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Foreword

Agriculture and, consequently, food production depend, among other factors, on
the proper management of water. Land drainage, an integral component of water
management, is well known to have ameliorated salinity and waterlogging problems
in rainfed and irrigated agriculture. In so doing, it has contributed substantially to
sustainable agricultural development through enabling increased crop production,
decreased farming costs, and the maintaining of soil quality. In areas where rainfall is
excessive, it is necessary to manage land drainage, both surface and subsurface, in order
to prevent waterlogging. In areas where rainfall is deficient, drainage management is still
important in order to minimize soil salinization.

In the arid and semi-arid regions, soil salinity still limits crop production significantly.
Hence, it has a negative effect on food security. This is especially true in irrigated
agriculture because of the salts added with the irrigation water and the buildup of saline
groundwater where natural drainage is insufficient. Although only approximate figures
are available, FAO estimated in 2002 that salinity had damaged about 20-30 million ha of
irrigated land worldwide, and that 0.25-0.50 million ha were being lost from production
every year as a result of soil salinization.

In the wetter regions, flooding and waterlogging still limit crop production in many
parts of the world. In the inland valleys of sub-Saharan Africa with shallow groundwater
tables, controlled drainage may help to increase crop production and improve the health
of rural populations. In certain lands of the humid tropics, drainage is also needed in
order to increase rice production and promote crop diversification. As the global
population and the demand for food increase, additional new drainage systems will be
installed in a broader range of climate, soil and hydrological conditions, and existing
systems will be renovated.

FAO has already addressed waterlogging and salinity control through its normative
and field programmes in the past 50 years. However, the context of land drainage has
changed considerably in recent decades. This change has come about owing to concerns
for the environment and the recognition of the need to integrate system users into
the planning, design, operation and maintenance process. In addition, the experience
gained and the research of recent years have led to improvements in the technology and
methods.

This FAO Irrigation and Drainage Paper is intended to serve as a tool for an integrated
drainage approach by providing guidelines for: (i) the appropriate identification of
drainage problems; (ii) the planning and design of drainage systems; and (iii) the careful
integration of technical, environmental and socio-economic factors.

The main text of this paper provides critical general information about the planning
and design of land drainage systems and their relationship with technical, socio-
economic and environmental aspects. The annexes provide more detailed information
with technical background, appropriate equations, some cross-references for finding
appropriate methodologies, and computer programs for applications developed by
Professor W.H. Van der Molen, which are included on a CD-ROM.

Alexander Miiller
Assistant Director-General
Natural Resources Management and Environment Department
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Permeability of topsoil (md™) LT

K Permeability below drain level (md™) LT
Permeability of first layer below drain level (md™) LT
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Le Spacing of collector drain (m) L
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qum Maximum specific discharge (mmd", md™, Is'ha™) LT

gs Specific discharge at time t (md™) LT

Qo Downstream flow per m length of interceptor drain (m2d-") LT
Original outflow from canal (m2d™") LT

|90l Flux to drain (absolute value) one-sided (m2d") L2T!

qs Flux density above drain level (md™) LT
Upstream flow per m length of interceptor drain (m2d-") LT’
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R Amount of percolation water (mm) L
Amount of recharge (mm) L
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Re Reynolds’ number -
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Distance from well centre (m) L

rx Distance centre of cavity to surface if H/D > 8 (piezometer L
method) (cm)

ry Distance from cavity well where spherical flow starts (m) L

ro Radius of sphere equivalent to cavity for H > 8D (piezometer L
method) (cm)

ry Radius of well (m) L

rs Radius 8d beyond which flow is supposed radial (piezometer L
method) (cm

S Maximum potential retention in a basin (mm) L
Seepage (mm) L
Spacing of individual corrugations (m) L

S Excess of water at soil surface (mm) L
Surface runoff (mm) L

S/’ ?urfz;ce runoff produced by precipitation P" in unit hydrograph L
mm

SAR Sodium adsorption ratio (meq"?'/2) M12-32

sbw Sum of days with waterlogging during certain period (d) T

SDWs, SDW at less than 30 cm depth (d) T

SDWs SDW at less than 50 cm depth (d) T

s Hydraulic gradient -
Hydraulic gradient for drainpipe flow -
Drain slope -

Sy Standard deviation in Gumbel distribution -

T Return period (years) T
Transmissivity (KD) (m2d™") L2T!

DS Total dissolved solids (gl™") ML3

t Time (s, h) T
Average time of storm (h) T
Time base length of hydrograph (h) T

t. Concentration time (h) T

ty Lag time between average time of storm and time for maximum T
discharge (h)

te Elevation time or time to peak (h) T

t. Recession time (h) T
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t; Initial time during time period (s) T

t; Final time during time period (s) T

u Constant in Gumbel distribution -
Wetted perimeter (m) L
Wet circumference of drain (m) L

v Vertical -
Average flow velocity (ms™) LT
Wwind velocity (ms™) LT

Vy Flow velocity at outlet of delivery pipe of pumping station (ms™) LT

¥, Average flow velocity in section i of main drainage system (ms™) LT

Vi Maximum average flow velocity (ms™) LT!

w Total flow resistance near drain (radial + entry) (dm™) TL?

w, Radial flow resistance (dm™) TL?

W, Moisture content at field capacity (mm) L

X Horizontal coordinate -
Distance (m) L
Distance from drain (upstream) (m) L
Values of extremes in Gumbel distribution -

T Average value in Gumbel distribution -

Xo Limiting value in Gumbel distribution -

Y Relative crop yield -

y Vertical coordinate -
Water depth in drainage channel (m) L
Depth of water level below groundwater in auger hole (cm) L
Water level below groundwater in piezometer (cm) L
Reduced Gumbel variable -

| Average value of y in interval where y > 3/4y, (auger-hole L
method) (cm)

Yo (Dep)th of water level below groundwater in auger hole at time 0 L
cm

Y1 Depth of water level below groundwater in auger hole or L
piezometer at time 1 (cm)
Water depth in drainage channel at extreme discharge (m) L

)] Depth of water level below groundwater in auger hole or L
piezometer at time 2 (cm)
Water depth in drainage channel at design discharge (m) L

V4 Drain depth (m) L

Z Collector depth below soil surface (m) L

Z, Average thickness of rootzone (m) L

z Groundwater depth (m) L
Design groundwater depth midway between drains at design L
discharge (m)

z Average depth of the water table (m) L

Z. Critical groundwater depth where E = 0 (linear model) (m) L

Zh Critical groundwater depth where E = 0.4343E, (exponential L
model) (m)

Z; Vertical distance of layer j (m) L

2o ?rc)mndwater level observations in piezometer laid on drainpipe L
m

Z Salt content in rootzone at start of certain period (mm.dSm™) T32M L2

Z5 Salt content in rootzone at end of certain period (mm.dSm™) T32M L2

Zes Groundwater level observations in piezometer at 6.5 m from L

drain (m)
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Chapter 1
Introduction

NEED FOR AND BENEFITS OF LAND DRAINAGE

Drainage of agricultural land is one of the most critical water management tools for
the sustainability of productive cropping systems, as frequently this sustainability
is extremely dependent on the control of waterlogging and soil salinization in the
rootzone of most crops. On some agricultural lands, the natural drainage is sufficient
to maintain high productivity. However, many others require improvements in surface
and subsurface drainage in order to optimize land productivity, while maintaining the
quality of soil resources. As time passes, drainage requirements may change because of
changes in the general socio-economic conditions, such as input and output prices, and
more intensive Crop rotations.

In rainfed and irrigated areas of the temperate zones (where waterlogging is the
dominant problem in lands lacking natural drainage), proper drainage has improved
soil aeration and land and rural road trafficability. Moreover, it has facilitated the
lengthening of the potential crop growth period.

In the irrigated lands of the arid and semi-arid regions (where salinity problems
dominate), in addition to the benefits described above, subsurface drainage has been
essential for controlling soil salinity and reducing the incidence of erratic crop yields.

In the semi-humid and humid tropical regions, drainage development has been less
than in the agroclimate zones mentioned above. However, salinity control is required
during the irrigation season in the semi-humid tropics, as is waterlogging control
during the rainfall season (e.g. in countries with monsoon rainfall). In addition, flood
control is also often a necessary component of drainage projects in many of these areas
in order to protect the safety and livelihood of the rural population more effectively.
In plains in the humid tropics, occurrences of organic soils or acid-sulphate soils often
present special problems whose resolution entails careful drainage.

The general goal in all agroclimate zones is to obtain a proper water table control
necessary at the given time and under the given circumstances. Sometimes, special
water control methods are required, e.g. in acid-sulphate soils and in peat soils, and in
areas where rice is grown in rotation with dry-foot crops.

CURRENT CONTEXT OF LAND DRAINAGE

Land drainage works usually have public (or semi-public) and individual farmers’
components. Especially in developing countries, drainage projects deal with the former
component and often take place in deltaic areas, coastal fringes and river valleys where
population is increasing rapidly and land use is intensifying. Projects are prepared,
carried out and financed under the responsibility of a standing government organization
or a specific rural water authority. Completed projects are operated and maintained by
the government organization in charge of managing the existing systems. However,
increasingly, self-financing authorities and water users organizations with farmer
participation are becoming legally involved in the implementation and financing of
the necessary operation and maintenance (O&M) activities of the lower tiers of public
irrigation and drainage systems.

Modern drainage system planning and design should take into account a wide range
of agricultural and non-agricultural values and consider a broad group of stakeholders.
The publication Reclaiming Drainage, Toward an Integrated Approach (World Bank,
2004) provides sound guidance for facilitating wider planning and design.



Guidelines and computer programs for the planning and design of land drainage systems

Much of the existing drainage installation work has been done in developed
countries. While about 27 percent of the agricultural land in developed countries is
provided with some form of improved drainage, only about 7 percent of agricultural
land in developing countries is supplied with drainage (Smedema and Ochs, 1998).
Therefore, there is room for drainage development in the latter countries, because land
productivity has to increase dramatically in order to enable rural incomes to rise.

The context of land drainage has changed considerably in recent decades owing
to changes in agriculture policies, mainly in developed countries, and to new
environmental and natural resource considerations.

In developed countries, food security generally means quality of efficiently
produced safe food, and environmental issues are becoming a first priority, jointly with
maintaining the rural environment. Therefore, no substantial horizontal expansions
of new drainage developments are foreseen in these countries, but only consolidation
of the existing agricultural areas and the rehabilitation of and/or technological
improvements to outdated existing drainage systems in line with the changed socio-
economic circumstances. As there is a good background of drainage information in
these countries, the transfer of expertise and the evaluation of the performance of
existing systems may be the predominant activities as far as drainage is concerned.

In developing countries, food security means food availability, which is not achieved
satisfactorily in too many countries. Consequently, the enhancement of agricultural
production to raise rural incomes and the reduction of crop failure risks are still the
main priorities, but on a sustainable basis.

In arid and semi-arid regions, irrigation development is still required in order to
achieve food security. Therefore, to achieve the continuous benefits from irrigation
projects, new or more intensive drainage systems will be needed to control waterlogging
and soil salinity, and to ensure the sustainability of production on irrigated lands. This
is especially the case in areas where irrigation water availability and water quality
decrease owing to urban, industrial and environmental developments (Croon and
Risseeuw, 2005). Drainage will also be required in order to reclaim salt-affected soils
and problem soils if new lands are needed for agricultural use. In already drained lands,
evaluation of the performance of existing drainage systems will also be needed in order
to determine the need for rehabilitation.

In addition, the installation of new drainage systems in the humid tropics is expected
in the near future. However, little practical experience is available in much of the
humid tropics. In these areas, crop diversification (through the introduction of dry-
foot crops in areas where rice fields are traditionally the major land use) will require
subsurface drainage in addition to the existing surface drainage facilities. Agriculture
intensification, by growing vegetables and tropical fruit trees, will also need subsurface
drainage in areas lacking natural drainage. If in irrigated lands drainage is closely related
to irrigation, in the flat areas of the humid and semi-humid tropics land drainage must
be a component of integrated flood management.

Environmental issues are becoming more important and, therefore, they should
be considered in the planning and designing of new drainage systems and in the
rehabilitation of existing ones. Water quality control mustalso be considered. Moreover,
opportunities for enhancement, reuse and protection of water are paramount for an
intervention for drainage to be considered successful and supported by stakeholders
and the community of concerned citizens adjacent to a project. When planning or
designing drainage systems, consideration must also be given to any other locally
important environmental matters, such as the protection and enhancement of wetlands
and wildlife habitats, and to matters related to community health.

These changes have brought concerns for the environment, and the recognition
of the important need to integrate users into the planning, design, operation and
maintenance process, and financing of the capital and recurrent costs of land drainage
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systems. In addition, it is necessary to integrate irrigation, drainage and flood
control with important agronomic, environmental and socio-economic aspects. Such
integration is intended to provide a proper balance between sustainable agriculture and
the environment in rural areas. With proper planning, drainage can also contribute to
restoring or maintaining environmental values.

In addition to the previously described changes, improvements in the technology
and methods applied in drainage development have been made as a consequence of the
experience gained and the research carried out in recent years. For example, computers
and computer-trained people are available even in remote rural environments, and
remote-sensing technologies are becoming adapted to identify waterlogged and salt-
affected areas.

NEED FOR GUIDELINES AND COMPUTER PROGRAMS FOR PLANNING AND
DESIGN

A land drainage project is frequently a component of another agricultural water
management project where drainage practices may be required, e.g. an irrigation
project. Then, integration of the different components of the land and water project
is especially essential. In the drainage component of such broad development projects,
the following phases may be distinguished:

»identification, characterization and priority ranking of the problem areas;

» planning and designing of the systems;

»implementation and control of the quality of the works;

»O0O&M;

» evaluation of the performance of the system.

Through this process, many essential decisions must be taken at different government
levels on proposals made by planners and designers.

This publication considers only the first two items, with the emphasis on the
technical aspects. Nijland, Croon and Ritzema (2005) provide guidelines for the
implementation, operation and maintenance of subsurface pipe agricultural drainage
systems, including the assessment of the quality of the installed works. FAO (2005)
has also published guidelines for selecting and designing the most appropriate drainage
materials (pipes and envelopes) for land drainage systems. A future FAO publication
will cover the evaluation of the performance of existing drainage systems.

Although up-to-date text books on land drainage exist, such as ILRI (1994), Skaggs
and Van Schilfgaarde (1999), and Smedema, Vlotman and Rycroft (2004), specific
and concise guidelines and user-friendly computer programs for drainage design
calculations (based on simple and limited input parameters) may facilitate the work of
field drainage engineers in planning or designing drainage facilities.

These guidelines are intended to serve as a tool for integrated drainage planning
and design, giving due consideration to sustainability, and to environmental and socio-
economic factors. Therefore, this publication is not a comprehensive handbook as such;
rather, it presents new guidelines and calculation tools developed under the current
land drainage context. It is oriented to engineers with previous drainage background.
Readers who might not be familiar with some background theory are referred to the
recommended handbooks and the references quoted in this publication.

IMPORTANCE OF FOLLOWING A PLANNING AND DESIGN PROCEDURE

The evaluation and integration of alternative solutions and comprehensive planning are
critical to the success of drainage projects. Drainage is only one part of the solution,
and careful consideration of potential alternatives is necessary where developing new
areas or improving existing agricultural lands. Comprehensive planning in a river basin
is critical, especially for large or numerous small projects. The drainage options should
be weighed carefully along with the other water management alternatives in order to
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achieve the socio-economic development and environmental protection desired in any
project area.

As there are many unknowns and assumptions in areas with little or no experience in
drainage, a flexible approach is required early in the planning and design process. This
is so that adjustments can be made as necessary in order to address unforeseen items
encountered during the investigations or design problems that develop as the construction
work is in progress. This means that, where part of the system has been implemented,
the assumptions should be verified systematically by monitoring and evaluation (M&E)
under the responsibility of a permanent institution. Where it is shown that the system
does not fulfil all the expectations, the design criteria or the methods applied can still be
adjusted before the remaining area is constructed. Thus, good design procedures will
result in efficient, cost-effective and easily implemented drainage designs.

In this way, experience is built up, which can finally lead to fixed design procedures
that are adapted to the prevailing circumstances. Such design procedures for drainage,
as well as for most civil works, are complex. In drainage design, it is important to
start with a well-prepared but flexible plan that is developed within a framework of
public participation and sound consideration of alternatives. Environmental, social,
economic, health and physical factors must be considered in preparing the designs.
The participatory procedures used in planning cannot be discarded during the design
process. They must be continued and made a part of the design procedure in order
to ensure a sound follow-up so that stakeholders are satisfied. The resulting drainage
water management system should be easy to operate and maintain in accordance with
the needs of the area.

SCOPE OF THIS PUBLICATION

The concept of this FAO Irrigation and Drainage Paper is to focus on the “what to do
and when” in the main text while including the technical details of the “how to do” in
the annexes.

Chapter 2 provides general information about environmental considerations that
should be taken into account in drainage projects in order to mitigate the unfavourable
impacts of drainage development on the environment and enhance the positive
ones. Chapter 3 deals with the socio-economic aspects that must be considered in
the planning and design of agricultural drainage systems. Chapters 4-8 address the
technical aspects.

In the planning and design procedure, different phases can be distinguished. These
range from the identification of the problem lands of an agricultural area and their
further characterization, to the assessment of the technical, socio-economic and
environmental feasibility of the systems planned to solve the waterlogging and salinity
problems. Once this feasibility has been confirmed, the design of the drainage works
can be completed. For these purposes, the first step in the procedure is the collection of
the necessary field information (climate data, topographic maps, soil and hydrological
data, etc). According to the specific objectives of the procedure phase, fieldwork is
done at different levels of intensity, and maps are prepared at different scales. Chapter 4
contains a description of this process.

Two complementary drainage systems are usually distinguished to control
waterlogging and salinity, where drainage is not adequately provided by nature and
by the existing watercourses: (i) individual surface and/or subsurface field drainage
systems to remove excesses rainfall or irrigation water from the individual fields; and
(i1) an open public main drainage system that collects the water from the field drainage
systems and carries it to an outlet. Both systems must be constructed or improved in
order to ensure adequate land drainage and soil salinity control.

The public main drainage system consists of an outlet for the drainage water (an
open connection, outlet sluice or pumping station) and a network of open channels to
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convey the water from the fields to this point. Without this main drainage system, field
drainage cannot work properly. For this reason, this main drainage system for rather
flat areas is described first in Chapter 5.

Where the soils are permeable enough, and water levels in the main drainage system
are maintained at an adequate depth, a wide-spaced drainage system may be sufficient
to maintain properly deep groundwater levels in the whole area. In some cases, the
main drainage system can provide the required drainage. However, even where the
normal groundwater level remains deep enough during wet periods, water may remain
on the ground surface or on poorly permeable layers at shallower depths, where it
forms perched water tables. Under these conditions, downward percolation can often
be improved by deep ploughing or subsoiling to break up hardpans and other types of
less pervious soil layers. In some exceptional cases, a single operation is sufficient, but
regular repetition is required in others.

If these measures are not successful, a field drainage system must be laid out in order
to remove this surface water. The same is the case where the main drainage system fails
to remove sufficient groundwater. Field drainage systems can consist of shallow open
waterways to remove water standing on the soil surface, or deeper drains to control
high groundwater tables and to discharge salts. The latter are usually buried pipe
drains.

Surface drainage systems are needed where soil infiltration rates are low and rainfall
or irrigation water ponds on the ground surface. Such low infiltration rates are usually
caused by the formation of a surface crust, to which some soils are very susceptible.
Stagnation of this kind is usually first noted in small depressions and at the lower
borders of irrigation basins. The problem can be reduced by smoothing the land to
remove small depressions and by providing the surface with a consistent non-erosive
slope for excess water to flow through furrows or shallow field ditches towards surface
drainage outlets. In very flat areas, bedding systems are applied to create strips with
less waterlogging in between furrows, which convey excess surface water to the ditched
field borders. Surface drainage water collected in these ways can be discharged through
protected points into the larger watercourses of the main drainage system. Such surface
drainage systems are described in Chapter 6, as are methods to estimate peak discharges,
which are needed to design the different components of the drainage system.

Deeper subsurface drainage is needed to prevent high groundwater tables that lead
to both waterlogging and soil salinization, of which the latter is the main consequence
of high water tables in arid environments. Waterlogging is caused by rainfall, snowmelt
and, in dry periods, excess irrigation water. The way its control is achieved depends on
the causes of the problem. Where the surface drainage system is capable of removing
excess water, but the groundwater table is still too high, the soil is not permeable
enough for sufficient flow to the surface system. This is a common feature in plains
and in some sloping lands, and it requires additional measures for field drainage.

Another cause of high water tables is seepage. This is the lateral movement of excess
water from leaky irrigation canals or from higher ground elsewhere, or the upward
flow coming from deep artesian aquifers. Such seepage can be controlled at the source
(e.g. by canal lining), on its way (by interceptor drains) or at the field itself (by drains
or wells). However, drainage of areas recharged by seepage is often difficult and costly.
In severe cases, it is usually better to leave such areas as wetlands.

Groundwater control can be achieved by open drains, buried pipes and wells. The
function of these hydraulic structures is to accelerate the removal of excess groundwater
and to maintain the water levels in the soil at such depths that they do not harm crop
production and soil workability. Moreover, they should provide sufficient downward
movement of water to prevent the capillary rise and subsequent accumulation of salts
in the topsoil and to evacuate the salt that has entered the field with the irrigation water.
The former requirement is dominant in humid areas, the latter in arid environments.
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The different methods of subsurface drainage have their advantages and
disadvantages. Buried pipes do not have most of the drawbacks of open drains, i.e. loss
of land, maintenance problems, obstruction of farming operations, and weed growth.
However, they need to be installed properly and maintained in good condition by
adequate cleaning. The frequency of cleaning depends on the local circumstances.
While some soils cause hardly any clogging of the pipes, other locations show such
rapid clogging (often by iron compounds) that the pipes must be cleaned each year.
This combination of soil properties and cleaning operations will lead to a certain
“maintenance status” varying from “excellent” to “poor”, depending on the degree of
clogging. Subsurface drainage with buried pipes forms the main subject of Chapter 7.

Public or individual vertical drainage systems driven by pumping wells can be used
to lower the groundwater level under special hydrogeological circumstances, i.e. a
good aquifer that has sufficient contact with the shallow groundwater. However, it is
only economic where the water obtained can be used for irrigation or for municipal
supply. Moreover, it has the drawback that pumping aquifers usually leads to unwanted
mobilization of salts from deep subsoil layers, which may subsequently cause salinity
damage to the environment. Chapter 7 also gives a short description of well drainage
and its consequences.

Finally, Chapter 8 describes the computer programs developed for calculating the
design parameters of subsurface drainage systems. These programs have also been
included in the CD-ROM accompanying this FAO Irrigation and Drainage Paper.

The annexes of this publication provide more detailed information, including
technical background and appropriate equations used in the computer programs.





