to evaluate
whether or not basic needs are met.

There are two main types of standard used for project management. One concerns reference
values, designs etc. that are used as criteria for guidance and comparison (e.g. standard use of a spe-
cific handpump model in a particular region).

But standard also has the meaning of a level of service or resources necessary to cover the
needs of a population (e.g. all the children in the schools should have access to enough clean water).
Minimum standards in humanitarian projects are framed in this last sense and focus on coverage of
the most basic needs.

Minimum standards should be complemented by quantitative and qualitative indicators. During
the project identification phase, standards and indicators can be used to assess the needs of communi-
ties and to plan the intervention. For example, water demand can be estimated by comparing the quan-
tity of water available per person per day with an expected indicator (i.e. X% of the population has
Y litres per day less than the minimum requirement of 20 litres per person per day (I/p/d). Additional
water supply should guarantee an extra of Z m3 of clean water per day to meet the standard).

Some reference indicators for water and sanitation programmes in emergency and stable situations
are included in Annex 1. Box 2.1 describes some key aspects for the use of guidelines and standards.

Two guidelines are commonly used in humanitarian water and sanitation interventions:

— The WHO Guidelines for Drinking-Water Quality (www.who.int) contains common refe-
rence values, and outlines the relationship between water quality and the risks to human health (see
Chapter 12 and Annex 7).

— The Sphere Project Handbook (www.sphereproject.org) includes the Sphere Humanitarian
Charter and Minimum Standards in Disaster Response, which set out what people affected by disasters
have a right to expect from humanitarian assistance. The aim of the Sphere Project is to improve the qua-
lity of assistance provided to people affected by disasters, and to enhance the accountability of the huma-
nitarian system in disaster response. Sphere covers various fields including: water and sanitation, nutri-
tion, food aid, shelters and site planning, and health services. Donors, policy makers and institutions often
systematically refer to Sphere in relief programmes. Each guideline is developed as follows:
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Box 2.1
Use of guidelines and standards.

Guidelines and standards must be considered as references to help in programme definition and implemen-
tation, and not as hard and fast rules. Guidelines are defined for common situations and may not be appro-
priate for all contexts. Each situation will require specific analysis to determine their relevance and use. It
is always important to justify why set guidelines are used or not.

Not all the guidelines and standards have the same value. For water and sanitation humanitarian projects,
priorities should be made to guarantee that minimum needs are met for survival, including:

— a minimum quantity of water per person;

— an appropriately determined number of people per latrine (along with other sanitation facilities).

The first priority is fo supply of a minimum quantity of water. Quality of water also becomes a major
concern when major health risks exist.

» The minimum standards: these are qualitative in nature and specify the minimum levels to
be attained in the provision of water and sanitation responses (e.g. Minimum Standard 1 for water
supply: All people have safe and equitable access to a sufficient quantity of water for drinking,
cooking and personal and domestic hygiene. Public water points are sufficiently close to households
to enable use of the minimum water requirement.).

* Key indicators: these are ‘signals’ that show whether the standard has been attained. They
provide a way of measuring and communicating the impact, or result, of programmes as well as the
process, or methods, used. The indicators may be qualitative or quantitative (e.g. Average water use
for drinking, cooking and personal hygiene in any household is at least 15 litres per person per day
(see guidance notes 1-8)).

* Guidance notes: these include specific points to consider when applying the standards and
indicators in different situations, guidance on tackling practical difficulties, and advice on priority
issues. They may also include critical issues relating to the standards or indicators, and describe
dilemmas, controversies or gaps in current knowledge.

A common mistake in the use of Sphere is to consider the key indicators as the only reference
without the consideration of the minimum standard and the guidance notes (for example, people often
say that Sphere minimum standard for water supply is 15 litres per person per day but this is wrong: the
minimum standard for water quantity and access is as written above; the key indicators can be more
variable depending on the context, whereas minimum standards are intended to be universal). Programme
objectives must be based on the minimum standards that express basic needs in a qualitative manner.

2 Needs assessment and project identification
2.1 Objectives of needs assessment

Any intervention or programme must be based on clear and well-defined needs. An assessment
is the starting point of any project. It must be well planned and adequately resourced, with a clear des-
cription of how the assessment will be carried out (terms of reference).

The objectives of the assessment are:

—to understand the situation of the communities by identifying their needs and their problems;

— to understand the requirements and demands of these communities and how they understand

their situation;

— to look at the resources and capacities available;

—to collect and analyse enough information to enable development of an effective plan.
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Assessments must be conducted with a multidisciplinary approach and an understanding that
the causes of problems are complex and cross-cutting (health, food security, water etc.), so a global
picture is necessary. The assessment team should comprise several specialists and the analyses should
be conducted collaboratively.

Assessments also should follow a systematic approach, combining different levels of analysis:
country, region, community and household levels. Special attention must be paid to vulnerable com-
munities and groups.

When identifying water and sanitation needs, projects must focus on the relation between
water, sanitation and hygiene, and the basic conditions for life, including:

— health: water and sanitation-related diseases, routes of transmission and causes of development;

— food availability and production: relation with house income;

— quality of life: how water and sanitation affects the life of the communities, including access

in terms of time and effort spent.

These three factors were already developed in the Chapter 1, but special attention must be paid
to the transmission routes for water and sanitation-related diseases. Assessments should identify the
linkages between water, sanitation and illnesses, identifying common paths for disease transmission.
Figure 2.2 shows the faecal-oral routes of disease transmission and the estimated impact of different
activities in the reduction of diarrhoeal diseases.

A excreta

water flies hands

mouth

10% 20% 30% 40% 50%

Excreta disposal

Hand washing

Water quantity

Water quality

Figure 2.2: Faecal-oral routes of disease transmission (A) and estimated impact of different activities
in the reduction of diarrhoeal diseases (B) (Esrey et al. 1991).
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2.2 Water and sanitation-related diseases

It is necessary to distinguish between the infectious water-related diseases (caused by living
organisms and transmitted from one person to another, or from an animal) and those related to the che-
mical properties of water.

Health and water chemistry

There are three main causes for diseases related to the chemical properties of water: the absence
of necessary chemicals, the excess of harmful organics and the excess of harmful inorganics. The
absence of essential substances in water is not generally a problem because there are alternatives sources
of these substances in food, and problems usually only occur when there is also a deficiency in the diet
(e.g. iodine deficiency causing goitre, deficiencies of fluoride causing poor growth of bones and teeth
in children). Diseases caused by harmful elements in water are discussed in Chapter 4.

Transmission of water and sanitation-related infections is mainly through the faecal-oral trans-
mission routes, but also there are other routes also described below.

Water-related routes

There are four types of water-related routes by which a disease may be transmitted from one
person to another (adapted from Cairncross and Feachem (1983) Environmental health engineering
in the tropics):

Water-borne route: transmission occurs when the pathogen is in water which is drunk by a per-
son or animal which may then become infected. All the water-borne diseases can be also transmitted
by any route which permits faecal material to pass into the mouth. For example, cholera may be
spread by various faecal-oral routes (for instance via contaminated food).

Water-washed route (or water-scarce): this concerns diseases for which transmission will be
reduced following an increase in the volume of water used for hygienic purposes, irrespective of the
quality of that water. There are three types:

— Infection of the intestinal tract, which includes faecal-oral route diseases (mostly diarrhoeal

diseases, including cholera, dysentery) which can also be water-borne.

— Infection of the skin or eyes (bacterial skin sepsis, scabies, fungal infections of the skin, tra-

choma). These are not faecal-oral and not water-borne.

— Infections carried by lice, which may be reduced by improving personal hygiene and there-

fore reducing the probability of infestation of the body and clothes with these arthropods.

There also other cases where availability of water is not a problem (floods, communities living
in rivers or swampy areas), and risks of water-related diseases are high: again, hygiene is the key issue.

Water-based route: disease transmission is through pathogens which spend a part of their life
cycle in a water snail or other aquatic animal. All these diseases are due to infection by parasitic
worms (helminths), which depend on aquatic intermediate hosts to complete their life cycles. Guinea
worm is the only one in this group which is normally transmitted in drinking water (it is not common,
but schistosomiasis can be transmitted also in drinking treated water)

Insect-vector route: disease transmission is by insects which either breed in water or bite near
water.

Table 2.1 describes the main preventive strategies for the different types of water-related trans-
mission routes. Further details of environmental classification for water-related infections are inclu-
ded in Annex 5A.

Excreta-related infections

Some excreta-related infections are related to water but several are not, so the following envi-
ronmental classification of the excreta-related diseases is used:

1) Faecal-oral diseases (non-bacterial): caused by viruses, protozoa and helminths present in
human faeces; can be transmitted from person to person and through domestic contamination.
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Table 2.I: Types of water-related transmission routes for infections (adapted from Cairncross
& Feachem 1983).

Transmission route Preventive strategies

Water-borne Improve quality of drinking water
Prevent casual use of unprotected sources

Water-washed (or water-scarce) Increase water quantity used
Improve accessibility and reliability of domestic water supply
Improve hygiene

Water-based Reduce need for contact with infected water*
Reduce contamination of surface waters**

Water-related insect vector Improve surface-water management
Destroy breeding sites of insects
Reduce need to visit breeding sites
Use mosquito netting

* Applies to schistosomiasis only.
** The preventive strategies appropriate to the water-based worms depends on the precise life-cycle of each and
this is the only general prescription that can be given.

2) Faecal-oral diseases (bacterial): caused by bacteria; can be transmitted from person to per-
son, or via food, crops or water sources contaminated with faecal material. Some of them can be trans-
mitted in animal excreta.

3) Soil-transmitted helminths: this category contains several species of parasite worm whose
eggs are passed in faeces. They require a period of development in moist soil, then they can reach
humans by being ingested, for instance on vegetables, or by penetrating the soles of the feet.

4) Beef and pork tapeworms: these tapeworms of the genus Taenia require a period in the body
of an animal before reinfecting man when the animal’s meat is eaten without sufficient cooking. Any
system which prevents untreated excreta being eaten by pigs and cattle will control the transmission
of these parasites (it is also important to take care with treated sewage or sludge that is applied to gra-
zing lands).

5) Water-based helminths: helminths present in human or animal excreta pass a stage of their
life cycle in the body of an aquatic host (usually a snail). Then they can be transmitted to man through
the skin or when aquatic food is not well cooked. It is important to avoid untreated excreta from rea-
ching water.

6) Excreta-related insect vectors: there are two types: first, the Culex pipiens group of mos-
quitoes breed in polluted water (septic tanks and flooded pit latrines) and transmit filariasis; second,
flies and cockroaches breed where faeces are exposed, and carry pathogens on their bodies and in their
intestinal tracts.

Annex 5B includes the environmental classification of excreta-related infections.

An assessment should identify the presence of these water and sanitation-related diseases
(mortality and morbidity rates, age distribution) and analyse the causes. Solutions will focus on
decreasing disease transmission, hygiene promotion, sanitation and water supply.

It is also important to analyse all the factors that affect the spread of diseases and cause out-
breaks, such as poor environmental conditions, high population density etc.

For a more complete presentation of water and excreta-related diseases, see Annex 5C.
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2.3 Assessment components

Assessment should be an iterative process with differentiated stages (see Table 2.1l and Figure
2.3). It starts with the preparation phase, where the different activities and resources necessary to run
it are planned. Once the plan is made and the resources are available, it is important for the assess-
ment team to introduce itself to the involved communities and stakeholders, explaining the aim of the
assessment. Following this, a first overview serves to set the priorities and the various information-
gathering activities are carried out. Analysis of the information starts at the same time as the collec-
tion process and continues until all the information is treated. Once the analysis is done and the results
of the assessment are concluded, it is necessary to communicate and transmit them.

Box 2.2 presents some general advice to take into account during assessments.

Table 2.II: Components of an assessment.

1) Preparation Collect and review existing information
Terms of reference:
— where is the assessment being carried out?
— how long will the assessment be?
— what resources (human and financial) are required?
— what tools and materials are required? (checklists, computer, GPS)
— what are the security constraints?
Coordination with other stakeholders

2) Introduction to communities, Introduction of the organisation and the assessment team
authorities and other actors Explanation of the assessment, objectives and coordination
requirements
Collection and sharing of information

3) First overview Global picture of the situation: main needs, actors involved,
local capacities
Identification of key informants
Definition of priority communities and vulnerable groups
More detailed planning of the assessment activities
Basic mapping and general checklists to get information

4) Surveys, questionnaires and sampling to  Vulnerability surveys
gather qualitative and quantitative information Field surveys

Tools used vary depending on time Sanitary surveys

and resources available Discussion groups
Personal interviews
Maps

Sampling (water analysis, etc.)

5) Analysis of information Organisation of information
Prioritisation of information
Conclusions and recommendations
Reporting

6) Communication of the results Communication and discussion with involved
communities and other stakeholders
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Figure 2.3: Stages of an assessment.

Box 2.2
General advice on assessments.

Several elements are fundamental to developing a useful assessment and they should be considered from the
earliest preparation stage:

Timing should be allotted to each stage (strategy, assessment, etc.) as appropriate.

Respect for social and traditional protocols should be foremost in interactions with communities, the autho-
rities and local leaders in terms of the following:

— following the traditional manners;

— dressing respectfully;

— choosing an appropriate place to make introductions such that others feel comfortable;

— structuring the interview and following an order, but leaving the interviewee to express his or her ideas
and comments freely;

— building trust: not starting with sensitive issues, but building the trust of those interviewed first;

— limiting transcription: writing down everything someone is saying can be intimidating.

Discussions should be held with the team each day in order to brainstorm, plan activities, improve metho-
dologies, etc.

Analysis of information must be done throughout all the steps — not only the final step. This continuous ana-
lysis allows the assessment process to be modified and adapted.

Communication of results to communities and other actors is important both to provide information and also
to verify and complete information. Before leaving the community it is advisable to report the main conclu-
sions of the assessment.
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2.4 Resources and means to do an assessment

The size and expertise of the assessment team will depend on the objectives and magnitude of
the assessment. However, different specialists should be involved, in order to have an integrated
approach. Team members should include technical experts as well as those who are close to the tar-
get groups (translators are also necessary if there are members who do not speak the language
fluently). Involvement of both men and women is particularly important, as a single-sex team may not
be able to gain a complete picture of the community.

Transportation, food and financial allocations must be planned in advance. The equipment
required depends on the type of assessment. However, some suggestions include:

— pens and paper for surveys and questionnaires (notebooks are useful);

— pre-prepared tools for working with groups: board, panels, diagrams etc.;

— brochures and papers presenting the organisation;

— GPS, altimeter and maps;

— technical water equipment: water-analysis kits, depth meter, flow meter, altimeter, pumping-
test kits, geophysical equipment;

— computers and software: GIS (Geographical Information System) software (e.g. Maplnfo, Arc-
View, ArcInfo ), SPSS ( Statistical Package for the Social Sciences), software useful for social analysis
(including KAP surveys etc.), Epilnfo (Statistical software for epidemiological and health analysis) etc.

2.5 Information gathering

It is recommended to follow an iterative process between the collection and analysis of data.
Quantitative information should be complemented with qualitative information. Statistics and figures
must be analysed and explained so that they are understandable to the community.

Information should be collected from communities in a participatory manner. The approach
can vary both among groups and within groups. Children, the elderly, marginalized people, and men
and women may each require different approaches. Gender must be considered as a primary issue in
assessments.

2.5.1 INFORMATION-COLLECTING TECHNIQUES

The choice of techniques and tools to collect information depends on the time and resources
available. There are five main techniques:

— Review of existing documentation. This can be done during all the assessment process, and
the information collected must be analysed and well referenced.

— Conducting field and sanitary surveys. Both technical measurements (water analysis, GPS loca-
tion, water-table depth) and direct qualitative observations (e.g. queuing at water points) are important.

— Personal interviews (if it is difficult to cover all the target population then a representative
sample of people can be selected from the community).

— Interviews with key informants. Select key people who can provide information about gene-
ral or specific issues: teachers, local authorities, health personnel, water point managers, women’s
organisation leaders etc.

— Focus-group discussions. Between 5 and 10 is a good number of people for a group. Larger
groups will require more developed interviewing and assessment skills. Participatory Rural Appraisal
techniques ((PRA), see Chapter 15) solicit group participation and are useful for obtaining informa-
tion. Homogeneous groups (by age, gender or social status) can be appropriate as people may be more
open to express ideas without the pressures of other groups present.

Interviews require good skills and practice in order to obtain useful information. It is impor-
tant to be well-understood and it is best to speak in the local language or have a good translator who
is familiar with the community and its members (See Box 2.3).
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Box 2.3
Interviewing techniques.

The delivery of questions is important in collecting useful information. Essential rules include:

Build trust

The interviewee must be comfortable with the interviewer. It is often a good idea if it is a member of the com-
munity who conducts interviews, after receiving training. It is also recommended that women are included on
the assessment team, as in many cultures, women interviewees will be more forthright with other women.

Follow a sequence
Go from the general issues to the specific ones. Guiding words for questions are: Who? What? Why?
When? Where? How? The interview is best conducted informally, more as a discussion.

Follow up
If a general question elicits an answer that implies more than one concept, follow up with more specific
questions on each concept.

Avoid leading questions

Beware of assumptions. If the interviewer provides the answer in the question, other possibilities may be
missed. Examples of leading/non-leading questions:

— Leading: “Do you fetch water from the well?”” Non-leading: “Where do you fetch water from?”

— The leading question “Do you clean clothes in the well or the river?” should be formulated in several sen-
tences: first asking “For which purposes do you need water?” and once a list of water uses is prepared,
asking for each use “Where do you take the water from for this?”

Avoid ambiguous questions and unknown terms and concepts

— The question “Is it difficult to find water?” can be understood as difficulty in fetching the water (steep
slopes or time consuming) or difficulty in actually locating water at all.

— Quantities and measures (distance, volume, weight, time, etc.) that are familiar to the interviewer may not
be familiar to the interviewee. “How many litres do you consume per day?” may be inappropriate if the
interviewee is not clear on the quantity associated with a litre. Interviewees may attempt to give answers in
measurements they are not familiar with in an effort to answer. It is best to keep questions simple and try
to solicit responses in measures common in the community. For example, if you see jerry cans at a person’s
house, ask how many jerry cans they use. For distance, use familiar points of interest, for example “The
water point is twice the distance to the school”. Rather than asking how many hours it takes to collect water,
find a way to ask in terms of local schedules, maybe using meal times, as in “I leave after breakfast and
come back before lunch”.

Cross-check information among a variety of sources to compare and validate it.

est. One person’s information may not fit the reality of the entire community. The interviewer must

Most information is subjective and often represents personal points of view or personal inter-

observe the attitude of the interviewees and gather information from many sources.

2.5.1.1 Participatory techniques

Participatory techniques are an approach (and family of methodologies) for shared learning

with local communities in order to plan appropriate interventions together.

32

Bases of the participatory techniques:

— Triangulation. Analyse the problem from different perspectives:
* using a variety of techniques and sources (observation, bibliography, survey);
* meeting with various target groups (men, women, youth, elders, marginalized people etc.);
* using more than one assessment team.

1. Programme development




— Understand possible information gaps. Selecting only specific groups may not represent the

reality of the entire community. Common errors in information collection are due to:
e casy access: places with easy access may not the most representative;
* seasonal variations: problems and life may be different in different seasons. Be sure to
account for this in information collection;
* personal points of view: this will vary among interviewees. Be sure to interview several
people representing different views, not only community leaders;
* access to women: it can be difficult to speak with women. However, speaking directly with
women is essential. It may be necessary to do this when a man is not present to gain more
accurate information;
e expectations of the population: for example, if a community knows that the organisation is
working on water, water may appear to be the major priority as they are trying to access all the
assistance they can. However, a water-supply intervention may not be the most appropriate;
e courtesy: people may try to make you comfortable with their answers, at the expense of the
true picture.

— Knowing when to stop collecting information. It is not possible to know everything. Given
time and resources, at some point the programme manager will need to decide that enough informa-
tion has been collected.

Good examples are the PRA techniques (Participatory Rural Appraisal).

PRA originated in RRA (Rural Rapid Appraisal, using on questionnaire-based surveys, popu-
lar until the 1970s). PRA was developed to provide a less extractive and more participatory approach
that gave communities more ownership of the process and results.

PRA principles are described in Box 2.4 and main participatory techniques used by PRA are
described in table 2.I1II.

PRA techniques are explained further in Chapter 15.

Box 2.4
PRA: key principles.

Participation: local people serve as partners in data collection and analysis.

Flexibility: there is no standard methodology. It depends on purpose, resources, skills and time.
Teamwork: outsiders and insiders, men and women, mix of disciplines are included.

Cost and time efficient, but ample opportunity for analysis and planning.

Comprehensiveness: for validity and reliability, partly-stratified sampling techniques and cross-checking
should be used.

Table 2.III: PRA: key techniques.

Interviews/discussions: individual, household, focus groups, community meetings
History line

Mapping: community maps, personal maps, institutional maps

Ranking: problem ranking, preference ranking, wealth ranking

Problem trees

Trend analysis: historical diagramming, seasonal calendar, daily activity charts
Gender profiles
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2512 KAP surveys

Knowledge, Attitudes and Practices (KAP) surveys are focused on hygiene habits and beha-
viour and, together with participatory techniques, serve to identify and understand the approaches of
the communities to these issues. The surveys are conducted to better understand why people are not
practicing good hygiene. It may be because they do not have the knowledge necessary, there is some-
thing in the local culture or attitude that gets in the way or there is a breakdown in practice even
though people hold the appropriate knowledge and attitudes. KAP surveys are also useful for measu-
ring the impact of hygiene promotion projects and identifying where changes took place. KAP sur-
veys are explained in more detail in Chapter 15.

2.5.2 Types of information

An assessment of water and sanitation first requires a general overview of the situation (what
are the main general needs and what are the main problems that affect the community) as well as a
good understanding of the relations between the different domains (health, food security, education
etc.). After this is obtained, deeper analysis of water and sanitation issues should be conducted.

Information should be gathered at macro and micro levels, from reports, maps, databases etc.
Special attention must be paid to the definition of indicators that describe the more basic needs.

2.5.2.1 General information

The main general information to be collected in the project identification phase is listed bellow:
— Geographic characteristics: principal locations, borders, climate, vegetation (accompanied
by maps if possible). Natural disaster impact.
— Population: numbers and demographics (ages, sex, ethnic group, religion, nomadic popula-
tions, urban/rural migration, vulnerable groups).
— Politics: structure of the communities, local and traditional authorities, conflict between
groups.
— Culture and religion.
— Resources: production, commercialisation, wealth indicators.
— Food availability:
» markets: type of products, prices, access;
¢ local production:
. agriculture: seasonal calendars;
. livestock;
. other resources;
» food aid received:
. quantity per person per day;
. type of distribution, time and agency responsible;
* access to food:
. family reserves;
. income-generation activities;
. coping mechanisms (changes in consumption patterns, capital losses, mutual support
mechanisms etc.).
— Education: levels of schooling and literacy, general conditions in the schools.
— Health:
* common diseases, prevalence and incidence of water and sanitation-related diseases;
* risks of epidemics: critical places and periods;
 mortality and morbidity rates: main causes of death;
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» general conditions of sanitary structures;
e access to health services and drugs.
— Nutritional status (anthropometric surveys, weight-for-height).
— Local capacity: market availability of supplies, private contractor capacity, leadership capa-
city of the local authorities etc.
— Security situation.
— Communications: access, routes, transport, phone, radio, e-mail.
— General coverage of water and sanitation.
— Risk management.
— Preparedness capacities.
— Actors involved and areas of work: donors, international organisations and agencies, local
organisations, local structures, businesses, private individuals, schools, universities or research
entities.
Key indicators serve to better measure the situation and its evolution. Use and calculation of
general key indicators are included in Annex 2A.

2.5.2.2 Specific information on water and sanitation
Specific information related to water is developed as follows.

1) Information related to the most basic needs
— Water-related diseases.
— Quantity of water related to different uses and requirements (human consumption, agricul-
ture, livestock, environmental needs, other uses).
— Access to water: distance from household to water point, and collection time. Queuing time,
and who collects water. Number of people using the water point and pressure on the water point.
— Water-quality analysis at various stages (water point, transport, storage, distribution,
consumption). Identification of source of contamination.
— Are there any minimum standards as references?

2) Information relating to existing policies
— National, regional and local laws/traditions concerning water and sanitation.
— Existing guidelines and standardised solutions.

3) Water resources (Table 2.1VA)
— Exploited and potential resources.
— Characteristics of the resources: water quality, capacity of supply, definition of the aquifers.
— Prospecting information: geological studies, maps, aerial / satellite photos, water-resource studies.
— Seasonal variations of quantity.
— Water quality.

4) Water Systems

— Number and characteristics of exiting water points (Table 2.IVB).
* Type.
* Condition and cleanliness.
* Yield.
* Quality of water.
¢ Date of construction, constructor.
e Ownership.

— Water source.

— Flow system: type (gravity, pump etc.) and characteristics (Table 2.IVC).
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Table 2.IV: Types of water resources, water points and extraction systems.

A. WATER RESOURCES

Rainwater Annual rainfall distribution
Calculation of water collected in the possible catchment area

Surface water Exploitable water volume
Access to the resource: distance from the settlement, topography
Sustainability of the resource: rate of rise and fall
Water quality

Groundwater Location of the aquifer
Exploitation capacity
Geophysical characteristics
Recharge rate
Water quality (arsenic, etc.)

B. WATER POINTS

Rainwater Volume of water available per day: depends on rainfall regime, catchment area, storage and consumption systems
Percentage of the year with water availability
Water quality

Boreholes Depth, equipment, recharge rate, seasonal variation, yield, diameter, casing type, location of screen
Water quality
Pumping system
Date of commissioning
Ownership
Constructor

Wells Type: traditional, protected, type of casing
Characteristics: depth, seasonal variation, recharge rate, yield, diameter, location of the catchment.
Lift system: pumps, pulleys, etc.
Date of commissioning
Ownership
Water quality

Springs Flow, seasonal variations
Protection of the spring (catchment)
Distance from village
Distribution system
Water quality

C. WATER-ABSTRACTION SYSTEMS
Manual Abstraction capacity
Cleanliness of equipment (rope and container)
Water quality (especially bacteriological) and identification of source of contamination

Handpumps Type
Characteristics
Yield
Length of pipes and depth of the cylinder
Water quality (bacteriological, iron, etc.)

Motorised Power and electrical characteristics

pumps Pump curve, yield and total generated head (TGH)
Depth of pump, diameter, length of the pipes
Water quality (bacteriological and iron)
Working hours per day

Solar systems Power and electrical characteristics
Pump curve, yield and TGH
Operating hours and capacity of supply per working day depending on the season
Maintenance schedule
Water quality

Wind pumps Pumping characteristics
Wind characteristics
Operating hours and capacity of supply per working day depending on the season
Water quality
Management
Ownership
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— Treatment system.
* Need for treatment.
* Type of treatment.
* Treatment monitoring (water analysis).
* Household treatment (boiling, filtration with clothes etc.).
* Availability and type of disinfectant and or filtration.
— Water-supply system.
* Distribution at the water point.
e Water trucking: volume of storage, quality of water, final supply modality, supply mana-
gement, access problems.
 Water-distribution networks.
. Type of network (gravity or pumped).
. Quantity and quality of water produced.
. Reservoirs: type and volume.
. Pipeline characteristics (length, diameters, materials, fittings, control devices, pressures).
— Water distribution: (number and type of taps, public places). Who is going to take the water?

5) Containers and household handling of water, type, volume, cleanliness, storage

6) Water management
— Hours of use.
— Management.
— Ownership.
— Are user fees being paid?
— Does price limit access?
— Capacities for maintenance and new construction (availability of skilled people, equipment,
materials and spare parts).
— Restricted access for animals.

Sanitation and hygiene promotion information require a good knowledge of beliefs and social
habits (see Chapters 13 and 15). A summary of the main information required is listed below:
— Sanitation facilities.
* Excreta disposal, characteristics and conditions.
. Latrines
Type and condition.
Coverage of latrines (people per latrine, % of people using a latrine).
Public latrines / family latrines.
Emptiness and life expectancy.
. Sewerage system characteristics.
. Existence of grey water and black water treatment.
* Hygiene facilities (rivers, showers, laundry areas etc.).
. Coverage.
. Type and condition.
. Drainage.
* Refuse management.
* Existence of flooding problems due to poor drainage.
— Hygiene habits.
* Knowledge, use and habits.
* Availability of soap and hygiene products.
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— Main vectors of diseases. Identification of the most exposed areas.

— Environmental conditions.
* Characteristics related to water resources: sources of contamination, overexploitation.
* Deforestation, erosion problems.
* Stagnant water, drainages systems.

Calculation of key indicators for water, sanitation and hygiene are included in Annex 2B.

2.6 Assessment in emergencies

Assessment tools and methodologies must be adapted for emergency responses. Time is an
important constraint and will affect the way assessments are carried out.

2.6.1 RAPID APPRAISAL

Rapid appraisal is the first activity to be undertaken at the onset of a disaster. It should take place
immediately after the disaster occurs and be completed as soon as possible — usually within a few days.

The purpose is to gather sufficient information to decide whether the agency should respond
to the emergency or not. It is not intended to be an in-depth assessment of the situation and often will
not even involve personnel leaving the office.

The information can be gathered from:

— Local/national media such as TV, radio, newspapers, specialised relief agencies (IRIN etc.).

— Networking with other agencies, NGOs, government departments, UN agencies etc.

— Individual contacts.

The kind of information required includes:

— Whether or not the disaster represents a widespread threat to life, and if so, in what way.

— How and when the disaster occurred.

— The extent of the destruction resulting from the disaster.

— The area affected and the impact.

— The people affected and how they are affected.

— Capacity of local structures/resources to deal with the disaster.

— The extent to which other agencies (local, national or international) are able and ready to

intervene and whether or not any possible response is adequate.

— The security situation.

If the initial decision is:

— No action needed — the disaster should be monitored and re-visited if and when circum-

stances change.

— Action is needed — a concept paper should be written detailing the assessment that needs to

be undertaken, including terms of reference. In severe disasters, this will occur very quickly.

2.6.2 RAPID ASSESSMENT

A rapid assessment needs to provide timely, relevant and adequate information to enable effec-
tive decision making. The short time available and the need to provide a quick response are important
factors that determine the assessment process and techniques. The assessment process is normally
more directive than participative: the various information sources should be consulted but this is not
the time to develop group dynamics well with the affected communities.

Box 2.5 presents the three main components of a rapid assessment.

Checklists are a very useful tool for emergencies, guiding the assessor in compiling the most
important information to assess the situation. One example is the water supply and sanitation assess-
ment checklist provided by Sphere (Annex 3).
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Box 2.5
The 3Ds of rapid assessments.

Desk study (other people’s information and views).
Direct (personal observations and measurements).

Discussion (semi-structured interviews or small meetings with key groups and individuals).

2.7 Sanitary surveys

A sanitary survey is a quick assessment focused on the evaluation of the environmental factors
and human practices which could signify a danger to health. Most systems use checklists where para-
meters are scored O or 1, to produce a “total risk score” from the sum of specific risk points, which
can be used to compare different situations.

Sanitary inspections are useful to identify possible sources of contamination of existing water
sources in order to establish the remedial actions required and to assign priorities. They also provide
an important baseline to monitor the situation and the impact of projects.

Sanitary surveys and inspections focused on water quality are further explained in Chapter 4.
Examples of sanitary inspection forms and an example of risk analysis are included in Annex 7B.

3 Project design

The identification phase must provide a clear picture about needs, existing capacities and spe-
cific characteristics to understand and prioritise a situation. With this picture, a decision about whe-
ther or not to proceed in the preparation of a project can be made.

The project design phase goes further in the definition of the project, studying different pos-
sible solutions and how they can be developed. Any proposed actions should be analysed in terms of
relevance, feasibility and sustainability.

During both phases, the participation of beneficiaries and other stakeholders is fundamental to
guarantee the success of the project.

Project design can be undertaken in a variety of ways. However, the most commonly used
method is the Logical Framework Approach (LFA), which it is a planning tool for development pro-
jects and useful for management. It can be split into two phases:

— Analysis Phase: where the existing situation is analysed with the aim of developing a ‘future

desired situation’.

— Planning Phase: where the project’s operational details are developed.

3.1 Analysis phase

A properly planned project addressing the real needs of the beneficiaries cannot be achieved
without an analysis of the existing situation. A situation can be perceived in different ways by diffe-
rent groups or stakeholders, and all of them must be involved in the analysis phase.

The analysis phase can be included in the project cycle within the identification phase.
Although the participatory tools used can be the same, the analysis phase is oriented towards the deve-
lopment of a project, whereas identification is a wider concept and not necessarily related to the
design of a project.

The analysis phase has three stages:

— Problem analysis.

— Analysis of objectives.

— Strategy analysis.
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3.1.1 PROBLEM ANALYSIS

To design a project well, it is necessary to identify and analyse the negative impacts of a given
situation, establishing cause-effect relations. Involving all the project stakeholders, in a participatory
process, is essential.

Problem analysis can be done in three steps. Often this overlaps with the identification phase;
however, the problems should be reviewed in the context of designing a project rather than just
understanding the context. The three steps are:

— Identification of the stakeholders.

— Identification and prioritisation of the major problems faced by the communities and other

stakeholders.

— Development of a problem tree to establish causes and effects.

The analyses done with the various stakeholders should be combined with others such as tech-
nical, economic and social studies.

Development of a problem tree
Preliminary discussions with stakeholders give the assessor an understanding of the problems
faced by people. After collecting this information, a workshop can be conducted to explore the root
causes of problems and a ‘problem tree’ can be created to enhance understanding of the problems at
hand. Workshops should be led by facilitators trained in participatory techniques and project design.
Steps in leading a discussion include:
— Listing of problems: identification of problems can be done with the communities and other main
stakeholders through brainstorming. Each problem can be written on paper and stuck on a board.
— Grouping: problems can be grouped by theme. Those repeated or not relevant can be elimi-
nated in consensus with the group.
— Prioritise: the next step is to list the problems in order of importance, choosing the most rele-
vant or representative from each group.
— Exploring roots: begin to explore the cause-effect relations in order to prepare the tree.
Causes should be logical, direct and hierarchical; creating different levels and branches. One
problem should be at the top of each tree, as in the examples in this chapter, or at its centre.
During the construction of the tree, problems can be modified and other problems can be iden-
tified and added. Once complete, the problem tree represents a comprehensive picture of the
existing situation and enables project designers to understand where interventions can and
should be targeted. Figure 2.4 shows a simple example of a problem tree.

High incidence EFFECT
of diseases
A i
. . CAUSE
High risk of transmission
of diseases
EFFECT
A
Unsafe Risky behaviour
environment regarding hygiene habits CAUSE

Figure 2.4: Simple example of a problem tree.
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— Problems must be well specified and statements must be in enough detail to understand the

causes of the problem.

Note. — Problems should be stated not as the absence of a solution (e.g. water is not treated)
but as an existing negative state (e.g. water is contaminated).
Figure 2.5 illustrates the elaboration of a problem tree.

1. Identification of problems

People consume contaminated water
Children often have diarrhoea

There are food shortages

People defecate in the surroundings
Drugs are very expensive

There are problems of malnutrition

There is garbage everywhere
Rains destroy infrastructure
Many people are sick

Child mortality rates are high
Teachers are unmotivated

Health posts are far and often closed
Water is stored in dirty and open containers

Some water points dry up during the dry season

There are armed groups and combat in the area

Many people must walk a long way to the river to fetch water
Children do not wash their hands before eating
Health staff are often absent from the health posts

2. Selection by groups: after listing the problems,
they should be grouped and structured

Child mortality rates are high

Children often have diarrhoea

Many people are sick

There are problems of malnutrition

There are food shortages

People consume contaminated water

Some water points dry up during the dry season
Many people must walk a long way to the river to fetch water
Drugs are very expensive

Health staff are often absent from the health posts
Health posts are far and often closed

People defecate in the surroundings

There is garbage everywhere

Children do not wash their hands before eating
Water is stored in dirty and open containers
Teachers are unmotivated

Rains destroy infrastructure

There are armed groups and combat in the area

B .
High rate of water
and sanitation-related diseases
\ \
Ineffective health High risk of spread of
care system watsan-related diseases
Low attendance Low coverage Inappropriate Drinking water Environment is ) .
) 9 pprop ) 9 . Bad hygiene habits

at health structures of skilled staff access to drugs is unsafe dirty and unsafe

Poor People Unskilled Very low Drug Water People fetch People People Improper People
coverage distrust and salaries supply is water from defecate in throw the behaviour | | go to bathe
of health health unmotivated for health ineffective contaminated unprotected surroundings refuse in the regarding in the river
structures | | structures staff staff & expensive places surroundings hygiene

Figure 2.5: Example of elaboration of a problem tree.
A: listing of problems and selection by groups. B: problem tree.
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During the development of the problem tree, problems can be reformulated, some can be com-
bined in order to express one concept and others can be rejected after consensus among the group and
explaining why. Figure 2.5B presents the development of the problem tree from the problems identi-
fied above.

3.1.2 ANALYSIS OF OBJECTIVES

The objective tree presents a picture of the desired future situation and often transforms pro-
blems into objectives, as shown in Figure 2.6.

PROBLEM T OBJECTIVE
High risk of Low risk of
spread of watsan- > spread of watsan-
related diseases related diseases
People consume « | People have access
unsafe water - to clean water

People fetch
water from
protected water points
close to communities

People fetch
water from >
unprotected sources

Figure 2.6: Transforming problems into objectives.

Objectives should be positive statements of the desired situation, rather than the specific
actions required to solve the problem. An example with correct and incorrect transformations of pro-
blems into objectives is shown in Table 2.V.

The objective tree can be conceptualised as the positive mirror image of the problem tree, and
the ‘cause-and-effect’ relations become ‘means-to-ends’ relations. The objective tree can be modified
and relations between objectives should be reviewed and reorganised as necessary (keeping the logic
and the hierarchy). Some objectives may be unrealistic, so alternatives to tackle the problem need to
be found or the attempt has to be abandoned.

Figure 2.7 shows the development of the objective tree from the problem tree developed in
Figure 2.5.

Table 2.V: Transformation of problems into objectives.

Problem Water-supply system in bad condition

Objective Incorrect:  Repair of the water-supply system
Correct: ~ Water-supply system in good condition
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Rate of watsan-related
diseases reduced

A

Health care system

Risk of spread of watsan-

improved related diseases reduced
[ I \ \
Attendance Coverage Access . .
. g Access to drugs Clean and safe Hygiene habits
at health structures of skilled staff ; to clean water ; ;
. . improved . environment improved
increased increased improved
\ \ \
Proper People Staff Appropriate Drug supply Water Protected People Refuse People Access
coverage | |trust and go skilled salaries functioning quality water points defecate in collected cover food to
of health | [to the health and for health and improved | | close to the protected in protected and water hygiene
structures structures motivated staff accessible communities areas places in the home facilities

Figure 2.7: Development of an objective tree.
3.1.3 STRATEGY ANALYSIS

The last stage of the analysis phase involves the identification of the different possible strate-
gies. This is done by making groups of objectives closely related and with a similar purpose (as
‘branches’ of the tree)

A strategy can be developed after one or more focal objectives have been chosen. This analy-
sis includes the feasibility of achieving the objectives (amount of work entailed, capacities to do it,
period of time to be covered, budget available, interest and participation of the community concerned
etc.) and the relevance and sustainability of the strategy. Based on criteria set for each situation, some

Figure 2.8: Strategy analysis.

Rate of watsan-related
diseases reduced

| .

\ N
e .
Ny e . S
Health care system \ y Risk of spread of watsan- N
improved y related diseases reduced N
N N\
Y N\
A \ A
[ I \ | I \
Attendance Coverage | Access . . |
. g Access to drugs | Clean and safe Hygiene habits |
at health structures of skilled staff R | to clean water X ; |
R . improved | . environment improved |
increased increased / improved /
i A I A i
\ \ \
Proper People Staff Appropriate Drug supply Water Protected People Refuse People Access
coverage | |trust and go skilled salaries functioning quality water points defecate in collected cover food to
of health [~to the health and for health and improved | ™ close to the protected in protected and water hygiene
structures structures motivated staff accessible communities areas places in the home facilities
| MEDICAL STRATEGY | WATER AND SANITATION STRATEGY |




objectives will be selected and others excluded. Figure 2.8 presents the strategy analysis based on the
objectives developed in Figure 2.7.

Strategies are further developed to create a basis for project preparation. A deeper develop-
ment of the intervention should be conducted and further technical analyses must complement the
basic strategy in designing the project. It is important also establish priorities and different phases of
the intervention.

Coverage maps are a useful tool to plan the intervention and the following planning phase (see
Figures 2.9A and 2.9B).

Example of strategy based on several phases
Phase 1: first response to achieve 15 litres of water per person per day and 20 people per
latrine.
Phase 2: permanent water points and household latrines.

Displaced area 1: 2500 people

\Water treatment from the river,
1 onion tank 20m3 and 2 bladders 10 m3 4 productive borehole
(2 cycles : 40 m3 of water | day), || 30 km away

2 tapstands / 6 taps, '
Construction of 125 emergency latrines

Ty

| Displaced area 2: 500 people

Water treatment from the river,

1 onion tank 10m3 and 1 bladders 10 m3
(2 cycles : 20 m3 of water / day),

1 tapstand / & taps.

Construction of 25 emergency latrines

~ >

Village: 3000 people

Disinfection of existing wells

\ spring
\__/ | T ™
% el
™ L hospital
To| mosque
{-[—} borehole
X dry well
Displaced area 3: 4500 people i
we
\Water treatment from the river, | S
2 onion tank 20m3 and 4 bladders 10 m3 [ | N tank 10m3
(2 cycles : 70 m3 of water / day), - | @E’
4 tapstands / 6 taps. S
Construction of 225 emergency latrines (; ) tapstand
e

Figure 2.9: Water and sanitation coverage map. A: phase 1, response to a population displacement.
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3.2 Planning phase

The planning phase is when the necessary operational project details are developed.

Where the logical framework approach (LFA) is used, the Logical Framework Matrix is the
main output of this phase. The matrix is a format for presenting the results of the LFA as a process,
and is developed on the basis of the LFA tools applied earlier during the analysis phase.

The matrix can also be used as a basis for more a detailed workplan and to determine what
resources are needed.

3.2.1 LOGICAL FRAMEWORK MATRIX

The logical framework matrix (LFM) lays out key aspects of an operation.

It provides a summary of the key information on the project and an easy overview that allows
a quick assessment of the consistency and coherence of the project logic, and facilitates the monito-
ring and the evaluation. The method consist of an analytical process and a way of presenting the

Displaced area 1: 2500 people
Construction of & boreholes installed

with handpumps + productive borehole
Promotion of family latrine construction II 30 km away
I

] Displaced area 2: 500 people

i Spring rehabilitation,
Promaotion of family latrine construction.

- Village: 3000 people

Rehabilitation of 9 wells
Construction of public latrines
{mosque, health centre and
market)

™ source
L B
‘I"
AL R
m hospital
(]
I mosque
Q‘} borehole
' y & il X dry well
L1 b Tl | =4
‘Dlsplaced area 3: 4500 people | —1 | T | N
| \ o - 'ﬂ}f,’ 1 ) well
| Construction of 11 boreholes equipped S q_—) [l o |
| % Fi (1 PN
| with handpumps. _ i £ o |
| Promation of family latrine construction p © T ul R_’E" tank 10m3

7
.\_‘_r) tapstand

Figure 2.9: Water and sanitation coverage map. B: phase 2, response to a population displacement.
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Intervention Objectively Sources Risks and
logic verifiable of verification assumptions
indicators
General objective/
Goal
Specific objective/
Project purpose
Results/
Outputs
Activities Means Costs
Inputs Preconditions

Figure 2.10: Logical framework matrix.

results of this process, which make it possible to set out systematically and logically the project / pro-
gramme objectives and the causal relations between them, to indicate how to check whether these
objectives have been achieved and to establish what assumptions outside the scope of the project may
influence its success.

The LFM (Figure 2.10) should not be seen as simply a set of mechanistic procedures, but as
an aid to thinking and framing the project designer’s ideas into a coherent plan of action. Using the
tool can help to create an organised, comprehensive and well thought-out project.

Developing the LFM is not easy, and requires time and training. Beneficiaries and other sta-
keholders must also be involved in this process.

Logical framework analysis is a dynamic, iterative process, which should be reassessed and
revised as the project itself develops and circumstances change.

The LFM is comprised of 16 ‘boxes’: four columns and four rows. Within the vertical logic of
the matrix, following the first column which represent the project strategy, it can be identified what
the project intends to achieve and how (clarifying the causal relation between the different levels of
objectives), specifying important underlying assumptions and risks (fourth column of the matrix).
Within the horizontal logic of the matrix indicators to measure progress and impact are specified and
the sources of information or means by which indicators will be verified (Introduction to the LFA,
Adam Walsch, 2000).

3.2.1.1 Parts of the matrix

Intervention logic

This corresponds to the first column of the matrix and it displays what the project intends to
achieve, and how, by clarifying the causal relations between the different levels of objectives or pro-
ject strategy.

General objective/Goal
The General objective/Goal describes the large-scale goal to which the project will contribute
together with other projects or actions, but which cannot be achieved by the project alone.

Specific objective or Project purpose
The Specific objectivel/ Project purpose (SO/PP) is normally the first piece in the LFM and is
the key reference point of the project. The SO/PP is defined in terms of the benefits or the immediate
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impact upon project beneficiaries as result of the project services. The SO/PP must clearly state the
desired change, where the change will take place, and the magnitude of the change to be achieved.

The achievement of the SO/PP should depend on the team responsible for the project and also
on the beneficiaries involved in order to ensure sustainability of the services.

The following advice is given regarding the project purpose:

— It is recommended to develop only one specific objective per logical framework matrix.
More than one matrix may be needed for a more complex project.

— Objectives should be set such that they are achievable within the time and resource
constraints of the project. The matrix inputs should describe the desired outcome and not the process
or activity for achieving the result. Terms such as “guaranteed” or “assured” can be difficult to achieve
in some programmes and should be used carefully.

Results/Outputs

The Results/Outputs describe the services to be delivered to project beneficiaries. Outputs are
the specific actions that achieve the SO/PP, and they are the product of the activities undertaken.

Note. — It is important to distinguish between results, activities and indicators. Results state-
ments should describe the change in the service provided and they will be the effect produced by the
proposed activities: For example, ‘100 latrines constructed’ it is not a result, it is an activity, and the
result of this activity will be ‘Better access to sanitation services’. Indicators of the results should be
chosen for measurement of the result. In this example, the result will be ‘1 500 people have access to
latrines, and use them’.

Activities

Activities are how the services of the project will be delivered, the things that must be done to
achieve the results.

Some recommendations on presenting the activities are:

— Activities should be presented with the corresponding result.

— Activities should be expressed in a tangible way, and should be achievable within the pro-
ject timeframe.

— While activities are tangible, flexibility is also important. For example ‘Construct 10 water
points’ allows the type of water point to be chosen during project implementation whereas ‘Construct
10 wells’ precisely defines the type of water point and may not be appropriate. It is easier to justify
changes in the activities in the implementation phase than changes of results or specific objectives;
however, it is necessary to understand how changes can affect the project in terms of timing, budget,
human resources etc.

Vertical logic

Within the vertical logic of the LFM the indicators to measure progress are specified and the
sources of information and means by which indicators are to be measured are identified. In the last
column, the risks and assumptions concerning the project are presented.

Objectively verifiable indicators

Objectively verifiable indicators (indicators) are parameters used to measure, state and check
how the specific objectives, results and activities have been achieved. They are important for moni-
toring the project. Indicators can be qualitative or quantitative.

Note. — 1t is important to distinguish between the indicators discussed earlier that serve to cha-
racterise a situation and the indicators that measure actions undertaken. Indicators of the situation are
parameters used to define a specific quality or state and they are used mainly in the identification
phase (i.e. water-quality parameters). However, objective and results indicators precisely express
changes brought about by interventions (e.g. ‘water supplied will have between 0.4 and 0.6 mg/I of
residual free chlorine’).
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Before defining an indicator, it is necessary to verify the feasibility of measuring it. For
example, diarrhoea morbidity can be difficult to measure by a water and sanitation project if the health
care system does not include proper monitoring.

Some activities, results and specific objectives may require more than one indicator, as one
may not provide enough information to assess progress.

Indicators must be “SMART” (Roche 1999):

— Specific: with regard to quality, quantity, target group, time / period, and place.

— Measurable (direct or indirect) and unambiguous: they must be precisely defined through

objective data and their measurement and interpretation should be unambiguous.

— Attainable and sensitive: they should be achievable by the project and sensitive to changes

the project aims to make.

— Relevant and easy to collect: the indicators chosen should be relevant to the project in ques-

tion, and it must be feasible to collect information on them at reasonable cost.

— Timebound: indicators should describe by when a certain change is expected.

Indicators may be direct or indirect. Direct indicators are related to a directly observable
change and indirect indicators are indirect consequences of this change. For the result ‘Water access
improved’, a direct indicator could be ‘100 families have access to improved water points’, and an
indirect indicator could be ‘More children attend school’ (because they spend less than 15 minutes
collecting water and this leaves them time to go to school).

Specific objectives/results can focus on capacity building or behaviour change. In these cases,
indicators are mainly qualitative. However, they must still be rigorous. For the result ‘Water depart-
ment capacities’, ‘Number of people attended training’ is not enough as the only indicator because it
does not demonstrate change. ‘10 technical staff have improved their knowledge on water-point main-
tenance’ should complement the first indicator. Although ‘improved knowledge’ is qualitative it is a
measure of progress.

Sources of verification

Sources of verification (also called means of verification) indicate how, where and in what
forms the required information on the achievement of SO/PP and results can be found.

Sources of verification must be trustworthy and accessible, and they must provide the infor-
mation required to verify the chosen indicators. They include official or private reports and evalua-
tions, internal surveys and reports, technical surveys and reports. Cross-checking information from
different sources is recommended for certain indicators.

Means of verification must indicate the source (project records, official statistics etc.), which
provides the information and how regularly it should be provided. The work and cost of collecting
and analysing information must be assessed and covered by the project.

Examples: KAP surveys can be the source of verification for indicators of hygiene-behaviour
changes, water-quality analysis can be used to verify improvement in the quality of the water etc.

Means and costs

Means are the human, material and service resources (inputs) needed to carry out the activi-
ties. Costs are the financial resources needed to carry out these activities.

Activities must be detailed with the required means and costs (instead of indicators and
sources of verification). Some logical frameworks have the means and the costs separated from the
activities, in another line called ‘inputs’.

Risks and assumptions

Risks are key events, actions or decisions upon which project success depends, which may be
subject to delay or which may not materialise. They are not supposed to occur, but there is a proba-
bility that they might.
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Assumptions are external factors outside the immediate control of the project, but crucial for
the achievement of activities, results and objectives. The aim of specifying assumptions (and pre-
conditions) is to identify and assess potential risks to, and dependencies of, the project right from ini-
tial stages of the project design, to support the monitoring of risks during the implementation of the
project and to provide a basis for necessary adjustments. It is important to identify the assumptions at
each level of the logical framework analysis.

Some assumptions can be identified during the analysis phase as objectives included in the
objective tree. Those objectives are not achieved by the project but they can be important for achie-
ving the purpose of the project. For example, a nutrition project may have ‘improved nutritional sta-
tus of the population’ as its purpose, in a context where this may only be achieved on the condition
that a complementary water project achieves its specific objectives. One of the assumptions behind
the nutritional project therefore may be that this condition is met.

Other examples are: ‘access to water will be guaranteed, assuming that there is no sabotage of
the transmission line of the water system’, or ‘capacity in the region will be improved, assuming that
the authorities continue to participate in training’, or ‘a system can be built in a specific area, assu-
ming that access to the area is guaranteed’.

There are different levels of assumption depending on their relevance to the project. If an
assumption for success is unlikely then the project should be redesigned. If it is sure, or almost sure,
that it will occur, then it is not necessary to include it in the logical framework.

Preconditions

A precondition is a condition that must be satisfied before the project starts.

Examples: ‘an end to the conflict allows access to the area’, ‘communities agree to participate
in activity implementation’ or ‘local authorities respect signed agreements and agree to collaborate’.

3.2.1.2 Construction of the logical framework matrix

The strategy chosen for inclusion in the project is transposed to the first column of the matrix
(logic of intervention): going back to the objective tree is a helpful at this stage (see Figure 2.11). The
first step is to define the specific objective of the project, then transpose the rest of the levels. The pro-
ject strategy incorporated in the logic of intervention has to be reviewed to see whether the means-to-ends
relations between the different levels are consistent and what is remaining to complete this logic.

The next steps consist of developing key indicators, means of verification (except for the acti-
vities, where resources and budget must be included instead) and assumptions for each level, as well
as the preconditions to start the project. A complete example of a logical framework matrix is shown
in Figure 2.12.

3.2.1.3 Checking the logic of intervention

Once the matrix is developed, it is important to check the logic of the LFM from the bottom
to the top (to see if it is coherent) as show figure 2.13.

3.22 ACTIVITY (WORK-PLAN) AND RESOURCE SCHEDULING

The activity schedule (work-plan) determines the sequence of activities, estimates their dura-
tion, sets milestones and assigns responsibilities.

Making work-plans mainly consists of:

— Listing the envisaged project activities.

— Breaking down the activities into manageable tasks.

— Establishing the sequence of implementation.

— Estimating the duration and start and completion dates of each activity.
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General | | To improve the health status Rate of diseases
objective | | of the target communities decreased
A
Specific | | To improve the sanitary conditions - Risk of propagation
objective | | of the target communities of diseases decreased
[ \ .
Access to Clean Hygiene
clean water & safe habits
R1: Communities have access to clean water |- improved environment improved
R2: Environment is safer and more clean |<@-eeeeeerreeerifheseeenieiniiiniiiiiieennn :
Results B A A A
RS: Hygiene behaviour Of Communities ‘.......................................................... eeeeeesenessecancancstcsancancnnest
is improved
1 1 ]
Protected water| | Water People Garbage Proper Acess
To achieve R1 points close quality | |defecate in || is collected | | behaviour to
Construction of 15 protected water points ~.....{10 communities imp'?ved protected | |in pll'otected rﬁga.r ding ?a)gl';gz
Water treatment & water qua“ty monitoring B T PP IPPPRIRE i ar?as P af:es ygl.ene
To achieve R2
ACtIVItIeS ConStrUCtion Of 300 |atrineS ‘....................................................: é g
RerSe CO"eCtiOn and management ‘ ....................................................................... H §
To achieve R3
Hygiene promotion with the communities N .
Construction of 100 showers & 300 hand Pt
washing facilities
Figure 2.11: Construction of the logical framework matrix from the problem tree.
>

Figure 2.12: Example of a completed logical framework matrix.

Logic Indicators Source Assumptions
of intervention of verification
Ge'ner.al < a | e
objective \
Specific -« > Specific objective
objective 3 to general objective
Results - > Result to
\2 specific objective
Activities < Cost — Activity to result
\B%
1
—— Preconditions
1) If preconditions hold true, and resources and budget are available, then activites can be undertaken.
2) If activities are successfully completed and assumptions hold true, then results should be reached.
3) If results are used as intended and assumptions hold true, then the specific objective can be attained.

4) If the specific objective is achieved and assumptions hold true, then it should contribute to the accomplishment

of the general objective of the project.

Figure 2.13: Checking the logic of intervention.
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LOGIC
OF INTERVENTION

OBJECTIVELY
VERIFIABLE INDICATORS

MEANS
OF VERIFICATIONS

ASSUMPTIONS

GENERAL Incidence of water Mortality and morbidity rates Health assessment
OBJECTIVES  and sanitation- are reduced to be those Health centre records
related diseases reduced  for a normal situation
SPECIFIC Sanitary conditions 100% water and sanitation Internal report Medical programme developed
OBJECTIVES improved coverage for the target communities Extemal evaluation by X is effective
Disease transmission routes Sanitary evaluation No existence of an epidemic outbreak
(via water, excreta and refuse) Vulnerability of communities
reduced in the 3 communities will not increase due to food
shortages or other crises
RESULTS R1: Communities have 15 litres of clean water Project report Arrival of new people
access to clean water available per person per day Water quality report  will not be the cause
0 faecal coliform/100 ml. Sanitary assessment  of an epidemic outbreak
and 0.4 mg/l of free residual
chlorine in supplied water
R2: Environment 1 latrine available per family Sanitary assessment  Upland farmers abide by
is more safe and clean Each family has and uses Evaluation report agreements and do not use
a refuse pit pesticides or contaminate
One community refuse bin the water
per 10 families
R3: Hygiene behaviour All the teachers are trained KAP surveys No new extemal vectors
of communities is and they include hygiene promotion Programme reports cause new diseases
improved in their programmes
Communities improve their
awareness regarding hygiene
People use handwashing facilities
and showers
MEANS COSTS ASSUMPTIONS
ACTIVITIES To reach the R1:
1) Construction of Construction equipment 30 000 € No sabotage of the water
15 water points Construction materials 45 000 € facilities
Transport 5000 € Natural disaster will not destroy
2) Water treatment & Treatment systems 10 000 € the facilities
water quality monitoring Treatment consumables 2000 € Communities have access to facilities
Water analysis kit & consumables 5000 € Communities maintain motivation
& awareness of the promotion done
To reach the R2: Administration follows agreements
3) Construction Construction materials 30 000 € regarding the maintenance of
of 300 latrines the existing water points
4) Refuse collection 30 cans 2000 € and construction of new water
and management Tools 3000 € points and latrines
5 donkey carts for refuse collection 3000 € Water communities maintain water
and sanitation facilities correctly
To reach R3: Water points will not dry up
5) Hygiene promotion Teaching materials 10 000 €
to target communities
6) Construction of Construction materials 15 000 €
100 showers and 200 litres water tanks and taps 6 000 €
300 hand-washing facilities
COMMENTS Means and costs include: staff, transport, housing, communication, assessment Preconditions

and evaluation (this list is not comprehensive), but exclude indirect cost, such as
administrative costs, which should be not in the logical framework matrix. A detailed
breakdown of costs should be in the budget, not in the matrix. The total cost of
activities must be within the budget.

Voluntary participation of
beneficiaries in the project

Access to equipment and materials
Security in the area to allow

the implementation of the project

— Defining the monitoring tools and procedures.
— Allocating tasks among the teams.
The work-plan is fundamental to the monitoring of the project. It is important to include the

monitoring tasks, as these will also be essential for the evaluation at the end of the project.

An example work-plan is presented in Figure 2.14.
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Step 1: Step 3: Step 5:
List main activities Duration Define expertise required
from logical framework and completion and allocate the staff
among the teams
A. Water coordinator
B. Construction team
C. Promoters

ACTIVITIES Month | Mgnth| Month| Month | ............ A|B |C
1 P 3 4

Result 1: Communities have access
to clean water

Activity 1.1: Construction of 15 water points
1.1.1 Promotion of community participation 1 X
1.1.2 Water point construction

1.1.3 Installation of supply system

Activity 1.2: Water treatment
and water quality monitoring

1.2.1 Evaluation of water quality
1.2.2 Installation of water treatment system 2 X
1.2.3 Promotion & training of water treatment 2 X | X
1.2.4 Water quality monitoring 7 3 X
1.2.5 Follow up of water treatment operation / 4 X | X

Step 2: Step 4:
Break activities down Activity monitoring
into manageable tasks 1) Degree of participation in construction
clarifying sequence 2) Progress and completion
of construction
3) Water quality reports
4) Evaluation of effectiveness

Figure 2.14: Example of an activity schedule (work-plan).

Resource scheduling is developed from the work-plan, and details the financial, human and
physical resources required to carry out the project. It is also important to include indirect costs (such
as administrative costs required by the agency to maintain its structure and capacity).

The evaluation of the project costs by donors will have significant influence over the project
appraisal and approval.

Figure 2.15 shows an example of a resource schedule.

3.3 Proposal writing

Once the project is defined and it is determined that donor funding is needed, it is necessary
to write a proposal. Each donor organisation has its own proposal guidelines and formats. However,
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Activities/ Unit  Quantity per period Cost  Fund. Code Schedule cost Total cost
Resources Q1 Q2 Q3 Q4 perunit source Q1 Q2 Q3 Q4

Construction of 15 water points

Equipment
Well tripod unit 2 400 ECHO B67-A 800€ 800 €
Ring moulds unit 4 300 ECHO B#67-A 1200€ 1200 €
Tool set kit 2 .. .. .. 300e ECHO B#67-A 600« 600 €
Handpumps unit 3 4 4 4 700 DFID C42 2100 2800 2800 2800€¢ 10500«
Materials
Cement 20 kg 130 130 130 130 25e¢ ECHO B67-B 3250 3250€ 3250€ 3250€ 13000 €

Reinforcing bars 12 m 240 320 320 320 3e ECHO B67-B 720¢ 960 € 960 € 960 € 3600«

Salaries & allowances

Masons month 16 16 16 16 300e ECHO B27 4800 4800 4800 4800e 19200¢

Pump installer month 1 1 1 1 300 DFID D32 300 € 300 € 300 € 300 1200e

Labourers month 20 20 20 20 200 ECHO B27 4000 4000 4000 4000e 16000«

Team leader month 4 4 4 4 500 ECHO B27 2000 2000 2000 2000€ 8000¢
Transport

Car rent month 8 8 8 8 300 ECHO B85 2400 2400 2400 2400€ 9600«

etc.

Figure 2.15: Example of a resource schedule.

the proposals will be essentially similar, whatever the donor concerned. An example of a proposal
structure can be found in ECHO’s guidelines (www.echo.org).

3.4 Project approval and financing

There are several types of entity which fund projects, including national and international aid
departments (such as ECHO (European Commission Humanitarian Office ) DG (Directorate General,
European Union), DfID (United Kingdom Department for International Development ) etc.), regional
and municipal governments, associations, businesses and NGOs. Each has its own guidelines and pro-
cedures for project approval and financing.

Project approval and financing involves a range of discussions between donors and imple-
menting agencies before signing a contract. Participation of the donor in proposal making depends
mainly on their strategy. Budget negotiation is one of the main issues.

Timing for approval of the project mainly depends on the availability of funds and agreements
with other stakeholders. Emergency funds are normally assigned quickly.

Once the project is approved, funds come in at established times or on completion of agreed
outputs. Once funds are allocated and contracts are signed, the project starts. The implementing
agency regularly communicates with the donor through periodic progress reports.

4 Project implementation and monitoring

Project implementation and monitoring are the core stage of a project. Resources are mobili-
sed and activities are carried out with the aim of providing beneficiaries the planned services.

This chapter can not develop all aspects related to the implementation phase; many of them
are developed in other chapters of the book. This section describes some important issues related to
the management of the activities developed during the project: planning of activities, staff manage-
ment, internal procedures, security and safety awareness, community involvement, and management
of information collected.
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Implementation corresponds to the activities defined in the logical framework. Common acti-
vities in water and sanitation programmes include: construction and rehabilitation of infrastructure,
provision of supplies, training and health promotion activities, studies, and assessments. Monitoring
is also required. For example, the implementing agency should check back periodically to ensure that
the handpump installed is properly used by the beneficiaries and is covering their needs. The reason
for this monitoring is 1) to ensure the implementing agency is properly carrying out its work, 2) to be
sure the planned activity is adequate, 3) to answer any questions that beneficiaries have which were
not addressed in the initial intervention and 4) to be sure that training is adequate.

Many aspects of a project need to be actively managed. During implementation, and in consul-
tation with beneficiaries and other stakeholders, the project-management team assesses actual pro-
gress against planned progress to determine whether the project is on track towards achieving its
objectives. If necessary, the project is re-oriented to bring it back on track.

Monitoring is a system to collect, analyse and use information to verify that the project stays
on track towards the achievement of its objective. Monitoring will measure the level of accomplish-
ment of the planned activities, but it is also a larger concept that involves evaluation of the degree to
which results are obtained and objectives are reached during the different phases of implementation.

4.1 Planning

Planning is the first step of project implementation, and is an essential tool that ensures that all
project activities are considered and scheduled.

Planning project implementation consists of review and further development of the work-plan
and resource schedule which were drawn up at the end of project identification.

When planning project implementation, the following points must be taken into account:

— Humanitarian context (emergency, refugees or internal displacements, post emergency etc.):
planning will not be the same in all contexts, and depends a great deal on the severity of the situation.

— Programme duration: the implementation time is initially defined when making the propo-
sal. Extensions and amendments can be negotiated with the donor if the context changes between wri-
ting the proposal and starting implementation (if the funding decision causes a delay), or during
implementation (if delays in implementation can be justified).

— Human and financial resources.

— Security situation: if the project area is unsafe for any of the staff, this factor must be taken
into account in the plan as well as in the working methods.

— Project participants’ availability: some people from the communities involved in the project
may be away for part of the year (e.g. in Guatemala, the farmers from the area of ‘El Altiplano’ leave
their villages and go to the coffee plantations to work as casual workers for the harvesting season).
Activities must be scheduled taking into account periods when community labour is not available.

— Rainy season: some countries are affected by a heavy rainy season for several months of the
year, including countries like Myanmar which experience monsoons. Reaching remote communities
and conducting field work like drilling boreholes may be impossible during several months.

— Technical constraints: these issues include variation in yield of water sources, such as springs
and rivers, which may be very significant between the rainy season and the dry season. The choice of
the source, which is made on the basis of the water demand and, in some cases, distribution-network
calculations, must be based on lower flows. The water table in a borehole may drop during the dry
season and this must be accounted for when setting pump depth. Other technical constraints include
difficulties in prospecting for, and reaching, groundwater, inappropriate national or regional technical
policies etc.

— Political context: external events can delay the implementation of the programme. Some,
such as elections, can be forecast, but others cannot.
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— Collaborating with counterparts (local/international NGOs, universities, local authorities
etc.) may require time at the beginning (making contact, presentation, training and organisation) but
is essential for proper project implementation in terms of sustainability, time efficiency, and pro-
gramme effectiveness. Given these elements, planning must be as participatory as possible and must
involve all the people and entities affected by the project.

4.2 Staff management

Staff require administrative and operational management. The number of staff and the struc-
ture of the team vary according to the context, the nature and size of the project, the degree of invol-
vement of beneficiaries and other stakeholders, and staff competencies. Emergency responses usually
require a high number of staff; however, this also depends on the context and the degree of benefi-
ciary involvement.

4.2.1 CREATING THE TEAM

Creating a project team is one of the first steps in implementing a project and it is fundamen-
tal for it development.

— A flow chart should provide a clear picture of staff structure and the relationships among the
different positions. Common positions include: administrators, managers, technicians and logisti-
cians, among others. Each position requires a different set of skills.

— A job description needs to be created for each position, including:

* Name of the position.

e A brief description of the project.

* Responsibilities of the position. It may be appropriate to include specific tasks and activities to
be achieved. However, the programme manager should be aware that when many specifics are
included it can be difficult to alter the responsibilities if required as the project adapts to the context.
* Location of work and working hours.

* People to manage, person who supervises this post, co-ordination and reporting responsibilities.
* Other work conditions: salary, holidays etc.

— Following the creation of a job description, a job vacancy is posted, first internally and then
among other NGOs, universities, institutions, on the radio and in newspapers etc. Applications and
curriculum vitae are received from candidates.

— Candidates for the post are chosen and interviewed. Interviews aim to check if the information
given on the curriculum vitae is accurate, to obtain additional information, and to present the organisa-
tion, objectives and activities. The methodology used is mainly open discussion and, for certain positions,
a written test. Interviews should be conducted by the immediate supervisor and other appropriate staff.

— Once an appropriate candidate is selected and the job has been offered and accepted, a
contract (for a specific duration) and work regulations are signed.

— The new staff person should be appropriately briefed and introduced to the organisation.

— Periodic review of staff needs, the staffing structure and the organigram should be undertaken.

4.2.2 THE ROLE OF THE PROJECT MANAGER

The project manager is responsible for the overall management of the project, and can also be
involved in the strategy of the organisation at the country or regional level, participating in coordina-
tion bodies, conducting new assessments, defining new projects etc.

Overall management involves: human-resources management; collaboration and coordination
with local or international NGOs, institutions and local authorities; capacity building; budget moni-
toring; material and equipment orders; budget and supply forecasting; equipment maintenance; data

2. Project management 55



collection and analysis (assessment, monitoring and evaluations); reporting; institutional learning;
investigation; development; security; strategy; project definition; integrated approach with other tech-
nical departments; gender issues; environmental issues; and any other points that come up.

In the area of human resources, project managers are in responsible for:

— defining human-resources needs for the project, preparing job descriptions and organigrams;

and recruitment if needed;

— organising staff trainings and meetings;

— leadership, motivation and communication;

— organisation and supervision of the team;

— evaluation of each person in the team.

A sample water and sanitation project manager job description is included in Annex 4.

4.2.3 LABOUR RELATIONS AND CONTRACTS

There are several ways to hire people to conduct work:

— Regular staff: these people are full employees with standard employment contracts which
must follow the national laws and guarantee benefits such as insurance, holidays, sick leave, end of
contract compensation etc.

— Casual workers: these people are paid daily and are normally under informal contracts or no
contract at all. A letter of understanding is recommended to establish engagements, and the organisa-
tion must take the responsibility to cover the worker if an accident occurs.

— "Food-for-work’ casual workers: food-for-work can be an option in situations where food aid
is needed, where people are paid in food for work that is generally considered to be the responsibility
of the community. This type of payment is usually made in situations where food aid is deemed neces-
sary and labour is available. It is necessary to do a proper food-security analysis before implementing
these activities, to ensure that:

¢ Jocal food production is not in danger due to the food aid;
* the food-for-work programme is adapted to the needs of the beneficiaries;
* voluntary work is not discouraged.

— Sub-contracting: a complete activity can be subcontracted to a company, to a group of people
or to another organisation. The contractual relationship must be established correctly, and payment for
the services provided must be dependent on the quality of the work.

One problem associated with subcontracting is that community participation becomes more
difficult, as subcontractors normally do not have a social agenda. Subcontractors may also economise
too much on money and time, which can lead to a drop in the quality of work. On the other hand,
contracting out work can be the best way to make use of good professionals and relieve the project of
many management and logistical tasks.

A common problem in project design is that personnel budget lines are often inflexible, whe-
reas subcontracted activities or casual workers can be assigned under the activity implementation bud-
get lines. However, if budgetary problems are the primary reason for subcontracting or using casual
workers, it is preferable to renegotiate the budget to increase the personnel budget lines. This ensures
that personnel are under regular contracts and enjoy social labour rights and other advantages. It is
also preferable to employ staff as there is more opportunity for capacity building.

4.2.4 SPECIAL MANAGEMENT TASKS

Training

Training of staff serves the project, the organisation, and the team members. A skilled, auto-
nomous, motivated and responsible team is essential for reaching the objectives of the project and
build sustainability.
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Training can be developed in two ways:

— Continuous training: day-to-day work and communication enables constant transfer of skills

and knowledge.

— Specific organised training: this may be undertaken on specific topics according to the needs

of the programme and the capacity of the staff.

It is important to design a training plan, where objectives are defined over a distinct period of
time. The first steps are to evaluate personnel capacities and expectations. Staff should be involved in
setting the training agenda and it is important to consider the professional growth of each staff member.

Training topics range from technical (e.g. borehole drilling, hygiene promotion, community
mobilisation) to administrative (e.g. warechouse management) to organisational (e.g. strategy formu-
lation). Training can also be focused on humanitarian issues, such as human rights etc., and can be a
way to involve staff in the organisation’s principles and mandate. Other training can be aimed at rein-
forcing specific skills such as languages, computer use, mathematics, literacy etc.

Training should be evaluated to measure its impact, improve future trainings and provide ideas
for other subjects for training. If several training sessions are held with the same group, each session
can include a review of topics covered in previous sessions and the opportunity can be taken to eva-
luate the training.

Staff training can be internal or external, in seminar format or as a practical demonstration.
Training can be carried out locally, nationally or regionally and for an individual or a group.

Coordination within the team: organisation and supervision / meetings

Team management requires respect, flexibility, clear rules, fairness, transparency, communi-
cation (understanding, listening and access to information), leadership, availability, delegation, and no
discrimination.

Frequent meetings ensure good communication within the team and the organisation.

It is important that delegating responsibilities is done with appropriate control and supervision.
Conlflict resolution is another important issue in staff management.

Evaluation of personnel

Evaluating the performance of each staff member is important for the person, the project and the
organisation. Evaluations should be conducted as an open discussion between the supervisor and person
being evaluated. An evaluation form should be used, containing both general criteria (e.g. contact with
local population, with authorities, respect of the organisation’s rules, commitment to the project etc.) and
specific criteria (technical, managerial etc.). Evaluation objectives should be fixed at the beginning of the
employment contract (professional behaviour, understanding capacity or technical basis etc.).

Staff evaluations should be constructive and honest. They must always be done together with
the person concerned, who should have the freedom to express their agreements or disagreements. If
there are different points of view, they must be explained. Both people should read the completed eva-
luation form and sign it upon completion. One copy of the completed evaluation form should go to
the staff member and another should put in their personnel file.

It is also useful to have bottom-up evaluations of managers by the people they manage as well
as top-down evaluations of staff by their managers, to help to improve management relations and
avoid possible problems.

4.3 Internal procedures

The organisation must be ruled by clear and transparent procedures to guarantee fair and
smooth operations.
— Administrative procedures should exist for:
e use of funds;
e cash management, money and supply forecast, orders and budget monitoring;
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4.4

e agreements with other organisation or institutions;
* staff management (recruitment, contracts, staff regulations, meetings, working hours, eva-
luations etc.).
— Logistics procedures should exist for:
* orders, quotations, purchases;
* stock management (in/out, storage);
e use and maintenance of material and equipment (spare parts, maintenance and repairing
procedure);
e transport of material and equipmen;
* use and maintenance of vehicles (weekly planning);
* radio, phone and e-mail communications (the security situation will determine many of
these procedures).
— Security procedures: staff movements, working hours, hours in the field, places to go and not
to go, communication etc. (see Section 4.4).

Security and safety awareness

Security and safety must be a priority for humanitarian programmes and interventions should

not take place (or must stop) if security and safety are not guaranteed.

Humanitarian interventions often take place in areas with serious security considerations.

‘Security’ refers to the risks of conflicts or intentional violence. Establishing security procedures
requires a good understanding of the situation. Security must be a priority for all the members of the
team and a security plan must be established and continuously updated with clear and understandable
guidelines and rules (see Figure 2.16). This requires that the programme manager does the following:

— Obtain and collect reliable information.

— Maintain close and continuous contact with local communities and key informants.

— Analyse trends, risks and vulnerabilities related to security.

— Have and respect the security plan.

— Ensure all team members follow the rules and respect the decision-making mechanisms and
the people responsible for security.

— Communicate and train staff on the procedures and what to do in case of emergency.

— Ensure that all staff demonstrate good behaviour with the communities and other actors.

— Maintain neutrality in a conflict.

— Respect the local social structure and decision-making mechanisms.

| 1) Information
gathering
Y
4) Information dissemination Updating 2) Analysis
and training information of the information

3) Security plan |

Figure 2.16: Process for developing a security plan.
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— Involve the communities in the security of the team and the project assets.

— Continuously evaluate the organisation’s capacity to response to security problems.

Security must be taken into account from the early stages of the project cycle as a fundamen-
tal characteristic of the context in order to properly define the project. It is also essential to plan appro-
priate resources and time in the project design to ensure security throughout the project. Security is
the first priority in the field. If it is not guaranteed, the project must be stopped or not implemented.

‘Safety’ refers to risks associated with natural events and work activities, as well as accidents
related to daily activities, and medical problems of the staff. Safety procedures are aimed at reducing
vulnerability from such occurrences, and require the following:

— Safe working practices, including:

* having a set of safety regulations and provision of safety equipment;

e awareness and training about hazards and regulations;

e team members taking responsibility for ensuring the safety of themselves and others;

* having procedures in case of accident, and basic medical kits;

* having insurance cover for workplace accidents, which meets legal requirements as a minimum.
— Choosing, designing and constructing facilities which guarantee the safety of the communi-
ties during their use. (e.g. avoiding open wells without any protection in schools, building
fences, protecting wells to prevent accidents during standby in construction etc.).
— Involving communities in their own safety during construction and use of facilities upon

completion:

e protect against any community member disturbing the construction site, endangering them-
selves, others, the equipment or the facilities;

Table 2.VI: Safety measures for some water and sanitation activities.

Activity

Measures

Construction / rehabilitation of wells: people falling in,
tools and equipment falling in, collapsing soil, accidents
with pick-axes and hammers, accidents with electrical
dewatering pumps (broken electrical cables), poisonous
gases from pump engines or explosives

Drilling: equipment falling, accidents with the drilling rig,
burns from motor parts, compressor tubes
with no security connections

Use of chemicals: water treatment and analysis

Accidents with vehicles

Use safety equipment: helmets, boots, gloves,
harnesses, good-quality lifting and lowering
equipment (tripods, pulleys etc.) to lower rings
Reinforce walls in areas at risk of collapsing

Keep people out of water when using an electrical
pump

Use compressed-air-powered equipment rather than
electrical pumps for dewatering

Monitor the availability of air at the bottom of the well
and ensure enough for people inside

Do not use engines inside the well, to avoid gases
Cover and protect the well during standby periods

Use safety procedures and equipment (helmets,
gloves, boots, safety glasses, ear defenders
Limit access to the area where equipment is placed

Use gloves and safety glasses, especially for
procedures which use methanol for disinfecting
water-analysis equipment

Use appropriate masks when handling dusty or
volatile treatment chemicals

Store and transport chemicals safely

Proper maintenance, following rules
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e put the community in charge of the worksite and safety equipment during non-working hours;
e ensure that communities understand that they are responsible for the facilities once the
work is finished, and this involves safety (maintenance of the safety barriers, ensuring that
other members of the community are aware of risks etc.);
* establish responsibilities through signed contracts with communities upon project inception.
Table 2.VI describes some activities related to water and sanitation projects that require spe-
cial attention to safety.

4.5 Community involvement

Successful implementation and sustainability of a project depends directly on full support from
the beneficiaries. Communities must appropriate the project and its outputs. This is only ensured if
they are involved in all phases of the project — from the early stages of project definition to imple-
mentation, operation and maintenance. Beneficiary input is also essential for project evaluation.

Participation of communities in the project design (i.e. choice of water source, technology
used, level of service and placement of facilities) helps to prevent:

—social problems such as unfair distribution of facilities, loss of access to the resource for cer-

tain people/groups, change of social habits (e.g. rivers, public water points and laundry areas

are important places where women meet and so installing individual water points may have a

negative impact on the social structure);

— technical problems such as technology that is not appropriate to the community’s needs or

lack of knowledge and resources for operation and maintenance of the system.

Community participation serves to motivate people, develop local capacities and reduce the
cost of construction. The sense of ownership is also important to guarantee sustainability.

Communities can participate in the project in different ways: by paying part of the cost of
construction, collecting materials (sand, gravel, water etc.), or participating actively in construction.
Beneficiaries should also take on responsibilities in the project, such as looking after the facilities,
ensuring the safety of the community during the work, helping accommodate the teams carrying out
the work etc. Involvement in the construction also benefits the operation and maintenance capacities
(see Chapter 16 for more details).

Finally, the community will be involved in the hygiene-promotion programme which is neces-
sary in all water and sanitation projects (see Chapter 15).

4.6 Management of information, lessons learned and reporting

During the development of projects, a large volume of information is gathered This informa-
tion, in addition to being used by the project designers, should be organised, analysed and transmit-
ted to the other stakeholders at all stages. Distilling the information systematically is also necessary
in order to capture learning in order to improve:

— Project evaluation: rather than waiting until the end of the project, there is a great deal to be

learned throughout the project cycle by regularly processing the information gathered.

— Adaptive management: actions, methodologies, objectives, and strategies can evolve throughout

the project in response to lessons learned.

— Comparative learning: information gathered can be compared at various scales such as local,

regional, national and international to enhance learning.

— Capacity building and learning: information distilled can facilitate transfer of knowledge,

improve skills and share successful experiences or lessons learned.

Access to the information gathered also facilitates transparency in project management.

Typical tools for information management and sharing include reports, publications and stu-
dies, databases, maps and geographical information systems.
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BEFORE THE INTERVENTION

Problems and capacities

Context

Underlying causes related
to problems and capacities
Constraints on local
responses to the problem

DURING THE INTERVENTION

Activities developed:
when, how long, who,
with who, methodologies

Context
Factors that favour
or limit the intervention

AFTER THE INTERVENTION

Comparison between the situation
before and after the intervention
Benefits

Who received the benefits?

Context

Factors that contribute

to increasing the benefits

or the number of beneficiaries
Factors that limit the benefits

(INITIAL SITUATION >

or the number of beneficiaries

( FINAL SITUATION )

PROCESS OF INTERVENTION >

Figure 2.17: Selection and structure of information during the project.

Reporting is essential to evaluate the progress of the project and also serves to communicate

lessons learned to local authorities, institutions and donors. Reports are also the usual way to docu-
ment project progress and a typical first step in discussing possible project changes with donors. There
are different types of report:

— Internal reports (monthly, quarterly and/or annual) between project base and capital or capi-
tal and headquarters.

— Intermediate (often quarterly) and final donor reports (as stipulated in the contract).

— Special reports on specific issues.

Capitalisation of experience can be done in a participatory manner where stakeholders define

the success, failure and innovation of certain project aspects. This information can be used to help
define future actions.

Information should be selected and structured during all the project process. It is recommen-

ded to follow a methodology and prepare it systematically as described in Figure 2.17.

4.7

This participative capitalisation of a project implies:

— Evaluation of the need capitalise and what to capitalise.

— Identification of actors who should be involved in the process.
— Collection and classification of necessary information.

— Interview process.

— Description of the intervention.

— Reporting and forms.

— Communication of the results.

Monitoring

Monitoring concerns the analysis of project progress related to the situation and the changes

which take place. It requires continuous information and data collection, and analysis and use of infor-
mation for adaptive management and decision making. It applies to:

— An analysis of the evolution of the logical framework, mainly a focus on the results,
resources and activities. Verification of relevance of objectives defined in the project.

— The progress of programme activities compared with the plan.

— Evaluating if the needs and constraints of the project are addressed and what changes of
situation and needs require changes in the intervention.
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— Evaluating the management of resources (financial, human and material) in relation to the

definition of the project and the results obtained.

— Review of the implementation procedures to determine information needs at the different

levels of the project-management structure. Essentially, this means matching information

needs to decision-making roles.

Monitoring can be a great way to involve the community. Participatory monitoring allows
communities to learn lessons and work with the team to make programme changes.

It is important to create a monitoring system that has clear objectives and that specifies the
human and financial resources required and the responsibilities involved. A monitoring system should
be simple and manageable. Steps in creating a monitoring system include:

— Selecting relevant indicators (relevant and easy to collect and to analyse, see SMART pro-

ject indicators in Section 3.2.1).

— Defining the data collection method and the responsibilities of the people involved in those

processes.

— Defining how the analysis will be presented, discussed with people involved and used to

inform programme planning and adaptive management.

Monitoring and evaluation are two different activities, with different objectives, which may
use the same information. Monitoring is progressive and more focused on project management, and
evaluation in the project cycle aims to assess if the project has fulfilled its objectives and other aspects
to consider for future interventions. Normally, monitoring feeds into evaluation.

5 Evaluation

Evaluation is a systematic way to review the achievements of a project against planned expec-
tations and to use project experiences and lessons learned to design future projects and programmes.
Evaluation can be defined as an assessment of the relevance, efficiency, effectiveness, impact, eco-
nomic and financial viability, and sustainability of a project. Evaluation is based on the measurement
of indicators (see Section 3.2.1).

Evaluation can either be internal (done by the organisation that implements the project) or
external (done by someone who is not involved in the project). It is recommended that projects have
external evaluations.

Evaluations require time and resources, and it is important to include the necessary time and
resources in the initial project design and budget.

Main criteria used for project evaluation
There are six main criteria used to evaluate a project:

Effectiveness

Degree of achievement of the specific objective defined by the project (comparison of the
results achieved with the specific objective planned).

E.g.,80% of the objective achieved: only 80% of the population have access to safe water after
the project instead of the 100% expected.

Efficiency

Efficiency measures the outputs/results (qualitative and quantitative) in relation to the
resources (inputs): does the programme use the least-costly resources to achieve its objectives with
quality in the context where it is implemented?

This generally requires comparing possible alternative approaches to achieving the same out-
puts/results to see whether the most efficient process has been used.
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E.g., other projects used local technologies for the pumping system, reducing the cost of this
activity by 70% and improving sustainability.

Impact

Impact looks at the wider effects of the project: social, economic, political, technical, and envi-
ronmental. It includes changes that are immediate and long-term, intended and unintended, positive
and negative, and macro and micro.

Impact studies address the question: What difference has the project made to the beneficiaries?

Sometimes it is difficult to assess impact because there are several factors which can influence
the results (the problem is to know to what extent the project affects the situation, taking account of
the other factors) and also because a result can have several impacts.

E.g.,improved access to water had a positive impact in the economic status of the families: x%
of the cost of water consumption was saved.

Sustainability

Sustainability refers to the impact of the project once it is completed and over a long period.
It involves, in the long term, the proper use and the good condition of the facilities provided, the reten-
tion and use of the knowledge acquired by the beneficiaries during the project and the continuity of
the community organisation developed by the project. Sustainability is tested through questions such
as the following: Can more permanent actors continue achieving the programme objectives when this
project stops? Do the host country and beneficiaries ‘own’ the programme, such that they have the
motivation and capacity to continue it?

The main factors influencing sustainability are:

— financial and management capacities of the host institution;

— socio-cultural factors relating to the acceptability of the programme;

— technical factors: the appropriateness of the technology to the host institution’s financial and

human capacity.

Sustainability is generally a higher priority in longer-term development projects than emer-
gency relief projects. However, even emergency aid should be based on local capacities and move-
ment towards self-sufficiency of the population.

E.g., 80% of the facilities are still working and managed by the communities one year after the
end of the programme.

Relevance

In terms of relevance, evaluations seek to answer questions such as the following: Is the pro-
ject aligned with the needs and priorities of the beneficiaries, with the global objective and with ACF’s
strategy? Was the objective appropriate to the context throughout the project? It is useful to explore
this last point for learning lessons which can be applied to future projects.

Replicability

The following questions may be asked: Is the community or local institution able to continue
and/or expand services? Is the project transferable to other places and situations or was it so specific
to the particular context that it was an isolated experience? The answer to this may be neither positive
nor negative, but a full exploration of what can be learned and replicated and what cannot is useful
for the design of future projects, both in the same location and different ones.

The evaluation criteria developed above should be used at different levels of the logical fra-
mework matrix in order to have a complete overview in the evaluation of the project. Table 2.VII
locates the evaluation criteria in the logical framework matrix and describes the type of information
required and the timing of collection.
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Table 2.VII: Evaluation indicators and logical framework matrix (adapted from E.U. Project Cycle
Management Training Handbook, ITAD, 1999).

Level of logical
framework matrix

Type of information

Timing of collection

Measurement concept

GENERAL OBJECTIVES

SPECIFIC OBJECTIVE

BENEFICIARY
RESPONSE

RESULTS

ACTIVITIES

COSTS

Substantive development
change specific to the sector
Measurement based on
trends, possibility of key
sectoral indicators

Note: the project is only one
of many factors influencing
change

Realistic and sustainable
change in target-group
situation, specific to
project intervention

Early warning of likelihood

of implementation success
from opinions of beneficiaries
about their access to, use of
and degree of satisfaction
with services provided

by the project

Quantitative and qualitative
measures of physical progress
in service delivery

Cost ratios and input-output
ratios of performance
Comparisons of actual
achievements with planned
targets

Measures based on activity
schedule

Comparisons of actual start
and completion dates with
planned dates

Variations from the planned
schedule

Milestone dates and events

Measures based on project
budget

Comparisons of actual against
planned spending

Analysis of government, donor
and beneficiary contributions
Cost variance analysis

Project completion
& ex-post

Mid-term & project
completion

Quarterly / yearly
(collected as part
of results monitoring)

Quarterly / yearly
at the end of the project

Weekly / monthly

Weekly / monthly

SUSTAINABILITY
“Continuing the flow
of benefits”

IMPACT
“Making a difference
in the wider environment”

RELEVANCE
“Meeting target-group needs”

LEADING INDICATORS
Proxies for relevant
and sustainable change

EFFECTIVENESS
“Progress towards objectives
— doing the right things”

EFFICIENCY
“Efficient implementation
— doing things right”

ECONOMY

“Ensuring the best
relation between cost,
quality and time”
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The water resources used for human consumption are rain, surface water and groundwater.
This classification, based on differing characteristics and exploitation methods, is arbitrary, since all
these resources are part of the dynamics of the global water cycle.

1 The water cycle

The Earth works as a giant distillation plant, where water evaporates continuously and then
condenses and falls again to the Earth’s surface. This dynamic process is called the ‘water cycle’, and can
be studied at various levels of time and space. Figure 3.1 shows the overall water cycle of the planet.

atmospheric transfer

Figure 3.1: The water cycle.
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Evaporation occurs mainly at the surface of the oceans, under the influence of solar energy. On
the continents, all surface water, as well as shallow groundwater, can be taken up by evaporation.
However, the biggest continental contribution is provided by plants in the form of transpiration.

In the atmosphere, water vapour is subject to various winds and transfer movements that feed
precipitation.

Part of the continental precipitation is quickly evaporated or transpired, and part rejoins the
oceans after having flowed into and fed streams and lakes. A third fraction of precipitation filters into
the earth. This water, which becomes groundwater, is not static and continues to be part of the water
cycle: it forms groundwater which flows out to feed springs and streams, or flows into the seas (the
only exception is fossil sources which are no longer supplied).

The hydrological balance allows the various movements of water to be quantified. This can be
written simply as follows:

total flow = precipitation — evapotranspiration
Qt=P-ETR

where Q, = total flow; P = precipitation and ETR = real evapotranspiration (see Annex 6).

Considering the cycle on the planetary scale, De Marsily (1986) proposes the following annual
average values:

— continental precipitations, 720 mm;

— evapotranspiration, 410 mm;

— flow of streams and groundwater to the oceans, 310 mm;

— oceanic precipitation, 1 120 mm;

— oceanic evaporation, 1 250 mm.

These figures nearly balance if it is considered that the oceans cover 70% of the Earth’s sur-
face, and the continents cover 30%.

The volumes, flows and retention times in the Earth’s large reservoirs are shown in Table 3.1.
However, local conditions of relief, climate and geology mean that the cycles vary considerably from
one region to another. Note that there is an important difference between these figures and those pro-
vided by Castany (1982) and De Marsily (1986); they suggest that groundwater does not exceed 2%
of the total volume of reserves, so that the ocean fraction therefore amounts to over 97%.

Table 3.1 : The Earth’s main water reservoirs (from Caron et al. 1995).

Reservoir Capacity (%) Flow (%) Average retention time
Oceans 80 78 3 172 years
Atmosphere 0.3 7 4 months
Streams and lakes 0.01 7 5.6 years
Groundwater 19.6 7 8 250 years

2 Rainwater

The harvesting of rainwater is a common practice in many countries. Generally, two types of
catchment systems are used.

Artificial and land surface catchments are used to collect rain. At a domestic level, this surface
is generally provided by the roof of the house: gutters collect the rainwater and guide it towards sto-
rage vessels (jars, barrels or tanks). In the south of Madagascar and in Haiti, there are collective catch-
ment surfaces made of reinforced concrete slabs laid on the ground, with a slope that allows the water
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corrugated
roof

gutter

Figure 3.2: Harvesting of water from a roof.

to flow down to underground reservoirs. The bacteriological quality of such water depends on the
cleanliness of the collection surface, channels and tank, and on storage and drawing methods

The harvesting of rainwater is also carried out directly: in Cambodia and Myanmar, domestic
or collective ponds are dug. Rain fills up those ponds, which can be permanent or temporary, but are
generally muddy and biologically contaminated.

For more details regarding rainwater quality, refer to Chapter 4.

2.1 The water layer concept

The concept of a ‘water layer’ is used to express the relationship between rainfall and flow that
is produced on a drainage area. A 1-mm water layer corresponds to 1 1/m2, so a 100-m2 roof that col-
lects 10 mm of rain is, in theory, capable of producing 100 x 10 = 1 m3 of water.

In practice, it is not possible to collect all the rainfall, since part of it is evaporated and part of
it is lost (leakage, overflow etc). For domestic or small collective rainwater catchments, Pacey and
Cullis, 1986 propose the following harvested-water/rainfall ratios:

—tile: 0.8 t0 0.9;

— corrugated metal sheet: 0.7 to 0.9;

— plastic sheets: 0.7 to 0.8;

— concrete: 0.6 to 0.8;

— brick: 0.5 to 0.6.

Therefore, 10 mm of rain falling on a 100-m?2 corrugated sheet roof produces: 100 x 10 x 0.7
=700 litres of water (Figure 3.2).

In order to design a rainwater-harvesting system, it is advisable to collect the available rainfall
data and/or to install a network of rain gauges or rain meters.

2.2 Rainfall measurement

The density of the network of rain gauges is selected on the basis of the particular measure-
ment objective and the environmental conditions. For the same climate zone, rainfall can be affected
by numerous factors: altitude, exposure of slopes, distance from the sea etc. In a reasonably small and
relatively homogenous area, such as certain refugee camps, the installation of one or two rain gauges
may be enough. Over a district, the network must be larger in order to incorporate environmental
differences.

The measurement sequence must be as long as possible; up to several years for complete accu-
racy. It is therefore sensible to set up a network of rain gauges as soon as possible, since certain water-
supply projects will exist for several years even if a permanent installation is not envisaged at the
beginning of the programme. A station that automatically registers rainfall and temperature data can
be installed in order to facilitate recording.

Then, it is necessary to give to each rain gauge a geographical area of representation. Several
different methods can be used (see Annex 6), but the main ones are:
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— the arithmetical mean, which is the least accurate but the easiest to use;
— the Thiessen method (surface weighting), usable in relatively flat areas;
— the isohyetal method, more accurate in the case of broken terrain.

3  Surface water

Surface water comes in many forms, and methods of exploitation are very varied.

Part of the rainwater that arrives on the ground runs off. Sometimes this water is intercepted by
some man-made structure, especially in areas with a dry climate. For example, in a sahelian area, run-
off that concentrates at low points is retained by a dam and used for human and animal needs. These
ponds can be temporary or permanent, but they are generally muddy and polluted by faecal matter.
They are difficult to protect, but being possibly the only available resource, they are also vital. Storage
can be in underground reservoirs, which are called birkad in East Africa (Ethiopia, Somalia). Animals
do not have a direct access to the reserve, to protect it from contamination, and evaporation is reduced.

Temporary watercourses, sometimes called by their Arabic name, oued or wadi, are characte-
rised by their usually torrential flow, with a strong erosion capacity upstream and a sedimentation
zone downstream. Perennial underground flow frequently accompanies these temporary water-
courses, so their exploitation is generally linked to groundwater (see Chapter 5).

Permanent watercourses are used all around the world, since they are perennial and easy to
exploit directly. Their quality varies greatly from one situation to another: they are very vulnerable to
surface pollution, but have an auto-purification capacity linked to the biological conditions of the
aquatic environment. They are usually closely linked to groundwater, and can be exploited indirectly
via wells and boreholes in their alluvial deposits.

Lakes are extended areas of water without a direct link to the sea. They are formed in topo-
graphic depressions fed by surface-water flow and direct rainfall, or upstream of dams that block sur-
face-water flow. Lakes are therefore considered to have catchment areas in the same way as water-
courses. Lakes are widely-used resources of very varied quality. As with any other surface-water
source, they are vulnerable to pollution.

For more details on surface-water quality, refer to Chapter 4.

3.1 The catchment area concept

Surface water flows by gravity and so the direction of flow depends on the topography. A
catchment area is defined as the group of slopes inclined towards the same watercourse, into which
they all contribute water. Catchment areas are divided by watersheds, and are identified on the topo-
graphic map by crest-lines. They are usually drained by an out-flowing watercourse, in which case
they are known as exoreic basins, but can also be closed (without an outlet) when they are termed
endoreic basins.

Exploitation of surface water can take place after assessing its quality (see Chapter 4) and the
quantity of water available.

3.2 Run-off assessment

Run-off water is the fraction of rainfall that does not infiltrate and is not returned to the atmos-
phere by evapotranspiration, and it is therefore necessary to know the various balance terms to cal-
culate it. Nevertheless, a quick assessment can be made as in Table 3.1I, which establishes the orders
of magnitude of run-off water on natural ground depending on average annual data. Note that these
figures do not take into account the slope of the terrain or the intensity of the rainfall. It is therefore
necessary to use them with caution, and favour the balance method or, even better, direct observation
of the working systems.
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Table 3.II : Run-off assessment.

Rainfall Potential evapotranspiration Run-off water (% of the rainfall)

(mm) (mm) fairly impermeable terrain ~ very permeable terrain
>1100 - 16.5 6.5

900 to 1 100 - 13 6.5

500 to 900 <1300 10 5

500 to 900 1 300 to 1 800 10 3

400 to 500 1 300 to 1 800 8 1.5

250 to 400 <1800 5 0

250 to 400 > 1800 3 0

A 100 hectare (106 m2) rainwater catchment made of fairly impermeable compacted soil, in a
climate with an average annual rainfall of 750 mm and potential evapotranspiration of 1 000 mm (for
calculation of potential evapotranspiration, see Annex 6), can produce about 10 x 750 x 10% =
75 000 m3 of run-off water.

3.3 Flow-rate measurement

Various methods are used to calculate the flow rates of watercourses. The technique chosen
depends on the conditions of flow and the range of flow rates to be measured (Table 3.11I).

Table 3.III : Techniques of flow-rate measurement.

Direct measurement of the flow rate (recipient and chronometer) Flow rate < 35 I/s
Measurement of current velocity (float and chronometer) or current meter Laminar flow
Measurement of the water height (weir) Laminar flow
Salt-gulp method (salt dilution) Turbulent flow

100 I/s < flow rate < 3 m3/s

3.3.1 CHRONOMETER AND CONTAINER

For accuracy, the duration of collection must be between 30 and 60 seconds (Figure 3.3). The
recipient is calibrated and its capacity is chosen depending on flow rate (Table 3.IV). It is advisable
to carry out several measurements and to take an average.

5560 5
50 10
45 15
40 20
353025

Figure 3.3: Direct flow measurement.
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Table 3.IV: Volume of recipient depending on the flow rate.

Flow rates Q Volume of calibrated recipient
(m3/h) ()
Q<36 20
36<Q<9 50
72<Q<18 100
144<Q<36 200

3.32 CHRONOMETER AND FLOAT

The flow rate Q is proportional to the velocity of the water and its flow section. This method
is only valid for laminar flow (see Annex 6), and measurement accuracy is poor, since velocity is not
constant across the section of the flow.

In practice, the flow section (taken perpendicular to the flow) is measured, and then, using a
chronometer, the velocity of passage of a floating body (cork or wood) is measured over a known dis-
tance. The float must be launched in the direction of measurement, in the middle of the channel. The
velocity obtained is a surface velocity, generally higher than the average flow-section velocity. Then
the calculation is corrected with a coefficient, B, such that:

Q=B.VS

where Q is flow rate (m3/s), V is velocity (m/s), S is normal flow section (m?) and B is a coefficient
between 0.6 and 0.8.

3.3.3 WEIR MEASUREMENT

A weir is a device that enables flow rate to be calculated from the thickness of a water layer.
The principle is to install a board or a metallic plate perpendicular to the flow. The thickness of the
water layer measured above the weir is proportional to flow rate, and depends on the characteristics
of the device. The flow must be laminar. If this is not the case, it is possible to smooth it by a using a
relatively high plate. The thickness of the water layer must be measured at a distance from the weir
equal to at least 5 times the maximum thickness of the water layer (Figure 3.4).

The shape of the weir is chosen depending on the range of flow rates to be measured: the weir
must allow a large variation in water height to be obtained for a small variation of flow rate. The most
usual shapes are triangular and rectangular, known as thin-plate weirs (see Box 3.1). Triangular weirs
are generally classified depending on their opening angle. Table 3.V gives the application range of the
most efficient thin-plate weirs depending on their shape.

minimum 5 x h _
<4 > . -

AR
-

Figure 3.4: Thin-plate weir.
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Table 3.V: Choice of thin-plate weir.
T: triangular. R: rectangular. L: threshold length.

Flow rates to be measured (I/s) Type of weir
min. max.
0.3 40 T-a=30°
1 100 T-a=60°
20 150 T-a=90°
20 200 R-L=03m
60 500 R-L=1m
300 1500 R-L=2m
800 4 000 R-L=5m

In the field, the choice of weir must be followed by the construction of a design chart to read
the flow rate quickly depending on the height of the water layer (Figure 3.5). Box 3.1 gives the most
commonly used formulae.

3.3.4 SALT-GULP METHOD

This method is well suited to turbulent flow conditions. It consists of analysing the characte-
ristics of passage of a volume of saline solution introduced into the watercourse (Figure 3.6 and Box
3.2). Two people are needed: the first prepares a solution of salt and then introduces it into the water-
course. Downstream, the second person measures the variation in conductivity induced by the pas-
sage of the salt, using a common conductimeter.

The NaCl solution is prepared without exceeding the solubility threshold of 300 g/I at 20° C.
The quantity of salt to be used depends on the flow rate of the stream and its base conductivity: the
objective is to double the conductivity of the stream in order to be able to measure the passage of the
salt cloud. For flow rates of 100 to 3 000 1/s, a quantity of 1 kg of NaCl per 100 1/s allows the base
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Figure 3.5: Design chart for triangular thin-plate weir (Bazin formula, 20-cm blade).
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Box 3.1
Thin-plate weirs.

The weirs are referred to as ‘thin-plate’ since the thickness of the threshold is less than h/2, where h is the
thickness of the water layer.

The general flow rate formula for weirs is:

Q =u.l.h+2gh
where Q is flow rate (m3/s), u weir flow-rate coefficient (non-dimensional), I weir width (m), h water layer
(m) and g the acceleration due to gravity (9.81 m/s2).

Rectangular weir without lateral constriction
When the width of the weir is the same as that of the supply channel, the weir does not reduce the width of
the water layer.

Bazin’s formula, which is widely used, defines the coefficient w:

0.003 h2
u=0405+——([1+055

h

(h + P)2

where P is blade height (m). This formula is applicable for values of P lying between 0.2 and 2 m and h bet-
ween 0.1 and 0.6 m.

The SIA formula gives:
h2
1+05

w=0410 |1+

1000 h + 1.6 (h+P)2
It is applicable when P is higher than h and h lies between 0.025 and 0.8 m.

Rectangular weir with lateral constriction
When the supply channel is wider than the threshold, the SIA gives the following formula:

}

Where L is the width of the supply channel and 1 the width of the weir, both in metres.

241 -2 (/L2
1000h + 1.6

1|4

L

h
h+P

2

L

12
+ 1+05

u= {0.385 +0.025

This formula is usable when P>0.3 m;1>031L;0025L/T<h=<08mandh<P.

Triangular weir
The general formula is:

Q)= %mhzwl'Zgh tg %

where Q is flow rate (m3/s), u flow-rate coefficient for Bazin’s rectangular weir without lateral constriction,
h the thickness of water layer (m) and a the weir angle.

conductivity of a fairly low mineralised stream (conductivity about 200 uS/cm at 25 °C) to be multi-
plied by about 2.5. The solution is injected quickly, in an area where turbulence facilitates mixing with
the stream water.

The distance between the point of injection and the point of measurement is chosen in order to
obtain a cloud-passage curve [c = f(t)] with a Gaussian distribution (Figure 3.6). An average distance of
80 to 100 m usually gives good results. It is important to choose a section of watercourse where the
losses and dead areas are as few as possible so as not to lose or immobilise part of the NaCl solution.
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Figure 3.6: Salt-gulp method.

Box 3.2
The salt-gulp method.

During the period of time dt, the conductivity of the water measured during the passage of the cloud of salt
is . This conductivity can be expressed in terms of concentration:

c=ky
where c is concentration (g/1),  is conductivity (uS/cm) and k is a conversion factor.

In the same time dt, the volume of water passing is Q.dt. The average mass of salt that passes during dt is
therefore:
x.-k.Q.dt

Over the whole period of passage of the cloud of salt:
MNaC1=2k'Q'dt

or: Mygcr =k - Q . [x . dt
The flow rate of the watercourse is therefore given by:
My
- k. f x . dt

where Q is flow rate (1/s), M is the mass of salt (g), k is the conversion factor and fy dt is the integral over
the whole passage period of the cloud [(uS/cm).s].

Conversion factor k
The factor k varies with the temperature and mineralisation of the water. For water at 25° C (automatic cor-
rection of the conductimeter) and slightly mineralised (Xuqireated water = 200 wS/cm), k = 5.48 x 104,

Average concentration

The formula Q = My,cr. / k. f.dt is not very different from Q = My, / €.t when the curve y = f(t) is Gaus-
sian, where C is the average concentration of NaCl over the period t (¢ =k .) and t is the time of passage
of the cloud of salt.

It is advisable to draw the curve = f(t) on graph paper and to integrate it (small-squares method) in order
to obtain a sufficient degree of accuracy. Calculation by average conductivity is not as useful as when the
curve is Gaussian.
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The flow rate of the watercourse is given by:

MNaCl

k.y.t
where Q is the flow rate of the watercourse (I/s), M is the mass of salt used to make the solution (g),

¥ is the average conductivity induced by NaCl over the period t (uS/cm), k is the conductivity/concen-
tration conversion factor (k = 5.48 . 10~4) and t is the time of passage of the cloud of salt (s).

3.3.5 PROPELLER DEVICES

Propeller devices, often called current meters, consist of a shaft with a propeller connected to
the end. The propeller is free to rotate, and the speed of rotation is proportional to the stream velocity
if the flow is laminar.

The number of rotations of the propeller produced by the flow, on a normal section of the
stream at various depths and distances from the bank, is recorded. After conversion of the number of
rotations into velocity, it is possible to calculate the flow rate passing through the measured section
when the section area is known.

4  Groundwater

According to Castany (1982), nearly 60% of the drinking water reserves of the planet are sto-
red in the form of ice or snow, less than 0.5% in continental surface water and 40% in the form of
groundwater. The use of this resource is therefore a vital matter for many populations.

41 Water within rock

Rocks capable of containing water and allowing it to flow easily are called aquifers. An aqui-
fer is not necessarily a homogenous geological group: it can be composed of different rocks or strata.
An aquifer has an area saturated with water, and sometimes a non-saturated area. It is spatially res-
tricted by an impermeable rock at its base (the wall or substratum), sometimes by an impermeable
rock above it (the roof), and by lateral restrictions.

The groundwater is all the water contained in the aquifer, generally supplied by useful preci-
pitation (the fraction of precipitation that infiltrates and feeds the aquifer) and the infiltration of sur-
face water (streams and lakes).

Aquifers are not static: part of the water leaves the aquifer in the form of springs, feeding sur-
face water (streams, lakes, seas), by pumping, or by direct evaporation (Figure 3.7).

infet outlet
aquifer supply
|
, - %,
unsaturated U,
zone ‘3%%
: 5,
¥ Laquifer, Yo
saturated :
zone
impermeable * i .
;;:::1.3 ) atibstratur Figure 3.7: Storage and flow
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To describe an aquifer, a group of parameters related to its nature, geometry and functio
(water storage and outflow capacity) are used (Box 3.3).

ns

Box 3.3
Representative sample volume.

A porous environment can be physically defined by three characteristics:

— continuity/discontinuity: an environment is called continuous if its voids are interconnected in the direc-
tion of the flow;

— homogeneity/heterogeneity: an environment is homogenous if its characteristics are constant in the direc-
tion of the flow;

— isotropy/anisotropy: an environment is called isotropic when its physical characteristics are constant in
the three dimensions.

The concepts of porosity and permeability, defined in the following sections, are linked to the scale of
observation. In fact, a fissured rock is considered non-homogenous when observed at a centimetre scale,
but it can be considered homogenous if observed at a kilometre scale.

The concept of representative sample volume (RSV) describes the characteristics of an aquifer: for
example, a RSV at the cm3 scale is used for sands or gravels, and at the m3 or km3 scale for fissured rock.

Even though this concept of RSV is often used, it presents considerable problems. Certain authors there-
fore define the concept of random function and study the environment as the development of random phe-
nomena (De Marsily 1986).

4.1.1 WATER STORAGE

The quantity of water stored in an aquifer at a given instant depends on the volume of the reser-

voir and its capacity to bear water (Figure 3.8).
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Total porosity
Most rocks naturally contain a certain percentage of voids that can be occupied by water. Total
porosity (n) is the capacity of an aquifer to store water so that (Figure 3.8):

void volume
n=s—H—H
total volume

Generally, total porosity is expressed as a percentage.

The voids are not necessarily interconnected and the water is not always free to flow within the
rock: total porosity is a necessary condition for water flow, but it is not the only one.

Generally, two types of porosity can be distinguished, depending on the geological nature of
the aquifer. Microporosity (also primary or interstitial porosity) refers to the intrinsic porosity of the
rocks, while macroporosity (fracture or secondary porosity) refers to the porosity induced by fissures,
fractures or karstic developments of consolidated rocks. Certain aquifers, such as some sandstones or
carbonated rocks, have both interstitial and fracture porosity simultaneously.

The total porosity of unconsolidated rock (sand, gravel) is controlled by its granularity, which
is generally studied by screening a volume of rock, and is expressed in a normalised particle-size
curve (Box 3.4). The more uneven the granularity, the lower the porosity. In the case of even granu-
larity, grain size has no effect on total porosity; it is the arrangement of the grains which controls total
porosity, which theoretically varies between 26 and 48%.

Relationship between water and rocks

Experience shows that part of the water contained in the aquifer cannot easily be extracted. A
distinction can therefore be drawn between water bound to the rock by forces of molecular attraction
and free water, which can move under the influence of gravity or pressure gradients.

According to De Marsily (1986), bound water corresponds to a layer of water molecules about
0.1 um thick adsorbed onto the surface of the rock grains, and to a layer of water about 0.4 um thick,
known as a film, which is also subject to a measurable attractive force.

The bound fraction of the water is larger when the specific area (S;) of the reservoir is greater:

grain surface

total volume

For example, medium sand presents a specific area of 10-50 cm?/cm3, and clay presents 500 to 800
cm?/cm3. This explains the fact that certain clays contain a great amount of water, but that water is
bound and therefore cannot be moved by pumping; these clays are therefore regarded as impermeable.
For unconsolidated rock, the specific area is governed by the granularity. The diameter d,, and
the uniformity coefficient are generally used to characterise the sample (Box 3.4).
The presence of capillary water suspended by capillary forces just above the saturated area is
also of note. This ‘capillary fringe’ is well known by well diggers, as it is the first sign of water.

Kinematic porosity
In the saturated zone, free water consists of the water free to flow plus the water in the uncon-
nected and dead-end pores (Figure 3.8). Kinematic porosity w, (often called effective porosity) repre-
sents the free-flowing water in the saturated zone; it is often used in flow and transport modelling, and
is defined as the ratio between the Darcian velocity and the true linear velocity (see following sections).
Note that unconnected and dead-end pores can play an important role in karstic and hard-rock
contexts, but they are usually negligible in unconsolidated sediments.

Storativity
The groundwater fraction which is of interest for abstraction is quantified by the storativity.
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Box 3.4
Particle-size analysis.

Particle-size analysis facilitates:

— study of the characteristics of the grains and voids of a porous environment;
— classification of the rocks according to a nomenclature;

— calculation of the characteristic particle-size parameters;

— accurate definition of the borehole equipment plan.

=i ] Particle-size analysis is based on a sample of
i gravel coarse medum  fine SN the formation being studied. By successive
% 90 screening, the various sizes of particle are sepa-
£ _?g rated and then weighed. The results are then
2 60 represented in a standard curve (Figure 1), plot-
40 ig ting the particle size in mm logarithmically on
T 30 the horizontal axis and the percentage cumula-

E 20 ; ; ; ;
T \ t}ve we}ght of successive screenings on the ver-

0 . = tical axis.
5 2 1 05 02701 005
dgg = 0.55 mm diameter of the
d4g=0.14 mm grains (mm) . . .
Figure 1: Particle-size curve.

Rock classification
There are various classifications of unconsolidated rocks depending on their particle size, such as this one,
proposed by Castany (1982):

Designation Diameter of the particles (mm)
Pebbles, stones, blocks > 16

Gravel 16 to 2

Coarse sand 2t00.5

Medium sand 0.51t00.25

Fine sand 0.25 to 0.06

Silt 0.06 to 0.002

Clay <0.002

Characteristic parameters
The majority of natural samples are a mixture of different particle sizes. The particle-size curve defines the
whole group.

The uniformity coefficient, CU = dg/d;, allows the slope of curve to be calculated. If the CU < 2, the par-
ticle-size distribution (granulometry) is referred to as uniform, otherwise it is termed stepped.

The characteristic diameter, d; is a conventional diameter, usually used to represent a sample.

In a confined aquifer (see Section 4.2), water release is related to the water-expansion and
aquifer-compaction effect attributed to aquifer pressure changes due to pumping. This elastic water
release is quantified by the storage coefficient as (De Marlisy 1986):

S = .e

o
p.g.n.(|p.—
n

where p is the water mass/volume ratio, g is gravity acceleration, 3, is the water compressibility, a is
the aquifer compressibility, n is the total porosity and e is the saturated thickness.
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When an unconfined aquifer is desaturated by well pumping, the quantity of extracted water
is determined both by elastic water-release phenomena and by gravity-water phenomena. The storage
coefficient is then:

S= { . e} +1n,

where the term [p.g.n.(8;.0/n)] represents the elastic phenomena and n, the specific yield parameter,
which is:

a

p.g.n.|p.—
n

gravitational water volume

total volume

Because the value of the storage coefficient is several orders of magnitude smaller than the value of
specific yield, the storativity of an unconfined aquifer is usually taken to be equal to the specific yield.
It means that the water release (or storage) is due to the gravitational drainage of the aquifer because
of the falling water level while pumping. This is why specific storage is commonly called drainage
porosity, gravity porosity or effective porosity.

Note that a confined aquifer that is desaturated by pumping (if the dynamic level falls below
the bottom of the confining layer) becomes partially unconfined. The specific drainage (S,) is the
parameter that quantifies the volume of water that could potentially be released by a confined aquifer
due to gravity (Lubczynski & Roy 2003).

In a unconfined aquifer, the phenomenon of seepage takes place when there is a drop in the
water level (particularly due to pumping). In a confined aquifer, the release of the water is not caused
by gravity, but by decompression of the water and the reservoir generated by a reduction in head (see
Annex 12). As the compressibility of both aquifer and water is very small, we no longer refer to effec-
tive porosity but to a storage coefficient (S) defined as the volume of water released by a vertical prism
of aquifer material of unit section as a result of a unit change in head; this factor is non-dimensional.

Assessment of porosity

Porosity can be measured by tests carried out in the laboratory. However, in ACF programmes,
it is more useful to calculate the porosity by an in-situ method.

The most reliable method of calculating the storage coefficient (S) and/or the specific yield
(Sy) is to carry out test pumping (see Chapter 6). Geophysics can also be used in favourable contexts
to estimate the porosity of the medium (see Chapter 5). Electrical prospecting allows a relationship to
be established between the resistivity of a rock and its porosity, using Archie’s formula in unconsoli-
dated sediments without clay (which is not common); MRS can estimate the storativity if calibrated
with pumping-test data.

Table 3.VI gives some values of total porosity and specific yield for various reservoirs.

Table 3.VI: Total and specific yield, diameter d;, (from Castany 1982).

Reservoir dip (mm) n (%) ng (%)
Medium gravel 2.5 45 40
Coarse sand 0.25 38 34
Medium sand 0.125 40 30
Fine sand 0.09 40 28
Silty sand 0.005 32 5
Silt 0.003 36 3
Clay 0.0002 47 -
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4.1.2 WATER FLOW

In addition to its storage capacity, an aquifer is capable of conducting water. In the reservoir,
the flow is determined by three groups of parameters: permeability and transmissivity; hydraulic head
and gradient; speed rate and flow rate.

Permeability and transmissivity

Permeability is the capacity of a reservoir to allow water to pass through it under the influence
of a hydraulic gradient. It is classified by intrinsic permeability k, expressed in m2 or in a unit called
the Darcy which takes into account the characteristics of the reservoir, and the hydraulic conductivity
K, expressed in m/s, and which takes into consideration the characteristics of both the reservoir and
the fluid, as follows:

where K is the hydraulic conductivity, which depends on both the liquid, by (g/v) and the porous envi-
ronment, by (d2/a); k is the intrinsic permeability, which depends only on the porous environment, by
(d?/a); g is the acceleration due to gravity; v is the kinematic viscosity of the fluid, d? is a dimension
that characterises the environment, and a is a non-dimensional constant.

In hydrogeology, it is usually assumed that the characteristics of the water are constant (dyna-
mic viscosity and specific gravity), so it is possible to work directly with hydraulic conductivity. Note
that the main parameter that influences hydraulic conductivity in hydrogeology is the temperature of
the water (through its viscosity); this has a great influence because a reduction of 40% in hydraulic
conductivity is caused by a change of the water temperature from 25 to 5°C.

The coefficient K can be calculated by in-situ or laboratory methods. In-situ methods are car-
ried out at a borehole:

— pumping test (see Chapter 6): this is recommended, as it takes into account the heterogeneity

of the terrain;

— Lefranc tests for continuous environments and Lugeon test for fractured environments: these are

methods that allow calculation of local permeability that applies only within the surroundings of

the well;

— tests used in sanitation (see Chapter 13).

Laboratory methods involve the use of:

— a constant-level (K < 104 m/s) or variable-level permeability meter (K > 104 m/s), (see

Darcy’s experiment);

— Hazen’s formula, which defines permeability for a granulometrically continuous environ-

ment as: Kyp,,en = (0.7 + 0.03tp) . d102 where tgis water temperature (°F) and d; the grain dia-

meter (cm) such that 10% of the elements are smaller.

Table 3.VII gives orders of magnitudes of permeability. The limit of impermeability is gene-
rally based on the coefficient K = 10~ m/s.

Finally, transmissivity is a parameter that expresses the productivity of an aquifer, so that:

T=K.e

where T is transmissivity (m?/s), K is hydraulic conductivity (m/s) and e is the thickness of the satu-
rated aquifer (m).

Hydraulic head

In a porous environment, energy is generally expressed as ‘head’, or height, so that the unit is
a length (see Annex 12). The hydraulic head is expressed in relation to sea level, whereas the piezo-
metric head is expressed in relation to an origin that must be defined: for example, piezometric level
may be measured in relation to the ground, the top of borehole casing etc.
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Table 3.VII : Orders of magnitude of hydraulic conductivity K (m/s) (from Brassington 1998).

10-10 10-9 10-8 10-7 10-6 10-5 104 10-3 10-2 10-1
impermeable semi-permeable permeable

Unconsolidated rocks

solid clay silt, clay, fine sand clean sand, clean gravel
mixture mixture
silt/clay sand/gravel
Consolidated rocks
granites, sandstone, sandstone, karst
gneiss, compact limestone, rocks
compact basalts argillaceous schists fractured

Flow and velocity of water
In 1856, Henri Darcy experimentally established the formula that bears his name (Figure 3.9).
It defines the rate of flow passing through a porous environment, so that:

Ah
Q=K.A—
L

where Q is the flow rate through a porous environment (m3/s), K is the hydraulic conductivity (m/s),
A is the section of the porous formation normal to the flow (m?2), L is the length of the sandy forma-
tion transited by the fluid (m), and Ah is the difference between the hydraulic heads upstream and
downstream of the length (m) under consideration.
The hydraulic gradient is defined as i = Ah/L, a non-dimensional factor, and produces the sim-
plified Darcy’s equation:
Q=K.A.i

Darcy’s equation is valid under the following conditions:

— continuous, homogenous and isotropic environment (Box 3.3),

— laminar flow,

— permanent flow (see Annex 6).

In practice, underground flow often meets these condi-
tions, except in a highly heterogeneous medium such as a kars-
tic environment or in the immediate surroundings of a pumped
well. The transition from laminar to turbulent flow can be esti-
mated from the hydraulic gradient by an empirical formula.
Thus, De Marsily (1986) defines the gradient limit for Darcy’s
equation validity so that i = 1/15 (K)12.

If Darcy’s equation is now expressed per unit area, the
filtration rate, or unitary flow rate, is obtained as q = K . i(m/s).
The rate of flow passing through an aquifer can therefore be
calculated using Darcy’s equation. In fact, knowing K, it is
simple to calculate the unit flow rate between two points from
the static levels measured in two wells. Furthermore, if the geo-
metry of the aquifer can be assessed (from boreholes, geophy-
sics or geological characteristics), the flow rate passing through
the reservoir can be determined (Figure 3.10).

Figure 3.9: Darcy’s experiment.
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Figure 3.10: Application of Darcy’s experiment.

Note that this filtration velocity is notional, since it assumes that the water uses the whole sec-
tion of the aquifer to circulate. Part of this section is in fact occupied by the materials of the aquifer
itself. If we assume that the water does not circulate through the whole section, but only through the
space that can be estimated from specific yield, the effective velocity is obtained as:

These hydrodynamic velocities provide orders of magnitude and help to compare the various envi-
ronments, but they remain theoretical. To obtain more real velocities, it is necessary to resort to hydro-
kinematics, in which tracing methods are used to reveal the realities of the flow.

Piezometry

The map of the piezometric surface is established using measurements carried out in a group
of wells in an even context. It is a basic document that imparts an understanding of the dynamics of
an aquifer. Such a map is valid only at a given moment, and is meaningful only when it is based on
piezometric lines from measurements carried out in the wells, boreholes or springs corresponding to
a single aquifer.

In humanitarian programmes, piezometric levels can be obtained by measuring, over a short
period of time, the levels in wells at rest. The various measurement points must be located in space:
GPS co-ordinates for x and y, and levels or topographic mapping for z. These values enable the pie-
zometric map to be drawn (Figure 3.11): manual interpolation is the most reliable (see Annex 6).

Piezometric maps are interpreted as follows:

— the curvature of lines of the same level (isopiezometric lines or groundwater contours) dif-
ferentiates the divergent and convergent flows. A divergent flow can indicate a line of separation of
the groundwater or a recharge zone, whereas a convergent flow underlines a preferential flow
axis. Rectilinear flows are rare, but are characteristic of a flat, homogenous aquifer, with a constant
thickness;

— the spacing of the isopiezometric lines determines whether or not the flow is even. A narro-
wing of the lines means an increase in hydraulic gradient (according to Darcy, Q = KAi, so if i
increases and the flow rate is constant, then A decreases — rise of the substratum or reduction in size,
or K decreases — change of facies). On the contrary, if the isopiezometric lines separate and Q is
constant, then A or K increase.

It is thus possible to calculate the variation of certain parameters of the aquifer on the basis of
the study of the piezometric map. Indeed, according to Castany (1982), the lateral transmissivity
variations (thus of K or e) are more frequent that the variations of flow rate in the aquifer (a radical
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Figure 3.11: Piezometric map (Prasat Bakong, Siem Reap district, Cambodia, ACF, June 1998).

change of flow rate can be identified by a particular supply: stream, lake etc.). The result is that iso-
piezometric lines with a curvature indicating a convergent flow and with increasing downstream
spacing correspond to a drainage axis with a permeability or thickness increasing downstream. This
is a favourable location for a well or borehole (Figure 3.12).

Monthly piezometric monitoring of newly constructed boreholes and wells also allows the
impact of extraction on the aquifer to be measured, and seasonal variations of the piezometric level
to be estimated (see Chapter 6).
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Figure 3.12: Piezometry.

84 II. Water resources



4.2 Main aquifer systems

Table 3.VIII lists the principal hydrodynamic parameters that characterise aquifers. Aquifers
are also defined by their geometry and by their limits. The base limit consists of an impermeable layer
(in theory, K < 10-° m/s), called the wall or substratum. As for the upper limit:

— if the aquifer is covered by impermeable material (roof) or barely permeable material (some-
times called an aquiclude), and the piezometric head is higher that the elevation of the roof, the aqui-
fer is referred to as ‘confined’. A borehole made in a confined aquifer therefore presents a piezometric
level higher than that of the aquifer’s roof. If the piezometric level is higher than the topographic level
then the borehole becomes artesian (Figure 3.13A);

— an aquifer of which the upper section is occupied by a non-saturated area is called a ‘uncon-
fined aquifer’. In this case, the static level of a borehole coincides with the water level in the aquifer
(Figure 3.13B). A remarkable difference in the behaviour of these aquifers occurs in the course of a
pumping process. The productivity of a unconfined aquifer decreases because the transmissivity
(T =K x e) drops as e reduces. The transmissivity of a confined aquifer does not change during pum-
ping, as long as the piezometric level remains higher than the roof. Aquifers that change from a free
to a confined state, depending on topography, can sometimes occur.

The lateral limits of an aquifer can be geological (fault, lateral change of facies etc.) and/or
hydrodynamic and thus variable in time and space. The limits in flow match incoming or outgoing
flow rates (supply by a lake, drainage by a spring line etc.); the potential limits act on the aquifer by
imposing a head level (level of a water surface, stream etc.). In some cases, these limits, usually cal-
led boundaries, will be mixed.

Table 3.VIII: Principal hydrodynamic parameters of aquifers.

Parameter Symbol Usual unit Notes

Storage Total porosity n % N = Vyoid/Viotal
Kinematic porosity
(or effective porosity) [OR % o¢ = hydrokinetic speed/Darcy flow rate
Specific yield
(or drainage porosity) S, oung % Sy = Vuater grav / Viotal
Characteristic diameter dyg mm 10% of the smallest sample
Specific surface S, cm2/cm3 Ss = Sgrain/Viotal
Storage coefficient S non dimensional measure in situ (see Chapter 6)
Thickness e m
Reserve W m3 W=Sxe

Flow Hydraulic conductivity K m/s measure in situ (see Chapter 6)
Intrinsic permeability k m?2 or Darcy (D) for water at 20°C :

1D=09810"12m2 k(D )=0.966 105K

Transmissivity T m2/s T=K.e
Hydraulic head H m of water column
Static water level SWL m measured by reference to a datum
Hydraulic gradient i non-dimensional i=(H2 -H1)/L
Unitary flow rate or
filtration velocity q m/s g=K.i
Darcy flow rate Q m3/s Q=K.A.i
Effective velocity Ve m/s Ve = g/S,
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Figure 3.13: Aquifers.
A: confined. B: unconfined.

4.2.1 CRYSTALLINE BEDROCK AQUIFERS

Bedrock geological formations are very widespread and have been subject to major exploita-
tion for about twenty years. These plutonic and metamorphic rocks are characterised by their compact
nature, and by their very low porosity and permeability. Nevertheless, permeable horizons have some-
times been able to develop due to processes of physical-chemical weathering, and some phenomena
of tectonic origin have allowed these rocks to acquire a secondary permeability that favours the for-
mation of aquifers. Certain old sedimentary rocks resemble igneous and metamorphic rocks in their
hydrogeological behaviour, and are therefore usually regarded as bedrocks also.

Geological formations

Three types of formation, each with its own characteristics, can be distinguished: granites,
gneiss and migmatites; schists and greenstones; and quartzite sandstones. For simplicity, the terms
granites, schists and sandstones will be used in this section, always bearing in mind the idea that these
terms represent groups of rocks with usually similar hydrogeological behaviour.

Granites are compact, relatively inelastic rocks. Usually fractured, they present a network of
fissures and open or closed fractures depending on orientation. Beyond about 50-70 m in depth, it is
generally assumed that the majority of the fissures are closed due to the weight of the ground. Wea-
thering phenomena that affect granites are essentially the result of the actions of water and tempera-
ture. Considerable variations in the nature and thickness of these weathered rocks are observed,
depending on climatic areas and drainage conditions. Granites weather to a more or less argillaceous
sand, with a thickness that can reach several tens of metres. At the base of these residues of weathe-
ring and at the contact layer with the solid rock, a coarse, sandy gravel is usually present (Figure 3.14).

Schists are deformed more easily than granites and thus do not always contain such a well-
developed fracture network (Figure 3.15). They can nevertheless exhibit some fracturing linked to
their structure. The weathering of these rocks can be very deep, but it is usually very argillaceous.

Quartzite sandstones are generally very consolidated and may have suffered significant frac-
turing. Usually less weathered than the other rocks, they sometimes have intercalations of a different
nature (carbonates, pelites etc.) which can provide drainage.
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Aquifers

There are three basic types of reservoir:

— reservoirs composed of weathering products, such as sandy-argillaceous gravels, of conside-

rable extent in the areas of African basement zones. Their average thickness (10-20 m in granite-

gneiss and 15-40 m in West African schists) is greater in equatorial zones and decreases towards
the tropics;

— fissure reservoirs situated just beneath the solid rock. These are partially-weathered areas,

made up of numerous fissures and joints, generally filled with weathering products. These

reservoirs can extend over several tens of metres;

— networks of faults or major fractures, which can be the basis of groundwater movement.

Numerous studies carried out in West Africa (Lachassagne et al., 2001, Wright & Burgees,
1992, University of Avignon 1990) have shown that these various reservoirs generally constitute a
single aquifer, the storage function of which is ensured by the weathering products, and the flow func-
tion by the fissured or fractured area. The static level is generally situated in the weathering products.
This group may in turn be drained by major fractures, an essentially conductive role. On the other
hand, isolated aquifers of weathering products, fissures or faults, can also be found locally.

A statistical summary of the data from West Africa shows that the rate of success and producti-
vity of boreholes increases with the thickness of weathering; and an empirical relationship between spe-
cific flow rate and the weathering thickness W, can sometimes be found in a particular region. There is
however a critical thickness threshold at about 35 m, beyond which productivity tends to decrease.

Much the same is true of the fissured and weathered areas: from about 30 m thickness, pro-
ductivity does not seem to increase; beyond 50 m it becomes random. In all probability, this thickness
is greater in the case of sandstone massifs. Figure 3.16 shows the types of instantaneous flow rates
(slightly overvalued) obtained depending on the type of aquifer, in West African rural boreholes.

The productivity and the rate of success of a borehole depends equally on the quality of the
weathering products and on the fissures: clay content, density and openness or blockage of fissures
etc. The University of Avignon (1990) suggests transmissivities of 10~ to 10-2 m?/s and storage coef-
ficients of 2 x 10-5 to 5 x 10~ obtained in granite-gneiss, from pumping tests carried out in Ghana
and Bénin. Wright (1992) gives an average transmissivity obtained by pumping test, in the granites
and gneiss of Zimbabwe, of 5 x 10~ m2 and hydraulic conductivities varying from 1.15 x 10-7 to
3 x 10-5 m/s (data from more than 500 boreholes).
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Figure 3.16: Frequency of instantaneous flows in basement rock aquifers (BRGM 1992).

Available resources

The storage capacity of a granite-gneiss
zone can be calculated from its storativity.
Taking a specific yield (or specific drainage) of
5% for the saturated weathering products and fis-
sured zone with a 15 m thickness, and a specific
yield varying from 0.1% at 15 m to 0% at 50 m
for the bedrock, the distribution of potential
reserves shown in Figure 3.17 is obtained.

Even though this distribution is notional,
it reflects the storage role of the weathering pro-
ducts and the flow role of the fissured area. This
reserve corresponds to an available volume of
water: however, it also has to be supplied. For the
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threshold is usually taken to be 400 mm in the
sahelian area, 600 to 800 mm in the savannahs
and 1 000 to 1 200 mm in coastal forest areas.
Figure 3.17 : Reserves
in the bedrock zone.
Table 3.IX: Recharging in a bedrock area.
Climate Rain Exploitable Exploitable Exploitable
(mm/year) recharge volume volume
(mm/year) (m3/km2/year) (m3/km?2/day)
Sahelian 500 50 50 000 130
Southern-sahelian 800 65 65 000 180
Sudanese > 1000 160 80 000 200
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Box 3.5
Chotts and sebkhas.

Chotts and sebkhas are endoreic areas, true ‘evaporating machines’ that can be found in a sahelian area.
When the piezometric level of the unconfined aquifer is located near ground level in a very arid climate, the
water is taken up by evaporation. The mineral concentration dissolved in the groundwater is thus enriched
up to the point of supersaturation and precipitation of those minerals. Depending on the initial mineralisa-
tion of the water, various types of development and various final conditions can be observed.

This type of phenomenon can be found either in continental or in littoral areas (supersaline lagoons).

A study carried out by BRGM from 1984 to 1991 allows orders of magnitude to be established
for supply and exploitable resources in areas of schists and granites (Table 3.IX, Burkina Faso).

4.2.2 UNCONSOLIDATED-ROCK AQUIFERS

Valley aquifers

The effective rain that infiltrates into large areas of permeable ground generally supplies
unconfined aquifers. These aquifers are sometimes called groundwater tables, because they are the
first to be found when sinking a well.

Their outlets are the low points of the topography: springs, streams or the sea. In a sahelian
climate, direct evaporation of groundwater is possible if the piezometric levels are near the ground
(Box 3.5).

The boundary conditions vary, but usually the relation between the stream and the aquifer is
essential: sometimes it represents a limit to the incoming or outgoing flow.

In arid areas, the flow is concentrated in the stream (or the lowlands), which therefore supply
the aquifer; these usually temporary streams are called wadis or oueds (Figures 3.18A and 3.18C). In
a temperate climate, the stream usually drains the aquifer (Figure 3.18B); nevertheless, for the same
stream, periods of supply (wet season, high water) and drainage of the aquifer (dry season, low water)
usually occur. In the same way, a stream can change from one situation to another through all or part
of its course. Finally, a stream may not have any relation with the aquifer (Figure 3.18D); this is gene-
rally the case when the bed of the watercourse is blocked.
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Figure 3.18: Relations between rivers and aquifers.
A: perched river, supplying aquifer. B: river draining aquifer. C: river supplying aquifer.
D: independent river, bed blocked.
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Figure 3.19: Alluvial terraces.
A: nested terraces. B: multi-stage terraces.

Alluvial aquifers

These aquifers are located in the alluvial deposits of a watercourse. They are in equilibrium
with the stream water, which drains and feeds the aquifer depending on the seasonal high and low
water conditions.

A particular form of fluvial deposit is represented by alluvial terraces. The formation of these
terraces is due to the alternation of periods of erosion and deposition induced by climatic variations
(glacial periods, rainfall) and by tectonic movements (uplift, subsidence). Depending on the conjunc-
tion of these various factors, two types of terraces occur. Nested terraces constitute a single but hete-
rogeneous aquifer (Figure 3.19A), while multistage terraces constitute independent aquifers, some-
times underlined by lines of springs in contact with the substratum (Figure 3.19B).

When the alluvial deposits have not been recently disturbed, the coarsest sediments are usually
found at the bottom of each terrace (positive granular classification). The thickness of these alluvial
deposits can be very great. In general, the permeability of the coarsest materials is very good and
determines a type of aquifer with a strong flow function but a moderate storage function. The rate of
renewal of water is generally high, but the quality of the water must be checked when the aquifer is
fed by a stream.

This type of aquifer is the most obvious, since it is indicated by the presence of the stream and
associated vegetation. It is generally exploited in a traditional manner, but it is nevertheless necessary
to pay attention to the stream/aquifer relationship in order to avoid an unpleasant surprise: the explo-
ratory boreholes sunk by ACF in the alluvial deposits of the Juba River in Awdegle (Somalia 1993)
turned out to be dry, because the stream bed was blocked and the alluvial aquifer was absent in this
part of the region.

Perched aquifers

These aquifers are mainly formed in sedimentary deposits when a low permeability layer
(often clayey) in the unsaturated zone creates a small aquifer situated above the main reservoir (Figure
3.20). The extent of these aquifers can be limited and reserves poor. They can also be perennial or sea-
sonal. When sinking wells, it is important not to mistake a perched aquifer for the unconfined aqui-
fer that is being sought.

One example is the perched aquifers of the sandstones of the Bateke plateaux of the Congo
basin (1998 ACF exploratory mission). Created by horizons of impermeable siliceous rocks, these
aquifers have, in some places, piezometric levels of several tens of metres higher than that of the deep
aquifer of the sandstones.

perched aquife
impermeable or
semi-permeable

saturated

. Zone

Figure 3.20: Perched aquifer.
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Coastal sandbars

Sandbars have developed in numerous places along the
African coast. The thickness of these sands can be sufficient to
allow the creation of a freshwater aquifer, a sort of lens in contact
with the salt water of the ocean on one side, and the supersaline
water of the lagoons on the other. The geometry of these aquifers
depends greatly on abstraction and supply conditions, but they are
vulnerable because they are subject to saline intrusion.

In 1994 ACF sank a 12-m well on a beach of this type
in Monrovia. The water remained fresh at an abstraction rate of
1 m3/h (the annual rainfall is about 5 m).
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4.2.3 AQUIFERS IN MAJOR SEDIMENTARY BASINS
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These reservoirs are made up of a succession of more or
less heterogeneous strata of various types corresponding to suc-
cessive sedimentation episodes (Figure 3.21). All the formations
can contain aquifers, but their function, quality and exploitation
potential vary depending on depth.

There are three main types of system: Figure 3.21: Stratified profile

— Unconfined aquifers generally acts like water table of a sedimentary basin.
aquifers or alluvial aquifers. Their supply area is proportional to
their extent, which can be quite considerable, producing an aqui-
fer with a large storage capacity.

— The multi-layer aquifer is formed by a group of permeable levels separated by less per-
meable or impermeable levels. The leaking phenomena, which allow a relation between two aquife-
rous levels divided by some semi-permeable material, can play an important role and thus enable the
system to be considered as unified but multi-layered. The supply area of this group is generally limi-
ted to outcrop areas at the edge of the basin.

— The deep confined aquifer is usually poorly supplied, but can offer considerable storage
capacity. The quality of the water does not always make it suitable for consumption, because of exces-
sive mineralisation.

The limiting conditions, apart from the cases already mentioned, are sometimes created by
fresh-water/salt-water contact. In fact, the flow of these aquifers moves towards the low points,
oceans or seas, whereas salt water tends to infiltrate permeable terrain. If salt water is assumed to be
immobile, and the fresh-water/salt-water interface without a significant mixing area, the simplified
‘de Ghyben-Herzberg’ equation can be developed:

N
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|
|
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H=40h

where h is the elevation of the piezometric level above sea level and H is the depth of the fresh-
water/salt-water interface below sea level. This simplified relation allows the profile of the saline
wedge to be calculated for constant slope (Figure 3.22). Therefore, a drop of 1m in the piezometric
level (pumping, for example) induces a rise in the saline wedge of 40 m.

In fact, the actual phenomena are more complex, and the fresh-water/salt-water interface can
be very large, especially when the sea level changes: this was found by ACF in the coastal plain of
Mangdaw (Myanmar, 1993-1998), where the high tidal range creates a mixing area which is all the
greater because of the rise of the salt water due to rivers over several tens of kilometres. Only the
upper section of the aquifer in that region can be used, because beyond a certain depth (20 to 30 m)
it becomes saline.
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transition zone

Figure 3.22: Saline wedge.

4.2.4 HIGHLY HETEROGENEOUS AQUIFERS

Karst and volcanic environments are characterised by their great heterogeneity, both within
and between different aquifer systems.

Karst

There are numerous definitions and various concepts of karst. It is nevertheless possible to
explain some important characteristics.

The reservoir consists of carbonated rock, which can have some permeability, even if in gene-
ral it is not very significant. What gives karst its originality is its macro-permeability, due to the
dissolution of the rock by movement of water through preferential passages (diaclases, fissures and
fractures).

Generally, three areas can be distinguished in a karstic massif (Figure 3.23):

— An outcrop area (in general with little cover), sometimes called epikarst, where the rock is
loose (open fissures), which can sometimes contain a small surface aquifer. Surface flow is almost
absent in the epikarst because infiltration is significant. The biological activity developed charges the
water with CO,, which causes accelerated dissolving of the carbonated rock.

— An unsaturated area, sometimes very thick, which allows infiltration of the water coming
from the epikarst. This infiltration occurs rapidly through fairly large channels, but it also occurs more
slowly through fissures, diaclases or possibly interstitial porosity. This area has a flow function, but
sometimes it also has a storage function when it is thick enough, and/or when large-capacity annexed
systems have developed there (cavities).

epikarst

unsaturated
zone

flooded karst

base level

outlet

Figure 3.23: Karst.
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— A saturated area, known as ‘flooded karst’, which has outlets of all types, though some are
truly spectacular. They are karstic springs, with variable behaviour and sometimes with a very signi-
ficant flow rate.

The karst reserves are generally important, even if their assessment is difficult. The permeabi-
lity and porosity of such a strongly anisotropic environment are difficult to calculate, and the results of
test pumping cannot be exploited with normal tools (see Chapter 6). The study of these environments
is carried out with a whole range of tools, generally based on the study of the system’s behaviour.

The management of karsts is difficult from a quantitative point of view, but even more diffi-
cult from a qualitative point of view. Indeed, very fast flows transfer pollution easily, in directions that
are sometimes difficult to predict: the protection of the aquifer is therefore difficult.

Volcanic environment

Volcanic materials are very varied, though basically they can be divided into flows, extrusions,
and intrusions. Lava flows can cover very large areas and have a thickness of several hundred metres.
Sometimes compact, these flows are highly permeable if they are fissured; their weathering products
are generally argillaceous. The creation of flows by ‘carpet rolling” produces a certain stratification of
the environment. In the same way, flows can be stratified with projection materials (ash or tufa), the
micro-permeability of which is generally quite good. There are also lava tunnels created at the time
of the differential cooling of the flow, which then constitute areas of great permeability. In general,
the materials of volcanic flows are more favourable to flow than to storage of water.

The seams and dykes of volcanic materials (usually of a doleritic nature) are sometimes frac-
tured and weathered. Injected into fractures, they then provide drainage. Conversely, if they are not
weathered, they can form underground barrages to groundwater flow.

4.3 Aquifer recharge

The assessment of the characteristics of the aquifer is carried out at a given moment, and it is
unwise to consider that they will remain stable over the whole year, or from one year to the next. The
best example is, without any doubt, the thickness of an unconfined aquifer affected by its supply: there
are many areas where productivity has fallen after an annual or inter-annual piezometric fluctuation.
An example is the boreholes of South Angola (Kunene), where productivity has become almost zero
following a general decrease in piezometric levels (ACF Angola 1998).

It is also necessary to consider groundwater as a renewable resource: in the aquifer, water pum-
ped from wells and boreholes disturbs the water cycle’s natural balance. It is therefore advisable to esti-
mate the impact of withdrawals on the system and to make sure they do not dry up the resource. There
are numerous examples of boreholes with a decrease in productivity after several months of use; as the
pumped flow rate is higher than the supply rate, the system reserves are progressively used up. One
example is a borehole sunk by ACF in 1996 in Sudan, where the flow rate of 5 m3/h at the end of the
development period progressively decreased, to become almost non-existent two months later.

In order to calculate the recharge rate of an aquifer, its hydrological balance must be drawn up.
The volume of water that goes into the aquifer is assumed to be equal to the volume of water that
comes out, plus or minus changes in the stock. The balance is expressed as follows:

input = output +/— change of stock

In short-term humanitarian programmes, it is not possible to determine complex hydrological
balances, since this is a considerable task requiring a long period of observation. Furthermore, with-
drawal flow rates are generally quite low. Nevertheless, in programmes spread over several years, it
is possible to estimate this balance by using the available data, or by directly measuring simple para-
meters in the field. These investigations do not allow definite conclusions to be drawn, but some
recommendations may be made (see the example in Chapter 5B, Section 4).
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The measurement of recharge is carried out within a known system: its geometry and hydrau-
lic mechanism must be known for the preliminary investigations (geology, boreholes, geophysics
etc.). The working scale is the hydrogeological basin. The minimum scale of observation is one year,
with a monthly or 10-day measurement interval. However, measurements carried over in a single year
do not allow perennial regulation mechanisms to be estimated, and therefore the results have only an
indicative value.

4.3.1 PIEZOMETRIC MONITORING

The simplest method of assessing the effects of exploitation of an aquifer is to carry out pie-
zometric monitoring. Carried out monthly over a period of several years, piezometry tracks the beha-
viour of the aquifer, and is possible in the majority of programmes. The boreholes and wells must be
chosen according to their location and the system under consideration. In practice, it is possible to
start piezometric monitoring on a large number of wells in order to be able to draw a map as close as
possible to reality. To alleviate logistics constraints, only the analysis of wells regarded as represen-
tative is then followed up.

4.3.2 SIMPLIFIED WATER BALANCE

Bearing in mind the constraints linked to humanitarian interventions, it is only possible to cal-
culate the hydrological balance of relatively simple systems, where the inputs and outputs are easily
quantifiable. Such systems present a balance similar to that shown in Table 3.X.

Two methods are used, and the balance is checked by comparing the two results. The upstream
approach consists of calculating recharge by estimating the inputs to the system. The downstream
approach estimates recharge from measurement of the outputs from the aquifer. The estimation can
only be regarded as satisfactory if the two methods give similar results.

Table 3.X: Simplified balance.

Input = Output +/— Stock change
Useful rainfall (UR) Flow rate of the springs

+ surface water = + base flow rate of the streams (Qs) +/— Stock change (As)
infiltration (Is) + pumping (Qp)

(UR + Is) = (Qs + Qp) +/— (As)

Moreover, the balance thus calculated can be verified by the hydrogeological approach: the
underground flow rate calculated by Darcy’s equation (Q = KAi) must correspond to the infiltration
flow rate calculated by the balance method (+/— the changes in the stock).

Steps in the implementation of these methods are presented in Annex 6, and an example is
given in Figure 3.24.

4.4 Groundwater quality

Groundwater has a reputation for being of good quality for human consumption. Biological, and
especially microbiological contamination risk of this resource is extremely limited. However, the pre-
sence of mineral toxicity (natural pollution such as arsenic or fluorine) may occur, potentially leading
to chronic health problems. When this type of natural pollution risk exists, rain or surface water become
an alternative resource. Groundwater is generally less sensitive to various types of pollution than sur-
face water (except in fractured contexts and karsts). The different types and interpretations of water ana-
lysis as well as measures for the protection of groundwater are presented in Chapters 4 and Annex 10.
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Figure 3.24: Water balance of Caia district prepared by ACF (Mozambique, 2000) with local data
and using the upstream approach.
The calculation is based on the Thornthwaite method (see Annex 6) with a monthly calculation step.

4.4.1 HEALTH ASPECTS

The essential elements (major ions), as well as certain trace elements (iron, zinc, copper, manga-
nese etc.), are considered important for human health. Groundwater can supply the essential daily intake
of some of these minerals, but a varied and balanced diet is the best way to ensure sufficient intake.

Toxic elements may lead to acute health hazards if ingested at high concentrations, or may lead
to chronic diseases if consumed at low levels over an extended period. Drinking water quality guide-
lines and regulations (e.g. WHO guidelines and national standards) have been developed on the basis
of known or supposed risks to health.

Except in the case of agricultural contamination (pesticides, fertilisers or manure), chemical
pollution of groundwater is mainly of natural origin, induced by the interactions between the rock and
the water (leaching and dissolving). These interactions can create acceptance problems (e.g. in case
of excessive conductivity or high iron presence), that can put people off a water source which is in
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fact potable from a sanitary point of view. It may also present a health risk (e.g. chronic diseases
linked to mineral toxicity). Nevertheless, the biggest problem remains microbiological pollution
of water.

4.4.2 CHEMICAL SIGNATURES

An analysis of the major chemical elements present in water enable it to be characterised. By
comparing various analyses, it is possible to identify the chemical ‘signatures’ that correspond to dif-
ferent aquifer systems. It is thereby possible to differentiate various types of water as, for example,
has been shown in numerous studies carried out in West Africa on bedrock groundwater.

Table 3.XI shows the average values of selected parameters for various types of aquifer in
West Africa and Table 3.XII summarises the results of water-quality monitoring carried out by ACF
in Uganda.

Table 3.XI: Quality of bedrock groundwater (from University of Avignon 1990).

Quality Aquifer pH Conductivity Mineralisation
(uS/cm) (mg/l)
Medium Granitic gravel 7.2 125 122
Schist gravel 7.6 172 165
Inferior Fissured schists 7.9 404 326
Fissured granites 6.6 380 386
Old sandstones 6.9 190 251

Table 3.XII: Quality of bedrock groundwater.
Annual average values 1996-1998 (ACF Uganda).

Water source Quality Aquifer Conductivity Temperature
(HS/cm) (°C)

Boreholes (40) Medium/inferior Granite-gneiss sands 180-400 24-26

Springs (5) Superior Weathering products 100-130 24-27

The analysis of the intrinsic isotopes of the water (deuterium 2H and oxygen !80) as well as
the stable isotope 13C enables the origin of the groundwater to be traced. Analysis of the radioactive
isotopes (°H and 14C) gives the age of the groundwater (time of transit).

Humanitarian programmes are sometimes confronted with complex water-quality problems.
Chemical analysis (major ions, trace elements, toxic minerals) is a necessary tool for understanding a
hydrogeological context. The assistance of a laboratory is sometimes indispensable.
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Water quality is defined by physical, chemical and biological parameters, but also on the cha-
racteristics of the water resource, the supply system and the final utilisation.
Water quality standards depend on the intended use of the water: human consumption (for
drinking, cooking, domestic and personal hygiene), food production (crops or livestock), industry and
the environment.
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However, in humanitarian programmes, water-quality aspects related to human consumption
are the most important, because of their implications for health.

Different sets of standards exist, and many countries have their own reference standards, but
the most widely recognised worldwide guidance on water-quality standards is provided by the World
Health Organisation (WHO).

Respecting water-quality standards may be difficult and may require the development of non-
sustainable systems for a community. In these cases, a system that produces less than perfect quality
water may be appropriate, and certain critical quality parameters should be met to cope with major
health risks. Having water in a sufficient quantity must be the first priority, to allow water consump-
tion, food production and hygiene activities to be undertaken.

Not all situations have the same health risks. A crowded refugee camp with no water and sani-
tation facilities has a high health risk, and programme implementation must pay special attention to
water quality. Attention to water-quality standards is more necessary at nutritional or health centres
than at community water points.

1 Water quality and programme strategy
1.1  Water quality and public health

A sufficient quantity of good-quality water is essential for health. An important proportion of
water-related diseases is directly linked to poor water quality, characterised by chemical or microbio-
logical contamination (Table 4.I).

Diarrhoea is one of the major global health problems, with around 4 billion cases each year
(WHO 2000). Lack of access to clean water is one of the main factors of transmission routes of diar-
rhoea. Many infectious diseases are transmitted by pathogens in human faeces via the faecal-oral
route, which is the main link between water quality and public health. The aim of most water and sani-
tation programmes is to block potential disease-transmission routes, using water-quality surveillance
to monitor these routes and assess the effectiveness of the programme.

Table 4.I: Disease groups related to water quality.

Group Example of diseases
Water-borne diseases (caused by consumption Cholera
of biologically contaminated drinking water) Typhoid

Infectious hepatitis
Giardiasis, Amoebiasis

Water-based diseases Schistosomiasis, Dracunculiasis (guinea worm)
Diseases caused by consumption Fluorosis (fluoride), Skin cancer (arsenic)
of chemically contaminated drinking water Lead poisoning

1.2 Water quality and programme profile
1.2.1 EMERGENCY PROGRAMMES

Emergency contexts are normally characterised by a high vulnerability of the population and
a high risk of epidemics. Therefore, rapidly and efficiently covering the basic needs of the population
is the priority. This is the case in the setting up of camps for refugees or displaced persons.
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In these contexts, microbiological water quality is a major issue, considering that numerous
outbreaks are related to water quality. Treatment of water is therefore highly recommended, and the
most common process employed is chlorination.

When water is clear, chlorination removes faecal contamination (though it is less effective against
most viruses, protozoa cysts, and helminth ova than against bacteria). Turbid water needs pre-treatment
before chlorination, and it is usual practice to flocculate it with chemicals. Residual chlorine will protect
water from further bacteriological contamination during a limited period of time after the initial disin-
fection. Monitoring of residual chlorine must be done on a daily basis at the distribution points.

Water-quality monitoring should be systematic and properly reported:

— daily monitoring of the water treated through the measurement of free residual chlorine (with

a pool tester) at the water distribution sites (taps) and therapeutic feeding centre/ health centre

storage containers;

— if chlorination is not done, regular random checking of microbiological contamination (faecal

coliform counts);

— if chemically-assisted sedimentation is done, daily chemical analysis (to measure the quantity

of flocculants necessary and to check the water treated).

Note. — The short-term nature of emergency programmes (limited to several months in gene-
ral) means that risks of developing chronic diseases through ingestion of chemical contaminants is
limited and not considered a priority. Verification of organoleptic parameters (taste, smell — including
chlorine — and colour of the water) and physicochemical parameters (especially conductivity) is of
little use and should be considered only if the population to be served find the water unacceptable.

1.2.2 LONG-TERM PROGRAMMES

These programmes have a more community-focused approach, and are therefore directed
towards the self-reliance of the population in both the use of the water source and the maintenance of
water quality throughout the distribution chain (water point to household water storage).

In this context, the appropriate selection of the water source (and its use) should ensure that:

— the chemical quality of the water does not have a negative impact on public health (special

attention must be paid to the potential risks of chronic diseases due to toxic chemicals like

arsenic, fluoride etc.);

— the population accepts to drink the water delivered (no problems regarding taste — including

chlorine — salinity, smell or colour);

— the use of the water source should include sustainable control of the risk of biological conta-

mination (proper design of water points, participation of the community and institutions in the

maintenance of the infrastructure, and water-quality-monitoring).

Ensuring biological quality (protection of the water source from re-contamination, and proper
use of the water) will depend on water-point management and hygiene-promotion programmes
through training of trainers. The sustainability of water-quality monitoring for these programmes must
be sought through a proper partnership with relevant institutions (e.g. Ministry of Rural Development)
or local partners (local NGOs, local community groups etc.).

1.3 Water quality through programme steps

During a standard water-supply programme, water-quality analysis should be taken into
account in the selection, validation and monitoring steps, and will be carried out on the water
resource, at the water point, at the water distribution process and on stored water at the household
level (Tables 4.11 & 4 .XV).

Water-quality parameters, especially microbiological parameters, can significantly fluctuate,
as demonstrated in the following examples, and therefore should be regularly monitored:
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Table 4.I1: Water-quality analysis purpose according to programme steps.

Water chain Water quality analysis purpose

Water resource To confirm the water quality of the resource and identify
(through its characteristics) its vulnerability to contamination
To ascertain the need for treatment.
To gather information for the study of the water source:
water flow etc.

Catchment (surface-water intake, well etc.) To check the effectiveness of the catchment, to protect
against contamination (or re-contamination)

Treatment system To adjust treatment activity
To check the efficiency of the treatment

Supply system To detect possible sources of contamination and corresponding
causes (maintenance, cleanliness, technical failures etc.).
To monitor the use of the water at the distribution point.

Transport and storage in the household To study people’s habits regarding the uses of the water
(transport and storage)
To define hygiene promotion messages in order to promote
proper use of the water

— In a refugee camp, or any area with a high concentration of people using the same source of
water, limited quantity of water available may have an impact on the microbiological quality of the
water at water points that are over-used. Where sanitation is inadequate, the water source itself is at
risk of contamination.

— The seasonal variation of the water resource, including the water table, springs, and rivers,
may have a direct impact on the chemical quality of the water. High concentrations of salts, indicated
by a high conductivity, are observed at the end of the dry season, or at the beginning of the rainy sea-
son, with the release of chemicals in the aquifers via mineral leaching or during floods.

1.3.1 SELECTION OF THE WATER RESOURCE
1.3.1.1 The quality of water resources at regional level

In many situations it is very difficult to modify the chemical quality of the raw water in a sus-
tainable way, and therefore, chemical parameters must be assessed carefully before starting a pro-
gramme, especially for long-term interventions where chronic diseases are a real risk (e.g. skin can-
cer linked to high free arsenic concentrations in the water).

While assessing the hydrological parameters of the water resource (e.g. by a random survey of
different existing water points), the chemical aspects of water quality are checked, to establish the
technical feasibility of the project and its sustainability (the water resource could be potentially affec-
ted by natural pollution). This survey may influence technical choices for development of the future
water points and it is fundamental for the choice of the water source (e.g. prefer shallow wells to bore-
holes if there is potential mineral toxic contamination with arsenic or fluoride).

Some parameters can present a geographical variability, so this data must be reported on maps
presenting each of the main chemical forms (major parameters, conductivity and, possibly, toxic mine-
rals). On the other hand, chemical parameters are subject to seasonal variation (conductivity, toxic mine-
rals) and must be monitored at selected sites (stations) clearly registered and identified through mapping.

Water-quality surveys should be cross-checked with medical data (e.g. dental fluorosis rates,
figures for skin cancer due to free arsenic in the water etc.) in order to define the major risks related
to water quality.
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Figure 4.1: Conductivity mapping (ACF Mozambique, 1999).

If the only available water resource is dangerous for human consumption (most of the time,
surface water or rainwater are an alternative when groundwater resources are affected by chemical
pollution), and treatment is not affordable, the agency may decide to cancel the programme, applying
the principle of precaution. This critical decision should be taken after discussions at the highest level
and be accompanied by lobbying of relevant national or international institutions to raise awareness
of the risks and encourage a search for other solutions.

The map shown in Figure 4.1 was drawn during a feasibility study. It aims to identify zones
where conductivity is >3000 uS/cm (dark spots), with a serious risk of acceptance problems. In these
places, an alternative water source, such as rainwater or surface water was recommended.

1.3.1.2 Water-quality checking at the water point

After completion of the technical work, chemical and microbiological parameters are analysed
to confirm water quality (partly for contractual purposes vis-a-vis local institutions or the community)
before the installation is handed over.
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In the case of rehabilitation of a water point or network, two microbiological quality checks
(E. coli) must be done (before and after the technical intervention) in order to measure the impact of
the activity.

Note. — During the construction of water points, some parameters can be checked in order to
anticipate problems. For example, regular conductivity measurements are done during drilling. In
case of suspicion of the presence of toxic substances, more specific analysis can be undertaken (for
example, arsenic, which is a potential problem in countries along the Mekong Delta and in Nepal, is
now checked by ACF during drilling in Cambodia).

1.3.2 WATER-QUALITY MONITORING
1.3.2 1 Monitoring the quality of delivered water

Monitoring the quality of delivered water concerns the risk of re-contamination in the system.
The purpose is to detect the source of contamination and its causes, and it must be conducted at all
the stages of the system (catchments, storage, pipelines and distribution points).

Contamination can be due to technical faults or lack of maintenance (e.g. microbiological
contamination by re-infiltration of the water that has been drawn, through faults in a well’s apron, or
inadequate sealing around the upper part of a borehole, absence of perimeter fence etc.). Contamina-
tion of a water point / distribution network may also be linked to problems in the surrounding envi-
ronment, such as inadequate sanitation, use of fertilisers on nearby fields, industrial activity in the
catchment area etc.

Parameters to be monitored at the water point / distribution network are mainly biological
(algae etc.) and microbiological (faecal coliforms), and the monitoring can be done through:

— Routine monitoring of microbiological water quality. The frequency of the analysis depends

on the likelihood of specific risks (outbreaks) and the condition of the system.

— Sanitary inspection of the water point / distribution network: this activity, to be developed

together with the relevant local institution, is an overall checklist for each type of water supply

to check the state, use and maintenance of the installation (e.g. is the apron cracked or damaged?
etc., See Annex 7B). The water committee responsible must be involved in these tasks.

In case of a regional toxic risk, monitoring of the major chemical parameters is carried out
twice a year (after the end of the dry and rainy seasons) to check the suitability of the water source.

1.3.2 2 Monitoring at household level

This is the most important aspect because it directly affects the health of the targeted popula-
tion. It is also the most difficult to check; it concerns the entire distribution chain, from the point
where water is delivered, to the homes of consumers (in practice, a sample of households is chosen);
it may change from one household to another (depending on water-transport or water-storage prac-
tices, hygiene behaviour etc.); it may also change over time (for instance, during the rainy season,
people may use water from unprotected sources such as seasonal pools and streams, and the quality
of this water needs to be monitored too0).

The main parameter to take into account is faecal pollution (indicated by faecal coliform
counts), which must always be checked by a sanitary survey (cleanliness, domestic water storage
conditions, hygiene practices etc.).

The interventions to preserve the quality of water at the household level are mainly hygiene
promotion, and providing the means to practice good hygiene, e.g. proper drinking-water storage or
proper sanitation facilities.
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1.4 Water resources and water quality
1.4.1 RAINWATER

General remarks on quality
The main advantages of rainwater for human consumption are:
— Very low risk of biological contamination.
— Very low conductivity.
— Very low turbidity.
Long-term reliance on rainwater alone may cause health problems due to its low mineral content.

Pollution factors
— Particles of dirt from roofs and gutters.
— Direct surface pollution and animal contamination in open harvesting systems.
— Biological contamination (algae, parasites, bacterial) of the major storage tank.
— Development of an turbidity in the case of lack of maintenance of the tank, rain catchment
surfaces, gutters (mainly at the beginning of the rainy season).
— Creation of alkalinity through reaction of the water with the internal plastering of new tanks.
— Possible presence of combustion residues, factory emissions and dust, from the atmosphere,
including high NO and SO, concentrations (acid rains in India). This risk is minimal in most areas.
Even if the quality of the rainwater itself is good, harvesting and storage systems are easily
contaminated and the quality of water supplied is usually poor, therefore they are principally used at
household level.

Other disadvantages
— Development of mosquito larvae and insects in water-storage tanks, pose a potential risk of
vector-related diseases (malaria etc.).

Recommended analyses
— Regular microbiological monitoring at the main water-storage tank and at the distribution point.
—NO, SO, and pH should be checked at the beginning of the programme and once a year thereafter.

1.4.2 SURFACE WATER (RIVERS)

General remarks on quality
The main characteristics of surface water include the following (see also Box 4.1):
— Microbiological contamination is usually severe, particularly if the river flows through
inhabited areas.
— There is a limited risk of toxic levels of mineral elements. This means that surface waters
represent a suitable alternative to naturally contaminated groundwater (e.g. with arsenic or
fluoride).
— They provide a quick and short-term solution to a temporary pollution problem.
— A range of biological indicators (fish, plants, algae) facilitate the identification of pollution.
— Turbidity is usually high, with the risk of adsorption of pathogens on suspended particles.

Pollution factors

— Weak protection from direct contamination risks (e.g. human or animal faecal pollution).

— Presence of organic matter (the degradation of which causes decreased dissolved oxygen levels).
—Presence of plant nutrients (e.g. from agricultural pollution) may cause eutrophication of the water.
— Possible presence of pesticides (organochlorides, organophosphates, carbamates etc.), if
their use is common in the area.
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Box 4.1
Specific phenomena of surface-water quality.

The natural evolution of surface-water quality

The water quality of a river undergoes a natural evolution from the source to the mouth:

— Profile evolution through regressive erosion: the upstream reaches transport coarse material, the down-
stream reaches carry finer particles, and finally deposits.

— Physicochemical evolution and mineralisation: concentrations of organic matter and dissolved minerals
increase from upstream to downstream, with a lowering of dissolved oxygen and an increase in water tem-
perature.

— Biological evolution: increase in biological activity, and of bacterial presence in particular, from upstream
to downstream, with involvement in the decomposition of organic matter.

Pollution of surface water with organic matter

The introduction of organic matter in a river course will provoke a modification of its natural environment
downstream.

— Lowering of dissolved oxygen, due to aerobic degradation of the organic matter: this represents a pheno-
menon of auto-purification under specific conditions.

— Modification of physicochemical parameters: temperature, pH and ammonia (NH3) increase.

— Sedimentation of anaerobic mud, with the release of methane gas (CH,) and iron sulphide (iron pyrites).
— Increased mineralisation that may cause eutrophication.

Eutrophication

— The phenomenon is the same whether caused by natural processes (e.g. seasonal algal blooms in lakes) or
artificial events (pollution, excess of mineral elements, phosphates due to detergents etc.).

— The steps are: increase of the phytoplankton population, increase of turbidity, concentration of algae in the
upper layers and sudden death of vegetation (due to high temperature) followed by settlement of the orga-
nic matter, decrease of the oxygen levels, and diagenesis.

— Eutrophication leads to a significant increase of pH, linked to a release of toxic substances such as NH;
that impair drinking-water quality.

Recommended analyses
— Regular biological analyses, turbidity, and conductivity, which is an indicator of occasional
pollution.
— Complete checking of major elements and toxic minerals when starting the programme, and then
twice a year (end of rainy and dry seasons to account for any concentration / dilution phenomena).
— Regular analysis of PO,, NO;, K, mainly for the risk of agricultural pollution, including pes-
ticides or fertilisers, or if the monitoring of conductivity shows an unexpected increase.

1.4.3 STATIC SURFACE WATER (VILLAGE PONDS)

General remarks on quality
The biological and chemical characteristics of the pond water include the following:
— The presence of parasites that may represent a health risk through consumption, e.g. conta-
mination of drinking water by the Fasciolopsis intestinal fluke, or through contact, e.g. Schis-
tosoma cercariae penetrating the skin.
— The presence of bacteria (possibly pathogenic, e.g. Salmonella spp.) depends on the natural
conditions and on the pond’s fresh water supply. Where ponds are filled by surface run-off,
there is a high risk of faecal contamination.
— A limited concentration of natural toxic minerals (ponds may represent a useful alternative
to mineralised groundwater).
— Active anaerobic mineralisation involving a rapid recycling of organic matter (auto-purification).
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— A whole range of biological indicators (fish, plants, algae) facilitating the identification of
pollution.

Contaminaion factors
— Faecal contamination of the village pond, especially due to domestic animal presence and
water-sharing with cattle.
— In the case of floods or cyclones, ponds, in addition to wells, are especially vulnerable to any
surface contamination.
— In the case of agricultural pollution, ponds (and lakes) may concentrate toxic elements (as is
the case of the Aral sea and the related lakes of Karakalpakstan).

Recommended analyses
— Direct observation of biological indicators, parasites, mosquito larvae.
— Direct observation of possible faecal contamination (dung, animal tracks).
— Regular bacteriological analyses (faecal contamination indicators).

Negative factors

— These areas may contribute to the general insalubrity of the area (malaria, mosquitoes,

swamp gas (CH,)).

Note. — Ponds are different from lakes, because of their limited depth, and they have specific
environmental characteristics:

— sunlight can reach the bottom, allowing colonisation by rooted vegetation;

— the water temperature is homogeneous (no thermocline, which is present in lakes);

— the presence of dissolved mineral elements is homogeneous.

1.4.4 GROUNDWATER

General remarks on quality

Generally, groundwater is of good microbiological quality and is not vulnerable to external
pollution. Exceptions to this include karst systems with rapid water infiltration, or where there is
insufficient filtration of surface pollution in surface-soil layers.

This good microbiological quality, especially with abstraction through boreholes, makes
groundwater ideal for human consumption. The main risk is one of natural chemical contamination,
such the abundance of toxic minerals (e.g. As and F) in very specific contexts.

Note. — The excellent biological quality of groundwater is due to:

— the filtration and fixation of biological elements by the soil (see Chapter 13, Section 3.5);

— the anaerobic conditions that limit the bacterial (and organic) presence;

— the lack of light that limits the presence of phototroph bacteria;

— the low and stable temperature and generally very low concentration of nutrients that limit

bacterial growth.

Pollution factors

The good biological quality of groundwater may be threatened by contamination from the sur-
face, mainly linked to an inappropriate exploitation of the resource (improper water-point design and
lack of protection).

— The aquifer’s vulnerability is closely linked to the possibility of transit of surface pollution
through the non-saturated zone, and the behaviour of the pollution ‘cloud’ in the saturated zone (rela-
ted to the transmissivity of the aquifer).

— Water flowing through mineral deposits (such as sulphate dolomites and Triassic facies, gyp-
sum) may develop a high dissolved-solids concentration, rendering it unpalatable.

— The presence of naturally-occurring toxic minerals, due to leaching of specific rock-types
or geological formations (quartzite or meta-sediments containing high fluoride concentrations, and
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sulphide deposits releasing arsenic). The concentrations of dissolved elements is often linked to redox
reactions: an oxidation and precipitation of elements in the upper, oxidised area of the aquifers (e.g.
toxic As(IIT) becomes As(V)) leading to a decrease in concentration, and a reduction reaction (cau-
sing increased solubility and therefore greater availability, in the case of As) in deeper parts of the
aquifer. This leads to the creation of an As-contaminated zone 20-70 m deep in the recent deltaic sedi-
ments of the Mekong River, in Cambodia.

Recommended analyses
— Complete analysis of the major elements and the main toxic minerals, to validate the
resource and the water point.
— Conductivity and pH must be checked in the site-validation process.
— Microbiological monitoring of water points, to identify the main risk: biological contamina-
tion (faecal).
— Monitoring of potassium, phosphates and particularly nitrate (NOs) and pesticides (atrazine)
in intensive agricultural areas (e.g. in Tajik and Uzbek cotton fields).

2 Standards and guidelines

2.1 The concept of pollution

Pollution consists of all direct or indirect factors that may affect water quality This definition
must take into account the concept of pollutant flow (evolution of the ‘quantity’ of pollution with
time) and pollution potential (for example, the construction of latrines in a shallow water-table area).

Pollution can be the result of human activities or natural phenomena (including animals and
plants) and can be responsible for the poor quality of water and non-compliance with quality stan-
dards in relation with water use.

There are various types of pollutant:

— Domestic: faecal pollution is the main domestic cause of water pollution. Abundance of

organic matter and high concentrations of mineral salts (nitrogen compounds, phosphates etc.),

detergents and organochlorides must also be considered.

— Agricultural and livestock: pesticides and fertilisers are the main cause of agricultural pollution.

Water may also contain pathogenic E.coli and other pathogens, from animal faecal pollution.

— Industrial: factory effluents (hydrocarbons, chemical products, high temperature waters) are

limited risks in humanitarian intervention contexts.

— Natural:

* geological pollution, caused by the release of soluble elements, such as arsenic or fluoride,
into water via leaching of specific minerals (fluoroapatite, Pb-Zn sphalerite, arsenopyrite
and others). These elements may be spread during specific events (river floods), by thermo-
mineral springs, and natural naphtha. These processes are complex and contextual, and
greatly dependent on the chemical environments of groundwater;

* microbiological and biological pollution (bacteria, virus, fungi, protozoa, helminths);

* physical pollution (turbidity, temperature of the water, radioactivity).

The principal source of water pollution for humanitarian programmes is related to human acti-
vities and to the faecal-oral disease-transmission cycle, mainly due to poor sanitation, contamination
of the water source, improper design of water points, bad maintenance of installations and poor
hygiene practices (linked to either lack of knowledge or resources to apply hygiene principles).

In other cases, specific chemical pollution due to natural toxic minerals may also appear, and,
more seldom, pollution is due to the use of pesticides (e.g. in intensive agricultural activities in some
Central Asian countries).
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Figure 4.2: Diffusion evolution of a pollutant in an aquifer.

Pollution is described in terms of its spatial and temporal distribution (it can be described as a
mathematical differential system where the water reservoir is represented as a ‘black box’ with pol-
lutant concentration determined by the balance of pollutants entering and leaving it - see Figure 4.2).
The main parameters of pollution to be considered are; its intensity (acuteness), its physical distribu-
tion (diffuse or localised pollution, vertical variability etc.), and its evolution over time.

Pollution can be chronic (continuous addition of pollutant), occasional, or cyclical (for
example, pollution flow linked to amount of rainfall). Pollution is often specific to a type of water
resource (surface water or groundwater).

2.2 The concept of toxicity

An element becomes toxic in water above a specific concentration, but may be beneficial or
even essential for human health at lower concentrations, as illustrated in the Misterlich diagram,
below (Figure 4.3).
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Figure 4.3: Misterlich diagram.
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This type of diagram explains the case of fluoride, illustrated by the ACF program in the east
of Sri Lanka. The lack of fluoride, below a concentration of 0.5 mg/l (zone ‘D’ on the diagram)
increases the risk of dental caries. However, above 1.5 mg/l (WHO guideline, 2003), fluoride causes
fluorosis, with mottling of tooth enamel and impaired development of the skeleton, through a chronic
toxicity process mainly affecting children under 8 years old. Values like the Tolerable Daily Intake
(TDI), the No Observed Adverse Effect Level (NOAEL) and Lowest Observed Adverse Effect Level
(LOAEL) are defined by WHO, and vary with the weight of each individual.

Toxicity has different consequences, depending on the concentration of the chemical in the water:

— acute toxicity: violent and immediate sickness/death;

— sub-acute toxicity: only a certain percentage of the population is affected;

— chronic toxicity: the consequences appear after a long-term exposure to limited concentra-

tions, with a cumulative effect in the organism (as in the case of fluoride and arsenic).

The main chemical elements affecting human health that may appear in water can be grouped
as follows:

— essential elements: Na, Mg, K, Ca, Si, P, S, Cl, H, C, O;

— toxic elements: As, Pb, Cd, Al, Ag, Sb, Hg, U, Rn;

— essential elements that are toxic at high levels: N, F, Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Mo, Ba, Be.

2.3 Quality standards, guidelines and indicators
2.3.1 PRACTICAL USE OF WATER-QUALITY STANDARDS

Water-quality standards refer to substances and parameters that may have some health impor-
tance or that may affect acceptability. Nevertheless, in the comments made by WHO (see Box 4.2), it is
stressed that drinking-water quality guidelines must be used bearing in mind the local context or the
level of local service (average quality of water distributed, national standards, drinking-water coverage).
Exceptional circumstances (war, natural disasters etc.) may prevent guidelines being strictly observed.

It is therefore essential to follow standards with common sense, making enquiries about local
regulations, and comparing the quality of traditionally-consumed water with the quality of water to
be supplied. Having enough reasonably clean water is preferable to having an insufficient quantity of
high-quality water; lack of water to ensure a minimum level of hygiene may present more health pro-
blems that having water of medium quality.

This flexibility applies particularly to biological contamination: faecal coliforms are an indicator
of faecal contamination, consequently their presence indicate only a potential risk of water contamina-
tion by pathogens (see Section 3.2.2). As the standard of 0 faecal coliforms/100ml may be impossible to
reach for many water supplies (e.g. open wells), a binary approach (polluted / non-polluted water) has
limited relevance. Assessing the risk of pollution, e.g. in order to determine further sanitary measures, is
the most useful approach (see Section 4.3.3). This approach is also recommended by WHO (see Box 4.2).

Box 4.2
Practical use of standards according to WHO 2003.

“In many developing and developed countries, a high proportion of small-community water-supply systems
fail to meet local or national quality standards. However, it should be recognized that to condemn a large
number of supplies is not particularly useful and may be counterproductive. In such circumstances it is
important that realistic goals for progressive improvement are agreed with the suppliers and subsequently
implemented. Recognizing that achieving the Guideline may be difficult in some emergency situations it is
practical to classify water quality results in terms of an overall grading for water quality linked to priority
for action. Sophisticated grading schemes may be of particular use in community supplies where the fre-
quency of testing is low and reliance on analytical results alone is especially inappropriate.”
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The level of risk for the presence of pathogens, linked to faecal contamination of water, can be
considered as follows, bearing in mind that the presence of specific pathogens and the susceptibility
of a population to infection also need to be taken into account when considering sanitary risk:

PATHOGEN RISK  FAECAL COLIFORMS /100 ML

— low risk 0 to 10%*
— significant risk 10 to 50
— high risk 50 to 100
— very high risk > 100

* Some pathogens are not linked to faecal risk (e.g. some viruses, some protozoa, guinea worm etc.).

A sanitary survey must complement bacteriological analysis to qualify the sanitary risk.

2.3.2 WHO GUIDELINES, THIRD EDITION (2003)

Tables 4.I1I to 4.V are based on the WHO nomenclature. The guidelines cover the main para-
meters of importance for drinking-water quality. WHO guidelines are divided into health-related gui-
delines, and non-health related guidelines, referring to chemical elements whose harmfulness has not
been proved: for those elements, WHO makes recommendations regarding the maximum acceptable
value. In some countries, those elements are covered by standards issued from official directives (See
Annex 7A) e.g. the French Alimentation en eau potable (AEP), directives (1989).

Parameters that are difficult to measure and that do not cause frequent problems are not men-
tioned in this chapter (e.g. cadmium). It is however necessary to remain vigilant, particularly in urban
or industrialised areas, and to contact specialists to deal with particular problems: it is also important
to refer to the various guidelines for materials hazardous to health not covered by this book.

The application of the WHO guidelines for drinking-water quality should be the reference in
water programmes, paying particular attention to those related to the major risks to health. In cases
where the WHO guidelines cannot be applied, actions should be guided by the principle of precaution
(see Section 1.3.1.1).

2.3.2.1 Health-related guidelines

Table 4.I11: Microbiological quality of drinking water.
O: origin. H: health.

Parameters WHO guideline values Interpretation (see following section)

E. coli or thermotolerant coliforms 0 colonies /100 ml O, H: indicators of faecal pollution
(see note in Section 2.3.1)

Note. — According to WHO, the most definite indicator of faecal pollution is the presence of
Escherichia coli, a member of the thermotolerant (or faecal) coliform group. In practice, the detection
of faecal coliform bacteria as a whole is an acceptable and easier alternative.

4. Water quality and analysis 109



Table 4. IV: Chemical substances that have some sanitary relevance for drinking water.

O: origin. H: health. NH: non-health.

Parameters WHO guideline values

Interpretation (see following section)

Arsenic (As)

Chlorine (Cly)
Copper (Cut+)

Fluorides (F-)

Lead (Pb)

Manganese (Mn)

Nitrates (NO37)

Nitrites (NO,™)

0.01 mg/l

5 mg/l
2 mg/l

1.5 mg/l

0.01 mg/I

0.4 mg/l

50 mg/l

3 mg/l

O: rocks, industrial waste (iron and steel, precious-metal processing industry)
H: proven carcinogenic effect (skin cancer)

O: water disinfection products

O: corrosion of copper pipes, agricultural

NH: colour and bitter taste if > 5mg/I

O: rocks, fertiliser, food (fish), industrial pollution (aluminium manufacture)
H: dental and bone fluorosis

O: natural (galena), chemical industry, lead pipes corrosion,

surface treatment

H: cumulative neurological toxicity

O: iron-bearing rocks

H: toxic effect on nervous system when > 20 mg/I

NH: turbidity and taste when > 0.3 mg/I

O: faecal contamination, organic matter, soil leaching, fertiliser, wastewater
H: child methaemoglobinaemia

O: organic matter

H: child methaemoglobinaemia

2.3.2.2 Non health-related guidelines (recommendations)

Table 4.V: Drinking water substances and parameters that may lead to acceptability problems.

O: origin. H: health. NH: non-health.

Parameters WHO recommendations

Interpretation (see following section)

Organoleptic parameters

Colour 15 TCU
Conductivity 1000 mg/l 1400 uS/cm
Turbidity 5NTU

Inorganic substances / parameters

Aluminium(Al)
Ammonia (NH,)

Chloride (CI-)

Hardness
Hydrogen sulphide (H,S)

Sodium (Nat+)

Sulphates (SO,2-)

Iron (Fet+)

Zinc (Zn)

0.2 mg/l
1.5 mg/l

250 mg/l

200 mg/l
0.05 mg/l

200mg/Il

250 mg/l

0.3 mg/l

4mg/I

Nil
O : dissolved solids
NH: taste

O: matter in suspension, colloids, dissolved matter
H: can involve bacteria presence in water through onto particles adsorption

O: coagulants used in water treatment, industry, natural

NH: colour and acceptability problem when > 0.2 mg/I

O: nitrogenous organic matter (waste, wastewater, plants etc.)
NH: taste and smell when >1.5 mg

O: natural (salty contexts), human (urine), industrial

H: laxative effect

NH: brackish taste when >250 mg/I, pollution indicator

O: presence of Calcium and Magnesium

NH: taste threshold, excess use of soap to achieve cleaning
O: rock, organic matter under anaerobic conditions

H: no problem if swallowed, fatal if inhaled at high doses

O: natural, industrial

H: can indicate pollution (Na is present in urine)

NH: taste threshold

O: natural (rocks), industry

H: laxative effect, taste problem,

NH: water aggressive to concrete when >250 mg/I

O: rocks, coagulants (ferric sulphate/ferric chloride)

NH: aesthetic (red colour, metallic taste, rotten fish smell)
ferruginous bacteria can block pipes.

O: industrial, pipe corrosion

NH: becomes an agricultural pollution when concentrated in soil
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2.3.3 THE SPHERE PROJECT 2004

The Sphere project defines standards to be used in emergency contexts (see Chapter 2). Sphere
water-quality standards are based on WHO guidelines for drinking water, but also include some com-
ments and specifications useful for emergency contexts. Extracts from the Sphere project are presen-
ted in Box 4.3.

Box 4.3
Extracts from Sphere standards related to water quality.

Water quality standard
Water is palatable, and of sufficient quality to be drunk and used for personal and domestic hygiene without
causing significant risk to health.

Key indicators

a) A sanitary survey indicates a low risk of faecal contamination.

b) There are no faecal coliform per 100 ml at the point of delivery.

¢) People drink water from a protected or treated source in preference to other readily available water
sources.

d) Steps are taken to minimise post-delivery contamination.

e) For piped water supplies, or for all water supplies at times of risk or presence of diarrhoeal epidemic,
water is treated with a disinfectant so that there is free chlorine residual at the tap of 0.5 mg per litre and
turbidity is below 5 NTU.

f) No negative health effect is detected due to short-term use of water contaminated by chemical (including
carry-over of treatment chemicals) or radiological sources, and assessment shows no significant probability
of such an effect.

Guidance notes

Microbiological water quality: faecal coliform bacteria (>99% of which are E. coli) are an indicator of the
level of human/animal waste contamination in water and the possibility of the presence of harmful patho-
gens. If any faecal coliforms are present, water should be treated.

— Post-delivery contamination
Water should be routinely sampled at the point of use to monitor the extent of any post-delivery contami-
nation.

— Water disinfection
In order for water to be disinfected properly, turbidity must be <5 NTU.

— Chemical and radiological contamination

Those risks should be assessed rapidly by carrying out chemical analysis. A decision that balances short-
term public health risks and benefits should then be made. A decision about using possibly contaminated
water for longer-term supplies should be made on the basis of a more thorough professional assessment and
analysis of the health implications.

— Palatability

Although taste is not in itself a direct health problem (e.g. slightly saline water), if the safe water supply
does not taste good, users may drink from unsafe sources and put their health at risk. This may also be a
risk when chlorinated water is supplied, in which case promotional activities are needed to ensure that only
safe supplies are used.

— Water quality for health centers
All water for hospitals, health and feeding centers should be treated with chlorine or another residual disin-
fectant.
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Table 4.VI: Sphere indicators.

Test Sphere Standards (2004): key indicators

Turbidity 5 NTU (for purpose of disinfection)

Faecal coliforms 0 col. /100ml at the point of delivery (see note in Section 2.3.1)

Chloride, fluoride, iron (Fell), No negative health effect is detected due to short-term use

manganese, nitrates, of water contaminated by chemical or radiological sources

nitrites, sulphates, arsenic A guidance note on chemical and radiological contamination

Residual disinfectant products For piped water and all water supply in case of diarrhoea epidemic,
(chlorine) water is treated with free residual chlorine = 0.5 mg/l, and turbidity <5 NTU.

A guidance note on water quality for health centres on chlorine and other
residual disinfectant

3 Quality indicators

The primary method for assessing water quality in the field is to conduct sanitary surveys,
including sanitary inspections (see Section 3.1), which are complemented by bacteriological and phy-
sicochemical analyses. The type of analysis is chosen on the basis of the following objectives:

— identify possible pollution of the water (mainly bacteriological);

— characterise water before treatment, or determine the efficiency of the treatment;

— characterise the context or the resource before its exploitation;

— characterise a water point by a risk assessment approach.

The main parameters measured for reaching these objectives are listed in Table 4.VII.

3.1 Sanitary surveys and risk assessments regarding water quality

Sanitary inspections of water systems and resources regard the ongoing status of the water sup-
ply and the potential risks of contamination in the long term. They are useful to identify what inter-
ventions are required and they are a tool that can be used by water-point committees to be able to
monitor their water supply.

Three main types of risk factor are included in sanitary inspections:

a) hazard factors: these are sources of faeces in the environment (e.g. pit latrines, sewers, solid-
waste dumps and animal husbandry);

b) pathway factors: these are factors that allow microbiological contamination to enter the
water supply, but that are not direct sources of contamination (e.g. leaking pipes, eroded catchment
areas and damaged protection works);

¢) indirect factors: these are factors that enhance the development of pathway factors, but do
not directly allow contamination of the supply and are not a source of faeces (e.g. lack of fencing,
faulty surface-water diversion drainage).

Sanitary inspections can be done with standardised forms depending the water system as
shown in Annex 7B. These forms can be adapted to specific situations and contexts.

In the majority of cases, a sanitary inspection on its own can provide a reasonable idea of the
bacteriological quality of the water and its vulnerability to pollution, but it is important to comple-
ment this information with water-quality analyses. Sanitary information can be crossed with water-
quality information through risk analysis as Annex 7B also shows. Annex 7B represents an example
of risk analysis adapted from the Guidelines for drinking-water-quality, Volume 3, WHO 1997. To
implement this kind of tool requires testing and adaptation to local conditions.
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Table 4.VII: Principal indicators of water quality.

Objectives

Indicators

General analysis of the resource

a) Characterisation of a groundwater
environment

b) Characterisation of a surface-water
environment

Major risks to health

Faecal pollution test

Analysis prior to treatment
(filtration, chlorination, flocculation)

Analysis after treatment

Analyses aimed at defining
fitness for irrigation

Complete water analysis

Conductivity

Temperature

pH

Cations (calcium, magnesium, potassium, sodium, trace metals)
Anions (halides, sulphate, carbonate, nitrate, alkalinity)

Trace elements (manganese, fluoride, arsenic)

Conductivity

Temperature

Turbidity

pH

Cations (liquid ammonium, potassium)
Anions (nitrate, nitrite)

Trace elements (iron, manganese)
Oxidability and BOD

Dissolved oxygen

Biological index

Sanitary survey

Agricultural and industrial assessment:

usages and possible polluants (i.e. pesticides: carbamates,
organophosphates, organochlorides etc.)

Sanitary survey
Bacteriological analysis

Bacteriological analysis
Chlorine demand

pH

Turbidity

Conductivity

Bacteriological analysis
Residual chlorine
Aluminium

pH

Turbidity

Conductivity

Conductivity
Cations (calcium, magnesium, sodium)

A sanitary survey is a larger exercise that includes sanitary inspection, but also analysis of fac-
tors such as disease prevalence, hygiene practices etc. that may have an impact on health. The sani-
tary survey offers a complete and meaningful approach to the situation. It reveals the vulnerability of
water to pollution and keeps its value over time.

Sanitary surveys serve to:

— identify sources of contamination in order to define remedial actions;

— validate the water-supply system;

— assess the seriousness of a situation by analysing risks;
— compare different sources and systems in order to prioritise actions;
— identify recurrent problems in order to adapt strategies and methodologies.
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— wash in water
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— animals have access to water
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— no sanitary system for drawing water — hands and feet

— animal feet

— insects (flies)
People use dirty or badly protected / T e

implements for transport & storage — water run-off and infiltration
of water — dirty implements

Figure 4.4: Faecal risk.

All situations that allow faeces to come into contact with water (directly, as in defecation into
water, or indirectly, as in transport by run-off) represent a potential source of pollution. The sanitary
survey investigates these risk situations (Figure 4.4). It must be carried out throughout the water sys-
tem, from the water point to the users’ homes.

3.2 Biological analysis

Bacteriological analysis indicates faecal pollution of water but is also a valuable check on the
efficiency of the protection or treatment measures, and is a complementary tool for the sanitary sur-
vey and sanitary inspections. It is an indicator of water quality only at the time of sampling, and does
not retain its value over time, so needs to be interpreted in the light of the sanitary survey.

3.2.1 PATHOGENIC ORGANISMS PRESENT IN WATER

Pathogenic organisms that may be present in the water are very numerous and varied, Table
4 VIII presents the most important. The faecal-oral infections can be transmitted by either water-
borne or water-washed mechanisms. Truly water-borne transmission occurs when the pathogen is in
water which is drunk by a person or animal that may become infected. But all water-borne diseases
can also be transmitted by any other route which permits faccal material to pass into the mouth (for
example via contaminated food).

3.2.2 BACTERIOLOGICAL ANALYSIS

There are very many pathogens (see Table 4.VIII) that may be found in water. It is not feasible
(or feasible only through expensive and time-consuming methods) to test for pathogens directly. As
most pathogens in water are derived from faeces (human and animal), the approach is therefore to
analyse the water for bacteria that show human and animal faecal contamination has occurred. These
are called ‘indicator bacteria’. Their presence in water does not prove the presence of pathogenic
organisms, but provides a strong indication of it.
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Table 4.VIII: Main faecal-oral (water-borne or water-washed) water-related infections
(from Cairncross & Feachem 1990).

Infection Pathogenic agent
Diarrhoeas and Dysenteries Campylobacter enteritis Bacterium
Cholera Bacterium
E. coli diarrhoea Bacterium
Salmonellosis Bacterium
Shigellosis (bacillary dysentery) Bacterium
Yersiniosis Bacterium
Rotavirus diarrhoea Virus
Giardiasis Protozoon
Amoebic dysentery Protozoon
Balantidiasis Protozoon
Enteric fevers Typhoid Bacterium
Paratyphoid Bacterium
Poliomyelitis Virus
Hepatitis A Virus
Leptospirosis Spirochaete
Ascariasis Helminth
Trichuriasis Helminth

The most definite indicator bacteria (according to WHO) used in routine assessment of the risk
of faecal contamination is Escherichia coli. This species is present in the faeces of warm-blooded ani-
mals, including humans, and is part of the normal intestinal flora of healthy individuals. It is abundant
in human faeces (up to 1 billion bacteria/gram of fresh matter), and persistent enough to be detected (its
detection duration in water at 20°C varies from 1 week to 1 month). E. coli is the most common species
in the group of thermotolerant coliforms, or faecal coliforms (more than 99% of faecal coliforms in
water are E. coli). In practice, faecal coliforms are commonly used to identify faecal contamination.

Results of bacteriological analysis do not provide definite information on the presence or absence
of pathogens. Some virus and protozoa may be found in drinking-water supplies when faecal coliforms
are absent, so water that contains no faecal coliforms should be seen as low risk, rather than safe. On the
other hand, faecal coliform presence indicates faecal contamination, but does not prove the presence of
pathogenic organisms, even if this may be strongly suspected (see risk estimation in Section 2.3.4).

Generally, faecal coliforms are not pathogenic. However, some serotypes of E. coli (O157:H7)
may cause serious diseases: pathogenic strains of E. coli are responsible for urinary tract infections,
bacteraemia, meningitis and diarrhoeal disease in humans. Animals, primarily cattle and, to a lesser
extent, chickens, goats and pigs, are the main reservoir for pathogenic E. coli.

Note. — Total coliforms are a much larger group of coliform bacteria that are present in cold-
and warm-blooded animal and human faeces, but not all total coliforms have a faecal origin, and many
are present in most non-treated water sources in tropical regions, particularly in water enriched with
organic matter. They are not systematically identified, as their presence does not necessarily indicate
a sanitary risk, but they can be used to measure the effectiveness of treatment processes.

3.3 Physicochemical characteristics

Choice of parameters to be identified is based on the objective of the analysis.

3.3.1 ACIDITY (pH)

The pH (hydrogen potential) measures the concentration of H+ ions in the water, representing
the balance between acidity and alkalinity on a scale of O to 14, with 7 being neutral.
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Table 4.IX: Classification of the water according to its pH.

pH<5 Strong acidity (Coca Cola® pH = 3 ; orange juice pH = 5)
Presence of mineral or organic acids in natural water
pH=7 Neutral pH
7<pH<8 Most surface water (approaching neutrality)
55<pH<8 Most groundwater
pH > 8 Alkalinity, intense evaporation

It characterises a large number of physicochemical equilibriums and depends on many factors,
including the origin of the water (Table 4.IX).

It can have a direct influence on the toxicity of other elements: sulphur is present as toxic H,S
under acidic conditions, but as a harmless precipitate of S, at pH>13. pH also has an influence on
chlorination efficiency (best results are achieved in acidic waters, below pH 7, and chemically-assis-
ted flocculation (aluminium sulphate is most effective between pH 6 and 8).

Analyses to be done in-situ with pH-meter or colorimeter.

WHO recommendation: 6.5 — 8.

3.3.2 ALKALINITY

Alkalinity corresponds to measurement of constituents from the group of weak acid anions
capable of reacting with H*. The alkalinity of water is a measure of its capacity to neutralise acids.
This parameter plays a major role in the buffer-effect of water. It determines the way in which pH is
modified by the addition of weak acids or bases, particularly during treatment processes (flocculation
and disinfection).

3.3.3 BOD, COD AND OXIDABILITY

These parameters enable estimation of the quantity of organic matter present in water.

BOD (biochemical oxygen demand) expresses the quantity of oxygen necessary for the break-
down of biodegradable organic matter in the water by the development of micro-organisms under cer-
tain given conditions. The conditions most commonly assumed are 5 days (partial degradation occurs
by then) at 20 °C, in the absence of light and air: this is known as BODs. This measurement is widely
used for monitoring sewage-treatment-plant effluent, because it provides an estimate of the loading of
biodegradable organic matter. It is expressed in mg/l (mg of O, consumed per litre).

COD (chemical oxygen demand) shows the quantity of oxygen necessary to oxidise the orga-
nic matter (biodegradable or not) in the water, using an oxidant (potassium dichromate). The result is
expressed in mg/l.

Oxidability is a measurement similar to COD, and is used in the case of low concentrations of
organic matter (COD < 40 mg/l). The oxidant used is potassium permanganate.

3.3.4 CONDUCTIVITY AND TOTAL DISSOLVED SOLIDS

Most matter dissolved in water occurs as electrically-charged ions, with ion concentrations
dependent on the pH and EH (redox potential) of the water, and the composition and concentration of
different negatively- and positively-charged ions that may react to form inert solids. Total dissolved
solids (TDS) is defined as the quantity of dissolved material in water, and depends mainly on the solu-
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Table 4.X: Classification of water according to its conductivity .

% (uS/em) Type of water
0.005 Demineralised water o
10<x <80 Rainwater
30 <% <100 Slightly mineralised water, granitic context Normally
300 < % < 500 Fairly well-mineralised water, carbonated context ?oOr ﬁﬁ‘;?g;aggﬁs?ﬁzlt?;;s
500 < <1000 Mineralised water in this range
1000 <y <1500 Highly mineralised water
1500 <% <3000 Brackish water
% > 20 000 Seawater

bility of rock and soil minerals in contact with waters within normal pH and EH ranges. For instance,
water that flows through limestone or gypsum dissolves calcium, carbonate, and sulphate, resulting in
high levels of total dissolved solids.

Conductivity is a measure of the capacity of water to pass an electrical current and is affected
by the presence of dissolved solids. As the level of TDS rises, the conductivity will also increase.
Conductivity changes may indicate contamination. For instance, contamination of a water supply with
sewage can raise the conductivity because of the presence of chloride, phosphate, and nitrate. Inten-
sive use of fertilizers will have similar consequences.

Conductivity also increases with water temperature, so measurements must be presented in
terms standardised at either 20 or 25 °C. Normally the measuring devices used in the field automati-
cally make this conversion. Conductivity differences, like temperature variations, may indicate zones
of pollution, mixture or infiltration. Surface-water conductivities are normally below 1 500 us/cm. In
practice, acceptance problems for consumers appear above 1 500 uS/cm (Table 4.X), but this factor
depends a lot on the habits of the population concerned (the value of 1.5 g/l of TDS, which is equi-
valent to around 2 000 uS/cm, is the drinking-water standard in France). Conductivity is measured in
micro-siemens per centimetre (us/cm), and TDS in milligrams per litre. The relation between the two
parameters is not linear.

Analysis should be done in situ with an electrical-conductivity meter.

WHO recommendation: <1000 mg/l (~1400 ws/cm).

3.3.5 DISSOLVED OXYGEN

Dissolved oxygen is affected by the presence of organic matter. Water absorbs oxygen to the
point where partial pressure in air and water are in equilibrium. The solubility of oxygen in water
depends on atmospheric pressure (and therefore on altitude), and on the temperature and mineralisa-
tion of the water: saturation with O, decreases as temperature and altitude increase.

This parameter is used essentially for surface water. At sea level, at 20 °C, the concentration of
oxygen in equilibrium with atmospheric pressure is 8.8 mg/1 of O,, or 100% saturation. Highly aera-
ted water (e.g. in mountain streams) is generally supersaturated with oxygen, whereas water charged
with organic matter degradable by micro-organisms is sub-saturated. A significant presence of organic
matter in a water body, for example, allows micro-organisms to develop and consume the oxygen. Dis-
solved oxygen is therefore a useful parameter in the biological diagnosis of the aquatic environment.

Analyses should be done in-situ.
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3.3.6 HARDNESS

Water hardness is created by dissolved calcium and magnesium, and is commonly expressed
in mg/l CaCOj; or degrees of hardness.

1 French degree of hardness (TH) = 10.3 mg/l CaCO;

Hardness is never a problem for human consumption, but high hardness may lead to encrustation of
pipes, and low hardness (soft) waters may be corrosive.

AEP standard lower limit 15 TH (155 mg/l CaCO3).
WHO recommendation: 100 to 300 mg/l.

3.3.7 TEMPERATURE

The variations in water temperature in an environment provide indications regarding the ori-
gin and flow of the water. Water temperature is usually linked with other parameters, especially
conductivity and pH (Box 4.4).

Note. — Analysis should be done in situ with a thermometer.

Box 4.4
Groundwater temperature.

Temperature gradients
It is generally considered that the geothermal temperature gradient is 1 °C per 33 m. This means that the
deeper the groundwater is, the hotter it is.

Generally, the following classification can be established:

— depth between 2 and 5 m: zone of daily temperature variation;

— depth between 15 and 40 m: zone of annual temperature variation;
— depth greater than 40 m: constant temperature zone.

Classification

Particular causes, such as volcanic or thermal effects, have a significant influence on water temperature.
There are three types of water source, depending on the difference between the average annual temperature
of water and air:

— twater > 4 °C more than t ;. — thermal source;

— tyater = tajr — NOrmal source;

— tyaeer > 4 °C less than t ;. — hypothermal source.

3.3.8 TURBIDITY

Turbidity characterises a cloudy condition in water caused by particles in suspension (organic
residues, clays, microscopic organisms etc.). Problems for users caused by turbidity are related to
acceptance. High turbidity allows micro-organisms to become fixed (adsorption) to particles in sus-
pension: the bacteriological quality of turbid water is therefore suspect as strong turbidity can also
protect micro-organisms fixed on particles from disinfection.

Turbidity is a major constraint for chlorination, as pathogens associated with particles are pro-
tected from oxidation. Another concern is the formation of organochlorides that are toxic. Sphere
recommends turbidity below 5 NTU to enable effective chlorination.

Analysis to be done in situ (recommended) with a turbidity meter:

Units: 1 NTU (Nephelometric turbidity unit) = 1 JTU (Jackson TU) = 1 FTU (Formazin TU).
WHO recommandation: <5 NTU and <O.1 NTU for effective disinfection.
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3.4 Major ions

The mineral content of most kinds of water is dominated by several elements, commonly cal-
led major ions. These elements are in general not linked to public health problems (except nitrate, see
Table 4.1V). Values from the French standards (AEP) are provided here, as most of the major ions are
not covered by WHO guidelines.

Cations (positive charge): calcium (Ca2t), magnesium (Mg2+), sodium (Nat), and potassium
(K+), iron (Fe2+, Fe3+), manganese (Mn?*), ammonium (NH,*)

Anions (negative charge): chloride (CI-), sulphate (SO,2-), nitrate (NO5"), nitrite (NO,™),
phosphate (PO43-)

3.4.1 CALCIUM AND MAGNESIUM

Calcium Ca?*+ and magnesium Mg?2+ are present in crystalline and sedimentary rocks (calcite
(CaCOy), dolomite (CaMgCO3), magnesite (MgCO3), gypsum (CaSO,), apatite (Cas(PO,);) and fluo-
rite (CaF) plus sandstone and detrital rocks with carbonated cement): they are very soluble substances,
present in most types of water. Their concentration and the Ca/Mg ratio provide information about the
origin of the water and the nature of the reservoir. The calcium ion is sensitive to base-exchange phe-
nomena. Total hardness is the concentration of Ca2+ and Mg2+. Carbonated hardness is the concen-
tration of bicarbonate/carbonate (HCO;~, CO5%).

Due to its laxative effect, the French AEP standard upper limit for Mg is 50 mg/l. No AEP standard
exists for Ca.

3.4.2 CHLORIDES

The Cl-ion is present in small quantities on Earth. The main source of chloride in water is solu-
tion of sedimentary rocks deposited in a marine environment, which have not been completely leached,
and evaporites. Ingress of seawater (where Cl- is present in great quantities) and evaporation phenomena
in endoreic basins are also possible sources of chlorides (the smaller the distance from the sea, the more
significant the contribution made by precipitation). Human contributions (e.g. from urine) are minor.

AEP standard upper limit is 200 mg/I.
WHO recommendation (taste): <250 mg/l.

3.4.3 IRON

The presence of iron in groundwater has several origins: in the form of pyrites (FeS,), it is
usually associated with sedimentary rocks deposited in a reducing environment (marls, clays) and
metamorphic rocks. It is usually found in strong concentrations in the water of weathered bedrock.
The following concentrations in groundwater are reported by ACF:

— sedimentary (Cambodia, 1998): 3—15 mg/I;

— bedrock (Uganda, 1996): 0.5-1.5 mg/I.

When present in reduced (ferrous) form (Fe2+ or Fe(Il)), iron is oxidised by atmospheric oxy-
gen and precipitates in oxidised (ferric) form (Fe3+ or Fe(Ill)) when water is pumped. This produces
rust stains on the slabs of boreholes or wells, and users may not find the water acceptable, because it
stains laundry and has a pronounced taste when consumed directly or in hot drinks.

Treatment to remove iron involves aeration of the water in order to oxidise the dissolved Fe2+
to Fe3+, which then precipitates and can be removed by filtration.

AEP standard upper limit is 0.2 mg/l Fe (in-situ analysis is recommended).
WHO recommendation: <0.3 mg/l.
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Figure 4.5: The nitrogen cycle.

3.4.4 NITRATES AND NITROGEN COMPOUNDS

Nitrates (NOj3-) are part of the nitrogen cycle. The main nitrogen reservoir is the atmosphere.
In natural water, nitrogen comes essentially from rain (1-3 mg/l) and from soil drainage.

Micro-organisms decompose organic matter present in the soil, and the mineral nitrogen thus
produced is then transformed into nitrates by aerobic bacteria. This transformation, called nitrifica-
tion, has two stages: nitritation, which produces nitrites (NO,"), and nitratation, which transforms the
nitrites into nitrates (NO5-). If the conditions of the environment permit it, the nitrates are used as a
source of energy by anaerobic bacteria, and transformed into gaseous nitrogen. Nitrates can also be
adsorbed and become fixed on clays and humus.

The content of nitrates in soil, and later in water, is strongly linked to the quantity of organic
matter and to environmental conditions. Contributions from human activities (use of nitrate fertilisers
and manure) are therefore significant. Also, waste from sewage-treatment plants, latrines and septic
tanks contribute organic matter capable of producing nitrates.

Nitrates and nitrites are considered dangerous to health. Nitrates ingested with water are redu-
ced to nitrites in the intestines and become fixed to haemoglobin, thus decreasing oxygen transfer: this
is known as methaemoglobinaemia, which affects children in particular (especially under 6 months).

The scale of nitrate concentration in water is very wide. Groundwater, with an environment that
facilitates denitrification, can be nitrate free, whereas water ‘polluted’ by a significant contribution of
organic matter, fertilisers or residual water may contain up to several hundreds of mg NO; /litre.

AEP standard upper limits are 50mg/l for NO3~ and 0.1 mg/l for NOy~.
WHO guidelines (health related) are 50 mg/l (nitrate) and 3mg/l (nitrite).
3.4.5 PHOSPHATE

The main sources of phosphates are rock-leaching (carbonated contexts), faeccal contamina-
tion, domestic pollution (detergents) and agricultural pollution. They are not toxic, but may lead to
acceptance problems (taste and colour). They may also participate in germ proliferation (providing a
nutrient salt) and are essentially useful as an indication of faecal contamination.

AEP standard upper limit is 5 mg/l of P,0s.

3.4.6 SODIUM AND POTASSIUM

Sodium (Nat) is very abundant on Earth and occurs in crystalline and sedimentary rocks
(sands, clays, evaporites). Halite, or rock-salt, is common salt (NaCl), highly soluble in water. In

120 II. Water resources



Table 4.XI: Scale of sodium and potassium concentration.

Context Na+ (mg/l) K+ (mg/l)
Groundwater in calcareous formations 1<C<4 03<C<3
Groundwater in crystalline formations 2<C<15 1<C<5
Seawater C > 10000 380

contrast, sodium does not normally occur in carbonated rocks (Table 4.XI). Clays can be saturated in
Na+ by the process of base exchange.

Potassium (K+) is quite abundant on Earth but not in water. It is easily adsorbed and recombi-
ned in the soil (particularly in clays). Its origin is crystalline rocks (but in minerals less susceptible to
weathering than those that contain sodium), evaporites (sylvinite) and clays (Table 4.X1).

AEP standards for sodium and potassium are 150 mg/l Na and 12 mg/l K.
WHO recommendation: <200 mg/l Na.

3.4.7 SULPHATE AND HYDROGEN SULPHIDE

The natural origins of sulphate are rainwater and solutions of sedimentary evaporitic rocks,
particularly gypsum (CaSO,), but also pyrites (FeS,) and, more rarely, igneous rocks (galenite,
blende, pyrite). Human origins are mainly the use of chemical fertilisers and detergents. In general,
the presence of sulphate in non-polluted natural water indicates the presence of gypsum or pyrites. In
anaerobic conditions, sulphate is transformed by bacteria into hydrogen sulphide that is toxic and cor-
rosive. Presence of sulphur in waters may lead to acceptance problems. Hydrogen sulphide (H,S) is
a gas recognisable by its rotten egg smell at low concentrations. In higher doses, it becomes odour-
less and very dangerous if inhaled, causing frequent fatal accidents among sewer workers and pos-
sible problems in wells (Laos, ACF 1996) when gypsum is present.

AEP standard upper limit is 250 mg/l SO,.
WHO recommendation: <250 mg/l for SOy.

3.5 Trace-elements and toxic minerals
3.5.1 ARSENIC

Natural arsenic is mainly found in recent sedimentary contexts associated with large deltas
(Burkina Faso, Cambodia, India, Bangladesh, Nepal, Vietnam, Zimbabwe). Other sources of arsenic
are insecticides and chemical industries. Arsenic is a cumulative poison (causing skin cancers, liver
cancers, leukaemia). It exists in water as the reduced As(IIl) form, which is free and toxic, or the oxi-
dised As(V) form, which is less soluble and not toxic.

The presence of As is mainly in groundwaters: in the Cambodian Mekong alluvial basin, the
highest concentrations in the aquifer are between 20 and 70m of depth: the upper layers of the aqui-
fers present less free arsenic (oxidation), as well as the deep layers (precipitation). This vertical varia-
bility depends on both geological and hydrological conditions, but must be checked to find alterna-
tive water resources for long-term projects.

Arsenic concentrations may vary with seasonal events (floods, dry season) and also presents a
huge geographical variability (in the same village, some boreholes may be contaminated and others
not). The diseases caused by arsenic are generally linked to 10 to 15 years of water consumption.

WHO guideline value is 0.01 mg/l maximum (some national standards may differ a lot, e.g. Cambo-
dia: 0.05 mg/l). In-situ analysis is recommended.
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3.56.2 CHLORINE

Chlorine is a water-disinfection product. Laboratory tests show that chlorine ingestion corres-
ponding to a concentration of 5 mg/l over 2 years does not cause health problems; above this thre-
shold, there is no evidence as yet but WHO proposes a health-related guideline. Chlorine taste thre-
shold: 0.3-0.6 mg/l; odour threshold: 2 mg/I1.

WHO guideline value: 5 mg/l.

3.56.3 FLUORIDE

The main sources of fluoride in groundwater are sedimentary rocks (for example, fluoroapa-
tite from phosphate basins), but also igneous rocks (granites) and veins. Thermal areas are also fre-
quently involved. Rock-groundwater contact time and chemical interactions determine the concentra-
tion of free F-. Even though these concentrations are extremely variable, they can reach 5 to 8§ mg/l
in sedimentary basins (Senegal, Travi).

Fluoride is recognised as an essential element for the prevention of tooth decay (fluoride too-
thpaste). However, regular ingestion of water with a fluoride concentration greater than 1.5mg/l can
cause problems such as bone and dental fluorosis (brown colouring of the teeth which can lead to their
loss): children are particularly vulnerable to this problem.

WHO guideline value is 1.5 mg/l maximum of fluoride (F-).

3.5.4 LEAD

Lead is frequent in rocks (galena) and in the chemical industry (explosives), and is a cumula-
tive poison, causing neuropsychological disorders and cardio-vascular diseases. It can be measured
with a colorimeter.

The WHO guideline value is 0.01mg/l maximum. In-situ analysis is recommended.

3.5.5 MANGANESE

Manganese in groundwater has mainly natural (pyrite) or agricultural (soil-texture improvers)
origins. Presence in drinking water may create acceptance problems (dark-coloured water and taste).
Above 0.1 mg/l, manganese causes staining problems (as does iron), and a black deposit can be
formed in water pipes. Certain organisms concentrate manganese, which leads to turbidity and taste
problems.

AEP standard upper limit is 0.05 mg/l Mn. In-situ analyses are recommended.
WHO guideline 2003 (health): 0.4 mg/l.
3.5.6 OTHER ELEMENTS

Other elements, like cadmium, selenium, bromine etc. may present a serious risk for human
health. They are extremely time-consuming and expensive to measure and are only exceptionally tes-
ted for in most situations where ACF works.

3.6 Biological indices

Some relevant information that is not picked up by chemical analyses can be picked up by
using biological indices that characterise an aquatic environment according to the organisms found.

Each living organism has some particular environmental requirement. Aquatic environments are
thus colonised by animal and plant populations with structures corresponding to a certain balance.

122 II. Water resources



If the environment is disrupted, a modification of the structure of those populations can be
observed.

— Vertebrates (frogs and toads) prefer cleaner water and cannot survive in water depleted of

oxygen.

— Massive fish death indicates severe depletion of oxygen (heavy organic load) or toxic pollution.

— A large number of plants and algae (often of a murky green colour) indicates a high nutrient

level in water: pollutants such as fertilisers, sewage, industrial wastes.

— Water looking like ‘pea soup’ (light green, murky) contains blue-green algae that secrete

substances that make water unfit for drinking.

— The presence of sewage fungus indicates heavy organic pollution.

4  Water analysis

Properly-conducted water analysis involves three stages: sampling, analysis and presentation
of results/interpretation.

4.1 Sampling
411 METHODOLOGY

Sampling is vital, because it affects the significance of the analysis. Strict procedures should
be used, that provide representative samples of what is being analysed. The protocol for sampling will
depend on the type of analysis. See Section 4.1.1 and Annex 7C for more details.

4.1.2 CONTAINER MATERIALS

Polyethylene is recommended for all kinds of sampling. Although it is relatively porous to
gases, and glass may be preferred for sampling and preservation of highly gaseous water, it is less fra-
gile than glass, and gas diffusion is slow.

Polyvinyl chloride, which is used to make sterile disposable sampling bags, has the disadvan-
tage of liberating chlorine if the bags are exposed to light for too long. Sterile bags are fragile and
must be protected during transport of samples.

Glass containers are suitable for most determinations. Brown bottles should be used as they
reduce photosensitive reactions.

4.1.3 MODIFICATIONS AND PRESERVATION OF THE SAMPLES

The fact of taking a water sample and removing it from its natural environment inevitably
modifies it, to a greater or lesser extent, depending on the parameters of concern. Some of them can
be considered stable over the timescale in which we work, but others change very quickly (e.g. oxi-
dation processes, chemical changes): temperature, conductivity, pH, dissolved gas, nitrates, sulphates,
arsenic and toxic minerals change quickly.

A variation in temperature causes a modification in the equilibrium constants of elements in
solution. In order to establish new equilibriums at the new temperature, several chemical reactions
occur, which may cause the precipitation of salts, favour solution of gas etc. Nonetheless, a low tem-
perature (around 4°C) slows reactions down sufficiently.

Contact with the air and decompression can also be responsible for changes in solution.

Each type of ion contributes to the total conductivity of a solution, and any modification of the
chemical equilibriums, and therefore of the relative proportions of the dissolved elements, causes a
change in conductivity. The higher the temperature of the water, the more dissolved CO, tends to
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Table 4.XII: Sample preservation.

Determination Sample Container Preservative Filtration required? Max. time
before analysis

Acidity or alkalinity Plastic or Glass None Yes 14 days
BOD Plastic or Glass None No 6 hours
Chloride Glass None Yes 28 days
Chlorine (residual) Plastic or Glass None No In situ
Conductivity, pH Glass None No 28 days / in situ
Fluoride Plastic None Yes 28 days
Hardness Glass HNO; to pH <2 Yes 6 months
Metals, trace-elements Plastic HNO; to pH <2 Yes 6 months
Ammonia nitrogen Glass H,SO, to pH <2 Yes 28 days
Nitrate & nitrite nitrogen Glass H,SO, to pH <2 Yes 28 days
Nitrate & nitrite nitrogen Glass None Yes 48 hours
Phosphate, sulphate Glass None Yes 28 days
Sulphide Glass None Yes 7 days

escape. A loss of CO, provokes precipitation of carbonate, which modifies the pH. Nitrates and sul-
phates can be reduced by bacterial activity after the sampling stage.

In adverse conditions, changes can occur in just a few hours. Preservatives prevent these
changes, but are sometimes not practical logistically in the field (e.g. concentrated acid). Table 4.XII
lists the sample containers and preservatives to be used for the main parameters to be determined.

As a general rule, it is best to analyse the samples as soon as possible after collection. Speci-
fic recommendations for field situations are given in Section 4.1 4.

4.1.4 SPECIFIC RECOMMENDATIONS
4.1.4.1 Samples for bacteriological analysis and BOD

Samples for bacteriological analyses and BOD must always be taken and preserved in a ste-
rile container. The use of sterile disposable bags is advisable. Biological analyses are carried out
6 hours maximum after taking the samples if they are kept cool (4°C), or within 1 hour if kept at
room temperature, in the dark. Even if it is possible to conduct biological analysis on site (e.g. with a
DelAgua kit), the use of a mini-laboratory is strongly recommended.

Specific recommendations for sampling for bacteriological analysis are as follows:

— Use extremely clean containers for sampling (see Section 4.1.2), wash your hands with soap.

— Rinse the container several times with the water to be analysed:

e for a pump, work the pump for enough time to renew and rinse the inlet and outlet pipes,
and the pump body;

» for a tap, clean the tap (with alcohol or soap), let the tap run fully for about 30 seconds,
flame it with a pad soaked in alcohol, let it run again for 30 seconds.

— Always fill sample containers to the brim and stopper them so that no air is left above the

sample, since it could favour the emission of some gas dissolved in the water, which would

modify the chemical balance in the solution.

— Mark the bottle (or sterile bag).

— Systematically take three samples for bacteriological analysis (due to high variability in the

results of this analysis).

— Record in a notebook.

— Keep the sample in cool box (4°C, 6 hours maximum before analysis).
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4.1.4.2 Chemical parameters

Temperature, pH, conductivity, alkalinity, free residual chlorine and dissolved oxygen must be
systematically measured in situ.

If complex preparation is required for transport of samples for carrying out certain chemical
tests in a laboratory (for instance, for As, metals, toxic minerals and trace-elements), these tests
should be done in situ, to avoid this complication.

The analysis must be carried out as soon as possible, not more than 72 h after taking the
samples. If this is not possible, the samples must be prepared for preservation (Table 4.XII); the
sample is passed through a 0.45 um filter (the bacteriological analysis filtration system may be used),
and then acidified until a pH close to 2 is obtained (see Table 4.XII). The samples can be kept for
3 months at room temperature or, even better, at around 4°C.

4.2 Methods of analysis
421 METHODS
4.2.1.1 Bacteriological analysis

Bacteriological analysis mainly involves determining the presence of faecal coliforms, as an
indication of faecal contamination (see Section 3.2.2).

The method most commonly used in the field is filtration through a membrane and develop-
ment of bacteria colonies in a favourable environment. It is relatively easy to carry out in the field and
consists of:

— Filtering a known volume of water through a porous membrane, designed to retain bacteria

(0.45 um).

— Putting this membrane under conditions that allow the development of thermotolerant (fae-

cal) coliforms but not other bacteria: 16-24 h incubation at 44°C in a favourable nutritional

environment for thermotolerant coliforms multiplication. Incubation at 37°C is used for total
coliforms identification.

— After 16-24 h, the colonies formed by the bacteria are visible to the naked eye, with

a specific colour (Figure 4.6), and can be counted. The results are expressed in number of

colonies per 100 ml of water sample.

The timing and temperature for incubation, as well as the colour developed by each type of
bacteria colony, is closely linked to the type of culture medium, that can be more or less selective.
Refer to the instructions provided with each product used. The characteristics of the most common
culture media are presented in Table 4.XIII.

Table 4.XIII: Characteristics of common culture media used to detect coliforms by incubation.

Product Resuscitation process  Incubation process Detection
E. coli Faecal coliforms
Lauryl sulphate broth Room temperature 44 °C +/-0.5°C Yellow
3 to 4 hours 16—-18 hours
Millipore MFC Broth 35°C +/-0.5°C 44.5°C +/-0.2°C Blue
4 hours 14-16 hours
Coliscan — MF Broth Room temperature 35°C +/-0.5°C Black Blue-grey, red-pink,
20-30 min 18-24 hours cream
Coliscan Easygel Room temperature 35°C +/-0.5°C Purple-black Light blue,
20-30 min 24 hours blue green, white
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Figure 4.6: Example of a bacteriological analysis result.

Note. — Bacteriological analyses are com- .
monly carried out in the field, but results are often ¥
highly variable and correct analysis requires sterile
conditions. Therefore, three samples per site must be .
analysed. I

Bacteriological testing equipment : - .

The DelAgua kit (see Annex 7D) has become . T
widespread as incubator for bacteriological analyses. -
ACEF uses a modified DelAgua kit (with an integrated
220 V and 12 V supply instead of an internal battery).
The culture medium used is the ready-to-use Millipore MFC (membrane faecal coliform) broth,
which develops a specific colour with faecal coliforms. ACF also uses disposable plastic sachets for
sterile water sampling.

Many countries (including India and Pakistan) produce precise incubators (with temperature
control and electronic alarm), with high capacity (about 100 petri dishes) and competetive prices.

Refrigerator and cool boxes
Essential for the conservation of both samples and culture media.
4.2.1.2 Chemical analysis

There are different analysis techniques for chemicals (see Table 4. XIV), each with its own purpose.
Colorimetric or visual interpretation techniques (e.g. pH strips) are not very accurate, but are
appropriate for situations where speed and simplicity are more important than complete accuracy.

Table 4.XIV: On-site methods and materials for water analysis.

Parameter Measurement by portable Photometry Titration or
electrochemical probe (spectrometry) colorimetry

pH X
Conductivity X
Chlorides X
Alkalinity

Phosphates X X
Sulphates X
Nitrates/nitrites nitrate

Ammonia
Calcium
Magnesium
Sodium
Potassium
Hardness
Iron
Manganese
Fluorides X
Silica

Aluminium

Chlorine

Hydrogen sulphide X
Oxygen X

Oxidability X

X X X X X
X X X
X X X X X X X X X X X

X X X X X X

X X X X
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Analyses with specific electrochemical probes are simple, but the probes are fragile, have a
limited life (= 1 year), and are expensive.

In order to obtain accurate results for major ions, it is advisable to contact a laboratory (or a
university). This can also be done to verify analyses carried out with on-site equipment (validation of
a specific health risk identified with a colorimeter or photometer, e.g. in the case of significant arse-
nic or fluoride presence).

Basic physical and chemical testing equipment

Pool tester, pocket kits: colorimetric method, where tablets are dissolved in the sample and the
resulting colour read on a colour scale (major elements).

Electronic stick meters: small portable electronic equipment that gives a digital reading when
the electrode is submerged. Needs regular calibration (pH, conductivity). This equipment is cheap,
very easy to use and robust but its precision is generally limited.

Turbidity tube: the tube is filled, then water is poured out until the reference circle marked on
the bottom of the tube appears.

Comparator with disks: tablets are dissolved in a small tube. The sample in the tube is viewed
in the comparator against a graded colour on an interchangeable disk (pH).

Photometer: colorimetric method. Electronic instrument with a digital display. Tablets are dis-
solved in the sample and the concentration of the colour is read electronically. The instrument uses
blank sample and calibration (F, As).

Note. — Field analysis equipment (pH meter, GPS) can be seen as dangerous equipment in spe-
cific contexts. Staff should adapt their behaviour and be careful in handling this material, especially
in areas of conflict.

4.2.2 THE USE OF A MINI-LAB

A mini-lab can be a small room (3 m x 3 m) containing all the equipment required for chemi-
cal and bacteriological analyses. It can be attached to an existing facility in the case of long-term pro-
grammes. Its use is for all types of off-site analysis, and for safe keeping of chemical products, equip-
ment and samples. It is especially useful for microbiological analyses, which require care and the
cleanest environment practical. It contains:

— a refrigerator (for samples and culture media);

— a working surface, such as a white-topped bench or table, that is easy to disinfect with alcohol;

Disinfected Door with Fridge, c ool boxes, s ink, board,
white table = akey | technical reference books, drying

rack, a nalysis equipment

. Laboratory coat
Samples to be DelAgua kit =
analysed elements surgical g loves Figure 4.7: Mini lab for biological

analysis (ACF, Sri Lanka, 2000).
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— a sink and draining rack;

— all the necessary technical documentation;

— special medical / laboratory dishes;

— stove and saucepans for sterilisation.

The operator must always wear a laboratory coat and surgical gloves for microbiological ana-
lyses. They must remove their shoes and replace them with plastic sandals before entering the mini-
lab. The mini-lab is regularly disinfected.

Note.—In some countries, it is not appropriate for a woman to work with a man in a closed room.

4.3 Presentation of results and interpretation
4.3.1 PRESENTATION OF RESULTS

It is essential to record and keep the results of the analysis (mainly if a sanitary risk is identi-
fied). Normally, one sheet per site analysed is recommended (see Annex 7E). The information to be
reported includes:

— general location (plus GPS data);

— date of sampling / analysis;

— type of site (river, borehole, well, reservoir);

— the person in charge of sampling / analysis;

— the full analysis table;

— comments on the quality of the water and the site.

The full analysis table contains three columns (three samples are taken at each site, systema-
tically for bacteriological analyses, ideally for other elements as well). Each result is given with the
mean of the three samples, the maximum value and the standard deviation observed. If the three

Table 4.XV: Water analysis modalities and their interpretation.

Purpose of the analysis 1) Regional study of quality of the water 2) Analysis of water quality
(programme steps) resource (feasibility study) at the water point (validation)
Location Region / village Water point (spring, borehole, well
or distribution network)
Timing During selection During work and after completion of
of the programme area technical work, before handing over
Parameters Chemical parameters, toxic minerals, Chemical (toxic minerals)
to be checked physicochemical characteristics (conductivity, pH etc.) and physicochemical characteristics,
Parallel study on morbidity data must be done microbiological quality
Reporting Mapping (GPS) Chemical profile included in
contractual handover documents
Body responsible Implementing agency Implementing
Interpretation
Implications Validation of the water resource selection; if not: Validation of the water point; if not:
for the programme — Choice and design of water treatment — Choice and design
— Selection of an alternative type of resource of water treatment
— Application of the precaution principle — Abandoning the source & finding

another area or kind of water source
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samples do not give reasonably homogeneous results, the whole analysis (including sampling) has to
be done again, because the variation is probably due to non-representative sampling or a mistake
during analysis. A good practice is to register and keep the filtration membranes in a file (in the case
of bacteriological analysis), to come back if needed to check suspicious results.

4.3.2 REPRESENTATIVENESS

The analysis is done on water sampled at a specific moment, in a specific place and according
to a specific methodology. The question is “How representative is the sample of the source or the
water point to be analysed ?”. It is important to define clearly what the analysis means and what are
the factors that can affect representativeness.

Spatial or temporal variability of chemicals, for instance, can indicate an absence of mineral
toxic risks during the dry season; however, during the rainy season, leaching can cause the spread of
chemicals. Poor sampling can also reduce the real representativeness of an analysis. See Box 4.5 for
two examples of specific representativeness of water analysis.

4.3.3 INTERPRETATION

The interpretation of water-quality analysis can also be questioned in a larger sense; What are we
analysing? Why? When and with which frequency? What is the general purpose of the analysis? What
are the standards chosen to characterise the water quality? Are the water-quality standards selected for
the programme realistic in comparison with the water consumed by the population as a whole? etc.

All these questions show that a water analysis is not representative in itself, but rather it must
be read with a critical sense and properly used. An overview of water-analysis interpretation is sug-

gested in Table 4.XV.

3) Monitoring of water quality 4) Monitoring of water quality between

at the water-delivery point collection and household

At the point of delivery of water to the house In recipients used for water transport,
storage and consumption

On a regular basis after handing over On a regular basis, after being sure that people
use the water point/delivery system

Microbiological water quality Microbiological water quality

Technical and sanitary inspection Hygiene inspection of the recipient used

of the water point must be done in parallel for water transport, storage and consumption
must be done in parallel

Water analysis standard format Water analysis standard format

Sanitary inspection form Sanitary inspection form

agency, water-point committee, government institutions, local NGOs, private companies

Comparison with relevant standards (adapted to context)

Validation of correct functioning; if not: Validation of the hygiene practices; if not:
— Repair of water-supply equipment — Design of a specific hygiene-promotion
— Definition (or adjustment) of treatment programme

process (temporary or permanent) — Hygien kits distribution

— Restructuring of the water point committee
— Redefinition of maintenance activities
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Box 4.5
Examples of specific representativeness.

Wells and boreholes

An analysis of water that has been stagnant for a long time is not representative of the aquifer, but of the
well, at a specific time: the water may also have been affected by casing or pipe material constituents (metal)
and exterior elements (pollution, rain etc.). To obtain an average sample of the horizon involved, it is advi-
sable to pump for long enough to renew the water contained in the pipes or tanks. If the work covers seve-
ral aquifer horizons, the sample will be a mixture of water from different levels, with proportions directly
linked to the transmissivity of different levels. To obtain point samples at various depths, it is possible to
use ballasted containers, provided with a closing system operated from the surface. To limit water mixing
while taking the sample, it is advisable to use sample collectors with a diameter much smaller than that of
the borehole, and also to operate them very slowly. Lowering sample collectors in the open position allows
them to be rinsed as they go down.

Surface water

Samples are taken avoiding boundary effects (e.g. for a river, oxygenation near the surface, suspension of
solid matter near the bottom, stagnant water near the banks etc.) as much as possible. It may be necessary
to make up an ‘average’ sample by mixing several samples taken in different sections of a stream, to obtain
a better understanding of the average chemistry of the water in a given section. Surface waters are often sub-
ject to extreme spatial and temporal variability.

Water-analysis interpretation (selection of parameters and standards) will depend mostly on
the context. Section 1.2 explains how water quality is considered in emergency or long term projects.
It will also depend on the implementation phase of the project (see Section 1.2. and Table 4.XV).

Faecal contamination indicates a risk of water contamination by pathogens (see Section 2.3.1:
low risk, significant risk, high risk). But the interpretation does not concern only the sanitary risk: it
can also be used to identify technical problems in a water-supply system.

— Open wells: faecal contamination can be linked to the use of a dirty bucket or rope. Regular
disinfection and hygiene promotion can reduce the risk of contamination.

— Boreholes or wells equipped with pumps: faecal contamination is totally unacceptable even if
the contamination is low and doesn’t present a significant sanitary risk. This contamination often indi-
cates a failure in the installation that allows the contamination of the source by infiltration (e.g. incor-
rect sealing of headworks), or groundwater contamination (e.g. from a nearby latrine). In such cases,
rehabilitation of the installation must be done, or the source of contamination must be removed.

— Distribution networks: faecal contamination indicates a technical failure in the system: the
pipelines (e.g. buried pipes are cracked or corroded, allowing contaminated water to enter), the treat-
ment plant or the intake (contamination of the source). In all such cases, the system must be inspec-
ted in order to identify the source of contamination.
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The success of a borehole or well depends to a great extent on how and where it is constructed.
Prospecting for groundwater is the process that leads to an understanding of the nature and the
dynamics of the water resources. This process is a series of steps, carried out using various tools,
enabling the prospector to optimise the borehole or well and to estimate the useful life of the ground-
water resources.

Questions facing the prospector

The principal questions to be considered by the “ACF prospector” are categorised below:

Aquifer geometry
— Estimation of the depths and surface area of the water-bearing zones.
— Determination of the capping-layer quality (clayey or permeable).

— Definition of the unconfined water static level.

Water storage
— Estimation of the quantity of water stored (drainage porosity or storage coefficient).

— Estimation of the water quality.
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Table 5.I: General prospecting procedure.

Phases Objectives Principal tools
Preliminary study To accept or reject groundwater Analysis of available data
as a supply for the population Maps
To determine the technical solutions needed Satellite images
to satisfy the local water requirements Field study
Construction study To confirm the utility of the selected aquifer ~ Photo-interpretation
To decide on the precise siting Geology and geomorphology
of the borehole or well of the study area
Geophysics
Piezometry
Hydrochemistry
Construction of wells or boreholes
Evaluation of the resource To simulate the behaviour Test pumping
of the borehole over time Piezometry
To estimate the quantity of water Water balance
in the aquifer Hydrodynamic modelling
Perfecting procedures To evaluate the initial hypotheses Use of all the tools shown to be useful

in the light of results obtained

Water flow characteristics
— Estimation of the permeability coefficient.
— Estimation of the transmissivity and of a theoretical exploitable yield.

Resource life
— Estimation of the exploitation potential over various time scales.
— Estimation of the vulnerability of the resource in terms of its water quality.

Equipping boreholes
— Localisation of water-bearing zones before installing equipment.

The procedure for answering these questions is a series of steps or phases, which can be inter-
rupted in the case of failure, and which can be carried out gradually (Table 5.I).

The prospecting procedure to use in a particular case depends on the hydrogeological context.
It is therefore first of all necessary to identify the nature of the system in question, before being able
to determine which research methods to apply and choose suitable investigation tools.

2  Preliminary actions

Whatever the geological context and the prospecting procedure envisaged, a few simple
actions can be rapidly performed, enabling the selection or rejection of groundwater as a supply
option. They can also help to identify which technical solutions should be adopted. The aim at this
stage is to make a decision and draft a budget.

2.1 Available information

In certain urgent and complex situations, the study of the site should start with the collection,
compilation and organisation of existing information. Such information may be available locally, or
from national institutions, other NGOs and universities, and also at the international level, from the
UN, universities, geological research centres etc.

The principal questions which can be answered in this way are summarised in Table 5.1I.
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Table 5.II: Main preliminary questions.

Type of geological formation Alluvial, sedimentary basin, bedrock zone etc.
Climatic data Average monthly rainfall and temperatures
Groundwater resource Average depth, yield of existing installations
Possible technical solutions Wells or boreholes

Construction techniques

Average depth and diameter

Routine methods of siting and construction
Cost/resources Technical

Human

Logistic

2.2 Cartography

Topographical and geological maps indicate the main characteristics of the zone under study
at the regional level, even if their scales are often too small to give a highly detailed picture.

Figure 5.1 shows an extract from a geological map of the Choluteca region of Honduras (from
Mapa Geologico de Honduras, M.J. Kozuch, 1991) where ACF was planning a borehole-drilling pro-
gramme. Despite its small scale (1:500 000) this map reveals:

— contact between non-consolidated sediments (quaternary) and consolidated volcanic rocks
(tertiary);

— the principal directions of lineaments (N45° and N330°);

— the relief;

— the hydrographic network (on the topographic map of the region, the linear course of the
river Choluteca also indicates a consolidated and fractured formation).
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Figure 5.1: Geological map of southern Honduras.
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Figure 5.2: Extract from a SPOT (KJ 615-323) image (30/11/1998) centred on the town
of Choluteca, Honduras.

2.3 Satellite images

The analysis of satellite images is generally concerned with questions about vegetation, struc-
tural parameters and geomorphology. Figure 5.2 shows an extract of a SPOT image of the town of
Choluteca in Honduras. The information it contains complements that obtained from the geological
map (Figure 5.1):

— contrasts in the plant cover indicate different geological/pedological areas, humid zones and

dryer zones (alluvia and recent capping, volcanic rocks in the Padre Miguel group);

— lineaments several kilometres long are clearly visible running across the hydrographic net

work (they are also shown on the topographic maps);

— the drainage networks (concentration of runoff water) and the zones of runoff (slopes) are

clearly visible in the topography.

2.4 Photo-interpretation

The interpretation of aerial photos is based on the analysis of forms of relief which are identi-
fied directly, by stereoscopic imagery, or indirectly, by studying the hydrographic network and varia-
tions of the contrast levels in the photograph.

— In a bedrock zone, the most useful information is that concerning fracturing and weathering,
which are signs of the probable presence of water.

e The hydrographic network is often superimposed on the fracture network: stereoscopic
images of this network can thus yield structural information. Generally speaking, a dense, many-bran-
ched hydrographic network is the consequence of impermeable terrain. In a basement zone, this gene-
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Figure 5.3: Aerial photo, Marcelinot
Champagnat, region of Choluteca,
Honduras (ACF 2000).

rally means that the erosion products are plenti-
ful and clayey. On the other hand, a linear
hydrographic pattern indicates a fractured zone,
which may have suffered very little weathering.

* The lineaments are not always ali-
gned with by the hydrographic network: they 2 Ly vy
can also be found in terrain running across the e R ST e
relief or vegetation. : ‘ 2

e The lineaments identified must be
studied in the light of their direction: the best
choice is those directions where the fractures
are known to be open, or sometimes the inter-
section points of two lineaments (nodes).

e In bedrock areas, aerial photos can
also be used to distinguish preferential infil-
tration zones (lowlands, oued) from draining
zones (hydrographic network).

— In non-consolidated, sedimentary zones, the information required is different. The key points
to identify are:

* the geological units, indicated by the vegetation and the relief;

¢ floodable and well-drained areas;

e the hydrographic network, whose previous pathways (paleochannels) are sometimes
clearly visible: these are favourable sites for siting wells and boreholes.

Figure 5.3 shows a structural analysis performed using aerial photos of Marcelinot Champa-
gnat Camp (in the north-east of the satellite image in Figure 5.2). The geological context is that of ter-
tiary rhyolitic ignimbrites (Padre Miguel group) capped in the northern part of the photo by quater-
nary alluvia and erosion products (colluvia). The N45° lineament corresponds to a regional principal
fracture direction marked on the geological map (Figure 5.1) and on the satellite image (Figure 5.2).
The borehole which was drilled on this structure had an air-lift output of 82 m3/h for a total depth of
32 metres, whereas the previous boreholes drilled outside the fracture zones had much lower outputs
for greater depths (6.5 and 3.5 m3/h for 55 and 96 metres depth respectively).

! Pad re Miguel g roup
{tertiar y)

3 Field survey

All the analyses carried out in the office must be continued in the field. In practice, the pro-
cess is iterative between data collection in the field and data analysis in the office.

3.1 The preliminary visit

It is essential to visit the area and meet the authorities (traditional and/or administrative) and
the local population. After introductions, the information needed to understand the situation is
sought: this is done by observation, listening, questioning without suggesting the answers, reformu-
lating questions etc. A range of factors need to be understood, including human and technical ele-
ments (see Chapter 2):

— the climatic context: rainfall and seasonal patterns of rainfall, temperature, wind etc.;
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— the geological context: outcrops, tilts, directions of identified fractures, profiles observed in

wells etc.;

— the geomorphological context: relief, hydrographic network, potential infiltration zones,

floodable zones;

— the hydrogeological context: state of the existing water resources: cleanliness, durability,

measurement of static and dynamic levels, and estimation of outputs, localisation of positive

and negative wells/boreholes, water quality (conductivity measurements), ‘special’ observa-

tions such as the alignment of termite mounds in some direction, the association of certain

trees with existing water points, the positions of the most productive water points in relation

to the geomorphology, the hydrographic network etc.

The results of this preliminary visit can be summarised graphically on maps or digital satellite
images (e.g. using a GIS programme).

3.2 Technical meetings

At this stage in the investigations, meetings should be held with businesses, regional and natio-
nal technical departments and any other relevant organisations, in order to complement the informa-
tion gathered during the preliminary visit: borehole reports, pumping tests, hydrochemistry etc.

Dialogue with the local population remains essential: the inhabitants of the zone have a cer-
tain amount of knowledge and are aware of what has already been tried and whether or not it worked.

3.3 Additional investigations

Once the potential aquifers have been identified, the next step is to determine in the field the
exact sites at which to construct the wells or boreholes.

Existing structures must be visited systematically, in order to measure the total depths, the sta-
tic and dynamic levels and the production (output:drawdown ratio). The measurement of the water’s
conductivity at each site, and that of surface water, can indicate the degree of linkage between the
groundwater zones (is there one large homogeneous aquifer, or several isolated systems?). The
conductivity can also reveal any problem of excessive mineralisation of the water, or of salinity.

The topography and the plant cover can be used to identify zones of infiltration and run-off.

In bedrock zones, the sites selected by inspection of aerial photos should be visited, to verify
the presence of lineaments. An alignment identified on a satellite image or photo may turn out to be
a track or a trench, and thus without any particular water-bearing potential. In the field, all the signs
which might confirm the presence of an anomaly should be observed: alignments of termite mounds
or large trees, changes in vegetation, outcrops etc.

In alluvial zones, the groundwater-river interactions (supply/drainage/silting, should be esti-
mated (see Chapter 3).

4  Hydro-geophysical methods

Geophysical methods can be applied to hydrogeology (hydro-geophysical methods). They
may be useful at some stage in the hydrogeological procedure, to answer questions concerning
the local geology. Such questions are specific to the context of the study, but they can be grouped
as a function of aquifer typology and classed in two categories: the first concerns the aquifer geome-
try; the second concerns the parameters describing the storage and flow characteristics. Where the
salinity of the groundwater may be an issue, the prospector may also wish to measure electrical
conductivity.

From 2000 to 2003, ACF ran a research and development programme to appraise the aptitude
of geophysical methods to characterise aquifers in the principal geological types (non-consolidated
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formations, bedrock zones and carbonated rocks). This work included, notably, a study of the new
“MRS” method, whose principal results are presented in this chapter (Vouillamoz, 2003).

4.1 Introduction to the methods

Notation used

Direct Current method DC method
Resistivity Profiling RP

Vertical Electrical Sounding VES
Electrical Resistivity Imagery ERI
Spontaneous Potential SP
Electromagnetic method EM method
Very Low Frequency VLF

Time Domain Electromagnetic TDEM
Magnetic Resonance Sounding MRS

Borehole Electrical Logging BEL
Transmitter Tx
Receiver Rx

4.1.1 THE PRINCIPLE

Hydro-geophysical methods measure the spatial and temporal variations in the physical pro-
perties of underground rocks. The physical properties studied are influenced by the nature of the reser-
voir, the volume of empty space it encloses (its porosity) and the volume, the degree of saturation and
quality of the water it contains.

— With all the traditional geophysical methods, the groundwater affects certain measured para-
meters, but it is never the only influencing factor. The physical quantities recorded by the geophysi-
cist do not enable a direct determination of the presence of groundwater or its quality, but in favou-
rable cases they help to consider the nature and the structure of any aquifers present.

— In comparison with traditional methods, Magnetic Resonance Sounding (MRS) can be clas-
sed as a direct geophysical method, because it measures a signal emitted by atomic nuclei present in
each water molecule. The contribution of MRS to hydrogeology is thus the ability to measure directly
a signal indicating the existence of groundwater.

Among the numerous geophysical methods used in hydrogeology, three have been selected by
ACEF on the basis of the particular requirements of humanitarian programmes:

— electrical resistivity measurement is the reference method, because it can be used in a wide

range of contexts and can also give 2-dimensional data;

— electromagnetic methods, notably the VLF method, the Slingram method and TDEM soun-

dings, are easier to use than electrical resistivity measurements but are less versatile;

— MRS is rather difficult to use, but it is the only method that gives direct information on the

existence of groundwater.

Finally, it should be noted that whatever the geophysical method used, the validity of the study
depends on the quality of the measurements performed in the field, and on the number and variety of
other observations and complementary analyses performed.

4.1.2 THE CHOICE OF METHODS

The choice of geophysical methods depends on the geological context in question and the
information required. The method, or the combination of methods used must form part of an overall
prospecting procedure, the determination of which is presented in Section 5. The principal criteria of
choice are the following.
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Figure 5.4: Typical sounding depths of the methods and equipment used by ACF.

The nature of the water source being sought

It must have a sufficient effect on the quantity measured in the experiment, which will itself
depend on the physical properties of the probed volume (Table 5.1IT). For example, alluvial ground-
water tends to generate proton magnetic relaxation signals that can be detected by MRS. Also, sali-
nity variations in groundwater can cause variations in electrical resistivity that can be detected in
TDEM soundings. Table 5.I11 shows clearly that only MRS measures geophysical parameters directly
linked to groundwater.

The required precision

This cannot exceed the resolution of the method, or more specifically, that of the equipment to
be used. The resolution determines the capacity of a method to detect and characterise a water reserve.
It is a function of the sensitivity of the apparatus, but it is also limited by the sensitivity of the equip-
ment used and by the conditions of measurement (signal-to-noise ratio). It is thus not possible to quote
a standard resolution for each method. Instead, a typical range of depth of resolution for each hydro-
logical method is usually given (Figure 5.4).

The scale of the study

This determines a framework for the practical application of the method, which requires the deploy-
ment of equipment in the field. Each type of equipment has its particular modes of operation and can be
deployed in various configurations, depending on the type of information sought. Table 5.IV summarises
all the various possibilities and presents the principal applications of the main apparatuses used by ACF.

Cost

This is best considered as the impact of the geophysical method used on the total cost of
the project. Two principal factors must thus be evaluated: on one hand, the cost of carrying out the
measurements, and on the other, the savings their use generates, through the reduction in the number
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Table 5.III: Principal geophysical methods used in hydrogeology (the properties whose effects are
secondary are in brackets) (from Kearey & Brooks 1984, modified).

Method Measured geophysical Operational physical property Influence
parameter of groundwater
Electrical Potential difference Electrical resistivity Indirect
due to electric currents
Electromagnetic Electromagnetic signals Electrical conductivity (magnetic Indirect
due to induction susceptibility and dielectric permittivity)
MRS Proton magnetic relaxation ~ Spin and magnetic moment Direct

signal in water

of the hydrogen nucleus

Table 5.IV: Typical geophysical methods and domains of hydrogeological application.

Method Array Application Domain of use
DC METHODS RP Preliminary study:
(single and double line) resistivity profile
qualitative 1D interpretation
All formation types,
VES (Schlumberger, Wenner, Complementary study: but possible difficulties
pole-dipole; pole-pole) log of resistivity implanting electrodes and
quantitative 1D interpretation assuring good electrode-earth
contact
Multidirectional soundings Complementary study: Sounding depth limited
directional log of resistivity if surface is highly conducting
qualitative 2-3D interpretation (clay, saltwater)
ERI (Wenner, pole-pole, Complementary study:
pole-dipole, dipole-dipole) section of resistivity
quantitative 2D interpretation
EM METHOD VLF Preliminary study:
(pole-dipole, dipole-dipole) profile and map of iso-resistivity
qualitative 1-2D interpretation All except highly resistive
formation types
Slingram Preliminary study: Sounding depth limited
(multi-frequency) profile and map of iso-conductivity if surface
qualitative 1-2D interpretation is highly conducting
for VLF and Slingram
TDEM sounding Preliminary & complementary study:
log of resistivity
quantitative 1D interpretation
MRS 1D sounding Complementary study: Continuous formations

qualitative 1D interpretation

or quantitative if calibrated
(log of storativity and hydraulic
conductivity)

Impossible in the presence
of magnetic rocks
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of negative wells and boreholes. Knowing the cost of the geophysical studies and of that of a nega-
tive borehole calculated on the same basis, one can define the economic domains of use of the various
methods, or combinations of methods. The relation can be written:

r.bh=r.bht+ (1l -r).bh+p

1-r
.bh*+L
r r

bh = bh*

where r is the borehole success rate (%), bh the average cost of an exploitation borehole, bh+ the ave-
rage cost of a positive borehole, bh-the average cost of a negative borehole and p the average cost of
geophysical studies per borehole. Systematic geophysical studies will save money in the programme if:

i_l
r

p <bh .

where r is the borehole success rate without geophysical studies, and r,, the borehole success rate with
geophysical studies. These rates can be estimated from the experience of local people or from pre-
vious ACF programmes.

However, the cost evaluation of programmes alone is not sufficient to decide what actions
should be undertaken in an ACF programme. The calculation does not take into account the fact that
geophysical studies often enable the construction of successful boreholes in difficult zones in which
the population’s water requirements are substantial. ACF’s objective is to respond to the needs of vul-
nerable populations, even where this may not seem ‘economically’ justified.

4.1.3 GEOPHYSICAL PROCEDURES

Using the criteria of choice of methods, and with ACF’s experience, standard geophysical pro-
cedures can be constructed. However, these procedures must form part of a hydrogeological investi-
gation strategy, whose conception is explained in Section 5. These standard procedures are thus sug-
gestions, which can be modified (Table 5.V). Examples of real cases are given in Chapter 5B.

4.2 The Electrical Resistivity method

To improve readability, the scientific references used in the following Section are not noted,
but they can be found in the reference list.

4.2.1 THE PRINCIPLE

The principle is to feed a direct current flow into the ground, and use it to measure the appa-
rent resistivity of the formation. The nature and structure of the aquifers are then deduced on the basis
of the variations (contrasts) in the calculated resistivity.

The electrical resistivity of a medium is the physical property that determines its capacity to
oppose the passage of electric current. In rocks, the flow of current by electron movement is rare
(‘electronic’ or ‘metallic’ conductivity in certain mineral seams) and the charge transport is essentially
due to ions moving in solution (electrolytic conductivity). Thus, the resistivity of the rocks depends
essentially on:

— the nature and the weathering of the rock (electrolyte distribution in the ground);

— the water concentration (saturation of the rock with electrolyte);

— the water quality (mineralisation of the electrolyte);

— the temperature (electrolyte viscosity and ion mobility).

The ranges of real resistivity values found generally in the field are presented in Table 5.VI.
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Table 5.V: Standard geophysical procedures.

Continuous
(sedimentary
non-consolidated)

EM Resistivity mapping
VLF or Slingram

VES if formation is resistive
TDEM if formation is conducting

ERI
Estimation of the water
mineralisation

Delimitation of hydrogeological domains
Characterisation of the capping layer
(clay content)

1D description of the structures
Estimation of the water mineralisation

2D description of the structures

FORMATION

MRS Confirmation of the presence of groundwater
Characterisation of the storativity
and transmissivity of the aquifers
BEL Localisation of productive zones
Choice of borehole drilling equipment
Resistivity Estimate of the thickness

Slingram or RP profile
VES (occasionally TDEM)

and the nature of weathering

1D description of the structures

Discontinuous ERI 2D description of the structures
(basement) MRS Confirmation of the presence of groundwater
Characterisation of the storativity and
transmissivity of the aquifers
BEL Localisation of productive zones
Choice of the borehole drilling equipment
EM Resistivity mapping Revealing shallow fractures
VLF or Slingram
Karstic ERI 2D estimation of the structures
MRS Localisation of saturated zones

(epikarst and shallow dissolution patterns)

Table 5.VI: Real resistivities generally encountered in various formations.

Formations Resistivity of saturated Resistivity**
formations* (Qm) (Qm)

Clays 5to 10 05-5

Sands 50 to 400 40 to 300

Gravels 150 to 500 200 to 500

Crystalline shales 100 to 10 000

Solid gneiss 1 000 to 10 000

Weathered dry gneiss
Weathered wet gneiss
Solid granites
Weathered dry granite
Weathered wet granite
Chalk

Seawater

Saline groundwater
Fresh surface-water
Limit of potability

100 to 50 000

100 to 10 000
<0.2
<1
0 to 300
2t06

300 to 600
120 - 200
1000 to 10 000
300 to 1 000
100 - 300
50 - 300

* According to Meyer 1991. ** ACF experiments.
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Figure 5.5: Principles of geophysical electrical measurements.

422 MEASUREMENTS

To measure resistivity, a direct current is fed into the ground via two electrodes A and B, and
the potential difference (AV) generated is measured between two electrodes M and N (Figure 5.5).

The electrical resistivity of the formation through which the current passes is calculated using
the formula p, = K . AVy/Ix5 With p, the apparent resistivity in ohm-metres (2m), AV, the poten-
tial difference in volts (V), I, the direct current in amperes (A) and K a geometric factor such that:

2n

K=
1/AM - 1/BM - /AN + 1/BN

The resistivity p, is called the “apparent resistivity”, because it corresponds to the resistivity of the
whole set of formation types through which the current flows, which may be different from the real
resistivities of each formation type. These are calculated later, from the apparent resistivities, during
the data analysis phase of the work.
The penetration depth of the current-flux lines (and consequently the depth probed) is a func-
tion of the separation of electrodes A and B.
There are four types of measurement, each associated with a particular area of investigation:
— Vertical Electric Sounding (VES) explores the layers of ground lying between electrodes M
and N. It can therefore measure the resistivity as a function of depth, by progressively increa-
sing the distance AB (one-dimensional sounding);
— Resistivity Profiling (RP) identifies the horizontal development (at constant depth) of a set
of formations along a profile. It is therefore possible to measure variations in thickness of a
formation along a profile. The thickness of formations being tested is given by length AB,
which is maintained constant throughout the profile;
— Electrical Resistivity Imagery (ERI) gives a cross-section of resistivity measured and inter-
preted in two dimensions. It therefore collates information given by the sounding (vertical
variation) and by the traverse (horizontal variation);
— Square Sounding reveals anisotropy. A coefficient and direction of anisotropy can thus be
calculated, as well as average resistivity.
A number of electrode arrays are commonly used:
— the Schlumberger array, with four electrodes placed in line such that AB > 5 MN (Figure
5.6), is the most frequently used for VES. It offers the advantage over the Wenner method of
having to move only two electrodes (A and B) and offering a good depth of penetration;
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— the Wenner array, with four in-line electrodes such that AM = MN = NB (Figure 5.7), is

widely used for electrical resistivity imagery (symmetrical array);

— the pole-pole array consists of placing two electrodes (M and A) at ‘infinity” and only moving

B and N (Figure 5.8). It offers a high signal-to-noise ratio and thus allows considerable investi-

gation depths to be reached, and is more sensitive to vertical anomalies than the quadrupole array;

— the pole-dipole or half-Sclumberger array can be used in VES and ERI. By doing two ‘inver-

ted’ measurements, it is possible rapidly to obtain information about the heterogeneity of the

formation (Figure 5.9);

— the square array, with AB = MN = AM = BN (Figure 5.10), is mainly used to perform soun-

dings. It allows anisotropy to be estimated, notably directions of fracture, but it is difficult to

carry out in the field.

For all these configurations, exchanging the positions of the current electrodes A & B with
those of the of potential electrodes M & N does not in theory affect the results. A large spacing bet-
ween the potential electrodes gives a strong measured signal (AV): this is an advantage in environ-
ments without much noise, in which the signal-to-noise ratio will thus be enhanced, but it is a disad-
vantage in noisy zones (stray currents, telluric currents) in which noise will also be increased.

4.2.3 THE METHOD IN PRACTICE
4.2.3.1 Equipment and personnel
ACF has developed a device suited to the particular conditions in which it operates: the Qmega

resistivity-meter (Figure 5.13). Instructions for use are given in Annex 8A. The operating method
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Box 5.1
Electrical geophysics.

Resistivity
The current across a conductor is equal to the voltage, divided by a constant — the resistance. Ohm’s Law is
expressed as: U=RI

where U is voltage (volts), R resistance (ohms), and I current (amperes). This law is only strictly valid for
metallic conduction, but it is an acceptable approximation for electrolytic conduction.

The relation between resistance R and resistivity is: L
R=p.—
S

where R is resistance (€2), p resistivity (.m), L conductor length (m) and S conductor cross-sectional area
(m2) (Figure 5.11).

Most rocks are isotropic — they have the same resistivity in all
directions. However some, e.g. metamorphic rocks, have oriented

/ : . structures, and are sufficiently anisotropic for this simplification
\ not to be valid.

< Figure 5.11: Resistivity, function of the conductor geometry.

length

Geometric coefficient K
A current I passing through an electrode located in an infinite and
isotropic space (Figure 5.12) creates a potential V at point M,

ammeter )]

battery (U) such that: 1
VM =p.
4qr
M
" < Figure 5.12: Infinite and semi-infinite spaces.
A In the semi-infinite space of a hemisphere defined by the ground
surface: 1
....__:z._ VM = p )
i A 2mr
4 If a current I passes through two electrodes A and B, it is possible
M L
to measure the potential difference between two other electrodes M
and N due to the joint action of A and B as:
pl pl pl 1 1
Vy=Vp+Vg=e—u-—— = — | — ———
2tAM 2nBM 2r \AM  BM
pI 1 1
VN = VA + VB = [
2n | AN BN
pl | 1 1 1 1
AVpn = V- V= — - - —
2n \ AM BM AN BN
The resistivity is therefore obtained by: AVyn
I
where K is a geometric coefficient: 2n

" I/AM - 1/BM — 1/AN + 1/BN
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Figure 5.13: Qmega-
resistivity-meter (ACF,
Cambodia, 1998).

consists of taking successive measurements for different electrode spacings. The measurement files
given in Annex 8B show values of current, AV, and apparent resistivity (Roa) calculated for every mea-
surement point in the field. Values of the geometric coefficient are pre-calculated for standard propo-
sed measurement steps. It is nevertheless possible to modify them in the light of experience, and to pre-
pare a sheet of values adapted to local conditions. It is important to calculate the apparent resistivity
values and to draw curves directly in the field to check the consistency of the measurement. This equip-
ment is used to perform one-dimensional measurements (soundings and profiles).

It is of course possible to perform measurements in the field with other equipment. In particu-
lar, ACF has successfully used Syscal resistivity-meters and Iris Instruments multi-electrode systems
(Figure 5.14). With this equipment, the measurements can be automated, the values of I, AV and Roa
are recorded in an internal memory and the quality of the measurements is improved considerably
(higher voltmeter sensitivity, advanced spontaneous potential (SP) correction, measurement disper-
sion analysis etc.). In view of these possibilities, this equipment is particularly well suited to two-
dimensional measurements (ERI).

Figure 5.14: Syscal R1 resistivity-
meter (ACF, Mozambique, 2000).
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A compass is needed to determine the measurement direction, as well as two 100-m measu-
ring tapes strong enough to be used to measure the spacing of electrodes.

To carry out a sounding or a profiling, about twenty electrodes allow part of the array to be put
in place before taking measurements. This helps to avoid induced currents created when the electrodes
are set up. When setting up ERI, the number of electrodes required depends on the length of the section
to be measured and the capacity of the equipment: 64, 72 or 96 electrodes are generally necessary.

A team of five people can perform between 2 and10 measurement sessions per day, depending
on local constraints: when safety requires short days on site, it is difficult to carry out more than two
sets of measurements per day. An engineer must define the parameters of the measurement and inter-
pret the data. Four operators are put in charge of setting up the electrodes and spacing the coils.

4.2.3.2 Constraints

Studies in the field are limited by the extent of the exploration zone: it is therefore essential to
choose a potentially favourable zone rather than to attempt to cover a very large sector. Similarly, it is
necessary to try to carry out studies in a relatively flat area, where vegetation and constructions do not
prevent the placing of sufficiently long A-B lines (300 to 800 m). Flooded zones and periods of heavy
rain should also be avoided, because the electric measurements may be disrupted in such conditions.

The nature and thickness of capping layers are sometimes limiting factors in the use of this
technique. Conducting surface formations require significant injection powers to permit the current to
penetrate very deeply into the ground. Thus, resistivities of 5 to 10 Qm allow survey depths of 30 to
50 m with the Qmega-resistivity-meter in Schlumberger surveys (ACF Cambodia, 1998).

Conversely, in some unconsolidated sands it is necessary to wet the contact pegs in order to
improve contact and facilitate passage of the current.

4.2.3.3 Veertical Electrical Sounding (VES)

Implementation

Schlumberger soundings are carried out by progressively separating electrodes A and B,
without changing M and N: this increases the volume of ground through which the majority of the
current passes, thereby increasing the depth of investigation (Figure 5.15).

Increasing the investigation depth while maintaining the same injection power causes the mea-
sured AV value to decrease progressively. To maintain it at an acceptable level (typically between 1
and 5 mV), the injection power is increased. When the power of the resistivity-meter is no longer suf-
ficient to obtain adequate AV values, overlapping measurement are carried out. This consists of
increasing the separation of electrodes M and N, and measuring AV over a greater volume of earth.
The values obtained can be compared with those recorded with the initial spacing. It is essential to
carry out the overlap on a minimum of two measurement points in order to check for accuracy.

The example shown in Figure 5.16 corresponds to the survey performed in a gneiss rock area
in Sudan. Two overlaps were carried out:

AR AER M N
ﬁ‘r E% A M N B
L1 L1 o]

subsurface formations

bed rock i y

Figure 5.15: Implementation of Schlumberger VES.
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— the first, at AV =26 mV for MN =2 m, and AV =266 mV for MN = 10 m. This overlap was

carried out at three measurement points (AB/2 = 15, 20 and 25 m);

— the second at AV = 5.6 mV for MN = 10 m and AV=24.6 mV for MN = 40 m. This overlap

was carried out at two points.

The two overlaps are satisfactory, in that the apparent resistivity values and slopes of curves
before and after the overlap are close (Figure 5.16).

ACF hydrogeological chart - Resistivity depth-sounding
Resistivity sounding Date: 10/01/1996 |Location : Labone |l Agada market
Array: Schlumberger Reference: P18_S17 X:70373  Y:23356  Z: 1026
A M N B Observation - Sketch
e e —
S _— mf
Sounding point
Resistivity Pa=Kx AV /1 — @ _ :Market
K =T x (AM x AN) { (MN) Profile
AB max = 200 m. L Tukul
MN oweriaps = 15 & 80 m. Road = -/
—~—
Sounding n®: 17 Profile point110 Direction of ding : N 080
ABZ | M=2 [M=10 | M=o AV (mV) I (ma) Pa( .m)
2 |47
3 | 125 2397 58 516.6
4 | 235
5 | 377 1213 75 609.7
6 55
8 99 388 69 556.7
10 | 155 134 52 399.4
15 | 352 | 62,8 26| 266 52 90 176| 185.6
20 | 827 | 118 16.7] 81.3 4 93 104.7] 103.2
25 | 980 | 188 11.7] 378 143 93 80.18| 76.41
30 | 1412 | 275 26.5 106 68.75
35 | 1922| 377 13.9 82 63.91
40 | 2511 | 485 106 78 67.27
50 | 3825| 780 13.1 127 80.46
60 | 5653 | 1120 10 128 87.5
70 1530 10.7 166 98.62
80 2000 | 471 56| 246 105 104 106.7(111.4
100 3130 | 754 33 14 84 B84 123(125.7
120 4500 | 1100 18.9 131 158.7
150 7050 | 1736 13.7 117 203.3
175 2374
200 3110

Figure 5.16: Example of Schlumberger VES in bedrock (ACF, Sudan, 1996).
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Figure 5.17: Example of a pole-pole survey (ACF, Siem Reap, Cambodia, 1998).

The Wenner array avoids the need for overlaps because between each measurement the dis-
tance MN is progressively increased along with AB.

The pole-pole array is rarely used in Vertical Electric Sounding, because its resolution is not
as good as that of quadrupole arrays (Schlumberger or Wenner). Additionally, it requires the elec-
trodes to be located at ‘infinity’ (A and M), which means a distance of at least 20 times the largest B-
N spacing which is not always easy in the field. The investigation depth is given by the spacing (a)
of mobile electrodes B and N.

The main advantage of the pole-pole survey method lies in its rapidity (only 2 electrodes to
move, no overlap) and its depth of penetration, which is greater than that of a Schlumberger survey
of the same line length.

Examples of pole-pole and Schlumberger soundings taken by ACF in Cambodia are shown in
Figure 5.17. The results prove to be comparable for the two configurations. It is also noticeable that,
for a = 80 m, the investigation depth of the pole-pole method is much greater than that of the Schlum-
berger method for AB/2 = 40 m. On the other hand, contrasts are much more clearly defined by the
Schlumberger method.

The pole-dipole array, or half-Schlumberger sounding has the advantage over the other arrays
of enabling two soundings to be taken at the same location by simply reversing the position of the
infinite distance electrode (Figure 5.18). In a one-
dimensional medium the two soundings are identi-

A = g t cal; any difference means that the medium is hete-
T 8 X . . .
— (A rogeneous and one-dimensional soundings are
(/)2 inadequate (see Box 5.2).
° @ °
A M N
B
Forward pole-dipole array
A M N
L 2 L
Reverse pole-dipole array
M N B ) .
e o ° Figure 5.18: Half-Schlumberger sounding.
A: principle. B: arrays.

148 II. Water resources



Interpretation

The number of layers, their true resistivities, and their respective thicknesses may be estimated
from the apparent resistivity measurements. There are several methods of interpretation. The simplest
is the auxiliary curve or Hummel method, but interpretation software is also available (see Box 5.2).

Whatever the interpretation method, a calibration process has to be applied for every new geo-
logical zone. This means taking soundings from existing boreholes, and also on visible outcrops, to
calibrate the results of the interpretations (number of layers, calculated resistivities and thicknesses)
with the lithological data. Only after this calibration process can the interpretation of the geophysical
measurements have any meaning.

The example shown in Figure 5.19 is from a crystalline bedrock context in Sudan. The aqui-
fer potential is provided by an 18-m thick layer with a resistivity of 95 ©m. Its calculated resistivity

ACF hydrogeological chart - Resistivity depth-sounding

Array: Schlumberger Date: 10/01/96 |Location : Labone |l Agada market
Equipment: MEGA resistivity meter |Reference: P18_S17 [X: 703 73 Y: 233 66
Manual ding interpretation
layer| depth (m)|thickness (m} p(Q.m) interpreted geclogy
1 0.5 208 Top sail
2| 05 39 857 Dry saprolite
Resistivity Pa = K x AV /| 3 4.4 7.5 18.2 Clayey saprolite
K =11 x (AM x AN) / (MN) 4 | 119 18 95 | Wet sand (and clay ?)
AB max = 200 m. 5 29.9 780 Bedrock
MN overlaps = 15 & 80 m. [:]
7
Sounding n® : 17 Profile point 110 Direction of sounding : N 060

Resistivity depth-sounding

1000

resistivity in Qm

100

10

1 10 100 1000
ABI2 I meter

Figure 5.19: Results of VES interpretation (ACF, Sudan, 1996).
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Box 5.2
Interpretation of VES.

Results are plotted on log-log paper with values of AB/2 (abscissa in meters) plotted against apparent resistivity values measured in the
field (ordinate in ©.m). The experimental curve of the survey is obtained in this way. This curve is then compared with the theoretical
curves in order to estimate the true resistivities and formation thickness.

Nomenclature

— Apparent resistivity: p,

— Calculated resistivity of formation n: p,

— Calculated resistivity of theoretical formation: p;
— Thickness of formation n: e

Curves

An electrical survey carried out on a single isotropic layer gives an experimental curve
(Figure 5.20) that is simply a horizontal straight line (p is constant as a function of depth,
which is given by AB/2).

apparent resistivity
00

one single layer - <

Figure 5.20: Single-layer curve.

1 10 100 1000

A3 A survey carried out on a two-layer profile gives a relatively simple curve (Figure 5.21). The

first section corresponds to the first layer (curve from one layer), and the slope of the zone
of influence of the two formations is given by the ratio p,/p;. When p; < p,, the curve is
rising; if p; > p,, it is falling. The end of the curve, as AB/2 tends towards infinity, tends to
a value corresponding to the resistivity of the second formation.

A survey of three layers is also characterised

i " PRarent reats ey by the ratio of the resistivities. The example i APRAFED reg s Tty

corresponds to a curve for which p; < p; <
p3 (Figure 5.22).

- beginning of

10 10 influznce of the
< third layer
first mixing of  second kayer Figure 5.21: Two-layer curve. o ﬂk;;g:lr‘grolfh il
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Principles of manual interpretation, nomograms

The idea is to compare the experimental and theoretical curves replotted as nomograms. There are various types of nomogram used in the
interpretation of electrical surveys. The operating methods however are very similar for all. The Cagniard nomograms, used for the Schlum-
berger array, are included in Annex 8 C. There are in fact two sets of nomograms: the ‘two-formation’ nomogram and the three auxiliary
nomograms.

The two-formation nomogram is a set of theoretical curves drawn on log-log paper that indicate pa as a function of AB/2 for different
values of the ratio p,/ p;s.

When the ground includes more than two layers, the auxiliary nomogram method is used. This consists of reducing any survey of n layers
to a succession of soundings of two layers: all soundings start with the interpretation of a survey of the first two layers. These two layers
are then replaced by an electrically-equivalent theoretical layer. With the third layer, this theoretical layer forms a pair of theoretical layers
(principle of reduction). This then continues as an iterative process until the last layer is reached.

Operational method
The experimental curve is drawn in the same way on transparent log-log paper at the same scale as the nomograms (AB/2 as abscissa, ra
as ordinate).

The values of p,, p, and e, are then estimated by simple superposition of the “two-formation” nomogram and the beginning of the expe-
rimental curve, selecting the theoretical curve that best corresponds to the experimental curve, while maintaining the axes parallel. The ori-
gin of the curves in the nomogram, termed the left cross, gives as abscissa the thickness of the first formation e, and as ordinate the true
resistivity of the first formation r1. On the theoretical curve selected, ratio p,/p; enables p, to be calculated. The position of the left cross
is indicated on the experimental curve.
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To evaluate ps, the auxiliary nomogram is taken as a function of ratio ps/rl. The experimental curve is superimposed on the auxiliary
nomogram with its origin coinciding with that of the previously-drawn left cross. On the experimental curve is traced the curve of the auxi-
liary nomogram corresponding to the previous ratio p,/p;; this curve represents the geometric location of the origin of the two-formation
nomogram. The two-formation nomogram is then taken while maintaining its origin on this curve and adjusting it to the form of the expe-
rimental curve. By marking a new cross as the origin of the two-layer nomogram, the value rf of the theoretical formation (electrically equi-
valent to the first two formations) is obtained as ordinate. From the ratio ps/p; read from the selected theoretical curve, p5 is obtained.

e, is estimated by replacing the auxiliary nomogram on the experimental curve, ensuring that its origin coincides with the origin of the first
left cross. The site of the second cross of the two-formation nomogram has as abscissa the ratio es/e;. The value of ef is given as the abs-
cissa of the first left cross position.

This process is iterated up to the end of the experimental curve in order to obtain all the true resistivity values (p, = ordinate of the left
cross X ratio p¢, /pg) of layers and all their thicknesses (e, = abscissa left cross x ratio e /e;), except for the last layer.

Errors of interpretation

A little practice in the use of nomograms quickly makes them easy and practical to use. One of the common mistakes made in the early
stages is to try to superimpose the experimental curve perfectly on the nomogram, which leads to a multiplication of the number of for-
mation types. In practice, it is preferable to retain a theoretical curve that includes a maximum number of points on the experimental curve,
and that also follows its trend well. If this proves difficult, it is always possible to select a curve that corresponds to an intermediate ratio
P,/ py not actually present in the nomogram.

The solution obtained after interpretation is not unique. There are in fact several solutions, known as equivalences, corresponding to diffe-
rent thicknesses and resistivities of layers that give the same experimental curve (p/e or p.e). It is not possible to choose the correct solution
without extra information (thickness of a formation ascertained by borehole, resistivity determined by measurement on an outcrop etc.).

It is also possible that a formation type which is present may not be revealed by the interpretation: this phenomenon of ‘suppression’ some-
times occurs for formation layers that are not very thick, contained between two other formations of similar resistivity. Again, this can only
be discovered through external information.

Also, many soundings lead to erroneous interpretations, because they are carried out in an anisotropic environment (non-parallel and non-
horizontal layers, or large lateral variations). It is often possible to account for these during interpretation, when rising curve slopes are
greater than 45° or curvatures of maxima and minima are too pronounced to be handled by nomograms. Carrying out a second sounding
rotated by 90° and centred precisely on the same point confirms this problem of anisotropy (different curves obtained) and offers a more
exact solution (Figure 5.23).

Finally, interpretation using common sense often eliminates certain solu-

tions (aberrant value of p, number of different formations not correspon-

ding to known geological context etc.) and enables the proper solution to
O O O ner be obtained.
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Figure 5.23: Verification of the homogeneous nature of the zone.

1000 — ff Two Schlumberger soundings centred on the same point (o) but in
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almost perpendicular directions bedrock zone in Burkina Faso,
ACF, 2003).
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Computer interpretation
100~ \« There are a number of computer programmes which provide rapid inter-

pretation of electrical soundings, although they are all confronted with
the same problems as manual interpretation (suppression, equivalence,
number of formation types). Software does not provide the same ‘fee-
ling’ as manual interpretation, but it does have several advantages, nota-

bly speed and flexibility, that make it easy to change models and to visua-
d mD-stance AQ lm; 2 o) lise equivalences and suppressions.

10 +—————rrrr — T

For those with little experience therefore, their use is recommended only
for checking the validity of manual solutions. Staff who are experienced
in manual interpretation can, on the other hand, take full advantage of the speed of direct computer interpretation.

ACF has chosen to use the IPI2ZWIN programme, developed by Moscow State University’s Geophysical Laboratory. It is well suited to use in
the field, and can be downloaded as freeware (http://geophys.geol.msu.ru/rec_lab3.htm). The programme has been modified to suit ACF’s requi-
rements, and it is now a very user-friendly, high performance package (comparison between soundings, exploration of the domains of equiva-
lence etc.). It can also interpret data acquired using any of the principal equipment set-ups (Schlumberger, Wenner, pole-pole, pole-dipole).
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is however a little low, and it may be that this formation, which corresponds to a fissured/weathered
bedrock zone, may be only slightly argillaceous, or that the water is not very mineralised. Only expe-
rience and observations in a zone can allow these hypotheses to be confirmed or rejected. It is also
possible that this potential aquifer is covered by an argillaceous layer (resistivity 18 Qm on 7.5 m)
that provides good protection of the groundwater from surface pollution: it is therefore probable that
the aquifer is confined.

4.2.3.4 Square sounding

Implementation

A square survey can be used to complement the standard survey in an anisotropic environment.
The principle is the same as for the Wenner survey. The main difference is the fact that, for every
depth investigated, the apparent resistivity is measured in different directions, the array being turned
before separating electrodes A and B to probe to a greater depth.

The array is defined by AB = MN and OA = OB = OM = ON. It is located as follows (Figure
5.24), directions being measured from the centre O:

— electrode A positioned at N315;

— electrode N positioned at N135;

— electrode B positioned at N045;

— electrode M positioned at N225.

While carrying out measurements in this configuration, the direction of measured resistivity is
NO90/N270 (parallel to the AB direction and MN). The angle between North and the direction of mea-
sured resistivity is then a = 90°. Reversing the connections of electrodes M and B on the resistivity-
meter (Figure 5.25), a new configuration is obtained so that the apparent resistivity direction is NOOO°.
The angle = 0° is then defined. To obtain supplementary directions, the square array is rotated
through an angle, e.g. 30° (Figure 5.26).

The array A1,B1 M1,N1 gives apparent resistivities for directions a; = 90° and §; = 0°, the
A2.B2 M2 N2 array for directions a, = 120° and 3, = 30°, and the A3,B3.M3,N3 array for directions
o3 = 150° and § = 60°.

In the field, the angle of rotation of the array depends on the required degree of precision: in
general, 30° or 45° is used. If the direction of fracture considered is N 000°, and the angle chosen bet-
ween each measurement is, for example, 30°, the parameters specified in Table 5.VII are obtained.

When measurements have been taken for a given length AB in all directions, the side of the
square may be increased in order to investigate greater depths.

Interpretation
The resistivities are calculated by the standard formula:

AV x K

Pa= I

Table 5.VII: Parameters of the square array in rotation.

Direction of lines Direction of lines obtained Direction of resistivities
implemented by reversing M and B measured with respect
(direction OB) (direction OB) to NOOO°

N 045 N 225 aq=90° By =0°

N 075 N 255 a, = 120°, B, = 30°

N 105 N 285 ag = 150°, B3 = 60°
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Figure 5.24: Layout for square survey.

Figure 5.25: Inverted square layout.
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Table 5.VIII gives several values of K for lengths AB normally used. Values of resistivity are plotted
as a function of direction (Figure 5.27). The direction of anisotropy at various depths is clearly shown
graphically. In Figure 5.27 the anisotropy (corresponding to a fractured bedrock zone) in direction N

60° increases with depth.
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Table 5.VIII: Values of K.

AB (metres) K
(= MN = AM = BN)
180 1931
140 1502
100 1073
70 751
50 536

The descriptive parameters are defined as follows:

— direction of the anisotropy 0;

— coefficient of anisotropy A = pa/pb (the higher the value of this coefficient, the greater the

anisotropy);

— mean resistivity p,, = (P, Pg)"2.

For every direction and depth of investigation, it is therefore possible to know the magnitude
of the anisotropy (M), its direction (8) and the mean resistivity (p,,)-

4.2.3.5 Resistivity profiling (RP)

Implementation

By moving a device of fixed length AB—-MN in a given direction (Figure 5.28A), a profile of
apparent resistivities of a slice of ground of approximately constant thickness is obtained.

The direction of the profile is chosen on the basis of the supposed directions of the anomalies
detected in the field or by photo-interpretation. The ideal procedure is to take a perpendicular slice
through the anomaly, in order to determine its width and to estimate its tilt angle (Figure 5.28B).

The profile pa’ shown in Figure 5.28B is obtained for a small length AB, whereas profile ra
corresponds to a larger AB (p; < p,). The electrode spacing AB is therefore determined by the depth
under investigation. The measurement step-sizes are a function of the desired precision: a step of
10 m may be taken as standard.

Interpretation

The apparent resistivity measurements are plotted on millimetre graph paper, with the length
AB/2 as abscissa and the apparent resistivities as ordinate (Figure 5.29).

In bedrock zones, a study by Burgeap (1984) shows that anomalies indicated by ER are increa-
singly favourable when:

— the width of the anomaly (measured between the two points of inflection) is less than about 50 m;

— the minimum apparent resistivity is between 50 and 120 Qm*;

— the resistivity contrast (ratio of apparent resistivity of the surrounding rock to the minimal

resistivity of the anomaly) is greater than 1.5. (This value must be larger for wider anomalies.)

4.2.3.6 Electrical resistivity imagery (ERI)

Implementation

Electrical resistivity imagery is performed by carrying out a series of measurements in two
dimensions. For this purpose, a number of pegs are placed along the profile. Whereas a normal VES
needs 4 electrodes, the example shown in Figure 5.30 uses 64 pegs. Each peg is connected to the resis-
tivity-meter via a particular address, and can therefore be used as an electrode for injection (A or B)

* This spread of resistivity is approximate because it is a function of local conditions. With a little experience of
a given zone, it is easy to redefine it.
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or for potential measurement (M or N). A sequence is first recorded in the resistivity-meter memory,
defining which pegs will be used for each measurement: all possible combinations of electrodes are
thus used for exploring at different depths and at various points along the section. Symmetrical arrays
are generally used, such as the Wenner (sensitivity to both lateral and vertical variations) and the
dipole-dipole (higher sensitivity to vertical anomalies).

Interpretation

The series of measurements is interpreted using software to calculate the resistivity cross-sec-
tion of the formation. Figure 5.31 shows a cross-section obtained using resistivity imagery performed
by ACF in Mozambique, with a Wenner array (128 electrodes, 4-metre spacing) in a clayey sandstone
formation. The usefulness of this method is evident in this type of heterogeneous formation: the cal-
culated resistivity contrasts reveal the geological structures that are interpreted on this example as a
zone of clayey sandstone without aquifers in the north-west and a sandy, potentially water-bearing
zone to the south-east.

ERI is the only operational method which can be used routinely in humanitarian programmes
to perform two-dimensional measurements. It is therefore the method of choice in all heterogeneous
environments.

Two programmes are used by ACF to perform ERI. The freeware programme X2IPI developed by
the Geophysics Laboratory of Moscow State University (http://geophys.geol.msu.ru/rec_lab3 .htm) is used
to prepare the sequences of measurements which will be recorded by the resistivity-meter and to control
and analyse the recordings (analysis of measurements, suppression of noisy data etc.). The RES2DINV
programme is used to interpret the apparent resistivities (measurements previously analysed by X2IPI) and
to obtain a cross-section of calculated resistivity (Figure 5.31). A basic version of this programme, suffi-
cient for simple data interpretation, is available as freeware (http://www.geoelectrical.com).
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Setting up an ERI survey differs from a standard VES in that all the electrodes must be posi-
tioned before beginning the measurements, which take about 45 minutes for a 64-electrode Wenner
sequence.

ACF hydrogeological chart - Resistivity profiling

Array; Schlumberger Date: 09/01/96 |Location : Labone Il Agada
Equipment; OMEGA  reesviy meter |Reference:  LA-P18 [X: 70373 ¥: 233 56
a " N 5 Observation - Sketch
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Figure 5.29: Example of a traverse in a bedrock zone (ACF, Sudan, 1996).

This example concerns granito-gneissic formations. The Schlumberger array chosen was AB = 200 m,
MN = 20 m, with measurement points every 10 m. In the bedrock zone studied, the objective was to
identify the largest zones of weathering, as these are the most likely to be an aquifer. Solid (and sterile)
bedrock has a high resistivity, while the weathered water-bearing sections are conductive, so that it is
possible to identify, at a distance of about 110m in the profile, a zone where the apparent resistivity is
lower and which is therefore likely to be weathered to a much greater depth. The VES presented in
Figure 5.16 was performed at this 110m point.
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Figure 5.30: ERI measurement array.

A: comparison between a normal VES array and an ERI array. B: Wenner array, 64 electrodes and
4-metre spacing used in Honduras (ACF, 2000).
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Figure 5.31: Electrical Resistivity Imagery (ACF, Mozambique, 2000).

4.2.3.7 Borehole Electrical Logging (BEL)

Borehole logging is not strictly speaking a method of groundwater exploration, but it forms a
part of electric geophysical methodology. Based on the same principle as surface methods, it consists
of using different arrays of electrodes to measure resistivities directly in the borehole. When carried
out right at the end of the drilling operation, it provides high-precision localisation of water-genera-
ting zones, and therefore defines the optimal position of screens.

The main value of this method lies in obtaining the maximum amount of information from rea-
sonably productive boreholes in sedimentary zones, where the passages from sandy to argillaceous
zones are progressive. It also provides a clear indication of water mineralisation problems, and there-
fore of salinity.

Implementation

Various types of measurements are possible in electrical logging. The experience of ACF in
Cambodia showed that normal probe and fluid resistivity surveys enable the collection of the main
information being sought.

Normal probes (Figure 5.32) use a pole-pole configuration: the electrodes B and N are there-
fore set at infinity (according to Chapellier (2000), B and N can be regarded as infinite when MN >
14 AM). The AM spacing determines the ‘lateral depth’ of investigation. A spacing of 20 cm (N20
probe) gives acceptable precision at layer boundaries, but will be greatly affected by drilling mud. The
N80 probe corresponds to a spacing of 80 cm, less accurate in vertical definition, but with a measu-
red resistivity that approximates to the true resistivity.

The fluid resistivity measurement probe uses the Wenner configuration (a = 2 cm) with the
four electrodes immersed in the fluid. The fluid resistivity measurement is essential for the interpre-
tation of the other logging measurements. Also, it can indicate, where necessary, the zone of water-
intake (which generally exhibits resistivity variations).

The probe developed by ACF can perform temperature and fluid resistivity measurements,
spontaneous potential (SP), mono and 8, 16 and 32-cm normal electrodes. This probe is manually
lowered into the borehole. The measurement intervals are 50 cm, or less if a more precise definition
is required. Measurements are taken at the surface using a specific resistivity-meter.

Direct on-site completion by an operator of an Excel spreadsheet furnishes curves of the mea-
sured parameters as a function of depth. It is important to measure the resistivity and the temperature
of the fluid and the SP during the descent, when the water in the borehole has not been agitated too
much, and that of the normal and mono probes during the ascent.
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Figure 5.32: Electric logging (ACF, Siem Reap, Cambodia, 1998).

Interpretation
Resistivity values are calculated in situ. Note: the geometric coefficient K corresponds to a
complete sphere and not to a hemisphere; it is therefore given by:

411
1/AM - 1/BM - 1/AN + 1/BN

K=

An example of curves for N20 and N8O probes is shown in Figure 5.32. It is from a borehole sunk by
rotary drilling (see Chapter 8) using a polymeric mud (ACF Cambodia, 1998) in a clay-sand zone.
During the descent, the fluid-resistivity probe did not show any strong contrast at 35 m depth in the
borehole (logging carried out some minutes after withdrawal of the drilling pipes) and took one mea-
surement of the resistivity of the drilling mud of 280 Qm (about 35 uS/cm). The normal probes used
during the ascent indicated two zones: a conductive zone centred around 7 m depth, interpreted as
argillaceous (= 150 £2m), and a more highly resistive zone (= 350 2m) at 12 to 35 m. Within this more
resistive zone, three passages proved to be distinctly more resistive (> 400 2m) and are interpreted
as aquiferous sands. This interpretation, confirmed by the analysis of cuttings, enabled optimal
exploitation of the borehole (Q = 5 m3/h).

To exploit BEL information to the full, the results should be interpreted only after applying a
certain number of corrections (layer thicknesses, resistivities etc). Then the various measurements
should be correlated with each other. See bibliography for more details.
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4.3 Electromagnetic methods

4.3.1 PRINCIPLE

Electromagnetic (EM) methods use those physical properties of the ground that affect the
magnitudes of time-varying currents, to study the distribution of conductivity values in the ground
(conductivity is the inverse of resistivity).

EM phenomena are classically described by Maxwell’s equations, which state that any time-
varying electric current produces an electromagnetic wave, which consists of an electric field and a
magnetic field propagating in space and oscillating at the same frequency, perpendicular to each other.

In contrast to the method of electrical resistivity measurements, which uses DC current and
requires the use of electrodes, EM methods use the induction properties of electromagnetic waves, and
do not require direct contact with the ground. They can thus be implemented very quickly. These methods
generally have a higher resolution than DC methods in conducting formation types (the phenomenon of
induction is much stronger in conducting formations), but resistive formation types are less well defined.

4.3.2 MEASUREMENTS

Many techniques can be used to measure the response of the underground formations to an EM
stimulus. However, most are based on the same sequence of events:

— Stimulus: the ‘primary’, time-varying (generally oscillating) electric current is created in an

electric cable. This current generates a ‘primary’ magnetic field.

— Reaction: when this primary magnetic field traverses the underground formations, an elec-

tromotive force and an associated current are created by induction in these formations. This

‘secondary’ current, in turn, generates a secondary magnetic field.

— Reception: the secondary magnetic field also traverses the underground rock formations and

induces a signal in a receptor placed at the surface. Various quantities can thus be recorded: the

resultant field of the primary and secondary fields, the secondary field on its own, the electric

or magnetic components etc. These data are then analysed to yield information about under-

ground conductivity.

ACEF programmes have employed several EM methods:

— the VLF method,;

— the Slingram method;

— TDEM soundings.

4.3.3 THE VLF METHOD

VLF (very low frequency) antennas carry alternating electric current oscillating at frequencies
between 15 and 30 kHz, which are used by the military for long-distance communications.

Maxwell’s equations show that all oscillating electric currents generate electromagnetic
waves, which appear as an electric field and a perpendicular magnetic field of the same frequency
(Figure 5.33).

Difficulties with the method

The principal limitation of the VLF method is its dependence on the primary field. The use of
VLF transmission appears to be diminishing (certain transmitters have been shut down) and this
method may no longer be operational in a few years time. In addition, the profile directions of VLF
measurements are determined by the position of the primary-field-emitting antenna, which can be a
severe limitation in the field.

Moreover, the sounding depth of the VLF method is rarely more than 20 metres, and may only
be a few metres if the surface layer is highly conducting (clay, saltwater).
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Figure 5.33: Primary electromagnetic field.

Vector Ex corresponds to the horizontal component of the primary electric field (same direction as the
antenna). Vector Ez corresponds to the vertical component of the same field. Vector Hp (or Hy in

a system of x, y, z co-ordinates) corresponds to the horizontal component of the primary magnetic field
(at right-angles to the direction of the antenna).

However, the rapidity of VLF measurements means they are still quite widely used, particu-
larly to measure profiles in fractured media (using ‘Wadi’ equipment), or to map apparent iso-resisti-
vity in sedimentary media (using “TVLF’ equipment).

Magnetic field measurements using Wadi equipment

Originally designed for ore exploration, the Wadi equipment (from the ABEM Company) has
been adapted for use in exploration for water, notably in fracture zones, where discontinuities are signi-
ficant. It does not give useable results in sedimentary zones (sedimentary structures are too laminar and
discontinuities insufficiently marked). As with other VLF equipment, the anomaly signal becomes too
weak to be measured when argillaceous cover is significant (recorded values are around 0).

When the primary electromagnetic field intersects a target conductor, this conductor creates in
turn a secondary electromagnetic field (Hs) of the same frequency, but out of phase with the primary
field. When the joint effect of the primary and secondary fields is measured (Figure 5.34), the resul-
ting field, instead of oscillating in a linear manner, describes an ellipse (the ‘ellipse of polarisation’).

Measurement devices give:

— the ratio b:a of the minor and major axes of the ellipse (in%), which provides information on

the conductivity of the anomaly (defined as the real/imaginary ratio of the Wadi signal).

— the angle 6 between the horizontal and the major axis of the ellipse of polarisation. The

cosine of this angle multiplied by the major axis will give an approximation to the real com-

ponent, which is used to locate anomalies.

Wadi is essentially used for the location of fractures in lightly-covered bedrock zones, imple-
menting profiles as RP. Compared to electrical methods, implementation is much more rapid, allo-
wing larger exploration zones to be defined.

The interpretation software gives information on the depths and shapes of anomalies (Box
5.3). The equipment gives the same information in a more schematic form directly in the field. Wha-
tever the information obtained, it is strongly recommended that VES measu-
rements should be carried out on anomalies to confirm their potential and to
specify depths.

An example of well location in Mali using Wadi is shown in Figure 5.35.

Figure 5.34: Ellipse of polarisation of the field resulting from
the interaction between primary and secondary fields.
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Figure 5.35: Well sunk after Wadi survey (ACF, Mali, 1998).
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Electric-field measurements using TVLF equipment
The measurement of the horizontal components of the resulting electric (Ex) and magnetic
(Hy) fields allows one to calculate the apparent resistivity of layers traversed, using the relation:

1 Ex2
X

- 27y f Hy2

pa

where y, is the magnetic permeability in vacuum (= 45 10-7) and f the antenna frequency.

The TVLF (from Iris Instruments) can simultaneously measure Ex and Hy, and calculates the
apparent resistivity for the antenna frequency used. To measure Ex, two electrodes planted in the
ground at every station are used: if the measurement point is electrode 1, electrode 2 is planted at a
distance of 10 m, in line with the direction towards the antenna (and therefore of the profile). Hy is
measured perpendicular to the direction of the profile.

The phase shift between E and H is also measured and is represented by the value j. In homo-
geneous environments, its value is 45° or —135° depending on the sense of the profile or the angle of
the electrodes. It indicates how the resistivity varies. When j < 45° (or —135°), resistivity increases
with depth; conversely, when j > 45° (or —135°), resistivity decreases with depth.
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Figure 5.36: Iso-resistivity map (ACF, St André Farm, France, 1995).

TVLEF in the resistive mode is mainly used in sedimentary environments to map variations in
apparent resistivity. An example of borehole implementation in alluvial deposits from the farm at St
André (France, ACF, 1995) is given in Figure 5.36. Borehole No. 1 was abandoned (formations inclu-
ded silt-sand sediments with gravel passages of widely varying thicknesses, and also including
pebbles). Borehole No. 2 revealed the same type of profile (more pebbles), with incoming water at a
depth of 44 to 52 m. The old borehole had encountered neither pebbles nor gravel, but much more
clayey deposits down to a depth of 60 m. The iso-resistivity map can be interpreted as indicating the
presence of an old riverbed, with deposits of coarse elements (pebbles, gravel, sand) where the cur-
rent was strongest. The deposit of finer elements (silt) occurs at the riverbanks.
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Box 5.3

Operating the Wadi

The Wadi measures the magnitude of the resultant of the primary and secondary fields, which is transformed into a complex num-
ber function with imaginary and real components. The imaginary component is 90° out of phase with the primary field, whereas
the real component is in phase with this field.

To be able to detect a conductive anomaly, the primary magnetic field must pass perpendicularly through the anomaly, i.e., the direc-
tion of the transmitter is the direction of the anomaly. In other words, the antenna must be perpendicular to the direction of the dis-
placement and parallel to that of the anomaly. It is necessary to take multiple profiles in order to confirm the information (Figure
5.37). It is important to maintain the same measurement direction for a series of profiles, but the direction itself is unimportant.

P The distance between profiles depends on the width of the anomaly, the area

antenna to be covered, and the precision required. A distance of 10 m between each
S e measurement is a good compromise between precision and time taken to
of sfructure under investigation make the measurement.

It should be noted that the Abem-Wadi software has its own system of coor-
dinates, and it is therefore recommended that the programmed distances
should be maintained, and that the ‘north’ of the Wadi should be made to cor-
respond to the direction of the initial measurement.

Figure 5.37: Anomaly/antenna/profile directions, VLF.

Results can appear in two forms, real or imaginary, each being either filtered

or unfiltered. The filtered real curve gives an initial interpretation and indi-
cates the observed anomalies in the field. For a good interpretation (Figure 5.38), the anomaly must be completely covered. The
sign (+ or —) of the imaginary curve depends largely on the thickness of surface formations and their conductivity. It is therefore
necessary to try to observe the amplitude of the curve rather than the sign.
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Figure 5.38: Real and imaginary curves of anomalies detected by Wadi.

A: real curve of an observed anomaly.

B: modification of the shape of the real curve according to anomaly depth.

C: comparison of real and imaginary curves in the case of an imaginary part of high amplitude indicating an anomaly
of high conductivity (saline water, clay etc.).

D: comparison of real and imaginary curves in the case of an imaginary part approaching zero which indicates

the presence of poorly conductive ground (fracture full of lightly mineralised water).

Operating the TVLF
A parallel series of profiles oriented in the direction of the antenna is
approximate orientation of taken perpendicular to the structure of interest. In the absence of any

d"fefﬂon of £ the structure under investigation indications as to the direction of structures (no geomorphological clues,
antenna .

outcrops etc.), a pair of profiles is taken using two antennas set at right
angles, and the frequency which gives the most information is used.

In all cases, it is preferable to select only one frequency (antenna) per
series of measurements. The profile directions must be verified using a
compass, and the data must be rigorously entered in the TVLF. For
example, to record a 300-m profile, station intervals of 10 m, with 20
m between each profile is suggested (Figure 5.39). If profile no. 1 is
defined as LINE = 00100 m, profile no. 2 will be LINE = 00120 m. At
the time of data capture, STATION 10 of LINE 00120 will correspond
to STATION 290 (300 m profile) of LINE 00100.

Figure 5.39: TVLF profile in resistivity mode.




4.3.4 THE SLINGRAM METHOD

This method consists of measuring the ratio of the signal emitted by an transmitter to that
detected in a receiver a few metres or tens of metres away (Figure 5.40).

The transmitter and the receiver used by ACF (Geonics EM34) are coils of cable about one
metre in diameter. Measurements can be made at 3 frequencies (6.4, 1.6 and 0.4 kHz) corresponding
to 3 transmitter-receiver distances (a = 10, 20 and 40 m) and using 2 orientations: the horizontal dipole
(HD), in which transmitter and receiver are placed vertically in the same plane, and the vertical dipole
(VD) with transmitter and receiver horizontal in the same plane.

These various configurations give a variation in the investigation depth from a few metres (HD
and a = 10 m) up to a few tens of metres (VD and a = 40 m).

This method can be used to construct profiles of apparent resistivity or maps of apparent iso-
resistivity.

Figure 5.41 shows two maps made by ACF in northern Uganda (Gulu), in a weathered, gra-
nito-gneiss bedrock zone. The measurements were all performed with the same receiver/transmitter
spacing (a = 20 m), but using the two configurations, horizontal dipole (HD) and vertical dipole (VD).
These maps clearly reveal the presence (at a depth of about 20 m as measured by VD) of a conduc-
ting zone to the East, which probably corresponds to an argillaceous weathered area, whereas the
more resistive zone to the West could be an aquifer.

Figure 5.42 corresponds to two profiles made using the EM 34 equipment on the abscissa x=0
of Figure 5.41. On the same graph is also shown an RP recorded using the Wenner configuration with
the distance AB/2=40 m. The investigation depths of the RP and the EM34 VD measurements are
comparable, and the information furnished by the profiles is similar. But the EM profile acquisition
is much quicker (500 m per hour in these conditions compared with 200 m per hour for the RP) and
requires only 2 people (1 for the receiver, 1 for the transmitter) compared with 4 for the RP (1 for each
electrode)

The Slingram method may be preferable to the RP method at shallow investigation depths (10
to 40 m maximum) when the surface formation is not too conducting. But if this is not the case, the
sounding depth is generally too low to reach typical hydrogeological structures of interest. On the
other hand, this method is more versatile than VLF (measurements easily made at different depths, no
problem of profile orientation etc.) and does not rely, like VLF, on an external transmitter whose
signal may be difficult to pick up.
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Figure 5.40: Slingram configuration (VD), EM 34.
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Figure 5.41: Apparent isoresistivity map (ACF, Uganda, 1999).
EM34 a = 20 m, 20-m steps.
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Figure 5.42: Comparison between RP and
EM34 profile.

Profile recorded on the abscissa x=0 of
Figure 5.41. EM34 a =20 m, RP a = 40 m,
20-m steps.

4.3.5 TDEM SOUNDINGS

The TDEM (Time Domain Electro-Magnetism) method is different from the EM methods des-
cribed above, in that the investigation depth changes with time (rather than with frequency, as in the
other methods presented). It is the easiest way in which to perform very deep soundings.

A square loop of electrical cable is usually used as a transmitter (Tx) (Figure 5.43). It is pla-
ced on the ground, and its dimensions are chosen to suit the required investigation depth (usually from
40 m on a side for shallow investigations and up to 200 m on a side for deep surveys). A square-wave
current (from 1 to 30 A) is passed through the loop; it is cut off suddenly to produce a variation in the
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Figure 5.43: TDEM sounding principle.
The dashed lines represent the secondary
current at different delay times (t1, t2, t3...)
after the cut-off of the primary current (t0).

flux of the primary magnetic field, which in
turn produces induced currents in the ground
(Foucault currents). The amplitude of these
induced currents decreases quickly with
time. This decrease itself generates another
induced current, but at a greater depth. The
primary excitation is therefore capable of fars
propagating itself to great depths.

These induced currents generate
secondary magnetic fields that can be mea-
sured at the surface. As the currents penetrate more deeply with time, measurement of the secondary
field at the surface at different times gives information from different depths. The receptor (Rx) is
usually a pre-wound multiple loop, a simple loop of cable placed on the ground that could be the same
loop as that used previously as Tx.

The injection rate of the primary current is chosen according to the required investigation
depth. In practice, measurements start as soon as possible after primary current cut-off in order not to
lose the initial information representing the shallow formations.

The process is controlled from a transmitter/receiver box that records the set of measurements.
The approximate set-up time for a TDEM survey is about 30 minutes for 2 people, and the measure-
ment time is about 15 minutes. The maximum investigation depth ranges from 100 to 300 m, depen-
ding on the Tx loop dimensions, the primary current amplitude and the local EM noise level.

Two types of equipment have been used by ACF: the Protem system (from Geonics, Figure
5.44) and the Temfast system (http://www.aemr.net). The Protem can be more powerful (1 to 30A
depending on the generator) but has a total weight ranging from 50 kg (12V battery as generator) to
100 kg (220V AC generator), while the Temfast produces a primary current of 1 or 4 A, depending
on the model, for a total weight of under 10 kg.

The interpretation of results is performed at the base, using software. The procedure is similar
to that used for interpreting electric soundings, and gives families of curves: field records (voltage/time
and apparent resistivity/time), and interpreted curves (calculated resistivity/depth and equivalences).

Figure 5.45 shows an example
of a TDEM survey carried out by ACF
in Cambodia in a clay-sand formation
type, using a Tx loop 75 m on each
side, and a receiver coil of area 31.4
m?2. This survey covers four levels, the
first of which, 0 to 40 m depth, shows
the highest resistance (= 80 Qm) and
could be water-bearing, whereas the
others are very conductive and are
probably argillaceous (20 to 2 Qm).

Geonics receiving coil

Figure 5.44: Protem equipment
(ACF, Honduras, 2000).
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Figure 5.45: Example of TDEM sounding (ACF, Cambodia, 1998).

This example clearly illustrates the advantages and disadvantages of the method in the confi-
guration used by ACF. It is fast and easy to carry out and can provide fairly deep soundings (with no
pegs to plant or cable to deploy), and it gives better resolution in conductive formations than DC
methods. However, TDEM does not distinguish the uppermost level because primary signal cut-off
times, even when very short, do not allow measurements of the induced field to begin instantaneously.
In Figure 5.45, for example, the first layer analysed is 40-m thick with a resistivity of 80 €m, but is
in fact composed of different levels. The use of a smaller transmitter loop allows the primary signal
cut-off time to be reduced, and therefore to begin measurements earlier, but even then it is not pos-
sible to obtain a detailed image of the first 5 to 10 m. TDEM does not work well in resistant envi-
ronments, in which little or no induction occurs.

4.4 Magnetic Resonance Sounding

The main advantage of the Magnetic Resonance Sounding (MRS) method, compared to other
geophysical methods for groundwater prospecting, is that the measured signal is from groundwater
molecules: this reduces the degree of ambiguity in interpreting the data, since any measured signal
proves the presence of groundwater.

Developed in the early eighties in Russia, MRS initially provided only the geometry and the
water content of water-saturated layers. From 1999 to 2003, ACF conducted a research programme
on MRS, in collaboration with various partners, showing that it is also possible to estimate the stora-
tivity and transmissivity of aquifers from MRS records calibrated using hydrogeological data.

ACF considers MRS now to be a very useful (and specific) tool for characterising the satura-
ted zones of aquifers.

4.4.1 PRINCIPLE OF THE METHOD

It is known from nuclear physics that the hydrogen nucleus (proton) possesses an angular momen-
tum and a magnetic moment . In a homogeneous magnetic field B, (such as the earth’s geomagnetic
field) the proton acts as a magnetic dipole and experiences a torsional moment that attempts to align it
with the direction of the field. Therefore the angular momentum of the proton causes a precessional
motion of u around B, with an angular velocity w, known as the Larmor frequency (Figure 5.46A).
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Figure 5.46: MRS principle.
A: hydrogen nucleus’s precessional motion around the static field B,. B: hydrogen nucleus excitation by
an oscillating field B,. C: hydrogen nucleus relaxation.

To carry out a sounding, an energizing field B, is created in a transmitter loop by a pulse of
current oscillating at the Larmor frequency. At resonance, i.e. when the energizing frequency is the
local Larmor frequency, an interaction between the nuclear angular momentum and the excitation
field B, occurs, which deflects the magnetic moment y from its equilibrium position (Figure 5.46B).

When the excitation field B, is cut off, the magnetic moment goes back to its equilibrium posi-
tion, sending out a magnetic resonance signal, which is detected by a receiver loop (Figure 5.46C).
This signal has an exponential envelope decaying with time (Box 5.4). Three types of information can
be obtained from this relaxation signal:

— its initial amplitude is directly related to the number of hydrogen nuclei and therefore to the

quantity of groundwater;

MRS geophysical parameters ——# MRS hydrogeological estimators
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Figure 5.47: MRS geophysical parameters (the presented decay time is T;, see Box 5.4)
and hydrogeological indicators, example of Sanon S1 Borehole in Burkina Faso, weathered granite
(ACF, 2002).
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— the time decay constant of the relaxation signal is related to the mean size of water-contai-

ning pores, and therefore to porosity;

— the phase shift between the relaxation signal and the excitation current is linked to the ground

resistivity.

After interpretation of MRS field data, two geophysical parameters are obtained: the variation
of the water content and of the decay time with depth (Figure 5.47). If a calibration process is per-
formed, i.e., if some MRS measurements are performed around boreholes with known lithology and
pumping-test results, two hydrogeological estimators can be obtained from the geophysical parame-
ters: the aquifer’s local storativity and transmissivity.

4.4.2 PERFORMING MEASUREMENTS

To generate the excitation pulses, an electric wire loop is placed on the ground and is energi-
zed by a pulse of alternating current at the Larmor frequency (Figure 5.48). The Larmor frequency
depends on the local geomagnetic field amplitude (Box 5.4) which needs to be measured at the soun-
ding location using a common proton magnetometer (Figure 5.49A). Figure 5.50 shows the theoreti-
cal Larmor frequency calculated for the year 2002 at sea level.

To carry out a sounding, i.e. to perform measurements at various depths, the amplitude of the
excitation current is increased: the higher its amplitude (the current intensity), the greater the soun-
ding depth. Sixteen depth steps are used in a typical sounding. When the excitation pulse is switched
off, the magnetic resonance signal is recorded through the same loop for each depth step. The only
commercial MRS equipment available is the Numis range (from Iris Instruments, Figure 5.50B). The
model used by ACF for hydrogeological purposes is the powerful system called Numis Plus. It is dri-
ven by a laptop computer, which commands both the excitation and the recording sequences.

The Tx/Rx loop is typically square in shape (easy to set up in the field) with a side length of
between 40 and 150 m. At a given location, this length determines the maximum depth of investiga-
tion, which is in fact roughly equal to the side length.

The implementation time for an MRS measurement depends mainly on the local signal to
noise ratio: it was about 1 hour in Cambodia (non-consolidated sediments) and but around 20 hours
in Burkina Faso (weathered granite). The total weight of the equipment used is about 350 kg, so that
a vehicle is required for transportation. A team of 4 people is the most convenient, 2 unskilled wor-
kers, 1 field geologist to direct the setting up of the loop and 1 hydro-geophysicist to manage the
whole MRS process. ACF’s experience is that a local team can be trained to implement standard MRS
independently in about 1 month.
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Figure 5.48: Schematic diagram of MRS measurement array.
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Figure 5.49: MRS equipment.
A: geomagnetic field measurement using a proton magnetometer. B: Numis Plus equipment, ACF 2002.

4.4.3 INTERPRETATION

At the end of the data-gathering period, it takes only a few seconds to interpret the records
directly on site using inversion software included in the equipment package (Samovar). The main
curves obtained are:

— the sounding curve, which is the initial amplitude of the relaxation signal as a function of the

pulse moment (i.e., depth step, see Box 5.4). This gives, in qualitative terms, the amount of

groundwater as a function of pseudo-depth (Figure 5.51A);

— field record curves, which help to check the records’ quality and the quality of the model fit;

— geophysical interpretation curves, showing the water-content and the relaxation decay time

as a function of depth (Figure 5.51B).
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Figure 5.50: Theoretical Larmor frequency, year 2002 at sea level.
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Figure 5.51: MRS curves.
A: field records (raw data). B: geophysical interpretation curves, example of Sanon S1 Borehole in
Burkina Faso, weathered granite (ACF 2002).

If a calibration process is performed, hydrogeological estimators can be obtained from geo-
physical parameters, i.e., the local storativity and transmissivity of the aquifer (Figure 5.47).

ACF has evaluated the quality of aquifer characterisation by MRS in several geological
contexts. The MRS-measured saturated-reservoir geometry, storativity and transmissivity have
been compared to those obtained from boreholes and pumping tests. The main results are presented
below.

Saturated-reservoir geometry

Figure 5.52 compares the one-dimensional geometry of saturated reservoirs estimated from
MRS with the geometry estimated from the borehole lithology. The location of the top of the satura-
ted reservoir is estimated by MRS with an average difference of 24%, i.e. 3.9 m, from that given by
the borehole, and the bottom of aquifer is estimated with an average difference of 13%, i.e. 11.4 m.
These results show that MRS gives a sufficiently accurate picture of the geometry of the saturated
zone, but cannot replace genuine piezometers. In fact, MRS does not give any information about sta-
tic levels, only about the depths of the saturated zones: the two are equivalent in unconfined aquifers,
but are of course different in confined aquifers.

Geophysical parameters: water content and relaxation time

By comparison with the total porosity, the MRS water content is defined as w = V,,0/ Vi - 100,
where V,,,, is the volume of water with sufficiently long relaxation constant (T,*, see box 5.4), and
V ota 1 the total volume of the sample. The MRS water content differs from the total porosity of satu-
rated media because the relaxation effect can make the MRS signal too short for the equipment to
detect (currently the instrumental ‘dead time’ is 40 ms). Because the relaxation time is longer for flo-
wing water (some tens to thousands of ms) than for non-flowing water (some units to tens of ms), the
MRS water content is a rough estimation of the aquifer’s kinematic porosity.
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Figure 5.52: Comparison between saturated reservoir geometry as estimated from MRS and
from boreholes.

Two decay-time constants can be estimated from MRS records (Box 5.4). ACF’s experience
is that T, is the more useful for hydrogeological purposes and should be estimated. T, is linked to the
mean size of the pores containing water: the larger the mean pore size, the longer T;.

Hydrogeological parameters: storativity, permeability (hydraulic conductivity) and transmissivity estimators
The water content w(z) and the relaxation time T,(z) derived from MRS records can be used to
estimate the storativity S, the hydraulic conductivity K and the transmissivity T of aquifers:
— In confined aquifers, the storativity can be represented by the storage coefficient:
Svrs = (W . Az) . C,.
— In unconfined aquifers, the storativity is almost exactly equal to the specific yield, represented
by ngyrs =W . G,
— The hydraulic conductivity can be estimated as Kyrg = C” . w(z) . T|%(2).
— The transmissivity is therefore calculated as:

Tyvrs = fKMRs(Z) .dz
Az

where w is the MRS water content, T, the MRS longitudinal decay constant, Az the aquifer thickness
and C,, C, and C’ empirical constants that need to be determined from pumping-test data.

Some empirical constant values are proposed by ACF, but new calibrations need to be perfor-
med for new geological contexts and site locations (Table 5.IX and Figure 5.53).
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Table 5.IX: Empirical constants used for MRS hydrogeological estimator calibration.
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Figure 5.53: MRS hydrogeological estimators.

A: storativity estimators for weathered granite in Burkina Faso. B: transmissivity estimator.

The transmissivity estimator is fairly robust — it gives an estimate of the productivity that is
equal, within a factor of 2, to the value given by the test pumping in 75% of cases. In addition, its
range of transmissivity values is wide, corresponding to outputs from a few hundred litres per hour

(T = 10-% m?%/s) to several hundred cubic metres per hour (T = 0.1 m?/s).

The storativity estimators require further confirmation (insufficient calibration data) and are
more difficult to use, since one needs to know a priori whether the aquifer is confined or unconfined

in order to use the correct estimator (specific yield or storage coefficient).

Qualitative analysis: permeability and transmissivity estimators

If the calibration process cannot be carried out, either because the geological context is
obviously not one-dimensional at the observed scale, or because no pumping-test data are available,

a qualitative approach using two estimators can still be used to characterize the groundwater.
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A permeability estimator can be calculated as:
WX(Z) . Tlxz(z)
Wr(Z) . Tlr2(Z)

ky(z) =
A transmissivity estimator can be calculated as:

fwx(z) .TX(z) . dz
Az

Tx =

fwr(z) T X(z) . dz
Az

where x and r are two of n MRS stations (1, x , r, n). The reference station r can be selected so that
Kymax(Z) <1 or T, .« <1 for all soundings (x =1 to x = n).

The estimators k, (k-estimator) and T, (T-estimator), which are normalized estimators for the
permeability and the transmissivity, can be used as contrast indicators to compare several (n) soun-

dings. An example of such a qualitative approach is presented in Chapter 5B.

Principal limiting factors in MRS

Like all geophysical methods, MRS has various limitations:

— Equivalences: two models are equivalent when they give the same signal. In MRS, layers 1
and 2 are equivalent if the product of saturated thickness and water concentration are similar in both.
In other words, one cannot determine at the same time both the water concentration and the saturated
layer thickness.

— Resolution and probing depth: the resolution is the capacity of the method to detect and cha-
racterise a saturated level. It is a function of various factors, including principally the intensity, the tilt
angle of the geomagnetic field, the electrical resistivity of the formation and the size of the Tx-Rx
loop used. Taking the example of a small reservoir, equivalent to a 1-m thick layer of pure water, i.e.
a 6.5-m thick layer of fine sand with 15% kinematic porosity, or — a geologically equivalent model —
a water-filled cylindrical pipe 10 m in diameter, crossing a Tx-Rx loop with 100-m sides. In the most
unfavourable conditions (close to the magnetic equator and on conducting ground) this aquifer could
be detected by MRS down to a depth equivalent to 40% of the diameter of the Tx-Rx loop. In the most
favourable conditions (close to the magnetic poles and on insulating ground) this same aquifer could
be detected down to a depth equivalent to 150% of the diameter of the Tx-Rx loop. However, detec-
tion and characterisation are not the same thing: the errors in the estimate of the water concentration
and the thickness of the saturated zone can be large, even at small depths, but the error in the estimate
of their product (equivalence) is less than 5% for depths equivalent to half the size of Tx-Rx loop and
15% beyond that depth. In the context of ACF programmes, this means that it is generally possible to
detect saturated levels down to depths of about 100 m, and to characterise them properly down to
about 70 m.

— Sensitivity and one-dimensional nature: the maximum volume integrated in an MRS mea-
surement is given approximately by a circular area of diameter 1.5 times that of the Tx-Rx loop mul-
tiplied by a depth equal to the loop diameter. For a 100-m diameter loop, this volume is roughly 1.8
million m3. The fact that the signal is integrated over this volume means of course that the method
cannot reveal any heterogeneity inside such a volume, nor can it detect signals generated by small
numbers of hydrogen nuclei.

— Suppression: when the volume of water is very small compared to the volume explored by
the sounding, the signal is too weak to be measured: this is known as suppression. It can occur in frac-
tured media or in dissolution patterns, which contain only small volumes of water but which are
nevertheless highly productive.
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Box 5.4
Principle of MRS.

The hydrogen nucleus, i.e. a proton, possesses an angular momentum S and a magnetic moment . The two quan-
tities are related through the expression u =y . S, where the gyromagnetic ratio y is a constant characteristic of the
hydrogen nucleus. In a homogeneous magnetic field By, the angular momentum of the proton causes a precessio-
nal motion of y around B, with an angular velocity known as the Larmor frequency o, =y B /2.

To meet the resonance condition, an energizing field B, of frequency equal to the local Larmor frequency is crea-
ted in a transmitter loop by a pulse of alternating current i(t) = Iycos(wgt), 0 < t < T, where I and T are respecti-
vely the pulse amplitude and duration. Therefore, an interaction between the nuclear angular momentum and the
excitation field By occurs, deflecting the magnetic moment y from its equilibrium position.

When the excitation field By is cut off, the magnetic moment goes back to its equilibrium position, sending out a
relaxation signal, which is recorded in a receiver loop. This signal oscillates at the Larmor frequency and has an
exponential envelope decaying with time, which can be approximated by (Figure 5.54A):

e(t.q) = Eg(q) exp(-t/T*(q)) cos(wgt + §o(q)) (€))

where q = [T is the energising pulse parameter, ¢ is the phase, T,* is the signal decay time (called the transverse
relaxation time in the usual terminology) and E(q) is the initial signal amplitude:

Eq(a) = 0gMy JBuSin(1/2YpBuQ)W(r)dV(r) ®

where M, is the nuclear magnetisation for the protons, By is the primary magnetic field component (normalised
to 1A) perpendicular to the static field B, r is the co-ordinate vector and w(r) the water content.

From equations (1) and (2) it can be understood that:

— The initial amplitude of the signal Ey is related to the water content w(r). Solving equation (2) leads to a direct
estimate of the water content of the investigated volume.

— The spatial contribution of the signal is determined by q, i.e. the depth of investigation is controlled by the pulse
intensity I (maintaining the pulse duration
constant). —
— The signal decays with time at a rate governed A .
by T,*. This constant is linked to the mean water- || il
containing pore size, but it is also influenced by
local inhomogeneities in the static field, often
induced by the magnetic properties of rocks.

_exp(-4T

To access a more reliable parameter linked to
the pore size, a modified excitation sequence
using two pulses, known as saturation recovery, Il
can be used (Figure 5.54B). It gives an estimate

T
of T}, (usually called the longitudinal relaxation s §E
time), which is linked to the mean pore size of T8 E B
e e =3B

the aquifer: Ty = V,/p .S, where V,, and S, are noiel B e relaxation signal

the volume and surface area of the pore, and p || > time
the surface relaxivity of the rocks.

When the excitation pulse is switched off, the
magnetic resonance signal is recorded through
the antenna for each pulse q. Assuming a hori-
zontal stratification, a modified form of equa-
tions (1) and (2) is used to convert the recorded |
quantities Ey(q) and T,*(q) into water content [ : I
w(z) and decay times T,*(z) and T;(z) as a I |

function of depth. g T A 1 - exp(-T) £
z .
Figure 5.54: Time sequence 2 Eu
of the MRS signal. Pulss ey = g
A: single-pulse sequence (estimation of T,*). il puise delay

B: two-pulse sequence (estimation of T;).
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— Magnetic rocks: current MRS equipment measures a macroscopic signal, which is the sum
of the signals emitted by each hydrogen nucleus. When the geomagnetic field is heterogeneous on the
scale of the sounding, the hydrogen nuclei have different Larmor frequencies, and this generates phase
differences between the individual signals, which can reduce the measured time constant sufficiently
to prevent the measurement of the resultant signal. ACF was thus unable to measure MRS signals in
very productive reservoirs in Honduras (2000), since the magnetic properties of the volcanic rocks
present greatly perturbed the geomagnetic field. One should therefore estimate the feasibility of the
measurements before carrying out the sounding (variations in the measured field at the surface,
magnetic susceptibility of outcrops and stability of the Larmor frequency).

5 Prospecting procedures

The sequence of investigation proceeds as a dynamic process that allows the hypotheses
advanced on the basis of the results obtained to be tested. It is also at this stage that deeper investi-
gation into the water resource begins.

5.1 Exploration boreholes

An exploration borehole verifies hypotheses and furnishes information essential for tasks such
as checking VES interpretations and calibrating MRS hydrogeological estimators. It also facilitates
logging and pumping tests.

Every result is used as a source of information: a dry borehole must be “used” in the same way
as one that produces water, since the reasoning that led to sinking the borehole must be reviewed or
developed. The feedback between the previously-envisaged presence of water and the results obtai-
ned increases the accuracy of the overall picture.

5.2 Assessment of the resource

Pumping tests help to estimate the potential of the boreholes (well tests), and the hydraulic
characteristics of the aquifers (aquifer tests, see Chapter 6). At this stage it becomes possible to draw
a map of zones of potential groundwater based on the parameters (transmissivity and storativity)
obtained from both the pumping tests and the MRS.

Piezometric monitoring must also be implemented at this stage. It acts as a check on the deve-
lopment of resources that are the object of new exploitation, and gives an estimate of seasonal varia-
tions. A sketch of the piezometric map can be drawn in order to visualise groundwater flows. This
monitoring can be carried out at the same time as measuring water quality (see Chapter 4).

The groundwater chemistry survey can also reveal a great deal about the water-flow system,
as well as the relationships between different aquifers, recharge mechanisms and links between
groundwater and surface-water bodies (see Chapter 4).

Finally, bases for the construction of a hydrological balance can also be created: rainfall and
piezometric monitoring measurements, surface flow-rate studies, and determination of the survey
catchment basin should be carried out.

5.3 Storage of results and analytical tools

To avoid significant information loss when key staff change, and also to capitalise on the expe-
rience gained by staff and share information in the most effective way, it is essential to archive results
in a relatively standardised manner. Furthermore, proper storage ensures that information is managed
with more care.

ACEF has developed tools for managing and analysing hydrogeological information. This pro-
cess is in constant evolution and the main tools shown in Table 5.X are only a guide.
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Table 5.X: Tools for managing and analysing hydrogeological information.

Existing documentation Technical libraries of reference material on various subjects in Paris and Madrid
Reports and programme descriptions archived at various sites
ACF technical experience collected in the form of manuals and specific reports

Geological maps Geological map base available at the Paris office of ACF, showing most countries
where the agency works, generally at small scales

Well-test and aquifer-test ~ WHI AquiferTest_Pro software tested and recommended
Interpretation software (from Waterloo Hydrogeologic Inc.)

VES and RP Package Developed by ACF, contains land measurements, maps of presentation of results
and sets of Cagniard nomograms
IPI2Win freeware included for VES interpretation and results presentation

Interpretation software IPI2Win freeware for interpretation and visualisation of VES recommended

for geophysical surveys QWSEL® software also available for VES interpretation
X2IPI freeware recommended for ERI protocol construction and ERI data processing
RES2DINV software recommended for ERI data interpretation

Database Models carried out using Excel® software (limited amounts of data, good system
and geographical user-friendliness)

information system Mapinfo® software for geographical analyses (thematic map)

Equipment kit Set of materials and equipment tested and developed by ACF: Qmega resistivity-

meter, electrical-probe logging, drilling rigs, pumping-test kit (see Chapter 6)

5.4 Prospecting procedures

To decide the best prospecting procedure to use, all the elements presented in this chapter
should be considered, including: what are the hydrogeological questions? which methods and tools
will best answer them? how to compare the usefulness of the various possible techniques?

Each context is of course unique, but, using the example of an ACF project in Mozambique,
this section illustrates how to set about finding the best procedure to apply when prospecting for
underground water.

5.4.1 HYDROGEOLOGICAL QUESTIONS

ACEF ran a programme to set up a drinking water supply in the Sofala province of Mozambique
from 1994 to 2001. By December 2000, 178 water points had been constructed (143 boreholes and
35 wells) with an average success rate of 44.5%. The high number of negative boreholes includes
constructions which were dry or whose output was insufficient (Q < 500 I/h), but also boreholes
whose water was too mineralised for human consumption (12% of the boreholes).

A study was performed from October to December 2000, with the aim of improving knowledge
of the aquifers, in order develop a prospecting method that might increase the borehole success rate.

The general context of the study: collating available information, and additional investigations

The districts of Caia and Chemba are in the northern part of Sofala province, on the west bank
of the Zambezi River (Figure 5.55).

The region is in the sedimentary basin ‘Nord of Save’. The ‘Sena’ geological formations date
from the upper Cretaceous and are composed of continental sandstone up to 2 500m thick (informa-
tion from Mozambique’s National Directorate for Water Affairs, Figure 5.56). Sandstone samples pre-
pared by ACF in the form of thin slices reveal a siliceous formation containing calcic cement, with
little or no porosity. This observation is confirmed by the high failure rate of boreholes sunk in the
sandstone.
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Figure 5. 55: Location of the study zone in Mozambique.

The region is traversed by temporary rivers flowing from
west/south-west to east/north-east; its eastern limit is the Zam-
bezi river. Analysis of the information from ACF’s borehole
drilling programs shows that the sediments deposited by these
surface waters constitute reservoirs of highly variable quality.
The Zambezi’s alluvia are clayey in some places, but generally
provide lightly mineralised water; the sediments deposited by
the temporary rivers are coarser but can contain highly mineral-
rich water in the north, while in the south they are less permeable
and the water is often less highly mineralised.

Samples of the water in the region (rainwater, surface
water and groundwater) were collected by ACF, and analyses
of the major ions were performed. The interpretation of these
analyses shows that the high mineral levels in the groundwa-
ter (electrical conductivity in the range 1 500 to 9 000 uS/cm) are due to the dissolution by the infil-
tration water of recently formed minerals present in the superficial horizons. This interpretation is
confirmed by the observation in situ of carbonated precipitates in superficial cracks in the sandstone,
and by the presence of halite in the dead zones of the temporary rivers where water loss by evapora-
tion is intense.

The hydrological balances measured by ACF, using data collected from local partners, are also in
agreement with the observations above. They indicate that the northern zone is subject to high rates of
evapotranspiration, which explains why the underground water there is highly mineralised (Table 5.XI).

It was not possible to measure the surface run-off, and therefore the fraction of effective infil-
tration in the total run-off could not be estimated. However, it seems, from the (admittedly incom-
plete) information available, that the use of low-output (handpump) systems does not significantly
affect the replenishment of the water resources, since no borehole ran dry and no excessive drop in
the static levels was reported in the period from 1994 to 2000.

According to the results of an exhaustive
study carried out by ACF in 1999 and 2000, the
districts of Caia and Chemba have populations of
157 000 and 52 000 respectively, of whom 27%
and 15% respectively have access to drinking
water. In this context, access to drinking water is
defined as the possibility for a family to take its -
water from a properly constructed water point,
delivering drinkable-quality water, situated less
than 1 hour’s walk away and serving a maximum
of 300 users (i.e. an average of 20 litres of water
available per person per day for a well or borehole
equipped with a handpump).

Access to water is of crucial importance to
these rural populations, and the only resource used
all year round is groundwater.

sandstone Zambgze alluvia

Figure 5.56: Geological sketch of the districts e
of Caia and Chemba (Mozambique).
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Table 5.XI: Electrical conductivity of water and hydrological data (Thornwaite’s formula, steps of one
month, period: 1946 to 1955).

Zone Average electrical conductivity Average yearly Average yearly Total yearly
of the groundwater (uS/cm) rainfall (mm) temperature (°C) run-off (mm)

North (Chemba) 3700 728 34 56

South (Caia) 1500 954 32.3 200

Hydrogeological questions facing the prospector

The aquifers required for the establishment of new water facilities are those permeable layers
of alluvia and fissured and weathered zone of sandstone were water mineralisation levels are low
enough to provide water fit for human consumption.

In searching for water, the questions facing the prospector were the following:

— which zones in a radius of about 1 km around the villages contain aquifers?

— in these zones, what is the reservoir geometry (where to drill the boreholes)?

— what are its hydraulic characteristics (what will the borehole’s output be)?

— what is the electrical conductivity of the water (is it drinkable)?

The standard methods can not satisfactorily answer these questions — the average borehole suc-
cess rate is low (<50%), even reaching zero for certain zones (sandstone plateaux). Geophysical
methods may sometimes prove better able to clarify the situation. The first step is to select which geo-
physical methods to use. The next is to take the results of experiments in the field to assess the tech-
nical and economic utility of the methods, used on their own or in combination with others. Finally a
tested hydro-geophysical procedure can be chosen.

5.4.2 THE CHOICE OF GEOPHYSICAL METHOD(S)

This choice is guided a priori by the nature of the reservoirs being sought, the required preci-
sion and the size of the zones to be prospected (see Section 4).

In the region considered, highly variable water mineralisation levels exist, and so resistivity is
the physical parameter most likely to furnish the relevant information, because it is highly sensitive
to the electrical conductivity of the water.

The high probability of encountering clayey layers inside the alluvia, and the a priori know-
ledge of the existence of highly mineralised groundwater indicate that the formations studied are good
electrical conductors. In these conditions, electromagnetic resistivity measurements are preferable to
direct current methods.

The precision must be sufficient to enable a borehole to be sunk with certainty on the exten-
sion of the anomaly. TDEM soundings in the light-equipment configuration can measure to depths of
around 100 m in this conducting environment. On the other hand, they integrate signal over a large
volume (depending on the size of loop used), and in the presence of complex structures, they cannot
give a sufficiently precise picture of the lateral variations.

The only method that can routinely be used to perform the two-dimensional resistivity mea-
surements necessary to describe complex geological structures is electrical resistivity imaging (ERI).

MRS can provide information on the presence of groundwater and on the characteristics of the
TeServoirs.

A TDEM sounding takes only 30 to 45 minutes to perform (including setting up the equipment and
taking the readings), compared with 2 or 3 hours for a conventional ERI and 2 to 20 hours for an MRS.

For the specific context of Mozambique, the methods ultimately chosen were:

— TDEM soundings to map the resistivity as a function of depth and indicate the likely aqui-

fer zones (Figure 5.57);
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Figure 5.57: Setting up a TDEM measurement Figure 5.58: Traditional well in Nhamago
(Mozambique, 2000). (Mozambique, 2000).

— ERI to map the resistivity in two dimensions and thus determine the geometry of the poten-
tial reservoirs and the electrical conductivity of the water contained;
— MRS to confirm the existence of the reservoirs and determine their hydraulic characteristics.

5.4.3 APPLICATIONS OF THE GEOPHYSICAL METHODS

Searching for potential sites: TDEM soundings

After some field reconnaissance, the geophysical prospecting zones were chosen as near as
possible to the villages that were considered as top priority in terms of the population’s water requi-
rements. Aerial photos were of limited use, since it was often impossible to identify any location on
the images! (The area had been a war zone for a long time and none of the infrastructure visible on
the photos, including the roads, was identifiable on the ground any longer.) So it was mainly the geo-
morphology and discussions with the villagers that informed the choice of potential aquifer zones.

When the zones to be prospected are extensive, it is advisable to perform some quick measu-
rements in order to class the various sites according to their aquifer-bearing potential.

In the region concerned, TDEM soundings were well adapted to this purpose. They are easy
to set up and their results are sufficient to indicate the zones on which more detailed (but more diffi-
cult) research should be concentrated.

Figure 5.59 shows the example of the village of Nhamago situated in a uniform sandstone
environment. A calibration sounding was first performed around the traditional well used by the local
people (shown in Figure 5.58 and marked as ‘Nm well’ in Figure 5.59), and the calculated resistivity
values were compared to direct measurements and observations in the well:

— The resistivity of the sandy aquifers was ill-defined because the TDEM method is insensi-

tive to the first few metres in depth. These sands are nevertheless noted as being much more

resistive than the material lying underneath them.

— The electrical conductivity of the water (at 25°C) was 770 uS/cm, or 13 Q.m.

— A clayey layer identified at the bottom of the well showed a calculated resistivity of less than

10 Q.um.

— The sandstone substratum crops out near the well. It is also highly conducting and presents

a calculated resistivity of less than 15 Q.m.

The geophysical target zone was thus identified as a resistive mass resting upon a conducting
substratum.
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Figure 5.59: TDEM soundings, village of Nhamago (Mozambique, 2000).
Rw is the resistivity of the water.

Eleven TDEM soundings were performed over two days on suspected anomalies (determined
by the geomorphology). The results of the interpretations are presented in Figure 5.59. Two groups of
curves can be distinguished: the first group, for which the calculated resistivities are under 10 .m,
is interpreted as clayey sandstone; the second represents the more resistive surface formation lying
above the conducting substratum. The most favourable sites are those whose resistive layers are the
most clearly evidenced, in terms both of their thickness and their calculated resistivity value (e.g.
Nm3 and Nm4).

Revealing complex structures: ERI

Even if the calculated resistivity values are difficult to correlate with rock types, it may still be
possible to use the resistivity contrasts to show up geological structures.

Figure 5.60 presents the calculated resistivity values obtained from 43 soundings performed in
Mozambique. The dispersion of the values around the mean and the overlap of the different ranges
(dry rocks, freshwater aquifers and saltwater aquifers) mean that a resistivity value cannot solely be
associated with a particular type of rock. The presence of clay and contrasted mineralised water
explains this phenomenon.

In these circumstances, two-dimensional measurements can furnish additional information
through the qualitative interpretation of the variations in resistivity.
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Figure 5.60: Calculated resistivity as a function of rock type, population of 43 measurements.
Rw is the resistivity of the water (Mozambique, 2000).

Figure 5.61 shows the resistivity measurements performed in the village of Chivulivuli, situa-
ted in the north of the zone, at the limit between a sandstone zone and the alluvial capping layer from
the Zambezi river 3.5 km away. The set of TDEM soundings carried out for the preliminary study did

not exhibit any highly-marked
contrast — the results of two typical
soundings are presented in graph A.
However, an ERI was performed to
see whether this weak contrast might
nevertheless prove significant.

Resistivity variations
(contrasts) are clearly revealed by
the two-dimensional measurement;
they suggest the following struc-
tures (Figure 5.61, graph A):

— The shallow, highly
conducting (1 to 5 Q.m) layer pre-
sent across the whole section clearly
indicates a clayey stratum.

— In the western part of the
ERI, the low resistivities continue at
depth and may be indicative of a
clay-silt medium.

— Finally, the deeper resis-
tive zone to the east of the ERI
(30 to 80 Q.m) is certainly more
sandy.
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Figure 5.61: TDEM soundings and ERI, Chivulivuli site (Mozambique, 2000).
A: section of the calculated Wenner alpha resistivities (RMS =2.9%).

B: perpendicular cross-section of the calculated pole-pole resistivities

(RMS =2.3%, inversion performed with the RES2DINV programme).
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Table 5.XII: Boreholes and MRS, Chivulivuli site (Mozambique, 2000).

Borehole Total Screen  Static Air-lift MRS water Time Water electrical ~ Aquifer
depth  position  level discharge concentration constant T,* conductivity  resistivity
(m) (m) (m) (I7h) (%) (ms) (uS/em) (Qm)
8/FCH/98 28.5 22-27 2.2 1000 17 230 650 40
2/GCH/00 36 4-9 2.2 1200 8 200 33000 2
9/FCH/98 10.5 4-9 45 1000 3 180 11000 2
1/GCH/00 37 3-8 4.5 1200 3 180 10000 2

A second measurement, perpendicular to the first and centred on a point 470 m from the first
ERI measurement was performed using a pole-pole apparatus, giving a greater penetration depth (all
other parameters remaining constant — graph B). The resulting image is much more uniform, confir-
ming that the structures are two-dimensional (east-west) and that the domain of validity of the method
is respected.

In conditions such as these, ERI thus yields additional information about the existing struc-
tures, and enables the hydrogeologist to envisage the geometry of the potential reservoirs. But the
existence of underground water remains uncertain because resistivity values alone do not unambi-
guously indicate the presence of water.

Confirmation of the presence of underground water: MRS

On this same site at Chivulivuli, MRS tests were carried out on the two formations revealed
by the calculated cross-sectional resistivity. The interpretation of these tests was checked by drilling
two pairs of boreholes. The results are presented in Table 5.XII and Figure 5.62.

MRS reveals the presence of a reservoir over the whole profile, between 2 and 10 m in depth.
The very low resistivity of this horizon (2 €2.m) clearly indicates highly mineralised water (and not a
clayey layer as one might initially imagine from the ERI results). The three boreholes which exploit
this aquifer confirm these findings: the reservoir exists (air-lift yield of about 1 m3/h) and the water
is highly mineralised (10 000 to 33 000 uS/cm).
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Figure 5.62: ERI and MRS, Chivulivuli Site (Mozambique, 2000).
W is the water fraction and T2* the measured decay constant.
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Figure 5.63: Representation of the Chivulivuli aquifer (Mozambique, 2000).

A second reservoir is revealed by MRS to the east of the profile. The much higher water
concentration, for a slightly longer signal decay time, indicates a more productive formation than the
surface reservoir. The resistivity of this volume is much higher and one may expect it to contain
moderately mineralised water.

Two boreholes were drilled to confirm these findings, but only one could be used because the
other one, situated to the west, collapsed and so was not finished (1/GCH/00). The remaining bore-
hole, which exploited the formation to the east of the profile, confirmed the geophysical informa-
tion: the aquifer exists and delivers water that is only lightly mineralised for this region (650 uS/cm).

Agquifer characterisation by ERI+ MRS

Using the complementary information given by MRS and the ERI, it is possible to propose a
hydrogeological model for the site (Figure 5.63). This model is qualitative rather than quantitative,
because the number of measurements is not sufficient to enable a calibration of the MRS hydrogeo-
logical estimators. Examples of calibrations are given in Chapter 5B.

5.44 PROPOSING A HYDRO-GEOPHYSICAL PROCEDURE

Geophysical tools can be useful for two reasons:

— They provide information which enable positive boreholes to be drilled in failure zones,
thereby meeting the water requirements of the population.

— They can save money for the programme, by reducing the number of salty, dry or low-
output boreholes drilled.

The overall success rate

ACEF built 178 water access points between 1994 and 2000. The negative boreholes have only
been recorded systematically since 1997. Since this date, the annual averages are:

— 11.3 negative boreholes and 9 positives (55.6% failure rate);

— 7.3 dry boreholes (35.8% of the negative boreholes);

— 2.5 salty boreholes (12.3% of the negatives);

— 1.5 boreholes abandoned because of drilling problems (7.4% of the negatives).

In 1999, the introduction of one-dimensional geophysical techniques (Schlumberger VES)
increased the borehole success-rate from 29 to 54% in similar geographical zones. This improvement
is essentially due to a reduction of 16% in the number of salty boreholes, whereas the number of dry
boreholes scarcely diminished. There are thus limits to the usefulness of resistivity measurements in
this context: the resistivity values enable identification of reservoirs containing highly mineralised
water (low resistivity), but do not signal the simple presence of water.
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A geophysical programme using new methods was therefore organised from October to
December 2000. The study-sites selected (4 sites with a total of 15 boreholes) corresponded to zones
in which all the boreholes previously drilled had been negative. These were thus the most difficult
sites encountered since the beginning of the project in 1994. The combined use of the TDEM, ERI
and MRS methods yielded a success-rate of 66%.

Economic analysis of geophysical studies
Table 5.XIII presents the cost of geophysical studies per site in Euros. The calculation is
performed using real ACF costs in 2000, on the following basis:
— 4x4 vehicle, used partly for geophysical studies, bought new, depreciation to O over 5 years;
— geophysics equipment bought new, depreciation to O over 5 years (except the VES equip-

ment: over 3 years);
— team of technicians and full-time geophysics workers;
— 9 months work in the year, with 10 days per site, giving 27 sites per year.

Table 5.XIII: Cost of geophysical studies in Euros (ACF, Mozambique, 2000).

Method National International Geophysical equipment Vehicle Number |[Admin.| Cost

staff staff of studies | cost per

per year site

number cost/study | number cost-study | purchase cost|amortisation (year) [misc. cost/study | cost/study | number cost/study % (€)

VES 4 327 1 311 4 200 3 10 56 1 218 27 48 649

ERI 5 373 1 311 30 000 5 10 227 1 218 27 65 883

ERI+MRS| 8 691 1 311 141 000 5 20 1053 1 218 27 157 2119
ERI + MRS

+ TDEM 10 840 1 700 183 510 5 30 1373 1 327 27 203 2743

The cost of a negative borehole calculated on the same basis is 3 655 Euros, and the cost of a
positive borehole is 4 483 Euros. Using these costs, one can determine the domain of economic uti-
lity of the various methods or combinations of methods as a function of the improvement in the bore-
hole success-rate they produce (Figure 5.64).

On the scale of ACF programmes, and for the geophysical campaign in 2000, it can be noted that:

— the use of the VES method, which increased the borehole success-rate by 24% on its intro-

duction 1999, is economically viable whatever the borehole failure-rate;

— the combined use of the 3 methods (TDEM, ERI and MRS) is justified financially on diffi-

cult sites (success-rate below 40%) if the success-rate is doubled, which seems realistic.

Recommendation
The decision concerning the type of geophysical procedure to use as part of a hydrogeological
study (Table 5.XIV) is based on technical evaluations and economic analysis.
Technically, the merits of the combined use of several geophysical methods in this region are
illustrated by the examples cited above:
— TDEM soundings enable rapid prospecting over vast zones judged promising in the land survey
(photo-interpretation, geomorphology and geology). They indicate the sites on which to perform ERI.
— Two-dimensional resistivity measurements are used to trace underground structures and
reveal the potentially aquifer-bearing zones on which MRS can be performed.
— MRS confirms the presence of groundwater and furnishes information on the hydraulic para-
meters of the reservoir.
— Finally, the interpretation of the MRS parameters combined with the electrical resistivity of
the aquifers provides an estimate of the electrical conductivity of the water.
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Figure 5.64: Economically favourable domain of geophysical methods (ACF, Mozambique, 2000).

Table 5.XIV: Hydro-geophysical procedure (Mozambique, 2000).

Phase of study

Methods and tools

Objective

Preliminary study

Field reconnaissance

Geophysical study

Complementary study

Photo-interpretation
(when zone location is possible)

Geological & geomorphological observations
Visit existing water access structures

TDEM Soundings
ERI
MRS

Reconnaissance borehole
Water analysis

MRS

Pumping test

Piezometric measures

Identification of the geological domains
(sandstone/alluvia)

Identification of lineaments

in the sandstone zones

Confirmation of the local geology
and of the hydrogeological targets

Identification of potential aquifers
Definition of the potential reservoir’s
geometry

and the water mineralisation level
Confirmation of aquifer’s existence
and hydraulic characterisation

Elucidation of the groundwater dynamics
Reservoir and groundwater
characterisation

Evaluation of the borehole’s impact

on the water resources
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To illustrate the way hydro-geophysical procedures are carried out by ACF when investigating
groundwater, three examples are presented that correspond to some of the main geological
contexts: recent unconsolidated sediments in Cambodia, crystalline bedrock in Burkina Faso and
karstic limestone in France as an example of a highly heterogeneous context.

To improve readability, the scientific references used in Chapter 5B are not noted, but they can
be found in the main reference list.

1 Implementing boreholes in unconsolidated sediments

Unconsolidated sediments are a common geological context for ACF programmes. They are
of great potential for supplying water for many people because they are widely represented all over
the world, and their development is usually easy and accessible to users. However, these groundwa-
ter resources can also be difficult to develop because of their clay content, and because they are com-
monly vulnerable to surface pollution and sometimes subject to excessive mineralisation. To improve
its procedures for studying these resources, ACF conducted a test project in Cambodia with the sup-
port of a French research institute, IRD (Institut de Recherche pour le Développement), and a geo-
physical equipment company, Iris Instruments.

1.1 Background

ACEF started its programme in Siem Reap province of Cambodia in 1992 (Figure 5.65). Its
objective was to support the people who had fled into Thailand to return and resettle in their previous
home area. By the end of 1998, 900 boreholes had been drilled in rural areas to supply the population
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Figure 5.65: Siem Reap Province and main investigated site.

with drinking water. Of these 900 boreholes, 180 were unsuccessful, most of these in particular areas,
where the failure rate reached more than 70%.

The province is highly affected by human activities (paddy fields, irrigation infrastructure etc.)
and the traditional hydrogeological tools of photo interpretation or field cartography are not useful to
site boreholes. Furthermore, the cuttings analysis of the drilled boreholes shows high lithological
heterogeneity at the provincial scale (kilometres range) or at the village scale (hundreds-of-metres
range). Geophysics is a good technique in this kind of context and several different tools were selec-
ted to survey the province for the following reasons:

1) The rock resistivity provides geological and groundwater-quality information in many ins-
tances. An electromagnetic method, such as TDEM sounding (time-domain electromagnetic) is more
efficient in conductive environments than common VES (vertical electrical sounding) because of its
high sensitivity to conductive layers.

2) The use of one-dimensional measurement is unsuitable in complex geological areas where
two-dimensional measurement such as ERI (electrical resistivity imagery) is more effective.

3) The resistivity of an aquifer is related to the EC (electrical conductivity) of its water. When
the groundwater EC is high, the resistivity of the aquifer can reach the same range as a clayey medium
and the resistivity parameter is of no use in determining the aquifer. Here, the MRS (magnetic reso-
nance sounding) method is most appropriate, because of its effectiveness in determining groundwater
occurrence, whatever its conductivity.

4) To answer the fundamental questions of hydrogeologists implementing boreholes (Where is
the groundwater? What could be the expected yield of a drilled borehole? What is the water quality?),
the joint use of resistivity measurements and MRS methods could be helpful.

As a consequence, a 6-week test survey was organised at the end of 1998 at 12 sites, using
VES, TDEM, ERI, and MRS jointly.

1.1.1 PHYSICAL ENVIRONMENT

Siem Reap province is located North of Tonle Sap Lake, in the North-Western part of
Cambodia (Figure 5.65). The total surface area of the province is 15 270 km?2. Except for the Kulen
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mountains in the north (maximum 487 m ASL) and several isolated peaks (known as Phnom), the pro-
vince is flat. The main rivers flow from the North to the Tonle Sap Lake in the South. The province
has a tropical monsoon climate, with two rainy seasons (May-June and August-October), an average
annual rainfall of 1 500 mm and an average air temperature of 26.7°C.

1.1.2 HUMAN ENVIRONMENT AND DRINKING-WATER COVERAGE

The population of the province is about 650 000 (1993). The different economic activities are
farming and fishing (90%), trading (7%) and services (3%). The main agricultural activity is paddy
rice farming.

The potable drinking-water coverage of the province is estimated to be about 25%, provided
by shallow wells (3 to 6 m deep) and boreholes (20 to 80 m deep), mostly equipped with handpumps.
The 75% of people who don’t have access to potable drinking-water draw water from ponds, rivers
and open wells. The health statistics shows that 40% of the hospital admissions and 64% of the known
deaths in the province are due to water and environmental diseases.

1.1.3 HYDROGEOLOGICAL ENVIRONMENT

The province is mainly located in a sedimentary basin that consists of 20 to 100 m thick layers
of late Tertiary to Quaternary sediments that range from coarse sand to clay. These rocks lie on older
consolidated sediments (Secondary to Tertiary sandstone to mudstone) and igneous rocks (diorite,
granodiorite, basalt and andesite) which outcrop in the Kulem and Phnom mountains.

The aquifers can be subdivided into:

1) Shallow unconfined aquifers (alluvium deposits) which range from 2 to 5 m deep on ave-
rage. These aquifers are used by the population through shallow wells, which are sometimes tempo-
rary and almost always polluted by organic matter.

2) The aquifers targeted by the drilling programme, ranging from 20 to 80 m deep. They are
often confined and heterogeneous:

— in the East of the province, the aquifers are often clayey (clayey sand). The average trans-

missivity is 10-¢ m?/s and the average drilling success rate is 35%;

— in the central part of Siem Reap, the sediments are more sandy (less clay) and the average

transmissivity is 10-2 m?/s. The drilling success rate reaches almost 90%;

— in the Western region, the aquifers are mainly sandy silt and the average transmissivity

reaches 10-5 m?%/s. The average drilling success rate is 60%.

1.1.4 TEST-SURVEY METHODOLOGY

Twelve sites were chosen according to human and technical parameters: the water needs of the
people, sites where the aquifer was well identified and sites where several boreholes were unsuccess-
ful. The field surveys were conducted using the four geophysical methods: VES, ERI, TDEM soun-
ding and MRS. The interpretation of the field data was conducted firstly independently for each
method, and then jointly, using the available tools (Table 5.XV). Based on these results, boreholes
were drilled and tested by electrical logging and pumping tests.

The pumping tests implemented were step tests. The objective was to estimate the specific
capacity, the linear and the quadratic head loss, and the maximum exploitation yield of the boreholes.
Recovery analyses were also done to estimate the aquifer local transmissivity. The pumping tests were
interpreted using the Jacob formula. The technical contribution of geophysics to the borehole success
rate was estimated from these twelve sites, and the financial contribution of geophysics to the bore-
hole programme was calculated with ACF figures.

Finally, combining the technical and the cost analyses, a geophysical methodology for bore-
hole siting, drilling and testing was proposed.
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Table 5.XV: Methods, equipment and interpretation tools.

Method Array Equipment Interpretation tools
VES Schlumberger and pole-pole Qmega (Aquifer) Cagniard curve
and’QWSEL software
ERI Pole-pole SYSCAL R2(IRIS Instruments)  ‘RES2DINV’ software
TDEM Tx: 100 x 100 M & 75 x 75 m PROTEM 47 (Geonics Ltd.) ‘TEMIX’ software
Central Rx: 31.4 m2
MRS TX/Rx: 75x 75 m NUMIS (IRIS Instrument) ‘Samovar’ software
& 37.5x37.5m
DC logging Normal probe 8” & 32” ACF
Fluid resistivity
Drilling / borehole Mud rotary 6” PAT-ACF 201

Pumping test

PVC casing 4”

Screen 0.8 mm slot
& 7.5% opening area
Gravel pack 1-5 mm

1 to 4 pumping steps

4” submersible pump

‘Jacob’ equation

1.2 Results example
1.2.1 A HIGH-YIELD BOREHOLE: ACPI SCHOOL

The objective was to construct a borehole to supply water to a school (Figure 5.66).

One-dimensional resistitity measurement: VES and TDEM

The inversion of the Schlumberger VES is presented in Figure 5.67. The geological interpre-
tation of the VES is that the resistive layer of 477 Q.m could be a sandy aquifer from 10 to 42 m deep,
which overlies a clayey substratum dropping down to 10 ©2.m. The equivalence problems do not allow
separate determination of the resisitivity and the thickness of this potential aquifer (only its transverse
resistance can be determined), and the thickness can range from about 26 to 36 m, which has a great
influence on its transmissivity.
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Figure 5.66: Location map of geophysical survey

at ACPI school.
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Figure 5.67: VES Schlumberger (rms = 7.5%), ACPI School.

The inversion of the TDEM sounding (Figure 5.68) is similar to that of the VES but: (1) the
TDEM enables a better definition of the interface between the top resistive layers and the conductive
one to be obtained — the estimation of the bottom of the potential aquifer is then improved; (2) the
first 10 m below ground level are defined with less accuracy due to the integration of the shallow
information with the TDEM method; (3) the penetration over 200 m is deeper (with the arrays used).

Two-dimensional electrical imaging: ERI

The inversion result is in good agreement with the Schlumberger sounding, but it is smoother
(Figure 5.69). It also gives additional information that is important for drilling the borehole: the poten-
tial aquifer (resistive layer) seems to be quite homogenous.

MRS

The raw data (Figure 5.70) shows reliable measurements: the signal-to-noise ratio is high (ave-
rage of 10.6), the Rx frequency of the magnetic resonance signal is very close to Tx frequency (less
than 0.5 Hz of difference) and the signal phase changes smoothly as the pulse moment increases.
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Figure 5.68: TDEM sounding, ACPI school.
A: field data. B: inversion (equivalent models, best fit rms error = %).
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Figure 5.71: Pumping test, ACPI school.
A: field measurements. B: head-loss calculation.

The MRS inversion (Figure 5.72) shows a water-bearing formation from 1 m to the bottom on
the investigated depth. The water content ranges from 5 to 20% and the decay time from 160 to 280 ms.

Borehole drilling and pumping test

The drilled borehole was surveyed with by electrical logging that was mainly used to choose
the best screen location. After the development of the borehole by air-lift, a 4-step pumping test was
conducted (Figure 5.71). The critical yield was not reached during the test, but the quadratic headloss
increased strongly when the pumping yield was increased to 9 m3/h. The maximum exploitation yield
was fixed at 6 m3/h (beyond this point the quadratic headloss become higher than the linear one).

The local transmissivity was estimated from the recovery analysis to be 1.8 10 -2 m?/s and the
relative specific capacity was 1.4 10 = m?/s. The groundwater resistivity at the end of the pumping
test was 350 .m (29 uS/cm ), which was close to that of the local rainwater.

Comment

For this particular site, it can be seen (Figure 5.72) that the Schlumberger VES gives enough
information to site the borehole successfully, even if the existing doubt regarding the aquifer thick-
ness could only be removed with TDEM information. The ERI does not allow more accurate bore-
hole siting, because the reservoir seems to be quite homogeneous. The MRS inversion gives realistic
water contents regarding the lithology, but the T,* decay times is more difficult to correlate with the
rock type.

1.2.2 AHETEROGENEOUS SITE EXAMPLE: MUKPEN VILLAGE

Three unsuccessful boreholes (yield = 300 I/h) were drilled in Mukpen village. A geophysical
survey was conducted to locate a new site. Figure 5.73 shows a summary of the surveys carried out
both on a previous unsuccessful borehole (Northern site) and on the new site selected for drilling
(Western site).
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Northern site: low-yield borehole

The resistivity values indicate a conductive area (less than 10 .m) which could not be inter-
preted as an environment with high hydrogeological potential. The MRS inversion gives a realistic
estimate of water content corresponding to the lithology and the borehole yield, but the T,* decay
time does not fit with the expected values (longer time for silty sand than for fine sand).

Western site: medium-yield borehole

The Schlumberger sounding indicates a resistive layer of 80 €2.m between 18 and 39 m deep.
This value corresponds to a sandy formation but is much lower than the one at the ACPI school site
which was about 480 Q.m. This could be explained by a small clay content which had not been noti-
ced or the low water resistivity of 22 Q.m (455 uS/cm) comparing to the 350 .m (29uS/cm) at the
ACPI school site. The thickness of the resistive layer is poorly defined by the Schlumberger sounding
according to the borehole lithology.

The MRS indicates a water-bearing formation from 20 to 50 m deep, in good agreement with
the lithology for the water content, but the T,* decay time does not fit with the expected values. As
for the ACPI school site, some water with long decay time in a shallow clayey layer is measured.

Comment

In this context of a sandy and clayey formation with conductive water, it can be noted that without
a priori information on the groundwater electrical conductivity (EC), the resistivity methods do not
enable reliable borehole siting because the aquifer resistivity is about the same as a sandy clay material.
The MRS indicates higher potentiality, that is higher water content, longer relaxation time and a thicker
saturated layer, for the western site. It enabled the successful siting of a borehole in Mukpen village.

1.3 Discussion

The application of geophysics to site a borehole could be useful for two reasons: (1) it helps
ACEF reach its objective of supplying people with drinking water, (2) it allows money to be saved
within the programme by reducing the number of dry boreholes.

1.3.1 TECHNICAL ANALYSIS

MRS

The MRS gave accurate information of water content according to the lithology. There was no
clear link found between T,* decay time and the aquifer grain-size. According to the literature, the
T,* decay time varies from 30 ms in clay to 400-600 ms in gravel formations. However, decay times
of 100 to 200 ms were often found for clayey material, and less than 150 ms for coarse sand. This
could be explained by variations in the magnetic properties of rocks which create local inhomoge-
neities in the geomagnetic field. The T, decay time, which depends mainly on pore size, was not yet
available at the time of the survey (1998).

However, MRS is the only method that enabled successful drilling of a borehole in a conductive
environment. Figure 5.74 shows the links between the MRS data and local transmissivity of aquifers esti-
mated from pumping tests. The MRS transmissivity was estimated as T = 1.6 - 10-6 - w4 - (T,*)? - Az,
where w is the MRS water content in % and Az the MRS saturated-aquifer thickness in m.

Joint use of the methods

On one hand, the main limitation of resistivity methods in Siem Reap is their high sensitivity to the
water EC; on the other hand, this is their main advantage compared to MRS, which is not sensitive to the
water quality (the water electrical conductivity is related to the ions which are present in solution).

As a consequence, resistivity methods and MRS can complement each other quite effectively:
MRS can be used to locate groundwater, and resistivity methods can be used to check the minerali-
sation of the water (Figure 5.74).
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Figure 5.74: MRS hydraulic characterisation.
A: local aquifer transmissivity B: groundwater electrical conductivity.

TDEM is the most convenient method to integrate with MRS in this conductive environment
as it can use the same transmitter coil, reducing the set-up time. In a heterogeneous area, an ERI could
be used to look for the most convenient site where integrated TDEM/MRS could be carried out.

Technical impact of geophysics

Within the 12 investigated sites, the use of geophysical methods increased the borehole suc-
cess rate from 56 to 90% for a total of 36 boreholes that were used for this particular test survey. This
improvement of success rate was due to: (1) better choice of the drilling sites, (2) better management
of the drillers who received guidelines regarding the depth they had to drill, (3) better borehole ins-
tallation, i.e. screen setting.

1.3.2 COST ANALYSIS

The cost analysis aims to measure the financial impact of geophysics on a drilling programme.
Table XVI shows the average costs of geophysical surveys in Siem Reap province. The calculation
includes the cost of staff (engineer, technician and labourers), logistics (vehicle purchase, running and
depreciation costs) and the geophysical equipment (purchase, maintenance and depreciation). It was

Table XVI: Cost of geophysical surveys, in Euro (€).
cps = cost per survey. dd = duration of depreciation.

Staff Geophysical equipment Vehicle Survey  Admin. Total

No cps purchase dd cps No cps number cost cost per

cost years per year (8%) survey
VES 4 105 4615 3 21 1 94 80 18 238
ERI 4 105 30 769 4 98 1 94 80 24 321
TDEM 3 74 53 846 4 151 1 83 90 25 333
MRS 3 74 92 307 4 258 1 83 90 33 448
MRS & ERI 5 136 123 076 4 413 1 100 75 52 701
MRS & TDEM 5 127 146 153 4 460 1 94 80 54 735
MRS & TDEM & ERI 7 188 176 922 4 557 2 187 80 75 1007
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Figure 5.75: Cost-effectiveness boundaries of geophysical methods.
A: use of a single method. B: joint use of methods.

done on the basis of 8 working months per year (dry period), 2 to 3 sites investigated per week, and
cost calculated on real ACF expenses in 1998. Using the same calculation method, the average cost
of a successful borehole is 2 380 €, compared with 1 260 € for an unsuccessful one.

Figure 5.75 shows the cost-effectiveness boundaries of using geophysical methods for siting
and designing boreholes (it was prepared using the formula presented earlier in Chapter 5A, Section
4.1.2). Starting from the borehole success rate without geophysics, the figure shows the minimum
success rate which needs to be reached, using geophysics, to save money. For example, for a situation
where the borehole success rate without geophysics is 40%: (1) the integrated use of MRS, TDEM
and ERI saves money when it increases the success rate to 80%; (2) the joint use of TDEM and MRS
saves money when it increases the success rate to 70%.

1.3.3 CONCLUSION: GEOPHYSICAL IMPLEMENTATION METHODOLOGY

Integrating the technical and the cost analyses, it is possible to propose a geophysical metho-
dology for borehole siting and design Siem Reap province. According to the different areas of the pro-
vince and their known borehole success rate, the following methodology could increase the borehole
success rate and save money at the programme scale.

Very difficult area: borehole success rate without geophysics less than 30%

The joint use of ERI, TDEM and MRS could reduce significantly the number of dry boreholes
and could save money if the success rate is at least doubled. An average of one site could be surveyed
per day.

First, ERI is used to choose the best site according to the vertical and lateral contrasts of resis-
tivity and thickness.

Then MRS is carried out on the potential aquifer site to estimate the borehole productivity
using Figure 5.74A. The TDEM sounding is used to accurately define the interface between the resis-
tive aquifer and the conductive clayey substratum (to give recommendations to the driller). The elec-
trical conductivity of the water can be estimated using the resistivity value of the layer identified as
the aquifer by the MRS (Figure 5.74B).

198 II. Water resources



Difficult area: borehole success rate without geophysics between 30 and 50 %

The joint use of MRS and resistivity methods (either ERI, to focus on local heterogeneity if
necessary, or TDEM, which is easier to integrate with the MRS) is recommended. This joint use of
methods could save money if the success rate is increased by at least 20 to 30%. An average of two
sites could be surveyed per day.

Common area: borehole success rate without geophysics more than 50 %

VES could be used as a standard method saving money if the success rate is improved by 10
to 20%, which seems to be realistic up to a success rate without geophysics of 60 or 70%. An average
of two sites could be investigated daily.

2 Characterisation of crystalline bedrock aquifers

Bedrock aquifers are of particular importance in tropical regions because of their wide spread
and accessibility and because there is often no readily available alternative source of water supply.
Even in humid tropical regions where surface water is readily available, water quality considerations
can favour their use. To improve the current procedures to investigate groundwater resources in crys-
talline rocks contexts, a methodological survey was conducted in Burkina Faso by ACF with the sup-
port of IRD and Iris Instruments.

2.1 Background
2.1.1 CRYSTALLINE BEDROCK AQUIFERS

Bedrock aquifers are developed within the weathered overburden and fractured bedrock of
crystalline rocks which are mainly of Precambrian age. The usual conceptual model of the bedrock
aquifer describes several zones in the lithological sequence. The alterites (regolith) consist of wea-
thered and decayed rock; their permeabilities vary in accordance with lithology but are usually low;
they play the major part of the storativity in the aquifer. The underlying weathered-fissured zone
(saprock) and the fractured bedrock present typically low storativity, but permeability commonly
increases at lower levels due to a lesser development of secondary clay minerals and a high permea-
bility of open fractures.

There are a number of important constraints to the development of bedrock aquifers. The fai-
lure rate of low-yield boreholes for rural water supply is high in the drier regions (typically in the
range of 40 to 50%), and the implementation of high-yield boreholes for urban or irrigation purposes
is always a challenge for hydrogeologists. Furthermore, the low storativity of bedrock aquifers often
leads to unsustainable yield of boreholes.

Therefore, there is an important need both to improve the current methodology for high-yield
borehole implementation and to assess more accurately the overall resources and aquifer occurrence
to assist development efficiency and sustainable long-term use of the aquifer.

2.1.2 EQUIPMENT AND METHODS

Bedrock aquifers are of significant extent in Burkina Faso (around 80% of the total country
surface area). To measure the contribution of the MRS method to characterise these aquifers, a sur-
vey was conducted from November 2002 to January 2003 in granite and associated rocks of Precam-
brian age.

MRS were carried out around recent boreholes drilled in the alterites, in the weathered-fissu-
red zone and in fractured bedrock. All of the 13 boreholes were tested with well-test pumping tests
(total pumping duration of 4 hours), and 6 of them were used to conduct aquifer tests (pumping dura-
tion of 72 hours).
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The aquifers’ local transmissivities were calculated from the recovery period of well-tests, and
the storativities were calculated from piezometer records with Theis and Jacob methods. The geome-
try of the aquifers was deducted from borehole reports and the static water level was measured while
implementing the MRS. The NumisPlus® equipment was used to set up the MRS with a square loop
of a typical 150 m side. The adapted saturation recovery method was used to measure the longitudinal
relaxation time, and the storativity and transmissivity of the aquifers were estimated from MRS as:

neMRS = 0.28 . W
SMRS = 4.3 . 1073 . (W . AZ)
Tyrs =3 - 107 . (Sys - (T1)?)

where neyrg is the specific yield of unconfined aquifer (%), Syrs is the storage coefficient of confi-
ned aquifer, Tyrg is the MRS transmissivity (m?/s), w and Az are respectively the MRS water content
(%) and saturated thickness (m), and T, * is the observed longitudinal relaxation time (ms).

2.2 Main results
2.21 RESERVOIR TYPOLOGY

Field results obtained in Burkina Faso show that the reservoir type could be estimated from
MRS data. Table 5.XVII and Figure 5.76 indicate that the average value of water content is higher
and the average value of longitudinal relaxation time shorter for water in alterite reservoirs than for
water in fissured-fractured reservoirs. It means that the storativity is higher and the transmissivity is
lower for the alterites than for the fissured-fractured zones, which is in accordance with the typical
hydrogeological conceptual model. However, the values margins are large and ambiguity still remains
when interpreting the MRS data alone.

Table 5.XVII: MRS parameter and reservoir type.

Reservoir Water content (%) T4* (ms)
Max. Average Min. Max. Average Min.
Alterites 6 3 1 600 400 180
Fissured-fractured bedrock 25 1 0.2 1500 650 350
Sanon Water content (%) T, (ms)
borehole $1 ]
024681 o && &
U | = - oo L L | 1 | |
10 — ‘
20 ©
30 f
40 [
50 ©
60 |
70 ’—
i . | Figure 5.76: MRS and reservoir units,
example of Sanon S1 borehole.
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2.2.2 RESERVOIR GEOMETRY

The depth to water-saturated layers obtained by MRS could be compared with the borehole
static water level for an unconfined aquifer (Figure 5.77). The average difference with borehole data
is +/— 12%, and +/— 17% for the depth to the unweathered bedrock (Figure 5.78). This characterisa-
tion can be used to contribute to both a better implementation of a borehole (thickest alterites reser-
voir) and an evaluation of the resource (spatial extent of reservoir).
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Figure 5.78: MRS and reservoir geometry.
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2.2.3 RESERVOIR HYDRAULIC PARAMETERS

The hydraulic properties of the aquifer were estimated after a calibration process with the
borehole pumping-test results.

The average difference with properties calculated from pumping-test data are +/— 80% for the sto-
rativity (Figure 5.79) and +/- 41% for the local transmissivity (Figure 5.80). These first results still need
to be confirmed with more data, but they are very encouraging and allowed ACF to propose using MRS
as an interpolation tool between boreholes to estimate the hydraulic characteristics of the reservoirs.
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Figure 5.80: Aquifer local transmissivity.
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Figure 5.81: Joint use of resistivity and MRS transmissivity to characterise reservoirs.

2.24 IMPROVEMENT OF THE AQUIFER CHARACTERISATION

The characterisation of an aquifer is improved if the MRS results are jointly interpreted with
electrical resistivity methods. If MRS resolution is not sufficient in depth, one-dimensional electrical
soundings are often able to measure the depth of the substratum. In heterogeneous contexts, ERI can
highlight the structures of the aquifers.

With the available data, the type of reservoir is well estimated when it is jointly characterised
with its electrical resistivity and its MRS transmissivity (Figure 5.81).

2.2.5 MAIN LIMITING FACTORS

The main limiting factors of MRS in such geological contexts are (1) the time required for data
collection, which ranges from 6 to 20 hours due to the low signal-to-noise ratio, (2) the one-dimen-
sional measurement, which does not allow description of the reservoir structure over a scale corres-
ponding to the loop size, and (3) the loss of resolution with depth, which does not allow measurement
of small signals coming from deep productive fractures (Figure 5.82).

This suppression effect particularly affects the fractures deeper than half of the Tx/Rx side
length, with low weathered development. Figure 5.82 shows an example where the fractures identi-
fied from an electrical borehole log below 40 m deep are not measured by the MRS carried out with
a 75 m side loop (square shape).

2.3 Conclusion

The main conclusions of the comparison between the MRS results and the borehole data are:
— the geometry of the weathered part of the aquifer is well described by MRS;

— storativity and transmissivity can be reasonably estimated from MRS data after calibration
with borehole pumping-test results;
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Figure 5.82: Suppression, example of Kombissiri borehole #203.

— the main limitations of MRS are the one-dimensional approximation in highly heterogeneous
contexts and the loss of resolution when looking for deep narrow fractures;

— MRS is a useful tool to characterise aquifers in a crystalline context. Its use within a hydro-
geological process is a promising support for hydrogeologists for both borehole implementa-
tion and estimation of water reserves (see Chapter 5A).

3 Localisation of saturated karst aquifers

The exploitation and management of a karstic aquifer is often a challenge to hydrogeologists.
Whatever the stage is when karstified, the heterogeneous structure of karstic systems leads to a com-
plex hydrodynamic behaviour, and this groundwater resource is difficult both to explore for borehole
implementation and to protect from pollution. Therefore, specific surveys need to be done to develop
and protect these resources for the benefit of everyone. With this in mind, a methodological project
was set up between ACF, IRD, the Bureau de Recherche Géologique et Miniére (BRGM) and the Uni-
versity of Montpellier to evaluate the impact of geophysics on karstic-aquifer investigation.

3.1 Background

3.1.1 PHYSICAL ENVIRONMENT

The Lamalou site is located on the Hortus karstic area, 40 km north of the French city of Mont-
pellier. This limestone plateau covers an area of about 50 km?2, and its elevation ranges from 195 to 512 m
above sea level. It mainly features limestone outcrops, and soil only exists in rock fissures. It is covered
with Mediterranean shrubby vegetation. There is no regular surface-water running on the plateau.
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Figure 5.83: The known conduit system of Lamalou karst, and location of geophysical surveys.
A: map. B: cross-section along the conduit.

The Hortus area consists of Upper Valanginian limestone, 80 to 110 m thick, which lies on
Upper Berriassien to Lower Valanginian marl. The main recharge area of the Hortus plateau
discharges at the Lamalou spring.

The main aquifer is the Upper Valanginian limestone. Its upper part (several metres thick) is
highly fissured and weathered: this is the epikarst, which can be saturated in places (see Chapter 3).
Under the epikarst, an infiltration zone about 20 m thick drains the water through micro-fissures and
joints down to the saturated karst. The porosity of the limestone is very low (1.8%) and the ground-
water mainly flows through fissures, fractures and karst conduits. Part of the main conduit was explo-
red and mapped by speleologists (Figure 5.83).

3.1.2 SURVEY OBJECTIVE AND METHODOLOGY

A methodological test was conducted, jointly using MRS and ERI. The main objective was to
check how MRS and ERI could help the hydrogeologist to look for groundwater in karst. The speci-
fic objectives were to check if MRS could measure and differentiate between the water in the epikarst
and the water in the saturated karst, and ERI sensitivity to karstic caves.

Eight MRS and two ERI were carried out on a known system where the depth and the geo-
metry of the main conduit and a cave are mapped (Figure 5.83). Two boreholes were used to measure
the static water level and the lithology was known through the drilling logs.

The common hydrogeological parameters, such as permeability or porosity, that are defined
for porous media are not usable for karstic systems, which are highly heterogeneous. However, a
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qualitative approach could be used to identify the karstic structures because all karstic zones have
their own particular geophysical response: the MRS water content and relaxation time are higher for
conduits and caves containing water (secondary porosity) than for compact rocks (primary porosity),
and the electrical resistivity of empty caves should be infinite compared to the high resitivity of car-
bonate rocks or to the medium resistivity of saturated structures.

Thus, two MRS estimators k, (permeability estimator) and T, (transmissivity estimator) that
are normalised MRS permeability and transmissivity could be used to differentiate water in saturated
dissolution features (i.e. conduits and caves) from unsaturated and epikarstic zones (Figure 5.84) :

2
kx(2) = w,(2)T|,2(z)
W(D)T,2)
[w@m, ez
Tx=—2
[w@m@a

where x and r are two of N MRS soundings (1,..., X,..., I,..., N). The reference r is selected as {ky,.«(z)
<1} or {T <1} for all soundings (x = 1,..., N).

The capability of MRS to detect water according to depth and volume of saturated zone was
investigated using T;> 400 ms as the indicator of dissolution features. Model results show that water
in saturated dissolution features can be easily identified at shallow depths (Figure 5.85). For deeper
investigation, a larger volume of water is necessary: 100 m3 of water is detectable at 5 m deep, whe-
reas at 15m, at least 250 m3 is required for MRS detection.

sounding sounding

) ] Karst zone Water content | Relaxation time |
| profiling 0 1 K (schematic) w T;
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Figure 5.84: MRS estimators as tools to detect saturated karst structures.
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3.2 Field example
3.2.1 MRS SATURATED KARST LOCALISATION

The NumisPlus® equipment developed by IRIS Instruments and BRGM, and the inversion
software ‘Samovar’ were used. An eight-shape loop was used to improve the signal-to-noise ratio, lea-
ding the estimation of the investigated volume to be a parallel pipe of 120 x 50 x 50 m. A clear limi-
tation of using MRS, which is a one-dimensional sounding method, to investigate a two-or three-
dimensional target, is that it averages the information over the antenna size. To obtain
two-dimensional pictures, triangulations with linear interpolation of MRS data were prepared (Figure
5.86).

Karst mapping

The map was drawn using a T-estimator calculated with the MRS Lama7 as reference (Figure
5.86A). It clearly shows a high-transmissivity channel which fits well with the known karstic conduit.
The contribution of the different MRS to the map, i.e. their ability to measure groundwater, is linked
to the location of the Tx-Rx loop. If the loop surface-area covers enough groundwater, the magnetic-
resonance signal can be measured (Lama7, 8, 10), but if the loop only partly covers groundwater, the
signal can be too low to be measured (Lama5 and 6).

Karst pseudo section

The water content ranges between 0 and 1.7% (Figure 5.86B). The maximum is reached
around the known conduit and represents a thickness of about 1.5 m of water filling the width of the
conduit. A second domain extends a few metres below the ground surface for a maximum water
content of 0.6% reached around the Lamal2 MRS. It could represent the well-known perched satu-
rated area in the epikarst.

The relaxation time section (Figure 5.86B) indicates relaxation times longer than 400 ms for
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Figure 5.86: MRS Karst localisation.
A: conduit mapping using T-estimator. B: cross-section using k-estimator.

the known conduit area, and shorter than 400 ms for the epikarst and the limestone.
3.2.2 ERI KARST STRUCTURE ESTIMATION

Two ERIs were carried out with the Syscal® R2 system from IRIS instruments with 64 elec-
trodes and an inter-electrode spacing of 4 m. The data was interpreted with RES2DINV software.

Figure 5.87 presents the inversion of the Wenner imageries. Two resistive anomalies of 20 000 Q.m
located at between 10 and 30 m depth fit quite well with the known cave and with the tilt angle of
limestone layers measured both on the outcrops and in the cave itself. However, forward modelling
was conducted, which showed that the cave itself could not be identified by ERI. What could be iden-
tified was the fracture that stretched from the top of the cave to the surface, and which created an iden-
tifiable resistivity anomaly.

3.3 Conclusion

MRS is a useful tool which could have a place in the hydrogeologist’s toolbox for karst appli-
cations because it can estimate the spatial variations of permeability and transmissivity which under-
line karstic structures bearing water (such as epikarst, conduits and caves). However, the groundwa-
ter quantity has to be enough to send out a signal which can be measured. For practical purposes, the
hydrogeologist can use Figure 5.85 to estimate if the geological target can be detected with MRS, i.e.
if the groundwater quantity and depth lead to a measurable signal.

One should also keep in mind that the geometry of the three-dimensional structures can only
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Figure 5.87: ERI interpretation.
A: Wenner array. B: dipole-dipole (Wenner beta).

be approximated with one-dimensional soundings.

For low magnetic signals, i.e. small amounts of water, or water at great depths, the measure-
ment duration of a MRS can reach up to 20 hours (several hundreds of stacks): in a karstic environ-
ment, an average of one sounding per day should be planned.

In such a highly resistive context, ERI can measure the signal induced directly by the geolo-
gical structures down to about 10 m (with the array used). Deeper dissolution structures such as a cave
or conduit can be localised if they are associated with shallower anomalies such as fractures.

At the Lamalou site the ground surface is basically limestone. Therefore, to set up the elec-
trodes properly, it was necessary to drill holes into the rocks and fill them with a clayey mixture to
secure a proper contact. This was time-consuming, and an average of only one image could be com-
pleted per day.
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When a borehole or a well has been completed, it is essential to verify that its capacity meets the
water needs of the population. When a well or borehole is to be exploited, there are recurrent questions
as to how much water can be pumped, at what intervals, with what type of pump, and at what depth.
A well-conducted pumping test generally provides the answers to these questions.

Also, observation of the effects of pumping is one of the best investigative methods in hydro-
geology. Pumping tests enable better knowledge of the aquifer and better targeting of activities.

There are two types of test aiming to fulfil different objectives:

— The aquifer test (also known as the constant-discharge test) estimates the hydraulic parame-
ters of the aquifer. The information obtained is usually the transmissivity of the aquifer (subsequently
used to calculate the hydraulic conductivity), the storativity (the storage coefficient if the aquifer is
confined, or the specific yield if it is unconfined), the radius of influence of pumping, and the boun-
dary conditions.

This test requires pumping at a constant rate and monitoring of the water level in an observa-
tion well over several days. It is therefore difficult and relatively expensive to implement. In the
context of humanitarian programmes, it is justified on boreholes intended for high flow-rates, or in
investigations to determine the hydrodynamics of a zone.

— The well test (also known as step test or step-drawdown test) evaluates the characteristics of
the well and its immediate environment. Unlike the aquifer test, it is not designed to produce reliable
information concerning the aquifer, even though it is possible to estimate the transmissivity of the
immediate surroundings of the catchment. This test determines the critical flow rate of the well, as
well as the various head-losses and drawdowns as functions of pumping rates and times. Finally, it is
designed to estimate the well efficiency, to set an exploitation pumping rate and to specify the depth
of installation of the pump.
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This type of test is especially useful in determining whether the well meets users’ needs. It also
helps to specify limits of exploitation of the well and to obtain data relevant to the consideration of
possible rehabilitation, or of new extraction methods (for example, replacement of a handpump by an
electric submersible pump).

Whatever the pumping test, the main field data recorded are the pumping rate, the water level
and the time (or duration). These data need to be verified before interpretation. Interpretation consists
of comparing the field record with theoretical well-flow equations.

1 Aquifer test

The aquifer test is used to determine the aquifer hydraulic characteristics and, in some ins-
tances, boundary conditions :

— transmissivity;

— storativity, that is specific yield for an unconfined aquifer, storage coefficient for a confined

aquifer or specific drainage for a confined aquifer that is desaturated by water abstraction;

— boundary conditions such as recharging or barrier boundaries;

— heterogeneity and anisotropy of reservoirs.

An aquifer test involves pumping from a well at a constant discharge rate and measuring the
drawdown in the pumping well and in piezometers (observation wells) at known distances from the
well. The interpretation of these field measurements involves entering the observed data into an
appropriate well-flow equation to calculate the hydraulic characteristics of the aquifer.

There is a wide range of methods and equations that could be used according to the aquifer
type, boundary conditions and test procedure. The appropriate method can be selected with the sup-
port of diagnostic graphs.

1.1 Diagnostic graphs

Theoretical models used to interpret field data take into account the type of aquifer, the well
conditions and the boundary conditions. These parameters affect the drawdown behaviour of the sys-
tem in their own individual ways, so that to identify an aquifer system, one must compare its draw-
down behaviour with that of various models. The model that compares best with the data should be
selected to calculate the hydraulic characteristics of the aquifer.

System identification includes the construction of diagnostic log-log and semi-log plots, while
interpretation of the data includes construction of specialised semi-log plots. The diagnostic graphs
represent drawdowns against time (or against distance); they help to identify the flow regime and their
shape leads to selection of the appropriate model of interpretation.

It is therefore recommended that diagnostic graphs are drawn before selecting an interpreta-
tion method.

1.1.1 AQUIFER CATEGORIES

For pumping-test analysis, the aquifer can be classified as follows: unconsolidated or fractu-
red; and confined, unconfined or leaky. Figure 6.1 shows diagnostics graphs of the main unconsoli-
dated categories of aquifer.

Graph 6.1A represents an unconsolidated, confined, homogeneous and isotropic aquifer. This
represents the ideal curve that is the reference used to understand others. From a semi-log plot, one
can see that the time/drawdown relationship becomes linear. This linearity is used to calculate hydrau-
lic characteristics accurately (see Jacob’s method).

Graph 6.1B shows diagnostic graphs obtained in an unconfined, homogenous and isotropic
aquifer. Initially, typically for the first few minutes of pumping, the curve is the same as that for a
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Figure 6.1: Theoretical diagnostic graphs of aquifer type showing drawdown (s) against time (t).
The dashed curves are those of the ‘ideal confined aquifer’ as represented on graph A (Kruseman
& de Ridder, 2000).

confined aquifer because the release of water is dominated by the storage coefficient. The flat seg-
ment midway along the curve corresponds to the delayed yield-effect characteristic of an unconfined
aquifer: this reflects the recharge from overlying horizons by a specific-yield effect that takes more
time than the storage coefficient to release water. Finally, the curve follows a similar path to graph
6.1A as the flow is again mainly horizontal.

This drawdown development is also one of a double-porosity system. Initially, the flow comes
mainly from storage into fractures until the storage in the matrix starts to feed the fractures.

Graph 6.1C shows a leaky aquifer. After the initial stage, which is similar to that in a confined aqui-
fer, more and more water is produced by the aquitard, and this reduces the development of drawdown.

1.1.2 BOUNDARY CONDITIONS

When field data curves deviate from those of theoretical aquifer types, the deviation is usually
due to specific boundary conditions (Figure 6.2).

Graph 6.2A shows the effect of a partially penetrating well. In this case, the condition of hori-
zontal flow in the vicinity of the well does not apply, and vertical flow induces extra head-losses.

The well-capacity effect measured at a piezometer (observation well) is shown in graph 6.2B.
This corresponds to the difference between the drawdown due to pumping in an ideal well of negli-
gible diameter, and drawdown in a real well containing a non-negligible volume of water. At the
beginning of pumping, the capacity effect is induced by the delay in demand on the aquifer, because
it is water stored within the well that is extracted first. The capacity effect therefore results in a delay
of drawdown at the beginning of pumping if the water level is measured in a piezometer (observation
well). On the other hand, the capacity effect can be seen as an exaggeration of the drawdown at the
beginning of pumping if the water level is measured directly in the pumping well. Its duration depends
on the dimensions of the well and the transmissivity of the aquifer (see Section 3).

When the cone of depression reaches a hydraulic boundary, the field curve deviates from the
theoretical one according to the type of boundary. For a recharge boundary, such as a river for
example, the drawdown will stabilise (graph 6.2C); for an impermeable boundary, such as a dike, the
slope of the drawdown on the semi-log plot will double (graph 6.2D).
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Figure 6.2: Theoretical diagnostic graphs of boundary conditions showing drawdown (s) against time (t).
The dashed curve are those of the ‘ideal confined aquifer’ of Figure 6.1A (Kruseman & de Ridder, 2000).

Heterogeneity and anisotropy of aquifers have effects on drawdown development as the cone
of depression reaches zones of different hydraulic characteristics. The effects can be in both direc-
tions: either drawdown slows down if the newly reached hydraulic properties are higher, or it speeds
up if the hydraulic properties are lower.

1.1.3 DATA VALIDATION

Before interpreting the field data, it should be examined to see if measurements have been
affected by external changes other than the test pumping, or if some are obviously wrong.
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The observation of the diagnostic graphs s=f(t) together with the plot Q=f(t) is the best way to
verify data. The most likely external effects are barometric changes, tidal effects, pumping from other
wells and short-term rainfall recharge. These affect the water level and invalidate simple analysis.
External effects should be avoided, or if this is impossible (i.e. tides) the measured water levels should
be corrected.

1.2 Choice of model

The appropriate interpretation method is selected according to the type of system and the
boundary conditions previously known, or shown by the diagnostic plots (Table 6.I).

It is often helpful to test different methods on the same data set to get a feel of the context. For
this purpose, the use of software such as AquiferTest Pro is interesting because it is time-saving
(http:\www.flowpath.com). This commercial software is recommended by ACF because it is easy to
use and offers several interpretation methods including forward modelling for both well tests and
aquifer tests. It allows for the testing of different interpretation solutions with the same data set, and
beside the common automatic fitting, the user can always take back the control of the interpretation.

However, manual interpretation by drawing specialised curves and using adapted nomograms
is always an efficient and easy process.

Table 6.I: Some of the main methods used for non consolidated aquifer test interpretation.

Flow Type of aquifer Boundary conditions Main methods
Steady -state Confined — Thiem
Unsteady-state Confined — Theis
Jacob
Partially-penetrating well Hantush modification of Theis method
Large-diameter well Papadopulos
Unconfined — Neuman
Jacob with some restrictions
Partially-penetrating well Neuman
Large-diameter well Boulton-Strelsova
Leaky — Walton
Hantush
Recovery Confined — Theis recovery
Unconfined — Theis recovery
Leaky — Theis recovery

The methods are described in the main references cited in this chapter, and their detailed expla-
nation is beyond the scope of this book. The only methods which are presented here are the ‘Jacob’
and ‘Theis recovery’ methods because they can be used in several contexts with some precautions.

1.3 Jacob’s method

This method of pumping-test interpretation is frequently used because it is simple to handle: it
does not need specific type curves, and the only specific graphs needed for interpretation are semi-log
graphs which will already have been drawn for diagnostics. However, the following conditions under-
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lying the method need to apply to obtain realistic interpretation results:
— The method can be used rigorously only if the aquifer is confined. If it is unconfined, Jacob’s
method can still be used:
¢ if the maximum drawdown is negligible compared to the thickness of saturated layers;
¢ if the measured drawdowns are corrected with the appropriate formula s, ='s — (s%/2 . D)
where s, is the corrected drawdown, s is the measured drawdown and D is the original satu-
rated thickness (Kruseman & de Ridder, 2000).
— The aquifer is homogeneous, isotropic, of the same thickness throughout the area affected by
pumping and of infinite area extent. These ideal conditions are rarely fulfilled in the field, but
the diagnostic graphs can show if this assumption is reasonably met.
— The piezometric surface before pumping is almost horizontal.
— The release of water by the porous environment is instantaneous.
— The well is perfect, in that it penetrates the entire thickness of the aquifer, and its radius is
small enough not to be affected by the well-capacity effect. The diagnostic graphs can show if
this assumption is reasonably met.
— The pumped flow rate is constant.
— The flow state is unsteady.
— The pumping time is sufficiently long. This condition always needs to be checked (see
following section).
These conditions are rarely all fulfilled on site. It is therefore wise to be careful in the appli-
cation of this method, and to use common sense in the interpretation of diagnostic graphs.

1.3.1 THE LOGARITHMIC APPROXIMATION

Under transient flow conditions (when flow is variable over time and drawdown is not stabili-
sed), drawdown at any point in the aquifer is given by the so called unsteady-state or Theis’s equation:

S = —Q . W()
4-n-T

whereu=12-S/4 T -t, W(u) is a known and tabulated function (table, nomogram), s is drawdown
measured in a piezometer at a distance r from the pumping well (m), Q is pumped flow rate (m3/h),
T is transmissivity (m?/h), t is pumping time (h), S is the storage coefficient, and r is the distance of
a given point from the axis of the pumped well (m).

When t is sufficiently large, a logarithmic approximation known as Jacob’s approximation can
be applied to the Theis equation such that:

S

0.183 - Q 225-T-t
= “log

r2-S

Jacob’s approximation is taken to be satisfactory at 5% from the moment when t> 10 -12-S /4 - T. This
condition is easy to verify in the context of an aquifer-test. With a well-test, the storage coefficient is
not known and Jacob’s approximation can reasonably be considered to be fulfilled when the time/draw-
down relationship on the semi-log diagnostic graph becomes linear. Note that the invalidation of Jacob’s
approximation due to too short a pumping time should not be confused with the well-capacity effect.

1.3.2 ESTIMATION OF THE HYDRAULIC PARAMETERS

According to Jacob’s logarithmic approximation, if Q, T and S are constant with reference to
the initial assumptions, the plot of drawdown versus the logarithm of time forms a straight line (as

216 II. Water resources



Tirme [rmin] Tima [min]

i 162 2324 46 1648 1 10 T 1600 @ 304
] 1 + 203
-
Mﬁﬁm—; Of o oo o iy i
="t
18 .-1).’,&!{_\.-.u|-_=\ Mi ] L - :
- ; = i
= 32 = i :
g 3 € 3288 % i Jacob's validity area
=1 1 H
2 . i R —
g 48] L S SEes Jaoe = E ++ :
=1 i S 4ss4 *y i
2 A i
E - + E
g R R N TS *q Fhy :
- [ pumping wel 6512 oy
o W""\N
]

Figure 6.3: Aquifer-test interpretation using Jacob’s method.

soon as the duration condition is fulfilled). The slope of this line is:

0.183 - Q
- T
183
oo I83°Q
C

If this line is extended until it intercepts the time axis where s=0, we obtain a value of t called t,. Sub-
stituting this value into Jacob’s logarithmic approximation gives:

0.183 - Q 225-T -t
= “log
r2-S
225-T -t .
2-S -
225-T -t
_—r2

Figure 6.3 illustrates the used of Jacob’s method on a borehole drilled in a weathered granitic forma-
tion. Well 203 is the pumping well and well 204 is the observation well situated at a distance of 84 m.
The test was conducted with a constant discharge of 6 m3/h. The slope C of the Jacob’s straight line
is calculated from the observation-well data: when plotted on the same graph as the pumping-well
data, it confirms the similar development of both drawdowns. Using the graphical value of C and t,,
the calculated hydraulic characteristics of the aquifer are T=5.8 10~* m?/s and S=1.6 10-4.

The calculation of Jacob’s method validity gives t > 10 -2 - S /4 -t — t > 1.3 hours, that
confirms the validity of the interpretation that considers the data point after 80 minutes.

1.3.3 SUPERPOSITION PRINCIPLE

Assuming pumping at flow rate Q for a period t, followed by a pause of duration t’, the super-
position of flow principle is such that after pumping stops it is as if pumping were to be continued at
flow rate Q which would lower the level such that:

0.183 - Q 225-T-t
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s = “lo
T g( 2-S

But at the same time, the well is recharged at flow rate Q which would raise the levels so that:

0.183 - Q ( 225 Tt
s’ = -lo

r2-S

Table 6.I1: Drawdown equations.

Step Flow Duration Equation for theoretical drawdown at end of step
Pumping 1 +Qq t4 sy = [(0.183Q4)/T] log [(2.25Tt4)/(r2S)]
Recovery 1 -Q 'y s’y = [(0.183Q4)/T] log [(2.25Tt;)/(r2S)] — [(0.183Q4)/T] log [(2.25Tt'1)/(r2S)]
5‘1 = [(018301)/T] log (t1/t,1)
Pumping 2 +Q, to s, = [(0.183Q4)/T] log (t4/t'1) + [(0.183Qy)/T] log [(2.25Tt,)/(r2S)]
Recovery 2 -Q, ts §'2 = [(0.183Q4)/T] log (t4/t'1) + [(0.183Q,)/T] log (tx/t'5)
j=1
Pumping i +Q t S = E [(0.183Qy)/T] log (t/t;) + [(0.183Q;)/T] log [(2.25Tt)/(r2s)]

j=-1

For pumping in steps of n flow rates, results represented in Table 6.1l are obtained, where t; is the elap-
sed time since the beginning of pumping Q;, and t’ the elapsed time after pumping Q; is stopped. It is
assumed that the head losses are negligible.

1.4 Theis’s recovery method

The transmissivity of the aquifer can be calculated by interpreting the curve of recovery after
pumping has ceased. It provides an important check of the transmissivity calculation with Jacob’s
method, and allows estimation of transmissivity when no observation wells or piezometers are avai-
lable. Indeed, with well tests the accuracy of transmissivity estimation while pumping (Jacob’s
method) is not as good because of the variations in flow rate and because of quadratic head losses in
the pumping well (see well test information in Section 2).

The analysis of a recovery test is based on the superposition principle: after the pump has been
switched off, the well continues to be pumped at the same discharge rate while an imaginary recharge
equal to the discharge is injected into the well. Discharge and recharge cancel each other.

The conditions underlying the method are the same as that for Jacob’s method. According to
Jacob’s approximation and superposition principle, the equation for residual drawdown after pumping

stops is written:
0.183 - Q; ;
=——~ -log|—

where s, is the residual drawdown (m), Q; the flow rate at the last pumping i (m3/h), T the transmis-
sivity (m%/h), t; the elapsed time from the beginning of pumping i (h), and t’; the elapsed time from
the end of pumping i (h).

The experimental pairs (s..t/t"), plotted on semi-logarithmic paper, are aligned when the Jacob
regime is reached. The slope of the fitted straight line is C =0.183 - Q / T.

Figure 6.4 illustrates the Theis recovery procedure. The transmissivity obtained is 3.9 10~ m?2/s
for the observation well (204) and 4.2 104 m?2/s for the pumping well (203). These values are close to

218 II. Water resources



tit'
10 1 [I.'IU 1000 4 203

DM ; ;’ o 204
T] I i R T % sas e
! ' ® 2o0ob o o

18324----- e e g s

— + :
E :
@ : : +
i< 1 R, USROS -SRI .
; : T
; : t o+
36641 - e e
458

Figure 6.4: Aquifer-test interpretation using Theis’s recovery method.

the one obtained with the Jacob method (5.8 10-#m?/s), and the interpreted transmissivity of the aqui-
fer chosen is the average i.e. 4.6 104 m?/s.

2 Well test

The well test is used to determine the conditions of well exploitation:

— operating yield and pumping schedule;

— installation depth of the pump;

— depth of well-borehole connection when a combined well is planned (see Chapter 8B).

Two well-test methods are frequently used. They are based on the same principle: pumping at
different flow rates (known as pumping steps) is carried out, and the effect on water level (known as
drawdown) is observed.

In the case of pumping in non-connected flow-rate steps, after every pumping step there is an
observation time for the rise in water level (known as recovery). This recovery time is at least equal
to that of the pumping-step time. It takes an average of 14 hours of field measurements to carry out a
test, and the interpretation of field records is easier and more thorough that of the other method.

For pumping in connected flow-rate steps, no recovery time is allowed. This method is quic-
ker than the non-connected method (an average of 6 hours of field measurements), but for accuracy
it requires correction of measured drawdowns after the first step. Its interpretation is therefore a bit
more difficult and sometimes less thorough.

2.1 Non-connected steps

2.1.1 STANDARD METHOD

A minimum of three successive pumping periods of 2 hours each are carried out at increasing
flow rates. Each pumping period is separated by a pause at least as long, in order to allow the initial
water level in the well to be approximately recovered (Figure 6.5).

The test includes the following phases:
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Figure 6.5: Well test with non-connected steps.

0 Rest phase No work should take place for a period of at least 24 h, so that
the level of the water measured before the first pumping step
is actually the static level.

1 Pumping step No 1 Flow rate Q, of the first step is near to the future operational
flow rate. In the case of manual pumping, the flow rate is:
0.7 m3/h <Q; < 1.0 m3/h
Pumping time is 2 h
Drawdown s, is the drawdown measured at the end of pumping
Recovery No 1 The observation time for water-level recovery after pumping is 2 h

2 Pumping step No 2 Flow rate Q, = (Q; + Q3)/2
Pumping time is 2 h
s, is the drawdown measured at the end of pumping (2 h)
Recovery No 2 The observation time for water-level recovery after pumping is 2 h

3 Pumping step No 3 Q3 = Quax ~ Quax 18 the previously-determined maximum flow rate
which should not induce the dewatering of the well.
In practice Q,,,, can prove to be difficult to evaluate: an arbitrary
value of Q5 is therefore taken as equal to 70% of the value of
the maximum flow rate at the time of well development
Pumping time is 2 h
s3 is the drawdown measured for a pumping time of 2 h

4 Recovery No 3 The observation time for water-level recovery after pumping is
at least 2 h, but should last until the water level approaches
the initial static water level
The difference between the initial water level and that measured
after the observation of recovery is called residual drawdown (sr)

The drawdowns and pumping rates as functions of time are recorded during the whole process. The inter-
related flow rate/maximum drawdown pairs (Q;,8;) (Q,,5,) (Q3,83) are recorded at the end of each step.
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Figure 6.6: Various head-losses in a pumped well.

2.1.2 DATA VALIDATION AND INTERPRETATION

Before interpreting the field data, the records should be verified as presented in Section 1: any
external changes, other than the test pumping, should be identified and any obviously wrong records
should be removed or corrected.

There are several methods for analysing the data that may be found in the cited references.
Two simple and easy-to-use methods are presented in this chapter: the Jacob’s drawdown method is
used to calculate the head-losses, and the Theis’s recovery method is used to estimate the local trans-
missivity of the aquifer.

The Jacob’s drawdown equation
For the drawdown in a pumped well, the Jacob’s equation is (Kruseman & de Ridder, 2000):

s=(B,+B,) " Q+C, Qr

where s in the measured drawdown, Q is the pumping yield, B, is the linear aquifer head-loss coeffi-
cient, B,, is the linear well head-loss coefficient, C,, is the non-linear well head-loss coefficient and p
can vary between value of 1.5 to 3.5.

Jacob’s equation tells us that drawdown measured in a pumped well consists of two compo-
nents (Figure 6.6): the aquifer head-losses and the well head-losses. Aquifer head-losses occur in an
aquifer when the flow is laminar. They are time-dependent and they vary linearly with the pumping
rate. They are quantified with B, coefficient. Well losses are divided into linear and non-linear head-
losses. The linear head-losses are caused by damage to the aquifer during drilling and completion of
the well (B,, coefficient); the non-linear head-losses occur mainly in the gravel pack and the screen
where the flow is turbulent (C,, coefficient).

In practice, it is not possible to differentiate B, and B, coefficients and Jacob’s equation is sim-
plified as s = B - Q + C - Q2. The interpretation method makes possible to evaluate the linear head-
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losses coefficient B and the quadratic head-losses coefficient C. Knowing B and C, it is possible to
predict the drawdown for any discharge Q at a certain time t (B is time dependant). From the rela-
tionship between s and Q, it is also possible to determine an optimum operating yield for the well.
Finally, the relative value of C is used to evaluate the well efficiency.

This method is only theoretically valid when the following conditions apply:

— the aquifer is confined, unconfined or leakys;

— the aquifer has an infinite area extent;

— the aquifer is homogeneous, isotropic and of uniform thickness over the area influenced by the test;

— the piezometric surface is horizontal over the area influenced by the test, before the begin-

ning of the test;

— the well penetrates the entire thickness of the aquifer so that the flow is horizontal in the aquifer;

— the non-linear head-losses vary according to C - Q2 (p=2).

These ideal conditions are not always encountered in reality: it is thus essential to be vigilant
concerning the interpretation of results, and to use common sense and accuracy in taking measure-
ments, in order to remain within an acceptable range of approximation.

The interpretation can be carried out manually (using graph paper), with support software such
as Excel (prepared worksheets with formulas), or using specific interpretation software such as WHI
AquiferTest Pro (http:\www.flowpath.com).

Well-efficiency estimation: head-loss calculation
According to Jacob’s equation, a plot s;/Q; = f(Qi) will yield a straight line of slope C and ordi-

specific drawdown (m/(mh))

1.2
s/Q=0.079Q+0.7

0.6

0 1 2 3 4 5 6
flow (rifh)

Figure 6.7: Calculation of head losses.
Well test: borehole F1 — Estimation of head-losses using Jacob’s method. Linear head-losses:
B = 0.7 m/(m3/h). Quadratic head-losses: C = 7.9 10-2 m/(m3/h)2.

nate at the origin B (s = B-Q + C'Q? <> s/Q = B + C-Q, Figure 6.7). Values of B and C provide the
equation of the borehole for all flow rates for which the pumping time is that of the test. Note that this
procedure is completely valid when the steady state is reached at the end of each step. In practice, it is
important to maintain pumping until the drawndowns vary little with time (quasi-steady state).

Another parameter, called J, is used to estimate the borehole quality (Forkasiewicz 1972). J is
a coefficient that represents the ratio between linear and quadratic head-losses as J = AQ/s / Q/s.

B, C, and J cannot be interpreted on their own, but they can be compared between several
actual wells. It is useful to estimate the quality of a well in a rehabilitation programme or when plan-
ning the installation of a submersible pump. According to De Marsily (1986) and Forkasiewicz (1972)
a first approximation of well efficiency can be made from the values in Table 6.111.
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Table 6.III: Order of magnitude of head-losses.
C is expressed in m/(m3/h)2.

C C<19-102 Good well, highly developed
1.9:-102<C<37-102 Significant head-losses
37-102<C<15 Clogged or deteriorated well
C>15 Well that cannot be rehabilitated
J J <10% Quadratic head-losses negligible compared to linear head-losses
J>10% Quadratic head-losses significant compared to linear head-losses

Evaluation of maximum pumping rate: the well curve

At the end of every step, the pairs (5,,Q;) (5,,Q,) and (s;3,Q3) are recorded. By plotting these
values in an linear diagram, with s as ordinate and Q as abscissa, the link between the pumped flow
rates and the drawdown created is illustrated (Figure 6.8). From the head-loss equation, s = BQ + CQ?2,
it is possible to plot on the same graph the straight line s = BQ, in order to visualise the linear and
quadratic head-losses of the drawdown.

A significant increase in quadratic head-losses creates a point of inflection on the curve, which
allows the critical flow rate to be determined. Such a point of inflection is due to an over-pumping
that creates important turbulent flow and heavy non-linear head-losses, but it can also be caused by

VB +4:'C's-B

2:'C

Q:

the dewatering of a particularly productive horizon. The maximum flow rate is set slightly lower than
the critical flow rate. If there is no clear break in the slope of the well curve, the maximum flow rate
is set according to the possible maximum drawdown, that is generally 1 m above the pump screens.
Jacob’s equation s = B - Q + C - Q2 has a positive real solution
By inserting the maximum permissible drawdown in place of s, the maximum flow rate is obtained.
Note that if values (s;, Q,) are aligned in a slightly concave curve, it may be that the measure-
ments had not been taken properly, or that well development occurred during pumping (gravel-pack
clearing, improvement of water circulation in the immediate neighbourhood of the well). In this case,
the test must be repeated.
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Figure 6.8: Well curve s = f(Q) of borehole F1.
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Figure 6.9: Extrapolation of drawdown as a function of time.

Evaluation of possible future drawdown: link between drawdown, yield and time

To estimate drawdown induced by pumped flow-rates differing from those of the tests, it is
possible to use the head-loss equation s = B - Q + C - Q2. Drawdowns estimated in this way are only
valid for pumping times equivalent to the durations of the test steps.

In a well test, it is not possible to make a reliable estimate of drawdown induced by pumping
times longer than those of the tests. Indeed, the effects of several hours’ pumping are only appreciable
in a restricted part of the aquifer surrounding the pumping well (see Section 3). Nevertheless, various
solutions have been proposed and have been used on a large scale in Africa, to optimise information
from well tests. Some of these results are presented here because they seem to have been consistent
in the field. However, they must be used while being aware of their limitations: the extrapolation of
data to predict operations over 6 months from a well test of some hours is not really reliable.

Drawdowns measured during the test (ordinate, linear) are plotted against pumping time (abs-
cissa, logarithmic) on a semi-logarithmic graph. The curve s = f(t) must be a straight line after some
time (see the section on Jacob’s method). It is possible to extend this straight line to estimate the draw-
down induced by the same flow rate but for a longer pumping time (Figure 6.9).

If the pumping period is n hours per day, the drawdown after 6 months can be estimated as follows:

— from test data, extrapolate drawdown induced by n hours of pumping by extending the

straight line s = f(t) to n hours;

— extend this straight line beyond n hours (up to 6 months for example) by correcting its slope

by the ratio n/24.

The first straight line of Figure 6.4 is an extrapolation of drawdown for a pumping time of
6 months, 24 h per day. The second one is an example of drawdown extrapolation for pumping 12 h
per day for 6 months.

Proceeding in this way for the various steps, new pairs (s; extrapolated, Q;) are obtained,
enabling a new well curve of Sqyupolaea = f(Q) to be constructed. A theoretical operational flow rate
can then be set on the basis of permissible maximum drawdown.

Depth of installation of the pump: prediction of dynamic level

The depth of installation of the pump inlet screen is a function of the predicted dynamic level.
This level is given by the drawdown induced by the rate of abstraction, increased by annual piezo-
metric variations. For accuracy, a correction taking into account year-to-year variations of static level
should also be applied.
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Table 6.IV: Fluctuations (m) in static water level, raised in formations of weathered bedrock in various
countries of the Sudan-Sahel zone.

Static level Foreseeable static level fluctuations
Sept Oct Nov Dec Jan Feb Mar Apr May Jun
5m 6 5.40 4.80 4.20 3.60 3 2.40 1.80 1.20 0.60
10m 4 3.60 3.20 2.80 2.40 2 1.60 1.20 0.80 0.40
15 m 2.50 2.25 2 1.75 1.50 1.25 1 0.75 0.50 0.26
20m 1.50 1.35 1.20 1.05 0.90 0.75 0.60 0.45 0.30 0.15
25m 1 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20 0.10
time (1)
1 10 100 1 000
o]
Iy
0.5

i slope ¢ = 0.183Q/T

1.5

dreciown {fty Figure 6.10: Recovery curve,

borehole F4 — s = f(t/t’).

The drawdown must be estimated for an operational flow rate of a duration equivalent to that
of the dry period (4 to 8 months, depending on context) and for a length of daily pumping to be esta-
blished (4 to 20 h). It must be increased by seasonal variations in piezometric level (Table 6.IV). The
pump inlet screen is then generally installed at 2 or 3 m below the dynamic level so established.

For example, in a pumping test on a borehole intended to be equipped with a handpump, inter-
pretation of the test predicts an drawdown of 5.50 m after 8 months of pumping at 1 m3/h for 8 h per
day. The static level measured before the test of February 15 is 17.5 m. According to Table 6.1V, the
foreseeable decrease in static level before the next rains (June) is 1 m. The proposed installation of
the pump is therefore : 175+ 1 +55+3=27m

Note that this procedure is also used to estimate the depth of a well when a combined well is
under construction (see Chapter 8D). At the time of sinking the well after drilling the borehole, the
minimum depth of the well will be about 1 or 2 m lower than the foreseeable dynamic level.

Local transmissivity estimation: recovery analysis

A well test does not provide a representative value of the transmissivity of an aquifer. Pumping
times are not long enough to concern a sufficient volume of aquifer. The transmissivity calculated from
a well test is therefore a local feature, but it is still of interest in that it gives a comparison between wells.

The most reliable evaluation of transmissivity comes from the interpretation of the recovery
curve (rise in water level after the final pumping step). The common interpretation method, called
Theis’s recovery method (Kruseman & de Ridder, 2000) is presented Section 1. The procedure is to
plot the experimental pairs (t/t’,s) on semi-logarithmic paper, and to fit a straight line through them
considering mainly the late time. The transmissivity is calculated from the slope of this straight line
that is C =0.183 - Q / T where Q is the flow rate of the last pumping i (m3/h), T is the transmissivity
(m?2/h), with t and t’ the elapsed times since the beginning and end of pumping i respectively (h). An
example of a recovery curve is given in Figure 6.10.

2.1.3 EXAMPLES
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Figure 6.11: Water level as a function of time.

These examples concern Sierra Leonean refugee camps in the Forecaria region of Guinea Cona-
kry. The 1998 ACF borehole programme was implemented to supply the camps with drinking water.
The geological context is weathered and fractured crystalline rock (mesocrates, diorites or gabbros).

The objectives of well tests were to decide the installation depth of foot pumps (Vergnet
HPV60 type) and to check if boreholes were capable of being equipped with small pumping stations
(to provide a rapid increase in water abstraction in case of a new influx of refugees).

High-productivity well: borehole No.l (Kaleah I)

The main results of this test are shown in Figures 6.11 and 6.12 and Tables V and VI.

This borehole can reliably be equipped with a Vergnet HPV 60 pump. The pump inlet screen
is fixed at 12 m deep (taking account of static level fluctuations and allowing a 3-m safety factor).

This borehole can also be selected for the installation of a small pumping station if the number
of refugees were to increase over the next months: indeed a flow rate of 6 m3/h seems to be possible.
The final level was achieved at the maximum capacity of the submersible pump used. However, a flow
rate greater than 6 m3/h could be considered if the drawdown does not deviate from the calculated
curve s = f(Q) (so as not to exceed the critical flow rate that could not be observed yet) and drawdown
does not go below the top of the screens (in order to avoid dewatering of the productive zone).

The top of the borehole screens lies at 19.5 m and the deepest static water level is estimated
as 6.5 m; the foreseeable maximum drawdown is 13 m. Taking a safety margin of 3 m, a maximum

flow rate (m 7h)

0 1 2 3 4 5 6 F i 8 9 10

0 o
1]
5
o
10
o field data
15 calculated curve s =BQ +CQ°
calculated line s =BQ
20
drawdawn (m) Figure 6.12: Curve of flow rate
vs drawdown [s = f(Q)].
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Table 6.V: Test conditions.

Date Water Turbidity T pH EC Maximum exploitation
flow (m3/h)
22/01/1998 clear no sand <5NTU 27.5°C 7.8 205-220 pS/cm 6-8.8

(stain test < 0.5 cm)

Table 6.VI: Test results.

Flow/step Pumping time Drawdown (m) Specific capacity ~ Value of quadratic
(m3/h) (h) max at end of step residual after 2 h (m3/n)/m head-losses
m/(m3/h)2
0.7 2 0.65 0.02 1.077 6103
25 2 2.33 0.05 1.073
6 2 6.29 0.09 0.954

drawdown of 10 m can be estimated. Referring to the curve s = f(Q), this drawdown corresponds to
a flow rate of about 8.8 m3/h. These values must be verified at the time of installation of any possible
pumping station, and a regulating valve may have to be used to adjust the flow rate to conform with
observations on measured drawdown values.
Low-productivity well: borehole No. 2 (Kaleah I)

The results of this test are shown in Figures 6.13 and 6.14 and Tables 6.VII and 6.VIII.

This borehole is productive enough to be equipped with a Vergnet HPV 60 pump. The pump
inlet screen is fixed at 15 m deep.

In spite of a flow rate measured at 5 m3/h at the time of the borehole drilling, it is not advi-
sable to install a small pumping station at this borehole because the head-losses are relatively signifi-
cant compared to that of the borehole No.l. The stabilisation of drawdown was not fully reached

Borehole pumping time (min)
equipment 0O 120 2.40 360 480 8.00 720
o static level
10|
20
screen |
Q1 Q2 Q3
30
screen | - pumping recovery pumping recovery pumping recovery
40
depth (m)

Figure 6.13: Water levels as a function of time.
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Figure 6.14: Curve of flow rate against drawdown [s = f(Q)].

Table 6.VII:Test conditions.
No variation in these values during the test.

Date Water Turbidity T pH EC

22/01/1998 clear no sand <5NTU 28°C 7.8 205-220 uS/cm
(stain test < 0.5 cm)

Table 6.VIII: Test results.

Flow/step  Pumping time Drawdown (m) Specific capacity Value of quadratic
(m3/h) (h) max at end of step residual after 2 h (m3/h)/m head-losses
m/(m?3/h)2
0.8 2 2.79 0 0.287 22102
1.5 2 5.81 0.09 0.258
25 2 11.34 0.09 0.220

at the last step, and exploitation flow rates greater than 3.6 m3/h would induce drawdown lower
than screen level (top of screens = 23.1 m, static level = 4.4 m, permissible maximum drawdown =
18.7 m, Q = 3.6 m3/h if critical flow rate is not reached). Thus the maximum flow rate is estimated
at 3 m3/h.

2.2 Connected steps

Pumping steps are carried out without recovery time in between. This results in the measured
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drawdown being affected by all the previous pumping series, and not only by the last pumping step.
To allow strict interpretation, the measured drawdowns need to be corrected so that they reflect only
the current pumping step. There are two main methods to conduct this correction: the mathematical
calculation of corrected drawdown and the graphical analysis of drawdown.

Table 6.IX: Test phases.

0

Rest phase

Pumping step No 1

Pumping step No 2

Pumping step No 3

Recovery

No work should take place for a period of at least 24 h,
so that the level measured before the first pumping is actually the static level

Flow rate Q4 of the first step is near to the future operational flow rate

In the case of manual pumping, the flow rate is 0.7 m3/h < Q; < 1.0 m3/h
Pumping time is 2 h

Drawdown s, is the drawdown measured at the end of pumping

Flow rate Q2 = (Q1 + Q3)/2
Pumping time is 1 h
s, is the drawdown measured at the end of pumping (2 + 1 =3 h)

Q3 = Qax- Qmay is the previously-determined maximum flow rate

which should produce the maximum drawdown

In practice Q4 can prove to be difficult to evaluate: an arbitrary value of Qg
is therefore taken as equal to 70% of the value of the maximum flow rate

at the time of well development

Pumping time is 1 h

s3 is the drawdown measured for a pumping time of (2 + 1 + 1 =4 h)

The observation time for water-level recovery after pumping

is at least 2 h, but should last until the water level reaches a level
of about the initial static water level

The difference between the initial water level and that measured

after the observation of recovery is called residual drawdown (sr)

2h 1h 1h | 2h

static level

screen level

Q1 Q2 Q3

A A L
'Sr

pumping recovery

Figure 6.15: Well test in connected steps.
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2.2.1 SIMPLIFIED METHOD

Three connected pumping steps are carried out at increasing flow rates, and the recovery in
water level in the well is observed until a level close to the static level before the test is reached
(Figure 6.15). The test phases are given in Table 6.IX:

2.2.2 CALCULATION OF CORRECTED DRAWDOWNS

To calculate the drawdown corresponding to the one that would have been created by the cur-
rent step alone, Jacob’s method is used according the superposition principle (see Section 1.3.3).
Considering a non-connected well test, if recovery times are at least as long as pumping times, and the
progression of flow rates is meaningful, terms under the Z sign of drawdown equation given in Table
6.1 rapidly become negligible compared to the isolated term. Equations of drawdown are then simpli-
fied S; = [(0.183Q,)/T] log[(2.25Tt;)/(r2S)] where i is the step number. The theoretical drawdowns at
the end of each step of a non-connected well test are therefore induced only by the last pumping. A set
of pairs (s;/Q;) is then obtained, measured directly on site and comparable with one another.

When pumping steps are connected, it is no longer possible to disregard the terms under X.
Drawdowns obtained at the end of steps are therefore induced by the total previous steps, and they

0.183 - Q 225-T 0.183 - Q 225-T 0.183 - Q, 225-T
Sy = log t2 - : log (tz - tl) + : log (t2 - tl) + J2
T =S 2 T 2-S
0.183 * Q 225°T 0.183  (Q, - Q) 225-T
— 8= *log + “log |(t) — 1)) +1J,
T 2-S T 2-S
0.183 -+ Q 225-T 0.183 - (Q, - Qy) 225-T 0.183 - (Q3-Qy) 225-T
=—"log|ts + log |(t3—1t)) + *log |(t3 — tp)
T 2-S ?-S T 2-S

need to be corrected to be compared.
For a well test of three connected steps, the measured drawdowns are:

0.183 . Q, 225-T
slz—‘log t12— +Jl
By definition the corrected drawdowns];re: ©S
0.183 - Q, 225-T
T 2-S
0.183 - Q, 225-T
Sy, =———log|ty, ———|+ 1],
T 2-S
0.183 - Qs 225-T
S5, =——log |y ———|+J;3

T

By combining the two systems of equation, we obtain:

S1<=81

230 II. Water resources




Time [min]
1 10 100

Drawdown [m]

Figure 6.16: Four connected pumping steps, borehole 204.

0.18 t, t,

SZC:32+7~(Q2'log——Ql'log )

4

0.183 ( -t ts )
S3c= 83— "|Q5 " log -Qlog——-Q; "log———
Whatever the test protocol, it is possible to correct the measured drawdowns using the same
calculation. For example, the corrected drawdowns of the simplified method of 2 hours for the first
step, 1 hour for the second step and 1 hour for the last step:

81« =81

0.183
S$) =8+ ? : (03 : Q2 -048 - Ql)

0.183
S3—c=s3+f'(0-3 Q;-Q,-Q))

T can be determined using Theis’s recovery method (Section 1) or its modified form given in the fol-
lowing section.

2.2.3 GRAPHICAL ESTIMATION OF CORRECTED DRAWDOWNS

A graphical analysis can also be conducted to estimate the corrected drawdowns. This method
needs careful data processing to be accurate.

Figure 6.16 presents a test conducted in borehole drilled in a granitic bedrock formation. Four
connected steps have been carried out: the last one was stopped because the dynamic water level rea-
ched the pump inlet level.

The graphical analysis consists of estimating the drawdown of each particular step using the
slope of the previous drawdown development. Figure 6.17 shows the graphical estimation of the cor-

6. Pumping test 231



1]
L
-
1 b R i
——t
3
4
5
C o
= 6
[¢]
°
= 7
i
[
-]
E]
10
1
12 S4_c
|
1 10 100
Time (min)

Figure 6.17: Graphical estimation of the corrected drawdown s; ¢, borehole 204.

rected drawdown for the borehole test presented Figure 6.16. The slope has to be chosen carefully
because it obviously has a great influence on the drawdown estimation.

2.2.4 DATA VALIDATION AND INTERPRETATION

Data validation and interpretation are carried out in a similar manner to that for the non-
connected flow-rate tests, but using the corrected drawdowns. However, some differences exist

time (h)
0.001  0.01 0.10 1 10 100 1000 10000

0.01 6 months
0.02 g
003 step 1 i
0.04 ey " | !
0.05 step 2
0.06 ; y
0.07 + step 4
0.08 :

0.10
specific drawdown (m/(m>h))

Figure 6.18: Extrapolation of specific drawdown, well P1.
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concerning the dynamic level prediction and the local transmissivity estimation.
Prediction of dynamic level

Recommendations for the extrapolation of data at the time of the interpretation of non-connec-
ted well tests also need to be taken into account. It is right, therefore, to be sceptical and to be criti-
cal of these somewhat daring extrapolations.

To estimate drawdown induced by a pumping time longer than that of tests, a semi-logarith-
mic graph of specific drawdown s;/Q; (ordinate, linear) of the set of steps against time (abscissa, loga-
rithmic) is used. The theory is that these points should have a same asymptote that can be represen-
ted with a well-fitted straight line (Figure 6.18). This straight line can be extended for longer
pumping times than those of the tests. A new value s/Q corresponding to a new pumping time is
then obtained. Plotting this value in the graph s/Q = f(Q) and drawing a straight line parallel to
that obtained in the test gives a new value of B. It is then possible to define the equation of the well
(s = BQ + CQ?) for a new pumping time (Figure 6.19).

Estimation of local transmissivity

For pumping periods in non-connected steps, it is recommended that local transmissivity is
calculated from a survey of the recovery curve.

It is possible to draw this curve of under the form (s;—s) / Q5 = f(t’) where t’ is time elapsed
since the end of pumping, on the same diagram as that for connected steps s / Q = f(Q). The two
straight lines (pumping and recovery) must have the same slope C, such that T=0.183 - Q / C.

3  Pumping-test procedure
3.1 Design of test

Before the test is carried out, it is necessary to collect information on the local geology, the
well lithology, the aquifer type and the well (diameter, depth, position of screens, estimated flow rate
at the time of development and corresponding drawdown).

This information enables the preparation of the programme of the pumping test and the defi-
nition of maximum permissible drawdown, pumped flow rates, number and duration of each pumping
step for a well test, number and position of piezometers and pumping duration for an aquifer test.

3.1.1  MAXIMUM DRAWDOWN AND PUMPING RATE
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Table 6.X: Estimated number and duration of steps according to the maximum pumping yield.

Maximum yield expected Minimum number of steps Expected duration of steps
(from borehole development
or nearby well)

Q<2mdh 1 4 hours
2m3h <Q<3mdh 2 2 + 2 hours
Q>3 mdh 3 and more 1.5+ 1.5+ 1.5 hours +...

Indications obtained at the time of the development of the borehole determine the maximum flow
rate (that is the last step of a well test). This must equal the maximum permissible drawdown, so that the
thickness of the saturated zone should remain constant all over the test duration if the aquifer is confined,
and the final drawdown is less than 60% of the saturated thickness if the aquifer is unconfined.

3.1.2 WELL TEST: NUMBER AND DURATION OF STEPS

The maximum permissible flow rate allows the number of steps to be estimated according to
Table 6.X. It also influences the step duration, which depends on the well and aquifer characteristics.
The duration of steps depends on well behaviour during pumping: it is essential that drawdown

time (min)
1 10 100
0~
1 :
2
3
4 Figure 6.20: Capacity effect (drawdown
delay).
drawdown s(m) The effect is represented in grey; pumping

time must be greater that 60 mins.
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0.1

0.01

[6=0.15m

\ | Figure 6.21: Design chart for evaluating
0.0001 ' : pumping time at which the capacity effect is
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The pumping time must be at least ten times
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at the end of a non-connected well test is nearly stabilised. If the water level continues to fall signifi-
cantly, it is preferable to prolong the pumping duration. For a connected well test, this condition is
less important because the drawdowns will be corrected for interpretation. Also, if the aquifer tested
has very low transmissivity and the well has a large diameter, the capacity effect can be significant
(Figure 6.20) and the duration of pumping steps should be extended as t = 25 - r2/ T where r is the
well radius and T the transmissivity (Figure 6.21, University of Avignon, 1990).

The number of steps needs also to be adjustable. On one hand, if the flow rate of the well is lower
than 2 or 3 m3/h, it is difficult to set three steps with increasing flow rates. Two steps of over 3 h, or
even only one step of at least 4 h, can then be considered. The pumped flow rate is chosen so that the
well is not dewatered. The observation of recovery of water levels is at least 2 h, until the water level
returns to somewhere near the initial static level. On the other hand, if the flow rate has been underes-
timated, additional steps may be used.

3.1.3 AQUIFER TEST: DURATION OF PUMPING

There are numerous parameters that have to be considered when choosing the pumping dura-
tion of an aquifer test. The main ones are the type of aquifer and the degree of accuracy of the inter-
pretation that needs to be reached.

Economising on the pumping duration is not recommended and the general rule is to continue
the pumping until a steady state or quasi-steady state is reached. At the beginning of the test, the draw-
down develops rapidly and it will deepen more slowly after some time. This apparent stabilisation of
the dynamic level is not yet a steady flow state and the cone of depression will continue to extend
slowly until the recharge from the aquifer equals the pumping rate.

Under average conditions, the quasi-steady flow state is reached in a confined aquifer after 24
hours, and in an unconfined aquifer after 2 or 3 days. A planned pumping duration of a minimum of
48 hours is recommended in a confined aquifer and 72 hours in an unconfined aquifer.

3.1.4 NUMBER AND POSITION OF PIEZOMETERS

The piezometers considered here are observation wells to monitor water level.

Their number depends on the amount and degree of accuracy of the estimates of aquifer
hydraulic parameters needed (Table 6.XI). To carry out a well test, no piezometer is needed because
the dynamic level has to be monitored in the pumping well. The local transmissivity of the aquifer
can generally be estimated from single well test with Theis’s recovery method. However, a piezome-
ter is needed to estimate the storativity of the aquifer because it can not be accurately estimated from
the pumping-well data alone.

To carry out an aquifer test, one piezometer is needed to estimate the hydraulic characteristics

Table 6.XI: Estimated number and position of piezometers required.

Test Objective Required number Distance
of piezometers from the pumping well
Well test Well characteristics 0 —
Well characteristics 1 10m—-50m

+ local transmissivity

—_

Aquifer test Hydraulic characterisation 20m—-100m
High accuracy 3 10 m—-200 m
in hydraulic characterisation

6. Pumping test 235



M3 ST Y. N NN

1x10° — 43 v N \ TR

LLLl

|
”~
&

Storativity

o —
E SR \,
= R
\ : \
A
5 \
LY .
) \
1x10*¢ —4—| = T=5.10°m¥s-Q= 0,7 5 :
i T=5610"m¥s-Q=2m'h \
J|=— + — T=510¢m¥s-Q=4m¥h . \
— - T=510m3¥s-Q= 70 m¥h M :
—_— = T=510"m¥s-Q=230mYh A
—_— = = - T=510"m¥s-Q= 300 m¥h \\
1%10° T T |1|||[ T T |--||| |:|\.
1 10 100 1000

Radius of cone of depression (m)

Figure 6.22: Estimation of radius of cone of depression after 2 hours of pumping.

of the aquifer without heavy influence of the pumping process (head-loss in the pumping well). The
advantages of having more than one piezometer are that the surface area of aquifer under observation
will be larger and that the drawdowns measured in a minimum of 3 piezometers can be analysed in
two ways: by time/drawdown and distance/drawdown relationships.

The piezometers should be placed not too near to the well, but also not too far from it. The
appropriate distance depends on the way the cone of depression will develop while pumping, and can
be easily estimated from forward calculations using software such as AquiferTest Pro. Figure 6.22
presents the estimation of the radius of the cone of depression according to the hydraulic characteris-
tics of the aquifer.

3.2 Test implementation

3.2.1 VERIFICATION OF SITE

Conditions of access to the site and ease of installation of the pumping equipment (pump and
generator) need to be assessed.

It is important to verify that there is not another well being exploited in the vicinity of the area
under test. If that turns out to be the case, exploitation must stop (if possible 24 h before the begin-
ning of tests) and any operational wells may be used as piezometers during tests.

The water pumped must be deposited as far as possible from the well under test. It is possible
that water discharged by the pump can infiltrate quickly enough to recharge the aquifer, giving a false
picture of stable drawdown. The point of discharge must be chosen according to site conditions (nota-
bly the permeability and thickness of the terrain), but a discharge outlet at about 50 to 100 m from the
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Figure 6.23: ACF pumping-test Kit.

pumped well would seem to be a minimum.

3.22 EQUIPMENT REQUIRED

A standard ACF pumping test kit has been developed to carry out the whole process of well
testing (Figure 6.23). It also includes the necessary equipment for test monitoring.

Basic requirements are a measuring tape of about 3 m (for measuring height of reference
marks in relation to ground level, diameter of well etc.), a piezometric probe, two chronometers for
time measurements, and one calibrated container for measuring flow rates.

For sufficient accuracy in flow-rate measurements, the container-filling time must be between
30 and 60 s (see Chapter 3). The use of a flow meter greatly facilitates the performance of tests. It is
however advisable to check its accuracy using the calibrated container.

The conductivity, temperature and pH of the water should be measured regularly during pum-
ping. In this way, changes in the water quality can be indicated, and then interpreted together with the
borehole cuttings and the pumping test.

3.2.3 HUMAN RESOURCES

A team of three people is sufficient to carry out common tests. The team leader is responsible
for data-plotting on record sheets, while two operators are put in charge of setting up the equipment
and taking measurements (flow rates, water levels, times, water quality).

A hydrogeologist must define the type of tests to be carried out, and interpret the data.

3.24 TEST MONITORING

Measurements

During the test, it is necessary to take measurements of time, water level, and flow rate. Record
sheets for standard tests are illustrated in Annex 9. Measurements of time are taken very frequently
at the beginning of each pumping and recovery period; their frequency is entered in the record sheets.
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For every measurement of time, there is a corresponding measurement of water level. Before
the beginning of tests, the static level in the well is noted in relation to a reference mark, which then
becomes the reference for all level measurements in the operation. Usually, this reference mark is the
top of the borehole casing: its height in relation to ground level is also noted. The tip of the electric
probe is then located a few cm above the static level. It is strongly advisable to use guide tubes (17
PVC or GI) to slide the probe inside the pumping well. This helps to avoid fouling the probe with the
pipe or cable of the pump.

There must be a facility for adjusting the flow rate as quickly and as precisely as possible. The
use of two control valves on the discharge pipe is sometimes essential. These valves are pre-set accor-
ding to the required suction head and flow-rate. A good position for the calibrated container must also
be ensured: flow-rate measurements must be able to be taken as easily as possible, without modifying
the suction head for every measurement.

Monitoring

The curve s = f(t) must be drawn on semi-logarithmic paper for every pumping step during the
tests. The curve is compared to the theoretical ones and if it shows some actual ‘anomalies’ this helps
to decide the progress of the tests (see Section 1).

While conducting the pumping test, one should be flexible and adapt the test design to the well
behaviour. A little common sense, sufficiently long pumping times, constant flow rates, and a pump
outlet sufficiently distant from the boreholes usually provide the right conditions for a successful test.

3.3 Reporting

The pumping test report should contain the following:

— a location map of the wells and boreholes;

— a summary of main interpretation results and recommendations;

— the lithological and equipment logs of the tested boreholes;

— diagrams of field data and the interpretation process, i.e. diagnostic and specific graphs;
— tables of field measurements.
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CHAPTER 7

Wells

A  WELL CONSTRUCTION
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A well is usually dug manually to reach an aquifer situated at some depth below the ground.
The depth and diameter of the well vary according to local conditions. Throughout history, people
have dug wells to ensure a permanent water source.

1 Modern wells

Traditional wells are rarely lined, or only for part of the depth, usually with wood, so that the
well must be regularly re-dug and rebuilt. As they are simple holes in the ground, these wells are
rarely protected from surface pollution (contaminated water).

Some wells are constructed using stone or brick. The best examples are the pastoral wells
constructed during colonial times in the Sahara, several dozen metres deep, and some 2 to 3 m across.

Wells of more modern type, which are the subject of this chapter, are lined in reinforced
concrete for the whole of their depth, from the surface to the intake section. Construction techniques
are tried and tested, and pastoral wells can reach 100 m in depth. They have a width of 2 m to be able
to exploit Sahelian aquifers, and they are open and often equipped with several pulleys. Significant
quantities of water are extracted (using animal power) to supply herds of animals.

Village wells are more modest, running to depths of 20 to 30 m, and equipped with manual
water-drawing systems (scoops, pulleys, winches or handpumps).
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Box 7.1
Combined well.

In certain sedimentary basins, there are captive aquifers covered by impermeable levels situated several
dozens or even hundreds of metres in depth, but with static levels close to the surface. These aquifers, rea-
ched by boreholes, are exploited from wells whose depth varies with the static level. This facilitates drawing
by hand. The intercalated continental aquifer levels of the Sahara (Mali, Niger) are often of this type, and
do not need pumps, which would be difficult to manage in this context (nomadic population).

These wells act like underground, water-tight storage tanks. They are dug next to the borehole or around it,
and connected to it with a horizontal tube welded to the casing, fitted with an open stop-valve to the well-
cistern or with a ferrule strap.

This type of well provides a particularly useful water storage solution for the exploitation of aquifers with
poor flows. An example of a combined well, constructed by ACF in Asia, is given in Chapter 8D.

The enormous advantage of the well in relation to the borehole is its storage capacity (related
to its diameter) and the possibility of manual water drawing. Its permanence makes it very suitable
for the conditions of the Sudan-Sahelian region, and other isolated or particularly remote regions. The
cost of construction is considerable, so it should be well built and durable.

1.1 Surface works

The works at the surface of the well are an essential component in terms of water quality,
because they protect the well from infiltration by surface water and facilitate access and water dra-
wing. They are designed to drain surface water away from the well, to limit the risk of falling objects,
and to prevent access by animals. Design details are given in Annex 14.

1.1.1 THE WELLHEAD

A low wall built around the top of the well, forming an extension of the well lining, secures
and protects the well against mud and sand falling in from the surface.

On wells intended to be covered and fitted with a handpump, it is recommended that the well-
head should be lower (less than 0.5 m, thickness 0.2 m). A high wellhead (greater than 0.5 m, thick-
ness 0.3 m) is more suitable for wells situated in the Sahelian region (protection against sandstorms).

1.1.2 APRON AND DRAINAGE

A slab of reinforced concrete directs wastewater towards a drainage channel (minimum slope
5% and minimum length 3 m). The channel is terminated by a toe at the outlet.

If no natural drainage is available (to low-lying land or a ditch), the construction of a soaka-
way should be considered (see Chapter 13). It will however quickly become blocked by contamina-
ted water (mud, grease, soap etc.) and must be regularly maintained to remain efficient.

One solution is to drain the water to a small garden.

A clean area of stones can be laid around the apron.

The construction of a protective fence and troughs for animal watering may also be conside-
red, depending on the context (Figure 7.1).

1.2 Manual water drawing

Water-drawing systems are of fundamental importance for the water quality. Their design must
take account of the risk of contamination at the water point. A bucket and wet rope come into contact
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water-drawing system protective inspection cover slab wellhead
(handpump) barrier hatch

Figure 7.1: Well surface works drainage channel apron protective kerb
(ACF, Cambodia, 1998).

with the ground and become contaminated with mud, faeces etc. every time water is drawn. With
every immersion therefore, the bucket and rope contaminate the well water. Also, as all users have
their own bucket, the risks of pollution are multiplied.

Water drawing by bucket or scoop is very frequent. Although the installation of a handpump
is often the recommended solution, is not always suitable (heavy demand on pastoral wells, mainte-
nance of the pump, large variation in water level etc.). Some examples of simple water-drawing sys-
tems are given below. These systems must fulfil the following criteria:

— ensure the necessary flow for the population being served, as well as easy and safe water

drawing;

— designed so that containers and ropes are used only for water drawing and remain perma-

nently at the well;

— prevent ropes and containers lying on the ground and risking contamination.

1.2.1 PULLEYS AND WINCHES

These (Figure 7.2) must be durable and appropriately designed (height and number of pulleys)
for user satisfaction.

Pastoral wells are often equipped with seve-
ral pulleys fixed to wooden forks arranged around
the wellhead to allow several people to draw water
simultaneously for herds (by animal traction).

The winch avoids the rope dragging on the
ground and becoming contaminated, but this sys-
tem is not always accepted by users, because it
does not provide sufficient water flows for pasto-
ral wells.

The ‘delou’ (pulley and animal traction) is
used essentially for irrigation.

Figure 7.2: Manual water drawing.
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1.22 THE ‘SHADUF

This system, used widely in Asia in shallow wells, protects the water from surface pollution
transmitted by the bucket. It is also very convenient for the removal of spoil from excavations (Box 7.2).

Box 7.2
Working principle of the shaduf.

Define point A (Figure 1), the lowest level from which water is to be drawn (the dynamic water level during
water drawing).

Ensure that the lift handle can be reached by the user.

The distance between the fulcrum of the shaduf and the well (OB) should be such that the arc defined by
the counterbalance is large enough.

The lifting pole should be rigid (wood), and the flexible fixings at its extremities should be short.

The counterbalance should be located at the end of the lifting beam, one third of the length of OB from the
fulcrum.

The counterweight is determined so that a container full of water can be raised without effort; the effort is
exerted when lowering the scoop into the well.

The fulcrum must permit rotation in both vertical and horizontal planes (fixings of leather or rubber).

Figure 1: Shaduf.
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1.3 Diameter

The diameter of a well varies depending on use, depth and flow. Larger diameters are used for
pastoral wells (multiple users) or for shallow or poorly productive aquifers. The well has significant
storage capacity and refills when not in use.

There are two construction techniques:

— independent intake: the intake column is telescoped into the well lining (Figure 7.3);

— intake lining: perforated well rings at the base of the well lining.
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Figure 7.3: Lined well
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Wells of smaller diameter are too narrow to work easily inside.

1.4  Well lining

The lining extends from the surface down to the static level of the water table. Its function is
to retain the earth and rock sides and to prevent infiltration of surface water or water from unwanted
surface aquifers (polluted or saline water).

The most effective technique is lining in situ using metal shuttering during the construction of
the well. The advantage of this technique is that it provides an integral, one-piece reinforced column,
which is much stronger and more water-tight that a column of rings stacked one on top of another.
Where rings are used, sealing of the column is poorer, and it is not unusual for lateral deflections of
the column to occur because of ground movements.

1.5 Intake column

This is the immersed section of the well, and its role is to admit water while preventing ingress
of fine solids (sand, silts etc.). It is made of perforated (or porous) rings and designed to provide a suf-
ficient depth to ensure water supplies all year round, even during dry periods.

Ideally, this section of the well should be dug during a low-water period (lowest static level).
If it is not done at this time, the water level in the well will be higher.

The height of water in the intake section of the well depends on annual groundwater variations
and the water output from the well (see Chapter 6).

2 Construction techniques
2.1 Digging

Digging (or sinking) a well must be as close to the vertical as possible throughout the depth of
the excavation. It is recommended to mark out on the ground a circle equal to the diameter of the exca-
vation, and to mark the axis of the excavation with a plumb-line (Figure 7.4). The diameter of the
excavation should be checked regularly using a gauge (Figure 7.5).

Digging takes place from the centre of the well and moves toward the wall. Excavated mate-
rial is regularly lifted to the surface using a bucket or kibble.
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Figure 7.4: Marking the axis of excavation.

Figure 7.5: Use of a gauge.

Over the top of the excavation, a tripod fitted with either a motorised or manual winch is set up
for raising or lowering men and materials. In shallow wells, this tripod can be replaced with a gantry car-
rying a pulley (for safety, it should have a locking and braking system for use when lowering the rope).

Digging can be done using a grab bucket, raised by a free-fall winch (motorised crane). This
type of equipment is especially useful for dredging wells and for digging in loose ground or below
the water table.

2.2 Lining

The techniques used for installing the lining and the intake section depend on the stability of
the ground encountered during the excavation. There are three distinct techniques (Table 7.I).

Table 7.I: Techniques used for installing lining and intake section.

Nature of ground Lining Intake section

Stable ground Bottom-up in situ lining Independent intake with cutting rings
Ground unstable and/or well Top-down in situ lining Independent intake with cutting rings
of more of 10 m depth

Loose ground and/or well Sunk lining on cutting ring Intake lining with perforated rings

of less than 15 m depth below the lining
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2.2.1 STABLE GROUND, BOTTOM-UP LINING

In ground that can be dug with a pick, and which does not present a risk of crumbling (some
sandstones, clays etc.), the technique consists of lining the well from the bottom upwards. The exca-
vation is open from surface to water level (Figure 7.6).

The first section of the lining is poured at the bottom of the excavation, at the same time as the
base anchorage. The steel reinforcement is then put in place, its length being greater than the height
of the shuttering, in order to tie it into the next section up (see Figure 7.8A).

The shuttering is lowered, centred using the plumb-line, and set vertical. Two or three shutte-
ring sections are placed at a time, so that concrete sections two or three metres high can be poured in

one go.

The concrete (350 kg cement per m3) is poured, and vibrated with a jackhammer or a vibrator
rod. Shuttering can be removed after 8 hours.
If the ground shows signs of instability during digging, the operation will have to be stopped,
and the lining method changed to top-down, as described below.
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Figure 7.6: Bottom-up lining.
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Figure 7.7: Top-down lining.

2.2.2 UNSTABLE GROUND, TOP-DOWN SHAFT LINING

In ground where there is a danger of collapse (sand, gravel etc.), it is essential to construct the
lining in one-metre sections while the well is being dug (Figure 7.7).

In practice, when the first metre is dug, and the site of the surface anchorage has been cleared,
the reinforcement is installed (Figure 7.8B) and the shuttering put in place. The process then involves:

— digging a section 1.10 m in depth;

— fixing reinforcement and fixing to the previous set of bars (vertical height of reinforcement

1.35 m);

— placing shuttering leaving 0.10 m clearance above it;

— pouring the concrete and filling the 0.10 m gap up to the lining section immediately above;

removal of shuttering after 8 hours.

2.2.3 SOFT SANDS, SUNK INTAKE AND LINING

This technique is applied in soft sand, or with shallow wells (less than 15 m). It is currently
used for the construction of village wells or for market gardening.

The base of the lining, made up of perforated rings, forms the intake column. The intake and
lining form one continuous structure, which is installed by undercutting, as with an independent
intake column (see Section 2.3).

This technique does not allow anchorage at the well bottom, and the column is suspended from
the surface anchorage, which must be constructed with a maximum of care. Also, installing a gravel
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pack is difficult, and the intake level must be determined beforehand (the number of catchment-sec-
tion rings being decided before reaching the aquifer).

For this kind of well, filtering concrete rings may be used. These rings are made of three bands
(Figure 7.9), two impermeable and one porous. The rings are not reinforced and the porous concrete
band is made exclusively with cement and gravel (1 volume of cement to 4 volumes of gravel). As
these rings are not reinforced, the cement dosage and the time of drying have to be strictly respected.
Moreover they are not recommended in
places where the soil is unstable. The out-
side diameter should not exceed 1.30 m.

The advantage of this technique is to
filter the water (to keep out sand) even if no E::;”?_
gravel pack is installed. These rings are also
cheaper and lighter than normal ones.

0.50m

Figure 7.9: Filtering concrete ring.
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Figure 7.10: Reinforcement for lining anchorages.

A: general view. B: surface anchorage. C: base anchorage. D: immediate anchorage. E: pattern

for making reinforcement elements, made of a thick plank, 1.1 m long and 0.5 m wide with short lengths
of reinforcement bar inserted in it.

2.24 ANCHORAGES

Anchorages are essential and are cast at the top and bottom of the well, and every 10 m for
wells of more than 20 m in depth. Their role is to absorb the vertical forces created by the weight of

the column.
The surface anchorage is in the form of a crown 0.80 m in width at the top of the shaft lining;

base and intermediate anchorages are 0.30 m wide (Figure 7.10).

2.2.,5 LINING THICKNESS, CONCRETE MIXES AND REINFORCEMENT

The thickness of the lining and the mesh of the reinforcement are theoretically determined by
on the forces to be resisted. However, the variation in forces imposed by the ground on the lining are
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small and difficult to measure precisely (the forces are compressive). Design is simplified by stan-
dardising the thickness of linings and reinforced concrete well rings to 10 cm and the steel reinforce-
ment to 8 mm diameter with a mesh of 20 cm (or 6-mm bars with a mesh of 10 cm).

Concrete is made with 350 kg of cement per m3 for the lining and 400 kg/m? for the intake
section; mortars at 300 kg of cement per m3.

2.3 Independent intake

This type of intake is independent of the well lining. It consists of a column of smaller-dia-
meter perforated well rings telescoped into the well lining (Figure 7.3).

The excavation is taken down to the static level and is then pumped out. The column of well
rings is then sunk by a cutting ring (see Section 2.3.3) to descend under its own weight: flooding with
water is a critical stage in the construction of a well. The well is kept dry by pumping (see Chapter 9)
or using a bailer operated by a motorised crane.

2.3.1 PRE-CAST WELL RINGS

The intake section is made up of perforated reinforced concrete rings, stacked up from the bot-
tom of the well. There is a risk that they become destabilised and shift sideways during undercutting,
which would jeopardise the process. To facilitate lowering the rings, their height is limited to 50 cm.
They are lowered to the bottom of the well using a winch (see Figure 7.13 B & C).

The perforations, spaced at 10 cm intervals, are made using 8 or 10-mm reinforcement bars,
protruding through holes in the mould. The bars should be smeared with oil and turned regularly to
facilitate removal (Figure 7.11).
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Figure 7.11: Reinforcement of perforated rings.
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2.3.2 CASTING THE INTAKE COLUMN AT THE BOTTOM OF THE WELL

Prefabrication can save a week of total construction time. However, it is preferable to pour the
column directly at the bottom of the well, locking the sections into one another by overlapping the
reinforcement.

The mould is positioned at the bottom of the well. The reinforcement bars on the first intake
ring are locked into bars protruding from the top of the cutting ring, and then the concrete is poured.
The mould may be removed by the following day, and then a second section is poured.

2.3.3 THE CUTTING RING

This is a bevelled concrete ring, wider than the other rings, laid at the base of the intake column
(Figure 7.12). Its role is to facilitate lowering the column into the ground, and to provide sufficient
space to insert the gravel pack (see Section 2.3.5) between the rings and the ground around the well.

1.70m
- -
lowering
) hooks

reinforcement v —"

for locking into i

the first perforated ' + + -

well ring > —

bevel

Figure 7.12: Cutting ring 1.4 /1.6 m
diameter.

2.3.4 SINKING THE INTAKE COLUMN UNDER ITS OWN WEIGHT

Four 4-cm thick wooden beams are inserted into the space between the lining and the intake
column, extending about 10 cm above the top of the column, to act as reference markers and to check
that the column is descending vertically (Figure 7.13. A-C).

The well is then dug inside the column, regularly clearing the bevel of the cutting ring around
its perimeter so that it descends vertically. If a beam jams, earth is dug out from under the cutting ring
on the side opposite the beam to straighten the column.

A gravel pack (see below) is forced into the space between the column and the surrounding
earth as the digging proceeds.

Finally, if the earth is unstable and very fine grained, a concrete base consisting of two semi-
circular slabs pierced with 10-mm holes spaced 15 cm apart is placed at the bottom of the well, on a
bed of gravel.

2.3.5 GRAVEL PACK

This consists of 10 to 15-mm gravel, preferably siliceous and rounded (avoiding lateritic gra-
vels and limestone), distributed evenly around the well intake column to a thickness of 5 cm. Its role
is to keep out fine particles of earth while admitting water. It is therefore an essential part of the intake.

2.4 Developing the well

Once the work is finished, the well is developed. It is an important operation for removing fine
particles and increasing permeability around the intake in order to increase the specific flow (some-
times considerably). It also allows complete cleaning of the well, and estimation of its yield (see
Chapter 6). Two simple methods are used for this purpose:
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— surging with a bailer. The method consists of agitating a 50-litre bailer (Figure 7.14) below
the water surface in the well, plunging it up and down like a piston. These phases of surging alternate
with phases of pumping, first at a low flow, then progressively increasing the flow until clear water

is obtained;
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Figure 7.13: Sinking an independent intake.

A: sinking stages. B: lifting system for rings. C: winch for lowering rings.
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— pumping. By pumping in stages of increasing flow, the well is cleared of fine particles from
around the lining. Ideally, a dewatering pump designed to handle turbid water should be used, but a
submersible pump (see Chapter 9) can also be used.

2.5 Use of explosives

ACF teams dig wells in very different geological contexts around the world. Digging of hard
formations may often be done with a jackhammer. However, in certain geological contexts (presence
of hard rock that is only slightly weathered, or not at all), using a jackhammer is tedious, if not impos-
sible (extremely slow progress, heavy wear of the tools and fatigue of the digging teams). Neverthe-
less, in some cases it might be necessary to get through layers of hard rock in order to reach an aqui-
fer in fractured and weathered rock below.

On the Ifoghas massif in Mali, in 1998, the ACF teams overcame this type of problem using
explosives.

After several years of experience, the results may be considered positive. The rates of progress
in the unweathered or slightly weathered granite formations of the region are variable, around 25 cm
per blast. Excavating a well using explosives costs about twice as much as digging by hand (exclu-
ding the cost of lining the well).

The methodology adopted can be summarised as follows:

— drilling the blasting holes (between 6 and 12, depending on the blasting plan), about 1 m deep;

— inserting the explosive packs with their detonating cords;

— packing clay in the blasting holes;

— connecting the detonating cords (6 to 12) to an electrical detonator;

— connecting the detonator to a battery or blaster;

— blasting;

— waiting for the evacuation of the blast gases;

— clearing the debris and then shaping the sides of the well with a pneumatic drill.

In order to perform such a technique a special set of equipment must be purchased: a pneu-
matic drill and air compressor, electrical detonator, dynamite packs, detonating cords, and electric
cables and a battery (or blaster).

Note. — Due to the dangerous nature of the materials used, it is necessary to train the teams in
mining techniques. In each country, specific legislation and regulations govern the use of explosives.
Therefore, it is compulsory to involve the relevant government structures in the development of a trai-
ning programme on the use of explosives before any intervention. Regulations (and hence the trai-
ning) cover the purchase, transport, storage and use of explosives. It is essential to contact the appro-
priate technical service or ministry, to obtain the necessary permits to carry out this activity. In cases
where a competent authority does not exist in the country, this kind of activity can only be performed
if there is a specialist who ensures the security of the construction site.
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2.6 Deep wells in Mali

The first so-called modern wells to be built in Mali date from the French colonial time. They
are still in service and have the characteristics of a modern well of 180 cm diameter. Due to the hydro-
geological conditions in northern Mali the depth of some these wells exceeds 100 m. In such a
context, the well-digging technique does not change in itself, but the materials and equipment used
must be adapted in order to facilitate the work of the well-digging teams.

ACF-Mali builds independent intake wells and cistern wells. The deepest such well that
has been built has a total depth of 90 m and some of the cistern wells reach 70 m deep. It is clear
that digging wells to these depths involves a number of difficulties. There are several points to be
considered:

— Safety of the teams. The security rules are the same whatever the depth of the well (helmet,
boots, safety rope, harness etc.), but the depth of the construction increases the need for the systema-
tic application of the rules in order to prevent any person or object falling into well. During the
construction phase the surroundings of the well must be kept free of all loose objects, and the tools
must be lowered into the well very carefully.

— Pumping equipment. Beyond 40 m, ordinary dewatering pumps (type DOP 15 N) cannot be
used, so it is difficult to remove the water. Initially, a 200-1 bailer lifted with a derrick winch was used,
but this caused too much strain on the winch motor (Hatz). Currently, the water is pumped with a
high-head electric dewatering pump (brand FLYGT, model BIBO 2084 HT 250). This pump is able
to extract 10 m3/h from a depth of 80 m, and is powered by a 30 KVA generator (pump and parts cost
12 000 Euros, while the generator cost 10 000 Euros).

— Installing the lining. The diameter (180 cm), the digging technique and the characteristics of
the reinforced concrete are conventional. At greater depths the quality of work needs to be very high at
critical points, namely the anchorages (every 10 m), the steel reinforcement, particularly the covering
of the steel and the quality of the joints between cast sections (top-down in-situ lining). Special care
must be taken in the production of the concrete, since its quality ensures the long life of the construc-
tion. Concrete quality depends on the quality of the aggregates (cleanliness, hardness, shape and effec-
tive grain size) (and the cement (CPA 45 is a good guarantee), as well as the proportions of the mate-
rials used. The normal mix for 1 m3 of concrete is 350 kg of cement (up to 400 kg), 800 1 of gravel and
400 1 of sand. The depth of the construction often means digging through intermediate aquifers that are
not of interest (not perennial). The presence of this water disturbs the laying of the reinforced concrete.
In these cases an accelerator and waterproofing compound such as SIKA 4A is used.

— Disassembling old wells. As part of the ACF project, old colonial wells are rehabilitated.
This rehabilitation requires an initial disassembling phase. For this purpose a grab bucket such as the
SECMIL / BP 55 is used. This is suspended from a derrick winch and allows the bottom of a well
containing water to be cleaned out. For example, 25 m of sand was cleaned out from one well that
was 120 m deep.

3 Rehabilitation of wells
3.1 Why rehabilitate?

Rehabilitation of a well is often more cost-effective that the construction of a new one, because
less work is involved. Moreover, a well already in use by a village or community is governed by esta-
blished rules which may have to be redefined for a new well.

Inspecting a well to be rehabilitated requires special attention to elements that protect the well
from surface pollution during its use, and/or from infiltration of contaminated water (Table 7.11). A
rehabilitated well is therefore one that is protected from pollution and that provides a satisfactory flow
for its users (Figure 7.15).
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Table 7.I1: Routes of pollution to a well (see also Chapter 13).

A well must be situated at least 30 m from a source of contamination (latrines, domestic refuse tips etc.).
In the majority of cases the distance of 30 m is quite sufficient (no more traces of faecal pollution beyond
a few metres), except in fractured ground.

Route of pollution detected Possible protection

Surface pollution Clean water-drawing system (pumps, winches, pulleys, shaduf)
Contamination by rope and bucket Wellhead, apron and drainage channel

Contamination by surroundings of the well Protective fence against animals

Infiltration of polluted surface Water-tight lining

or underground water Slab

Healthy environment (latrines situated more than 30 m away,
no refuse, no wastewater drainage upstream of the well)

water-drawing system:

apron: - recipient used only for drawing water
-must have adequate slope - bucket and rope not left on the ground
-avoids creating mud - water-drawing is facilitated

-prevents infiltration of water

down the well lining fence;

- restricts access
to the well by animals

- well lining:

. . ) -must be sealed over the first
drainage channel: [ | three metres to prevent ingress
-prevents stagnant water i || of polluted water

-keeps the surroundings of
the well clean

] intake:

-must always be in water
-must be clean
(clear water, no debris)

Figure 7.15: Protecting a well from pollution.

3.2 Rehabilitation of the well lining
3.2.1 REHABILITATION OF THE EXISTING LINING

Except in the rare cases where the concrete work is very poor, the linings of wells finished in
reinforced concrete age well and any cracks can be simply repaired with mortar.

On the other hand, masonry linings must be carefully inspected, and the mortar joints always
checked to ensure sealing of the lining, especially the upper part.
3.2.2 NEW LINING AND INTAKE
3.2.2.1 Narrow wells

If the well is unlined and of a smaller diameter than the diameter of the lining envisaged, it is
best to rebore the well and fit a lining in an identical manner to that used in the construction of a well.
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If the well to be rehabilitated includes an old lining (concrete and masonry) in poor repair and
difficult to get at, it is possible to cast a new lining inside the old one, throughout its height. This is
sometimes termed re-sheathing. However, the lining in place must have a diameter large enough to
take a new lining and an intake column.

In the case of lateral displacement of the column, it will have to be demolished, at least par-
tially. The time involved, the equipment needed (rock hammer) and the cost compared with construc-
ting a new well must be carefully estimated before starting such a project.

3.2.2.2 Wide unlined wells

It is often the case that a traditional well collapses so that access becomes precarious.

The diameter of the excavation in place is too large for a lining, so the best solution is to build
a column of well rings in reinforced concrete. Preferably, this column should be cast in place, or pre-
fabricated and then assembled on site. Ain independent intake is then inserted.

It is not appropriate to install a top-down lining (too much excavation to do and too much
concrete to be poured).

When the underlying ground is hard, for example if it is composed of limestone or sandstone,
the base of the lining can be supported by the underlying rock, and there is no need to line the section
of the well below water.

Repair or construction of a masonry lining is only done in large-diameter wells (especially for
thin and relatively unproductive aquifers), where the well-ring moulds required for constructing a
lining in reinforced concrete would be too cumbersome and the quantities of materials required would
be excessive. Sinking a masonry column (bricks or stones) is almost impossible, because it does not
take the strains involved, and disintegrates.

3.2.2.3 Backfilling the excavation

The space between the original excavation and the outside of the new lining must be filled with
clay and rubble packing up to about 50 cm below ground level, where it is topped off with cement
(see Chapter 8) to provide a seal.

It is very important to take special care over compaction of the packing, layer by layer. Water pum-
ped during digging or development can be used to wet packing materials and obtain optimal compaction.

If this operation is not well done, the packing may compact naturally over the course of time
(in the first rainy season, for example) and cause subsidence, creating cracks in the surface works,
allowing infiltration of surface water.

3.3 Cleaning and deepening

Cleaning a well is often necessary in cases where it is blocked by objects and sediment that
have fallen in or, more generally, by progressive silting. It is necessary to regain sufficient water depth
so that the well does not dry up, and so it recovers its production capacity.

Well-cleaning is a yearly operation carried out by the communities that use the well. It is easier
to carry it out in the dry period. Emptying the well, if it is not too productive, may be carried out by
hand using a bucket. In the case of higher-yielding wells, pulleys and animal traction or a dewatering
pump may be required. Public wells are unfortunately often no-one’s responsibility and are not clea-
ned, which is evidently not the case with private wells, even those that are narrow and very deep.

Deepening a well increases its flow in most cases, except when the base of the aquifer has
already been reached. It becomes necessary when the static level falls with the passage of the time, or
in wells in which sufficient water depth was not given enough attention or could not be achieved
because of lack of materials and equipment at the time the well was constructed.

7A. Wells. Well construction 257



Deepening wells near the sea can quickly become problematic because of saline water below
the unconfined freshwater aquifer (as was the case in Mogadishu). Redigging beyond this level should
not take place, therefore, to avoid all risk of contamination of the well by salt water (see Chapter 3).

There are several options for deepening techniques, depending on the nature of the well:

— for masonry intakes, a column of pre-cast well rings of a smaller diameter than those already

existing in the well can be sunk, or the masonry lining can be extended as redigging progresses

(shallow depths);

— for reinforced concrete intake-lining sections, an independent intake column is sunk inside t

he old lining;

— for existing independent intakes, redigging is easy since it is sufficient to dig and add new

well rings to deepen the intake column.

4  Disinfection

Disinfection is strongly recommended, both when rehabilitating a well and when digging a
new one, and should always be done if the well is covered and equipped with a pump. There are
various ways of proceeding using HTH (Box 7.3). Wells having significant occasional pollution, or
those that are likely to be polluted, should be systematically disinfected.

Box 7.3
Methods for disinfecting wells.

Disinfection involving emptying the well

1) Dilute 200 ml of 1% solution of active chlorine in a 10-litre plastic bucket (solution of 200 mg/1 of chlo-
rine), i.e. 3 g HTH (70% active chlorine) or 50 ml bleach (4% active chlorine) in 10 | of water.

2) Empty the well and brush its walls with the chlorine solution (take care with chlorine vapour), then wait
for 30 min and let the well refill itself again.

Disinfection without emptying the well

1) Prepare a solution of 200 mg/1 of chlorine, as above.
2) Brush the walls of the well above the water level.

3) Calculate the volume of water contained in the well:

V=314-12-h

where V is the volume of the well (m3), r its radius (m), and h the height of water in the well (m).

4) Determine the quantity of chlorinated product to add to the water in the well to obtain a 100 mg/I chlo-
rine solution: for each 1 000 I of water in the well, 100 mg/l of Cl = 140 mg HTH or 2.5 1 of 4% bleach.
5) Make up the solution in 10-litre plastic buckets, with 250 g maximum of product per bucket (limit of
solubility).

6) Pour the content of the buckets into the well, mix and wait 12 h, preventing access to the well.

7) Draw off water until it has only a slight chlorine smell.

Notes

— In zones where water is scarce, it is possible to treat the water in the well with only 50 mg/I of chlorine.
— If the well is equipped with a handpump, introduce the disinfecting solution into the well, then pump until
chlorinated water is passing through the pump. Wait 12 hours, then pump until the water has only a slight
chlorine smell.
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1 Implementation
1.1 Quantity estimates

This estimate allows the unit cost of the works to be calculated, and the quantity of materials
necessary to ensure the supply of the sites to be estimated. It is frequently drawn up in the form of
tables (Tables 7.11I to 7.V).

Table 7.III: Quantity estimate for different works.

Quantities Number | Unitary | Total Cement Reinforcement | Sand Gravel
of units cost cost No. of quantity quantity quantity
Tasks bags/m| total /m | total |/m | total | /m3 |total

140 mm well lining

Surface and bottom
anchorage

100 mm cutting ring

100 mm independent
intake

Slab, apron, headwall
Labour /m
Others

TOTAL
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Table 7.IV: Materials for the construction of a 1.4 m diameter well with a 1 m diameter independent
intake.

Cement Gravel Sand Reinforcement

(m?3) (kg) (m3) (kg) (m3) | (kg) (m) | (kg)
Well lining per m 0.126 144 0.4 800 0.2 340 50 | 20
350 kg cement/m3 or 3.4 bags
Anchorage 0.25 326 0.74 | 1488 0.37 632 711 29
1 surface + 1 bottom or 6.7 bags
350 kg cement/m3
Intake per m 300 kg 0.104 138 0.276 | 552 0.138 | 235 34| 14
cement/m3 or 2.8 bags
Cutting ring 0.03 42 0.084 168 0.042 71 31 12
400 kg cement/m3 or 0.8 bag
Surface works 0.62 830 1.9 3792 0.95 |[1615 324 | 130
(headwall, apron, drain) or 17 bags
100 | 0.028 37 0.08 167 0.042 72 18 7
drinking trough or 0.7 bag

Table 7.V: Materials for the construction of a 1.8 m diameter well with a 1.4 m diameter independent
intake.

Cement Gravel Sand Reinforcement
(m3) (kg) (m3) | (kg) (md) | (kg) (m) | (kg)

Well lining per m 0.16 209 0.48 955 0.24 406 64 | 26
350 kg cement/m3 or 4.3 bags

Anchorage 1 surface 0.33 444 1.02 2032 0.51 867 99 | 40
+ 1 bottom or 9.1 bags

350 kg cement/m3

Intake per m 0.14 189 0.38 754 0.19 320 46 | 18
300 kg cement/m3 or 3.8 bags

Cutting ring 0.04 53 0.107| 213 0.053 91 41 16
400 kg cement/m3 or 1.1 bags

Surface works 0.62 830 1.9 3792 0.95 |1615 320 | 128
(headwall, apron, drain) or 17 bags

1.2 Time necessary for the construction of a well

The time required for constructing a well depends on the nature of the ground (stability and
hardness), the participation of the community, and the depth of the well. An example is given in Table
7.VL
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Table 7.VI: Time necessary for the construction of a 1.4 m diameter well, 15 m total depth, with

an independent intake, by a team of trained well diggers.

Operations to be carried out

Approximate period of time per operation

Installing and packing up the site 2 days

Excavation (1.6 m diameter)

— stable and soft ground 1 m/day

— stable and semi-hard ground 0.8 m/day

Well lining (1.4 m diameter)

— top-down 1 m/day

— bottom-up 2 m/day (2 superimposed passes)

Intake (1 m diameter)
— rings cast at the surface

2 rings/day/mould during digging

— intake column cast at the bottom of the well 2 m/day
Well digging / intake sinking

— soft ground 1 m/day
— semi-hard ground 0.6 m/day
Development and pumping tests 1 to 2 days
Surface works 4-5 days
Summary

Installing the site 1 day

12 m excavation 12 days
Well lining, 12 m 6 days
Intake cast in situ, 4 m 2 days

3 m intake sinking 3 days
Development, pumping test 2 days
Surface works 4 days
Packing up the site 1 day
TOTAL 31 days

1.3 Planning the construction of ten wells

The project involved the construction of 10 wells of 1.4 m diameter, and 10 m average depth.
Two teams of well diggers were trained, and the village was asked to participate, which is essential
for the success of such a project (Table 7.VII).

Table 7.VII: Planning for the construction of 10 1.4 m diameter wells, 10 m average depth.

Month Activities

1 Purchase of equipment (dewatering pump, tripods, moulds etc.)
Recruitment of workers
Contact with local partners
Visit and choice of first sites
Meeting and organisation of project with communities
Classroom training for digging teams

2 Construction of well 1 with two teams under training
Planning of meetings with villagers
3 Construction of well 2 with two teams to complete practical training

Surveys and choice of 8 future sites
Discussion with villagers for organisation of the work

4 Construction of wells 3 and 4 by two teams separately

Continuation of community mobilisation programme (until end of programme)
5 Construction of wells 5 and 6 by two teams

Starting of sites 7 and 8
6 End of construction of wells 7 and 8

Starting of wells 9 and 10
Evaluation of programme
Possible proposal of new actions
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2 Resources required
2.1 Human resources

It is necessary to plan for one or more teams of well diggers depending on the timescale for
the programme. As an example, 10 wells of average depth 15 m can be done by one team of well dig-
gers in 6 to 8 months; for anything beyond that, it is preferable to work with more teams. For effi-
ciency, it is advisable to have one team specialised in working below water level and the other in
simple digging and lining.

Each team has a leader, who is directed by a person responsible for the project or by a super-
visor (Table 7.VIII). The communities must be involved in the work, for example by making up the
labour force for the following tasks:

— creating access routes to the sites;

— collecting and sieving aggregates;

— supplying water for the site;

— digging and extracting cuttings, under the close supervision of the team;

— mixing cement, and other unskilled jobs.

Table 7.VIII: Staff required for a well-construction programme.

Personnel Activities

Management

1 manager Technical assessment, planning, team management,
relations with partners

1 logistics officer Supplies to the sites, tracking of material and vehicles

Digging and lining team (down to water level)

1 well digger Site foreman

1 builder Placing shuttering and reinforced concrete

4 labourers Well digging, concrete mixing, winch operation

Intake-section team

1 well digger/builder Site foreman

4 labourers Digging, sinking the intake column, concrete mixing, winch operation

2.2 Materials

The costs shown in Tables 7.IX and 7.X correspond to an average of all ACF well-building
projects in Africa.

Table 7.IX: Example of costs of a new well.

Diameter Depth Cement Aggregates 8 mm reinforcement Cost
(cm) (m) (kg) (m3) (m) (US$)
(US$ 250/t) (US$ 10/m3) (US$ 0.7/m)

140 5 2610 8.7 850 1335
10 3330 1.7 1100 1720

15 4 050 14.7 1350 2105

20 4770 17.7 1600 2490

25 5490 20.7 1850 2875

180 5 3310 11.1 1010 1645
10 4 360 15.0 1330 2170

15 5410 18.6 1650 2690

20 6 450 225 1970 3220

25 7 500 26.1 2290 3740
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Table 7.X: Example of the rehabilitation cost of a well including a 5 m intake and surface works.

Diameter (cm) Materials Quantities necessary Cost (US$)
140 Cement 1890 kg
Aggregates 6 m3 950
Reinforcement 8 mm 600 m
180 Cement 2270 kg
Aggregates 7.5 m3 1125

Reinforcement 8 mm 690 m

2.3 Equipment

Indicative lists of the tools and equipment necessary for two teams of well diggers working

simultaneously are shown in Table 7.XI.

Table 7.XI: Average cost of tools and equipment for two teams of well diggers.

Quantities

Price (US$)

Heavy equipment
Dewatering kit!

— pneumatic dewatering pump and compressor

— or electric dewatering pump and generator
Water-level sensor (dipper)

Shuttering set

— sliding shuttering

— mould for intake rings?

— mould for headwall

— mould for cutting ring

Tripod and manual winch (8/10 mm cable, 1.5 t)3

Derrick and well-digging grab bucket
(for deep wells and special works)

Light tools and equipment

— tools (pickaxes, shovels, trowels, chisels,
builder’s buckets, wheelbarrows)

— 3 kg sledge hammer, hammer, saw

— bolt cutter for concrete reinforcement bars
— set of spanners for assembling the moulds
— wire brush

— safety rope (25 mm)

— sieves: 5, 10 and 20 mm

— water drums (200 I)

— plumb line, shock-resistant spirit level,
double measuring tape, builder’s ruler

— helmets

— gloves

— safety harness

— first aid kit

TOTAL

—_

AN = =N

ANDMNMDOGTOIN OO

20

IN

10 000
5000
700

1600
3000
600
800
4000
14 000

39 700

1. Pneumatic dewatering pumps have numerous advantages: simplicity, sturdiness, ability to lift muddy water, ease of use (light
and not bulky), possible use of a pneumatic hammer vibrating rods etc.
2. A complete set of ring moulds includes the internal and external moulds, a cover for the upper lip, and two covers for the lower

lip (it is possible to cast two rings a day).

3. Pyramid tripod composed of tubes of 60 or 80 mm diameter, to which a pulley is hitched (free height 2 m). A manual winch is
usually located at the base of the frame to lift the cuttings to the surface. It can also be fixed directly onto the headwall.
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CHAPTER 8

Boreholes

A

BOREHOLE DRILLING
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Down-the-hole hammer drilling
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Rotary drilling mud

Air in DTH drilling
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Working principle

ACF-PAT 401 PTO kit
Other lightweight drilling rigs
Borehole design

Choice of casing

Pre-casing
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Rotary drilling
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6.1
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Removal of a drill pipe
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DTH percussion drilling
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Drilling process

5.4.3.1 Starting the hole
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6.2.2.1 Preparation of the grout
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Thai manufacturer (PAT, see Annex 11A):

This chapter is a practical guide to standard drilling techniques and implementing drilling pro-
grammes in places with a hydrogeological potential that are accessible with light drilling machinery.
The performance of this type of machinery makes it very versatile, and suitable for difficult contexts
of humanitarian operations. Three machines have been developed by ACF in collaboration with a
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— ACF-PAT 201 is a light and fairly inexpensive machine, but limited to unconsolidated sedi-
mentary formations;

— ACF-PAT 301 is used to drill boreholes in consolidated or unconsolidated formations;

— ACF-PAT 401 is a more powerful machine than the ACF-PAT 301 with simpler implemen-
tation logistics.

Over the past few years, PAT have continued to improve these models on their own.

1 Drilling for water
1.1 Exploration

In a difficult hydrogeological context (for example, with little or no alluvial aquifer, or in the
presence of multi-layered aquifers with some saline water levels), it is advisable to drill prospection
boreholes. These indicate the presence and quality of groundwater and the nature of the aquifer, and
allow calibration of the readings taken during geophysical exploration. Generally such boreholes are
narrow, with small-diameter casing (43 to 100 mm). After the prospection phase they are either main-
tained as piezometers, or blocked up and abandoned. Simple pumping tests verify the presence of water.

1.2 Exploitation

The work carried out enables an underground aquifer to be reached and exploited, even if it is
situated at great depth (more than a hundred metres). In ACF’s programmes, most boreholes are
equipped with handpumps to provide drinking water to rural and/or displaced populations.

In some countries, national regulations impose boreholes rather than wells (for the preserva-
tion of groundwater quality). In addition, boreholes are particularly appropriate in the following cases:

— pollution of shallow aquifers (poor bacteriological or physicochemical water quality);

— digging wells is too long or costly to meet the needs of the populations (displaced people’s

camps);

— geological context which does not allow well-digging, due to formations that are too hard or

too deep;

— impossible to maintain an emergency water treatment station (not taken on by the community);

— boreholes which allow rapid response to urgent needs.

However, a certain number of technical, financial and logistical factors must be taken into
account before beginning a borehole programme, in order to ensure its feasibility:

— the hydrogeological potential of the zone must be assessed by a preliminary study to deter-

mine the type of drilling rig required, the foreseeable flows and the chances of success. These

may be low, so this must be provided for in the action plan;

— the choice of pump to be installed (manual or electric submersible), depending on the hydro-

geological potential and the required flow;

— the possibility of finding a drilling rig in working order locally, or the need to import it (air,

sea and/or land transport);

— local technical skills (driller, mechanic, geologist). It is possible to train a driller in drilling

techniques, but can it take some time at the beginning of the programme. Normally the use of

an ACF-PAT 201 (see Section 3) does not present problems;

— time required for import and starting (1 month minimum);

— local means of transport from site to site.
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1.3 Examples of borehole costs

Since 1991, ACF has drilled more than 4 000 exploitation boreholes equipped with hand-
pumps in Asia (Cambodia, Myanmar) and Africa (Liberia, Sierra Leone, Ivory Coast, Guinea, Sudan,
Sudan, Uganda, Mozambique, Angola, Ethiopia, Honduras, Guatemala, Chad), using ACF-PAT 201,
301, 301T and 401 rigs.

In Cambodia, the cost of a 30-m borehole equipped with a handpump (suction pump type
VN©6) is USD 300 (equipment only).

In Guinea, the cost of an equipped borehole with an average depth of 40 m, using a Kardia
handpump (USD 2 500), amounts to USD 4 000 (equipment).

A programme of 30 boreholes at an average depth of 40 m with an 80% success rate, taking into
account the depreciation of one ACF-PAT 301 rig, corresponds to a cost of USD 7 000 per borehole.

As a comparison, a borehole drilled by a contractor, without a pump, can be costed as follows:

— in Haiti, 35 m deep, 8" diameter: USD 8 500;

—in Mali, 120 m deep, 6” diameter: USD 12 000;

—in Angola, a programme of at least 10 boreholes at a depth of 60 m: USD 8 000 with cable-
tool drilling rig, and USD 13 000 with a rotary drilling rig;

—in Southern Sudan / Uganda, at a depth of 50 m and with a 6” diameter: USD 12 000-15 000.

2  Drilling techniques

Several techniques of drilling for water have been developed to suit the type of borehole requi-
red and the geological context.

Cable-tool drilling is the oldest technique. It is conceptually simple, and is especially useful in
coarse sedimentary formations (gravels, pebbles), which are excellent reservoirs. This technique is
not covered in detail in this book. Material removed is lifted to the surface mechanically, using a
cylindrical bailer or scoop (Beneto-type machines).

Rotary and ‘down-the-hole’ (DTH) hammer techniques are the most widely used and are the
most suitable in drilling for water. Certain rotary drills are very large and can drill down to several
hundred metres.

For the lightweight machinery used by ACF, the ACF-PAT 201 model comes only in a rotary
version, whereas the ACF-PAT 301 and 401 are DTH models (combined rotary and percussion).

2.1 Rotary drilling

The rotary technique (Figure 8.1) is used only in unconsolidated sedimentary formations with
lightweight machinery (high-power rotary machines such as that used for oil drilling can however
work in hard formations).

A rotary drill bit, known as a tricone bit, is driven from surface level via drill pipes. The drill
bit works by abrasion of the ground, without percussion, using only rotation and pressure. This is pro-
vided by the power of the machine but, above all, by the weight of the drill pipes above the drill bit:
when drilling large boreholes, weighted drill pipes, are used for this purpose.

At the bottom of the hole, the drill bit cuts away pieces of ground (cuttings). The circulation
of a liquid, the borehole drilling mud, brings the cuttings up to the surface. The drilling mud is injec-
ted down the centre of the hollow drill pipes (or drill string) to the level of the drill bit and returns to
the surface via the annular space between the drill string and the sides of the hole. While it is rising,
the drilling mud covers the borehole sides and stabilises them (cake). This drilling mud is made up of
water, a clay (bentonite) or a polymer, usually polycol. It moves in a closed circuit: when it arrives at
the surface, it is channelled into a series of pits which allow the cuttings to settle, and it is then
re-pumped and injected under pressure down the drill string.
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mud passing down
through the drill pipes

removal of cuttings
through the annula r
space

formation of a cake
on the borehole sides

tricone bit

mud outlet

(dnil bit lubrication) Figure 8.1: Working principle

of rotary drilling.

2.2 Down-the-hole hammer drilling

This technique allows drilling in hard formations.

A cutter with tungsten carbide buttons, fixed directly onto a pneumatic hammer (DTH), is rota-
ted with a hammer action to break and grind the rocks. The hammer works like a pneumatic road drill,
using compressed air delivered by a compressor. The air flow raises the cuttings to the surface.

There are two phases, percussion and blowing (Figure 8.2).

compressed air
passing through
the drill pipes

evacuation of

cuttings by
released air

hammer operated
by compressed air

cuttings blown
through the
annular space

hammer out of circuit
free passage of air

= striking = no striking
drill-bit lifted
»
drill-bit pressing . _
on the rock base blow ing through P
base of hole

Figure 8.2: Working principle of DTH hammer drilling.

A: percussion: the compressed air operates the piston of the hammer, which strikes the drill bit pressed
on the rock; part of the air then escapes into the annular space, carrying the cuttings with it.

B: blowing, or removal of the cuttings: the drill bit is withdrawn slightly, so that all the air flow passes
around the hammer without operating it, and then escapes into the annular space.
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2.3 Borehole parameters

The parameters that control drilling progress depend on the technique used (rotary or DTH):
rotation and pressure on the drill bit (Box 8.1), and rising speed and pressure of the drilling mud or
air — see box 8.2. These factors have varying influences on the rotary or DTH techniques, and it is
essential to control them in order to achieve good working conditions: smooth progress, constant cut-
ting removal, and stabilisation of the borehole sides (Figure 8.3).

In rotary drilling, for a given rotational speed, the essential parameter for progress of a bore-
hole is the weight acting on the drill bit. Rotational speed is kept as regular as possible, depending on
the drill-bit diameter and the nature of the formation. Generally, rotational speed will be lower for
hard formations.

In DTH drilling, on the other hand, the determining factor is not weight, but the percussive
action of the drill bit on the rock caused by the pressure of the compressed air acting on the hammer.
However, insufficient weight can induce blind striking, which can cause serious damage to the ham-
mer and drill bit. Too much weight, on the other hand, damages the drill-bit buttons. In practice, and
with experience, the pressure on the drill bit is controlled by ear — a clear striking sound means that
the hammer is working correctly — so as to obtain a regular rotational speed and to prevent excessive
vibration.

Box 8.1
Calculation of pressure and rotational speed*.

Drill-bit loading

In rotary mode, the theoretical minimum pressure on a tricone bit is about 450 kg per inch of bit diameter
and about 225 kg per inch for a three-bladed bit, i.e. a minimum downward force of 1 350 kg for a 6” three-
bladed bit, and 2 700 kg for a tricone bit of the same size.

For a DTH hammer, the usual pressure is 100 to 200 kg per inch of drill-bit diameter, i.e. between 600 and
1 200 kg for a 6” drill bit.

Rotational speed
The calculated speed is that of a point situated at the periphery of the drill bit (tangential speed), that is, the
time the point takes to cover a given distance.

The following formula is used to calculate the number of revolutions per minute:

tangential speed (m/min)

revolutions per minute (rpm) =
7t - d(m)

where 7t = 3.14 and d is the drill bit diameter (m).

In rotary mode, the minimum tangential speed must be 60 m/min, and for a DTH hammer it must be 10
m/min, that is, for a 150 mm drill bit:

— in rotary mode, 127 rpm;

—in DTH mode, 21 rpm.

Torque
For rotary and DTH drilling, the minimum advised torque is 2 000 N-m per inch of diameter of drill bit used.

A safety factor of 1.33 is applied; that is, for a 6” drill bit, a torque of 16 kN-m.

* Raymond Rowles, Drilling for Water, a Practical Manual, Avebury/Cranfield University, 1995.
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Figure 8.3: Control of downward force and rotation.

2.3.1 ROTATION, PRESSURE AND LIFTING FORCE

The rotation is transmitted mechanically (motor, gearbox, clutch or kelly on large machines) to the
drill string by the drive head. It is calculated by simply counting the number of revolutions per minute.

The torque of the machine is expressed in Newton-metre and plays a fundamental role in
rotary rigs working in hard sedimentary formations, and at great depths. It plays a secondary role in
lightweight rigs, since the rotary technique has a limited application in hard formations. The values
expressed are well within the recommended ranges.

The pressure depends on the power of the rig itself and the weight of the drill string above the
drill bit. Consequently, the deeper the borehole, the heavier the weight on the drill bit induced by the
weight of the drill pipes. When the borehole is started, the pressure on the drill bit is therefore some-
times low, particularly with lightweight rigs. On the
other hand, at great depths, the drill string must be sup-
ported so as not to apply excessive pressure on the drill

- bit (Figure 8.4). The pressure to be applied on a tricone
0 734 kg bit (rotary) is much higher than that applied on a DTH
bit, but rotational speed is reduced (Box 8.1).

weight on drill bit (kg)

50 350 kg Figure 8.4: Downward force applied as a function of
depth and weight of drill pipes.

The drill bit is 150 mm diameter, and the downward
force on the hammer is about 800 kg. The weight of
standard drill pipes is about 7 — 8 kg/m. The downward

100 -
50 force of the drilling rig (in addition to the drill string)
depth has to be increased at the start of drilling; after
(m) v a certain depth is reached, the drill string may have to

be supported as the weight of drill pipes increases.
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The lifting force is provided by the machine power. Its value is given by the manufacturer and
is generally expressed in tonnes. Obviously, it lifts the drill string, but can also be used to free the drill
bit if the borehole sides collapse.

2.3.2 DRILLING FLUIDS

Drilling fluids are either lubricated air (with or without foam) for use with DTH hammers, or
water incorporating a given amount of drilling mud for rotary drilling. These fluids play several roles,
summarised in Table 8.I.

Table 8.I: Drilling fluids.

Drilling Type of fluid Role of the fluid
technique
Rotary Drilling mud: Cuttings removal
— water Binding and stabilising the sides
— bentonite (cake formation)
— polycol Lubrication, cooling of the drill string and drill bit
DTH Lubricated compressed air Operating the hammer
Lubricated compressed air Improved cuttings removal (blowing)
+ foam (foaming agent) Lubrification of the hole

DTH drilling is often done without foam but this practice must be avoided. The use of foam
really improves the efficiency of drilling (cuttings removal) and strongly decreases the risk of getting
the hammer stuck.

Rotary drilling can be carried out using only air, without drilling mud. This technique allows
quicker drilling and can sometimes get to a good depth in dry and stable formations. This allows the
absence of water to be established without having to install any casing. If water is reached however,
drilling becomes more difficult, with increased risk of collapse, and here mud drilling must be used.

This technique is also often applied over the first few metres of the borehole (10-20 m), as it
avoids the need for drilling mud if drilling is to be continued with a DTH hammer (bedrock near the
surface). However, if the surface layers are not stabilised by the cake, the risk of the sides collapsing
is higher (erosion by the air flow). Furthermore, the wet cuttings tend to agglomerate and, being too
heavy to rise to the surface, they remain in suspension in the borehole until they form a plug in the
annular space.

2.3.3 ROTARY DRILLING MUD

Drilling mud plays an essential role in the drilling process: it brings the cuttings to the surface,
stabilises the sides, and lubricates the drill bit. The intrinsic characteristics of drilling mud (density,
viscosity) are regularly checked and modified during the drilling process, thinning or thickening as
necessary:

— density influences the transport of the cuttings to the surface and the stabilisation of the bore

hole sides. Heavy drilling mud has better transport properties, and the cuttings float better;

— low temperature cools the drill bit;

— viscosity influences the lubrication of the drill bit as well as the transport of the cuttings

(thrusting effect).

Note. — Polycol is a polymer which gives a spiral movement when circulating in the hole, and
this improves the rise of the cuttings.
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Hydrodynamic parameters (flow, pressure) also have an effect:

— the flow of the pump influences the circulation rate of the drilling mud (rate of rise), and
directly influences the removal of the cuttings (Box 8.2). For the cuttings to pass within the
annular space, it is necessary to maintain a minimum speed suitable to the density of the fluid.
For constant flow, the velocity of the fluid (m/s) decreases as the annular space increases;

— the pressure of the drilling mud offsets head-losses in the drill string, since the circuit is
balanced (open U circuit at atmospheric pressure at the surface). In theory, no pressure is
necessary to ensure the return of the drilling mud. Nevertheless, high pressure is very useful
in the event of a blockage in the annular space.

2.34 AIRIN DTH DRILLING

Air has two different functions: to operate the hammer, and to bring the cuttings to the surface.
Therefore, several essential parameters must be checked.

The minimum air supply necessary to operate the hammer (several litres per second) and also
to provide air flow high enough to carry medium-size cuttings (several millimetres — Figure 8.5 and
Table 8.IT) must be determined. The addition of foam to create an air/foam emulsion increases the
transport capacity, and the emulsion can carry cuttings with diameters of about one centimetre, for
low rise rates of about 10 to 15 m/s. By lubricating the rocky sides of the hole, the foam decreases the
risk of getting the hammer stuck and it must be systematically used in deep boreholes.

The pressure of the air injected has a direct effect on the ability of the hammer to crush the
rock, and therefore on the drilling advance speed (Table 8.IIT). The lubrication of the air must be per-
manent, because it lubricates the hammer piston liner.

Table 8.I1: Air velocity necessary in DTH drilling, without the addition of foam, to bring spherical
cuttings of a specific gravity of 2.8 to the surface.

Cuttings diameter (mm) Air velocity (m/s)
0.1 1
0.5 5
1 8
5 18
10 24

air velocity in annular space compressor

42 mls 125 Is

30mis

compressor

175 /s

e 13 m/s
10 m/s
7 m/s
105 152 165
drill bit diameter (mm)

Figure 8.5: Air velocity as a function of compressor flow and drill bit diameter.
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Table 8.III: Drill advance speed at a site in northern Uganda in gneiss formations with an ACF-PAT 301
rig equipped with a 150 mm drill bit and a 8 or 12 bar compressor.

Compressor 8 bars — 175 I/s 12 bars — 125 I/s

Borehole number 10 825 10 823 10 829 10 828 10 832 10 836

Average time

per 2 m drill pipe (min) 44 52 69 23 18 36
Box 8.2

Calculation of rise rate of the fluid.

To calculate the fluid velocity in the annular space, pump flow is divided by passage cross-sectional area,
e.g., for a flow of 19 I/s, a 150 mm borehole, and 76 mm drill pipes:

e
nid?/4 — miD%/4

0019
3.14 x (0.15)%/4 - 3.14 x (0.076)/4

=14 m/s

where d is the external diameter of the drill pipes (m), D the diameter of the borehole (m), Q the flow (m?¥/s)
and V the speed (m/s).

Raymond Bowles (1995) gives minimum annular flow speeds required for various fluids: 0.6 m/s for water,
0.35 m/s for drilling mud (water + bentonite) and 15 m/s for pure air (without foam).

He also gives maximum permissible flow speeds: 1.5 m/s for water and 25 m/s for air. At speeds above this,
erosion of the sides of the borehole may occur, which could lead to loss of the borehole.

2.3.5 DRILLING GUIDELINES

The values of these parameters are merely indicative (Table 8.IV) and correspond to recom-
mendations for standard drilling rigs; they are therefore much larger than the values used with light-
weight rigs.

Table 8.IV: Drilling parameters (guidelines).

Rotary DTH
Pressure on the drill bit Per inch of drill bit
— three-bladed bit 225 kg
— tricone bit 450 kg
— DTH-hammer bit 100-200 kg
Rotation 10-150 rpm 25-50 rpm
Torque 2 000 N-m per inch of drill bit
Coefficient of 1.33 in addition
to be applied
Fluid flow speed Drilling mud Air (pure)
— minimum 0.35 m/s 15 m/s
— maximum 1.5 m/s 25 m/s
Minimum pressure of the fluid (in bars) Drilling mud Air
for a 4” borehole 1 bar 12 bars
Depends on diameter Depends on diameter
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The characteristics of the ACF-PAT rigs do not meet the specifications given in Table 8.IV
(pressure, torque) in rotary technique, which simply means that these drills have very precise limita-
tions in application, and that it is necessary to adapt the technique to the formations encountered. A
rotary technique with light drilling machinery is not applicable in hard formations, where DTH ham-
mers are required.

3  Lightweight drilling rigs

The three drilling rigs described below have been developed by the firm PAT, based in Thai-
land. ACF has adapted these machines (originally designed for working in Asian contexts, i.e. sedi-
mentary formations) to the context of African bedrock zones. Three drilling kits have been manufac-
tured: ACF-PAT201, ACF-PAT 301 and ACF-PAT 401 PTO.

3.1 ACF-PAT 201 kit

This very simple machine is a rotary rig composed of a frame and a rotary motor (Figure 8.6
and Annex 11A), a mud pump, and a small light compressor for borehole development.

The main advantages of this machine
come from its light and mobile structure,
which enables drilling to be carried out in iso-
lated zones without needing to transport a
complete site kit, which is very heavy*. A
standard pick-up is enough to transport it from suspension
site to site with the rest of the equipment. The cable
whole kit can be transported by light aircraft,
which is an asset in many inaccessible places
with humanitarian crises. The very simple

operation of this type of machine allows local Suging
teams to become technically independent very =
quickly.

Boreholes. are equipped yvith hand- ::i?,réﬂal « glﬁgzox and
pumps, or sometimes 4” submersible pumps, . . L1 epring
depending on demand and available flow. 4
Maximum exploration depth is about 45-60 m “« injection head
in all unconsolidated formations (sand, clay, ——
and fine gravel). For depths greater than .60 m, cable s L dril pipe
the machine is limited by the configuration of
its drill string in its standard version (60 m), mud injection
by its manual lifting winch, and by the capa- pipe
city of the mud pump. ngever, it is possible base sl
to use some optional equipment which allows
drilling to a depth of 80 m. anchorage .

4 -

Figure 8.6: The ACF-PAT 201 drilling rig.

* Net weight of the complete site kit: 787 kg. Gross weight of the complete kit: 949 kg. Packed volume (8 boxes):
5.5 m3.
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Table 8.V: Characteristics of the ACF-PAT 201 kit (1998 version).

Frame Total height of crossbar: 2.9 m
Manual lifting winch equipped with 5 pulleys (cable length 11.5 m, ratio 4:1)
Installation chassis for a pick-up

Drive head Engine: Honda GXV-140 petrol 5 HP, 3 600 rpm + gearbox + clutch
Rotational speed 80-120 rpm

Drill pipe, Length 1.5 m x 40 units —thread 2” 3/8 API reg.

standard drill bits
and accessories

Exterior dia. of the drill pipes 54 mm — 4 mm pitch — weight 16 kg — total 45 m
Three-bladed bits: 1 pcs 8” (103 mm) — 2 pcs 6” 1/2 (165 mm) — 2 pcs 3” 1/2 (89 mm)
1 three-bladed bit 165 mm for clay

Adaptor: 2 pcs 201 A — 2" 3/8 API female

2 pcs 201 A - 3"1/2 API female

Complete toolbox

Pressure Manual winch

torque 196 Nm

lifting force Manual winch max. 400 kg

Mud pump Pump: Taki — TGH max. 42 m — max. flow 19 I/s

Engine: Honda GX 390 — 13 HP petrol
Suction pipe 3" x4 m
Delivery pipe 1”12 x 6 m

Engine: Honda GX 390 — 13 HP — 3 600 rpm

Compressor: FUSHENG model TA 80 — 3 compression cylinders
— max. flow 7.5 I/s — max. pressure 100 m

80 m air hose on reel

Development
compressor

The drilling power is given by the weight of the drill pipes above the drill bit, and is limited
by the surface formation encountered (a cap of laterite, for example).

Its configuration and cost also make it very suitable for exploration to optimise a well-digging
programme, thus avoiding expensive dry wells.

Numerous borehole programmes have been carried out by humanitarian organisations with
this machine in South-East Asia, in Africa by ACF, in very isolated areas such as Southern Sudan,
Liberia, Sierra Leone, Mozambique or Angola.

The speed of implementation depends essentially on the geological context and the conditions
of access to the site. In a very favourable context (shallow water table), it is possible to drill one bore-
hole per day. However, during a drilling programme, the time invested in transport, installation and
packing up, choice of site, construction of boreholes, and maintenance must also be taken into
account. Normally, in a difficult context, it is possible to drill one borehole per week.

The technical specifications of the ACF-PAT 201 kit are given in Table 8.V.

3.2 ACF-PAT 301 kit

The ACF-PAT 301 rig (Figure 8.7 & Annex 11A) is a combined rotary and percussion (DTH)
drill, developed to drill in all types of hard sedimentary formations. ACF has adapted it to much har-
der formations, such as bedrock.

In rotary mode, it can drill deeper than the ACF-PAT 201 in fairly hard formations. It can the-
refore be limited to rotary mode. Its investigation depth is about 100 m for 6” and up to 150 m for 4”
holes (ACF, Myanmar, 1996). In percussion mode, it can be used for boreholes of 40 to 60 m depth
and 150 mm diameter in rocks and weathered formations.

This rig has most of the advantages of the lighter ACF-PAT 201, but much wider application.
It is available as an air-transportable kit, and can be used for emergencies; its technology is relatively
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Figure 8.7: The ACF-PAT 301 drilling rig — working principle.

simple and accessible for a trained local team. The assembly can be fixed on a pick-up or a flat-bed
truck, or mounted directly on the ground. The frame can also be towed (mounted on two wheels — not
advisable in rough conditions).

The ACEF kit includes a chassis adapted to the dimensions of the bed of a Land Cruiser pick-
up, which allows the machine to be fixed. It is important to fit jacks to the back of the pick-up or truck
in order to be able to drill vertically and stabilise the vehicle during the drilling process.

Installation of this rig directly on the ground is the simplest technique, and allows a very quick
start while waiting for a possible mounting on a vehicle.

Since 2002, PAT has developed a new concept of the 301, the PAT 301T, by installing the rig
on a trailer. The PAT 301T is easier to install and more stable (and efficient) than the standard 301.
As the trailer is independent of the vehicle, the rig doesn’t prevent use of the vehicle during drilling
as with the 401, giving operational flexibility.

Table 8.VI: Site configuration depending on intervention contexts.

Context Characteristics Site configuration

Borehole in camps, Fairly short distances Machine on the ground or on a pick-up
in an urban area or near the base between drilling locations Towed compressor

Village borehole Long distances, Machine and compressor on a truck

in a scattered zone (Sahel type) Very bad roads

Only rotary drilling Machine on pick-up, machine on ground

3.2.1 TECHNICAL CHARACTERISTICS

The machine is composed of a frame, a drive head and hydraulic power unit, a pumping unit
(mud pump), a small compressor (for development), and an air compressor to work with a DTH ham-
mer. The technical specifications of the standard kit are given in Table 8.VII and 8.VIII. The applica-
tions of the PAT in rotary mode are below the advised standards: the use of the tricone bit, which
requires a high pressure, is not very advisable. In practice, for fairly hard sedimentary formations, the
DTH is more suitable, because it needs much less pressure. The air-rise rate is limited by the flow of
the compressor used and the drilling diameters.
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Table 8.VII: Characteristics of the ACF-PAT 301 Kkit.

Frame

Drive head

Drill pipe
& standard drill bits

Hydraulic unit

Feed system

Mud pump R
Standard

Screw compressor
for drilling

Development
compressor

Foam pump

Height: 3.15 m, with crossbar of 2.25 m of useful run, equipped with 2 wheels
Weight 320 kg — drilling table dia. 200 mm

Hydraulic motor
Rotational speed 0-40 rpm — torque 136.5 kgf.m (1 320 Nm)

Length of the drill pipes 2 m x 50 units — exterior dia. 76 mm

Thickness 4 mm — weight 16 kg

Screw thread: 2°3/8 API reg.

Three-bladed bits: 2 pcs 9” (228 mm) — 1 pcs 8” (203 mm) — 2 pcs 671/2 (165 mm)
—2pcs 4” (101 mm)

1 three-bladed bit 61/2” for clay

3 adaptors 2”3/8 x 2"3/8 API reg. (female — female)

2 adaptors 2”3/8 x 3"1/2 API reg. (female — female)

Hammer: Stenuick Challenger 5 — drill bits: 1 x 150 mm — 2 x 165 mm

Engine: Honda 13 HP petrol, 3 600 rpm (portable chassis)
Hydraulic oil reservoir 60 |
Hydraulic pump 250 bars

Drive head raised and lowered by a hydraulic cylinder and heavy-duty transmission chain
Lifting capacity: 1 590 kg, max. speed: 15 m/min

Engine: Honda GX 390 — 13 HP — 3 600 rpm — petrol

(or Yanmar 10 HP diesel, hand-start, 3 600 rpm, air-cooled)

Pump: Taki 65-33/2 (168 kg), 1 000 I/min at 30 m head, 600 I/min at 50 m head,
pressure max. 4 bar

ATLAS COPCO XAH 12 bar -175 I/s*
Weight 1.5 T — 2 wheels — Diesel engine: DEUTZ 115 HP

Engine: GX 390 HONDA 13 HP — 3 600 rpm

(Yanmar 10 HP diesel, hand-start, 3 600 rpm, air-cooled)

Compressor: FUSHENG TA 80 (3 cylinders) — max. pressure 10 bar— max. flow 125 I/s
1/2” x 5 m flexible rubber hose with connections from reel stand to borehole development
compressor

1/2” x 50 m (optional 80 m) flexible rubber hose with connections and attached air probe
Tubular steel frame with detachable steel handle for rolling up and storing the hose

after well development

Engine: Honda GX 120 petrol — 3.8 HP 3 600 rev/min

(also available: 4.0 HP Yanmar diesel engine, hand-start , 3 600 rev/min, air-cooled)
3-cylinder piston pump (triplex piston pump)

Max. pressure 35 bar — max. flow 20 I/min

25 mm x 6 m lift pipe

25 mm x 2 m suction pipe

* Other compressors are now available:
— XAS-186 7 bar, 186 I/s

— XAHS-186 12 bar, 186 I/s

— XAHS-236 12 bar, 236 I/s

3.2.2 WORKING PRINCIPLE

A hydraulic circuit drives a motor for rotating the drill string, and a hydraulic jack for raising
or lowering the drill pipes and providing pressure on the drill bit (Figure 8.7). This jack moves the
drive head up or down the pillar by means of a chain. The machine is operated from a control panel

(Figure 8.8).
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Table 8.VIII: Characteristics of the PAT 301T.

Frame

Drive head

Drill pipe
& standard drill bits

Feed system

Hydraulic unit

Mud pump R
Standard

Screw compressor
for drilling

Development
compressor

Foam pump

Height: 3.15 m, with crossbar of 2.25 m of useful run, equipped with 2 wheels
Weight 320 kg — drilling table dia. 200 mm

Mast raised hydraulically to vertical from storage position

Mast equipped with 2 floodlights for night-time operations

Hydraulic motor
Rotational speed 0-45 rpm — torque 205 kgf.m (1 980 Nm)
Able to swing aside for easy casing installation

Length of the drill pipes 2 m x 50 units — exterior dia. 76 mm

Thickness 4 mm — weight 16 kg

Screw thread: 2°3/8 API reg.

Three-bladed bits: 2 pcs 9” (228 mm) — 1 pcs 8” (203 mm) — 2 pcs 6”1/2 (165 mm)
—2pcs 4” (101 mm)

1 three-bladed bit 671/2 for clay

3 adaptors 2”3/8 x 2"3/8 API reg. (female — female)

2 adaptors 2”3/8 x 3"1/2 API reg. (female — female)

Hammer: Stenuick Challenger 5”

Drive head raised and lowered by a hydraulic cylinder and heavy-duty transmission chain
Lifting capacity: 2 300 kg, max. speed: 19.5 m/min
Drive-down capacity: 3 480 kg, max. speed: 14.5 m/min

Engine: Yanmar 20 HP diesel, 2 800 rpm (portable chassis), 3 cylinders, water
cooled, electric start

Hydraulic oil reservoir 70 |

Hydraulic pump 250 bars max.

Engine: Honda GX 390 — 13 HP — 3 600 rpm - petrol

(or Yanmar 10 HP diesel, hand-start, 3 600 rpm, air-cooled)

Pump: Taki 65-33/2 (168 kg), 1 000 I/min at 30 m head, 600 I/min at 50 m head,
pressure max. 4 bar

ATLAS COPCO XAH 12 bar -175 I/s*
Weight 1.5 T — 2 wheels — Diesel engine: DEUTZ 115 HP

Engine: GX 390 HONDA 13 HP — 3 600 rpm

(or Yanmar 10 HP diesel, hand-start, 3 600 rpm, air-cooled)

Compressor: FUSHENG TA 80 (3 cylinders) — max. pressure 10 bar— max. flow 125 I/s

1/2” x 5 m flexible rubber hose with connections from reel stand to borehole development
compressor

1/2” x 50 m (optional 80 m) flexible rubber hose with connections and attached an air probe
Tubular steel frame with detachable steel handle for rolling up and storing the hose

after well development

Engine: Honda GX 120 petrol — 3.8 HP 3 600 rpm

(also available: 4.0 HP Yanmar diesel engine, hand-start, 3 600 rpm, air-cooled)
3-cylinder piston pump (triplex piston pump)

Max. pressure 35 bar — max. flow 20 I/min

25 mm x 6 m lift pipe

25 mm x 2 m suction pipe

* Other compressors are now available:
— XAS-186 7 bar, 186 I/s

— XAHS-186 12 bar, 186 I/s

— XAHS-236 12 bar, 236 I/s
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Figure 8.8: Control panel functions on the ACF-PAT 301 (1996 model).

The hydraulic pressure provided by the hydraulic pump is 210 — 220 bars maximum, and is controlled
at the inlet to the control panel by the hex-head control screw P1. If the chain breaks too often,

it may be that this screw is incorrectly set.

Pressure on the feeder F3: this imparts correct rotation in automatic setting. The control range of screw
F3 is adjusted as follows: — turn the control screw for feeder F3 to minimum; — adjust the hydraulic
pressure to 400 psi (manometer F2) using valve F4.

The pneumatic hammer is driven by a compressor (235 to 283 1/s, 12 bars). The compressed
air used for the hammer must be permanently fed with oil (lubricator placed between the compressor
and the air admission valve). A foam pump allows a foaming agent to be injected in addition, to faci-
litate the transport of cuttings to the surface.

3.3 ACF-PAT 401 PTO kit

The ACF-PAT 401 PTO rig is a development of the 301. Its applications are the same as those
of the 301, but it offers easier drilling conditions, because it is more powerful. Its characteristics are
given in Table 8.IX.

The rig is powered by the engine of the vehicle which transports it: in the standard version, a
Toyota Land-Cruiser or a Dyna truck. A power take-off drives the hydraulic pumps: lifting/lowe-
ring/rotation pump, mud pump, stabilising jack pump and foam pump.

The equipment is therefore powered by a single engine, totally controlled from the board situa-
ted at the back of the vehicle (see Annex 11A). Getting on the road, installing the rig and starting work
are simple jobs: the vehicle is positioned, and the platform stabilised. The whole kit is air-transpor-
table (1 vehicle + 1 compressor). The drilling platform can be mounted on the vehicle by a team of
mechanics in a few days. The total weight of the kit is 4.5 tonnes.

3.4 Other lightweight drilling rigs

There are other drilling rigs on the market similar to the ACF-PAT. Table 8.X compares the
characteristics of the main lightweight rigs used in drinking-water supply programmes. The Eureka
and Dando machines are British. The Stenuick (BB) is not very widely used in drilling for water, but
has some useful characteristics for DTH-hammer drilling; its special feature is the fact that it is enti-
rely pneumatic, which simplifies maintenance. Table 8.XI compares the range of Pat drilling rigs with
other similar models.
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Table 8.IX: Characteristics of the ACF-PAT 401 Kit.

Drilling platform Composed of a hydraulic unit, a control panel, oil reservoirs, 35 drill pipes,
(to be installed a mud pump and a foam pump, lighting and electrical system 12 volts DC
on a Land-Cruiser*) Total weight of the kit with 70 m of drill pipes: 2 t

Drive head Rotational speed 0-60 rpm
Torque 2 460 Nm max
Able to swing aside for easy casing installation

Drill pipe Length of the drill pipes 2 m x 35 units — exterior dia. 76 mm
& standard drill bits  Screw thread: 2”3/8 API reg.
Weight of each drill pipe: 15.2 kg
Three-bladed bits: 2 pcs 9” (228 mm) — 1 pcs 8” (203 mm) — 2 pcs 6”1/2 (165 mm)
2 pcs 4’ (101 mm)
1 tricone bit 6”1/2
1 three-bladed bit 671/2 for clay
Adaptors 273/8 API reg. female x 2°3/8 API reg. female
2 adaptors 2”3/8 API reg. female x 3"1/2 API reg. female
Toolbox, spares, lubricants
Hammer 4” and 5”, bits 165 mm

Hydraulic unit Deck engine: Yanmar diesel, 4 cylinders, 30 HP, 2 800 rpm, water cooled, electric start,
driving hydraulic pumps
System pressure 250 bar max.
Reservoir capacity 125 |

Feed system Drive head raised and lowered by a hydraulic cylinder and heavy-duty transmission chain
Pull-up capacity: 3 500 kg, max. speed: 25.5 m/min
Drive-down capacity: 2 560 kg, max. speed: 34.5 m/min

Stabilising jacks 2 front / 2 rear
Lifting power of 6 t per jack

Mud pump Engine: Honda GX 390 — 13 HP — 3 600 rpm — petrol
(or Yanmar 10 HP diesel, hand-start, 3 600 rpm, air-cooled)
Pump: Taki 65-33/2 (168 kg), 1 000 I/min at 30 m head, 600 I/min at 50 m head,
pressure max. 4 bar

Foam pump Engine: Honda GX 120 petrol — 3.8 HP 3 600 rpm
(also available: 4.0 HP Yanmar diesel engine, hand-start, 3 600 rpm, air-cooled)
Triplex piston pump driven by a hydraulic motor, 450 rpm, 10 I/min max., 30 bar max.

Compressor ATLAS COPCO XAH 12 bar - 175 I/s
(as 301) Weight 1.5 t
Other compressors are available as for the 301

Development Engine: Honda GX 390 — 13 HP — 3 600 rpm

compressor (or Yanmar 10 HP diesel, hand-start, 3 600 rpm, air-cooled)
Compressor: FUSHENG TA 80 (3 cylinders) — max. pressure 10 bar— max. flow 125 I/s
1/2” x 5 m flexible rubber hose with connections from reel stand to borehole
development compressor
1/2” x 50 m (optional 80 m) flexible rubber hose with connections and attached an air probe
Tubular steel frame with detachable steel handle for rolling up and storing the hose
after well development

* The complete kit can also be assembled on a trailer.
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Table 8.X: Comparison of several lightweight drilling machines.

P: service pressure. Q: air flow. W: power.

Weight of Lifting Lifting Rotation  Torque Drilling Compressor Comments
rig only force speed speed (Nm) mud pump (DTH)
or kit (t) (kg) (m/min) (rpm)

Eureka 1.5 750 40-75 1000 No Rotary

drill system

Dando 1.85 7 000 No No Options:

Buffalo 1.71 Motor 20 hp rotary

3 000 + winch 3 000 DTH
cable-tool
machine

Stenuick* 2 600 70 1800 Q:2501/s Rotary + DTH

BB P: 12 bar pneumatic

ACF-PAT 1 (kit) 400 Manual 80-120 196 Q: 191/s No Kit

201 Manual P: 4.2 bar - Rotary

ACF-PAT 3.5 (kit) 1590 Max: 15 0-40 1320 Q:191/s Q:125-236 I/s Kit

301 Intermittent Nor: 10 P: 4.2 bar P: 12 bar W: 13 HP
Rotary + DTH

PAT 301T 3.5 (kit) 2300 Max:19.3 0-45 1980 Q:191/s Q: 125-236 I/s

Intermittent P: 4.2 bar P: 12 bar

ACF-PAT 4.5 (kit) 3500 Max: 25.5 0-60 2 460 Q: 15.51/s Q: 175-236 I/s PTO kit

401 Land Cruiser Intermittent Min: 1.2 P: 4 bar P: 12 bar W: 40 HP

PTO Rotary + DTH

ACF-PAT 4.5 (kit) 3500 Max: 25..5 0-60 2 460 Q: 125-236 I/s PTO kit

401 Dyna Min: 1.2 P: 12 bar W: 40 HP

PTO Rotary + DTH

PAT 501 5.5 (kit) 4 350 Max: 25.5 0-50 4 840 Q: 191/s Q: 175-236 I/s Trailer

Intermittent P: 4 bar P: 12 bar

* BB drill, equipped with a F624 pneumatic motor for rotation and two F575 motors for raising and lowering.
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Table 8.XI: Comparison of PAT drilling rigs.

Description PAT-Drill 201 PAT-Drill 301 PAT-Drill 301T PAT-Drill 401 PAT-Drill 501
Physical formation Alluvial, soil, clay All kinds All kinds All kinds All kinds
Drill system and operation Manual Hydraulic Hydraulic Hydraulic Hydraulic

Rig assembly

Mobility

Transport

Drill depth*

Drill pipe
(diameter x length)

Borehole diameter in alluvia,
rotary drilling, mud flushing*

Borehole diameter in hard rock,
DTH-hammer drilling,

air flushing*

Air drilling, DTH-hammer

Button-bit diameter

Air compressor

Foam pump

Weight
(without compressor)

Shipping information
for a complete set

Separate kits,
3 engines driven

No

Load on/off pick- up

0-60 m

50mmx 1.5 m

3 1/2"-61/2"

Not
recommended

250 kg

1.1t,3ms

Separate kits,
3 engines driven

2 -wheel trailer

Load on/off pick- up

0-100 m

76 mmx2m

4 -8

41/ -6’

3"— 4” hammer
90-150 mm

250-400 cfm,
7-12 bar

Engine driven,
separate kit

700 kg

Mud and air drilling,
one 20 ft container

1 complete unit,
main engine driven

2- wheel trailer

Towed by pick -up

0-100 m

76 mmx2m

48

41/2 -6’

3"— 4” hammer
90-150 mm

250-400 cfm,
7-12 bar

Hydraulic driven,
mounted on rig

1 450 kg

Mud and air drilling,
one 40 ft container

1 complete unit,
main engine driven

2 -wheel trailer
Mounted on Toyota
Land Cruiser
Towed by pick- up
Mounted on Toyota
Land Cruiser

0-120 m

76 mmx2m

-9

41/2 -6’

4"— 5" hammer
115-165 mm

300-400 cfm,
7-12 bar

Hydraulic driven,
mounted on rig

1860 kg

Mud and air drilling,
one 20 ft container

1 complete unit,
main engine driven

4- wheel tandem trailer

Mounted on 3-t truck

Towed by pick- up
Mounted on 3-t truck
0-150 m

76 mmx3m

4 -9

41/ -6’

4” —5” hammer
115-165 mm

300-400 cfm,
7-12 bar

Hydraulic driven,
mounted on rig

3 080 kg

Mud and air drilling,
one 40 ft container

* Depends on geological conditions and skills of operators.

4  Borehole design
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Choice of casing

The depth and diameter of the casing and location of the screen depend on the hydrogeologi-
cal context (depth of the aquifer, exploitation flow) and the type of pump to be installed (handpump
or submersible pump). The choice of casing diameter depends on the size (diameter) of the pump,
which in turn depends on the flow it can provide (Table 8.XII).

A 4” pump normally passes through a casing of 100 mm diameter. However, it is advisable to
leave one inch between the pump and casing and it is therefore advisable to use casing of 113 mm
internal diameter for an 4” pump. This clearance must be carefully considered when an electrical sub-
mersible pump is installed. It must be large enough to limit the head-losses (especially for large head-
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Table 8.XII: Flows and diameters of submersible pumps.

External diameter of the pump (inches) Usual flow range (m3/h)
3 1-3
4" 3-10
6” 10-50
8’ 50 - 150

losses flows), but narrow enough to allow for a sufficient flow across the sides of the motor to cool
it. When a motorised pump is placed below (or in) the screen a shroud must be installed in order to
direct the flow across the motor to ensure cooling.

Logically, the external diameter, and therefore the thickness, of the casing depends on mecha-
nical forces to be resisted (horizontal pressure of the ground and weight of the suspended casing).
PVC casing, the most widely used for water boreholes of medium depth (no corrosion, easy to handle
and install etc.), will be considered later.

The borehole diameter selected (Table 8.XIII) must allow the casing to pass freely, without
force, and leave a space for the gravel pack around the screen.

Table 8. XIII: Corresponding diameters of PVC casing and drill bits in order to ensure good working
conditions.

External diameter of the casing Minimum diameter of the drill bit to be used
4” - 110 mm 6" — 152 mm
471/2 =125 mm 6"1/2 — 165 mm
6” — 165 mm 8" — 203 mm
6"1/2 — 180 mm 8"1/2 - 215 mm
7" - 195 mm 95/8 — 245 mm

The quality of a borehole (sustainability, quality and turbidity of the water, exploitation flow)
depends greatly on the installation of the equipment, the location of the screen relative to incoming
water, the placing of the gravel pack, and finally the cementing of the annular space to avoid surface
infiltration.

The size of the screen slots determines their maximum hydraulic discharge capacity. Table
8.XIV gives an example of this information for PVC screens. The table gives the upper theoretical
limits although slot size is initially determined by the nature of the formation encountered during the
drilling operations (see Section 6.1.1).

Table 8.XIV: Maximum yield (m3/h) per metre of screen pipe.

Screen diameter (mm) Slot size
0.5 mm 0.75 mm 1.0 mm 1.5 mm 2.0 mm 3 mm
110 2 2.8 3.4 3.7 4.2
125 22 3 3.9 4.2 5 5.7
160 3 4.1 5.4 5.8 6.5 7.5
180 3.2 4.6 5.8 6.1 7.2 8.1
200 5 6 6.4 7.6 8.6
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Note. — Increasing the borehole diameter does not lead to much of an increase in its capacity.
A series of tests was established in the USA to illustrate this, and results are shown in Table 8.XV.

Table 8. XV: Yield versus borehole diameter.

Diameter of borehole D 2D 3D 4D 6D 8D
Yield* Q 1.12Q 1.19Q 1.25Q 1.35Q 1.43Q

* Increasing the diameter has the same influence (same coefficient) on the specific capacity (m3/h/m) of the bore-
hole as on the yield (m3/h).

4.2 Pre-casing

Pre-casing is not normally required, but it may be necessary if the sides of the borehole are
unstable: surface formations are not usually very consolidated, and pre-casing stabilises them for sub-
sequent drilling. It is advisable to fix the pre-casing base with a layer of cement in the case of signi-
ficant erosion and collapse problems (e.g., in granitic sands, the flow of air can create a cavity at the
base of the pre-casing), or in the case of infiltration of surface pollution (e.g. a contaminated surface
aquifer which needs to be isolated).

In DTH mode, it is quite likely that the sides of the borehole in the first few meters of soil will
collapse (before the rocky layer is reached), especially when using foam, because of the water. As a
result, the risk of getting the hammer stuck is very high. Consequently, considering the price of a ham-
mer, it is highly advisable to install pre-casing when drilling with DTH.

In rotary mode, the risk of erosion of the borehole sides and collapsing is reduced, even at great
depths (50 to 80 m), because the drilling mud stabilises the sides by caking. Also, the circulation rate
of the drilling mud is not very high.

The surface formation may be loose (sand, soil), which may require several metres of pre-casing.

Non-cemented PVC pre-casing can be removed if it is less than 20 m deep. Beyond that depth
it becomes impossible to remove without risking breakage. The use of steel pre-casing allows extrac-
tion from any depth, assuming enough lifting force from the machine (weight of the casing plus fric-
tion). Lightweight drilling machines such as the ACF-PAT range are not powerful enough to carry out
this kind of operation beyond 20 m.

The internal diameter of the pre-casing must be several millimetres larger than the diameter of
the drill bit used to drill through the underlying terrain. For example, to pass a 165 mm (6”1/2) drill
bit, the pre-casing will need to have an internal diameter of 178 mm. Pre-casing of 167 mm internal
diameter can also be used with care and in shallow boreholes.

4.3 Usual configurations

These examples are taken from boreholes intended to take 4” handpumps or electrical sub-
mersible pumps (Figures 8.9 and 8.10).

Normally, handpumps pass through casing with a 100 mm internal diameter. Kardia K 65
pumps are an exception, with their 96-mm external diameter cylinder and centralisers: casing of 113
mm internal diameter must therefore be used. Pre-casing, if necessary, will then be of 178-195 mm or
167-180 mm.

It is strongly advisable to case boreholes throughout their depth to increase life of the screen,
and ensure filtering of fine particles by the gravel pack.

Sometimes some boreholes in bedrock are not cased in their lower sections (especially boreholes
equipped with handpumps). The borehole is then only partially cased, to protect the less consolidated
upper part, with a casing of 125 mm diameter or more. The lower, fractured section is not cased.
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surface formation »

PVC casing - PVC casing &
113-125 mm 103 -113 mm
weathered
solid formation: geigergr;ksin ¥
three-blade > d using
= ; 150-mm DTH
drilling w ith mud hammer
{165 mm)
screens -
) : installed
settling pit . at water inlets
and base
Figure 8.9: Rotary drilling (A) and DTH hammer (B).
A B
unconsolidated formation rotary drillin
rotary 244 mm y ng
: ) 228 mm
without pre-casing or - PVIC casing 4,
pre-casing if necessary, 167 - 180
178-195 mm W
anchorage of casing 5
in hard rock
hard formation . hard fractured formation
drilled with 165-mm drilled DTH 150 mm
DTH hammer .
no casing or screen =
casing and screen 5 at bottom of borehole
113 - 125 mm

Figure 8.10: Mixed drilling using both rotary and DTH techniques.
A: complete equipment. B: partial equipment for partly consolidated formations.

This technique is not advisable, because it affects the longevity of the borehole, even if the
fractures are clean and the pumped water appears to be clear at first.

Exceptionally, when using a lightweight drilling rig in very hard formations, where drilling is
very slow, the only solution is to drill to a smaller diameter borehole (100 mm) and leave it uncased.

The most usual diameters are shown in Table 8.XVI.

Table 8.XVI: Choice of drilling diameters and equipment.

Geological Technique Pre-casing 3-bladed bit Piping 3-bladed bit DTH bit
context (mm) (mm) (mm) (mm) (mm)
Sedimentary Rotary 167 — 180 228 103 - 113 165
(DN 165, 671/2)(9”) (671/2)
Sedimentary Rotary 178 - 195 245 113 -125 165
(DN 175, 77) (9"5/8)
Consolidated DTH 167 — 180 228 103 - 113 150
(ND 100, 47) (5"7/8)
Consolidated DTH 178 — 195 244 113-125 165
(ND 115, 41/2) (671/2)
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5 Borehole drilling

The examples and tips mentioned below refer especially to drilling boreholes with the ACF-
PAT 301 machine, but the technique is applicable to other machines with similar characteristics.

5.1 Choice of technique

The behaviour of the formations to be drilled will depend, obviously, on their nature, but also
on their water content (Figure 8.11). Only experience allows cuttings removal and drilling progress to
be correctly evaluated, depending on the method used. Beyond a certain depth, the air rotary method
is of no further use, because it is difficult to control (poor cuttings removal). In relatively unconsoli-
dated sedimentary formations, the best technique is rotary drilling using drilling mud.

5.2 Site preparation
5.2.1 INSTALLATION

The organisation of the site (Figure 8.12) must allow the driller to see the overall picture, and
therefore act quickly if problems arise. Practical measures taken must include:

— a safety barrier around the site;

— access for vehicles;

— water supply (water tanks);

— easy access for filling the pits;

— a sheltered area for writing work;

— an area for spoil (cuttings);

— a levelled area to facilitate setting the machine vertical;

— location and digging of drilling mud pits;

— positioning the compressor so that it is not exposed to drilling dust (do not locate it down

wind of the borehole);

— installation of all pumping units, hydraulic pressure units, and engines on a horizontal surface;

— clearly delimited work zone, with a fence if necessary.

no / N yes
[ outcrop rock |

air/rotary

b4

o i T
o rockfallor ™

no / \ yes
{ poor return/ |
. removal /_,/
i L] . ¥
air/rotary mud/rotary
4 A Bl s
; basement e
| or |
“._hard formation
'-.___ S __.-" \‘. ’.
DTH hammer

Figure 8.11: Flow chart for selection of drilling technique.
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Figure 8.12: Site organisation.

To ensure better stability of the machine on the ground, it is advisable to fix 6-mm steel cables
to the upper corners of the pole frame and to pegs firmly anchored in the ground. It is also advisable
to place sandbags on the anchor arms of the machine.

The hydraulic pump unit (power pack) must be protected from the sun and placed in a well-venti-
lated area in order to avoid overheating, which could mean a power loss (critical oil temperature 60 °C).

The ACF-PAT 301 and the hydraulic pump are linked by two pipes which carry the hydraulic
oil. The male and female connectors for these pipes cannot be wrongly connected to the pump or the
control panel. The hydraulic unit must not be started before having made the connections, because
that would pressurise the links and block the circulation.

Pipes must be connected during prolonged storage (a closed-circuit pipe on the hydraulic
pump and one on the control panel).

The pipe storage rack divides the drill pipes into in two groups, which helps to avoid counting
errors, and therefore errors of depth drilled. It is always advisable to number them so as to differen-
tiate them. The threads must be protected by plugs/caps and systematically greased (drill pipes and
drive head) with copper grease every time they are used, to ensure the drill string is watertight and to
prevent seizing.

If the machine is mounted on a vehicle, the site should be set out in the same way. On a light
vehicle such as the Land-Cruiser 4x4, the hydraulic pressure unit and drill pipes are on the back, and
the compressor is towed by another vehicle which transports the rest of the equipment. On 5-t trucks,
it is possible to mount the compressor as well.

Setting up a site with a machine fixed on a vehicle is quicker. The jacks are used to stabilise
the rig in the vertical plane, and lift and the vehicle. Beams must be placed under the jacks to distri-
bute the weight over a larger ground area.

5.22 MUD PITS

Mud pits form a reservoir of drilling fluid, and allow recycling after settling of the cuttings.
For shallow boreholes (20-30 m) in unconsolidated formations, the dimensions given in Figure 8.13
and Box 8.3 can be used.
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Figure 8.13: Mud circulation.
A: plan view; B: section view.

A first channel of 2 m in length and 0.20 x 0.20 m cross-section is dug from the location cho-
sen for the borehole, emptying into the first pit. It must be long enough for the pit to be beyond the
edge of the slab of the future water point in order to avoid differential settling under the slab.

Box 8.3
Mud pit design.

The dimensions of the mud pits are calculated bearing in mind the depth of the borehole to be drilled.
Ideally, the total volume of the pits must be equal to three times the volume of the borehole, with (dimen-
sions in m):
— for the settling pit:

width = 3«/(volume borehole in litres x 0.57)

length = 1.25 x width

depth = 0.85 x width
— for the pumping pit:

width = as for the settling pit

length = 2.5 x width

depth = 0.85 x width
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The first pit (settling pit) facilitates the sedimentation that is started in the channel. Its volume
i$ 0.2 m3 (0.6 x 0.6 x 0.6 m).

The axis of the second channel must be offset from that of the first one, so as to deflect and
attenuate the flow to facilitate settling.

The second pit (pumping pit) is a reservoir from which the drilling mud is pumped to be injec-
ted into the drill string; its volume is about 1 m3 (1.5 x 0.8 x 0.8 m). The pits and channels are regu-
larly scraped out and cleaned of sediments formed in the course of the drilling process.

5.2.3 PREPARATION OF DRILLING MUD

In clay formations, it is preferable to drill with water only, to avoid blocking the aquifer. The
water will become loaded with clay from the ground as drilling proceeds.

If there is no reliable information about the nature of the formations to be drilled, the drilling
water must be mixed with bentonite or polycol to increase its density and to prepare drilling mud
which can be thickened or thinned, as follows:

— polycol is a polymer which is very widely used in rotary drilling. It must be mixed in a pro-
portion of 2.5 to 5 kg per m3 of water. The water-polycol mixture is more homogenous than the mix-
ture of water and bentonite, and it needs less attention in its use. There are many types of polycol with
different characteristics, suitable for different contexts (biodegradable, anti-colloidal, suitable for a
saline environment, suitable for different climates etc.);

— bentonite is a powdered clay which must be mixed in a proportion of 15-30 kg per m3 of
water. It risks sealing the aquifer, but this sealing property makes it better for very permeable forma-
tions (gravels, sands), where the losses of drilling mud and the risk of collapse can be significant.

Clean water should be used for drilling mud. It is essential to have a 5 — 10 m3 water store
(bladder or water barrel) for the site, to be able to make up any loss of drilling mud as quickly as
possible.

The density of the drilling mud must be adjusted as the drilling advances. With experience, and
depending on the formation being drilled, the driller adjusts the density according to the feel of the
mud. Clay has the effect of thickening the mud, therefore it is necessary to thin it by adding water. In
loose or sandy formations, it is necessary to use quite dense mud, as ingress of groundwater can thin
it excessively.

To obtain a homogenous mixture, the polycol or bentonite must be sprinkled over the water jet
while filling the pit. A mixer can be made with some fittings: a venturi tube is made, and then connec-
ted to the bypass on the discharge side of the mud pumps (Figure 8.14).

The drilling mud is circulated from pit to pit so that it remains homogenous before the effec-
tive start of drilling.

introduction of polycol

. fitted on mud-pump
el discharge pipe (bypass)
4

-
rFy

venturi tube 25 mm
return of mud/polycol
mix to pits

Figure 8.14: Venturi mixer made from PVC fittings.
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5.24 REMOVAL OF CUTTINGS
IN THE DTH TECHNIQUE

The cuttings (and the water with
foam) are raised to the surface by blowing
compressed air, and then channelled to allow
sampling (and the estimation of the flow).

When the machine is installed on a
vehicle, the mixture of water and cuttings
strikes the underside of the deck. It is neces-
sary to create a circular area on the ground
which directs the flow towards a drain. In
practice, the most effective means of chan-
nelling the cuttings and avoiding splashing is
to place 1-2 m of casing (Figure 8.15) under
the drilling table. A bucket is placed under
the shower of cuttings.

5.3 Rotary drilling
5.3.1 STARTING

drive head
and drill string

driling table

casing with lateral opening
for exit of cuttings

Figure 8.15: Collection of cuttings.

It is absolutely essential to follow the procedures given in Figure 8.16.

5.3.2 ADVANCE: ADDING A DRILL PIPE

Drilling progress is regulated by the rotational torque and pressure on the drill bit controlled from
the control panel. The possible solutions to drilling problems are explained in detail in paragraph 5.3 4.

The borehole must be drilled down to the end of the drill pipe passage in order to create a space
between the bottom of the hole and the drill bit when the drill pipe has to be changed. When the end of a
drill pipe is reached, it is raised and lowered by its full length in order to check the hole and clear the bore-
hole sides. A drill pipe can be added as long as the drilling mud is not too full of cuttings (Figure 8.17).

1- excavate with a pick to position
the cutting head (dia > 250 mm)
under the drilling table

2- locate the drill pipe on the drive
head

3- manually engage the drill pipe in the
threads of the drive head

4- start rotation (screw ing in) using the
control panel

5- only start driling w hen the drill-pipe

guide is fitted and screw ed in place; it
w ill only be removed from the table by

the use of passing drill bits

Figure 8.16: Fitting the first drill-pipe.
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1- lock drill pipe w ith shoe

2- unscrew (anticlockw ise
rotation) using the control panel to give a
sharp turn:

if the drill pipe does not unscrew , tap on
2 the sleeve of the drill pipe using a
o, 2 carpenter's hammer

Figure 8.17: Unscrewing a drill pipe.

After switching over the mud-pump outlet to circulate mud from pit to pit (slowing the motor),
it is possible to change the drill pipe. Stopping and restarting the flow of mud must be done as
smoothly as possible in order to avoid any destabilisation of the borehole sides.

The locking shoe holds the drill pipes suspended in the borehole during the addition or remo-
val of drill pipes: it engages at the level of the drill pipe flats (Figure 8.18).

1- manually screw new drill pipe into drive
head

2- manually guide the thread of the new
1 drill pipe into the socket of the lower drill pipe
by lightly low ering the drive head

3- as soon as the thread is engaged, stop
lowering

- AWM

4- screw the assembly fromthe control
panel w ithout low ering

2 5- withdraw the shoe

Figure 8.18: Locking drill pipes in suspension.

5.3.3 REMOVAL OF A DRILL PIPE

The drive head is lifted into the high position and the shoe engaged on the flat of the lower
drill pipe. To remove a drill pipe, it is necessary to unscrew the upper thread using the drive head first,
then the spanner, and then to unscrew the lower thread (Figure 8.19).
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1- unscrew the drill pipe using the
motor; if necessary tap with
carpenter's hammer

2- finish unscrewing drill pipe
completely manually w ith the
spanner

3- remove the drill pipe, low er the
drive head, and move on to the next
rod (screw onto the drive head and
pull the drill string up)

The shoe is always positioned on
the flat of the low er drill pipe; the
spanner can be used as a lever with
the motor, but care should be taken
not to make rapid movements so as
to avoid injury

Figure 8.19: Removing a drill pipe.

5.3.4 COMMON PROBLEMS

Many difficulties may appear in the course of the drilling process, but most of them are simple
to overcome with a little experience (Table 8. XVII). Success depends on constant monitoring of all
the factors which may influence the progress of the operations, on precise observation of the cuttings,
and on ‘listening’ to the machine: experienced drillers are very attentive during the key phases of the
drilling process, to detect the slightest problem.

Table 8.XVII: Frequently-encountered problems in rotary drilling and recommended solutions.

Observations — difficulties

Recommended solutions

Significant losses
and/or dilution of drilling mud

Thickening of drilling mud

Sides of borehole not stabilised
and collapsing,
erosion of sides

Sides collapsing,
circulation stopped,
rotation blockage

Sealing of aquifer

Increase the density of the drilling mud
Use bentonite rather than polycol
Install pre-casing

Empty and clean pits
Add clean water

Increase density of drilling mud
Reduce fluid circulation rate

Reduce cleaning and circulation time
Case immediately

Install pre-casing

Increase pressure and flow of drilling mud
Lift drill string until circulation returns to normal
Install pre-casing

Clean with water to break the cake
Use polycol rather than bentonite
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5.3.5 ANALYSIS OF CUTTINGS AND SIGNS OF WATER

The geological section of the ground being drilled is established by the hydrogeologists or
their assistants as the borehole goes along, and described in detail in the borehole report. The cuttings
which come to the surface with the drilling mud are a source of essential information: their geologi-
cal analysis helps to identify the formations traversed, and to know their nature, whether they are per-
meable (indicating a reservoir) and capable of providing water. Samples are taken with each change
of drill pipe and formation, by hand, just at the borehole outlet, and placed in a box with different
compartments in order to visualise the geological section. They are then preserved in plastic bags mar-
ked with the name of the borehole and the depth at which the sample was taken. The samples are
always covered in drilling mud, which makes them difficult to interpret, so they have to be rinsed with
clean water.

In rotary drilling, there is nothing that clearly indicates the presence or absence of water during
the drilling process: only water tests (direct blowing) and pumping tests, carried out once the bore-
hole has been equipped, allow the presence of water to be confirmed, and the exploitation flow to be
evaluated. Nevertheless, during the drilling process, there are several signs of water that allow an
aquifer area to be located:

— analysis of the cuttings, as noted before, indicates the presence of an aquifer by revealing

layers of permeable material (sands, gravels), supported by cross-checking with the informa-

tion gathered in other boreholes drilled in the same area and which have turned out to be posi-
tive;

— loss of drilling mud, which means leakage of drilling mud into the surrounding ground,

becomes evident from rapid decrease in the levels in the pits during circulation, or in the bore-

hole after the circulation has stopped (for example, while a drill pipe is being changed). These
phenomena indicate that the borehole is passing through layers of permeable material;

— traces of oxidation and visible alterations on the grains of quartz and feldspar (ochre/rusty

aspect) are signs of groundwater movement. However, these may be old signs, relating to

water movements in the past, and they may not reflect the current situation (e.g. if the static
level has dropped);

— thinning (i.e. dilution) of drilling mud indicates groundwater ingress. But this phenomenon

is rarely detected, because the pressure of the drilling mud is usually higher than that of the

aquifer, and the aquifer is usually plugged by the cake.

5.4 DTH percussion drilling
5.4.1 ADJUSTMENT AND LUBRICATION OF THE DTH HAMMER

The DTH hammer is a precision tool, consisting of a piston which slides in a cylinder due to
the passage of compressed air through a set of cavities. The piston strikes the drill bit during the per-
cussion phase and releases compressed air during the blowing phase (Figure 8.20).

It is essential to keep the hammer lubricated, and so the injected air must itself be lubricated
throughout the length of the drilling. A lubricator is located between the compressor and the air-
admission valve of the drilling rig, injecting biodegradable drilling oil. The operation is checked by
blowing the lubricated air onto a small board placed under a suspended drill pipe. Optimum flow
(0.2 I/h) occurs when the board is lightly and evenly sprayed. Adjustment is carried out with the screw
situated on the lubricator: the screw at the base is turned fully to the right (closed), then unscrewed a
quarter turn to the left. If foam is added, the quantity of oil used must be higher. Every time a drill
pipe is changed, it is essential to check the presence of oil in the air coming out of the drill head.
Finally, when the hammer is completely dismantled, it is necessary to oil it (by direct introduction of
hydraulic oil) and to grease all the threads (with copper grease).
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Figure 8.20: Hammer function.

5.4.2 INSTALLATION OF THE HAMMER

In bedrock areas, weathered layers are drilled in rotary mode using either air or drilling mud
until the bedrock is reached, when drilling continues using a hammer (Figures 8.21 and 8.10).

Certain precautions must be taken for the installation and lowering of the hammer to the bot-
tom of the borehole:

— all drill pipes must be cleaned with air from the compressor to remove all drilling mud resi-

due before the hammer is connected (to avoid damage to the hammer);

— before storage, all dry drilling-mud residue must be cleaned from the drill pipes used for

rotary drilling, with water from with the foam pump in high-pressure washer position;

— before lowering the DTH hammer, the depth of the borehole must be measured (with a dip-

per) in order to check for possible collapse;

— when each drill pipe is added, it is cleaned after being screwed to the drive head and before

being connected to the drill string (place a board on the drill pipe locked in the shoe and blast

with air to flush out contaminants);

— drilling mud contained in the borehole is regularly flushed (by air blowing) as the hammer

descends. If the hole is pre-cased and the space between the casing and the drill bit is small

(just a few millimetres), there is always a risk of putting the hammer into percussion mode if

it rubs against the sides of the casing, which would damage it.

5.4.3 DRILLING PROCESS

Before starting percussion, clockwise rotation is commenced and then maintained during rai-
sing or lowering of the drill string. It is only stopped when all other operations cease.
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1- fit the hammer w ith a 1-m drill pipe
provided for this purpose

2- pass the drill-pipe guide around the
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5 5- screw the drill-pipe guide onto the
table as soon as the hammer is
4 engaged in the borehole

Figure 8.21: Fitting the hammer.

Any anticlockwise rotation can unscrew the drill string or the hammer completely, causing
them to fall to the bottom of the borehole; this can be aggravated by the vibrations caused by percus-
sion. The recovery of a drill bit or part of the drill string requires specific tools and is a delicate ope-
ration. Anticlockwise rotation during percussion is therefore to be avoided at all costs.

5.4.3.1 Starting the hole

With the air flow shut off, the drill bit is placed several centimetres above the ground to be
drilled, and clockwise rotation is started. The air is turned on, and the hammer is gradually pressed
onto the ground until percussion starts.

Initially, air flow is opened half way, percussion is relatively weak, and rotation slow, until the
drill bit penetrates the ground. The air valves are progressively opened to increase percussion.

Pressure and rotation are then controlled to give regular advance.

5.4.3.2 Advance

Good drilling involves a balance between pressure and rotation, giving constant penetration
speed and regular, smooth rotation (Figure 8.3).

The borehole is regularly purged (every 50 cm) by blowing in order to remove cuttings and
avoid blockage. Large cuttings tend to remain in suspension above the DTH hammer during the
drilling process. If air circulation stops, cuttings can fall back onto the hammer and block it.

To purge the borehole, the hammer is slightly withdrawn (stopping percussion) and set to the blo-
wing position. The total air flow provided by the compressor must allow the borehole to be purged of all
cuttings. It may be necessary to sweep up the height of the drill pipe to purge the borehole thoroughly.

5.4.3.3 Addition and removal of drill pipes

The procedure explained in Sections 5.3.2 and 5.3.3 for rotary drilling can also be consulted.

Before unscrewing the drill pipes, the residual pressure in the drill string is checked with a
manometer. This pressure remains high if a plug of cuttings is formed in the annular space (see Sec-
tion 5.4.4 for precautions to be taken to avoid this): in this case the drill pipes must be unscrewed care-
fully to release pressure gradually.

Air lubrication is checked with the addition of each drill pipe.
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5.4.4 DIFFICULTIES AND POSSIBLE SOLUTIONS

Air drilling of formations covered by unconsolidated material that has not been pre-cased can
present difficulties:

— in the first stages of drilling, the pressurised air can erode and undermine the soil around the

borehole, thus endangering the stability of the drilling rig;

— during the drilling process, the movement of cuttings to the surface erodes the sides of the

borehole, which may cause collapse and block the drill string;

— air losses in very loose formations can lower the rise-rate of the cuttings.

If the surface formation does not have a minimum of stability, and if the cuttings do not rise
to the surface correctly and so create a blockage, the rotary technique, using drilling mud rather than
air must be used. If the surface formation collapses, pre-casing is essential before continuing drilling
with the hammer.

For the problems usually encountered during the drilling process, there are several solutions,
as recommended in Table 8. XVIII. The addition of foam (polymer) appreciably modifies the charac-
teristics of the circulating air, and solves a certain number of problems (return of cuttings, filling and
air losses in the ground).

Table 8. XVIII: Frequently-encountered problems in DTH-hammer drilling and recommended solutions.

Observations — difficulties Recommended solutions

Poor rise of cuttings to the surface Longer blowing time

Injection of foam and water

Decrease in air flow at the Injection of foam and water

borehole exit — blockage of cuttings
High residual pressure in drill pipes

Air losses in surface formations

Blockage with dry
or slightly damp cuttings
Formation of small balls

Erosion of the borehole sides due to air flow
and return of cuttings to surface
Formation of a large cavity

Drill bit blockage by falling debris

Blockage of rotation

Care while unscrewing drill pipes

Injection of foam
Pre-casing if necessary

Injection of water and foam if necessary
Frequent high-pressure blowing
Pulling up drill string

Decrease in air flow

Use of foam

Pre-casing

Stop drilling

Immediate casing, or pre-casing

Sharp rotation, raising and lowering to crush the debris
High-pressure blowing with water and foam

Percussion and sharp restart of rotation

Light anticlockwise unscrewing to increase amplitude of jolts

Drilling in a cavity Left to the drillers’ judgement

5.4.5 ANALYSIS OF CUTTINGS, SIGNS OF WATER AND FLOW CALCULATION

As the fluid used in DTH drilling is air, the cuttings will be clean and not mixed with drilling
mud, facilitating analysis. Even the use of foam doesn’t hamper the observation of the cuttings. Gene-
rally, the bigger the cuttings, the more friable the drilled formation is, and the finer they are (dust), the
harder the drilled rock is. The presence of fractures is usually identified by larger cuttings. Additio-
nally, any signs of erosion on these cuttings could indicate a water flow (current or historic).
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In drilling with air, ingress of water is visible and quantifiable in most cases (return of a mix-
ture of water and cuttings when blowing). However, some water ingress may not be noticed because
it is blocked by the cuttings that form a cake on the sides of the borehole.

It is easy to estimate water flow during the drilling process to decide when it should be stop-
ped, and the borehole equipped. Flow measurements are taken at each significant water ingress (blo-
wing). In addition, all water emerging from the borehole is channelled to an outlet equipped with a
pipe to facilitate measurement using a bucket.

Ingress of water in the finished borehole must be regular and continuous. The measured flow
is generally less than the borehole capacity, because the cuttings block some supply zones, and the
borehole is still not fully developed. Nevertheless, ingress of water is generally progressive: it appears
first in the form of traces of dampness, and then, as the borehole advances, in the form of a cumula-
tive flow coming from various fissures or fractures. In some cases, crossing a well-supplied major
fracture causes a sharp increase in flow.

6 Borehole equipping

Equipping the borehole (installing casing and screen) is an essential stage in the construction
of a water borehole. The casing plan and the position of the screen have a great influence on the yield
of the borehole, as well as its longevity. The aquifer must be protected from surface pollution which
can enter down the side of the casing by the surface works and the cement plug (Figure 8.22).

6.1 Permanent casing
6.1.1 CHOICE OF CASING AND SCREEN

PVC is the most suitable material for shallow boreholes. It is preferable to use proper reinfor-
ced casing with screw joints. The mechanical strength of the casing can be calculated (Box 8.4). It
must be strong enough to avoid pipe deformation during installation, as holes are not always circular,
and during pumping, which applies pressure on the pipe.

Strictly speaking, the screen slot size depends on the grain size of the aquifer (Table 8.XIX).
Before drilling starts this is not always known, but usually the slots should be between 0.5 and 2 mm wide.

- casing
M PVE 103 113 mm

pre-casing-
PVC 167 -180 mm
" plug

aquifer

v screen
gravel pack PVC 103-113 mm

substratum o
setlling plpe 4

PVC 103-113mm  §=

i

o

a 4 base plug

Figure 8.22: Borehole equipment
(based on ACF, Uganda, 1997).
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Box 8.4
Resistance of the casing to crushing.

For water boreholes, an important mechanical characteristic of the casing is its crush resistance. Sometimes
this information is provided by the suppliers, but it can be calculated using the following simplified formula:

Re=K ‘E - (e/D)3

where Re is the crushing resistance (bar), K a non-dimensional coefficient (for PVC K = 2.43 (Tubafor®),
for steel K = 2.2), E the modulus of elasticity (bar) of the material at 20°C (for PVC 3 x 104, for steel 2 x
109), e the thickness of the casing wall, and D its external diameter.

For slotted casing (screen), calculated values should be multiplied by the coefficient (1 — F), where F is the
fraction of voids. For particular cases, consult the supplier.

The forces, i.e. the lateral pressure on the casing, are generally calculated from:

— the specific weight of the ground, with the lateral forces equal to half the vertical forces, which are them-
selves equal to the weight of the unconsolidated, dry or saturated ground above (specific weight of 2 to 2.5).
Therefore, it is usually considered that hard formations do not exert any lateral pressure;

— the pressure due to the presence of water or drilling mud in the borehole (hydrostatic pressure in bar
P =H d/10).

For example, if the static level is near the surface and the formation is unconsolidated, the horizontal pres-
sure is then 20 bars for each 100 m of depth (weight of the ground divided by 2 + 10 bars of hydrostatic
pressure).

However, bearing in mind the small cross-sectional area of the boreholes, the vault effect of their sides pro-
tects the casing from lateral ground pressure. In practice, only the static and dynamic hydrostatic pressures
are taken into account. These pressures are increased during pouring of cement grout, lowering the casing,
and sharp reduction of water level during development.

For shallow boreholes in hard bedrock, experience has shown that it is enough to consider a horizontal pres-
sure of 0.75 bars per 10 m section. Therefore, casing with a strength of 7.5 bars can be installed in a 100 m
borehole.

During drilling of the first boreholes, the grain size of the aquifer can be easily identified by
analysing the cuttings with a sieve. Table 8 XIX gives the grain size of gravel pack and the screen slot
size recommended for different aquifer grain sizes encountered underground.

Table 8.XIX: Choice of screen slot and gravel pack per aquifer grain size.

Aquifer grain size Gravel pack grain size Screen slot size
0.1 t0 0.6 mm 0.7t0 1.2 mm 0.50 mm
0.21t0 0.8 mm 0.11t0 0.5 mm 0.75 mm
0.3t0 1.2 mm 1.5t02.0 mm 1.00 mm
0.4t0 2.0 mm 1.7 t0 2.5 mm 1.50 mm
0.5t0 3.0 mm 3.0t0 4.0 mm 2.00 mm

6.1.2 CASING FITTING

The risk of collapse could be high, and the casing is therefore fitted as quickly as possible. The
borehole must not remain unprotected for any length of time, because there is always the risk of losing
the borehole through collapse of the sides.
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The casing plan (length and position of casing and screen) is established according to the geo-
logical profile of the borehole where the different strata and points of ingress of water are noted. Dia-
graphy’s tests (electrical resistance, gamma ray, neutron) can be carried out before casing to improve
the casing plan, especially in sedimentary formations, with the use of rotary drilling, where it is some-
times difficult to identify the aquifer horizons (see Chapter 5).

The screen is placed so that its bottom is level with the bottom of the aquifer or zone of water
ingress, with its length chosen according the following rules:

— confined aquifer: 80 to 90% of the thickness of the aquifer

— unconfined aquifer: 30 to 60% of the thickness of the aquifer

The issue is to find a good compromise between having screens long enough to reduce the velo-
city of the water moving towards the borehole, and short enough to allow the installation of the pump
above the screen, to avoid draw-down of the water table below the level of the screen.

Placing the pump within the screen itself can damage the screen: the high velocity of water
causes erosion of the slots, and the pump hits the screen when starting. The gravel pack and the aqui-
fer around the screen are also destabilised in the long term. The pump may also be damaged by dra-
wing fine material into it and by causing cooling problems (water flow must arrive down the pump to
cool the motor; a shroud can be used to orient the flow).

The de-watering of the screen presents several risks; oxygenation of the aquifer can favour the
precipitation of metals (Fe, Mg etc.) that clogs up the screens and encourages the development of bac-
teria (see Chapter 8B). It also accelerates the compaction of the aquifer.

These rules have to be strictly applied for a motorised borehole (the pump should be installed
above the screen or should have a shroud if installed below it). For handpumps the velocity of the
water is lower and the longevity of the borehole is not so affected by having the pump within the
screen (in this case, centralisers around the pipe of the pump must be used to avoid the pump cylin-
der hitting the screen during pumping).

Moreover:

— the bottom section of the casing must be a length of unslotted casing of about 0.5 m, plug-

ged at the bottom (settling pipe);

— since the casing does not always reach the bottom of the borehole (cuttings suspended in the

drilling mud falling back when circulation stops, or collapse of the material from the borehole

sides), it is necessary to reduce the length of the casing by 0.5 to 1 m in relation to the actual

pieces of PVC pipe

15 casing  fastener

Figure 8.23 Centralisers.

A: commercial model. B: in Angola, centralisers were made by fixing small pieces of PVC pipe secured
with fasteners around the casing. One centraliser was installed on each screen section, and one per two
or three casing sections.
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depth drilled (after drilling several boreholes in the same area, the driller should be able to esti-

mate the height lost during drilling and adapt accordingly);

— the top of the casing must extend to about 0.5 m above the surface of the ground.

The lengths of casing could vary with the joint threading, so it is advisable to measure each length.

The casing must pass freely down the borehole under its own weight. If the borehole is not
vertical, friction between the casing and the borehole sides can block the installation. Light pressure
on the casing can facilitate its descent, otherwise it is necessary to return it to the surface and rebore
the hole.

An alternative method consists of lowering the casing without a bottom plug so that it can
scrape down the sides. In this case, it is recommended to seal the bottom of the borehole with cement
grout pumped down from the surface once the casing is in place.

In order to guarantee correct positioning of the casing in the borehole and an even gravel pack
around the screen, it is recommended to install centralisers. Various suppliers produce centralisers, but
they can be easily made in the field (Figure 8.23).

6.2 Gravel pack and grouting
6.21 GRAVEL PACK

The gravel pack allows for a larger screen slot size to be used, increasing the yield from the
borehole by reducing the velocity of the water entering the screen (therefore reducing head-loss). The
gravel pack also helps in the stabilisation of the surrounding aquifer.

The gravel pack must be reasonably uniform, calibrated, clean, round and preferably siliceous,
to guarantee good porosity and longevity. It must not be calcareous, lateritic or crushed.

In practice, the gravel pack grain size is defined by the grain size of the aquifer and the slot
size of the screen: the gravel must be as fine as possible without passing through the screen (Table
8. XIX).

The gravel is passed down through the annular space between the casing and the sides of the
borehole. The use of a funnel (sheet metal, plastic sheet or pipe) facilitates its introduction.

If the falling gravel blocks the annular space, circulation of water can clear it.

Mud rising up through the casing indicates that the gravel is falling correctly. When the level of
gravel reaches the top of the screen, the mud no longer comes up through the casing, but through the
annular space. The gravel filter must then go on a few metres beyond the height of the screen (com-
paction may occur after installation). This level can be checked with a dipper in shallow boreholes.

The volume of gravel required can be defined theoretically (volume of the borehole minus volume
of the casing) or empirically (Box 8.5), but in practice, more gravel is always needed than is estimated
(non-rectilinear hole, formation of cavities etc.). Table 8. XX gives some approximate volumes of gravel
required for various borehole and casing diameters, in litres per metre height of gravel pack.

Tab 8.XX: Volume of gravel in relation to borehole and casing diameter.

Borehole diameter Casing diameter Volume of gravel (I/m)
Theoretical volume Likely real volume
(empirical formula)

3'3/4 171/2 6 10.16
33/4 2 5.1 9.5
5'3/4 & 8.65 12.67
6'1/2 & 13.3 19
6'1/2 4172 11.15 15.83
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Box 8.5
Volume of gravel.

Empirical calculation of the volume of the gravel filter:
V=hxmx (D2-d?)x0.16

where V is the volume of gravel (1), h the height of the gravel filter (m), D the diameter of the borehole
(inches) and d the diameter of the casing (inches), 7w = 3.14. The factor 0.16 is here to correct the difference
of units.

6.2.2 GROUTING

Grouting is an essential operation which protects the borehole from external pollution; even if
a slab is cast around the casing, only proper grouting can prevent water filtering down the side of the
casing. Grouting can be done with clay or with a mixture of bentonite and cement.

A clay plug must be placed on top of the gravel pack in order to stop the grout from plugging
the gravel pack. The bentonite continues to swell over time, guaranteeing the seal even if the grout
becomes damaged.

6.2.2.1 Preparation of the grout

The operation consists of filling the annular space above the gravel filter with a mixture of
water and cement (grout) up to ground level. When the borehole is deep, one plug can be put above
the gravel pack with another in the last two metres, the intermediate space being filled with clay
(cuttings).

The proportion is about 50 1 of water for 100 kg of cement, which gives 75 1 of grout. If ben-
tonite is available, the following mixture is used: 70 1 of water, 4 kg of bentonite and 100 kg of
cement. This second mixture stops the water from filtering out of the grout, but its setting time is
slightly longer.

6.2.2.2 Placing the grout

The procedure involves filling the annular space up to ground level, and then leaving to set for
a minimum of 12 h before starting development and pumping tests.

Generally, grouting must be carried out before pumping tests. Nevertheless, if it is not possible
to wait for 12 h, it can take place after the development operations and pumping tests, as long as a
clay plug has been placed above the gravel filter.

7  Development

The development of a borehole is a very important step, which removes the majority of fine
particles from the aquifer and gravel pack that have entered the borehole, as well as the remaining
drilling-mud cake, and sorts the aquifer around the screen in order to increase its permeability.

This operation allows borehole yield to be increased significantly. The aquifer is progressively
brought into production and freed from fine particles, with a consequent increase in permeability and
water flow.

As the maximum yield of a borehole in use should be around two thirds of the yield obtained
at the end of the development process, it is important to estimate maximum yield during development.
If the yield during use is higher than the maximum obtained during development, there is a danger of
drawing fine material into the borehole and damaging the pump.
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Box 8.6
Self-development of the aquifer.

An aquifer put into production via a borehole is automatically developed by pumping.

Lowering of the water table is a maximum at the borehole, but decreases with distance from the borehole
axis, forming a depression cone. The size of this cone depends on the nature of the ground and the supply
of the aquifer or its limits, as well as on pumping time and flow.

It has been demonstrated that the speed of the water decreases with distance from the borehole (according
to Darcy’s law) and therefore that the materials around the borehole are sorted under the influence of the
pumping. The coarser materials settle around the screen, and the finer ones settle at the limit of the area
affected. Fine particles are therefore drawn into the screen over time by a slow process which causes pumps
to deteriorate.

‘Sand bridges’ are also formed, fine materials which accumulate under the effect of the flow. To break them,
it is necessary to reverse the flow, through the development operation, which involves causing suction fol-
lowed by pressure (Figure 8.25B).

7.1 Borehole cleaning

In rotary drilling using mud, cleaning consists of washing the sides of the borehole with clear
water to eliminate the cake. It is best to make the drilling mud as thin as possible without risking a
collapse of the borehole, at the end of the drilling phase, before casing. Once the casing has been
introduced, the injection of clean water from the surface thoroughly rinses the screen and the gravel
pack blocked with drilling mud. The phases of rinsing and air-lift pumping are alternated in the bore-
hole until clear water emerges.

DTH-hammer drilling does not seal the aquifer. On the contrary, the borehole is developed by
successive blowing while it is being drilled. However, it is still possible to suck in a great deal of sand,
damaging the pumping equipment and causing the ground around the screen to sink. It is therefore
necessary to carry out the development of the borehole.

7.2 Development processes
7.2.1 AIR-LIFT DEVELOPMENT

Air-lift development is the most effective and widely used process of development. Its main
advantage is avoiding damaging pumps with sand. At the intake level, quite strong pressure and suc-
tion forces are created by the introduction of large volumes of air. Through alternate phases of air-lift
pumping and direct blowing of air at the screen level, sand bridges are destroyed. Air lift is the most
effective development technique for destroying sand bridges.

In practice, two pipes are introduced in the borehole (Figure 8.24):

—a 122 PVC or G.I. pipe, called the water pipe, through which the pumped water returns to

the surface;

— a polyethylene pipe with a smaller diameter, mounted on a drum and called the air pipe, intro-

duced into the water pipe, which allows compressed air to be injected. Depending on its position

inside the water pipe, it pumps water out of the borehole water, or blows on the inside the casing.

The different phases of development are given in Table 8. XXI. The method consists of blo-
wing from the base of the borehole, in successive phases, to just above the screen. Development is
not finished until the water coming out of the borehole is perfectly clear: this operation can last for
several hours, and sometimes more than one day. To verify whether the water is clear, it should be
collected in buckets and checked for any suspended matter (bucket or stain test). By spinning the
water one can observe the suspended particles concentrated in the centre of the bucket. If the circle
created is as big as a coin then the development must be continued.
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Table 8.XXI: Air-lift development process.

Pumping Lower the water pipe foot to about 0.6 m from the borehole bottom
Introduce the air pipe into the water pipe, locking with a self-grip wrench when its bottom end
is about 0.3 m above the bottom of the water pipe (pumping position)
Install a tee at the exit of the water pipe to channel the jet
Ensure a seal between the two pipes with a rag or a piece of rubber compressed by the
weight of the air pipe
Open the air valve and let the pumped water flow until it is clear

Blowing Shut off the air and lower the bottom end of the air pipe to about 0.3 m below the bottom end
of the water pipe, i.e. 0.6 m lower than previously (air-cleaning position)
Open the air valve, which expels the water contained in the casing
Close and reopen the air valve sharply and repeatedly

Pumping Raise the air pipe 0.3 m inside the water pipe: eject very cloudy water (reversal of flow with
consequent turbulence around the screen)

Renewal Clarify the water, raise water pipe by 1 m and restart operations (alternating pumping and
blowing) up all the height of the screen
Restart from the base, and continue the process until the water is totally clear

Cleaning Once above the screen, lower the device to the bottom of the borehole and pump
the casing out the sand deposited there

Borehole Position the pipes at the bottom of the borehole, in blowing position (air pipe below
plugged by clay water pipe)

or bentonite Connect the mud-pump delivery pipe to the water pipe

Pump air and clean water into the borehole at the same time that the air is being blown
The flow created rinses the borehole: the water descends through the water pipe and returns
through the casing
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Figure 8.24: Air-lift development.
A: pumping phase. B: blowing phase.
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Figure 8.25: Air-lift.
A: design. B: sand-bridge destruction.

For small-diameter boreholes (12” or 2”), a simple blowing test allows the presence or
absence of water to be confirmed.

Note. — If the water column isn’t high enough then the air-lift won’t be able to elevate the
water, for physical reasons. Approximately, the system will function efficiently if BC = 0.60 x AC
(Figure 8.25A).

7.22 OTHER DEVELOPMENT TECHNIQUES

Other development techniques can be used, depending on the characteristics of the boreholes
and the equipment available. These different methods can be also combined with each other:

— Over-pumping: this is the easiest method and consists of pumping at a higher rate than the
planned exploitation yield. It complements the air-lift method and is necessary when the planned abs-
traction rate is greater than the one obtained by air-lift. This method can also be coupled with the
‘alternating pumping’ or ‘pistoning’ (surging) methods. Used alone, it has no effect on sand-bridges.

— Alternating pumping: the objective is to create pressure variations within the installation by
alternating phases of pumping and resting. A high pressure is created by the water column falling
down in the rising main when the pumping stops.

— Pistoning: this consists of moving a piston vertically within the casing to create, alternately,
suction (water and fines move from the aquifer to inside the casing) and compression (water and fines
are pushed out of the casing); this destroys sand-bridges. The borehole can be emptied with a bailer
or scoop.

— Pressurised washing: this consists of injecting pressurised water within the borehole. It can
be useful and fast especially in sandstone formations where the drilling operation often obstructs the
porosity. This cheap method can be coupled with the action of chemicals for cleaning the borehole
and its surroundings (see Chapter 8B).
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7.2.3 PUMPING

Carrying out pumping tests (see Chapter 6) after development with air lift generally allows the
development of the borehole to be completed, through alternating pumping (see Section 7.2.2).
Note. — The yield of the pumping test must be higher than the planned exploitation yield.

7.3 Instantaneous flow

The characteristics of the aquifer are defined by long-term pumping tests, which are usually
difficult to carry out. When equipped with non-motorised pumps, the characteristics of the borehole
are determined by pumping tests in flow steps, which are easier to carry out in ACF programmes (see
Chapter 6).

In order to prepare the pumping test steps, the instantaneous flow of the borehole and corres-
ponding drop in water level are measured at the end of development:

— the flow is estimated when the air-lift device is in pumping position (note: the size of the

device influences the flow of water blown);

— then the water level is lowered (avoiding de-watering the borehole), and a fairly long period

is allowed for the flow to stabilise;

— finally, the flow (time to fill a 20 1 bucket) and the corresponding lowering of water level are

measured.

8 Monitoring and borehole report

Monitoring borehole construction does not necessarily have to be carried out by a hydrogeo-
logist. Experience has shown that a rigorous site manager can very well be in charge of this job after
a training period with the hydrogeologist responsible for the borehole programme. Afterwards, the
site manager technician will regularly (daily, by radio if necessary) provide the hydrogeologist with
all the major information and important decisions taken during the drilling process. The monitoring
cards and borehole report are given in Annexes 11B to D.

All information related to the borehole must be noted:

— name of the site or village, GPS coordinates whenever possible;

— working dates, starting, stopping and restarting times;

—name of the drilling firm and, where necessary, of the driller;

— time counters of the machines (compressor, engine);

— technique used, progress by drill pipe or metre, drill-pipe addition;

— any major incidents or important operations such as pulling up a drill string, stopping machi-

nery, equipping the borehole;

— estimated yield and drawdown through development

— casing plan, with the exact lengths of casing and screen, their diameters, the position of the

gravel pack, clay and cement plugs.

Essential geological information is also included, e.g. nature of the ground drilled, signs of
water and flow estimated after each ingress of water. Finally, the driller keeps an up-to-date log book
which collates all information on consumption of materials (cement, casing, bentonite), fuel and lubri-
cants, machinery maintenance, mechanical problems encountered, and their solutions.

When the borehole is completed, essential information is summarised in the borehole report,
whether the borehole is dry or wet. The hydrogeologist in charge is responsible for writing this docu-
ment. These reports are an invaluable source of information for the project, and also provide a hydro-
geological data bank. They must therefore be centralised at project level and also delivered to the rele-
vant local authorities, who may, in certain cases, recommend a common approach for all organisations
involved in the same area.

8A. Boreholes. Borehole drilling 305



These reports are filed with all the technical information on the water point: field surveys, data
and interpretations of geophysical exploration tests, pumping-test data, site plan etc.

9 Surface works

An example of a borehole equipped with a handpump is given in Figure 8.26. Construction
details are given in Annex 14.

pump India Mark Il

.

slope 2 % kerb

5.00 m minimum

SRR

drainage channel
toe

reinforcement

foundation

Figure 8.26: Borehole surface works (ACF, Kampala, Uganda, 1996).
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1 Introduction

A borehole is a structure that is submitted to physical, chemical and biological processes that
depend on the quality of its construction, the way it is operated and the characteristics of the aquifer.
The deterioration of a borehole is unavoidable but its intensity and its velocity will depend on the
above factors and will be characterised by decreasing productivity (falling ratio of yield to draw-
down) and water quality. It can lead to the borehole being abandoned. In many cases rehabilitation
can reduce the deterioration or successfully repair the borehole.

Rehabilitating a borehole can be more economical than constructing a new one. It is simpler
and faster, and can be an appropriate solution in an emergency situation (it doesn’t require the mobi-
lisation of a drilling rig); however if the rehabilitated borehole is to be used for a long time, it is impor-
tant to estimate its life expectancy (the rehabilitation of damaged boreholes is not necessarily a long
term solution).

In practice the need to rehabilitate a borehole arises when:

— a functioning borehole presents usage problems (low productivity, contamination of the water);

— carrying out a borehole programme (rehabilitation and drilling new boreholes are usually

complementary); and

— carrying out a pump-maintenance project (small rehabilitation works, such as development,

are often carried out at the same time).

The rehabilitation option chosen depends on the conditions of the existing borehole, the causes
of the damage, the technical and logistic options, the existing alternatives (construction of other water
points) and the opinion of the users (consumers and operators).

According to the severity of the borehole problems, the work required may vary from a simple
repair at the surface to unclogging operations or re-equipment.

2  Description of the causes of borehole deterioration

The problems found depend on the age of the borehole, the quality of its construction, the way
it has been used and the geological context (Table 8. XXII).
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Table 8.XXII: Common problems and frequency of occurrence according to the geological context.

Aquifer Frequent problems Frequency of occurrence
(frequency of maintenance required)

Alluvia Clay-sand clogging 2 to 8 years
Iron precipitation
Incrustation
Biological clogging

Sandstone Clogging of the fissures 6 to 10 years
Corrosion
Sand intrusion and silting up

Calcaneous Clogging by clays 6 to 12 years
Precipitation of carbonates

Basalts Clogging by clays 6 to 12 years

Metamorphic Clogging by clays 12 to 15 years

Mineralisation of the fissures

2.1 Electrochemical and bacterial corrosion

Corrosion is a chemical phenomenon that tends to destroy a material in a medium with which
it is not in equilibrium. Metallic pipes are unstable in water and will corrode because of migration of
positive ions from the metal into the water. Certain chemical reactions are frequently catalysed by
bacterial activity.

In boreholes, corrosion may affect all the metallic and non-metallic parts (such as reinforced
concrete and mortar). Only the plastics, the bituminous facing, and the stainless steel parts are not
susceptible.

2.2 Mechanical, chemical and biological clogging

Clogging is a mechanical, chemical or biological phenomenon that causes a reduction in the
permeability of the medium and increases the head-losses at the intake level. Chemical and biologi-
cal clogging is directly related to corrosion phenomena.

The clogging of a borehole reduces its performance. It is accompanied by deposits whose
nature is related to the type of clogging.

2.2.1 MECHANICAL CLOGGING

This consists of:

— Sand intrusion and silting up: a significant entry of fine materials into the borehole which
may extend to the partial filling of the intake section. This is caused by poor installation of the bore-
hole (screens not properly centred, gravel not properly distributed, large gravel pack grains and over-
sized slots), inappropriate operation of the borehole (insufficient development, an exploitation yield
larger than the yield determined by the pumping test, dewatering of screens), wearing out (or brea-
king) of the screens or of other pipes.

— Clogging of the gravel pack: accumulation of materials on the outside of the gravel pack
(external clogging due to suspended matter larger than the pores of the gravel pack), or on the inside
(internal clogging of a gravel pack by layered grains due to suspended matter larger than certain pores
of the gravel pack). This type of clogging is caused by an insufficient development, by over-pumping
or by a gravel pack of bad quality (inhomogeneous grain size, gravel that is too angular etc.).

308 11l. Water supply



2.2.2 CHEMICAL CLOGGING

This consists of the precipitation of insoluble salts that obstructs the slots of the screens. It is
caused essentially by the dewatering of the screen and provokes:

— incrustation or scaling: precipitation of carbonates by degassing of CO,.

— iron deposits: precipitation of iron (II) hydroxides (Fe(OH),) due to the degassing of CO, or

precipitation of iron (IIT) hydroxides (Fe(OH);) by addition of oxygen.

2.2.3 BIOLOGICAL CLOGGING

This type of clogging develops more often in alluvial or shallow layers and is caused by the
development of bacteria that creates a compact sticky film that obstructs the screen slots.

Bacterial clogging may be caused by natural changes (e.g. drought, or flooding with nutrient-rich
surface water) and by man-made changes (organic pollution, raised water table due to the construction of
dams). They are also a consequence of screen-dewatering. However, iron and manganese bacteria are often
naturally present in the water and soils, and develop significantly after the changes brought about by the
borehole, namely the addition of nutrients brought in by the water during pumping.

The development of bacteria, and hence clogging, that may follow concern the gravel pack,
the screen and also the surrounding formations within an area of several meters.

2.3 Erosion

Wearing out of the screen may occur by abrasion when the entry velocity of the water is very
high (over 3 cm/s). This is essentially due to a insufficient open area of the screen (incorrect relations
between slot openings, grain size of the gravel pack and grain size of the aquifer), an insufficient
screen length or incorrect positioning of the pump within the screen (high water velocity at the level
of the pump and vibration of the pump when it starts, thereby colliding against the screen).

3 Diagnosis

The diagnosis of the borehole is the first step in a rehabilitation programme and must be carried
out with care. The objective is to analyse the degradation that affects the correct functioning of the bore-
hole in order to understand the causes and to estimate the relevance of proceeding with rehabilitation.

3.1 Methodology
The different steps of diagnosis are described below:

1) Preliminary information collection
This determines the characteristics of the borehole when it was commissioned and how it has
been used:
— review of the borehole log sheet: date of construction, geological conditions, drilling tech-
nique, problems at the time of drilling, casing plan (to check the position and type of screen),
nature and positioning of the gravel pack, technique of development used and results of the
pumping test and water analysis;
— general information from operators and users: depth of the pump installation, yields and
time schedule of pumping, change of the performance of the borehole and of the quality of the
pumped water (including taste, odour and colour);
— in case of abandonment: research into the cause and date of abandonment.
This data is not always easy to obtain, but a rapid examination of the borehole allows the pre-
liminary information to be complemented (and verified).
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2) Rapid examination

Several elements may be swiftly verified:

— Condition of the equipment and depth of pump installation.

— Quality of the water:

e turbidity;
e faecal contamination;
e conductivity;
e taste, odour, colour;
* presence of sediments (bucket test, see Chapter 8A, Section 7.2.1).
— Analysis of the borehole:
* Jowering of the static level;
* decrease in borehole depth;
e decrease in performance (estimation of the yield and of the water level during pumping).

— State of the surface works.

This field information and its comparison with the initial data on the borehole allow a rapid
initial diagnosis of the borehole condition and actions to be taken.

At this stage, the necessity to proceed with an in-depth diagnosis must be questioned and jus-
tified, because the work involved is costly and time-consuming, requiring highly specialised and
expensive instruments, laboratory analyses, and mobilisation of human and material resources. The
decision will be taken according to the cost and feasibility of the operations to be undertaken and after
considering the relevance of rehabilitation rather than other alternatives.

3) Use of inspection tools

The most commonly used tools are video cameras (only used in clear water), that allow the
detection of zones where pipes are damaged and where screens are clogged, as well as the presence
of incrustations, and diagraphy”, that allows an estimation of the pipe condition, of the cementation
and, in certain contexts, of the aquifer.

Note. — In the absence of data about the borehole, it is important to identify where the screen is
positioned, since this constrains the installation of the pump, the determination of the exploitation yield
and the development process. The utilisation of diagraphy or a video camera allows this to be determined.

4) Pumping test and water analysis

A pumping test allows precise measurement of the hydrodynamic parameters of the borehole
and calculation of head-losses, to determine the efficiency of the borehole (see Chapter 6).

In parallel with the pumping test, it is important to perform a water analysis as complete as pos-
sible, including nature and size of the suspended particles and physicochemical analyses (see Chapter 4).

3.2 Data analysis

Table 8.XXIII summarises the data to collect and analyse, and the corresponding activities to
plan, when designing a rehabilitation operation.

4 Intervention techniques

Once the diagnosis is ready, it is necessary to estimate the feasibility and cost of the rehabili-
tation. The decision to rehabilitate or abandon the borehole must be taken in view of what the reha-
bilitation involves and the alternatives are.

* Diagraphy: recording of physical parameters, established by survey techniques, that enable the production of
information on the nature and structure of rocks and their contents.
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Table 8. XXIII: Analysis, diagnosis and techniques for borehole rehabilitation.

Data

Diagnosis

Rehabilitation techniques

ANALYSIS OF YIELD AND LEVELS (PUMPING TESTS)

Decrease

of the borehole depth
Decrease of specific yield
(yield / dynamic level)
Lowering of the static level

Calculation of the quadratic
head-losses (C) in m/m3/s:

—-C<5x103
—-5x1038<C<1x10%
—-1x104%4<C<4x104
—-C>4x104

WATER ANALYSIS

Conductivity increase
Modification of a parameter:
temperature, sulphate, nitrate etc.
Increasing bacterial presence
High turbidity

Faecal contamination

ANALYSIS OF DEPOSITS

Sand of diameter smaller
than the screen slots

Sand of diameter larger

than the slots of the screen
Presence of calcites

in the form of grains or flakes
Presence of iron

in the form of oxide

Presence of gels, mud,
flocs and smells

DIAGRAPHY

Video camera

Acoustic images

Sand intrusion

Clogging

Sand intrusion

Aquifer drying up (long-term trend
or seasonal fluctuation)

These values must be considered
as orders of magnitude

and they will only make sense
when compared with each other
There is no clogging

Possible clogging

Clogged well

Unrecoverable well

Perforation of the pipes
Cementation fault

Corrosion

Incorrect equipment
Perforation of the pipe
Problem on the superstructure
Grouting/concreting fault

Incorrect development

Incorrect equipment
Wearing/rupture of the screen
Rupture of the casing

Scaling by precipitation of calcite

(may be accompanied by corrosion)

Corrosion of the screens
(may be accompanied by clogging,
precipitation of iron)

Clogging due to bacteria

(may be accompanied by corrosion)

Clogging

Rupture of the casing
Scaling

Corrosion

Analysis of deposits

to finalise the diagnosis
Analysis of deposits

to finalise the diagnosis
If the aquifer allows:
Reinstallation of the pump
(depth and/or model)
Over-drilling and re-equipment
or abandoning
Analysis of deposits

to finalise the diagnosis

Re-equipment or abandoning
Re-do the cementation

Re-equipment or abandoning
Analysis of deposits

to finalise the diagnosis
Rehabilitation of surface works

Bailing and development
Bailing and re-equipment
Bailing and re-equipment
or abandoning

See Section 4.4

Re-equipment

The methodology for protection
against corrosion is difficult to be
used in humanitarian intervention
contexts

See Section 4.4

See Section 4.4
Re-equipment or abandoning
See Section 4.4
Re-equipment or abandoning

Electric log allows determination of the casing plan (positioning of the screens)
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4.1 Development

Development is done at the beginning and at the end of each rehabilitation. It allows the bore-
hole to be cleaned, certain clogging problems to be solved, and the efficiency of the rehabilitation
work to be evaluated. The best techniques are air-lift, pistoning (surging) and jetting, see Chapter 8A
Section 7.

4.2 Bailing and over-drilling

The bailing operation aims to remove all the accumulated deposits at the bottom of the bore-
hole that can’t be extracted by development (clay, sand, rock debris etc.). The operation consists of
lowering a bailer into the borehole, that will trap the materials with a flap-valve system. It is a dan-
gerous process for the casing.

Over-drilling is used if the borehole is filled with materials that cannot be removed by bailing.
The technique used depends on whether or not the borehole has a screen.

If the borehole has no screen, drilling is performed inside the borehole with a diameter smal-
ler or identical to the initial one. If the borehole is blocked by large-diameter debris, it is possible to
drill by cable-tool or down-the-hole hammer (DTH).

If the borehole has a screen, it is necessary to drill (rotary or cable-tool) with a small diameter
inside the existing borehole. A low progression velocity is used in order to extract all of the sediments.
These operations damage the casing and screen, and it is often necessary to re-equip the borehole.

4.3 Re-equipment

Re-equipment consists of placing new casing inside the existing one. The new casing has a dia-
meter at least 4 to 6 centimetres less than the existing one, to allow installation of a sufficiently thick
gravel pack.

This operation reduces the diameter of the borehole and increases the head-losses (creation of
new interfaces with the aquifer). Grouting is done as for a new borehole.

4.4 Unclogging

Development may partially solve certain clogging problems, but nevertheless, chemical treat-
ments are often required (treatment with acids or with chlorine). In general, for various reasons, it will
be necessary to use different solutions (mixed treatment), see Table 8. XXIV.

Table 8.XXIV: Treatments for clogged boreholes.

Treatment with acids Treatment with polyphoshates Treatment with chlorine Development
Deposits of carbonates Precipitation of compounds Clogging by matter created Clogging by fines
and sulphates of iron and manganese by bacteria (bio-fouling)

The principle is to introduce into the borehole a solution that will act upon the screen, the gra-
vel pack and the surrounding aquifer, for a certain time. During a contact period the water is agitated
in order to improve the efficiency of the treatment. At the end of the treatment a long pumping step
is performed in order to eliminate all traces of the chemical product used. The process is summarised
in Table 8.XXV.
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Table 8.XXV: Chemical treatment process.

Steps Treatment with acids Treatment Treatment
with polyphosphates  with chlorine

Measure initial pH X X
Prepare the stock solution X X X
(1.5 to 2 times the volume of the screen)

Pour the solution into the borehole via a PVC pipe X X X
(one half at the top part of the screen
and one half at the bottom part)

Agitate the solution for 2 hours by blowing X

Perform a development process (air-lift or piston) X X
for 12 to 24 hours

Pump in order to remove all the chemical products X X X
Check that the water returns to the initial pH X X

or residual chlorine level
Measure the residual chlorine level X

Treatment with acids

The acids normally used are hydrochloric acid and sulphamic acid. Note that hydrochloric acid
is strongly advised against for metallic screens (namely zinc and galvanised steel). Furthermore, sul-
phamic acid is normally more efficient than hydrochloric acid.

For hydrochloric acid, the form commonly used is a 30% w/w. Sulphamic acid, which is sold
as a solid in crystals, needs to be dissolved in water (at 15°C: 200 grams of crystals for 1 litre of water;
at 30°C: 260 g of crystals for 1 litre of water).

Note. — Acids must be used with extreme care (gloves, appropriate clothes, glasses, mask) and
according to local regulations.

Treatment with polyphosphates

Polyphosphates used are derived from sodium phosphates in solid or dust form. The dose is 2
to 4 kg of product in 100 litres of water. Note that it is effective to add chlorine to the polyphosphate
solution, at the rate of 120 to 150 grams of HTH per 100 litres of water, in order to combine the effects
of both products.

Treatment with chlorine

The concentrations of these products range from 1 000 to 2 000 mg/l of active chlorine, and the
volumes of solutions used depend on the volume of water to be treated in the aquifer. It is assumed that this
volume is at least 5 times higher than the volume of the water in the borehole. The chlorine products and
the water to be treated must be thoroughly mixed and there must be a minimum contact time of 12 hours.

4.5 Rehabilitation of surface works

The rehabilitation of surface works may be considered if they are in bad condition or were
poorly constructed. Depending on their condition, it may be better to destroy them than to repair them
—anew layer of concrete over a structure that is not in a proper condition is not solid and will be dete-
riorated very fast. If repairs are carried out to concrete structures, the surface to be repaired should be
roughened to ensure cohesion, and holes should be made to anchor new mortar or concrete.

Rehabilitation is done according to normal procedures for constructing borehole surface works
(see Chapter 8A, Section 9), taking into consideration the causes of the observed deterioration (natural
erosion, animal or human wear and tear, unsuitability to the needs and habits of the population etc.).
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5 Preventive maintenance

It is preferable to prevent the problems of ageing in order to retard the deterioration of bore-
holes. In addition to the issues concerning the construction of the borehole (choice of materials, posi-
tioning of the pipes, quality of grouting), reasonable use and regular maintenance diminish and mini-
mize the problems of deterioration:

Use
In order to obtain maximum longevity and to retard the appearance of ageing phenomena, it is
necessary to follow the following rules:
— Avoid frequent start-ups and continuous pumping 24h/24.
— Do not exceed the maximum exploitation yield.
— Do not decrease the water level below the top of the screen.
— Periodical maintenance and monitoring: maintenance of the pumping system and of the
surface works.
— Annually: complete analysis of the water (bacteriological and physicochemical), monitoring
of the pumping system.
— Every 3 to 5 years: a pumping test, withdrawal and complete inspection of the rising main
and measurement of the total depth of the borehole.

6 Condemning a borehole

When the rehabilitation of a borehole is not feasible (for technical or economic reasons), it is
necessary to block it in an impermeable manner in order to avoid any contamination of the aquifer. In
order to achieve this it is necessary to plug the whole of the borehole column (not only at the surface)
with cement grout. In order to guarantee its integrity, and hence its impermeability, the grout must be
poured through a pipe, starting at the bottom of the borehole and withdrawing the pipe gradually as
work proceeds, rather than simply pouring it in at the top of the borehole and allowing it to fall to the
bottom. This technique should be also used to condemn a new negative borehole (non exploitable)
that has penetrated the aquifer zone.

Note.— The decision to condemn a borehole permanently should not be taken only on the basis
of current conditions, but should also take into consideration the technical and financial possibilities
of rehabilitation in the future. In particular, deep boreholes or boreholes in isolated areas should not
be condemned without a lot of thought. In any case, this operation must not be done without the full
agreement of the users and operators.
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1 Planning a drilling programme

Creating a borehole involves siting the borehole, drilling and equipping the borehole, construc-
ting the surface works, pumping tests and pump installation.

Depending on the context, more or less time will be devoted to groundwater prospection and
siting of the borehole, and the percentage of positive boreholes which may be equipped with hand-
pumps will vary. A success rate of 75 to 80% is the optimum level to be reached in a bedrock context.

When higher yields are sought (more than 3 m3/h), the prospection studies are more thorough
and are complemented by drilling exploration boreholes (see Chapter 5).

The time required for drilling a borehole depends on several factors apart from its depth and
diameter, such as the drilling technique and the rig used, geological conditions (ease of removal of
cuttings, stability of the borehole sides), and technical problems with the drilling rig. Experience
shows that on average about one week is necessary to complete a borehole.

The timetables of the exploration teams and the surface-works construction team are based on the
progress of the drilling team. Likewise, the timetable of the drilling team must take account of the pre-
paratory work carried out by the hygiene education team. A timetable similar to the one shown in Table
8XXVI, extrapolated to the duration of the programme, can be used to plan the activities involved.

During the rainy season, when access to sites is usually limited, and geo-electrical tests are dif-
ficult to carry out, it is advisable to stop drilling and make use of the time to repair and maintain the
equipment.

Table 8 XXVI: Borehole-drilling plan.

Days 1 2 3 4 5 6 7 8 9 10 11 12 13

TEAM 1
(geophysical exploration) ......ccceeeeeesns

TEAM 2
(drilling and equipment, ... . reeerenn———
cleaning and development)

TEAM 3
(pumping test, water analysis,
test interpretation)

TEAM 4
(surface works, e
pump installation)
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2 Resources to be mobilised
2.1 Human resources

Human resources required are listed in Table 8. XXVII.

Table 8. XXVII: Personnel necessary for drilling a borehole.

MANAGEMENT
1 hydrogeologist project manager Borehole siting, team management
Contacts with the local partners
1 logistician Supplies to the sites
PROSPECTION TEAM
1 geophysics technician Tests and their interpretation
3 assistants Test preparation
DRILLING TEAM
1 driller Managing borehole drilling and equipping (casing plan), report writing
1 mechanic Maintenance of drilling rig and compressor
4 labourers Site installation, pit cleaning, drill-pipe changing, water supply,

borehole equipping etc.

SURFACE-WORKS TEAM

1 builder Site manager, supervision of construction of apron
1 pump technician Pump installation, borehole disinfection
3 labourers Reinforcement, concrete mixing etc.

2.2 Drilling costs

The cost of a borehole depends on numerous factors: depth and diameter, type of drilling rig
used, price of consumables etc., but also on the method used for calculating costs. The costs of consu-
mables for a borehole in East Africa are listed in Tables 8 XXVIIIA and B, and Table 8. XXIX shows
the total cost of a borehole in South-East Asia. The cost of the work is clearly lower in Asia, because
the consumables are less expensive, although the estimation methods are also different. When talking
of drilling costs, especially to compare different areas or different agencies, it is necessary to know what
is being assessed: only consumables, logistics, human resources, depreciation of the equipment etc.
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Table 8. XXVIII A: Example of cost of a borehole in Uganda (ACF, 1997).
Depth 50 m, rotary drilling 8°1/2 and then 6” DTH hammer (ACF-PAT 301).

ltems Quantity Unit cost Total cost
(US$) (Us$)
Borehole
PVC 103 x 113 mm (2.9 m) casing 13 12 156
PVC 103 x 113 mm (2.9 m) screen 6 18 108
PVC 167 x 180 mm (2 m) pre-casing 10 27 270
base plug 1 6 6
filter gravel (1) 600 0.05 30
diesel (I) 500 1 500
petrol (1) 150 1 150
polycol (kg) 10 10 100
drilling foam (1) 20 5 100
drilling oil (1) 5 5 25
grease (1) 10 5 50
2.5 x2.5m apron
cement (50-kg bag) 12 12 144
sand (m3) 0.6 12 7.2
gravel (m3) 0.3 30 9
stone (m3) 3 15 45
weld-mesh (m?2) 6 3.5 21
3 x 3 m washing area
cement (50-kg bag) 14 12 168
sand (m3) 2 12 24
gravel (m3) 1 30 30
stone (m3) 3 15 45
weld-mesh (m2) 9 4 36
Pumping test
petrol (1) 50 1 50
bacteriological water analysis 20 5 100
physicochemical analysis 10 10 100
Pump
U2 (India Mark Il) pump 1000 1 1 000
Depreciation of the equipment
ACF-PAT 301 1 800 800
TOTAL 4074
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Table 8. XXVIII B: Example of cost of a borehole in Liberia (ACF, 2003).
Depth 35 m, rotary drilling 8°1/2 and then 6 DTH hammer (ACF-PAT 301). Duration of task: 1 week
including development and handpump installation.

Items Quantity Unit cost Total cost
(Uss) (USS$)
Borehole
PVC screen 2 m x 125 mm
slot 1 mm 3 20 60
PVC casing 125 mm x 2 m 10 15 150
PVC casing 125 mm x 1 m 2 8 16
PVC pre-casing 6m x 150 mm 3 33 99
base plug 1 5 5
PVC glue (can 500 ml) 1 30 30
filter gravel (50 kg) 23 1 23
polycol (50 kg) 1 50 50
diesel for compressor (gallon) 40 3 120
petrol (gallon) 15 3 45
Apron
cement (50 kg-bag) 14 7 98
sand (ton) 2 10 20
gravel (m3) 0.3 30 9
stone (m3) 3 15 45
reinforcement bars 3 m x 6 mm 10 2 20
Pump
Afridev (15 m depth) 1 500 500
Depreciation of the equipment
ACF-PAT 301 1 500 500
Drilling team
(a drilling coordinator supervises the different machines)
drilling supervisor 1 70* 70
mechanical drilling assistant 1 40 40
drilling technician 3 30 90
labourers 3 20 60
Apron construction
supervisor 1 70 70
mason 2 30 60
TOTAL 2110

* Cost per borehole for 1 week of work.
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Table 8.XXIX: Example of cost of a borehole in Cambodia (ACF, 2003).

Depth 56 m, 6’1/2 (ACF-PAT 301).

Unit cost (US$)
56 m borehole, fully equipped 590
Apron 238
Afridev pump 390
ACF-PAT 301spares 300
Depreciation of the ACF-PAT 301 drilling rig 120
Sub-total 1638
Drilling team 90
Surface-works team 62
Hygiene-education team 180
Supervisor 48
Sub-total 380
ACF expatriate 212
Sub-total 212
4x4 vehicle 350
Truck rental 50
Sub-total 400
8% administrative charges 216
TOTAL 2 846

3 Overview of selected programmes

3.1 Non-consolidated sedimentary area

The programme summarised in the following tables deals with a non-consolidated sedimen-
tary area (sand and clay) in Central Africa. In this inaccessible context, light rotary drilling with an
ACF-PAT 201 machine was chosen. The objective was to complete 40 boreholes of 40 m average
depth using two rigs over a total period of 12 months:

— 1 month for purchase and transport of material;

— 1 month for organisation and training of teams;

— 8 months for drilling;

— 2 months for follow-up of water committees in charge of pump maintenance.

Table 8. XXX presents the total budget for the operation.
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Table 8.XXX: Total budget for an ACF-PAT 201 drilling programme (ACF, 1996).

SUMMARY Total amount (US$)

1. Local staff 65 600

2. Equipment 96 282

3. Logistics 95 064

4. Administrative costs 4 000

Grand total 260 946

1. LOCAL STAFF Number Salary Duration Total

(US$) (months) (US$)

Supervisor 1 800 12 9 600

Drilling team (2 groups) 10 200 10 20 000

Builder/pump technician (2 groups) 6 150 12 10 800

Geophysical team 4 150 10 6 000

Logistics 1 300 12 3 600

Community workers 5 100 12 6 000

Labourers 6 50 12 3 600

Others 5 100 12 6 000

Total 38 65 600

2. EQUIPMENT Number Total cost (US$)

Water equipment 1 45 400

Tools and consumables 1 11 882

Equipment for 40 boreholes 1 39 000

Total 96 282

3. LOGISTICS Quantity Unit cost Total
/month (US$) (US$)

Warehouse 2 3 000 6 000

Vehicle 24 2 400 57 600

Motor-cycle 3 1938 5814

Bicycle 3 100 300

Fuel and maintenance 24 400 9 600

International transport (tons) 3.5 4 500 15 750

Total 95 064

4. ADMINISTRATIVE COSTS Duration Unit cost Total
(months) (US$) (US$)

Educational materials 10 300 3000

Communications costs 10 100 1000

Total 4 000
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Table 8. XXXI shows costs of drilling equipment.
Table 8. XXXII shows costs of consumables for 40 boreholes.

Table 8. XXXI: Cost of drilling equipment.

Description Quantity Unit cost Total
(US$) (US$)
Complete kit ACF-PAT201 2 10 500 21 000
Pumping-test kit 1 3 000 3 000
50 m water-level dipper 2 600 1200
Water-analysis kit 1 1 000 1 000
Bacteriological-analysis kit 1 3 000 3 000
Conductivity meter 1 700 700
Qmega-+ resistivity meter 1 5500 5500
Computer 1 2 000 2000
Motor-pump & accessories 1 3 000 3 000
Spares 1 5000 5 000
TOTAL 45 400

Table 8. XXXII: Costs of consumables for 40 boreholes.

Description Quantity Unit cost Cost
(US$) (US$)
Borehole
103x113 mm casing (10/borehole) 400 12 4 800
103x113 mm screen
(4/borehole) 160 18 2 880
167x180 mm pre-casing (2/borehole) 80 27 2160
filter gravel (600 I/borehole) 24 000 0.05 1200
diesel (20 I/borehole) 800 0.85 680
petrol (30 I/borehole) 1200 1 1200
Apron
cement (8 bags/borehole) 320 12 3 840
sand (0.5 m3/borehole) 20 12 240
bricks (500/borehole) 20 000 1 20 000
weld-mesh
(1 sheet/borehole) 40 20 800
stone (2 m3/borehole) 80 15 1200
handpump 40 donation
TOTAL 39 000
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3.2 Bedrock area

This example of a programme deals with the purchase of an ACF-PAT 301 drilling rig capable
of drilling in rotary and in DTH-hammer mode in an African bedrock area. The 6-month project
includes drilling 10 boreholes of an average depth of 50 m (Table 8. XXXIII to Table 8. XXXVI).

Table 8. XXXIII: Total budget for an ACF-PAT 301 drilling programme.

Summary Total amount (US$)
1. Local staff 11 100
3. Equipment 106 306
4. Logistics 83 521
5. Administrative costs 2 400
GRAND TOTAL 203 327
1. LOCAL STAFF Number Salary Duration Total
(US$) (months) (US$)

Supervisor 1 300 6 1800
Driller 1 50 6 300
Driller assistant 5 30 6 900
Builder 1 40 6 240
Builder assistant 4 30 6 720
Geophysics technician 3 30 6 540
Driver 3 200 6 3600
Labourer 5 50 6 1500
Others 5 50 6 1 500
Total 23 11 100
2. EQUIPMENT Quantity Total cost (US$)
Drilling rig and equipment 1 88 050
Drilling tools and consumables 1 7 391
Equipment for 10 boreholes 1 10 865
Total 106 306
3. LOGISTICS Quantity Unit cost Total

/month (US$) (US$)
4x4 vehicle 1 30 000
Drilling truck 1 15 000
Truck maintenance & fuel (month) 6 778.5 4 671
Light vehicle maintenance & fuel (month) 6 1100 6 600
Road transport (month) 2 3 500 7 000
International transport (t) 4.5 4 500 20 250
Total 83 521
4. ADMINISTRATIVE COSTS Duration Unit cost Total

(month) (US$) (US$)
Stationery 6 200 1200
Communications costs 6 200 1200
Total 2400
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Table 8.XXXIV: Cost of equipment.

Quantity Unit cost Total
(USS$) (Uss$)
Complete ACF-PAT 301 RT kit 1 26 000 26 000
Atlas Copco XAHS 175 compressor 1 40 000 40 000
Rotary drilling tools 1 1900 1900
871/2 three-bladed bit (216 mm) 2
6”1/2 three-bladed bit (165 mm) 2
3"7/8 three-bladed bit (99 mm) 2
F 2"3/8 PAI REG x F 2”3/8 APl REG adaptor 2
F 2"3/8 APl REG x F 3"1/2 adaptor 2
DTH hammer tools 1 6 800 6 800
Stenuick Challenger 4 hammer 1
150-mm drilling bit 4
105-mm drilling bit 2
assembly spanners for 150 & 105-mm drilling bits
Pumping-test kit 1 2 500 2 500
Resistivity meter 1 5000 5000
Water-level dipper 50 m 1 1 000 1 000
Water-analysis kit 1 500 500
iron (ref. 11136C) 1 150 150
manganese (ref. 14768) 1 200 200
Computer and printer for report
and monitoring of drilling 1 3 000 3 000
GPS 1 1 000 1 000
TOTAL 88 050
Table 8.XXXYV: Cost of drilling consumables.
Item Quantity Unit cost Total
(US$) (US$)
Borehole
103 x 113 mm casing (10/borehole) 100 12 1200
103 x 113 mm screen (6/borehole) 60 18 1080
167 x 180 mm pre-casing (4/borehole) 40 27 1080
plug 10 5 50
filter gravel (600 I/borehole) 6 000 0.05 300
diesel (500 I/borehole) 5000 0.85 4 250
petrol (150 I/borehole) 1500 1 1500
Washing area
cement (11 bags/washing area) 55 12 660
sand (1 m3/washing area) 5 12 60
gravel (2 m3/washing area) 10 30 300
weld-mesh
(1.5 sheets/washing area) 8 20 160
stone (3 m3/washing area) 15 15 225
TOTAL 10 865
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Table 8. XXXVI: Costs of tools and minor consumables.

ltem Quantity Unit cost Total
(Us$) (Us$)
Water tank 1 1500 1 500
Metal shuttering mould 1 1000 1000
Toolkit 1 1200 1200
Bolt cutter for reinforcement bars 1 480 480
Measuring tape (100 m) 4 30 120
Pickaxe 10 3 30
Shovel 10 3 30
Hoe 10 3 30
Spirit level 2 30 60
Measuring tape (5 m) 10 6 60
Bucket 10 5 50
Wheelbarrow 2 20 40
Wood saw 2 10 20
Hammer 5 5 25)
Sledgehammer (5 kg) 2 8 16
Hydraulic oil (1) 50 3 150
Drilling oil (Azolla) (1) 50 5 250
Motor oil (I) 50 2.5 125
Grease (kg) 30 5 150
Polycol (kg) 50 10 500
Drilling foam (1) 100 3 300
PVC 2” dia. screwed pipe (3 m) 20 15 300
PVC 2” dia. screwed pipe (1 m) 3 15 45
PVC screwed elbow for 2” PVC pipes 2 10 20
Rubber boots 15 10 150
Gloves 20 8 160
Waterproof coats 10 30 300
TOTAL 7 391
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1.1.3  Planning 326 2.1 Implementation 328

A combined well is a well supplied by a borehole reaching a confined aquifer. This allows
exploitation of a deep aquifer with a static level near the surface, without digging a very deep well.
The well therefore acts only as a storage tank, which is refilled when not in use (see Chapter 8A). This
solution can be useful when the borehole yield is low, because the well acts as a water tank from
which it is possible to draw a higher flow than that of the borehole. Finally, combined wells do not
require the installation of any pump when local social end economic conditions do not allow it, but
they nevertheless provide good-quality water.

It is relatively simple to carry out this type of work, by digging the well either around the bore-
hole casing (‘central combined well’) or beside it (‘lateral combined well’).

Many wells have been dug on boreholes drilled with ACF-PAT 201 and 301 rigs in Asia, in
sedimentary formations presenting confined aquifers with static levels near the surface. The combi-
ned wells are then equipped with VN6 handpumps (static level above 6 m) or left uncovered (extrac-
tion with a bucket) or with a shaduf (see Chapter 7A Section 1.2.2). The technical and financial
aspects of this type of programme, drawn from the programmes which ACF has been carrying out in
Cambodia and Myanmar for several years, are shown below.

Since 1996, ACF has also built combined wells in the North of Mali. These are equipped with
traditional water-drawing systems that allow pastoral populations to exploit deep water resources
without being dependent on motorised pumps. The boreholes reach 110 m on average and the wells,
built beside the boreholes, are 50 to 70 m deep.

1 Central combined well
1.1 Implementation
1.1.1 DRILLING THE BOREHOLE

The borehole is equipped with a 2” (Myanmar) or 4” (Cambodia) casing. Gravel pack is installed
around the screens, topped by a clay plug and cement grout to prevent any pollution from the surface.

The average depth of these boreholes is 15 to 30 m. They are drilled with an ACF-PAT 201 rig
in non-consolidated formations, or with a 301 rig in harder formations (sandstone, compact clays).

1.1.2 DIGGING THE WELL

The well is dug around the borehole, with a 1.2 m diameter, down to a minimum depth of 2.5
m below the static water level measured in the borehole (the lowest during the low-water period). For
a given well diameter, the depth is chosen on the basis of technical criteria (obtained by pumping tests
— see Chapter 6) and human criteria (daily needs, water-drawing rate).
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Figure 8.27: Central combined well
(ACF, Cambodia, 1998).

In Myanmar, well rings with an internal diameter of 1 m (height 0.5 m) are pre-cast on site one
week before use. A bottom slab for the well is cast in reinforced concrete (thickness 10 cm) on a hard-
core foundation, to support the well-ring column which is then built up to the surface. To ensure
impermeability in cases where a large quantity of water comes in to the well along the borehole
casing, quick-setting cement is used to grout around the borehole casing (see Figure 8.27).

In Cambodia, the well is built using the bottom-up in-situ lining technique (see Chapter 7A).
The borehole casing is then cut 0.5 m above the bottom slab. To avoid leaving the casing opening
facing upwards and to limit any intrusion into the borehole, a tee is fitted at the top of it. Surface
works (headwall, apron and drain) are then built.

1.1.3 PLANNING

An example of building time is given in Table 8 XXXVII.

Table 8. XXXVII: Time required for construction of a central combined well.

Week 1 Week 2

Week 3

Drilling and development
Pre-casting of well rings
Digging of the well
Bottom slab and lining
Surface works
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1.2 Resources required
1.2.1 HUMAN RESOURCES

The human resources required are the same as those required for digging a well and drilling a

borehole, Table 8. XXXVIII. (see also Chapters 7B and 8C).

Table 8. XXXVIII: Human resources (ACF, Myanmar, 1997).

Indicative monthly salary (US$)

Borehole team
1 geologist
1 driller
1 driller assistant
1 mechanic
3 labourers
1 driver
Well team
1 site manager
1 assistant
5 labourers
1 driver

200-250
150-250
100-150
100-150
40-80
60-80

150-200
100-150
40-80
60-80

1.2.2 COST OF ABOREHOLE AND A WELL

An example of the cost of materials necessary for the construction of a combined well is

shown in Table 8 XXXIX.

Table 8. XXXIX: Cost of materials for a combined well (ACF, Cambodia, 1997).

Description Units Quantity Unit cost Total cost
(USS) (Us$)
25 m borehole
PVC 2” casing (63 mm ext.) pcs 3 m 7 8 56
2” screen pcs 3 m 1 9 9
2” plug pcs 1 1 1
Tee pcs 1 2 2
2” sockets pcs 10 1 10
Gravel filter m3 0.3 20 6
Cement 50-kg bags 3 7 21
Quick-setting cement kg 3 1.5 4.5
Diesel | 90 0.5 45
Petrol I 10 0.4 4
Total cost per borehole 158.5
Well with a 1 m internal diameter, 6 m deep
Cement 50-kg bags 62 7 434
Sand m3 4 5.5 22
Gravel m3 6 55 33
Stone m3 3 7 21
Bricks (apron, drain) pcs 200 0.04 8
8-mm reinforcement bar m 200 0.4 80
6-mm reinforcement bar m 400 0.3 120
Iron wire kg 7 2 14
Total cost per well 732
GENERAL TOTAL 990.5
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2 Lateral combined well

Another design involves digging the well beside the borehole (see Figure 8.28). This can be a
little bit more complicated to build, but has the following advantages:

— it provides two distinct water sources; one potable water source for human consumption (water

pumped from the borehole) and another one for livestock (water drawn by traditional methods

from the well);

—in the case of deep wells and a risk of sand intrusion (due to traditional water-drawing, wind-

blown sand etc.), it is possible to use a derrick to clean out the well with a bailer, which is impos-

sible in the case of a well around a borehole without damaging the connection between the two;

— the borehole remains accessible for maintenance and development.

In the Sahel, the well is usually connected to the borehole with lateral connections, but this
connection can only be made if the ground is stable enough for horizontal digging (up to 2 m).

2.1 Implementation

In order to facilitate the connection, the well must be dug approximately 1 m from the bore-
hole. Knowing the vertical deviation of the borehole will help to define exactly where to dig. This
information can be obtained from the drilling files.

The pumping test will determine the yield and dynamic levels, that will allow the establish-
ment of the depth of the connection (see Chapter 6). The study of the geological log obtained during
drilling will confirm the feasibility of constructing the connection at that depth (stable ground, not
sandy). In the case of instability, the connection should be done deeper (if economically acceptable)
or the well should be dug around the borehole, see Section 1.

When the depth of the connection is decided, the well can be dug using the normal method, up
to 1.50 m below the level of the connection, in order to enable settlement of any solids in the water
to below the level of the connection, to protect it from obstruction by sediment.

The connection to the borehole is the crucial part of the construction. This connection must be
made with great care, in order to ensure the longevity of the combined well. The levelling is carried
out in the well, vertically using a plumb-line, and horizontally, taking distance estimation and geolo-
gical factors into account.

Atunnel 1 m long and 0.6 m high must then be dug horizontally, in order to clear a space around
the casing to be able to make the connection. Once the casing has been reached, there are several pos-
sible solutions, the objective being to make the connection between the borehole and the well com-
pletely water-tight, to protect it from outside elements that could contaminate it, or cause blockage.

In Mali the connection is made with pre-fabricated reinforced concrete box sections 0.60 x
0.40 x 0.20 m (L x H x D), 5 cm thick. This solution has the advantage of using ready-made elements,
given that it can be difficult to pour concrete in a tunnel where water runs in. The pre-cast box sec-
tions are laid going backwards from the borehole, with the first one closed behind the borehole to gua-
rantee water-tightness. The box sections are attached to each other with ‘pins’ and then a fine layer of
concrete is applied on the lower part and on the inside for solidity and water-tightness. The tunnel is
also coated with a fine layer of mortar going backwards. The last box section has protruding reinfor-
cement bars that allow it to be tied to the reinforcement bars of the well lining. The main concern is
always the water-tightness of the structure. It is also possible to pour the concrete with wooden shut-
tering. The use of an accelerator such as Sicalatex can increase the quality of the concrete.

Another solution is to connect the borehole casing to another pipe that carries the water
directly to the well without a tunnel.

When the connection is finished, it is preferable to wait several days before allowing water to flow,
in order to let the concrete set. There are two options for opening the connection; either perforating the
casing directly (with a special tool), or installing a saddle clamp (or ferrule strap) with a valve.
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Figure 8.28: Lateral combined well (ACF, Mali, 2003).
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The choice of a pumping system must be made bearing in mind not only the technical
constraints (pump type, energy, head, flow, turbidity), but also the constraints of the socio-economic
context (appropriate pumping system, availability of spares, ease of maintenance). This chapter pre-
sents the theoretical background for the choice and installation of pumps for medium and long-term
interventions, illustrated by practical examples.

General

Table 9.1 shows the pump types most widely used. All pumps are made up of three different parts:
— the motor, which provides the power necessary for pumping;
— the transmission, which conveys the power to the hydraulic component;
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Table 9.I: Types of pump.

Type of pump Normal application Technology
Manual Wells and boreholes Surface suction pump
— piston

Medium and high-lift pump with the hydraulic
component submerged (also exist

as motorised models)

— piston

— hydraulic balloon

— screw (also exist as motorised models)

Submersible electric Wells and boreholes Lift pump
for flows > 2m3/h — multi-stage centrifugal
Pumping tests
Dewatering pump Pumping out excavations Lift or suction-lift
(digging wells below water table) — centrifugal
Pumping surface water — pneumatic membrane
Surface motorised pump Pumping surface water Suction-lift (suction head limited to 7 m)
Pumping from reservoir — centrifugal

to network or other reservoir

— the hydraulic component, which transmits the power to the water in order to move it (to
pump it in or out).
Table 9. IT shows the working principle of the different types of pump.

Table 9.I1: Working principles of commonly-used pumps.

Drive Transmission Hydraulic component
Manual Hand Mechanical (rod and lever) Volumetric pump (with submerged
Foot Hydraulic (water pipe) or non-submerged piston, or balloon)
Motorised pump Internal combustion Shaft and bearings Centrifugal pump
(surface) engine (diesel, petrol)

Direct drive or via
generator & motor

Electric pump Electric motor Shaft Multi-stage

(submersible) centrifugal pump

Dewatering pump Compressor Compressed-air line Volumetric pump (membrane)
(pneumatic)

2  Motorised pumps

There are two main types of motorised pump: centrifugal and volumetric. The latter are sui-
table for lifting small water flows at high pressure (e.g. high-pressure washers).
For drinking water, the only volumetric pumps commonly in use are handpumps (see Section 8).

2.1 Working principles of centrifugal pumps

Centrifugal pumps belong to the turbo-pump family (Figure 9.1). In a turbo-pump, a rotor, fit-
ted with blades or paddles driven by rotary movement, transmits kinetic energy to the fluid, some of
which is transformed into pressure by reduction of velocity in a component known as the stator. Dif-
ferent types of turbo-pumps have different shaped rotors (Figures 9.2 and 9.3).
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Figure 9.1: Electric centrifugal pump (surface).
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Figure 9.2: Rotor designs in turbopumps.
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Figure 9.3: Rotor designs in centrifugal pumps.

The driving force to the shaft can be supplied by an internal combustion engine, an electric
motor (either submersible or surface-mounted), or by any other force, such as a turbine in a river.

2.2 Centrifugal pump sealing

The drive shaft passes into the pump casing in which the rotor turns, through a sealing system
consisting of packing (graphite), wrapped around the shaft and retained by a gland.

The packing seal is not perfect: it always leaks a little and so lubricates and cools the shaft.
Therefore the gland should not be tightened too much, because that would wear out the packing
quickly. Once the packing is worn out, it can be added to without removing the old one.
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Figure 9.4: Packing.

3  Pumping hydraulics
3.1 Power

In order to transfer a certain quantity of water from one point to another, the pump must trans-
mit energy to it. This quantity of energy is the same whatever the pumping technology, and is gene-
rated by the pump drive. This energy is calculated using Bernoulli’s theorem (see Annex 12A), taking
into account all the parameters of the energy balance of the system, such as pump altitude, head,
length and diameter of the pipes. However, in order to simplify calculations in practice, two parame-
ters that characterise any pumping system are used: the flow (Q) and the Total Manometric Head
(TMH), (see Section 3.3 for definition of TMH). The power absorbed at the pump shaft is therefore
given by the following equation (the specific gravity of water is 1):

_ Q x TMH
o 367 xm

where P is the effective power (kW, 1 kW = 1.36 HP), TMH the total manometric head (mWG
(metres water gauge)), Q the flow (m3/h) and 1) the pump efficiency. The optimum efficiency (between
0.8 and 0.9) lies in the working range of the pump (efficiency curve provided by the manufacturer).

The motive power necessary to drive the hydraulic section is always higher than the power
absorbed by the shaft, bearing in mind various losses due to transmission, calculation uncertainties,
head-losses at the pump level, and starting torque.

3.2 Suction head

The suction head is theoretically limited to 10.33 m, which corresponds to the suction pressure
necessary to create a vacuum (expressed in water column height at normal atmospheric pressure)
inside a pipe and to lift water.

In practice, however, suction head is less than that, because some of the pressure is required
to transfer the required velocity to the water, and some is absorbed by head-losses in the suction pipe.

Furthermore, the suction pressure inside the pipe must not be less than the value at which the
water vapour pressure is reached (water evaporation). For drinking-water pumps (temperature less
than 20°C), the water vapour pressure is around 0.20 m head: beyond that point there is a risk of
entraining water vapour. The water vapour bubbles thus formed in the suction pipe are re-compressed
in the hydraulic section, which causes excessive rotor wear. This phenomenon, known as cavitation,
reduces pump efficiency, and makes a characteristic noise caused by the implosion of the water
vapour bubbles. Theoretically, at the pressure necessary to move water (at 20°C):

Suction head = 10.33 — 0.2 J (head-losses)

Generally, the suction potential of a surface pump, depending on its characteristics and installation
conditions, are determined by the NPSH (net positive suction head). This parameter is given by the
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Table 9.II1: Suction head depending on the pump type.

Types of surface pump Maximum suction head Examples of pumps

Surface-mounted manual piston pumps 7 — 10 m depending on model ~ Type VN6

Small electric centrifugal pumps 8 m maximum All makes, all origins
Large electric centrifugal pumps See NPSH All makes Grundfos, KSB, Voguel
Surface-mounted centrifugal Up to 10 m with careful use Robin, Tsurumi, Honda engines

motor-driven pumps (petrol)

Large surface-mounted See NPSH Pumps with Lister engines
centrifugal pumps (diesel) Max 7 m

manufacturer depending on the pump output and installation conditions. The static suction head
(Table 9.III) plus the head-losses must always be lower than the NPSH required for the pump.

In order to raise water beyond that height, it is necessary to use a submersible lift pump, rather
than a suction pump.

All things being equal, the suction head also affects the total pressure head of the pump.

Suction pumps with a hydroejector are a particular kind of surface suction pump that can lift
water beyond the theoretical suction head. One part of the water supplied by the pump is in fact pum-
ped back into the hydroejector (2nd tube in the borehole) in order to be able to attain heights of water
greater than 10 m; the pump efficiency is however somewhat reduced.

3.3 Flow and Total Manometric Head (TMH)

These two parameters are related directly to the usable flow and the height to which the pump
can lift. This height, plus head-losses and the residual pressure at the end of the pipe, is expressed as
follows:

TMH = (hy + hy) +J + Pr

where TMH is the total manometric head (mWG), h, + h, is the suction head + the delivery head (m),
J (m) is the head-loss due to piping and accessories (valves, bends) and P, the residual pressure
(mWG), i.e. the pressure at the outlet from the delivery pipe.

3.3.1 CHARACTERISTIC CURVE OF A PUMP

For a given pump, the higher the TMH, the less the flow provided by the pump. The various
pairs of points (TMH-flow) form the characteristic curve of the pump. Outside this curve, the pump
is not within its optimum configuration, which causes a drop in efficiency (Figure 9.5).

3.3.2 HEAD-LOSSES

The equation used to calculate head-losses (friction of the liquid against the walls, and change
of section or direction) is the Colebrook-White formula (see Annex 12A).

In the majority of cases, the head-losses J are functions of linear head-losses (total pipe length
Ls + Ld) and secondary head-losses (strainers, bends, valves). The latter can be estimated at 10% of
the linear head-losses, except for surface pumps, where the secondary head-losses are calculated pre-
cisely in order to determine the maximum suction head (limited by the NPSH ).
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Figure 9.5: Characteristic curve for the Grundfos SPSA range of pumps, and efficiency curves where
Q =flow, H = TMH, and n = efficiency.
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3.4 Working point in a pipe system

This point is the TMH-flow pair corresponding to the pump function, taking into account the
head-losses in the pipe system. When the pump operates, a particular working point is reached, cor-
responding to the balance between flow and TMH.

To calculate this working point in advance, a graph representing the characteristic curve of the
pipe system is drawn. This graph is obtained by calculating the head-losses for different theoretical
flows in the system (Table 9.1V). The intersection point of this curve with the characteristic curve of
the pump gives the working point of the pump in the pipe system (Figure 9.6).

Table 9.IV: Head losses as a function of flow Q.

Q Static head (m) Head losses J TMH (m)
(/min) (H=Hg + hy) (MWG) (TMH = H +J)
0 25 0 25
125 25 9 34
250 25 32 57
300 25 44 69
380 25 66 91
TMH (m)
100
80
system curve
B0
pump curve DN 50
70 values of head losses J
as a function of flow
60
A -
50
40
30
- Hs + Hd
20
10+
0 }
0 100 200 300 400
flow (If/min)

Figure 9.6: Working point (TEF2-50 pump in pipe system).

3.5 Particular characteristic curves
3.5.1 EFFECT OF ROTOR SPEED

The rotational speed of the shaft is usually measured in revolutions per minute (rpm).
If the rotational speed of a given pump rises from n; to n, rpm, the flow Q, the TMH, and the
absorbed power P, change as in the following equations:

Q, = (ny/n)Q, H,=(ny/n;)’H, Py=(n,/n,)3P,

With an internal-combustion engine or a dc electric motor, this speed can be changed in order to adapt
to a given situation. Certain manufacturers provide characteristic pump curves corresponding to
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Figure 9.7: Characteristic curves for a centrifugal pump as a function of rotational speed.

specific rotational speeds (Figure 9.7). Usually, electric pumps have rotational speeds of 3 000 rpm
for bipolar asynchronous motors (rotational speed = frequency / number of pairs of poles of the
motor). This is the case for all submersible pumps without a speed regulator.

3.5.2 THROTTLING DELIVERY PIPES

By throttling delivery pipes with valves, it is possible to reduce the pump flow by increasing
head-losses. This results in an immediate reduction in efficiency of the pump, and an increase in
power requirement. Therefore, at larger pumping stations, using valves to reduce flow increases
energy consumption considerably.

Also, too great a restriction risks operating outside the design range of the pump, thereby
increasing mechanical stresses.

3.5.3 MOUNTING TWO IDENTICAL PUMPS IN SERIES

Mounting two pumps in series (Figure 9.8) increases the delivery head. If the initial flow of a
single pump is maintained, the TMH is doubled. In practice, the TMHs may be added to create the
characteristic curve required.

non-return valve valve
v
rf_- —1 r - o
pump 1 pump 2
i non-return valve
23 screen
Figure 9.8: Mounting two identical pumps
in series.
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Table 9.V: TMH and flow for two pumps in series.

Function Flow (I/min) TMH (mWG)
Single pump in pipe system 200 50
Pumps in series in pipe system 290 65
Pumps in series with valve-controlled flow 200 100

For example, if two identical pumps, each capable of lifting 200 I/min to 50 m (e.g. Tsurumi
TEF2-50 motorised pump, Robin engine) are mounted in series, they can lift a flow equivalent to 200
I/min with a TMH of 100 m. If the flow is not choked, the working point is established within the wor-

king curve in the network (Table 9.V and Figure 9.9).

2 pumps in series

system curve
(DN50)

single pump

0 100 200 300 400
Fe (e Figure 9.9: Characteristic curves for a single

pump and for two pumps in series.

3.5.4 MOUNTING TWO IDENTICAL PUMPS IN PARALLEL

Mounting two pumps in parallel (Figure 9.10) allows the pumped flow in a pipe system to be
increased. In practice, the flow of both pumps may be added, while maintaining the TMH, to draw
the characteristic curve (Table 9.VI and Figure 9.11). But in a pipe system, head-losses J increase with
flow, so it is not possible to double the flow.

Table 9.VI: Characteristic curves for two identical pumps in parallel.

Function Flow (I/min) TMH (mWG)
Single pump in pipe system 240 43
Pumps in parallel in pipe system 320 57
- =
non-return valve re =-
pump 1
valve
=3
F“ T —
8 non-return valve I
i3 screen
pump 2 Figure 9.10: Mounting two pumps
in parallel.
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3.5.5 MOUNTING TWO DIFFERENT PUMPS

Figure 9.11: Characteristic curves
for two pumps mounted in parallel.

It is possible to mount different pumps in series or in parallel. The principle is the same: in
series the TMHs are added, while in parallel the flows are added. The working point can be determi-
ned by drawing the characteristic curve of the two pumps and the pipe system. In the example given
in Figure 9.12, there is no point in connecting these two pumps for a TMH higher than 30 m; the flow
will not increase. For a TMH of 20 m, the pump flow will be 600 1/min, instead of 350 1/min with the

TEF2-50 pump used alone.

2 pumps in
parallel

20 TET-50

0
0 100 200 300 400 500 600 700 800 900
flow (Fmin)

4  Choosing a motorised pump

4.1 Surface centrifugal motorised pump

Figure 9.12: Characteristic curves
for two different pumps in parallel
(types TET-50 and TEF2-50).

In the example given in Figure 9.13A, the motorised pump takes water from a depth of 5 m
(H,) and delivers it at a height of 25 m (H,). The pipe used has an inside diameter of 40.8 mm
(DN 50); the total length of the delivery pipe is 200 m (L), and the total length of the suction pipe is
6 m (L,). The flow required is 2 /s, i.e. 120 I/min, with a residual pressure of 1 bar, i.e. 10 m water

head. The total manometric generated head is:
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Figure 9.13: Surface-mounted motorised pump.
A: installation diagram. B: photograph.

TMH = H, + H, + J linear + Pr + J secondary

TMH = (5 + 25) + (206 . 5,85%) + 10.33 + 10% of J linear = 53 m

A pressure of 1 bar is equal to 10.33 mWG under normal temperature and pressure conditions;
5.85% represents the head-loss coefficient per m of pipe for the given conditions (DN 50 pipe, flow
2 1/s — see Chapter 11 and Annex 12A). Calculating the TMH allows the TMH-flow pair (53 m, 120

I/min) to be determined in order to choose a suitable pump.

Here, the corresponding pump is the TEF2-50 (Figure 9.12). The manufacturers give the charac-
teristics of the pumps in the form of families of curves (see Figure 9.15). Normally, a technical file (Table
9.VI) is created to avoid errors in dealing with the order (choice of pipes, markings, type of fuel etc.).

Table 9.VII: Technical file for a pump.

DN suction (mm) 50

DN delivery (mm) 1x40+2x25
Maximum flow (I/min) 400

Maximum TMH (m) 75

Working point

Flow (I/min) 120

TMH (m) 53

Application Pumping from a stream
Engine ROBIN EY-20D

Power (hp, rpm) 5.0/4 000

Type / fuel 4 stroke, air-cooled, petrol
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tank

Ld

electricity supply
valve

v Sn

< borehole

dynamic water level

submersible pump Figure 9.14: Installation plan

for a submerged multistage electric pump.

4.2 Submersible electrical pump

To calculate the TMH of an submersible electrical pump (shown in Figure 9.14), the same pro-
cedure as that given in paragraph 4.1 is followed:

TMH = (60 + 25) + (260 . 5.85%) + 10.33 + Secondary = 120 mWG

Strictly speaking, secondary head-losses should be calculated. In the case of a submersible lift pump
(no suction head), this term is sometimes neglected or arbitrarily taken as 10%.

The coding of Grundfos pumps is presented in the form SP 5 A 12, for example, where SP
stands for submersible pump, 5 the exploitation flow range (5 m3/h) and 12 the number of stages
(multi-stage pump).

For the example given, a pump capable of producing 7.2 m3/h at 120 mWG is required. It is
therefore necessary to choose the SP 8A series (Figure 9.15) and, from that series, the 30-stage pump
(Figure 9.5) is the SP 8A 30. Table 9.VIII indicates the external diameters of the pumps for 4” and 6”
boreholes.

Table 9.VIII: Diameters of Grundfos submersible pumps.

Pump range Diameter (mm) Diameter (mm) Diameter (mm)
SP1A - 5A 95

SP8A - 5to 25 101

SP8A - 30/50 138

SP 14A 101

SP 45 A 145 to 192
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Figure 9.15: Range of Grundfos pumps.

The pump can work from electric mains or a generator, with connections consisting of:
— a waterproof cable to connect the pump to the control board;
— a control board linking up with the generator or mains.

5  Electricity supply

Depending on the situation in the field, the electrical supply may come from:

— the mains (mainly in an urban environment);

— a generator (where there is no suitable mains supply);

— a solar energy system.

Each system has its own constraints (technical level required, equipment and running costs,
payback period, equipment maintenance), which must be evaluated (Table 9.IX). All things being

Table 9.IX: Various electricity supplies for pumps.

Supply Aspects to be evaluated or verified
Mains Reliability of the mains: phases, power cuts, voltage drops
Installation of a transformer; supply cable (length and diameter), power losses
Generator Generator capacity; supply cable (length and diameter); phases
Solar Power needed; number of photovoltaic panels

Inverter — supply cable (length and diameter)
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equal, a solar installation is better in terms of running costs, but will be much more expensive than
installing a standard generator.

5.1 Power and current

Whatever the type of electricity supply, it is fundamental to estimate the power consumed by
the electric motor of the pump. Section 3.1 explains in detail how to calculate the power depending
on the TMH and flow. The power consumed by the pump motor can now be determined.

5.1.1 PERFORMANCE

Depending on the type of transmission between the pump and motor, the efficiency, or ratio
between the effective hydraulic power and the mechanical power provided by the motor is:

— 85% to 90% in the case of a direct shaft drive;

—70% in the case of a belt drive.

ef

0.7

motor —

5.1.2 ELECTRICAL POWER

Nominal power: P = VI (kVA), is the power used to designate generators.
Actual power: P = VI cos ¢(kW), is the power used to calculate the consumption of motors. It
takes into account the reactive power factor cos ¢, equal to 0.8.

5.1.3 CURRENT AND VOLTAGE

On the motor specification plates, two values of current are given:
—nominal current I, drawn during normal running;
— starting current I, drawn when the motor starts, greater than 1.

5.1.3.1 Nominal current absorbed by the motor

— for dc: I, = (Pn x 1,000)/(Vp)

— for single-phase ac: I, = (Pn x 1,000)/(Vpcos ¢)

— for three-phase ac: I, = (Pn x 1,000)/(\/3Vpcosq))
where 1, is the nominal current (A), Pn the nominal power of the pump motor (kW), V the voltage
(V) and p the motor efficiency.

The more powerful the motor, the higher its efficiency. For 50 kW motors, the efficiency is
0.85; for 1 kW motors it is lower, about 0.70. The higher the hydraulic head-losses, the lower the effi-
ciency. A full-load current C can then be defined for minimum head-losses and optimum performance.
Choking (increase of head-losses) causes a decrease in motor efficiency, and therefore a higher power
consumption than the normal regime (see Section 3.5.2).

Motors of 1 tol0 kW AC running at 3 000 rpm draw the following currents:

— single-phase 220 V: 5.0 A per kW;

— three-phase 220 V: 3.8 A per kW;

— three-phase 380 V: 2.2 A per kW.

5.1.83.2 Starting current and power required

When the motor starts, the power absorbed (for running up the electric motor and hydraulic
gear from 0 to 3 000 rpm) is very much higher than the nominal power. As the voltage is fixed, the
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current increases. Manufacturers generally give the ratio Is/In, which gives the voltage absorbed when
the pump is started directly. The actual value (around 6) is noted on the pump motor plate.

The power of the generator or the mains to which the pump is connected must be sufficient for
the starting current I,. This therefore is the term used for calculating the generator power necessary to
drive the pump, using the following formula:

P (kVA) = VI,

Since this current is absorbed in a very short time, an empirical calculation for generator design is sug-
gested (see Section 5.2.2).

5.1.3.3 Voltage drop

The motor works optimally at a certain voltage. The size of the supply cables must be calcu-
lated so as not to cause a voltage drop of more than 5% at the motor terminals (Table 9.X). The size
of the cables is given by the following formula:

LpIC
VAv

where A is the cable cross-sectional area (mm?2), L its length (m), p its resistance (= 0.02 Q.mm?2/m),
I the current (A), C a coefficient depending on supply, V the nominal voltage (V), and Av the maxi-
mum voltage drop (5%).

C =2cos ¢ x 10 in case of direct single-phase start.

C =+3cos ¢ x 100 in case of direct three-phase start.

Table 9.X: Number and cross-sectional area of cables depending on motor power and supply
(power lines of 100 m or more).
Standard cross-sectional areas: 1.5, 2.5, 4, 6, 10 mm?2.

Motor power (kW) Single-phase 220 V Three-phase 220 V Three-phase 380 V
0.55 3/1.5mm2 4/1.5 mm2 4/1.5 mm2
1.1 3/2.5 mm2 4/1.5 mm2 4/1.5 mm2
2.2 - 4/2.5 mm2 4/1.5 mm2
3.7 - 4/2.5mm2 4/1.5 mm2
5.5 - 4 /4 mm2 4/1.5 mm2
11 - 4 /6 mm2 4/2.5 mm2

5.2 Generator choice

The generator is chosen on the basis of the characteristics of the pump motor. A three-phase
pump is always supplied by a generator providing three-phase current. A single-phase pump can be
supplied by a single-phase generator, or preferably by a three-phase one, in order to reduce starting-
current problems. A starter box is necessary for single-phase motors.

Theoretical calculations are not sufficient to choose a generator correctly, since they do not
take into account their characteristics, which vary depending on the power-generation technology. For
relatively low power ranges (< 10 kVA), an empirical calculation is recommended. For much higher
power levels, progressive starting is normally the most suitable solution to solve starting-current
problems.
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5.2.1 THEORETICAL POWER CALCULATION (MOTOR AND GENERATOR)

The characteristics of the SP8A-25 pump motor are given by the manufacturer:

- Inominal =89 A
~1/1, =44 (<6)
—cos ¢ =0.87

-1,=89x44=392A
— power consumed by the pump motor:
P =VI Cos ¢ =380 X 8.9 X0.87 =2.9 KW
— power required from the generator:
P(VA) =VI=380x 8.9 =34kVA
— starting power required from the generator:
P (VA) = VI;=380 x 39.2 = 14.8 kVA
The power required from the generator that supplies this pump should, according to the calculations,
be 14 kVA. In fact, two additional factors are taken into account in the final choice: the starting frequency
and the fact that the motor is three-phase, which has a lower starting torque than a single-phase motor.

5.2.2 EMPIRICAL CALCULATION

Making an approximation for generators of less than 10 kVA, the power of the generator is
twice the nominal pump motor power, plus 25%:

Poen = Ppump X 2) +25%
So, in this example: Py, = (2.9 x 2) + 25% = 7.25 kVA.

6 Dewatering pumps
6.1 Principle and material

In contrast with standard submersible pumps, these lift pumps are capable of pumping turbid
water (containing mud or sand). They are used, for example, for pumping out excavation sites.

This type of equipment is used for pumping out wells, and they are more appropriate for this
than motorised surface pumps, which are limited by their maximum suction lift, which is 10 m, and
also, for obvious safety reasons, it is absolutely out of the question to lower a motorised pump into a
well while diggers are working in it (it would be impossible to evacuate the exhaust gas).

These pumps can also be used for any kind of pumping from a stream, to supply a water-treat-
ment station (emergency water-supply system) or for irrigation.

Experience has led to the development of both electric and pneumatic water pumps.

For well digging, pneumatic pumps, despite their cost, (pumps plus compressor) seem to be
the most suitable (robust, safe, no electricity at the bottom of the well). They work with a small com-
pressor, providing a minimum of 6 bars and 35 I/s, and can also be very useful on other jobs on the
site (e.g. pneumatic hammers).

On the other hand, for any kind of pumping from a stream or river (drinking or irrigation
water), electric water pumps are more suitable due to their low bulk, their hydraulic efficiency (TMH-
flow) and their lower purchase and running costs (generator consumption is low compared to that of
a Compressor).

6.2 Electric dewatering pumps

The characteristics of the model quoted (Figures 9.16 and 9.17) provide a multi-purpose pump
for everyday situations. There are obviously other ranges of pumps depending on specific applications.
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Figure 9.16: Characteristic curve
for an electric dewatering pump.
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Figure 9.17: Electric dewatering pump.

9 r
e 4 / 1 Model 2102 HT 234; weight: 50 kg;
)/ | height and diameter: 660 x 470 mm;
) e discharge diameter: 2”’; nominal power: 4.6 kW;
ﬁﬁ;}l‘;” 'rl 'Illllllllllllllllll'l| supply voltage: 380 V, 50 Hz three-phase

or 220 V, 50 Hz three-phase

6.3 Pneumatic water pumps

Using a pneumatic pump and pneumatic hammer for well digging (Figure 9.18) requires an
alternation of pumping phases (pump valve open) and digging phases (hammer valve open). Air
containing oil vapour is toxic (masks are needed for workers), and it is advisable to keep lubrication
to a minimum. Simple daily lubrication of the equipment will solve this problem.

The model selected by ACF is a membrane pump with characteristics as given in Figure 9.19.

7  Renewable energy pumps

Nowadays, solar pumping technology is widely available from various manufacturers. It can be
useful for water supply to a medium-size village. However, flows and TMH remain limited (a maxi-
mum of 100 m3/day/100 m). Also, the area of the solar panels to be installed quickly becomes signifi-
cant, with consequent increases in cost. Maintenance of these installations must be considered under
the same terms as that of a conventional installation, even if the running cost is very low: it is neces-
sary to ensure the availability of spares and the training of technicians for this method. Turning to solar
energy must not lead to false ideas about the cost of the water and maintenance of the installation.

lubricator distribution valve
mobile =

cCompressor ¥

o ‘

compressed-air line

|
pneumatic hammer [

submersible
dewatering pump

Figure 9.18: Using a pneumatic pump and a pneumatic hammer in well digging.
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Figure 9.19: Membrane dewatering pump.
A: characteristic curve. B: exploded view. Weight: 31 kg; H x W x L: 60 x 40 x 35. Discharge: DN 2.5”;
compressed-air pressure 6 bar, flow 34 I/s, air inlet: DN 0.75”.

ACF’s experience with pumps using the Nile current at Juba (Sudan) is an alternative which
deserves to be presented in this section about pumping with renewable energy.

7.1 Solar pumping
7.1.1 SOLAR ENERGY

Solar panels convert solar energy (excitation of photons) into electrical energy (excitation of
electrons). This energy can be stored in batteries (accumulators) to allow continuous running, or be
transmitted directly to the electrical equipment.

There are thus two possible approaches:

— direct solar pumping (Figure 9.20) ;

— battery storage (refrigerator, lighting, radio etc.).

Solar pumping is always carried out directly to avoid the need for accumulators (e.g. batteries),
which are costly and have to be changed every two or three years. In a water system, the elevated tank
takes on the role of the accumulator:

— the solar panels provide the power needed to drive the pump. Mounting them in series provides

the voltage necessary for the converter (the voltages of the modules are added to each other);

— the converter supplies the pump with 220 V a.c. from the direct current provided by the solar

panels. The rotor speed and therefore the flow of the pump vary depending on the hours of

sunshine, with maximum flow occurring in the middle of the day (strong sunshine).

The electricity produced by the panels is several amps d.c., at a voltage of 12 to 18 V, and, depen-
ding on the model, providing power of 60 to 90 Wc (4.86 A, 18.5 V and 90 Wc for the BP Solar 590).

The performance of solar panels depends on the hours of sunshine, angle of incidence, and cell
temperature. These parameters depend on latitude as well as on the local climatic and geographic cha-
racteristics. A study is always necessary to determine the panel area required.
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7.1.2 SOLAR PUMPING STATION DESIGN
7.1.2.1 Principle

To define the solar panel power necessary for pumping, the geographical situation must be
known in order to determine the hours of sunshine and the total solar radiation (HSP: hour sun peak),
as well as flow and TMH. The following procedure must be followed:

— definition of the HSP (kWh/m?/day), depending on the maximum number of hours of sun-

shine and length of day. The HSP is therefore defined in relation to the latitude of the site;

— choice of pump depending on flow and TMH (Table 9.X1I);

— use of the efficiency charts of the pumps provided by the manufacturer to obtain, depending

on the HSP, the necessary power developed by the panels (Wp) to operate the pump in this

range of flow and TMH (see Figure 9.21);

— determination of the number of panels: Wp/Pn (nominal power of each panel);

— verification of the nominal voltage to operate the inverter (depending on model);

— calculation of instantaneous flow at maximum hours of sunshine, using the chart providing

flow depending on power Wce = 0.8 x Wp.

tank

dc/ac converter solar panels

on frame

- borehole

]

submersible pump

Figure 9.20: Supplying a pump using solar panels.

Table 9.XI: Main Grundfos solar pumps with mean daily flows (HSP 5.7; temp 30°C; 20° N latitude;
inclination 20°).

Pump TMH (m) Mean daily flow (m3/day)
SP1.5A-21 80-120 10
SP2A-15 50-120 15
SP3A-10 30-70 20
SP5A-7 2-50 35
SP8A-5 2-28 60
SP14A-3 2-15 >100
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Figure 9.21: Design chart for SP3A-10 pump for 11 hours of sunshine per day and average
temperature of 30°C.

7.1.2.2 Example of a pumping station

Basic data:

—TMH 65 m, Q = 10 m3/day;

— station in Mali, HSP = 5.7 kWh/m?/day.

In the case of an SP3A-10 pump, the chart in Figure 9.21 gives a useful motor power (Wp) of
1 400 W.

To equip the installation with BP Solar 590 panels to provide 90 Wc requires: Wp/Pn =
1 400/90 = 15.5 panels.

Therefore, with the inverter working under a nominal voltage of 110 V, seven 18-V panels
mounted in series are necessary.

The station will therefore be composed of 21 panels, 3 modules (in parallel) of 7 panels each
(in series).

Instantaneous flow is Wee =1 890 (90 x 21) x 0.8 = 1512 W; according to the chart, the pump
will provide 3.5 m3/h.

7.2 Hydraulic energy

Garman pumps, made under licence in England and Khartoum (Sudan), are centrifugal surface
pumps that use the motive force of the current of a river or stream on a turbine to drive the pump shaft.
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Figure 9.22: Garman pump installed on a raft.

These pumps can work continuously (24 h/24) provided that the watercourse has a minimum speed
of 0.85 m/s, and a depth of about 3 m (Figures 9.22 and 9.23). They can be used to provide drinking water,
but are especially useful for irrigation water, bearing in mind their low lift height, low running cost redu-
ced to the simple maintenance of the pumps and turbine (blades), and finally the absence of fuel.

The choice of turbine blades depends on the speed of the current and the depth of the water-
course (Table 9.XII).

TMH (m)
25
20 °
32/13
15
10 *
50113 Figure 9.23: Characteristic curves for Garman
Il [ 32/13 and 50/13 pumps.
0 Current speed: 0.85 — 0.9 m/s; large blades
0 1 2 3 4 5 (ACF, Sudan, 1996).
How:{is) These two pumps mounted in series on the Nile
at Juba produced around 2 I/s for a TMH of 25 m.

Table 9.XII: Lengths of turbine blades as a function of the characteristics of the watercourse.

Speed of the current (m/s)

Depth 0.7-1 1-1.2 1.2-1.4
25t03m — — 80 cm
3to3.5m — 100 cm 80 cm
35t04m 120 cm 100 cm 80 cm
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7.2.1 ROTARY SPEED OF THE PUMP

Here, the rotary speed of the pump depends on the speed of the current, and also on the dia-
meter of the pulleys which transmit that rotation to the pump shaft:

wpump = (q)l /¢2) (¢3 / ¢4)wscrew

where ¢ is the diameter of the pulleys and w the rotational speed of the shafts (rpm). For example, if
the turbines turns at 21 rpm, the pump shaft will turn at 2 320 rpm with the pulley configurations
shown in Figure 9.24.

Table 9.XIII: Adjustment of rotary speed of a Garman pump.

Ratio Modification to be carried out

r<1.45 Reduction of pump pulley diameter

145 <r<1.55 Acceptable working range; a 1.55 ratio is the best setting
r>1.65 Increase in turbine blade size and pump pulley diameter

7.22 PERFORMANCE TEST

Empirically, the speed of the turbine shaft is measured in revolutions per minute (rpm) light or
under load (pump connected by the set of belts to the turbine shaft). The ratio r = 0y, /0}0,q gives the
efficiency of the installed pump (Table 9.XIII).

[
turbine shaft
Figure 9.24: Mounting plan for pulleys.
Pulley Diameter (mm)
@ B4 49.5
R A=/ P4 centrifugal o 5.6
pump shaft O3 50
G 4 4

Table 9.XIV: Components necessary to mount a Garman pump.

Denomination Quantity
Type 32/13, 40/13 or 50/13 centrifugal pump 1
Turbine transmission shaft (3” galvanised tube) 1
Long, medium or short blades (80, 100 or 120 cm) 3
Turbine shaft ball bearing 2
Turbine shaft drive belt 1 + spare
Pump transmission belt 1 + spare
Intermediate shaft roller bearings 2
Large pulley 2
Stainless steel winch cable 1
Intake non-return valve with screen 1
Pump pressure gauge 1
Raft for pump installation 1
Steel mooring cable 1
Access walkway 1
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7.2.3 COMPONENTS OF A GARMAN PUMP

The list of components is given in Table 9.XIV. The price of a Garman pump, made in Khar-
toum, is about USD 2 000.

8 Handpumps

Handpumps are normally used for boreholes and wells. They allow wells to be sealed against
contamination and, in many cases, may increase the amount of water lifted.

Most handpumps are volumetric pumps with a submerged piston, controlled by a mechanical
linkage or a hydraulic one (system developed by A. Vergnet). Some of them can pump water to a
height of more than 60 m.

Several types of durable handpump have been developed to meet field conditions, especially inten-
sive use. The choice is carried out on the basis of technical and socio-economic criteria (Table 9.XV).

Table 9.XV: Selection criteria for pump installation.

Technical criteria Socio-economic criteria

Pumping depth and desired flow Existence of a spares distribution network
Pump diameter Pump tested and accepted by the population
Ease of installation and maintenance Pumps already installed in the zone
Durability and reliability of the pump State or inter-agency directives

Type of pumping: Cost

— lift to reservoir
— drive by motor + belt possible

Type of pump Diameter of pipes (borehole)

Suction pump type VN6 2 DN 50 (52 mm interior)
Vergnet 3C 3” DN 75 (82 mm interior)
Other pumps 4’ DN 100 (103 mm interior)
Kardia K65 47172 DN 115 (113 mm interior)

8.1 Main types of handpump

Handpumps are classified according to their installation depth (Table 9.XVI): suction pumps
for dynamic levels less than 7 m; lift pumps for dynamic levels greater than 7 m; pumps adapted to

Table 9.XVI: Usual working range of handpumps.

10m 20m 30m 40 m 50 m 60 m 70 m 80m 90 m 100 m
............ L U= -
... Vergnet HPV 30 ....

.................... India Mark 2 ..ooeeeeeereecanens

................... AQua/AFrideV ...ccceeeeeeeneenns
- Kardia

........ ... Volonta

Monolift .... . .
................................... Vergnet HPV 100 (*)

* 2 persons pumping.
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great pumping depths (> than 35 m). Vergnet and Monolift pumps also have the capacity of delive-
ring water to elevated tanks (this requires pump-head sealing).

The working flows of handpumps vary depending on the installation depth and the type of
pump. For example:

— Aquadev pump installed at 15 m: 1.4 to 1.8 m3/h;

— VN6 suction pump at 6 m: 1.5 to 1.8 m3/h;

— HPV 60 Vergnet pump at 35 m: 1 m3/h.

Mean flows, depending on pumping rate (strokes per minute), are given by the manufacturers.

8.2 Piston pumps
8.2.1 SUBMERGED PUMPS

The working principle of these pumps is described in Figure 9.25. The various submerged ele-
ments are presented in Figure 9.27.

suction discharge
A sliding piston > B c
Y
lift valve » i
cylinder »
L3}
inlet valve > *
L |
screen > >«
> <

Figure 9.25: Working principle of a piston pump.
A: outline principle. B: piston rises, inlet-valve opens, lift-valve closes, chamber fills with water. C: pis-
ton falls, lift-valve opens while inlet-valve closes, chamber empties.

piston >
e rising main connector

rod linking piston to
surface mechanism

piston rings e

piston chamber -
Figure 9.26: Piston sealing — piston rings.
The rings which ensure piston/cylin-
der sealing (Figure 9.26) are subject to conti-
nuous friction, and are therefore wear .
foot valve (suction) =

components. Some manufacturers have eli-

minated them (hydraulic seals). -
There are all sorts of valves used in screen -

handpump cylinders (Figure 9.27). Any

valve malfunction can mean a drop in pump =

base plug =l

piston with valve

Figure 9.27: Kardia pump cylinder.
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Examples of piston lift pumps are given in Figures 9.28 10 9.31.

Figure 9.28: Kardia K65 and K50 pumps (for very large depths).

Manufacturer

Pump head and handle
Pump rods, rising main
Pump body

Piston, cylinder
External diameter
Total weight (25 m)
Price

Performance

(40 strokes/min)
Advantages

Disadvantages

Preussag AG

Galvanised steel

Screwed stainless steel and PVC tubes
Stainless steel

PVC

K 65: 70 mm; K 50: 50 mm

110 kg

2400 euros ex-works (45 m)

K 65: 1 m3h at 30 m; K 50: 672 /h at 45 m
Excellent corrosion resistance

Ease of installation (screwed PVC)

Good manufacturing quality

Frequent loosening of the handle ball-bearing
Fixing screws (use a product such as Frenbloc)
High purchase cost

Figure 9.29: India Mark II pumps.

Manufacturers

Pump head

Pump rods, rising main
Pump body

Total weight
Price
Performance
(40 strokes/min)
Advantages
Disadvantages

Local, or French (Soverna)

Galvanised steel

Galvanised steel

Varies with manufacturer: stainless steel
(Mali) or galvanised steel (India)

120 kg for 25 m

600 — 750 euros (25 m)

700 V/h at 25 m

Subsidised by UNICEF, low purchase cost
Problems with transmission chain

Tripod recommended for installation (heavy pump)
Mark Il version too heavy (pipes in 3" G.1.)

Figure 9.30: Aquadev and Afridev pumps.

Manufacturers

Pump head

Pump rods, rising main
Pump body

Piston

Total weight
Approximate price
Performance

(40 strokes/min)
Advantages

Disadvantages

Aquadev-Mono pumps (England), or local (Kenya,
Mozambique)

Microwelded stainless steel

Steel and PVC

PVC

Synthetic

100 kg for 25 m

750 euros ex-works (25 m)

1.3 méh

Good manufacturing quality with Aquadev
Piston and foot valve completely demountable
without removing PVC outlet pipe

PVC column fixed with adhesive thus difficult
to remove

PVC quality poor, depending on manufacturer
(Afridev)

Afridev rod-fixing brackets unreliable
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Manufacturer

Pump stand

Flywheel

Rising main

Pump cylinder
Plunger / pump rods
Valves

Total weight
Approximate price
Discharge at 75 watts

Pumping lift
Advantages

Disadvantages

Figure 9.31: Volanta handpump.

Jensen Venneboer (Netherlands)

Mild steel painted

Mild steel painted

PVC

Reinforced epoxy resin

Stainless steel

Rubber

700 kg

3 500 euros (without pipes)

20 m head: 1.5 m3/h, 50 m head: 1 m3/h,

80 m head: 0.5 m3/h

10-80m

Good quality materials, durability, strength

It allows water to be lifted to elevated places
and to be pumped to a safe distance

from the well (decreasing the risk of contamination
of the water point, useful for cattle watering)
Can be coupled with a windmill or motor
High cost

Difficult local manufacture

Difficult to handle by children

Requires very clean water or the piston can block

Examples of piston lift pumps are given in Figures 9.28 to 9.31.

8.2.2 SUCTION PUMPS

The VNO6-type suction piston pump is made
locally in South-East Asia (Figure 9.32). Its simpli-
city in design and manufacture make it a pump
which is very cheap (USD 30), but it suffers frequent
pump-body fractures (poor quality). Manufacturing
quality varies depending on country (Bangladesh,
Vietnam, Myanmar). Its use is possible up to dyna-
mic levels of 8 to 9 m, with the installation of a sup-
plementary foot valve, because the valve in the cylin-
der is usually of poor quality. A steel pedestal, to
which the shoulder bolts are screwed, is necessary, to

Figure 9.32: VN6-type suction pump.

avoid embedding the bolts in the baseplate.
8.3 Hydraulic pumps

Hydraulic pumps, developed principally by
Vergnet SA, are lift pumps which work with a
hydraulic transmission between the submerged
cylinder and the pump head, which reduces the
number of moving parts (Figure 9.33). There are
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piston »
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>
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>
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Figure 9.33: Working principle of Vergnet hydropump.

three models: HPV 30 - 60 - 100.

The balloon, a deformable rubber cylinder, varies in volume
inside a sealed pump body (Figure 9.34 A). The controls are hydrau-
lic, since the balloon is deformed by the water pressurised from the
surface by the piston (pedal).

The HN30 and the Hydro India work on the same principle but are

Figure 9.34: Vergnet hydropump.
A: HPV 60. B: Hydro India 60.

Pump head
Pedal cylinder
Control tube
Rising main
Pump body
Cylinder
Balloon
Valves

Total weight
Prices

Performance
Advantages

Disadvantages

Galvanised steel

Stainless steel

High-density polythene

High-density polythene

Stainless steel

Stainless steel

Rubber

Ball type

45 kg for 25 m

950 euros (HPV 30), 1 300 euros (HPV 60)

2 500 euros (HPV 100)

1.3 m3/h at 30 m, 0.8 m3/h at 70 m, 0.7 m3/h at 90 m
Working in boreholes that are out of alignment (see
Figure 3.34 B), excellent corrosion resistance,

ease of installation and repair

Few wear components, simple assembly and disassembly,
very low weight pumps, good quality/price ratio
Auto-cut-off on recent models; frequent power loss
on hydraulic control

On older models, balloon expensive but guaranteed
3 years

Pedal action sometimes poorly regarded

by certain communities
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worked with a handle (hand) and not a pedal (foot), Figure
9.34 B. = -y
8.4 Helical rotary pump

This pump, also known as a progressive cavity =
pump, works on the principle of volumetric variation. The <
pumping element (hydraulic part) incorporates a helical . }
rotor in iron alloy, which turns inside an elastic stator with

Figure 9.35: Helical rotor of the Monolift pump.

a q

15m
maximum

Figure 9.36: Pumping to a tank using a Monolift pump.

-
Figure 9.37: Characteristics of the Monolift pump.
Manufacturer Mono Pumps (England) or Euroflo Pumps
(S Africa)
Superstructure Cast iron
_ Main shaft Stainless or galvanised steel
Rising main Galvanised steel
' Pump body, rotor Chrome-plated brass
Stator Steel and rubber
Foot valve Polythene
Total weight 420 kg for 60 m
Approximate price 1 950 euros ex-works (60 m)
Advantages Robust and very suitable for large depths
Simple drive
Possibility of lifting water to 15m above the pump
Disadvantages Fragile angle-gear drive (gear breakage)
Handle difficult to turn (sometimes impossible
for children), liable to corrosion
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a double helix (Figure 9.35). The rotor is operated from the surface by a shaft guided by a bearing.
8.5 Rope-and-washer pump

The rope-and-washer pump is a low-cost technology used at the community and family level.
Bombas Mecate S.A. converted this traditional water-pump technology into an inexpensive, durable,
and highly efficient water-raising system, taking advantage of the availability of PVC pipe and injec-
tion-moulded plastics.

It is usually installed in dug wells and boreholes (100 mm diameter minimum) but it is also
possible to install it in riversides. Other advantages are the possibility of installation in non-vertical
wells (there is no need to install the pumping pipe vertically) and the adaptation of the system to fill
elevated tanks. Designs also can be adapted for irrigation purposes (increasing the size of the washers
to increase the yield).

This simple technology has been widely applied in rural Nicaragua and it was disseminated in
a very short time over the whole country and other parts of Central America. ACF, as well as other
organisations, is already introducing this pump to other countries and it is also supporting local manu-
facture, adapting the design through small modifications. ACF has promoted the rope-and-washer
pump in Nicaragua, Guatemala, Honduras, El Salvador, Colombia, Angola, Guinea Conakry (in pro-
cess), Mali (in process) and Myanmar (in process), and is studying the possibilities in other countries.

The rope-and-washer pump features a design in which small plastic washers are lined up on a
rope (Figure 9.38). The rope is pulled through a plastic rising pipe over a crank-operated drive
wheel. The pump stand is of painted mild steel and the drive wheel consists of cut old tires. A cera-
mic guide box leads the rope with the pistons into the rising pipe (in some places this part is made
with part of a glass bottle). This pump is reasonably corrosion resistant. There also exists an adapted
design to install in boreholes.

This pump can be powered by hand, animal traction, a stationary bike, wind, or a petrol engine.
It can be operated by the whole family for their daily needs, for small agricultural production or for
cattle watering.

The rope-and-washer pump requires simple maintenance and has an excellent potential for
local manufacturing.

The manufacture requires:

— a plastic injection machine for the washer production - (high density polyethylene is used as

Figure 9.38: Rope pump.

Approximate price
Approx. discharge
at 75 watts

Maximum depth
Advantages

Disadvantages

Manufacturers Rope Technology Transfer Division,
Bombas Mecate SA, local manufacturers

Pump stand Painted steel

Crank Painted steel pipe

Drive pulley Rubber and mild steel

Washers Polyethlylene

Guide box Ceramic and PVC

Rising main PVC pipe

Around 100 euros

10 m head: 1.4 m3/h

15 m head: 1.1 m3/h

30 m head: 0.7 m3/h

40 metres standard. 60 metres with double crank.
Easy operation and maintenance by communities.
Low cost and possibility of local manufacture.
Sometimes it is difficult to convince authorities
that it is appropriate
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raw material);

— the purchase of ropes (manufacture is more complicated);

— a guide box made with an entrance pipe, a pumping pipe, a ceramic fitting (the first ceramic fit-

ting is made manually in order to prepare a mould for production pieces), a base and concrete casing;

— the construction of the wheel, pulley and structure with metallic materials.

Note. — Low-cost technology facilitates long-term maintenance, but does not guarantee effec-
tive maintenance on its own. Often, cost is not the only factor that blocks repairs, community mobi-
lisation remaining the main constraint.

8.6 Treadle pump

Treadle pumps are a very efficient solution for irrigated agriculture. Their low cost makes them
accessible to even poor farmers. The development of treadle pumps started in Bangladesh, and since
a few years they have spread to several countries in Africa (ACF exported these pumps from South

VILTEC Tre adle-Pump Model 99
"zero-w elding"
(TAT-B ern/SE3WE)

Rev erse-Mechanism

water-outflow
Metal-band
Piece of wood
Cylinder-Block / or bricks
(Plastic pipes e I
as cylinders , : U-Element
encased ina = < {reinforced concrete}
concrete bloc k) /\
- \
Base \\
(wooden plank 2 W .
\ ater intake
or two wooden beams) \-__ (max 8m ver tical height)
Figure 9.39: Treadle pump (Viltec treadle-pump model 99 “zero welding”).
Manufacturer Diverse (South Africa, Ethiopia)
Cylinders Metal
Pistons Rubber
Treadles Wood (other material is possible)

Support structure

Suction pipe diameter

Price (2003)

Discharge

Area irrigated

Maximum suction lift

Maximum discharge lift (for pressure model)
Advantages

Disadvantages

360 1ll. Water supply

Metal (other material is possible)
75 mm
20 — 150 euros

3 to 10 m3/h depending on cylinder diameter and pumping depth

0.4 hectares

Approximately 6 m

10-15m

Low cost

Discharge

Easy operation and maintenance
Good manufacturing quality
Limitation of suction lift (6 m)

Need of standard replacement parts



Africa to Angola in a irrigation project with small farmers in Matala).

The treadle pump is a suction pump that consists of two metal cylinders with pistons that are
operated by a natural walking motion on two treadles (Figure 9.39). The treadles and support struc-
ture are made of bamboo or other inexpensive locally-available material. Metallic materials can also
be replaced by others (plastic etc.) to prevent corrosion. The efficient step-action operation makes it
possible to pump the large volumes of water necessary for irrigation. There are also discharge treadle
pumps that allows water to be lifted above the level of the pump. Water can be lifted to elevated places
and can be pumped through pipes over long distances (up to 500 m).

All household members are able to operate the pump, and it is strong and easily maintained
with standard replacement parts available in local markets at a low cost. The pump can be manufac-
tured locally in simple metalworking shops.
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Springs

A CATCHMENT AND STORAGE TANK DESIGN

1 Spring catchments 363 2 Storage tanks 368
1.1 Flow measurement 363 2.1 Tanks on spring catchments 368
12 The hydrogeological context 363 22 Tanks with gravity network 369
13 Spring catchments 364 23 Tanks in pumped systems 370
14 Equipping springs 367 24 Rainwater-catchment tank 370

2.5 Tanks for run-off catchment 371

1 Spring catchments

Generally, springs offer high quality groundwater that is easy to exploit. They are frequently
used in a traditional manner.

1.1 Flow measurement

Flow measurements are required to estimate the yield of springs over the year. For accuracy,
it is essential to take measurements over a period long enough to take account of flow fluctuations™.
In practice, it is often impossible to obtain quantitative information on flow over a long period, but
local communities have a good knowledge of the behaviour of springs. It is therefore essential to carry
out a field investigation in the company of a local person.

From the measurements carried out and the information provided by users, minimum and nor-
mal flows can be estimated. The minimum flow is compared to the demand of the population and
forms the basis of the decision as to whether or not to build a storage tank. The normal flow forms
the basis for overflow design.

Flow-measurement techniques are given in Chapter 3.

1.2 The hydrogeological context

At the time of the preliminary visit, it is important to identify the hydrogeological context of
the spring’s discharge zone (see Chapter 3). In general, the following types may be defined:™

— fracture springs, for instance emerging through cracks widened by the roots of a tree. These

springs may be artesian, but their discharge zone is generally clearly delimited, and the use of

a spring box may be envisaged;

* A flow measurement period of sufficient length also gives the curve of the spring yield reduction, and pro-
vides information on the system’s reserves.

** This classification does not correspond to the one commonly used in hydrogeology (artesian springs, over-
flow springs, emergence springs and discharge springs), which in practice does not have much application in
the field.
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— lowland springs, typical of bedrock zones, corresponding to the outcrop of an aquifer in a
topographic depression. The discharge of these springs is often diffuse, and catchment via a
drain or well is generally recommended;

— springs on slopes, that are often at a point where the piezometric level (unconfined aquifer)
or the aquifer roof (confined aquifer) meets the topographic surface. The discharge zone of
these springs is frequently diffuse, except in the case of ravines.

A summary geological section can be drawn to visualise the hydrogeological context.

It is also important to find the initial discharge of the spring, which may be concealed by

debris, in a swampy zone, or in very uneven terrain. Again, the discharge zone may vary during the
year. Site inspection must therefore be meticulous.

1.3

Some simple indicators also help to determine the context:

— seasonal flow variations give a picture of the system’s inertia, and therefore of its transfer
rate (transfer of pressure or flow);

— the response of the spring to an isolated downpour can provide an estimate of the response
of the system to an impulse, and therefore its vulnerability;

— variations in water quality, especially turbidity, complement this information.

Spring catchments

The objective is to obtain maximum yield from the spring while protecting it from external

pollution, especially of faecal origin.

Every spring catchment is a special case: it is not possible, therefore, to offer a model adapted

to all situations. There are however two basic types, each corresponding to particular field constraints
(Table 10.1).

The choice of catchment technique is determined during the site visit, but is mainly decided

during the progress of excavation. The procedure is as follows:

— clear the discharge zone to locate the water outlets precisely;
— excavate towards the source of the water, taking care not to obstruct the flow;
— stop excavation when the impermeable level is reached:
* if the discharge is clearly localised and not very deep (less than 2 m), construct a spring
box and retaining wall to protect the structure;
* if the discharge is diffuse and/or deep, construct a dam wall with a drain behind it;
— position outlets and overflows correctly below the discharge level;
— erect a protective fence.
Figures 10.1 and 10.2 show the principles of spring catchments using tanks and drains.
Structures, notably the drain dam wall or the spring box can be made of masonry or reinfor-

ced concrete. Infiltration galleries consist of 5-10 cm round pebbles, set behind the wall or in a gabion.
A perforated PVC pipe can be laid in the drain to decrease head-losses.

Table 10.I: Spring-catchment techniques.

Catchment Type of spring Advantage Disadvantage

technique

Spring box Discharge zone localised Catchment accessible Often requires major
and not very deep construction work

Infiltration Discharge zone diffuse Easy to achieve Catchment inaccessible

gallery and/or deep
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Figure 10.1: Spring box in reinforced concrete.
A: section. B: plan.
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Figure 10.3: Infiltration gallery sealed with clay.

The technique of catchment by infiltration galleries sealed with clay (Figure 10.3) is currently
used in zones where clay is extracted from the excavation (ACF, Rwanda and Burundi, 1996).

Three rules must be strictly observed in order to construct a reliable spring catchment:

The catchment must never be subject to back-pressure: the water level in the spring box or
infiltration gallery must always be below the initial discharge level. The catchment must drain the
aquifer while allowing extraction from the piezometric level, but must not increase pressure, or the
spring could be lost. A reference peg can be used (set far enough away not to interfere with the exca-
vation) to mark the initial discharge level. This acts as a reference mark at the time of the construc-
tion: the outlet and overflow are set below this level. However, to avoid accidental back-pressurisa-
tion, it is essential to create an overflow; in the absence of information on the maximum flow, the
overflow must be over-sized (two or three 3” pipes).

The dam must be located on impermeable terrain: the excavation must reach down to the substra-
tum. This sometimes requires substantial excavation, but is essential to ensure that water does not pass
under the catchment after some weeks of use. The notion of substratum is sometimes difficult to define on
site: it is therefore preferable to retain an idea of a less permeable layer over which water moves.

The catchment must be protected: the protective works are part of the catchment works. It is
necessary to take care over sealing, especially the drain cover (clay, plastic sheeting etc.), and the
construction of the tank.

1.4 Equipping springs

Springs should be equipped in such a way as
to guarantee protection and ease of use. Establi- ’
shing a protective zone is described in Annex 10.
There are many models of water points for springs
(Figure 10.4): the choice must be made in agree- &

. . ' 4’ < 3
ment with the users, taking account of cultural fac- Ja'r‘
. . . .3 £
tors. It is also necessary to study site drainage so as ' ‘aﬁgﬁ“
to avoid the development of boggy ground and stag- a %A
nant water. F 207 stoneslab
& s (12 2
Construction details are given in Annex 14. 5 b.ﬁ!m& setin i
concrete

§-'“ drainage channel

Figure 10.4: Examples of water points. < e

A: simple water point (ACF, Burundi, 1995).
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Figure 10.4: Examples of water points.
B: water point with laundry area (ACF, Ethiopia, 1993).

2  Storage tanks
2.1 Tanks on spring catchments

When the maximum hourly demand is greater than the volume produced by the spring in one
hour, it is necessary to construct a storage tank. The principle is to store water in periods where
demand is low, so as to be able to provide a greater flow when demand increases. The difference bet-
ween demand and flow of the spring at various times of day is shown in Figure 10.5 (from the
example of the Aloua system shown in Chapter 11).

Depending on the capacity of the spring, an open (continuous flow) or closed distribution sys-
tem with taps and a tank may be considered:

— maximum hourly demand (m3/h) < spring flow (m3/h) — open circuit without a tank;

— maximum hourly demand (m3/h) > spring flow (m3/h) — closed circuit with a tank.

Calculation of tank capacity facilitates economic design. It is therefore important in larger ins-
tallations (see Section 2.2).

For springs with very low flow-rates, it is taken as a first approximation that the volume of the
tank must be equal to the volume of water produced by the spring overnight.

volume (m 3

6

5 - hourly demand

4

3 flow from spring

2 L

I 1

0------ -. =

1 19 21 23

time

Fig 10.5: Hourly demand vs. flow from a spring.
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2.2 Tanks with gravity network

When the spring has to supply a larger population via a distribution network, it is important to
optimise tank design. The breakdown of demand into hourly sections is calculated using a consump-
tion coefficient for every period (percentage of total consumption over 24 h). Table 10.IT shows an
estimate for the Aloua system. The most economical volume of the tank is the minimum required ro
cover the hourly demand. If this tank volume allows most of the yield of the spring to be used, then
a larger tank (optimal volume) should be built — 28 m3 and not 17 m3 in our example.

Levels of water in the tank based on time of day can be represented in the form of curves or
given in a table. Table 10.III and Figure 10.6 are based on the Aloua example, assuming an empty

tank at 18h00 and a volume of 17.5 m3.

Table 10.II: Calculation of demand in hourly periods.
Aloua (Ethiopia), January 1995: flow 2.52 m3/h; daily demand 49.56 m3/day.

Period Coefficient of Demand over Production of Stock in
(h) consumption (%) the period (m3) the spring (m3) the tank (m3)
0-6 25 1.24 15.12 13.88
6-7 10 4.96 2.52 11.44
7-8 10 4.96 2.52 9.00
8-9 11 5.45 2.52 6.07
9-10 10 4.96 2.52 3.63
10-11 10 4.96 2.52 1.19
11-13 1.75 0.87 5.04 5.36
13-14 10 4.96 2.52 2.92
14-15 1.25 0.62 2.52 4.82
15-16 11 5.45 2.52 1.89
16-17 11 5.45 2.52 -1.04
17-18 10 4.96 2.52 —-3.48
18-21 0.75 0.37 7.56 3.71
21-24 0.75 0.37 7.56 10.9
0-24 100% 49.56 60.48 stock max = 13.88
stock min = -3.48
Overflow = flow over 24 h - daily demand OF =10.92 m3

Min volume of tank (economic) = max stock - min stock Vi, = 17.34 m3
Volume of the tank to use all the spring (V i, + OF) Viank = 28.26 m3

volume (m 3
e b overflow period
16 tank full
14
12
10

tank empty

1 3 5 7 9 11 13 15 17 19 21 23

time

Fig 10.6: Representation of volume of water in a tank over one day.
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Table 10.I11: Calculation of water volume in tank.

Period Coefficient of Demand over Production of Stock in
(h) consumption (%) the period (m3) the spring (m3) the tank at end
of period (m3)

0-6 25 1.24 15.12 17.34
6-7 10 4.96 2.52 14.90
7-8 10 4.96 2.52 12.47
8-9 11 5.45 2.52 9.53
9-10 10 4.96 2.52 7.10
10-11 10 4.96 2.52 4.66
11-13 1.75 0.87 5.04 8.83
13-14 10 4.96 2.52 6.40
14-15 1.25 0.62 2.52 8.30
15-16 11 5.45 2.52 5.37
16-17 11 5.45 2.52 2.44
17-18 10 4.96 2.52 0
18-21 0.75 0.37 7.56 7.19
21-24 0.75 0.37 7.56 14.38
0-24 100% 49.56 60.48 max = 17.34

As can be seen from Figure 10.6, the tank is refilled mainly from 18 h (there are also two brief
refill periods during drops in consumption between 11-12h00 and 14-15h00 h). If the tank is designed
for 17.5 m3, the overflow functions from 01h40 discharging a total volume of 10.92 m3 over approxi-
mately 4 hours.

2.3 Tanks in pumped systems

In the case of a pumped supply, the volume of the tank is calculated according to the capacity
of the pump and the frequency of pumping. In practice, it is considered that a volume corresponding
to the daily water demand is satisfactory. This in effect means that the pump needs to be run only once
per day.

For solar-powered pumping, the minimum capacity of the tank should be equal to the daily
volume produced.

In emergency programmes, the tanks used are generally of fixed size: 10, 20, 30, 45, 70, and
95 m3, with the number of tanks determined by arrangements for water treatment (see Chapter 12).

2.4 Rainwater-catchment tanks

Rainwater-catchment tanks at the domestic or small collective level (school or health centre)
are generally designed by comparing demand and cumulative monthly volumes over a year. For
example, for a school in northern Uganda, with a roof area of 550 m2, the ratio of rainfall to water
collected was estimated at 80% (corrugated iron roof - see Chapter 3), and rainfall data was available
on a monthly basis. Daily demand was estimated at 1 000 1 (100 pupils x 10 I/pupil/day). Figure 10.7
compares demand and volume of recoverable water, cumulated over a year. The volume of the tank
can be defined graphically as the difference between the maximum monthly surplus and cumulative
demand over this period, or 60 m3 (month of October). As this volume is slightly greater than the
maximum deficit for the month of March, estimated at 54 m3, demand should therefore be satisfied
all year round.

In the absence of precise rainfall data, Pacey and Cullis (1986) suggest volumes shown in
Table 10.IV.
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cumulative volume (m }
400

350 !

volume of tank
300
250
200
150
100

50

cumulative volume Jan Feb | Mar | May | Jun | Jul Aug | Sep Oct Dec
ofrecoverable water 53 106 369 121 169 208 263 294 360 374

cumulative demand 30 60 90 150 180 210 @ 240 270 300 @ 360

Figure 10.7: Design of a rainwater-catchment tank for a school (ACF, Uganda, 1996).

Table 10.IV: Volume of tank for domestic rainwater catchment.

Mean annual rainfall (mm) Area Volume Volume of water Reliability
of roof of tank available of the tank
(m2) (m3) per day (% coverage over
(0} the year)
1 800 — no dry season (Jakarta) 30 3.6 30 99
800 — 2 rainy seasons (Ghana) 30 7.5 66 —
635 — 1 dry season of 6 months (Swaziland) 30 5 37 —
1500 — 5 dry months (Indonesia) 30 5.1 30 99
1 300 — 4 dry months (Thailand) 30 5.8 45 95
1200 — no dry season (Australia) 30 11.8 74 80
390 - no defined wet season (Australia) 30 10.5 25 80

2.5 Tanks for run-off catchment

On a collective scale, the volumes of tanks (birkads and ponds — see Chapter 3, Section 3, and
Chapter 19) can be estimated from procedures used on the domestic scale. It is however preferable to
work with 10-day rather than monthly data in order to optimise the design.

In the case of open storage (ponds), it is necessary to take account of losses due to evapora-
tion and seepage.

Experience shows however that it is generally difficult to construct tanks large enough for sto-
ring large stream flows for collective consumption, because site conditions generally limit the foot-
print of tank possible.
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B FIELD EXAMPLE

1 Spring catchment 372 24 Plumbing 378
2 Water points 374 25 Masonry 378
2.1 Earthworks 374 2.6 Constant-level channel 380
22 Foundations 375 2.7 Drainage channel 381
23 Reinforced-concrete slab 375

This example shows the construction of a spring catchment and a water point with an adjoi-
ning washing area, carried out by ACF in Ethiopia. The water point is designed for continuous dis-
tribution of water (without a tap), installed at the end of a water supply line (20 to 200 m). The adjoi-
ning laundry area, in the form of a low slab, is supplied by an open channel.

1 Spring catchment

The spring catchment is shown in Figure 10.8. It is fed by four infiltration galleries from four
springs, a maximum of 20 metres away. Water from all four springs is required because of their
low flow.

The materials used in the Ababuo spring are shown in Table 10.V.

) backfill planted with
clay sealing layer grass and shrubs

plastic sheeting ;ZF ﬁ;ﬁ
. masonry
protective wall
wall collection - g
; it tank il
water point wi - .
hi : a I : “ 90-mm
washning area L ; ! ﬂ perforated
! i = il PVC pipe
L4 i i 3 -
H s Y —
| ¥ T ; B ST 90-mm PVC
» i . el 4 overflow
main line 2" Gl supply pipe screen 90-mm
wash-out 2" gate valve clay wall  PVC pipe

Figure 10.8: Spring catchment.
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Table 10.V: Materials and cost of a spring catchment.

Site:  Ababuo
Kebele: Sundusa

Number of beneficiaries:

Woreda: Soro Starting date: 16/11/92

605 (123 families)

Area: Hadya Hand-over to beneficiaries: 17/08/93
MATERIALS AND EQUIPMENT Quantity Unit cost (US$) Total (US$)
Building materials

cement (50 kg) 37 15 74.00

sand (100 kg) 110 5 73.33

stone (m3) 35 10 46.67

8-mm reinforcement (12-m bars) 30 30 120.00

6-mm reinforcement (kg) 7.5 20 20.00

binding wire (kg) 5 10 6.67

barbed wire (m) 200 0.9 24.00

wood for fence 1 300 40.00

nails 8 12 12.80

metal door 1 175 23.33
Plumbing materials
2" Gl

tee 2 35 9.33

socket 5 25 16.67

27/ 171/2 reducer 2 25 6.67

plug 1 20 2.67

union 1 50 6.67

gate valve 1 90 12.00

pipe (6 m) 5 200 133.33
171/2 Gl

tee 1 30 4.00

elbow 1 20 2.67

pipe (1.40 m) 1 35 4.67
PVC

90 mm pipe (6 m) 49 100 653.33

50 mm pipe (6 m) 3 24 9.60
TOTAL 1 1302.40
LABOUR Number Working days Cost/day (US$) Total (US$)
Foreman 1 28 21 78.40
Mason 2 54 18 259.20
Assistant mason 4 54 12 345.60
Project assistant 1 52 19 131.73
Mechanic 1 28 18 67.20
Driver 1 54 16 115.20
Stonemason 1 43 12.5 71.67
Labourers 4 32 6 102.40
TOTAL 2 1171.40
LOGISTICS
Transport 533.48
Storage 128.07
TOTAL 3 661.55
ADMINISTRATIVE COSTS 275.40
TOTAL 4 275.40
GENERAL TOTAL 3410.75
Cost per beneficiary 5.64
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2  Water points

The following technical description lists the stages of construction:
— earthworks,
— foundations,
— concrete reinforcement,
— slab,

— plumbing,
— masonry,
— constant-level channel,
— drainage channel.
The materials used and the time required for constructing the water point are shown in Table

10.VI (water point with one outlet, water supply in 171/4 GI, drainage channel 5 m long).

Table 10.VI : Resources necessary for the construction of a water point.

Activity Labour Stone Sand Gravel Cement 6-mm bars 8-mm bars Plumbing

(man/day) (m3)  (md)  (md) (50 kg) (kg) (12m fittings
Excavation 4 labourers
Foundations 1.5 masons

4.5 assistant masons 41
Reinforcement 2 masons

6 assistant masons 15 9 bars

+ 2 kg binding wire

Slab 2 masons

6 assistant masons 0.625 1.25 10
Plumbing 1 plumber union (1); tee(2)

1 labourer socket (2); nipple (1);

elbow (1); plug (2);
Gl pipe (1.25 m)

Masonry 2 masons 0.65 0.35 3

6 assistant masons
Constant-level 0.006 mason 0.002  0.001 0.251 75 mm PVC pipe
channel 0.018 assistant mason or Gl 271/2 (0.10 m)
Dainage channel 3 masons 0.795 0.225 0.24 2.8 13 +0.5 kg
+ toe 9 assistant masons binding wire
TOTAL 11 masons 5.6 1.3 1.5 16 28 + 2.5 kg 9 bars
(rounded) 33 assistant masons binding wire

1 plumber

5 labourers

2.1 Earthworks

Earthworks include all the various tasks involved in preparing the ground for the water point
and washing area. The choice of location of the spring is first of all linked to the slope: a minimum
slope of 3% is necessary for the supply line, and 1% for the water point channels and drainage chan-
nel. Therefore, it is necessary to choose the location which best meets these conditions, while mini-

mising the length of the transmission line from the spring, to limit costs.

The water point (Table 10.VII) is marked out with wooden stakes or similar materials and cord
(4-mm diameter nylon). Right angles must be checked with a square.

374 1ll. Water supply



Table 10.VII: Quantities of excavation for the siting of a water point.

Area required 3.00m x 4.80 m = 14.4 m2

Depth of foundations 0—1.65m Depth = 0.40 m
1.65 —4.80 m Depth = 0.45 m

Excavated volume 6.25 m3

Labour 4 man/days

2.2 Foundations

The depth of the foundations is variable, and depends on the nature of the ground. The depths
used in ACF constructions are quite large, and can be used in relatively unconsolidated ground
(Figure 10.92 & Table 10.VIII).

3.00

1.65 2.65 0.50

4.80

Figure 10.9: Foundations of tapstand and laundry area.
A: perspective view. B: plan.

Table 10.VIII: Quantities of foundation works for a tapstand.
These foundations extend 0.10 m beyond the slab to provide sufficient bearing.

Thickness of coarse stone 0—=1.65m Depth = 0.30 m
1.65—-4.80m Depth = 0.20 to 0.30 m

Total volume of stone 4.1 m3

Labour 1.5 mason/days

4.5 assistant mason/days

2.3 Reinforced-concrete slab

The slab is made of reinforced concrete. The first part of the work is to prepare and place the
reinforcement which will be embedded in the concrete (Figure 10.10). The second operation is pou-
ring the slab.

The concrete is reinforced with 8-mm (twisted) and 6-mm (smooth) reinforcement bars, alter-
nated, in a 0.20-m mesh (Figure 10.10). The bars are curved at the ends to provide better anchorage
in the concrete.
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Figure 10.10: Slab reinforcement plan.
A: general plan. B: diameters of the different bars
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Figure 10.11: Plan of the slab.

If several water points of this type are to be constructed, a template may be made in order to
facilitate the preparation of the reinforcement.

Special care must be taken with the placing the reinforcement, because its effectiveness in
ensuring the strength of the foundation depends critically on this stage. In particular, the distance bet-
ween the bars, and the depth at which the reinforcement is placed in the foundations, must be preci-
sely maintained.

To keep the bars in the correct position, annealed steel wire is used for binding, plus gravel or
small pebbles which are embedded in the concrete at the time of pouring. The curved end of the bars
is 0.02 m from the external edge of the slab.

The foundation for the water point and washing area is constructed as a single piece, in order
to provide sufficient strength over the whole area. If it is difficult to pour the slab in one operation,
particularly because of the different levels of shuttering on the slope, the work may be completed over
two days, taking care to leave keyed surfaces (rough, clean and well wetted) at the end of the first day.

The slab for the water point, the passage area and the washing areas is 0.10 m thick. The thick-
ness of the concrete for the channels is 0.05 m (Figures 10.11 & 10.12).

Special care must be taken in the preparation of the concrete, which must have a ‘plastic’ tex-
ture, to be able to flow between the reinforcement bars completely.

When pouring the concrete, it is necessary to ensure that the aggregates do not prevent it from sett-
ling under the reinforcement (vibrate the concrete), and also that the reinforcement itself stays in place.

Quantities for the concrete are given in Table 10.IX.

Table 10.IX: Characteristics of concrete at 350 kg cement / m3 used for the slab.

Proportions 1 volume of cement
2 volumes of sand
4 volumes of gravel

Total volume of concrete 1.25 m3
cement 10 bags of 50 kg
sand 0.625 m3
gravel 1.25 m3

Labour 2 mason/days

6 assistant mason/days
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Figure 10.12: Sections of the slab.

2.4 Plumbing

For the water point, GI pipes are inserted into the masonry (PVC does not adhere well to mor-

tar or concrete). Plugs are installed on pipes as shown in Figure 10.13:
— one at the bottom of the water point, allowing the supply system to be drained;

— the other opposite the outlet(s), so as to be able to clean any blockage without having to

dismantle the water point.

The diameter used is determined by the flow of the spring. In the case of springs with variable
flow, a compromise must be found between dry season and wet season flows to choose the diameter
of the supply pipe.

2.5 Masonry

The water-point wall, the exterior protection walls and the low interior separation walls are
made in masonry. The foundation serves as a base for the construction. The following wall dimen-
sions are chosen:
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Figure 10.13: Plumbing for water point.

— for the exterior walls, a thickness of 0.20 m and a height above ground level of 0.20 m;

— for the interior walls, a thickness of 0.10 m with a height of 0.10 m for the water-collection

area/passage area separation, and 0.15 m for the passage area/washing area separation.

The dimensions of the water-point wall are variable, depending on the number of outlets ins-
talled: here a diameter of 0.30 m and a height of 1.00 m have been used, with the outlet at 0.75 m
from the ground (Figure 10.14 & Table 10.X).

Table 10.X: Materials for the construction of the water-point walls.
For these calculations, the dimensions of the water-point wall are 1.00 x 1.00 x 0.30 for a single outlet.

Volumes required
stone
mortar

Labour

0.65 m3

0.35 m3

sand:  0.35m3

cement: 3 bags of 50 kg each

2 mason/days
6 assistant mason/days
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Figure 10.14: Water-point walls.

2.6 Constant-level channel

The aims are to have a permanent reserve of water always available for washing, and to limit
water transport. If the drainage outlet is blocked (with a cloth, for example), the level of the water in
the channel rises, until it overflows the sill at the end of the channel: by removing the ‘plug’ the water
is drained normally and the channel can be cleaned.

The system consists of setting a pipe 0.10 m in length (75 mm PVC or 2”1/2 GI), in the
masonry sill (0.10 x 0.10 x 0.30 m) at the end of the channel, to make a dam that can be plugged
(Table 10.XT). The volume in the channel when full is 78 1.

Table 10.XI: Quantities for the construction of the channel.

Volumes needed
stone 0.002 m3
mortar 0.001 m3
— sand: 0.001 m3
—cement: 0.251

Pipe (75 mm PVC 0.10 m
or2” 1/2 Gl)
Labour 0.006 masons/day

0.018 assistant mason/day
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2.7 Drainage channel

This channel allows the drainage of water from the water point to a suitable location. It must
have a minimum slope of 1% to ensure good flow and facilitate drainage.

The channel can be built of brickwork on a reinforced-concrete foundation, or of reinforced
concrete alone. Its length is determined essentially by the slope, and the outlet should be at ground
level to avoid any subsequent bogging.

It is essential to construct a toe at its end, to stop the channel being undercut by the drainage
water, as well as to lay stone around the channel outlet to provide a free-draining surface (Figure
10.15).

0.15 0.30 .
brick wall e stone area
0.20 ; /
RCslab T S
020 77 ground
foundations ) level
6-mm bars
0.15-m mesh toe

Figure 10.15: Drainage channel (A) and toe (B).
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CHAPTER 11

Gravity distribution systems

A

SYSTEM DESIGN AND CONSTRUCTION
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3.3.1.10 Equipment for pipe repair

3.3.1.11 Equipment for pipes
under pressure

3.3.2  Installing pipes
3.3.2.1 Trench
3.3.2.2 Pipe laying
3.3.2.3 Backfilling
3.3.2.4 Passage above ground
3.3.2.5 Crossing under a road
3.3.2.6 Thrust blocks
3.3.2.7 Anchors
3.3.2.8 Location markers
3.3.2.9 Drain valves
3.3.2.10 Air vents
3.3.2.11 Valve chambers

34 Tapstands

34.1 Fittings

34.2 Construction
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to collect water. It is therefore essential that populations have easy access to water points.

The need for water can be expressed in terms of quantity and quality, but also in terms of
accessibility. There are many examples of water points that are under-used because they are too
remote from dwellings, or because consumption is restricted because of the long and arduous journey
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Figure 11.1: Distribution system: various possible schemes.

This chapter presents techniques used by ACF for the design and construction of gravity sys-
tems for the transmission and distribution of water (Figure 11.1). Transmission of water by pumping
is covered in Chapter 9.

The example of a branched system in the village of Aloua, fed by a spring catchment, illus-
trates stages of this work, and an example of system design in Laos is given Chapter 11B.

1 Feasibility study

The design of a gravity system is a relatively long piece of work that is difficult to do during
a project identification mission. A feasibility study therefore attempts to define the main technical and
budgetary aspects of the project. If the findings of this survey indicate that the project is feasible, a
more complete survey is undertaken.

1.1 Drawing up the distribution plan

Needs are identified during an assessment visit (see Chapter 2). From this investigation, a
layout plan of the site is created, on which the recorded needs and distribution zones are marked.
These zones are defined according to social criteria (origins of populations, differences between dis-
tricts, presence of health structures, religious factors etc.) and technical criteria (accessibility, topo-
graphy etc.). An example is given in Figure 11.2.
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Figure 11.2: Layout plan delimiting distribution zones: Aloua village.

The water needs of the community are identified for every zone. They are expressed as daily
volume, then as average flow for the chosen distribution period: for example, in a district of 450 inha-
bitants whose needs are 20 litres per person per day, the daily volume required is: 450 x 20 = 9 000
1. If daily consumption is considered to be spread over 10 hours, the supply flow for the zone must be
9 000/10 =900 I/h. This is known as the useful flow. Precise definition of the system’s period of use
during the day is necessary because it has a marked effect on useful flow. In the previous example, if
the chosen supply period is 5 h instead of 10, the useful flow is doubled (1 800 1/h).

Broadly speaking, if it is assumed that the system is used continuously for 10 hours a day,
consumption peaks, and therefore the useful flow, tend to level out. Depending on the cultural context, it
is possible to reduce this period of use to 8 or 6 hours or, better, to estimate demand per hour. It is essen-
tially the habits and daily rhythm of the population that accurately defines the useful flow required.

For public distribution via tapstands, the number of taps is given by the useful flow and access
to water points, from the figures shown in Table 11.1.

In the previous example, the useful flow of 900 I/h (or 0.25 1/s) can be distributed by 0.25/0.2
= 1.25, or two Talbot type taps. With a population of 450, it is preferable to install 450/150 = 3 taps
to limit waiting time at the water point. The three taps are installed on one or more tapstands depen-
ding on the area of the zone (maximum distance between two tapstands is 250 m).

Table 11.I: Working criteria for tapstands.

Flow of a standard 3/4"tap (under 10 m of pressure) 0.2t00.31/s
Flow of a Talbot tap (under 5 m of pressure) 0.1t00.21/s
Maximum number of people per tap 150 people
Maximum distance between 2 tapstands 250 m
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Tablell.II: Calculation of needs for Aloua village. January 1995, annual growth rate: 2%.

Number Number Unit needs Total needs Number of taps
10 years  (l/pers/day) (m3/day) at 0.25 /s

Health centre 50 consultations 60 20 1.2 1
Hospital 40 beds 48 50 2.4 1
School 150 pupils 180 10 1.8 1
Religious centre 100 visitors 120 10 1.2 1
Inhabitants 900 inhabitants 1080 40 43.2 6
Total needs, water (m3/day): 49.8

Need in tapstands, 1 tap: 4

Need in tapstands, 2 taps: 0

Need in tapstands, 3 taps: 2

The design of the system must be aimed at a minimum life of 10 years. It is necessary to take
account the normal population growth rate, plus the possibility of additional population growth due,
for example, to the arrival of water or a road (Table11.IT).

When the number of tapstands and taps has been determined, information on maximum flows
in each distribution branch (maximum flow = number of taps served x unit flow of taps, see Figure
11.3) is marked on the outline layout. In the Aloua example, a unit flow of 0.25 I/s per tap was cho-
sen. The layout plan completed in this way is an essential tool for determining diameters and lengths
of pipe, used in parallel with topographic profiles. Symbols used are shown in Figure 11.11.

The maximum instantaneous flows calculated in this way ensure the distribution of a daily
volume greater than needed (number of taps rounded up in every zone). In the example of Aloua, daily
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Figure 11.3: Marking out lines, flows and numbers of taps.
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needs were estimated at 49.8 m3, whereas the sum of the maximum flows is (0.75 x 2) + (0.25 x 4) =
2.5 1/s,0r 9 000 1/h over a six-hour period, or 54 m3/day. In practice, the flow passing through the sys-
tem does not correspond to the maximum flow at certain hours in the day, when all taps will be open.
The rest of the time, flow will be lower and the daily volume distributed will be closer to that calcu-
lated on the basis of need.

1.2 Rapid topographic survey

The objective is to determine whether the difference in level between the various points in the
system is sufficient to permit flow of water by gravity.

A rapid estimate can be made simply by using an altimeter. A reading of the altitude of the cha-
racteristic points on the line of the pipe is carried out, covering high and low points, areas served etc.
Distance at ground level is measured in number of paces.

Since the altimeter is directly linked to atmospheric pressure, altitude measurements must be
made at fixed points (fixed altitude) to compare with the altitude measured by the operator as they
move from point to point.

A rapid summary card is shown in Table 11.111.

Tablell.III: Altimeter summary card.

Grid for the mobile operator on the pipe route Grid for the stationary assistant
Hour / Distance Distance Altitude Comments Hour / Altitude
minute | over ground (cumulative) (m) minute (m)

(m) (m)

1.3 Technical verification

Two conditions must be met in order to verify the feasibility of the system: the available water
quantity at the source must be sufficient to cover needs, and the topography must permit gravity dis-
tribution. When needs are defined for every zone, it is simple to verify the feasibility of the system in
terms of quantity: water flow over 24 hours must be greater than, or equal to, the daily needs of the
community.

To permit gravity distribution, the slope between the highest point of the system (reservoir or
spring catchment) and the furthest point in the system must be greater than 1%. If a 1% slope line is
drawn from the highest point, no part of the system must be situated above it.

If these two conditions are met, it is basically technically possible to construct a gravity dis-
tribution system that will cover the needs of the population. However, this must then be confirmed by
a detailed survey.
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2 Detailed survey
2.1 Topographic survey

The topographic survey is an essential part of the design method for gravity systems. This sur-
vey of differences in level enables energy balances to be drawn up, and flows, velocities and head-
losses to be calculated for all points in the system.

2.1.1 CHOICE OF PIPE ROUTE

It is possible to establish a theoretical pipe route to avoid difficult passages using a map or aerial
photograph, but the definitive route can only be established by visiting the area along with someone who
knows the locality well. In defining the route, the following problems need to be taken into account:

— minimising the number of difficult crossings: roads, gullies etc.;

— avoiding steep slopes: difficulty of pipe anchorage;

— avoiding rocky zones: difficulty of trench digging;

— looking for accessible zones: alongside existing paths, for example;

— considering problems of land ownership and authorisation;

— being aware of community problems such as constraints linked to the occupation of land

(gardens, houses etc.).

2.1.2 TOPOGRAPHIC SURVEY METHODOLOGY

The rapid survey made during the preliminary assessment must be confirmed and detailed by
an accurate survey. The easiest on-site technique consists of using a level. The use of a theodolite is
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Figure 11.4: Topographic survey.
A: with Abney level or clinometer. B: with dumpy level.
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recommended, because the measurement precision is very good. However, an Abney level or a cli-
nometer may be used in relatively inaccessible regions.

The principle of the Abney level and the clinometer involves measuring the angle between a
given point and the horizontal. If the distance on the ground between this point and the measuring
device is known, it is easy to calculate the difference in level (from the distance on the ground mul-
tiplied by the sine of the angle in degrees).

Two readings per point are taken, one reading forward, and one reading back to the previous
point to confirm the measurement. The distance on the ground is measured using a tape measure.

The Abney level or clinometer (Figure 11.4A) must be placed on a rule to assure stability.
Readings are taken at the top of wooden rules held by assistants. The three rules must be exactly the
same length.

The theodolite (Figure 11.4B) can achieve very high accuracy and can also measure horizon-
tal distances with the rangefinder of the telescope. These distances correspond to the horizontal dis-
tance between two points, and not to the distance on the ground (the one that is useful to know
because it represents the length of pipe needed). The distance on the ground is measured with a tape
measure, or calculated from the angle of sight and the horizontal distance read on the telescope.

The reading is made by sighting rules held vertically by assistants.

2.1.3 DRAWING UP THE TOPOGRAPHIC PROFILE

The topographic summaries are represented as a profile that illustrates the energy balances of
the water in the pipes. It is also useful to make every profile correspond to a plan to illustrate impor-
tant points and junctions with other pipelines (Figure 11.5).

distance (m)
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Figure 11.5A: Topographic profile (from catchment/J1/J2/Ts2, Aloua).
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Figure 11.5B: Layout plan (from catchment/J1/J2/Ts2, Aloua).

2.2 Hydraulic design
2.21 ENERGY PROFILES
2.2.1.1 Static profile

The static-head profile represents the water energy at zero flow (closed taps).

The pressure in a closed pipe under load (Q = 0) can be regarded as being equal to the weight
of the water column between its upper point and the point under consideration (see Annex 6). This
pressure, known as the static pressure, is the driving force of the system: in other words, it is diffe-
rence in level between the various points of the system that causes the flow of water from the tank (or
the spring catchment) to the tapstands.

The static pressure is expressed in mWG (metres water gauge), so that:

Pslatic (mWG) = H(m)

where H is the difference in level between the upper point and the point under consideration. In Figure
11.6, the high point is the free water surface of the tank.

In simple systems, the static pressure is the maximum pressure that can exist inside the pipes.
It therefore determines the pressure the pipes must be able to resist, and whether it will be necessary
to use pressure-limiting devices.

2.2.1.2 Class of pipe pressure and header tanks

The pipes used will withstand a given pressure, known as the nominal pressure (NP): if the
pressure in the pipe is greater than this, there is a risk of rupture. The NP is generally expressed in
bars. The usual pressure classes are given in Table11.IV.

From the static-head profile it is possible to define the pipe class needed. In Figure 11.7, the
static level at the lowest point is 75 mWG, or 7.5 bar. A pipe of 6 bars nominal pressure (NP 6) would
therefore be inadequate, so it is necessary to use NP 10 bar pipe.
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Tablel1.IV: Classes of pressure of distribution pipes.

PE PVC Gl
(polyethylene) (polyvinyl chloride) (galvanised steel)
NP 6 NP 6 NP 16
NP 10 NP 10 NP 25
NP 12.5
pressure expre  ssed
level (m) as height of water co lumn (mWG) max static
i piezometric level
0 == tank " i : t
3 v “ closed tap
10 y (@=0]
15 v
20 ¥ 5
25
-
50100 200 300 400 500 600 700 800 900 1000
distance (m)

Figure 11.6: Static pressure in a pipe system.

If the pressure imposed by the topography is too great for the class of pipe available, it is pos-
sible to construct a break-pressure tank that returns the pressure in the system to atmospheric. Whe-
never there is a free surface in contact with the atmosphere, the static pressure becomes zero, because
the pressure on this surface is equal to the air pressure™.

level (m)
static piezometric le vel

'y
0
10 spring
20
20 75 m
40
50
60
70
80
S0

tank

50100 200 300 400 500 600 700 800 900 1000
distance (m)

Figure 11.7: Static profile and pressure class of pipes.

* Here we are using relative pressure, i.e. related to the atmospheric pressure that acts on the whole system. Zero
pressure means therefore that the actual pressure is Py ospheric-
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Figure 11.8: Installation of a break-pressure tank to stay within a pipe class (Pg;. < 60 mWG).

In a distribution system, the free surfaces are reservoirs, header tanks, break-pressure tanks,
and catchment tanks. In the example in Figure 11.7, the pipe class had to be NP 10. However, if there
were only NP 6-class pipes available, it would be possible to install a break-pressure tank to control
the pressure. Figure 11.8 shows the installation of a break-pressure tank to obtain maximum static
pressures of 32 mWG upstream and 43 mWG downstream.

2.2.1.3 Dynamic profile

When water moves in pipes, pressure losses due to water friction occur. These pressure losses
are referred to as ‘head-losses’ (see Annex 12).

If the pressure-drop line during flow is drawn, the dynamic-head profile is obtained (Figure 11.9).

Part of the total pressure is therefore taken up in head-losses (AP) during the transmission of
water. The residual pressure is then defined by:

P,ciqua = H-AP

residua

where P,.q,a1 15 the residual pressure at the point under consideration (mWG), H is the difference in level
between the upper point and the point under consideration (m), and AP is the sum of head-losses (m).
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AP: head losses (mWG) P: residual pressure (mWG@G)

Figure 11.9: Dynamic state and head losses.
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2.2.2 CALCULATION OF HEAD-LOSSES

To facilitate the calculation of head-losses, the losses created in the pipes and those induced
by components (elbows, tees, valves etc.) are considered separately.

2.2.2.1Linear head-losses

The head-losses in a pipe, called linear losses, depend on several factors:

— pipe diameter: for a given flow, the smaller the pipe the greater the losses;

— flow in the pipe: for a given diameter, head-losses increase with flow;

— pipe length;

— pipe roughness: the greater the roughness, the greater the head-losses (all things being

equal). The roughness of pipes depends on their quality (materials, manufacture) and age.

Linear head-losses are generally expressed in metres head per 100 m of pipe. A head-loss coef-
ficient of 1% therefore corresponds to a loss of 1 mWG pressure for 100 m of pipe length.

The numerical calculation of linear head-losses is usually carried out by using empirical rela-
tionships, tables or design charts (see Annex 12).

Formulas

There are several formulas for calculating the linear head-losses in a pipe. The most accurate
(Darcy and Colebrook-White for example) need iterative calculation and are complicated to use in the
field. Other methods were developed, such as the Hazen Williams formula®, which is relatively simple
to use:

109L Q!5
C1.85 D487

where hg: head-loss (m), L: pipe length (m), Q: flow (m3/s), C: Hazen Williams coefficient (C = 150
for PVC and PE; C = 130 for GI), D: internal pipe diameter (m).

Use of design charts

The design chart (or nomogram) shown in Figure 11.10 represents graphically the relationship
between pipe diameter, flow velocity, and linear head-losses, for a given roughness. Knowing two
parameters (diameter and flow), head-losses can be deduced.

Take for example a flow of 1 I/s in a polyethylene pipe of DN 50 (50 mm outside diameter,
40.8 mm internal diameter). According to the design chart, the head-loss coefficient is 1.7%. If the
head-losses are to be reduced, the line is pivoted (as shown by the arrows) around the selected flow
to obtain the new pipe diameter; for a head-loss of 1% with the same flow (1 1/s) a pipe of DN 63
(internal diameter = 51.4 mm) should be used, see Table 11.V.

When using design charts, it is important to check the following points:

— the chart must correspond to the type of pipe used (PE, PVC, GI, cast iron etc.). It is essen-

tial to verify its validity when calculating head-losses using suitable formulas (see Annex 12);

— the velocity in a pipe must be close to 1 m/s. Higher velocities generate excessive friction,

which may lead to hydraulic problems. On the other hand, lower velocities can allow silt depo-

sits at points in the system if the water is turbid.

* Formula valid for V < 3m/s and Re >4 000, where V = velocity of the flow (m/s) and Re = Reynolds number (ratio
between inertial forces and viscous forces, used to determine wether flow in the pipe will be laminar or turbulent).
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Figure 11.10: Design chart for calculating linear head-losses.
Table 11.V: Example of use of a linear head-loss chart.
Flow Internal diameter Velocity Head-loss Head losses AP
(I/s) (mm) (m/s) coefficient (%) per km (mWG)
1 40.8 (DN 50) 0.8 1.7 17
1 51.4 (DN 63) 0.5 0.6 6
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2.2.2.2 Secondary head-losses

In addition to the linear head-losses in pipes, there are also losses of pressure due to flow regu-
lation devices (valves), and to passage through fittings such as elbows, tees, reducers etc. These pres-
sure losses are known as ‘minor’ or ‘secondary’ head-losses and can be evaluated in the same way as
linear losses.

In simple systems, secondary head-losses are generally small compared with linear head-
losses. They are sometimes assumed to be about 10% of the linear head-losses. However, they can
also be calculated using characteristic coefficients for each component. As for pipes, there are design
charts or tables. Components are generally assigned equivalent straight lengths of pipe. For example,
a 90° elbow in DN 50 corresponds, from the point of view of head-losses, to a length of pipe of 1.5
m of the same diameter. This allows simple calculation of the head-losses in the system.

Table 11.VI gives the equivalent lengths of pipe (in terms of friction head-loss) for common
PVC or PE fittings. For GI pipes, these values must be multiplied by 0.64. When two values are given
under the same category, they correspond to a range of equivalent lengths given by different parame-
ters. Broadly speaking, screwed fittings create higher head-losses than jointed or cemented fittings.

Table 11.VI: Equivalent length (m) for plastic components (Lencastre).

Diameter of components

(DN in mm) 12.5 25 50 75 100
Globe valve 1.83 4.78 12 20.37 30.3
3.61 9.17 23 39.98 58.38
Gate valve 0.014 0.055 0.11 0.19 0.3
0.055 1.66 0.41 0.75 1.1
Y-valve 1.08 2.75 6.92 11.75 17.51
Horizontal non-return valve 0.8 0.055 0.14 0.22 0.36
2.1 5.28 9 13.42
Foot valve 5.42 13.76 34.75 58.93 87.57
Screwed reducer 0.72 0.055 0.11 0.19 0.3
1.83 4.61 7.83 11.6
90° normal elbow 0.22 0.55 1.39 2.36 3.5
0.33 0.84 2.08 3.53 5.25
45° elbow 0.08 0.19 0.5 0.86 1.27
0.11 0.27 0.69 1.33 1.75
Normal tee 0.3 0.77 1.97 3.33 4.94
0.44 1.19 3 5.08 7.58

2.3 System design

The documents necessary for pipe-system design are the topographic profiles of the system as
a whole, and the plan with the maximum flows for each section of the system.

Documents produced will be head profiles for the whole system, the detailed plan of the sys-
tem, the summary table of profiles with all features of sections of the system, and the location of
valves. The symbols usually used for structures and fittings are given in Figure 11.11.

2.3.1 DESIGN OF THE STORAGE TANK

In the case of gravity supplies from spring catchments, a storage tank is not always necessary.
If the useful flow (calculated on maximum hourly demand) is lower than the minimum yield of the
spring in one hour, a storage tank serves no useful purpose. This option also has the advantage of not
requiring the installation of taps on water-collection points. If a storage tank is needed, however, it
must be carefully designed (see Chapter10).
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tapstand (one tap)
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sedimentation tank sT
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water meter

ball valve

stop cock

adjustable maximum stop cock

gate valve

air valve or air vent

well

borehole

Figure 11.11: Symbols for structures and fittings.

2.3.2 LOCATION OF STRUCTURES
2.3.2.1 Header tank

A header tank is essential in the case of gravity transmission from a spring (Figure 11.1). It iso-
lates the spring catchment from the system hydraulically, and therefore avoids any possibility of acci-
dental back pressure on the spring in the event of problems in the system. It also helps to even out the
flow from the spring.

Site conditions and the difficulties of transporting materials often define its exact location, just
downstream of the catchment. The hydraulic profile of the system begins from this point.
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2.3.2.2 Storage tank

The location of the tank is dictated by the necessity to be able to serve the tapstands situated
downstream using gravity. As a first approximation, it is assumed that the head-losses in the part of
the system below the tank are the order of 1%. A straight line of 1% slope is therefore drawn starting
from the highest tapstand (taking account of a minimum residual pressure of 10 mWG). Points situa-
ted below this line are unsuitable locations for the tank (Figure 11.12).

The site chosen must then be checked by calculation of head-losses. In all cases, problems of
accessibility (transport of construction materials and equipment, maintenance etc.) and land owner-
ship must be considered. The emptying time of a tank can be calculated (Box 11.1).
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level (m)

Figurell.12: Selection of tank location (example of Aloua system).

Two locations are possible. The upstream site is in an apparently steep area, while the lower site is

on a raised area about halfway between the catchment and tapstand No. 2. Placing the tank on the lower
site means it can act as a break-pressure tank to limit the maximum static pressure in the system

to 35 mWG.

2.3.2.3 Break-pressure tank
The necessity for and location of any break-pressure tanks are determined by the static profile
survey (see Section 2.2.1).
2.3.3 CHOICE OF TYPES, DIAMETERS AND LENGTHS OF PIPE
2.3.3.1 Types of pipe

Generally, polyethylene pipes of up to 3” are favoured. Above this diameter, pipes become dif-
ficult to handle (less flexible, heavy, requiring welded joints). PVC is easy to use and available in
most countries. However, galvanised steel (GI) pipes should be used for all unburied sections, gully
crossings, and sections enclosed in masonry. See Section 3.3 for more detail on pipes.
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Box 11.1
Emptying time for a storage tank.

Tank with outlet
The emptying time of a tank with a side outlet is given by:

25 G/ny —4/hy)

ks@
where t is the emptying time (s), S the area of the tank (cm2), s the area of the outlet (cm?2), g acceleration
due to gravity (981 cm/s), hy the initial height (cm) of water above the outlet, h; the final height (cm) of
water above the outlet (h, = 0 if emptying is total), and k is a coefficient of contraction (according to the
outlet, 0.5 < k < 1). For a small thin-wall outlet, k = 0.62; for an inserted cylindrical fitting, k = 0.5; for an
external cylindrical fitting, k = 0.82.

Tank connected to an open pipe — maximum gravity flow
When the residual pressure of a pipe discharging freely to atmosphere is zero, the flow passing through the
pipe is the maximum gravity flow.

In such conditions, head losses J at the end of the pipeline correspond to the total difference in level h.
Knowing the distance between the two points, 1, it is simple to calculate the flow Q, or to read it from a chart
(Figure 1).

water level in tank

Figure 1: Maximum gravity flow.

2.3.3.2 Pipe diameters

Pipe diameters are determined by the energy-profile survey and head-loss calculations.
The recommended velocity limits in pipes are maximum 3m/s and minimum 0.5 m/s.
The residual pressures in the system must be in accordance with the following rules:

— 2 to 10 mWG for entries to tanks, header tanks etc.;

—5to 15 mWG for taps (5 mWG for the Talbot tap);

— 10 mWG minimum in the main distribution lines, to prevent the infiltration of water from
outside the pipe. The working pressure of the system guarantees the quality of water distributed.

2.83.3.3 Gravity transmission (spring-to-tank line)

The part of the system feeding the tank from a spring catchment (Figurell1.1) is designed to
allow the maximum flow of the spring to pass through the pipes. It is important to be able to capture
and transport the total flow of the spring to the tank, even if the current needs of the population are
lower than this, as it allows for the possibility of future extensions to the system. If the flow from the
spring is very much greater than the needs of the population, or if it fluctuates considerably during the
year, a suitable compromise must be determined.
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2.3.3.4 Gravity distribution (tank-to-tapstand lines)

Branched-system design begins with the main line, followed by secondary lines. It then pro-
ceeds successively until the diameter chosen gives the required residual pressure.

In the example in Figure 11.13, P,.q.a1 1 given by the difference in level between point B at
ground level, and that of the piezometric profile vertically above this point. The diameter required is
DN 50, because:

— for a DN 50 pipe, P,ogquq 18 positive and equal to 14 mWG;

— for a DN 40 pipe, P,.qquq 18 also positive and equal to 4.1 mWG;

— for a DN 32 pipe, P, . 1S negative and equal to 41 mWG.

Figurel1.14 shows a high point where the pressure must be kept above 10 mWG.

It is best to use small-diameter pipes as they are less costly, and two different diameters may
be used in the same line to optimise costs (Figure 11.15).

Head profiles of different lines, accompanied by an overall summary diagram, bring all this
information together. The example of the line serving tapstand No. 2 of the Aloua system is illustra-
ted in Table 11.VII and Figure 11.16.

distance (m)
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40
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Figure 11.13: Head losses for different pipe diameters for the first part of the Aloua system.
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Figure 11.14: Passage over a high point.
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Figure 11.15: Combination of two pipe diameters to obtain a residual pressure of 10 mWG at Point B

(example from first part of Aloua system).

Table 11.VII: Summary of the main line serving Tapstand No 2 of the Aloua system.

Ps, static pressure. Ph, dynamic pressure.

Point Flow oD Length L AP AP P, (1)  Survey level (2) Py res (2)
station (1) station (2) (I/s) (mm) (m) (A %) (m) (mWG) (m)
Spring  Reduction 0.7 50 330 1 3.3 0 36 32.7
Reduction Tank 0.7 40 770 1.9 14.7 32.7 25 7.7
Tank Ji 25 63 500 14 7 0 52 20
Ji J2 0.75 50 800 0.87 7 20 60 21
J2 TS2 0.5 40 150 0.7 1 21 49.85 10.25

Spring - tank

The flow taken into account for the design is the maximum flow provided by the spring. A combination of two pipe

diameters is used for this section.

e Spring - Reduction

Pressure at reduction = P reduction
Py, reduction =36

* Reduction - Tank
Pressure at tank
Py, tank

- AP
-33

=32.7 + (25 - 36) —14.7

Tank — Tapstand 2

=32.7 mWG

= Py, reduction + (P tank — P4 reduction) — AP

=7 mWG

AP = A (%) x L(m)

AP =1x 330 =3.3 mWG

AP = A (%) x L(m)

AP =1.9x770 = 147 mWG

As the tank has a free surface, the pressure at its surface is zero (relative pressure).

* Tank - J1

Pressure at J1 = Py, tank + (Pg J1 — P tank)
P J1 =0+ (52 - 25) -7
e J1-J2

Pressure at J2 =P, J1 + (Pg J2 — P J1)
PnJ =20 + (60 - 52) -7

¢ J2-Tapstand 2
Residual pressure
at tapstand 2

Py, tapstand 2

=P, J2 + (P, TS2 — P, J2)
= 21 + (49.85 — 60) -1

— AP
=20 MWG

— AP
=21 MWG

— AP
=10.25 MWG

AP = A (%) x L(m)
AP =14x500=7m

AP = A (%) x L(m)
AP=0.87x800=7m

AP = A (%) x L(m)
AP=0.7x150=1m
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Figure 11.16: Head profile of line serving tapstand No. 2 of the Aloua system.

2.3.4 SYSTEM VALVE PLAN

A certain number of valves must be installed in the system. They have different functions and
must all be represented in a specific plan.

2.3.4.1 Regulating valves

To ensure that the system functions properly, it is absolutely necessary to maintain flows esta-
blished during design. For this reason, regulating valves are installed at inlets to every tapstand as well
as at inlets to storage tanks and header tanks.

2.3.4.2 Stop valves

Stop valves (such as ball valves) are installed at every major junction to allow isolation of the
various branches of the system. This may be necessary in the case of leaks, or for routine maintenance
work. Similarly, drain valves are fitted to all storage tanks, header tanks, and break-pressure tanks
(Figure 11.17).

These valves are either “normally open” (NO) or “normally closed” (NC), depending on their
function: a isolation valve is NO, while a drain valve is NC. They are all located in valve chambers
which both protect them and allow easy access.
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5 [m g Figurell.17: Minimum valve plan for the
Aloua system (no drains or air bleeds).

3  Construction of the system

The construction of a gravity system involves carrying out a number of different tasks and ins-
talling pipework. Recommendations given in this section are based on ACF experience on various
projects in Africa and in Asia. Details of construction and civil engineering design are given in Annex
14.

3.1 Header tanks and break-pressure tanks

Tanks are always equipped with:

— a water inlet with a regulator valve (piston type);

— a water outlet with a stop valve (ball type) and air vent;
— a drain;

— an overflow;

— an inspection trap.

sill 0.60 m air bleed with
A 0.08-m RCslab 0‘.30’m ﬂw’tﬂ e
6-mm bars, E
0.15-m mesh *
screen | overflow
valve = Supply
chamber i —
10|

adjustable stop cock

ball valve
0.3-m dry-stone 0.1-mRChases lab
foundation 8-mm bars, 0.2-m mesh

Figure 11.18: Masonry break-pressure tank. A: section.

402 1ll. Water supply



4 (2] b >
® . = 7 : supply
valve chamber | | = - S B 41 [.‘
: 5 v
T | il
_ || - -
' sill @ il A '
T B B _.,_ overflow
- >
010m

Figure 11.18: Masonry break-pressure tank. B: plan.

The construction can be in masonry or in reinforced concrete (Figures 11.18 & 11.19), the
volume is 2 to 3 m3, and of rectangular or cylindrical shape (prefabricated rings are used).

The installation of a sill in break-pressure tanks is recommended to diffuse the dynamic pres-
sure and facilitate good aeration of the water. Also, the depth of the water layer over the sill gives a
measure of incoming flow (see Chapter 3).

sill air bleed with
0.08-m RC slab, mosquito screen
A 6-mm bars, >
0.15-m mesh
valve s
chamber =

;' 7= E ball valve
adjustable stop cock
0.1-m RC base slab
0.3-m dry-stone g8-mm bars, 0.2-m mesh
foundation
0.1-m RC walls, ball valve
B 8-mm bars, 0.2-m mesh
air bleed

valve chamber

valve chamber

toe

sill
— overflow

Figure 11.19: Reinforced concrete break-pressure tank.
A: section. B: plan.
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ventilation with air bleed with
mosquito screen

mosquito screen

valve chamber

overflow

screen ;.--.__l-_
0.10m
v

adjustable stop cock

ball valve

ball valve

Figure 11.20: Storage tank.

3.2 Storage tank

A storage tank (Figurel1.20) requires:

— a water inlet with adjustable stop cock;

— a water outlet with ball valve and air vent;

— a drain;

— an overflow;

— an inspection trap.

The construction of tanks in reinforced concrete and in masonry is described in Annex 14.

3.3 Pipes

3.3.1 PIPES AND COMPONENTS
3.3.1.1 Equivalent diameters

Nominal diameters of pipe are designated by DN sizes under the ISO system. DN sizes for gal-
vanised steel (GI) pipes refer to the internal diameter (ID), whereas for rigid plastic pipes (PVC and
PE) they refer to the outside diameter (OD) (Table 11.VIII).

Table 11.VIII: Equivalent pipe diameters.

PVC/PE pipes Gl pipes
oD equivalent diameter ID equivalent diameter
in mm OD in inches in inches ID/OD in mm

16 3/8” 12/17

20 3/4” 1/2” 15/21

25 1” 3/4” 20/27
32 17"1/4 17 26/34

40 171/2 1"1/4 33/42

50 2’ 171/2 40/49

63 2"1/2 2’ 50/60

75 3’ 2"1/2 66/76

90 3"1/2 3’ 80/90
110 4"1/2 4’ 102/114
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3.3.1.2 Pressure classes

Nominal pressure (NP) is usually expressed in bar (NP 6, NP 10. NP 12.5 etc.). Some coun-
tries, such as Kenya and India, have their own standards of pressure resistance (see Table 11.IX).

The service pressure is different from the nominal pressure under particular conditions (eleva-
ted water temperature, corrosive water etc.). For most programmes, only nominal pressure is used.

Table11.IX: Nominal pressure equivalents (NP).

PE pipe PVC pipe Gl pipe
NP (bar) Equivalent class NP (bar) Equivalent class NP (bar)
NP 6 Class B or llI NP 6 Class B or llI NP 16
NP 10 Class C or IV NP 10 Class C or IV NP 25
NP 12.5 Class D NP 16 Class E
3.3.1.3 Valves and taps

The various models of valves and taps are shown in Table 11.X.
Table 11.X: Models of valves and taps.

Model Name and use Model

Gate valve
opening/closing
possible flow regulation, but stop cock preferable

Stop cock

flow regulation

possible opening/closing,

but gate or ball valve preferred

Adjustable stop cock

regulation of flow with adjustable maximum
opening (concealed stop screw)

possible opening/closing,

but gate or ball valve preferred

Ball valve
opening/closing
flow regulation not possible

Float valve

automatic opening/closing

according to water level (storage tank, header tank)
level control

Talbot self-closing tap
public distribution point
maximum closing/opening
(no adjustable opening)

Ball tap
public distribution if Talbot not available
(with fluted mouthpiece for attaching a hose pipe)
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3.3.1.4 Gl pipes and fittings

GI pipes are generally available in 6-m lengths. Their properties and the various fittings avai-
lable are listed in Tables 11.XT and 11.XII.

Table 11.XI: Relationship between internal diameter and weight per metre for galvanised steel pipes.

Diameter (inches) 3/4” 17 171/2 2 2"1/2 3’
Weight (kg) per m 1.6 2.4 3.6 5 6.5 8.4

Table 11.XII: Fittings for GI pipes.

Model Name and use Model
Socket
F m F joining 2 pipes
B e
Nipple M i e A
joining 2 female components Wl

; Union
FB | F joining 2 pipes, disassembly possible
90° elbow F
joining 2 pipes at 90°
F 45° elbow
joining 2 pipes at 45°
3

90° tee F @ F
joining 3 pipes of the same diameter
E P, F Reducer

female-female reduction
Reducer M m M

male-male reduction

Plug M ﬂ@ﬂ

male pipe end

Reducer
male-female reduction

Cap
female pipe end

GI pipes are joined using a screwed socket, also in galvanised steel. Each pipe is threaded at
both ends and normally delivered with a socket. Sealing is ensured with Teflon tape for small diame-
ters, and with hemp and jointing compound for diameters above 171/2.

Special tools are needed when working with these pipes:

—stock and die for threading pipes (standard die cuts from 1/2” to 27°1/2 with three sets of dies);

— pipe-cutter;

— plumber’s vice.
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3.3.1.5 PVC pipes and fittings

PVC pipes and fittings are generally available in 6-m lengths, packed in bundles (Figure
11.21). There are various types of joint for PVC pipes (Table 11.XIV):

—rubber joints (Figure 11.22A), generally used for larger diameters (Table 11.XV). It is recom-

mended to use soapy water when connecting pipes with rubber joints in order to ensure that

the joint slips fully home;

— glued joints (Figure 11.22B), generally used for small diameters, Table 11.XIII);

— sockets (using cut pipes — Figure 11.22C).

Figure 11.21: PVC pipes with glued joints.

A bevelled edge
~ \) '| \ -',Q\;. _
. ] .'I" |
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- . maximum encasing mark
compression joint

B ) . zones for gluing

assembling soc ket

Figure 11.22: PVC pipe joints.
A: rubber joint. B: glued joint. C: socket joint.
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Table 11.XIII