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ABSTRACT

SCHOOL OF CIVIL ENGINEERING AND THE ENVIRONMENT
Doctor of Philosophy

THE USE OF NUMERICAL GROUNDWATER MODEL TO IMPROVE
EFFECTIVENESS OF SUBSURFACE DRAINAGE SYSTEM IN IRRATED FIELD

By Edward A. Ampofo

The research demonstrates that Three-Dimension@ble-Density Groundwater Flow
models such as the SEAWAT model can be effectiuslgd for design of subsurface
drainage systems for controlling salt concentratiorthe root zone on salt affected
irrigated land. The SEAWAT model was used to optersubsurface drainage design to
ensure that the salt concentration of the grouneimattthe base of the root zone does not
exceed pre determined levels instead of the commaitapproach of maintaining the
groundwater at a predetermined water table lev€he study was carried out on a
conceptual uniform homogenous block of irrigated field of shallow water table depth
of 0.5 m and salt concentration of 7200 mg/l witipermeable layer at 20 m deep and
impermeable field boundaries. Using the model, isygggcwere designed to be used as
design criteria for subsurface drainage system amtain salt concentrations of 6000,
5000 and 4000 mg/l at the base of the root zonenatdr table depth of 0.8 m from the
soil surface. The results showed that over a wegsge of irrigation water quality and
aquifer hydraulic conductivity the optimum drainaspg using SEAWAT was,
depending on irrigation water quality and aquifgrdfaulic conductivity, wider by
between 3and 50 % and the amount of drain discharge retlbgel and 27 % than
would be recommended using conventional desigrations.

It was concluded that Three-Dimensional Variablexfy Groundwater Flow
models are better for designing effective drainagstems than Conventional drain

spacing design equations suchHa®ghoudt.
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Salt concentration/concentration:
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CHAPTER ONE
INTRODUCTION

1.1 General introduction

In semiarid and arid irrigated regions, waterloggooupled with soil salinity is a serious
problem (Sharmat al, 2000). While in a few cases natural drainagéesys can provide
an adequate level of drainage for salt contromany irrigated areas, artificial drainage
systems are required (Tanji, 1990, Rsaal, 1988). Without proper drainage systems,
salts tend to accumulate in the upper soil profiespecially when intense
evapotranspiration is associated with insufficieedching (Yeo, 1999). According to
experimental and field evidence, subsurface drain&g the essential intervention
necessary to maintain a suitable growing environnien crops (Sharma and Gupta,
2005). However, the efficiency of subsurface drgenaystems in controlling salinity is a
matter of debate.

Soil salinity poses a major problem for irrigategtieulture with the world’s irrigated
land being adversely affected by salinity resultirgn high water tables (Ghasseati
al., 1995; Taniji, 1990). On the global scale, it gimated that 20—-30 million ha of
irrigated land are severely affected by salinityd saanother 60-80 million ha suffer
salinity to varying extents (Hennessy, 1993). Ga#tsal (2002) observed that
waterlogging and salinity are age-old ‘nemesestrgated agriculture, and continue to
plague irrigated regions around the world. Wamh@l. (2008) in evaluating soil salinity
evolution and its relation to groundwater note @ingtticultural irrigation is the main cause
of a rise of the groundwater table and under irgeegapotranspiration, causes soil
salinization. The phenomenon of waterlogging andisa continues to be a threat to
land and water resources, posing a serious challemglobal irrigated crop production
and causing substantial economic losses (Post8; Ikanji, 1990). Amerzketa (2006)
observed that the mitigation and control of solinsy is one of the main challenges in
agriculture, particularly, where irrigation is uséitherefore, addressing this degradation
of the world’s most productive lands, while protegtthe broader natural resources base,
may prove one of the great challenges of the corygags.
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The issue of waterlogging and salinity is particylaacute in areas with extensive
networks of unlined irrigation canals, and also kehéhere is excess application of
irrigation water. Seepage losses result in highewtdbles which must be managed to
avoid increased secondary salinity in the root zmsellting from the capillary rise of
water. In many non-irrigated lands too, drylandrsz&tion occurs when rain water or
irrigation water from high land nearby irrigatioropects percolates beyond the root zone
into saline groundwater (FAO, 2002). This caudes level of saline aquifer of the
highland to rise, which if it reaches a level mohesizontally towards the adjoining low
lying dryland and causes the lowland water tablas® from which if evaporation takes
place will result in dryland salinization (FAO, 22)0

Salinity and drainage problems usually appear deaafter the commencement of
irrigation. This is because it takes time for tla#tssin the irrigation water to build up in
the soil to concentrations that damage crops. Stdzidrainage however has been a
remedy for waterlogging and salinization in agrictdl regions (Christen and Ayars,
2001). Raoet al (1998) when evaluating the impacts of subsurfdcgnage on
waterlogged saline area, observed that on avetage ts a decrease of about 36 % in
salt content compared with the initial value, atabdhe water table is controlled below
the root zone thereby bringing the soil to optimuomwisture content for crops. Sharma et
al. (2000) studied an 8-year impact of subsurfaeenedge on soil properties and wheat
yields in a severely affected, waterlogged, barsandy loamsaline soil in Karnal, India,
and noted that after a few years, sufficient sa$s wemoved from the root zone and the

land reclaimed sufficiently to grow most crops loé region.

To feed the growing world population, food prodantiwill need to be double in the next
25 years (Schultet al, 2005). The major part of this increase will hawecome from

investment in improved irrigation and subsurfacairtige practices in the existing lands
to both prevent land loss by salinization and briggsaline soils back into production
(Ritzemaet al.,2007; Schultzt al, 2005). Subsurface drainage systems in Pakistae w
designed using the conventional equations of Hoodhand Ernst (Sarwar et al. 2000),

and extensive subsurface drainage networks have ins&lled in Mardan District to
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control waterlogging and salinization from canaigation and monsoon rains (Khan et
al.2002). Khan et al. (2002) noted that the sulasearfdrainage systems had lowered
water table considerably to allow adequate aeratidhe active root zone. This approach
if correctly designed will prevent salinization #@slimits capillary rise of potentially
saline water into the root zone. However, onceetlieequilibrium, field drain discharge
is often of relatively high quality water often hgionly little worse than the irrigation
water quality itself. It is therefore inherently staful of water. A lot of research has
taken place to modify the conventional subsurfaeéndge systems in order to improve
efficiency (Ritzemaet al, 2007). In Egypt, the layout of the conventiofi@e-flow
subsurface drainage system has been modified taatrolled subsurface drainage
systems’ and this has reduced drainage loss by 40efo (ElI Atfy et al, 1991).
Controlled drainage systems have water controlcgtras such as a flashboard rise
installed in the drainage outlet to allow the watethe drainage outlet to be raised or
lowered as needed (Evamt al 1991). Investigations into the controlled dramag
systems show that it has the potential to maintid even increase yields while
increasing irrigation water use efficiency by 1326 % (Wahbaet al 2005). Similar

results are found in controlled drainage experiméntndia (IDNP, 2002).

According to various studies, the design crited@éscharge rate) of the conventional
drainage system are too conservative and can he&eeddor modified (Ritzemat al
2007). In Egypt, modifying a design discharge rated.9 mm/d from 1.0 mm/d was
sufficient to cope with the losses of irrigationtaeraand maintain favourable soil salinity
levels (Dayem and Ritzema, 1990). In India, studibewed that the original design
discharge rate for salinity control of 2.0 mm/d lcbibe reduced to 1.0 - 1.5 mm/d and get
the same result (Ritzemat al, 2007; RAJAD, 1996). In Pakistan, field monitain
programmes and computer simulations indicate thatfield drainage design discharge
rates could be reduced from an initial value of @rB/d to 1.5 mm/d (Wolters, 2000) to
get the same results. There is therefore considenaditential to increase water use

efficiency and reduce wastage of scarce water.
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For conventional shallow subsurface drainage systahying on drain depths of 1.75 m
— 3 m, Gupta (2002) suggested that the depths eaaduced or modified as long as the
downward flux is guaranteed at critical periods.céwing to studies, a design
groundwater table depth of 0.8 m proves sufficfentcrop production in Egypt (Dayem
and Ritzema, 1990), and this can be achieved waindlepth between 1.2 and 1.4 m
deep compared to 1.7 m or more (Nijland, 2000)Intia, Ritzema et al. (2007) and
Srinivasuluet al. (2005) noted that under gravity flow conditiomlsain depth can be
reduced to 0.9 — 1.0 m. In Pakistan, the desigmthdegmn be reduced from 2.25 — 2.40 m
to 1.50 — 2.10 m (Qureshi et al., 1997). Howevess¢hsystems were designed to only

provide a given water table level given the prergikoil conditions.

The development of drainage design models has ntagessible to quantitatively
investigate the performance of drainage systemsaiar table control. While this was a
primary goal of drainage research some years &@®,no longer sufficient. Currently,
the effect of subsurface drainage on salt loadrobim the root zone with minimum
irrigation application is of equal or greater imfamce for crop production (Christen and
Ayars, 2001).

1.2 Objective:

When irrigated soils become saline, the widely usethod for controlling salinity is to
install a pipe drainage system or pumped-well tepkthe water table below a critical
level to control capillary rise (FAO, 1997). Thisa proven approach. The problem is it
removes large volumes of irrigable quality waterickihoften contains negligible
guantities of salt. Christen and Skehan (2001)omaring salt discharges from shallow
(0.7 m) and deep (1.8 m) drains noted that thd@halrain discharge was only slightly

worse quality than the irrigation water.

In hot dry climates, and for most crops, evapogaation is more than capable of
controlling water table levels. In a six year bmdage study in Indira Ghandi Nahar
Project (IGNP), India, Heupermaat al, (2002) examined how trees could be used to

remove excess soil water through evapotranspirafibay observed that the total volume
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of water removed by trees from a 25 hectare ireigatrea of over a six year period was
517 x 10 m® equivalent to an annual rate of 3.5 m/yr. Theyedoagain that the

drawdown of the groundwater was about 15 m or mbnerefore a drainage system that
focuses more on salinity control than on waterdatantrol is worth considering since
evapotranspiration could feasibly control the wagdrle especially in arid and semiarid

regions.

There are several models available to study theemewt of water and salt in the soil
profile (Ali et al. 2000). Most of these models baween developed to design subsurface
drainage systems by using the conventional draieagations that mostly consider only
the gross amount of water removal from the soilfilroThese conventional design
practices for subsurface drainage have been bastdtmeed to achieve a specific water
table that ensures minimal movement of salt inte thop zone. The conventional
approach is to apply the design drainage equatiaraliculate a drain depth and spacing
that will provide a design discharge rate for acHfpewater table depth (Guitjeret al.,
1997). As a result, drainage is often from deptkf telow the root zone, removing salt
from deep within the soil profile. Christen and Aya(2001) noted however that
removing salt from deep within the soil profile da@ot assist in maintaining a root zone
salt balance. This has called for the need to itegiieinage design criteria so that it
would be targeted more towards salt control rathan only water table management

especially where there is improved irrigation dasig

The main objective of this study is to assess e af a numerical groundwater flow
model that simulates water and salt movement irsthieprofile, as a tool to design drain
spacings that can maintain salt concentrationeabtise of the root zone with less water

discharge.

Specific objectives performed were:
(i) To assess the applicability of the numericalugdwater model to irrigated field as a

subsurface drainage design model.
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(ii) To assess the capability of the model to sateildrainage flow and leaching in
irrigated aquifers.

(iif) To use the model to design drain spacing taat maintain desired salt concentration
at the base of the root zone with less discharderves compared with conventional

drainage design equation.

1.3 Scope of the study

Chapter 1 provides the background and detrimenttdcte of waterlogging and
salinization in irrigated agriculture, and the nefnt new approach of designing
subsurface drainage to maintain salt in the rooezmase. Chapter 2 provides theory of
groundwater models in general, reviews some groatetwmnodels used for subsurface
drainage design and discusses the choice of theABHAmodel for use in the study.
Chapter 3 assesses the applicability of SEAWAT rtmated field as a subsurface
drainage model, matching the simulated mid-draitewsable heads with mid-drain
water table heads obtained by solution of Hooghsigteady state equation, evaluating

equipotential lines and salt concentration distidouin the aquifer.

Chapter 4 discusses the model’s simulation of dsparcing effect on drainage flow and
leaching with and without evapotranspiration an@ #iffects of changing applied
recharge concentration. The performance of the moaigh different aquifer
permeabilites was also assessed. Chapter 5 comfstinsates of drain spacings that can
maintain the desired salt concentration at a watde depth of 0.8 m with less irrigation

water for different aquifer permeabilities unddifetient evapotranspiration rates.

Finally, Chapter 6 presents additional generaludisons and conclusions, and makes

recommendations for further studies.
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CHAPTER TWO

BACKGROUND AND LITERATURE REVIEW

2.1 Introduction and context of research

This review identifies the need to leach salt frtme soil profile and considers the
different type of drainage systems that could lElu$he chapter discusses the theory of
groundwater flow and solute transport models inegain reviews the use of the WAVE
model, the SWAP model and the DRAINMOD model used gubsurface drainage
design. It discusses the merits of the SEAWAT mddetlesign subsurface drainage

system to target salinity control rather than wédbte control.

Increasing crop production to meet the requiremehthe world’s population will put
great pressure on global water resources (WalladeBatchelor, 1997). To sustain crop
production, water must be always present in the and this can only be achieved by
using irrigation, rainfall or shallow groundwatefgriculture is by far the largest
consumer of fresh water, accounting for aroundetuearters of the entire fresh water
use (Shiklomanov, 1991). According to Letial. (2005), about half of the world’s land
surface is dryland and can only be made produdiwvesing irrigation. Unfortunately,
the productivity of many existing irrigated areasin decline due to a combination of
technical, economic and institutional factors. Ridly the greatest technical cause of the
decline is waterlogging and salinization of thel,sespecially in arid and semiarid
regions (Jenseet al, 1990).

2.2 Salinity

Salinity refers to the presence of salts in théssamnd/or surface water and groundwater
resources. According to Natural Resources and WHhitekV) (2006), the term is used to
describe the presence of elevated levels of satts as sodium chloride, magnesium and
calcium sulphates and bicarbonates in soil andrw&medemaet al (2004) noted that
all rocks contain salts and when these salts demaged and remain in the soil during

weathering then it is termed primary or residudihggg. According to them, most excess
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salts are leached during the weathering processhbeypercolating water and may
precipitate at lower depth or continue in solutaowd end up in the rivers. In irrigation
projects in arid and semiarid regions, the saltuamlate to a level where it restricts
plant growth. Such soils are termed saline (Chhabe®6; Smedemat al 2004).
Chhabra (1996) defines saline soil condition a$which saturation paste extrathas

an electrical conductivity more than 4dS/m, pH lkss 8.2 and an exchangeable sodium

percentage below 15 and contains very little orgamatter, less than 1 %.

In addition, there is also secondary salinity whidually results from accumulation of
salts in the soil when these salts were transpdotidide area by irrigation or capillary up-
flow of water from shallow saline groundwater (Smethet al., 2004; Junior, 2000).

This usually happens when there is impeded draimagbe soil. The secondary soil

salinization tends to occur if the groundwatereaides above a certain critical depth.

High soil salinity is a serious worldwide environmi& issue reducing the overall soll
quality and thus limiting crop growth and yield {Adt al., 2000; Liu et al, 2005).
Yurtsevenet al. (2005) observed a decrease in water consumptiotornatoes with
increase in salinity levels. Dixdt al. (2004) observed that the yield of wheat fell from
4.53 T/ha to 2.36 T/ha as the soil salinity roser0.25 dS/m to 1.63 dS/m. They also
reported reductions in leaf area, stem growth, mctated intercepted radiation and
radiation use efficiency in wheat. Gutierrezal. (1993) noted that the emergence and
root growth of rapeseed (Brassica napus L) werayedel when soil salinity levels
exceeded 6 dS/m.

2.3 Irrigation and agricultural production

One of the primary objectives of agriculture ispimvide food and fibre for mankind.
These needs rise as the population increasesdém tor maintain the present level of
food intake, the population growth rates requirdramease in agriculture production of
about 40 to 50 % over the next 30 to 40 years (FFED2).

Saturation paste extract: Is solution extractednira fully saturated 1:1 soil/water paste to assesib

salinity in the laboratory.
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Growth of crop production can come from increasearable land, cropping intensity
and yield per unit area of cropped land (FAO, 198&pout two-thirds of the increase in
arable land is expected to come from an expansfoimrigation (FAO, 1992). FAO

(1992) states that the increase in food produatieeded in developing countries must

come primarily from existing cropland, mostly iratgd land.

Irrigation has already played a major role in imsiag food production over the years
(Jenseret al, 1990). According to FAO (1992), about three-tgsar of the irrigated land
is presently found in developing countries. In theountries, almost 60 % of the
production of major cereals is reliant on irrigatidrrigated land presently accounts for
about 16 % of the world’s agricultural land (Post93 and yields about 36 % of the
world’s food (FAO, 1988).

Expansion of irrigation is needed to meet the foedds of the population. However, the
present rate of irrigation expansion has slowed @meng others to waterlogging and
salinization (CAST, 1988; FAO, 1988). Massoud (19d6served that more than 50 % of
the world’s irrigated lands are affected by secopdsalinisation, sodicity and/or

waterlogging. According to FAO (1992), 0.3 — 0.5 &l arable lands are being lost
annualy due to soil degradation. The prime objectior agriculture in saline and

waterlogged soils is to reverse the flux of wateoider to promote leaching and control

of the water table to provide adequate aerationraotddevelopment.

2.4 Drainage

Drainage here refers to agricultural drainage systéDrainage describes the removal of
excess water and/or excess soluble salts from dilepsofile in order to maintain
groundwater and/or salinity at a desired level I et al., 2005; Zucker and Brown,
1998; Bos and Boers, 1994). Drainage plays an gabkasie in food production in humid
regions where rainfall exceeds evaporation andrid and semiarid regions where
irrigation water has contributed to waterloggingl esecondary salinisation (Nijlaret
al., 2005). Hoffman (1985) observed that for productivigated agriculture to continue,

adequate leaching and drainage is necessary toveesait left in the root zone after
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irrigation. Tanji (1990) noted that drainage systiesme required to prevent waterlogging
and salinisation of root zones because naturahaga capacity of soils are often not
sufficient to remove enough water to maintain ataiglp condition. He observed that
Indian civilizations in Peru and in the Salt Rivegion of Arizona were destroyed by
accumulation of salt in the soil profile due to paoainage and soil salinisation. Nijland
et al,.(2005), however, observed that large parts oftiegysagricultural lands still suffer

from inadequate drainage and/or salinisation. rfeéigR-1 shows the proportion of
agricultural land drained worldwide. It is notedttout of the 1500 million hectares of

irrigated and rainfed cropped lands, only abou®d ®f the land is provided with some

form of drainage.

14%

73%

Area

(million ha)
Mo irigation and drainage 1100
I Drainage (rainfed) 130
Irrigation 210
P Irrigation and drainage 60
Total 1500

Source: Nijland et al, 2005
Figure 2-1: Worldwide cropped lands equipped withvidghout irrigation and/or drainage

system
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2.5 The need for subsurface drainage

Drainage improvements can be achieved by usingregarface or subsurface drainage
systems. Surface drainage is intended to removesexaurface water from the land and it
influences the water table by reducing the voluniewater entering the profile.
Subsurface drainage systems are intended to remexmass water from within the soil
profile and this in turn reduces surface watersTihibecause the drains lower the water
table and increase the available soil storagegbyemcreasing infiltration (Wisler and
Brater, 1949). Figure 2-2a shows the state ofcalitiral land before the introduction of
drainage system. It is seen that when drainagemsystas introduced (Figures 2-2b and
2-2c), the water table is lowered leading to thbssguent removal of the ponding in
depressions previously on the land. It is, howewbsgerved that the water table in the
subsurface drainage system (Figure 2-2c) is lowan tthat of the surface drainage
system (Figure 2-2b). This means that the subseirfrainage system removes larger

volume of water and hence salinity from the sodlfje than the surface drainage system.

Water ponding

Soil surface
Water table

Saturated zone

Figure 2-2a: No drainage system: Water table nahssrface and water ponding in
surface depressions

11
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Surface drainage
system (ditch)

Soil surface

Saturated zone Water table

Figure 2-2b: Introduction of surface drainage systé/ater table lowered, unsaturated
root zone created

Soil surface
Subsurface drain pipes

Unsaturated root
zone

Walter table

Saturated zone
Figure 2-2c: Subsurface drainage system introdud&der table lowered, larger
unsaturated root zone created.

Source: Zucker and Brown 1998

12
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FAO (1997) noted that the salt content of watewita over the surface of soil changed
very little even where there was a visible salstrChristen and Ayars (2001) observed
that irrigation induced salinity is generally cadd®y shallow saline water tables rather
than the application of saline irrigation water esgplly when the applied water had a
very low salinity (E& 0.4 dS/m). Because water is becoming increasiagéyce, and
irrigation continues to account for about 75 % atev withdrawals worldwide, improved

standards of irrigation design and managementdiceswater use have been

l l l l Rl l l l Soil surface

water table

d * rain“with
h radius,r
I s I s
gl

Impermeable layer

Figure 2-3: Schematic representation of homogersmilsunderlain by an impervious
boundary that is drained by parallel equally pladexins, two of which are shown.

where:

D = depth of impermeable layer to water levelha train (m)

de = (equivalent) depth of fictitious impermeabledayo the water level in the drain (m)

d = depth of water level in the drain to soil suggm)

H = height of water table midway between the drémys

h = mid-drain (or piezometric) head = height oftevaable midway between two drains
(m)

R = rainfall or recharge (m/s)

g = R =discharge (m/s)

Lgr = drain spacing (m)

r = drain radius (m)

13
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investigated (Kibaroglu, 2002; Mandava, 1999; Rareil988). Christen and Ayars
(2001) noted that, based on irrigation and managem®rovements, subsurface design
should be targeted more towards salinity contr@nttwaterlogging. For this study
therefore, subsurface drainage systems are coaditbecause land that depends heavily
on irrigation requires subsurface drainage systenpsevent the harmful build up of salts
(Ward and Timble, 2004; Zucker and Brown, 1998).

The problem of subsurface drainage was investigate@arly as 1862 using different
lines of approach (Hathoot, 2002). The philosophyubsurface drainage system has
generally been based on maintaining a mid-drainewédble below a critical depth
(Ritzema, 1994). This critical depth has been @&lifrom field studies of capillary
upflow from a static water table, under conditiasfslow evaporation (Christen and
Skehan, 2001). Conventional subsurface drainaggrdekerefore considers only the
effect of subsurface drain spacing and depth oniaer table as shown in Figure 2-3.
According to Guitjenset al., (1997), the assumption that flow to drains ocaunly as
saturated horizontal flow coupled with its steathtes assumption has simplified the

mathematical analysis, over more realistic traridiew analysis.

To achieve the objective of controlling the watablé, many investigators have
developed equations for designing subsurface dyain&ome of these equations
include:-

a) The Hooghoudt/Donnan equation which is giver\cas;A'K (Ritzema,

1994) 2-
where, K = Saturated hydraulic conductivity (m/s)
For definition of other symbols, see Figure 3,
8Kdeh — 4K h?

(Lar)
(Smedemat al,. 2004; Ritzema, 1994) 2-2
Symbols are defined in Figure 2-3

b) The Hooghoudt's steady- state equation whiaiven as; q =

14
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4K (H )

ﬂ_dr
2003). 2-3
where,

sinz(2H —r)/La]| .2, | Insinh?(22nZ/ Lar)—sinp?(ar / Lar)
f =2In _ —2Y (-1 = _
sinh(zr / L) n sinh?(2nZ/ Lar)—sinh?[z(2H —r)/ La |

¢) The Kirkham equation, given ag;= (Wiskow and van der Ploeg,

and Z = D + d is depth of impervious layer below #oil surface (m), and n is porosity
of the aquifer.
All the other symbols are defined in Figure 2-3

There are other drainage design equations liketERishards, Bousinesq and many
more found in Smedene al.,(2004), Van Der Ploeegt al.,(1999) and Ritzema, (1994)

which have been used in several drainage desigrelsiod

The Hooghoudt steady state equation has been widely for drainage design and is the
basic design equation used in the DRAINMOD modé&k(f§)s, 1980). Other subsurface
drainage design models that use the Hooghoudtysttate equation include the WAVE
(Water and Agrochemical in soils, crops and Vadaseironment) (El-Sadelet al.,
2001) and the SWAP (Soil Water Atmosphere Plardh (@am et al., 1997). El-Sadek
al., (2001) computed drainage discharges of the DRAINIMI@Ghe WAVE and the
SWAP models and concluded that all the three mqut®rm equally well in relation to

the observed discharge (Details of these modeltarel in section 2.8).

In all approaches of the conventional subsurfaedge designs, the water table height
midway between the drains has been the focus efést since this is the highest point of
the saturated zone and the area of major concersality control (Guitjenset al,
1997). Based on the use of the above equationgypieal standard drain spacings and
depths for different soil types for rainfed agricwé are as shown in Table 2-1. However,
these approaches only consider the gross amowmatef removed, and do not consider
the flow path and the quantities of salt left i thoil profile. Numerical groundwater

flow models coupled with salt movement models wodde that potential to provide

15
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improved drainage designs for salt control in thetrzone that could result in wider
spacing and hence reduced cost while at the sameeusing less water than conventional

drainage designs.

Table 2-1: Standard drain spacing and depth

Solil type Soil permeability|  Parallel Drain Spacing (m) for | Drain depth
Fair Good Excellent (m)
drainage drainage drainage

Clay loam Very low 21 15 11 0.91-1.07

Silty clay loam Low 29 20 14 1.00 - 1.07

Silt loam Moderately low 40 27 18 1.07-1.23

Loam Moderate 61 43 29 1.12-1.31

Sandy loam Moderately high 91 64 46 1.22 -1.37

Source: Write and Sands (2001)

2.6 Theory of groundwater model

Groundwater models may be used to predict the tsftdchydrological (like groundwater
abstraction) on the behaviour of the aquifer. Themelels’ calculations are based on
mathematical equations, often with numerical (apipnation) solutions; they are,

therefore, called numerical models (Haitiema, 1995)

For the model calculations, the following are nee@ushton 2003):

(a) Hydrological input and is usually inflow into theufer or the recharge, which
may vary in time and in space.

(b) Hydraulic parameters which usually concern the maygroperties used in the
model that are more or less constant with time \@artable in space. These
include topography, thickness of soil layers andirtlinydraulic conductivity,
porosity and storage coefficient, dispersion arfiision coefficients.

(c) Initial and boundary conditions which relate todksy pressure and hydraulic head
on the one hand (head conditions), and groundwatdrarge, discharge, inflow

and outflow on the other hand (flow conditions)

16
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The numerical groundwater model used for the siady combined groundwater flow
model and solute (salt)-transport (hydrodynamipelision) model into a single model. A
groundwater model can be defined as being a sieglifersion of the real groundwater
system (de Ridder and Boonstra, 1994). A groundwitde model solves groundwater
flow equation whilst solute (salt) transport modelves solute (salt)-transport equation.
Groundwater model describes the flow and/or thenisal characteristics when
appropriate assumptions and constraints are mageovides the representation of the
system, the relationships between the various coemgs, and between the system and

its environment.

2.6.1 Groundwater Flow Model

The general governing equation of groundwater flovd-Dimensional, Cartesian form

for time variant flow in an isotropic nonhomogengoporous medium is given by

Manguerra and Garcia, (1997), Bear and Verruij89@), and Rushton and Redshaw
(1979) as:

i(Kxa—hj+i Kya—h +2(Kza—hins: SO@ 2-4
OX ox) oy oy) oz 0z ot

where,

K = Ky,= Ky= ,K; = hydraulic conductivity (m/s) along the x, y, anctoordinate axes
respectively.

h = h(x, y, z,) = total piezometric head (m)

Qs = source or sink term & and is the volumetric flux per unit volume of i#gqu

t = time (s)

S, = specific storage or specific yield ¢nof the porous medium

X, Y, z = principal coordinate axes

Initial and boundary condition
Initial head, also known as ‘starting head’ is ti@ad (usually at time, t, = 0) specified at

the beginning of the firdtme-step. For a numerical groundwater flow model, a head

2Time-step is the length of time taken for the datn for head (or salinity) at each cell node

17
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distribution at the beginning of each time-step réguired to calculate the head
distribution at the end of that time-step. For edéiohe-step after the first, the head
distribution at the start of one time-step is spiat to the head distribution at the end of

the previous time-step by the model (McDonald aadddugh, 1988).

The initial condition in general form is thus givas:-
hxvy,zt)=bXxy,z 0) forall x,y, €D 2-5
where:
h (X, y, z, t) = hydraulic head (m)
ho(X, v, z,0) = a known initial head (ie specifieella at time, t = 0) (m)
X, Y, z = principal coordinate axes
t =time (s)

oD = boundary of considered domain (ie flow region)

Boundaries are the representation of physical featwf groundwater systems (like
streams, drains, recharge, etc) that have effecthe head in and flow of groundwater
into the considered domain. The boundary conditicasd their mathematical

representation depend on the nature of this effidet. boundary conditions express the

way in which the considered domain interacts wghrenvironment.

To obtain a solution to the groundwater flow equmtiit is a mathematical requirement
that boundary conditions be specified along the@ebbundary of the domain. In solving
for groundwater flow, however, the boundary comait are not simply mathematical
constraints; they generally represent the sourodssanks of water within the domain
(Reilly, 2001).

Boundary conditions are grouped into (Franke e2@01):-

a) Specified head (Dirichlet) boundary conditionl amathematically is expressed as:
h (x,y, z, t) = constant 2-6

18
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b) Specified flow (Neumann) boundary condition amathematically given as:

Ko h(x, v, z, t) = constant 2-7
om
c) Head- dependent flow (Cauchy) boundary condidind is given as:
Ko h(x, v, z, t) +ch = constant 2-8
om
where:

h= head in the model domain (m)
o = directional coordinate normal to the boundary (m

C = constant.

For the groundwater flow model used for the studgharge is represented as specified
flow boundary condition; river, drain and evapospination are all represented as head-

dependent flow boundary conditions.

Sources and sinks

Accurate information about the sources and sinkhiwithe aquifer is essential for
developing groundwater models. Sources and sink®ither be areally distributed or be
point sources or sinks. Sources are rechargesthetaaquifer through infiltration of

irrigation or rainfall. There are a variety of metls for estimating recharge (Collis-
Geirge, 1977; Howard and Lioyd, 1979; Gad¢al., 2002). Rainfall or applied irrigated
water minus direct runoff and evapotranspiratiorassumed to infiltrate into the soil.
Detailed equations for sources and sinks for atpiége provided by McDonald and
Harbaugh, (1988).

2.6.2 Solute (Salt) -Transport Model

A solute (salt)-transport model predicts the changesolute mass storage in an aquifer
due to advection, dispersion, sink/sources, andnida reactions. The governing

equation for 3-dimensional salt-transport in gromatér is (Zheng and Wang, 1999;

Manguerra and Garcid997):
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0 o (.. 8C) 0
2 6C)= 2| 0Dix < |- 2 (oviC) £ gs + R 2-9
%) 0Xi( "kax,-j g ViC) £ e+ R

where,

0 = volumetric water content (-) or porosity of thebsurface medium
C = salt concentration (kg

t = time (s)

D = hydrodynamic dispersion tensor coefficientgm

Qs = source or sink flux per unit volume of aquifst)(

C' = sink or source salt concentration (Km

Rn = chemical reaction term

X;j = distance along the respective Cartesian coom et (m)

vi = linear pore velocity(mY; and it relates to Darcy flux as q#
qC' = the rate of quantity of salt added or remopedunit volume of aquifer (kgfis™)

i,j, k= position of cell in the X, y, and z diteans respectively (-)

4(6C) is the rate of quantity of salt per unit volunfesoil (kgm>s™), and is the change in
ot
mass of the solute storage in the aquifer.

0 (6D;; 0C) (kgm®s?) is the dispersion term that describes the spneaafi the solute over
OXi 8Xj
a greater region than would be predicted solelynftbe average groundwater velocity

vectors due to mechanical dispersion and molecdi@iusion. It is expressed
mathematically as (Zheng and Wang, 1999):

0 (8D 6C) = 0 (BD;; 0C) + 0 (6D; oC) + 0 (6D; oC) 2-10
OXi oXj OX oy oy 0z o0z OX

Dj, known as hydrodynamic dispersion coefficienf{Hy is the sum of mechanical
dispersion and the molecular diffusion coefficienthis is expressed as (Bear and
Verruijt, 1990; Berner, 1980):

Djj = D+ D* = [arV +(ar- ar) ViVj/V] + Dg* / T2 2-11
where,

Dm = mechanical dispersion coefficient6n)

D* = molecular diffusion coefficient (fs™)
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a. and ar = longitudinal (m) and transversal (m) dispersdgt respectively. They
describes the effects of soil heterogeneity on @eiclal dispersion along the flow of the
fluid, andor describes the effects perpendicular to the flod/they are dependent on the
size of the study area (Langevin, et al., 2004).

V = average velocity of the flow (s

Vi, V; = velocity of flow along the principal axes of pésion (m3)

Do* = molecular diffusion coefficient of the salt free-water (rfs™)

T = tortuosity (-)

0 (6viC) (kgmi®s?), is the advection termah describes the transport of miscible solute at
8Xi
the same velocity as the groundwater flow. Thiexpressed mathematically as (Zheng

and Wang, 1999):

0 (6viC) =2 (K@ h)C+ 0 (Ky 0 h)C + (K0 h)C 242

OXi OX O0X oy oy 0z oz

The sink/source terms@’, represent the salt mass entering the aquifeugfm a source
or leaving the aquifer through a sink. Solutes mmgethe flow fields by dissolution of
minerals from the main domain are not treated asghgart of the source term but rather
as part of the chemical reaction term, Rn, in Egua2-9. The Rn is viewed as ‘internal’
sink or source which represents the change inesohaiss storage caused by the change
in transient groundwater storage, and it does aose mass to leave or enter the model
domain. Sinks or sources can be either areallyiloiged or point. Areally distributed
sinks or sources include recharge from infiltratedgated water or rainfall, and
evapotranspiration. Point sinks or sources inclug®ps, drains, and rivers and constant-

head dependent boundaries.

2.7 Numerical Analysis of Groundwater Model

Numerical groundwater models can be used to sdhee rton-linearity and spatial

variation problems which are usually oversimplifiedeven neglected when equations
are solved analytically (de Ridder and Boonstr&4)9Except for very simple systems,
analytical solutions of groundwater equations aaeely possible (McDonald and

Harbaugh, 1988; Kabat and Beekma, 1994). The patiierential equation of the
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groundwater model can be solved by numerical appraton. The two best known
methods are finite-difference and finite-elementthods. For this study, the finite-

difference method is adopted because of its sintypBnd flexibility.

2.7.1 Discretisation

The aquifer system described by the groundwatereimedlivided into a mesh of blocks
called cells by two sets of parallel, orthogonaé$ and vertically by parallel, horizontal
planes so that each cell formed by the discretisgtirms a rectangular block (Figure 2-
4). The locations of the blocks are described im$eof rows, columns and layers and an
indexing system i, j and k are used to identifyihgm. In the model the assumption is
that the row, column and layer directions are dedralong the x, y and z coordinate axes
respectively. With the Cartesian coordinate systtma, width of the cells in the row
direction is designatedr;; the width of cells in the column direction is @gmtedAc;
and the thickness of the cells is designated(Figure 2-4). The subscripts j, i, and k

indicate the number of the column, row and layspeetively.

The fixed grid system model is based on the blakred formulation that places a
discrete node at the centre of each cell (Figus¢. Z-he partial derivatives of the model
are replaced by terms calculated in space andftonethe differences in hydraulic head
or concentration at these points. These lead tteisysof simultaneous linear algebraic
difference equations whose solution yields valuesiead or concentration at specific
nodes and times. These values constitute an appati®n to the time-varying head or
concentration distribution that would have beeregiby an analytical solution of the

partial equation of the flow or solute transport.
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Figure 2-4: Discretisation of an aquifer systemhvaéll dimensions
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2.7.2 Finite-Difference Approximation

The development of groundwater equation in finifeecence form follows the

application of the continuity equation. The madatee for a node, i, j, k and six

adjacent nodes, i+1,j,k; i-1,j,k; i,j+1,k; i,j-1,kj,k+1and i,j,k-1 of a 3D grid system is

expressed in algebraic form as:

Az ™+ Asspdh™ s+ Ajash™ ik + Ajeoxh™ sk A

+ Ajieth™jkes + ALK Atk - Aijrk - Aijeik - Ak Aijres + RCij)h ik

= - SSjx N'AXAYiIAZIAL - Qjk 2-13

where:

A = conductance (Ad™) and is the product of hydraulic conductivity ardss-sectional
area divided by the distance (length offtbv path) between the nodes.

RCijk = Pjk - SSjkAXAyiAz/At ( nfs™) and is a flow into the cejk from external

features or sources such as rivers, wells, arérrge.
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P.jx = conductance controlling the flow from sink omusme the external sources to the
celljx (m’s?)

SS;x = specific storage of cell i, j, k (fh

AXjAyiAzy = volume of cellx (m°)

At = time step interval (S) = t+1 - t

Q.jx = sink or source flow rate @(s') that is independent on head of cell i, j, k

t = old time-level with known head (s)
t +1 = new time-level with unknown head (s)
h = hydraulic head (m) of cell i, j, k

Equation (13) can be expressed in the generalxrfatrn as:

[Al{h} ={a} 2-14
where:
[A] = matrix of the coefficients of head at time step for all active nodes in the mesh
{h} = vector of head values at the time step t+1

{q} = vector of terms at right hand side of Equati®14)

For the salt transport equations, the algebraiatopus are expressed as:
t+1 t+1 t+1 +1 t+1
g jk C itk + Qistjk C etk +0tijak C ik Foljerk C ek + tijker Clijker
+1 t+1 - t
+ otijier C hjker + atijk Cjk = aijk Cijk + CsAt 2-15

where,o = (D + q)AX Ay Az

2.8 Subsurface drainage models

Many subsurface drainage models of varying degoée®mplexity and dimensionality
have been developed to quantify the basic physiodl chemical processes affecting
water flow and salt transport in the root zone (@iek and Bradford, 2008). These
models have been used for wide range of applicaiiomesearch and the management of

natural subsurface systems.

The selection of subsurface drainage models foctipel purposes involves several
considerations. One of these is that the modeki$ tested and widely used. Among the

numerous models mostly applied in the world include
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2.8.1. The WAVE model

The WAVE model (Water and Agrochemicals in the,smbp and Vadose Environment)
(Vancloosteret al, 1995) is a process-based, deterministic, nuaeaad integrated
model that simulates the movement of water andrdresfer and solutes in the soil-crop
continuum. The modules in the WAVE model simulateoag others the flow of water
and the transport of reactive and non-reactivetsslun the soil. A detailed description of
the modules of the WAVE model and the soil procesbat the model can simulate is
found in Vancloosteet al. (1995). In addition, the WAVE model simulatesela
subsurface drainage flow to drains when a draireg®rogram is integrated in the
model (El-Sadelet al, 2001). The WAVE model was developed for temperatgons
(Vancloosteret al., 2000; Vereeckemet al., 1991), but has been successfully applied in
semiarid Mediterranean regions (Fernandeal, 2002) and tropical regions (Duwej
al. 2003).

The WAVE model calculates the soil water flow peritutime using the Richards
equation based on Darcy’s law. The drainage comparfehe model uses Hooghoudt's
steady-state equation (Equation 2-1) to calculaadtainage flux (El-Sadedt al, 2001).
The equivalent depthd(m) in Hooghoudt's equation is determined asrafion of the
depth of the impermeable layer below the drain bAs@n), drains spacing,qL(m), and
the wet entry perimeter of the drain, u (m) angiven as:

For D< 1/Ly::
do = D
8D InL +1 2-16
7l gr u
For D> 1/Ly:
L
de: Tlldr
g In Lar 217
u

The WAVE model has been tested and successfully insdifferent fields including the
analysis of flow behaviour in controlled laborata@yperiments (Mallantst al, 1996),

field experiments (Droogelt al., 1997) and regional scale assessments (Vanclostster
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al., 1995). However, El-Sade&t al (2001) in comparing WAVE simulated drainage
discharge with DRAINMOD and SWAP models concludéattWAVE provides a
relatively less accurate estimate of the dischaRgspite the successful use of the
WAVE model in different areas, its usage for drgmaystem focuses mainly on water
table control (El-Sadeét al, 2001) not on salt control.

2.8.2 SWAP model

The SWAP model (Soil Water Atmosphere Plant) (vam2t al, 1997; Kroeset al,
2001) is a numerical one dimensional model thatukites among other things, water
flow, solute movement and drainage flow in the podfile. SWAP is a modification of
SWACROP which was itself a combination of a soitevdlow model, SWATRE, and a
crop growth model (CROPR) (Feddesal, 1978; Belman®t al, 1983; Kabakt al,
1992) to incorporate solute transport and regiainainage (van Daret al, 1997). The
model has been widely applied in a range of areakiding the design of drainage
systems (Kroest al, 1999), design criteria for drainage in relatioractual transpiration
and crop yields (Van Wijk and Feddes, 1986; Fedii®88) and to study the interaction

between irrigation, drainage and crop yields (Bastsseret al, 1996).

SWAP solves the Richards’ equation numerically sdbjto specified initial and
boundary conditions and uses known hydraulic femgtito yield per time step, the
recharge to the top of the water table. The hydrduhctions which relate to volumetric
water content, soil water pressure head and hydraahductivity are described by the
van Genuchten-Mualem (VGM) parameters (Van Genuch&87; Mualem, 1976). In
the SWAP model, the drain discharge rate is contbuseng the steady state equations of
Hooghoudt (equation 2-1) and Ernst (Ritzema, 199Ag drain discharge rate depends
on the simulated groundwater level midway betweeam drains. The difference in
hydraulic properties of the layered soil profiletetenines whether the Hooghoudt or
Ernst equation should be used. The Hooghoudt'stenueescribes only flow to drains
in a homogeneous profile with the drains aboverotop of an impervious layer or in a
two-layered profile with the drains located at thierface between the two layers whilst
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the Ernst’'s equation describes water flow to drams two-layered profile when the
drains are situated in either the top or bottonedgyan Dam et al., 1997).

In the SWAP model the equivalent depthjsisolved using the equation:

de: TCLdr/8 2.18

where,

de= equivalent depth of the aquifer below the draaeeband is a reduced value of D (m)
D = depth of impermeable layer below the drain {ase

Lqr = drain spacing (m)

I, = outside radius of the drain (m)

The SWAP simulates convection, diffusion and disjger, and non-linear adsorption of
solutes (salt) (Van Daret al,. 1997). This permits the simulation of salt trangpo
including the effect of salinity on crop growth. &ldetailed discussions of the salt
transport in the soil and other hydrologic processan be found in Van Dam et al.
(1997).

According to Sarwar et al (2000), most of the dagmsystems in Pakistan were designed
using the SWAP model. They, however, state thathalte projects have failed in terms
of maximizing the contribution of groundwater thgbucapillary rise and at the same
time minimizing capillary salinization and are tbfare requiring the modification of the
approach.

2.8.3 The DRAINMOD maodel

DRAINMOD is a deterministic hydrologic model devpéal for the design and
evaluation of drainage and associated water talaleagement systems (Skaggs, 1980;
1986). The model has been extensively used to smdhe effect of drainage on water
table fluctuations (Skaggs, 1980; Foessal, 1987; Skaggs, 1999), and the reliability of

DRAINMOD has been verified on a wide range of soitsops and climatological
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conditions (Skaggs, 1982; Gageal, 1985; Fousst al, 1987). For a specified drainage
system (spacing and depth), the model uses soBigddyproperties and weather data
(precipitation and potential evaporation) to prédigbsurface drainage rates, water table

position and the soil water content in the unsataraone (Robinson, 1990).

The model simulates the effects of different cormbons of surface drainage and
subsurface drainage water management systems evatbetable by performing a water
balance midway between parallel drains. The modeiputes the water balance on a
thin section of soil extended from an impermeahiet at a known depth below the soil

surface.

The water balance in the soil for a time increnttt can be written as (Skaggs, 1999):
AVa=D+ET +DS -1 2-19
where,
AV, = change of water free pore space or air volumje (m

Ds = subsurface drainage (m)
ET = evapotranspiration (m)
DS = deep seepage (m)

| = infiltration (m)

The method used in DRAINMOD to calculate drainagkes is based on the Dupuit-
Forchheimer (D-F) assumptions and considers flothensaturated zone only (Borin et
al. 2000). DRAINMOD calculates the subsurface daganflux into the drains using the
Hooghoudt’s steady state equation (Equation 2-#) wicorrection for convergence near
the drains (van Schilfgaarde, 1974). The Hoogheadation assumes an elliptical water
table below the soil surface. In the event of thetew table rising to the soil surface
causing surface water ponding, the D-F assumptdmsnot hold and hence the
application of Hooghoudt approach is limited (SingB06). In this case, DRAINMOD
calculates the subsurface drainage flux using tirkhEm equation (Equation 2-3).
Detailed calculations of the infiltration rate, pwe&ranspiration and deep seepage by
DRAINMOD are provided in Skaggs (1980). The moded been modified to predict soil
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salinity as affected by irrigation water qualitydadrainage system design (Kendal et al.,
1995; Merz and Skaggs, 1998).

It is recognised that the model has been wideltetesvidely used and appears to be
reliable (Gayleet al., 1985; Robinson, 1990; Sing#t al., 2006). Borinet al (2000)
analysed the use of DRAINMOD to predict the watdrlé depth and drain outflow and
noted that even with limited soil input data (tetuand porosity), simulated values
matched well with measured values. It was notet BfAINMOD considers the effect
of the drainage system more on water table (Skd@$9) than salt loads within the root
zone. Singh et al. (2006) calibrated and validétednodel for the design subsurface of a
drainage system and stated that a drain depthO&f . and a drain spacing of 25 m is
sufficient enough to maximize crop production whilgnimizing subsurface drainage
and its associated nitrate-nitrogen (NQ) loss. They acknowledged the need to further
reduce subsurface drainage but with the use of DIRKDD to design the drainage
system, they noted that installing drains at skadlodepth €1.05 m) though it might
help reduce outflow, the shallow water table in boration with a wetter soil profile
tended to increase runoff. Schilling and Helmer@30@ in using the DRAINMOD to
simulate hydrologic response from drained agricaltusystems noted that if the
groundwater quality is to be properly evaluatechthether in-depth research is needed.
This implies that a model that does not only cosisjdst water table control but salinity

as well is appropriate and needed.

In irrigated agriculture, the objective of a drajeasystem is to maintain the water table
deep enough to allow adequate aeration in the eagtot zone, to meet leaching
requirements, and to minimize capillary salinizati®n the other hand, the water table
should be high enough to maximize the contributbdrthe soil water replenishment
through capillary rise (Feddes, 1990). These egtitrg objectives have made drainage
design more difficult and complex. Most drainagstems were designed using models
that were based on steady-state approach of HodghmuErnst and other similar
equations (Ritzema, 1994). However, according &owar et al (2000), drainage

systems installed in Pakistan were designed usimg dteady-state equations of
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Hooghoudt and Ernst models but have failed becthessteady-state approach does not
allow studying the impact of different hydrologicanditions on the necessary drainage

capacity to be considered.

The looming world water scarcity has prompted asseasment of the impacts and
benefits of the huge water consumption of the @&ted sector (Cosgrove and Rijsberman,
2000). This has thrown a challenge down for thigatron sector to produce more food
using less water while simultaneously controllingil sand groundwater salinity
(Bastiaanssen et al., 1996). It therefore seemgitaide that sustainable water
management programmes need to be introduced gatiom schemes. The optimization
of such management can be encouraged by a drasgatgn that can reduce the need for
leaching by discharging less water in order to mézet the contribution of soil water
replenishment through capillary rise and contrgbiltary salinization. This could be
realised if the drainage system was designed wsingdel that can simulate variable-
density groundwater flow. According to Guo and Lawig (2002), where there is spatial
and/or temporal variation in fluid density, a rey@etation of variable groundwater flow
is necessary to characterise and predict groundwbde rates, travel paths, and
residence times. They noted that for the studyatihe aquifers, the density variation
between the recharge and that of the native aqecéferaffect storage times and recovery

efficiencies as well as capillary rise.

In reality, the recharge to and discharge from gdwater vary with time. In order to
solve these unsteady-state problems, a transienemcal groundwater model that uses
gridded system to discretise the model region isnealler increments needs to be
considered. The discretization allows better hagdbf complexity in terms of spatial
and temporal variability (Harbaught al, 2000). Transient numerical groundwater
models provide an opportunity to capture the falhge of all influencing parameters,

many of which are seasonally variable and intesgitt each other.
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One such transient groundwater model is SEAWAT (@uad Langevin, 2002). The
SEAWAT model is a 3-dimensional numerical groundwamodel that simulates
variable-density, transient groundwater flow anlditgoflow in the porous media.

Unlike the SEAWAT model, many groundwater flow mtsdmcluding those discussed
are constant-density flow models and therefordltve equations used are based on fluid
volume conservation. These models are then usegogelly to control water tables.
However, Bear (1997) points out that the use oégumation based on volume balance is
inappropriate when fluid density gradients are @nésEvans and Raffensperger (1992)
compared the mass- and volume — based stream dosctior variable-density
groundwater flow and concluded that mass fluxdserathan volume fluxes must be used
to describe the flow of groundwater if there isiaaon in fluid density ( ie recharge and
groundwater).

2.8.4 The SEAWAT Model

The SEAWAT model (Langevin et al., 2003) combinesnadified version of the
MODFLOW model (McDonald and Harbaugh, 1988) and ME3DMS (Modular 3-
Dimensional Transport of Multi-Species) model (Zheamd Wang, 1999) into a single
programme to solve the coupled flow equation (Equaf-4) and solute equation
(Equation 2-10). SEAWAT solves the variable—degnfiitw equation by reformulating
the matrix equations in terms of fluid mass rathan fluid volume and has the potential
to deal with salinity. The SEAWAT code was develbpsing the MODFLOW concept
of a process that solves a fundamental equatiomgusispecified numerical method.
SEAWAT contains all of the processes distributedhwMODFLOW except that
MODFLOW numerically solves constant-density grouatkv flow (Equation 2-4) whilst
SEAWAT solves variable density groundwater flow &pn (Equation 2-20) (Guo and
Langevin, 2002). The SEAWAT code uses a one-stgédween solutions of flow and
transport to minimize complexity and run times (gewin, 2001). This means that
MT3DMS runs for a time step, and then MODFLOW rdémsthe same time step using
the last concentrations from MT3DMS to calculate density terms in the flow equation.
For the next time step, velocities from the curfed@DFLOW solution are used by the

MT3DMS to solve the transport equation.
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In many groundwater flow models, it is assumed tha density of groundwater is
spatially and temporally constant. To simulate gawater flow in an environment with
the aquifer having higher concentration of saltntltae primary source of aquifer

recharge, the assumption of constant density isalat (Langevin, 2001).

The governing equation for variable-density flonténms of equivalent freshwater head
as used in SEAWAT is thus (Guo and Langevin, 2002):

R B e
X X pt ox)| oy oy pt oy

+2 pKZ%_i_ﬂa_Zl :pS%'Fe@@_&IS
2"\ o @ o ac at

where,

p = density of saline aquifer water (kgijn

pr= density of freshwater (kg

K = Kx =Ky = K; = hydraulic conductivity head (Mkalong the x, y, and z coordinate
axes respectively.

h: = equivalent freshwater head (m)

Z; = elevation at the measurement point (m)

S = specific storage, in terms of freshwater head)(m
C = salt concentration that affect aquifer watgmgK)

0 = porosity (-)

p = source/sink water density (kgin

gs = source/sink volumetric flow rate per unit volusfeaquifer ()

The derivations of the variable-density groundwéltew used in the SEAWAT are based
on the concept of freshwater head, or equivalasifivater head, in a saline groundwater
environment. The detailed derivations of the vdeatensity groundwater flow equation
can be found in Guo and Langevin (2002). Accordmg@angevin (2001), equation 2-20
is valid when the aquifer water density variatiams caused by salt concentration rather

than by temperature, therefore for SEAWAT, temperais assumed to be spatially and
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temporally constant thus the effects of temperatmegroundwater density are not
considered.

In SEAWAT, the variable-density groundwater flowuatjon (Equation 2-4) and solute
transport equation (Equation 2-10) are not simekaisly solved, but rather a one time
step lag is used.

The literature review has clearly shown that thevemtional drainage system designed
by the WAVE, SWAP, DRAINMOD models and others thatget watertable control

with a view to controlling salinity within the sqgilrofile have been largely unsuccessful.
The study seeks to create a better understanditigea$cope for using variable density
numerical models to design subsurface drainagemgsthat target concentration control
within the soil profile. The effect of the drain asing on the salt concentration
distribution within the rooting zone will be part e study. The resulting effect and its
relation for different recharge quality and aquif@pes will be assessed with particular

emphasis on the ‘acceptable’ salt concentratioal$eand water table depth.
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CHAPTER THREE

ASSESSING THE APPLICABILITY OF THE SEAWAT MODEL TO
IRRIGATED FIELDS AS A SUBSURFACE DRAINAGE DESIGN MO DEL
3.1 Introduction

The conventional drainage design equations usedudbsurface drainage system are
based on maintaining the water table at a certaight in order to prevent secondary
salinization. This approach often produces drainager with salt concentration which
is very little different from the quality of therigated water (Christen and Skehan, 2001).
If drainage systems could be designed to direetlgdt salt concentration control at the
base of the root zone rather than the water tétbtmuld reduce the waste of irrigated

water.

This Chapter assesses the applicability of the SBEAWA numerical variable density
groundwater model, to irrigated fields to ascertiit is possible to be used to design
subsurface drainage systems that could control watbkr table and salt concentration at
the base of the root zone with less irrigation waléhis assessment was necessary
because the SEAWAT model was developed for saltwataision in coastal aquifers
and brine migration in continental aquifers, and haen mostly used as such (Langevin,
et al., 2003).

3.2 SEAWAT model construction

SEAWAT is a modular 3-dimensional finite-differena®mputer programme that
combines MODFLOW and MT3DMS to approximate the dedpgoverning nonlinear
groundwater flow and salt transport equations. Tt packages in MODFLOW
(Recharge, Drain and Evapotranspiration,) and MT3{Advection, Dispersion and
Source/Sink mixing) were used to simulate all tbgoaiated flow and salinity fluxes into

and out of the aquifer system.

The SEAWAT-2000 version was used for the study thedsoftware was obtained from Waterloo

Hydrogeologic Inc
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The model was applied to a 100 m long by 10 m widesect (xx’) on a hypothetical
field with impermeable layer 20 m deep below thellaurface. The transect is assumed
to contain three parallel horizontal subsurfacendpgpes set 35 m apart (Figure 3-1) and
2 m deep. The aquifer was considered saline andse&repic homogeneous silty loam.

The base of the aquifer and the field surface \aeseimed flat.

<+«— 35m>»¢«— 35m—»

X
}transect
X

I e e et SR

1 Explanation
------- Latiedaain pipe O Sump
— == Mairagr ———  Field boungar
Mblpt To Scale
Figure 3-1: Conceptual site plan
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Simulation of variable-density flow requires mossérs compared to that needed for
constant-density flow systems (Langevi2001). Accordingly, the transect was
discretized into equal finite-difference grid ofllsewith 1 row, 100 columns and 20
layers with each cell measured 1 m horizontal ana\dertical (Figure 3-2). In layer 2, a
row of cells to house the drains in 3 columns dgusdaced (at the drain spacing) were
subdivided into square cells (0.2 m per side), &fnm this study ‘drain cells’, to more
accurately approximate the size of the drains. Th@sm drain cell means drains cell
measured 0.2 m horizontal and 0.2 m vertical. [&lger (s) above and a layer below the
drain layer were subdivided into two each to mareugately capture the radial flow of
the groundwater towards the drains. This broughigiid into 103 columns and 24 layers
(Figure 3-2). A uniform hydraulic conductivity of®m/d (applicable to a silty loam) was
initially assigned to all layers except the impealy layer at the base which was
assigned a hydraulic conductivity of 10n/d (applicable to a very poorly permeable

layer) to prevent/minimize salt entering the madt@inain through advection.

3.2.1 Input data

Aquifer parameters

The aquifer parameter having the greatest effegronndwater flow was found to be the
hydraulic conductivity, thus a homogeneous isotroglue of 0.8 m/d was assigned to
reflect a silty loam field. The aquifer was assj@especific yield of 0.2, applicable to a
medium textured soil (Johnson, 1967) and a stdrativf 10°, calculated using the
equation:-

SsrABp + MBw) 3-1
where,y is specific weight of water (kghs?), Bp is the compressibility of bulk aquifer
material = 1 x 18 (m< kg?), (Fine and Millero, 1973), n is the total potgsandp., is
the compressibility of water = 4.6 x 10(m¢ kg?) (Fine and Millero, 1973).

For solute transport, the processes that causeestikpersion are mechanical dispersion

and molecular diffusion. The relevant aquifer pagtars for solute transport include

porosity (total and effective), dispersivity andfasion coefficients. A uniform total
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porosity of 0.30 (applicable to silty loam) wasigeed and an effective porosity of 0.2
(Sanders, 1998). The effective porosity value @f gave the same value as the specific
yield (Langevin, 2001).

The longitudinal dispersivityy, is proportional to the distance travelled by tb&ute
(salt), and the constant of proportionality hasnbassigned different values by different
researchers. Gelhar (1986) and Xu and Eckstein5)188ve a value of 0.1 to the
constant proportionality whilst Dong-Jet d. (2002) gave it 0.3. The longitudinal
dispersivity,a., in this case was estimated using the formula:-

a = 0.1Ls (Gelhar, 1986; Xu and Eckstein, 1995) 3-2
where L is the mean linear distance travelled by the sdlot), and was taken as distance
from the centre of one model cell to the centrahef next, and this was equalled the

horizontal distance of a main model cell.

The transverse dispersivity,;r is less than the longitudinal dispersivity in thkeler of

magnitude of -1 (Bear and Verruijt, 1990).

The molecular diffusion coefficient, D*, was estit@a using the formula:

D* =JDT? (Berner, 1980; Shen and Chen, 2007) 3-3
where, R is the free molecular diffusion coefficient oftsal1.73 x 1 m?/d and T is
the tortuousity = 1.8 (Kutilek and Nielsen, 1994).

Initial and boundary conditions
The initial water table head throughout the donveas set to 19.5 m (or 0.5 m below the
soil surface) relative to the base of the aquifeiclv was at 20 m deep. The groundwater
in the aquifer was assigned a concentration of 7860 (7.2 kg/ni) and the density of
was determined the formula:

p=p;+0oploC x C (Langevin, et al., 2003) 3-4
where,p is the density of groundwater (kghm pr is the density of pure water (kghm
oploC is the density change per salt concentration ginam the aquifer = 0.7 for salt

concentrations ranging from zero to that of seaw@t@ngevin, et al., 2003). The term is
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zero when the density groundwater flow is constantt C is the salt concentration of the
water (kg/m).

In order to prevent flow into or from the model dam no flow boundaries were
assigned along the northern, southern, westerneastern boundaries. The bed of the
aquifer was represented as an impermeable bameflgw boundary) with a hydraulic

conductivity of 1 x 10 m/d, an approach used by Swatral.,1996.

Drains
The dynamic exchange of water between the aquifdrtlae drains was simulated using
the drain (DRN) package within the SEAWAT programnidis assigned a head-

dependent flux to each cell intersected by thengrai

Drain data included the following:- drain head (fhee surface of water in the drain),
drain invert (bottom) elevation and hydraulic codiility between the drain and the
aquifer (drain conductance). At the steady stataditions, the drain conductance was
determined using the equation, and on the assumfiat discharge was equal to the
recharge:-

d@ CD (h-d) (McDonald and Harbaugh, 1988) 3-5
where, Q was drain discharge (d); CD was drain conductance{d); h was aquifer

head or initial head (m) andwas drain head (m) (depth of water in the drain).

Recharge

The recharge in this study refers to irrigation evapplied to the field with a specified
salt concentration after runoff is withdrawn. Itssassumed that there was no runoff, and
all the irrigation water was infiltrated hence rade was taken as irrigation water and is
termed applied recharge in the study. Therefordiexppecharge and irrigation water
were used interchangeably. The applied rechargeassigned arbitrarily, a value of 10

mm/d with concentration initially set equal to zeaod then to 3000 mg/I.
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Evapotranspiration

The evpotranspiration was not considered in theptdr because the model simulated
head was verified with mid-drain head obtained Hiy $olution of Hooghoudt’'s steady

state equation which does not take evapotransmir&iio consideration.

Table 3-1 summarizes the main input data usedchfontodel simulations of the aquifer.

The model showed sensitivity to the drain condumardrain cell dimension, porosity

and longitudinal dispersivity, therefore they weselected for adjustment using

Hooghoudt calculated mid-drain water table headb@sesponse.

Table 3-1: Main input data specified for the SEAWsimulations

Parameter (unit) Value
Aquifer thickness (m) 20

Initial groundwater salt concentration (mg/l) 7200
Initial groundwater density (kg/n 1,005.04
Initial water table elevation (m) 19.5
Applied recharge (mm/d) 10
Applied recharge concentration (mg/l) 0; 3000
Applied recharge density (kgfin 1,000; 1,002.1
Aquifer hydraulic conductivity, K, (m/d) 0.8
Aquifer bottom layer hydraulic conductivity (m/d) x110’
Total porosity 0.3
Porosity 0.2
Specific yield 0.2
Specific storativity (1) 1 x 10°
Longitudinal dispersivitye, , (m) 0.1
Transverse dispersivityr, (M) 0.01
Molecular diffusion coefficient, D* (m2/d) 5 x 10
Drain elevation (m) 18

Drain spacing (m) 35

Drain conductance (ffd) 1500
Drain cell (m) 0.5 m per side
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The model was run on a daily basis for periods &®:-days (0.08 year), 180 days (0.49
year), 365 days (1 year), 730 days (2 years), 1B®5 (5 years), 3650 days (10 years),
5475 days (15 years) and 7300 days (20 years).

3.3 Verification of SEAWAT model performance on irrigated field

Because the model is mostly used for saltwateusidn in coastal aquifers and therefore
considered its ‘debut’ use on irrigated field fbrststudy, it was verified by running for

water table heights midway between drains (midrdhegads) at hydraulic conductivities
ranging from 0.2 to 1.6 m/d and compared the sitadlanid-drain heads with mid-drain

heads obtained from solution of Hooghoudt's stestdye equation (Equation 2-2) at

corresponding hydraulic conductivities.

The equivalent depth,.din the Hooghoudt equation (Equation 2-2) was raeteed
using the equation:

e = Lar (Wesseling, 1979) 3-6

ool i 0|

I, = outside drain radius (m)

where,

For definitions of other symbols, see Figure 2-3.

The  is essential in determining the equivalent degthfor the Hooghoudt calculation.
In the analysis, different values of were used to determine equivalent depths which
were in turn used to calculate heads that matchetdwith simulated heads for known

drain cells dimensions.

Each d obtained was used to calculate mid-drain headsatprifers with saturated
hydraulic conductivities ranging from 1.2 to 0.2dmfable 3-2 lists the parameters and
their values for the Hooghoudt calculation. Theueabf parameters marked with * were

constant throughout the calculations.
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Table 3-2: Hooghoudt calculation parameters

Hooghoudt Parameter Values
*Discharge, g (m/d) 0.01
*Drain spacing, L (m) 35.0
*Drain depth, d (m) 2.0
*Thickness of aquifer, D, below drains (m}18.0

Calculated equivalent depth, (ch)

Saturated hydraulic conductivity, K (m/d)

2.5, 2.9, 3.3 (usingor= 0.05, 0.1, 0.2 m
respectively)
1.6, 14,1.0,0.8,0.6,0.4,0.2

The mid-drain head was simulated for different nir@lls of 0.1 m, 0.2 m and 0.5 m per

side and each simulated mid-drain head compardd twé& Hooghoudt calculated mid-

drain head, i For each drain cell, the model was run for dainductances: 500, 1000,

1500 and 3000 frd, and for hydraulic con

ductivities ranging fron2 @ 1.6 m/d.

During the comparison it was noted that for allimraonductances and hydraulic

conductivities:

a) The simulated mid-drain heads for the 0.1 m dragliscmatched well with

Hooghoudt calculated heads corres

ponding to then dspacing of 35 m and an

equivalent depth,glof 2.5 m (Table 3-3a).

b) The simulated mid-drain heads for the 0.2 m dragllscmatched well with

Hooghoudt calculated heads corresponding to then dijpacing of 35 m and an
equivalent depth,fof 2.9 m (Table 3-3b)

c) The simulated mid-drain heads for

the 0.5 m dragells matched well with

Hooghoudt calculated heads corresponding to then dijpacing of 35 m and an
equivalent depth,glof 3.3 m (Table 3-3c)

4
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Table 3-3a: Comparison of simulated mid-drain hédad®.1 m drain cells (Longitudinal

dispersivity,a. = 0.5 m) and Hooghoudt calculated mid-drain heastdd, = 2.5 m for
different hydraulic conductivities.

Drain conductance, CO'/@) Hooghoudt
Hydraulic 500 1000 1500 3000 calculated mid-
conductivity  Simulated Simulated Simulated Simulated ~ drain head for
(m/d) *mid-drain mid-drain mid-drain mid-drain de=25m
head (cm) head (cm) head (cm) head (cm) (cm)
1.6 31.0 30.7 30.5 304 35.7
1.4 36.2 36.5 36.7 36.6 40.5
1.2 41.7 41.4 41.3 41.2 46.7
1.0 50.9 50.7 50.5 50.4 55.2
0.8 61.7 61.5 61.4 61.2 67.4
0.6 82.4 82.1 82.0 82.8 87.0
0.4 119.3 118.9 118.7 118.3 122.9
0.2 199.8 199.6 199.5 199.2 198.2
R? 0.9997 0.9996 0.9995 0.9995 1.0000

Table 3-3b: Comparison of simulated mid-drain hdad®.2 m drain cells (Longitudinal

dispersivity, . = 0.5 m) and Hooghoudt calculated mid-drain headsk = 2.9 for
different hydraulic conductivities.

Drain conductance, CO'/@) Hooghoudt
Hydraulic 500 1000 1500 3000 calculated mid-
conductivity  Simulated Simulated Simulated Simulated  drain head for
(m/d) mid-drain mid-drain mid-drain mid-drain de=29m
head (cm) head (cm)) head (cm) head (cm) (cm)
1.6 27.5 27.1 27.0 26.9 31.3
1.4 31.0 30.7 30.6 30.4 35.5
1.2 36.7 36.4 36.1 36.1 41.1
1.0 43.3 43.0 42.8 42.7 48.7
0.8 55.2 54.8 54.7 54.6 59.8
0.6 73.2 72.9 72.8 72.7 77.6
0.4 106.5 106.2 106.1 106.0 110.8
0.2 196.9 196.5 195.1 195.0 197.1
R° 0.9989 0.9989 0.9991 0.9991 1.0000
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Table 3-3c: Comparison of simulated mid-drain hdad$.5 m drain cell (Longitudinal
dispersivity,a. = 0.5 m) and Hooghoudt calculated mid-drain heastdd, = 3.3 m for
different hydraulic conductivities.

Drain conductance, CO'/@) Hooghoudt
Hydraulic 500 1000 1500 3000 calculated mid-
conductivity  Simulated Simulated Simulated Simulated  drain head at
(m/d) mid-drain mid-drain mid-drain mid-drain de=3.3
head (cm) head (cm) head (cm) head (cm) (cm)
1.6 23.3 23.0 22.9 22.8 27.8
1.4 27.3 26.9 26.8 26.7 31.6
1.2 31.2 30.9 30.8 30.6 36.6
1.0 37.1 374 37.3 37.1 43.5
0.8 48.9 48.6 48.5 48.4 53.6
0.6 63.4 63.1 62.9 62.8 68.3
0.4 93.2 92.9 92.8 92.7 100.7
0.2 177.5 177.2 177.0 176.9 181.8
R? 0.9995 0.9996 0.9995 0.9995 1.000

Note: Calculated Hooghoudt heads are based onysstate recharge of 10 mm/d
*mid-drain head is the water table height abovendrenidway between drains

Generally the simulated heads for the differenindeall dimensions correlated well {R
0.99) with the Hooghoudt calculated heads. It, h@ruewas decided to discount the
0.1m drain cells because the simulated water fabkds in the drains area were actually
above the drains for all drain conductances andawid conductivities. For all the
different drain grid cells and the hydraulic contities, the drain conductance of 500
m?/d also generated drain water table levels aboeedtains and was therefore not
considered further.

The other inputs such as porosity and longitudchspersivity that were peculiar to the
model were then adjusted to simulate mid-drain &dad hydraulic conductivity of 0.8

m/d with drain cells of 0.2 m and 0.5 m, and coredawith the Hooghoudt calculated
mid-drain heads for the same hydraulic conductiaitg equivalent depths of 2.9 m and

3.3 m respectively.
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Table 3-4a: Simulated heads for different porosijtérain conductances and longitudinal
dispersivities for 0.2 m drain cells and Hooghocaltulated mid-drain head fog & 2.9
m (Hydraulic conductivity = 0.8 m/d)

Longitudinal dispersivity, Hooghoudt

Effective calculated
Drain porosity 0:01m 0.1m 0.5m 1.0m mid-drain
COQdUCtanCG (%) Simulated Simulated Simulated Simulated head at
(m°/d) mid-drain ~ mid-drain  mid-drain  mid-drain e =2.9

head (cm) head (cm)) head (cm) head (cm) (cm)

10 54.6 54.8 55.0 54.7
1000 20 54.5 54.7 54.9 54.6

30 54.4 54.6 54.8 54.5

10 54.5 54.7 54.9 54.5 59.8
1500 20 54.4 545 54.7 54.4

30 54.2 54.4 54.7 54.3

10 54.3 54.6 54.8 54.4
3000 20 54.2 54.4 54.7 54.3

30 54.0 54.3 54.6 54.2

Table 3-4b: Simulated heads for different porosjtgrain conductances and longitudinal
dispersivities for 0.5 m drain grid cells and Hobogdt head for d= 3.9 m (Hydraulic
conductivity = 0.8 m/d)

Longitudinal dispersivity, Hooghoudt
Effective 0.01 m 0.1m 0.5m 1.0m calculated
Drain porosity ~Simulated Simulated Simulated Simulated mid-drain
corzwductance (%) mid-drain  mid-drain  mid-drain  mid-drain  head at
(m7/d) head (cm)) head (cm) head (cm) head (cm) de=3.3
(cm))
10 48.5 48.6 48.9 48.5
1000 20 48.4 48.6 48.8 48.5
30 48.3 48.5 48.6 48.2
10 48.4 48.7 48.8 48.4 53.6
1500 20 48.3 48.6 48.6 48.3
30 48.2 48.4 48.5 48.1
10 48.3 48.5 48.6 48.4
3000 20 48.1 48.5 48.5 48.2
30 48.0 48.3 48.4 48.0
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Tables 3-4a and 3-4b list the simulated headslifterent porosities, drain conductances
and longitudinal dispersivities and for the hydiautonductivity of 0.8 m/d. The
simulated values compared well in all cases. Fraabld 3-4a, the percentage error
between the simulated head and the calculatedlaeaed between 10.7 % and 8.9 . The
percentage difference for the drain cell dimenbA.5 m for all model parameters also
ranged between 11.6 % and 9.6 % (Table 3-4b).

Though there were marginal differences in percentdgference, the longitudinal
dispersivity,a, of 0.01 m generally had relatively higher diffecenand was therefore
discounted. The constant of proportionality of thelation between longitudinal
dispersivity and distance covered by solute (madehain cell length) should always be
less than one (Gelhar, 1986; Xu and Eckstein, 1988jefore they value of 1.0 m also
was discounted.

Table 3-5 lists the adjusted parameters and theiresponding values considered

acceptable for the model.

Table 3-5: Adjusted model parameters

Model parameter Range of values

Effective porosity 10-20%

Drain cell dimensions (0.2 - 0.5) m horizontal #8®- 0.5) m vertical
Drain conductance 1000 — 3006/ch

Longitudinal dispersivity (0.1 -0.5)t

*Lsis length of horizontal side of the model cell

3.4 Confirming the effectiveness of the model on ¢hirrigated field
The model was set up within the adjusted parametersmodel discharges in
groundwater, hydraulic head, soil concentration #od magnitude when drains are

installed in the irrigated field.
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3.4.1 Changes in applied recharges, drain dischargeand salt balance in the aquifer

The changes in the recharges, discharges andaatide in the aquifer over a 20 year
period are shown in Table 3-6. The salt load remg in the aquifer declined by about
98 % from 28,080 kg to about 450 kg over 20 yeaioge The salt concentration of the
effluent was initially high but declined over thené period (as observed by Johnston

1993).

Table 3-6: Characteristics of applied rechargedmath discharge when the applied
recharge was pure water

Applied recharge Drain discharge Salt remainimgtie
Time | (applied water) aquifer
(year) Total Rate Density | Total Rate Salt Density Total Total Mean  Density

volume (mm/d) (kg/n®) | volume (mm/d) conc.  (kg/mP) salt salt salt (kg/n)

(m®) (m®) (magfl) removal | (kg) conc.

(kg) (mgfl)

0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 28,080.0 7,200.0 0%,0
0.08 300.0 10.0 1,000.0 300.0 10.0 548211003.7 1,596.3 26,484.0 6,790.8 1,004.8
0.49 1,800.0 10.0 1,0000 1,799.9 10.0 3,6131802.5 6,499.4 21,581.0 5,533.6 1,003.9
1 3,650.0 10.0 1,000.0 3,649.6 10.0 2,718.3011® 9,996.4 18,084.0 4,636.9 1,003.3
2 7,300.0 10.0 1,000.0 7,299.6 10.0 1917.2 1100 14,073.0f 14,007.0 3,591.5 1,002.5
5 18,250.0 10.0 1,000.0 18,248.3 10.0 1,154.1 0B0 20,072.0, 8,008.8 2,0563.5 1,001.4
10 36,500.0 10.0 1,000.0 36,501.3 10.0 623.7 300024,789.0 3,292.1 844.1 1,000.6
15 54,750.0 10.0 1,000.0 54,750.6 10.0 4455 B00026,838.0 1,243.0 318.7 1,000.2
20 73,000.0 10.0 1,000.0 73,002.8 10.0 340.2 200027,631.0 449.9 115.3 1,000.1

Conc. = concentration

3.4.2 Hydraulic-head distribution

A vertical cross-section of the aquifer showing dingribution of hydraulic head at times

0.08 year and 20 years is provided in Figures 23k 3-3b. In all cases, as expected
there was a high hydraulic gradient around thendrdiecreasing towards the midpoint.
The equipotentials clearly show evidence of veltibharizontal and the radial elements
of flow as described by Smederatial (2004) whilst the nearly vertical equipotentials
towards the base of the aquifer clearly show tloaizbntal flow dominate at this depth.

This is in conformity with Skaggs (1980) findingh@n he solved the 2-dimensional
Richards equation for the DRAINMOD.
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3.4.3 Advective velocity vectors

The magnitude of the groundwater velocity vectargears 0.08 and 20 are illustrated in
Figures 3-4a and 3-4b respectively. As expectednbgnitude increases towards the
drains reflecting the increased hydraulic gradieartsund the drain areas (Figure 3-3).
The magnitudes close to the bed of the aquifemaegly zero. As expected, mid-way
between the drains, the recharge extended deefmertha aquifer, before turning to

approach the drains.
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Figure 3-4(a): Flow velocity vectors at year 0.08
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Figure 3-4(b): Flow velocity vectors at year 20

3.4.4 Groundwater salt concentration

The salt concentration in the aquifer for year8@Ad 20 are illustrated in Figures 3-5a
and 3-5b. At time zero the groundwater concentnati@s uniform at 7200 mg/l. As
expected there was a systematic reduction of saltentration with time. This provides
evidence that the recharge mixed with the grounemand was subsequently diluted as
the salt was removed by the drains. After 20 y#aessalt concentrations had fallen to
below 100 mg/l throughout most of the domain. Hogrein the corners and immediately
below the drains, relatively high salt concentnasisemained. The upconing of the salt
concentration (Figure 3-5b) indicates that suffitigroundwater had been removed by
the drains thereby causing the interface betweerdillated ground water and the saline
groundwater to move up from the underlining moracemtrated part of the aquifer as
described by Masterson and Portnoy (2006).
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3.4.5 Discharges when using applied recharge satirccentration of 3000 mg/I

Table 3-7 shows the input/output characteristiceerwhhe salt concentration of the

applied water was 3000 mg/l. The rate of salt redncwas exponential and similar to

when the recharge used was pure water. The ratkeo$alt reduction, however, was

lower than when the applied recharge was pure wBieR0O years, the initial salt load of

28,080 kg in the aquifer, notwithstanding the 30pley day added by the recharge had

fallen by about 57 %, with a final discharge sah@entration similar to that in the

recharge.

Table 3-7: Characteristics of applied recharge drain discharge when the recharge

contained 3000 mg/I salt concentration

Applied recharge Drain discharge Salt remaining in the aquifer
Time | Total Rate Density | Total Rate Salt Density Total Total Mean  Density
goan)| ome. ("D (S| obime (M) Sy et | ot e (9

(kg) (kg) (mg/l)

0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 28,080.0 7,200.0 0%,0
0.08 300.0 10.0 1,002.1 300.1 10.0 58131,004.1 1,744.0 27,237.0 6,983.8 1,004.9
0.49| 1,800.0 10.0 1,0021 1,799.9 10.0 5,00410003.5 9,007.2] 24,473.0 6,275.1 1,004.4
1 3,650.0 10.0 1,002.1  3,649.6 10.0 45452 03D 16,590.0 22,440.0 5,753.8 1,004.0
2 7,300.0 10.0 1,002.1  7,299.4 10.0 4,104.2 029 29,961.0 20,020.0 5,133.3 1,003.6
5 18,250.0 10.0 1,002.1 18,249.0 10.0 3,639.0 0218 66,411. 16,420.0 4,210.3 1,003.0
10 36,500.0 10.0 1,002.1 36,500.0 10.0 3,394.1 21400 123,883.0 13,698.0 3,512.3 1,002.5
15 54,750.0 10.0 1,002.1 54,750.0 10.0 3,282.6 21300 179,722.0 12,609.0 3,233.1 1,002.3
20 73,000.0 10.0 1,002.1  73,000.0 10.0 3,217.4 21200 234,867.0 12,2140 3,131.8 1,002.2

Conc. = concentration

3.4.6 Salt concentration dynamics in the aquifer
Apart from the model’'s ability to simulate totaltsil@ad in the aquifer, it is also able to
simulate salt concentration throughout the soilfijgro Figure 3-6a shows the salt
concentration dynamics (between two drains) at On/78epth below the soil surface

when the recharge was pure water. As expectedatlheoncentration was lower near the
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drains, and highest midway between them as obsdyyesharmeet al. (2000) and the
effect is most apparent during the initial peridddeainage. After a short period (0.49
year) the situation reversed with the area midwatyvben the drains having a relatively
lower salt concentration than around the drains.

Figure 3-6 b reveals that the initial salt concatidn of 7200 mg/l was maintained at 1.5
m depth for about two years before it started tdide. This was caused by the long
time being needed for percolation to move fromgbié surface to the lower region of the
aquifer.

3000

Drain location

2500 / .
= I |
g o 4 5 o
= 2000 - ! ! —e— Year 0.08
@)
" 1 1 —e—Year 0.49
£ 1500 " "
o | | —a—Yearl
= | —o— Year 20
8 1000 1 ear
S
(9p]

500

0 10 20 30 40 50 60

Horizontal distance (m)

Figure 3-6(a): Salt concentration pattern at aldep0.75 m below the soil surface for
pure water recharge
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Figure 3-6(b): Salt concentration pattern at 17.batow the soil surface for pure water
recharge

Figures 3-7a and 3-7b show the salt concentratistriltlition between two drains at
depths of 0.75 m and 17.5 m respectively when treentration of the recharge was
3000 mg/l. The trend is similar to that observedewtihe recharge was pure water

(Figures 3-6a and 3-6b) except that the rate dfrtewas relatively much slower.
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Figure 3-7(a): Salt concentration distribution pattat a depth of 0.75 m below soil

surface when recharge concentration was 3000 mg/l.
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Figure 3-7(b): Salt concentration distribution pattat a depth of 17.5 m below soil
surface when recharge concentration was 3000 mg/l

56



Chapter 3 University of Southampton

3.4.7 Mid-drain salt concentration dynamics
Areas midway between drains generally experiencghdni water table, hence
determining the salt concentration at this positignimportant in evaluating the

effectiveness of any drainage system.

Figures 3-8a and 3-8b show the salt concentratroitbvay between two drains at
selected depths when recharge was pure water apledprecharge having a
concentration of 3000 mg/l respectively. In botlsesathe there was a rapid fall of the
initial aquifer concentration and in less than argeof drainage, the concentration within
the 2.5 m depth from the soil surface had reduoesllevel equal to the concentration in
the applied recharge suggesting that the ‘leachahlese in the 2.5 m depth was passed
in less than 2 years. This indicates that the tdp 8 layer of a saline aquifer is
desalinized in less than 2 years of drainage. Hbe of salt concentration reduction
decreased with depth. In general, the salt conagortr increases with depth reflecting a
phenomenon of relatively freshwater penetrationd seeps through a saline aquifer

during the drainage as noted by Johnston (1993).

Referring to Figure 3-8a, after 2 years, the saticentration had decreased by 99.9 % at
2.5 m depth, and 10.3 % at 17.5 m depth. After @a&ry, the mid-drain concentrations
remaining at all depths were negligible; indicatatptal replacement of the water in the

aquifer, hence the discharge concentration wagiadgrno that of the applied recharge.

Figure 3-8b shows that after 2 years, the initealaentration had fallen by 58 % and 7 %
at 2.5 m and 17.5 m depths respectively. After ary, the initial concentration had
fallen to about 3000 mg/l, more or less the samehasconcentration in the applied

recharge, thereby providing effluent at a conceiuineof 3000 mg/l.

The rapid fall of salt concentration in the aquifeas because the less saline water from
the applied recharge when it entered the salindeagenhanced salt mobilization to the
drains. The difference in the rate of salt fall wbd the expectation that irrigation water

with low salt concentration has greater potentalsialt mobilization during drainage.
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Figure 3-8(a): Temporal mid-drain salt concentraiio different depths when the applied

recharge was pure water.
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Figure 3-8(b): Temporal mid-drain salt concentnatio different depths when applied
recharge salt concentration was 3000 mg/I
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3.5 Discussions and conclusion

The simulated mid-drain heads compared well with Heads calculated using the
Hooghoudt’'s equation and this provides confidencethe model's capability and

applicability to be used on irrigated fields. Thgugpotential lines show evidence of
vertical, horizontal and radial elements of flovatttare usually associated with flow to
subsurface drains (Ritzema, 1994; Smedeshaal, 2004). The equipotentials also
confirmed a curved water table reflecting a typiwaler table between two drains that

are subject to uniform recharge (Ritzema, 1994).

The leaching patterns are both realistic and redsdenand allow the model to be used to
develop unique flow and leaching behaviour. Thisasause the upcones of salt towards
the drains from deep within the aquifer (Figurel3-&ere similar to salt concentration
pattern as observed by Bear and Verruijt (19903, Materson and Portnoy (2006). Also,
it was observed that the reduction of salt in theifer ceased when the concentration
level in the aquifer equaled the concentrationll@véhe recharge. This suggests that the
salt concentration of the discharge eventually imecthe same as that of the recharge as
observed by Christen and Skehan (2001). The tirdeygended on the recharge and/or
groundwater concentration. This indicates thatghality of irrigation water has a direct

bearing on the amount of salt left in aquifer.

In addition, the model was able to predict saltogmrtration in the individual layers and
this can be helpful in managing irrigation and dage to maintain an ‘acceptable’
concentration level in the root zone. The modeblest that the salt concentration at the
base of the root zone does not exceed predeternenets as against the conventional
drainage systems that maintain the groundwatempat@etermined level. It can therefore
be concluded that the SEAWAT model can be usedubsusface drainage model on
irrigated fields to target concentration in thetraone instead of controlling water table
as currently being proposed by Christen and Ay2081) on irrigated field. Christen and
Ayars (2001), in evaluating conventional subsurfdnage systems that targets water
table control, noted that using very good qualitigation water (ranged between 0.05

and 0.8 ds/m) required leaching requirement inrdrge of 10 to 47 % as against the
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expected 5 — 10 % to maintain a salt free root zOhey noted that this was higher than

necessary to maintain a salt balance in the raw.zo
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CHAPTER FOUR
MODEL SIMULATION OF DRAINAGE AND LEACHING IN IRRIGA TED
FIELD

4.1 Introduction

Chapter 3 provided confidence of the model's apyliity as an irrigated field drainage
design model. This chapter seeks to assess thel'menteulation of drainage flow and
leaching in irrigated field for different drain spags when no and/or evapotranspiration
is included. The chapter also assesses; the deifmg and the leaching with changing
applied water quality, and the performance of thedeh with different aquifer

permeabilities.

Drainage flow and leaching in the soil profilendlienced not only by drain spacings but
also evapotranspiration, quality of the applied ewadnd aquifer permeability among
others. Evapotranspiration and particularly grouagw contribution to the

evapotranspiration used in the model is usuallingportant component of water balance
in the soil and its simulation has received incrggsittention in irrigated areas. In arid
and semarid regions with shallow groundwater, lang®unt of crop water requirements

can be met from the groundwater contribution tgpewanspiration (Khan et al, 2006).

4.2 Methodology

The SEAWAT (Guo and Langevin, 2002) model was &gptdo 36 hectare homogeneous
block of land of length 600 m and width 600 m oé thypothetical field to simulate
drainage flow and leaching for drain spacings of 88, 60, 90, 150, 200 and 250 m.

Drain depth was 2.0 m. The aquifer was assumed ttmmposed of silty loam.

4.2.1 Spatial and temporal discretization

The aquifer was discretized into a grid of cellgg@ife 4-1). The grid consisted of 60
rows, 60 columns and 20 layers. Each cell with ékeeption of the cell in which the
drains were laid (drain cells) had a uniform voluoid0 m x 10 m x 1 m. The drain cells

had dimensions of 0.2 m horizontal and 0.2 m vaktio order to more accurately
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approximate the drain size. The base of the aquitsrd as reference, had an elevation of
zero. The top of layer 1 which coincided with thed surface had an elevation of 20 m

relative to the base. The grid system was baseblacked-centered formulation and

therefore the salt concentrations and hydraulidsegplied to the centre of the cells.

€o =Grid of cells

Not to scale

Figure 4-1: Simulated 3-dimensional grid of theigaruvith drains.
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4.2.2 Input data
The model input data and the method used to daterthem were the same as described

in Chapter 3. However, the few changes and additiade are:

Recharge

The applied recharge value was based on a watécaiom rate of 56 mm per 7 days (8
mm/d) similar to the value used by Cavero et aO(B0n simulating maize stress using
the CROPWAT and EPIC models, with a salt concéntraof 1500 mg/l (or 2 dS/m)
(FAO, 1994).

Evapotranspiration

The SEAWAT model simulates only evapotranspirafimm the saturated zone (water
table), termed in this study ‘groundwater contrbot to total (potential)
evapotranspiration’ (Ej. The evapotranspiration (ET) package in SEAWATdglo
withdraws groundwater as a function of depth towlager table to simulate the ETThe
ETy reached maximum evapotranspiration, nETor became equal potential
evapotranspiration when the water table was abovethe land surface. The £Bn the
other hand, attained a value of zero when the watde was at or below the extinction
depth. The extinction depth is the depth in thaifaq from the land surface below which
evapotranspiration process ceases. The model sesulaly; as a linear fraction of
potential evapotranspiration based on maximum weatéaction when water table is at
the surface and zero extraction when water tablat ithe extinction depth. The ET
package requires three parameters (McDonald andoadgh, 1988):- maximum
evapotranspiration rate, ETevapotranspiration surface, SURF, (that is whenwater
table coincides with the land surface), and exiomctlepth, EXTD.

Since the model does not model the unsaturated, zbrieeats all applied water as
entering the saturated zone. To enable simulatibngroundwater extraction by

evapotranspiration, it was assumed that if irrgativater is applied correctly, crop water
stress will be avoided and that all water not drgjrio deep percolation is available for

evapotranspiration. Therefore to maximize the watble dependent evapotranspiration
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function on evapotranspiration rate, the extinctiepth was set as deep as possible, 20 m

in this study, a value equal to the depth of thafaq

The maximum evapotranspiration, FTwas assigned a value calculated using the
equation:

EE RCH (1-LF) (FAO, 1994) 4
where, RCH was the applied recharge (mm/d), andvBBE a fraction of the applied
recharge that reached the water table after evampiration. The LF was assigned a
value of 22 %, a value FAO (1994) noted that wheeduavoids excess accumulation of
salt within the root zone (FAO, 1994).

For this study, the percentage of irrigation watest reached the water table after
evapotranspiration and runoff were withdrawn isemefd to as net recharge and is
treated, with the assumption that there was noffuas:

NRCH = RCHET 4-2
where, NRCH is net recharge rate (mm/d), RCH idieppecharge (mm/d) and ET is

evapotranspiration rate (mm/d).

It must be stated though that since evapotrangmiras a function of water table
elevation, the net recharge rate actually is alrefuthe model's simulation as drain

discharge.

Drains
The dynamic exchange of water between the aquifdrtlae drains was simulated using
the drain (DRN) package within the SEAWAT programnidis assigned a head-

dependent flux to each cell intersected by thendrai

Drain data included the following:- drain head (#levation of the water in the drain
relative to the base of the aquifer), drain ingbdttom) elevation relative the base of the
aquifer and hydraulic resistance between the daaoh the aquifer (drain conductance).

The drain was assumed to run half-full and be ajligible thickness. The drain head
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was assigned a value 18.1 m and the drain invextagbn 18.0 m. The drains were

assumed to be laid parallel to each other with é&asimg a length of 300 m.

Table 4-1: Main inputs specified for the model slations of drainage flow and leaching
in the field.

Parameter (unit) Value
Aquifer thickness (m) 20
Initial groundwater salt concentration (mg/l) 7,200
Initial groundwater density (kg/fn 1,005.04
Initial water table elevation (m) 19.5
Applied recharge (mm/d) 8
Applied recharge concentration (mg/l) 1500
Applied recharge density (kgfn 1001.5
Maximum evapotranspiration rate (mm/d) 6.24
Extinction depth (m) 20
Saturated hydraulic conductivity, K, (m/d) 0.8
Aquifer bottom layer hydraulic conductivity (m/d) x110’
Total porosity 0.3
Effective porosity 0.2
Specific yield 0.2
Specific storativity () 1 x 10°
Longitudinal dispersivityg, , (m) 1
Transverse dispersivitygr, (m) 0.1
Molecular diffusion coefficient, D* (ffid) 5x 10°
Drain elevation (m) 18
Drain spacing (m) 30, 60, 90, 150, 200 and 250
Drain conductance (ffd) 3,000
Drain cell (m) 0.2 m per side
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Table 4-1 summarizes the input of the model for gheulation of drainage flow and
leaching. The model was first run when there wasvapotranspiration was included

and the run when evapotranspiration was includedlfdhe subsequent works.

When evapotranspiration was not considered, thkemppecharge quantity was the same
as the net recharge. On the other hand as expedbet evapotranspiration was
considered, the net recharge was less than applotbarge.

Also investigated were the effects of recharge igyahnd aquifer permeability on

drainage flow and leaching when evapotranspiratias included.

To evaluate the impact of applied recharge qualitydrainage flow and leaching for
different drain spacings, the applied recharge eotration was varied from 1500 mg/l to
1000 mg/l and 700 mg/l but keeping the same appéedarge of 8 mm/d.

To study the effect of aquifer permeability on dege flow and leaching, two different
homogeneous and one non-homogeneous aquifers wesilered. The two homogenous
aquifers adopted were isotropic hydraulic conduméis of 1.216 m/d and 0.514 m/d
respectively whilst the non-homogeneous aquifelusted two zones with an isotropic
hydraulic conductivity of 0.8 m/d throughout thepep 10 m section and 0.08 m/d
throughout the lower 9 m section. The lowest layas assigned as a no flow boundary
with a hydraulic conductivity of IO m/d. The applied recharge was 8 mm/d with salt
concentration of 1500 mg/l.

The simulations were undertaken for 12 time perio88 days (0.08 year), 180 days
(0.49 year), 365 days (1 year), 730 days (2 yedf395 days (3 years), 1460 days (4
years), 1825 days (5 years), 2190 days (6 yeatH5 2lays (7 years), 2920 days (8
years), 3285 days (9 days) and 3650 days (10 years)
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4.3 Results and Discussion

Case (a): The no evapotranspiration case.

4.3.1 Water table depth and drain discharge characteristis

Drain spacing affected the water table depth bdthaimal effect on the quantity and
quality of the discharge water. The steady stati'emtable depth for drain spacings of 30
m, 60 m and 90 m were 1.54, 1.13 and 0.61 m resplct Water table depths for
spacings in excess of 90 m reached the land suyifatieating that for only water table
control, drain spacings should not exceed 90 mirapnto the observation by Cater and
Camp (1994) that spacing not in excess of 20 nce¥ay controlled the water table

below the land surface for conventional drain spgci

At steady state all the drains yielded the samendischarge rate equal to the applied
recharge rate (8 mm/d) suggesting that drain spauad no effect on the discharge and
this demonstrates that the model has achieved badasce correctly. Figure 4-2 shows
the salt concentration in the drain discharges owee for the different spacings. The
discharge concentrations decreased exponentiatly twne for all drain spacings but
remained higher than the applied recharge condemtrél500 mg/l) even after 10 years.
The increase in concentration above that of thdieppecharge emanated from deep
within the aquifer indicated that not all the leable salt (salt to be drained so that salt
entering in the aquifer from the applied rechargedmes equal salt leaving the aquifer)
had been drained out by 10 years of leaching fothal spacings. The drain discharge
concentration increased marginally with spacing d&bwout five years, thereafter, the
discharge concentrations were almost the samellfdraan spacings (Figure 4-2). This
indicates that spacing had no effect on drain @isgd concentration. but the difference
cleared after about five years.
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Figure 4-2: Leached salt concentrations over tionalifferent drain spacings

4.3.2 Salt remaining in the aquifer salt and leact

Table 4-2 shows temporal changes in aquifer saltthe percentage of the initial aquifer
salt leached for different drain spacings. Irreipe®f the drain spacings, more than 30
% of the initial aquifer salt was leached duringehr of drainage and about 70 % leached
by year 5 notwithstanding the 43,800 kg/ha/yeasalf applied in the recharge. This
caused a rapid decline of the initial aquifer slalting that period for all drain spacings.
This can be attributed to the greater differencesvéen the applied recharge salt
concentration and the initial aquifer salt concatidn. However, after 10 years, all the
spacings were leaching the same amount of salthwhas over 75 % of the original salt
in the aquifer suggesting that greater portionhef tespective ‘leachable’ aquifer salts
had been leached. ‘Leachable salt’ is the salt wlached from the aquifer reduces the

salt in the aquifer to approximately match both ¢iaét in the applied recharge (or net
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recharge) and the drain discharge, and remainipgoamately constant in the aquifer.
The leachable aquifer salt for drain spacing ofiB@as 80.3 % of the initial aquifer salt,
and 79.8 %, 79.3%, and 78.6 % for drain spacing®of, 90 m and in excess of 90 m
respectively. This indicates that with no evapapration, same amount of salt is
leached irrespective of the drain spacings.

Table 4-2: Salt remaining in aquifer, leached agugalt and ‘leachable’ aquifer salt
when no ET was included in model

Drain Salt in aquifer (kg/ha) Leached aquifer salt as ‘laeachable’
spacing percentage of *initial aquiferaquifer salt
(m) salt (kg/ha)
1 year S5years 10years 1 year S5years 10 years
30 194,191 85,986 69,420 31 69 75 225,420
60 189,456 83,114 61,931 33 70 78 224,190
90 183,697 74,704 60,956 35 73 78 222,630
150 177,324 78,943 68,352 37 72 76 220,800
200 175,303 77,886 67,293 38 72 76 220,800
250 175,900 78,432 67,084 37 72 76 220,800

*Initial salt in the aquifer = 280,800 kg/ha

Table4-3: Relationship between total leached saltsalt in the applied recharge when
no ET was included in model

Leached salt/*Applied

Total leached salt (kg/ha) recharge salt (dimensionless)
Drain spacing (m) 1 year 5 years 10 years 1 yeayeabs 10 years
30 131,194 414,310 650,167 3.0 1.9 15
60 135,148 416,689 656,872 3.1 1.9 15
90 140,901 425,094 657,842 3.2 1.9 15
150 147,266 420,847 650,439 3.4 1.9 15
200 149,271 421,889 651,481 3.4 1.9 1.5
250 148,665 421,422 651,681 3.4 1.9 1.5

*Applied recharged salt = 43,800 kg/ha/year
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The relationship between the total salt leachedthadalt applied is shown in Table 4-3.
All spacings leached over 3 times more salt thas agplied up to year 1, then declining
to 1.9 times and to 1.5 times more salt than thiegh by year 10. The excess salt more
likely is derived from deep in the aquifer since ttoncentrations at the base of the root
zone were static and the same for all the draicisga (Figure 4-3a). The same salt in
the drain discharge for the spacings shows thanwhere was no evapotranspiration,

spacing had no effect on the discharge salt coratgon.

4.3.3 Mid-drain salt concentration distribution at the base of the root zone

Figure 4-3a shows the distribution of the mid-drséft concentration at 1.5 m below the
soil surface for different drain spacings. Thereswaa rapid exponential fall of the
concentration and became stable after more oryleas 2 for all the drain spacings. It
was noted that the stabilized concentration wasstiee as the recharge concentration
indicating that the initial salt in the rooting depwas flushed out within 2 years of
drainage irrespective of length of the drain spgciffhe rapid aquifer concentration fall
could be attributed to the large concentration igradbetween aquifer concentration and
the applied recharge concentration. Notwithstandimegapplied recharge concentration
of 1,500 mg/l, the initial aquifer concentration @200 mg/I fell rapidly by about 75 %
by year 2 for all drain spacings, then to about8®y 5 years and remained constant
(Figure 4-3a) at a concentration level equal todtwecentration of the applied recharge
for all drain spacings. This indicates that all @pgs could maintain the same salt
concentration level at the base of the root zolikpagh at different water table depths.
This indicates that the salt concentration at theebof the root zone was affected by the
applied recharge concentration but not necessahifin spacing. Therefore, when
evapotranspiration was not included, the salt cotnagon in the rooting zone can be

controlled using any drain spacing.
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4.4 Case (b): Evapotranspiration included in the mdel

4.4.1 The effect of drain spacing on water table ahdrain discharge

The SEAWAT model was used to investigate the imfbgeof evapotranspiration on the
effects of drain spacing on water table, the cotteéon of recharge that entered the
groundwater (net recharge concentration), grounglwatontribution to the

evapotranspiration and the drain discharge charsits.

Generally water table depths from the soil surfdeereased with increasing drain
spacing as per the no evapotranspiration case etwgpthe depths were greater for the
corresponding drain spacing. At steady state of vilager table drawdown remained

approximately constant (ie the rate of applied aegh approximately matched the sum of
the drain discharge and evapotranspiration ratbe)water table depth, initially 0.5 m

below the soil surface (19.50 m elevation), fellltd2 m for 30 m drain spacing but rose
to 0.42 m below the surface for 250 m drain spa€irable 4-4). Water table depths for
spacings of 150 m, 200 m and 250 m which rose é¢osthl surface when there was no
evapotranspiration, remained below the surface wthemme was evapotranspiration

indicating the capability of evapotranspiration drawdown water tables as stated by
Heupermaret al. (2002).

Table 4-4: Groundwater contribution to evapotraram, ETy, water table depth and net
recharge characteristics for different spacings

Drain Water table Net recharge Net recharge
Drain ETqy discharge rate  depth at concentration density
spacing (m)  (mm/d) (mm/d) steady state (mg/l) (kg/m®)
(m)
30 5.70 2.30 1.72 5,217 1,003.65
60 5.73 2.27 1.61 5,286 1,003.70
90 5.76 2.24 1.47 5,357 1,003.75
150 5.85 2.15 1.12 5,581 1,003.91
200 6.01 1.99 0.77 6,030 1,004.22
250 6.07 1.93 0.42 6,218 1,004.35

ETg = groundwater contribution to evapotranspiratiate
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As would be expected, with increased drain spatiiegheight of water table increased
and drains discharge decreases (Table 4-4). Irtiandas spacing increases more water
is evapotranspired from the shallow water tables thcreases water use efficiency and
the salt concentration at the base of the root.zone

4.4.2 Salt remaining in the aquifer salt and leachsalt

Table 4-5 shows the salt remaining in the aqutfes,leached salt as a percentage of the
initial aquifer salt and ‘leachable salt’ (amouritsalt when leached from the aquifer
reduces the salt in the aquifer to approximatelytcmaoth the salt in the applied
recharge or net recharge and the drain dischargereamaining approximately constant

in the aquifer) for different drain spacings. Tla#t semaining in the aquifer at all times

Table 4-5: Salt remaining in aquifer, leached agnusklt and ‘leachable’ salt

Drain Salt in aquifer (kg/ha) Leached aquifer salt as a ‘Leachable’

spacing percentage of *initial aquifer salt aquifer salt

(m) 1 year 5years 10years 1 year 5years 10 years(kg/ha)
30 267,200 233,425 215,232 4.8 16.9 23.3 90,067
60 267,325 235,364 217,915 4.8 16.2 22.4 86,381
90 267,884 237,444 220,826 4.6 15.2 21.4 82,270
150 269,870 243,808 229,375 3.9 13.2 18.3 70,061
200 273,223 254,792 244,868 2.7 9.2 12.8 48,887
250 274,859 260,792 253,248 2.1 7.1 0.8 37,428

*Initial salt in the aquifer = 280,800 kg/ha

Table 4-6: Relation between total leached saltsadidin the applied recharge

Total leached salt/*Applied

Total leached salt (kg/ha) recharge salt (dimensionless)
Drain spacing (m) 1 year 5 years 10 years al y& years 10 years
30 57,400 266,375 503,568 131 1.22 1.15
60 57,275 264,436 500,885 130 1.21 1.14
90 56,716 262,356 497,975 129 1.20 1.14
150 54,730 255,992 489,425 125 1.17 1.12
200 51,378 245,008 473,932 117 1.12 1.08
250 49,876 239,408 465,623 1.14  1.09 1.06

*Applied recharge salt load = 43,800 kg/ha/year
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increased with increasing drain spacing (Table .475)is is primarily caused by the
evapotranspiration rate utilizing the shallow grdwater results in a decrease in drainage
discharge with small amount of salt (Christen aryar&, 2001). At wider spacing the salt
concentration at the base of the root zone incceadech in turn leads to less of the
leachable salt being leached. The ‘leachable’ ;sedtsged from 32 % to 13 % of the
initial aquifer salt (280,800 kg/ha) for drain spas of 30 m and 250 respectively.
However, the leached salts accounted for over 4 #e respective ‘leachable’ salts for

all the drain spacing for 10 years of drainage.

The relationship between the total leached salt thedapplied salt for different drain

spacings is shown in Table 4-6. The total leachatidecreased with increasing drain
spacing could be attributed to less water beinghdigged as a result of more water loss
through evapotranspiration for wider drain spacifdsspacings removed more salt than
the salt in the recharge by 10 years indicating tioee of the spacings had completely

leached the corresponding ‘leachable’ salts bypkabd.

4.4.3 Mid-drain salt concentration dynamics at thebase of the root zone

The mid-drain salt concentration levels at the bafsthe root zone for different drain
spacings are shown in Figure 4-4. For all spacinggwithstanding the recharge
concentration of 1500 mg/l, there was rapid falaqgtiifer concentration within the first
0.08 year (30 days) (Figure 4-4) and then it eitmareased or continued to fall
depending on the spacing before becoming stabiligeglire 4-4a). The initial rapid fall
of the salt concentration in the aquifer was dukess concentrated applied recharge (or
net recharge) which diluted the salt at the wadbtet causing more salt leaching at the
beginning of the drainage. The later increase)(iissalt concentration at the base of the
root zone (Figure 4-4) was because when the reehargally entered the aquifer salt
concentration gradient was created at the root zemeh gradually reduced through
diffusion from high salt concentration beneath weger table till the salt concentration
stabilised and at wider drain spacing the laterceatration level was greater than when
concentration initially fell to. For all spacingbe salt concentration at the corresponding

water tables became stable by year 3 but at diffédegels. This indicates that all
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Mid-drain salt concentration (mg/l)

li Time (year)

%o— Drain spacing = 250 m—e— Drain spacing = 200 m—a— Drain spacing= 150 m

% Drain spacing = 90 m —x— Drain spacing = 60 m —e— Drain spacing= 30 m

Figure %1-4(a): Mid-drain salt concentration at 1m5below soil surface for applied
rechargf’le of 8 mm/d with concentration of 1500 mg/I
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Figure 4-4(b): Mid-drain salt concentration patt&rid5 m below soil surface for recharge
concentration of 1500 mg/l at drainage betweendlayear
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spacings could retain salt concentrations but diffe concentration levels and at

different water table depths.

At 250 m drain spacing, notwithstanding the rechargoncentration, the salt
concentration retained at the base of the root reaseabout 14 % lower than the initial
aquifer concentration. The 200 m and 150 m spacfotiswed similar patterns and
retained concentration levels less than the irdgalifer concentration by about 16 % and
about 22 % respectively. The 90 m spacing retagwttentration of about 25 % lower
than the initial aquifer concentration. The concaiin for spacings 60 and 30 m
retained salt concentration levels of 27 % and@®8spectively lower than the initial
aquifer concentration by year 2, indicating thaaspgs 60 and 30 m retained almost

similar concentrations at the base of the root zone

It was however noted that after 3 years of draindgeedrain discharge concentrations for
all spacings were over 99 % of the respective Hahte’ concentrations. The leachable
concentrations for spacings 30, 60, 90, 150, 2@02&%0 m were 1983, 1914, 1843, 1619,
1170 and 982 mg/l respectively.

Figure 4-5 shows the mid-drain concentration lee¢l$.5 m depth from soil surface and
water table depths for different spacings when chaege water of 8 mm/d with salt
concentration of 1500 mg/l was applied. Differepa@ng yielded different water table
depths and salt concentration level at the bas¢h@froot zone indicating spacing
influence on concentration at the base of the mooie due to evapotranspiration. For
example, with a recharge concentration of 1500 nigd salt concentration at the base of
the root zone could be changed from about 6037 tmgbout 5311 mg/l whilst the water
table depth increased from 0.77 m to 1.61 m belwsvsoil surface when spacing was
reduced from 200 m to 90 m (Figure 4-4). In gehdrere was lower water table depth
and subsequent decrease of concentration at tleedbdbe root zone with decrease in
spacing as noted by Ali et al (2000). This was beeaat the deeper water table, less

water was lost through evapotranspiration resultinga greater net recharge and
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consequently greater drain discharge rate andftitereess concentration within the root

zone.
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Figure 4-5: Varying spacings controlling differdetels salt concentration at different

water table depths for 8mm/d applied recharge 601%g/l concentration at year 5

4.4.4 Salt dynamics within rooting zone for appliedecharge concentrations of 1000
mg/l and 700 mg/I.

To check the model for consistency of performame®, runs of the model were made
using the applied recharge rate of 8 mm/d withedéht concentrations of 1000 and 700
mg/l. The groundwater contribution to the evapatparation, the drain discharge rate
and the water table depths obtained for all spacingmained the same as the

corresponding drain spacing as in the run whemapiptied recharge concentration was
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Mid-drain salt concentration (mg/l)
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Figure 4-6:"(a): Mid-drain salt concentration at 1.i#b depth for applied recharge
concentration of 1000 mg/I
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Figure 4-6b: Mid-drain salt concentration at 1.75l@pth for applied recharge
concentration of 1000 mg/l at drainage betweendlayear
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1500 mg/l. The amount of aquifer salt leached iaseel with decreasing recharge
concentration for all spacings. When the appliethaege concentration was 1000 mg/I,
the leached aquifer salt ranged from over 6 to 8f%he initial aquifer salt in 1 year,
about 23 to 29 % of the initial aquifer salt in &ays, and about 30 to 40 % of the initial
aquifer salt in 10 years for drain spacings 2503@ m respectively (Table IIA in
Appendix Il). When the applied recharge concerdratvas 700 mg/l, the leached aquifer
salt ranged from about 9 to 11 % of the initial ifgusalt in 1 year, about 32 to 37 % of
the initial aquifer salt in 5 years, and about 4460 % of the initial aquifer salt in 10
years for drain spacings 250 to 30 m respectivEaple 11C in Appendix Il). The results
of the two simulations showed that more salt ishea when the applied recharge is less
saline (FAO, 1994). However, for all the drain gpgs in both simulations, the leached
aquifer salt were over 15, 50, and 70 % of thespeetive ‘leachable’ aquifer salts in 1,
5, and 10 years respectively, same percentage @sobserved when the concentration
of the applied recharge water was 1500 mg/l. Thearly demonstrates that the model

was working correctly.

Figures 4-6 and 4-7 show the mid-drain salt comeéinhs at a depth of 1.75 m from the
soil surface for recharge concentration of 1000l ragd 700 mg/l respectively after 10
years of drainage. Even though in both cases,dhegncentration became stable after
year 3, for the same spacing, the salt concentraéitained at the base of the root zone is
less for applied recharge concentration of 700 ntigdn for the applied recharge
concentration of 1000 mg/l. This indicates that du@lity of recharge has effect on the

salt concentration at the base of the root zonmguwrainage.

In the case of an applied recharge concentratiatD60 mg/l, the 250 m drain spacing
had a salt concentration of about 41 % lower themninmitial aquifer salt concentration

(7200 mg/l) whilst the 200 m and 150 m drain spg&ihad 44 % and 47 % respectively
lower than the initial. The 90 m, 60 m and 30 midspacings all had salt concentration

levels of over 50 % lower than the initial aquisalt concentration.
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Mid-drain salt concentration (mg/l)
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Figure 4-7(2,3'_,-): Mi-drain salt concentration at 1.@b depth for applied recharge
concentration of 700 mg/I
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With the applied recharge concentration of 700 nib# concentration at the base of the
root zone reduced even further. The concentratmreds at the base of the root zone for
all the spacings were over 60 % lower than theirmaigconcentration level of the aquifer,

and drain spacings 30, 60 and 90 m yielded the sameentration at the base of the root
zone. This indicates that the influence of draiacipg on salt concentration at the base of

the root zone reduced when the applied rechargelasver salinity.

The greater reduction of the initial aquifer salihcentration could be attributed to the
larger difference between the aquifer salt coneg¢ioin and the net recharge
concentration.

In general, a drain spacing of 250 m is over 8 simv&er than drain spacing 30 m but in

terms of concentration at the base of the root zthedrain spacing of 250 m retained
salt concentration of only 1.2 times more than fbadrain spacing of 30 m irrespective

of the applied recharge concentration. This in@isdhat for any of the applied recharge
concentration, the salt concentration retainedhathbiase of the root zone was no highly
dictated by the drain spacings. This was becawsevpotranspiration rate of 6.24 mm/d

used was not large enough to make the salt comtiemtrat base of the root zone more
sensitive to the drain spacings. This suggestsceatcentration retain at the base of the
root zone is a function of not only drain spacibgt also evapotranspiration rate and salt
concentration in applied recharge.

4.4.5 Performance of the model in response to diflent aquifer hydraulic
conductivities

In order to evaluate the performance of the modekimulating drainage flow and
leaching in different aquifer permeabilities, thedal was applied to two homogeneous
aquifers with hydraulic conductivities, K, of 0.51anhd 1.214 m/d and one non-
homogeneous aquifer with hydraulic conductivity,0K 0.8 m/d for the upper 10 m
section and 0.08 m/d for the lower 10 m sectiore @hain discharge rates, the leached
salt, and the concentration at the base of the rooe for the aquifers were then

compared with prevailing evapotranspiration raté.@4 mm/d.
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Figure 4-8: Drain discharges at varying spacingsnfraquifers of different values of
hydraulic conductivities for applied recharge ah&/d after 10 years of drainage.

Figure 4-8 shows drain discharges from aquiferdifferent hydraulic conductivity
values for varying spacings after 10 years of drgenwith applied recharge rate of 8
mm/ and potential evapotranspiration rate of 6.2d/dn There were small differences
between drain discharge rates when the drain spacas narrow but differences became
more apparent with widely spaced drains (Figurg.4FBe aquifer hydraulic conductivity
only had an effect on the drain discharge rate sjpacings in excess of 50 m. As
expected, aquifer with K =1.216 yielded the hightsin discharge rates. The drain
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Figure 4-9: Comparison of total salt leached froguiters of different hydraulic
conductivities for 8mm/d applied recharge of 150§/iInsoncentration after 10 years of

drainage

discharge rates for the aquifer with K = 0.514 mask less than the aquifer with K = 0.8
& 0.08 m/d even though the lower half of aquifetwK = 0.8 &0.08 m/d had a very
small hydraulic conductivity. This emphasises tmpartance of flow through the more
permeable upper layers. This indicates that trekti@iss of the upper permeable layers is
sufficiently large to reduce the impact of the |bwdraulic conductivity in the lower

section of the aquifer.
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Figure 4-10: Salt concentration at the base ofrtwe zone at mid drain spacing for
aquifers of different hydraulic conductivity valués 8 mm/d applied recharge of 1500

mg/l concentration and evapotranspiration of 6.2d/dnafter 10 years drainage

Salt leaching followed similar trends as the drdischarge rates. Leaching values from
aquifer with K = 1.216 m/d was the highest, follal®y aquifer with K = 0.8 & 008 m/d
and the aquifer with K = 0.514 m/d being the Idastall drain spacings (Figure 4-9).
The concentration retained at the base of the zooe was, however, lowest for the
aquifer with K = 1.216 m/d, followed by the aquifeith K = 0.8 & 0.08 m/d and the
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aquifer with K = 0.514 m/d providing the greateshcentration for all spacings (Figure
4-10).

The differences in concentrations at the baseefdbt zone for aquifers with K = 0.514
m/d and K = 0.8 & 0.08 m/d remained the same fbsphcings, whilst the root zone
concentration differences between the aquifer Wit 1.216 m/d and the other two
aquifers widened with increasing spacings whenisgaexceeded 50 m (Figure 4-10).
This shows that the impact of aquifer hydraulicawetivity on concentration at the base

of the root zone is more effective when drainsveidely spaced.
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4.5 Discussion and conclusions

Drain spacing equations have been traditionallydus®e design subsurface drainage
systems to maintain water table depths in irrigatedd low enough to prevent
salinization in the root zone by capillary rise.vitver, these design systems directly do

not consider salt concentration control within theting zone.

Correct choice of drain spacing can be a majorridmrtor to resolving the problem of
salt concentration at the base the root zone. &dtmulation in the root zone is
influenced not only by spacing but also by the myabf the applied recharge, the
prevailing evapotranspiration rate, the quality tbé ground water, and the aquifer
characteristics. These effects and their inteigrahips were analyzed by using
SEAWAT model, a variable-density numerical grountiwanodel.

The SEAWAT model simulation showed that when theas no evapotranspiration, both
closely and widely spaced drains retained the satieconcentrations that were identical
to the concentration in the applied recharge, atlihse of the root zone. This same
concentration at the base of the root zone fospédicings was because the volume of
discharges for the spacings were the same andfdhersame amount of leached salt
since discharge volume directly relates to the arhotileached salt (Christen and Ayars
2001). This suggests that the concentrations abdke of the root zone depended on only

the concentration in the applied recharge but roessarily on the drain spacing.

When evapotranspiration was included, the draichdigge decreased with increasing
spacing with an associated rise in the water thblel. This was because as the drain
spacing widens, the water table rises, enhancingre mwvater loss through
evapotranspiration thereby reducing the appliecemnthiat reaches the water table which
in turn is drained out as discharge. The salt catnagon control at the base of the root
zone however increased with spacing. Since disehajume relates to amount of
leached salt, with increasing spacing water washdigjed and subsequently less leached

salt thereby relatively higher salt left in the dguresulting to higher concentration at the
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base of the root zone with increasing spacing (f€igd&+4). Different spacings had
differing effects on water table depths and conegioin levels at the base of the root
zone identical to the net recharge concentratidhs. difference was because different
spacings resulted in different evapotranspiratiomater losses, necessitating different
water of different salt concentrations percolatiogthe water table as observed by
Cooper et al (2006). Though the salt concentratibrthe root zone increased with
spacing, the concentration increase is less maftedpacings less than 90 m. Thus
spacings of 30, 60 and 90 m retained relativelysdmae salt concentration at the base of
the root zone. This was because there was lessthdiference in evapotranspirational
water losses for these spacings and therefore deameed out concentration. The water
table depths were relatively greater for all spgdiran the corresponding spacings when
evapotranspiration was not included as noted by pHenan et al (2002) that

evapotranspiration is capable of lowering watetetab

The amount of salt concentrations at the baseeofdbt zone for aquifers with K =1.2186,
0.514 and 0.8&0.08 m/d were similar when the sggimere less than 50 m, indicating
that the impact of aquifer hydraulic conductivity the root zone concentration was more
marked when the drain spacings exceeded 50 m @iget0). The inter hydraulic
conductivity differences in concentrations at theesdo of the root zone increased with

increasing drain spacing when spacings exceedaa 50

The foregoing illustrates that the model is capathlsimulating both drainage flow and
leaching in irrigated field for different spacindscan be concluded that variable density
numerical groundwater models such as SEAWAT useithis;istudy can be effectively
used to develop effective subsurface drainage dedigat could maintain long lasting

concentration at predetermined levels.
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CHAPTER FIVE

EFFECTIVENESS OF NUMERICAL MODELLING IN IMPROVING
DRAINAGE SYSTEM DESIGNED FOR SALT CONCENTRATION CON TROL

5.1 Introduction

Chapter 3 showed that, the SEAWAT model can be usguledict concentration at the
base of the root zone for varying drain spacingsis chapter seeks to establish if the
SEAWAT model can be used for designing effectivairthige system for concentration

control in the root zone with less water applicatio

5.2 Methodology

The SEAWAT model was used to simulate drain spactogmaintain salt concentration
of 6000 mg/l at the base of the root zone and amwtable depth of 0.8 m below the land
surface for 4 aquifers of different hydraulic contivities and under different rates of
groundwater contribution to evapotranspiration. @haifers were 20 m deep. The first 3
uniform aquifers had hydraulic conductivities (Kf 4.216, 0.8 and 0.514 m/d
(representing fine crumb, medium and fine soilgpeetively). The fourth aquifer had
hydraulic conductivity of 0.8 m/d in the top 10 mda0.08 m/d in the lower 10 m section
(representing medium soil depth). The hydraulicduantivities were selected to represent
a range of soil types found in irrigated fields. eTlyroundwater contribution to
evapotranspiration rates were:- 8, 7, 6, 5, 4,&)@1 mm/d. The 0.8 m water table depth
was maintained to provide a healthy crop growingirenment. Also simulated were
drain spacings to maintain salt concentration di®@nd 4000 mg/l at the base of the

root zone.
The water in the aquifer(s) initial concentratioasn7200 mg/l with a water table depth

0.5 m below the soil surface. All other aquifergmaeters, model input data and

methodology are as described in Chapter 3.
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The SEAWAT models the contribution of the saturatede water to evapotranspiration
by a sliding scale from full extraction when thetaraable is at the soil surface, falling to
a certain percentage when the water table fallswehe surface. A computational

adjustment was needed to enable the model to peodibe desired groundwater

contribution to evapotranspiration rates to meeparvater demand. This was achieved
by varying the amount of water that must be appieedccount for the leaching fraction

and total evapotranspiration that would be requicedive a water quality at the base of
the root zone (0.8 m depth from soil surface) d®éng/I.

The drain spacings for maintaining salt concerdratef 6000 mg/l at the base of root
zone and a water table depth of 0.8 m were obtdiyedinning the model and varying
the spacing until the simulated water table depih salt concentration at the base of the
root zone reached 0.8 m and 6000 mg/l respectifalyall the aquifers. A similar

approach was used for the other salt concentrdesiring at the base of the root zone.
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5.3 Results and discussion

5.3.1 Drain spacings to maintain desired salt conn&ation at the base of the root
zone

In Figure 5-1, the simulated drain spacing is plbttagainst the applied recharge
concentration for groundwater contribution to evagaspiration rates of 8 mm/d for the

4 aquifers. It was found that the polynomials (HEtpra5-1) fit the corresponding curves

in Figure 5-1:
400
—e— Aquifer K = 0.514 m/d
350 -
—a— Aquifer K =0.8 m/d
~ 300 A
£ —&— Aquifer K=1.216 m/d
= 250 -
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g
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Applied recharge concentration (mg/l)

Aquifer K = 0.514 m/d is a uniform aquifer havingdnaulic conductivity of 0.514 m/d
Aquifer K = 0.8 m/d is a uniform aquifer having mgdlic conductivity of 0.8 m/d
Aquifer K = 1.26 m/d is a uniform aquifer havingdmgulic conductivity of 1.216 m/d
Aquifer K = 0.8 & 0.08 m/d is an aquifer having gdlic conductivities of 0.8 m/d in
the upper 10 m and 0.08 m/d in the lower 10 m sesti

Figure 5-1: Drain spacing versus applied rechargacentration for groundwater
contribution to evapotranspiration rate of 8 mm/d.
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DSP = A + B(RCN) + C(RCN)+ D(RCNY + E(RCNY 5-1
where,

DSP is the drain spacing; RCN is the applied reghapncentration and A, B, C, D and
E are constants. The values of the constants aea gi Table 5-1.

Table 5-1: Constants contained in Equation 5-3

Type of aquifer A B C D E
Aquifer K = 0.514 m/d 420 -0.35 10 -3x10° 2x10%
Aquifer K = 0.8 m/d 502.4 -0.3902  fo -3x10° 2x10%
Aquifer K= 1.216 m/d 639.3 -0.4978 2x410 -4x10®° 2x10%

Aquifer K = 0.8 &0.08 m/d 402.7 -0.3074 1o -2x10° 1x10%

In general, differences between curves of Figuedid the corresponding polynomial
were found to be less than + 0.05 %.

Tables 1A, 11IB, IlIC and lID (Appendix Ill) preent drain spacings and the
corresponding drain discharges that maintainedddered salt concentrations of 6000
mg/l at the base of the root zone and a water tdelgth of 0.8 m for different
groundwater contribution to evpotranspiration ratesvas found that the concentration
of the applied recharge could be increased withhedsed drain spacing and increasing
applied recharge (and drain discharge) to mairtteerdesired concentration of 6000 mg/I
at the base of the root zone. Further decreab®mig spacing and more applied recharge
(and more drain discharge) was necessary whervtpoanspiration rate is higher. For
example, for the aquifer having hydraulic condutgivof 0.8 m/d, applied recharge
concentrations of 750 mg/l and 3000mg/l necessitdtain spacings of 395 m and 128 m
respectively with corresponding applied recharged4.6 mm/d (and drain discharge of
0.6 mm/d) and 7.6 mm/d (and drain discharge oi®®d) to maintain concentration of
6000 mg/l at the base of the root zone when theurghwater contribution to
evapotranspiration rate was 4 mm/d. For the samefeaqtype, the same applied

concentrations correspondingly necessitated drpatisgs of 282 m and 80 m with
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applied recharges of 9.0 mm/d and 15.1 mm/d resdgtto maintain concentration of
6000 mg/l at the base of the root zone when groateinwcontribution rate was 8 mm/d.
This emphasises the need not to use lower quabktgmfor irrigation in areas of high

evapotranspiration rate.

5.3.2 Drain spacing design

The design drain spacings need to maintain theetesoncentration at the base of the
root zone for a range applied recharge concentrstilh is of importance to establish a
relationship between the drain spacings and thdieappecharge concentrations to
maintain the desired concentrations at the basehef root zone. However, the
concentration at the base of the root zone isenited by not only the drain spacing and
concentration of the applied recharge but also @vapspiration rate and aquifer
hydraulic conductivity. Figures 5-2, 5-3, 5-4 anéb Show the relationship between
design drain spacing, evapotranspiration rate gpplied recharge concentration to
maintain the desired concentrations at the rootezton different aquifer hydraulic

conductivities.

In each Figure, the spacing is plotted againsiaggied recharge concentration. Groups
of curves are presented such that each correspgoritie desired concentration that was
maintained at the base of the root zone. Withinhegmup, curves are plotted for

groundwater evapotranspiration rates of 8, 7, @, 3, 2 and 1 mm/d.

It was noted that the desired concentrations wenatained at the base of the root zone
with the drain spacings vyielding different drainscharges irrespective of the
evapotranspiration rates for all the aquifers. Tinoigwo drain spacings yielded the same
drain discharge either for a given evapotranspmatirate or applied recharge
concentration. The drain spacings for all the et@pspiration rates were ranked and
plotted against the corresponding drain dischargegire 5-6 shows the relationship of
the ranked drain spacing and the correspondingp diiacharges for the different aquifer

hydraulic conductivities.
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Figure 5-2: Design drain spacing for Aquifer K 8 @/d to maintain the desired
concentration at the base of the root zone.
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Figure 5-3: Design drain spacing for Aquifer K $D4 m/d to maintain the desired
concentration at the base of the root zone.
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Figure 5-4: Design drain spacing for Aquifer K 216 m/d to maintain the desired
concentration at the base of the root zone.
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Figure 5-5: Design drain spacing for Aquifer K 8@ 0.08 m/d to maintain the desired
concentration at the base of the root zone.
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Figures 5-2, 5-3, 5-4 and 5-5 can be used as ¢saltentration control’ design spacing

graphs and Figure 5-6 can be said to be a ‘draichdrge’ spacing design graph. It must

be stated though that in view of great spatialakility of hydraulic conductivity; sloping

surface and less than 20 m deep for real irrighdds with water moving between

different areas by gravity, the design graphs ghbel used with prudence.

The following procedure however is recommended:

a)

b)

e)

)

The evapotranspiration rate, applied recharge {®rconcentration) and the

hydraulic conductivity of the aquifer should be

Using the ‘salt concentration control’ design spgcgraph corresponding to the
aquifer type and the desired salt concentraticdhetbase of the root zone group,
locate the value of the applied recharge conceotrain the horizontal axis and

draw a vertical line upwards to intersect the cuome

At the intersection point of the EValue, draw a horizontal line to cut the vertical
axis, this point corresponds to the drain spacaidge

Locate the drain spacing on the horizontal axishef ‘drain discharge’ spacing

design graph (corresponding to the aquifer type) dgmaw a vertical line upwards

to intersect the curve.

The intersection of the vertical line with the cairgorresponds to the drainage
intensity.

With the drain discharge rate value established, d@pplied recharge may be
evaluated.
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Figure 5-6: Relationship between design drain sgpand drain discharge for different
aquifers

Numerical example

In an aquifer of K = 0.5 m/d in a semiarid regioithnETy = 5 mm/d, drains are to be
installed 2 m below the ground surface. It is reegiito design the spacing to maintain
salt concentration of 5000 mg/l at the water tatdpth of 0.8 m below the surface with
an applied water concentration of 1000 mg/l. Evi@utoe applied recharge needed.

Compare the values obtain with that of conventiaadlies.

Solution

Using Figures 5-3 and 5-6, for a K approximately.5 m/d.

Using Figure 5-3(b) with a applied recharge conegimn = 1000 mg/l to maintain salt
concentration of 5000 mg/l with EE 5 mm/d,

Drain spacing, DSP = 200 m.

From Figure 5-6 for a DSP = 200 m, drain dischaage, g = 1.1 mm/d.

Then applied recharge (RCH) =¥ q =5 mm/d + 1.1 mm/d = 6.1 mm/d.

Therefore, with applied recharge concentration @Q.mg/l in an area of groundwater
contribution to evapotranspiration rate of 5 mnddsign spacing of 200 m and applied
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recharge of 6.1 mm/d will maintain a salt concerdraof 5000 mg/l at base of the root

zone and a drain discharge rate of 1.1 mm/d foatemtable depth of 0.8 m.

To determine the extent that the applied rechampgk spacing may differ from the
conventional spacing, the following equations wskved:

LF = % (van Hoorn and van Alphen, 1994) 5-2

n

where, LF is the leaching fraction;, S the irrigation (applied recharge) concentration
1000 mg/I (in the question) and, @ the salt concentration at the base of the zooe =
5000 mg/I (in the question)

Solving Equation 5-2, we obtained, LF = 0.2

and AW = =1 (FAO, 1985) 5-3
1-LF

where, AW is applied irrigation (applied rechargater, ET is evapotranspiration rate =
5 mm/d (in the question) and LF = 0.2, we obtaipliag recharge = 6.25 mm/d.
This gave a reduction of applied recharge by 3 failiddischarge by 14 %) relative to
the design spacing.
And, using the Hooghoudt’s equation (Equation 2t42,following is obtained:

(DSP = 1600 + 3200d 4
where, DSPis conventional drain spacing andsigiven by Equation 3-6.
Solving Equations 5-4 and 3-6 with@= 0.1 m yields a k.= 172 m. It is evident that
the model design spacing is wider than the congeatispacing by 16 %. Therefore the
model design drainage system is more economictaféethan the conventional drainage

system.

5.3.3 Comparison of simulated and conventional depi spacing and drain
discharges.

Tables 5-2, 5-3, 5-4 and 5-5 show simulated and@ational design drain spacings, and
percentage differences between the simulated anddhventional spacings required to
maintain concentration of 6000 mg/l at the basthefroot zone for 3 uniform aquifers of
K =0.8,0.514, 1.216 m/d and a non-uniform aquifieK = 0.8 & 0.08 m/d respectively.
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The ‘positive percentage difference’ means thatsthmulated spacing was wider than the
conventional spacing. It was noted that drain disgés from the aquifers were the same
for a given evapotranspiration rate and a givencentration of the applied recharges.
Table 5-6 presents the simulated drain dischargessyentional drain discharges and
percentage differences between the simulated andeational drain drains discharges
for all the aquifer hydraulic conductivities. Theegative percentage difference’ means

the simulated drain discharge is less than the eaional drain discharge.

The conventional drain discharges and design dsp@cings were obtained by the
solutions of Equations 5-2, 5-3 and the Hooghousteady state equation (Equation 2-2)

with ro=0.1 m.

In comparing the simulated and the conventionalgtedrain spacing, it was found that
in all situations, the simulated design spacingsveider than the conventional spacings
ranging from 3 % to over 50 %. This means more egoa savings when the model is
used as a design tool for drain spacing. Genertléy savings are much more when the

evapotranspiration rate is high than when the ewvapspiration rate is low.

Comparing the simulated and the conventional ddastharges, differences in drain
discharges were all negative indicating that tiheutated drain discharges were less than
the conventional drain discharges (Table 5-6). Thisans there was drained water
savings which ranged from 1 to 27 % in maintairtimg desired concentration at the base
of the root zone. In general the percentage diffiese were higher in areas of high
evapotranspiration than areas of low evapotranspiraSimilarly, the differences were
larger when the concentration in the applied regdsmrwere great than when the
concentration in the recharges were low (Table.5F8)s means more drainage water
(and irrigation water) will be saved in areas @hhevapotranspiration when the model is
used as a tool for subsurface drainage systemthigaoonventional drainage system and
much more water savings could be achieved whenctimeentration in the applied
recharge is high.
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5.4 Discussions and conclusion

Conventional subsurface drainage system procedoresslt concentration control in the

root zone rely on lowering the water table low egioto prevent capillary rise of salt into

the root zone. Christen and Ayars (2001), howeneted that this approach does not
consider long term salt balance in the root zoseaated with the depth and spacing of
drains in a particular hydrologic setting. Thigdst used the SEAWAT model to directly

target salt concentration control at the base efrdot zone with lower drain discharge

(and applied water) for different climatic and dquiconditions.

It is evident from the results that it is possitdaise the SEAWAT model to design drain
spacings to maintain the desired salt concentrait@inthe base of the root zone. As
expected it was found that the design drain spacew@ narrower in areas of high
evapotranspiration rates for all aquifer types nllede This could be because at high
evapotranspiration rate, more water is evapotraegdeaving greater concentration in
percolation into the groundwater. Therefore closggced drains could remove the
excess salt in order to bring the concentratidmaae of the root zone at the desired level.
Similarly drain spacings are narrower when the eatration in the applied recharge is
high than when the concentration in the appliechaege is low. As expected the
narrower drain spacing resulted in greater dragthdirges and in turn greater applied
recharges. This conforms to the observation byis@hr and Ayars (2001) that with
increasing irrigation water concentration, leachieguirement is increased and this often
required high drain discharge.

The comparison of the simulated design drain sgatmnthe conventional design drain
spacings to maintain a concentration of 6000 ngth@ base of the root zone shows that
great economic savings can be achieved when theABdAis used as a tool. This is
because the simulated drain spacings (for all evapspiration rates and all aquifer
hydraulic conductivities) are larger than the cgpending conventional drain spacing,
providing percentage differences ranging from dver 50 between the simulated and
the conventional drain spacings. This is comparabtaose obtained by other numerical
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approaches that considered evapotranspiration ttenmwater table (Hammad, 1962;
Hathoot, 1980; Hathoot et al. 1992).

Again, comparing the simulated drain dischargef¢oconventional drain discharges, all
the percentage differences were negative indicatiag the simulated discharges were
less than the corresponding conventional drainhdigges. This provided drain discharge

savings ranging in the order of 3 to over 20 %.

It must be stated that in view great spatial valitgof hydraulic conductivity, the use

homogeneous hydraulic conductivity was likely todancertainty and a source of error;
and the fact that the flat field surface and highguifer thickness (20 m) were assumed,
do not realistically represent the flow conditi@tzurring in the aquifer, the design chart

and the results should not be taken as absolute.

However, the numerical modelling technique cleg@rgvides more effective designs on
flat land which when extended onto sloping largacts of land where water is moving
by gravity towards the low lying land, the SEAWATilvbe much more effective than
the conventional design. This is because SEAWAdDis to model lateral flow of water
and salt, with drain spacing widening on higherugi where lateral outflow reduces the
need for drainage, while in lower lying areas whbeze is expected to be a net inflow of
water and salts into the root zone from higher gdhut will model higher flow densities
to remove excess salinity. This is of importancaahand dry climates because using the
SEAWAT as a tool for subsurface drainage designreaalt in drain discharges (and in

turn applied water) savings that can exceed 20 8tpaped with conventional design.
The results indicate that the SEAWAT model is aughle alternative to conventional

design procedure for subsurface drainage desigrecedly in hot and dry regions to
maintain salt concentration at the base of the zooe with lower applied water.
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CHAPTER SIX

6. GENERAL DISCUSSIONS AND CONCLUSIONS

6.1 Introduction

The review in Chapter 2 highlighted the detrimenédlects of waterlogging and
salinization on crop production and the need tonta@ low levels of salt in the root
zone if effective irrigation farming is to contingidoffman, 1985).

Pioneering researchers like Skaggs (1980), van Btash (1997), El-Sadek et al. (2001)
and many others, working on waterlogging and ssdition, developed models using
conventional drainage equations to design subseideainage systems to maintain water
table levels as a means of lowering salt within thet zone (Moustafa and Yomota,
1998). Subsurface drainage design, however, needsdget salt control more than water
table control since evapotranspiration could fdgssbntrol the water table levels in arid
and semiarid regions (Heupermetral, 2002). In this study, a numerical variable dgnsi
groundwater model called SEAWAT was used to evaluae design of a drainage
system to maintained salt concentration levelsatbise of the root zone using relatively

less water than with conventional design drainagéem

As discussed in Chapter 2, the SEAWAT code is apter programme that simulates
three-dimensional variable density groundwater fibmough porous media. SEAWAT
combines modified MODFLOW (Mcdonald and Harbaugh88) and MT3DMS (Zhen,
1990) codes into a single programme to solve thupleal groundwater flow and solute
(salt) — transport equations. The model contaihgisn techniques that reduce numerical
dispersion which is usually associated with sotrg@sport simulation and therefore the
model is capable of producing acceptable transpoltitions (Langevin, 2001). The
model includes boundary conditions that containaide density source waters and is
capable of simulating temporally and spatially wagysalt concentrations in order to
predict both groundwater flow and leaching.
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SEAWAT like all numerical groundwater models is ilied in its representation of the
physical system because it is based on simpliboatiand assumptions that may or may
not be valid. Inherent in the SEAWAT code are savassumptions that could introduce

a degree of uncertainty into the results.

The model assumes isothermal conditions and thig infuence the results. Thermal
gradients can affect flow density and thus grourtdnéiow patterns. However, Langevin

(2001), noted that thermal gradients seemed to hmwienal effect on groundwater flow.

The model does not account for variations in viggos Studies indicate that such
variations are not important unless the flow déesiexceed 1,200 kghiLangevinet al,
2003). In this study, flow densities remained beldw05 kg/m suggesting that
variations in flow viscosity probably did not affegroundwater flow.

The processes of irrigation, runoff, recharge avapetranspiration were represented by
simplifications. The model simulates only the eusaaspiration from the saturated zone

(the water table). Though the quantity of unsatdatone evapotranspiration is probably

indirectly included in the evapotranspiration frane water table, the unsaturated zone
evapotranspiration may be an important processigated land where unsaturated zones
can be relatively thick. In this study the init@hter table was assigned to be close to the
soil surface (0.5 m below the surface) suggestingeduction of the effect of the

unsaturated zone evapotranspiration.
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6.2 General discussions

It is clear from the results that the SEAWAT pragrdor Simulation of Three-
Dimensional Variable-Density Ground-Water Flow (USG US Geological Survey
Office of Groundwater) can be effectively useddesign of subsurface drainage systems
for controlling salt concentration in the root zooe salt affected irrigated land. The
programme has the advantage over conventional dpgioing equations in that it can be
used to optimize drainage design to ensure thasdlieconcentration of the groundwater
at the base of the root zone does not exceed peentiaed levels whereas conventional
drain spacing equations are based on maintainiaggtbundwater at a predetermined

level.

This study was carried out on a conceptual unifowmogenous block of flat field of
initial salt concentration of 7200 mg/l and watable depth of 0.5 m from the surface
with an impermeable layer at 20 m deep and impebteefield boundaries. The
discussions here focus on the verification of medslitability as a drainage model on
irrigated field, the simulation of drainage flowdaleaching, and finally improvement of

subsurface drainage intended for salt concentratmitrol at the base of the root zone.

Verification of the model’s applicability on irrigated land
Comparison between the simulated mid-drain watdetheads with the mid-drain heads
derived by solution of the Hooghoudt's steady stadgeation (Hooghoudt mid-drain

head) indicated good correlation (Chapter 3).

Comparison of the mid-drain heads (Chapter 3) dedethat when the drain cell size was
0.1 m, the mid-drain water table head matched wigli Hooghoudt’s mid-drain head for

a drain diameter of 0.1 m. Similarly the simulatedi-drain heads for drain cell sizes of
0.2 and 0.5 m compared well with the Hooghoudtlsi@s for drain diameters of 0.2 and
0.4 m using aquifer hydraulic conductivities rarggirom 0.2 m/d to 1.2 m/d (Tables 3-
4a, 3-4b and 3-4c).
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Another important aspect identified was that usirgjn cell dimension of 0.1 m per side,
the head in the drains rose above the drain etavayiielding misleading results, and

indicating that drain cell dimensions must be gretitan 0.1 m for accurate simulation.

The results (Chapter 3) of simulated equipotentialshe aquifer also confirmed the
existence of vertical, horizontal and radial comganof flow usually associated with
flow to subsurface drains (Ritzema, 1994; Smedetal, 2004). The equipotentials
confirmed the existence of a curved water tabléecghg a typical shape for drains
subject to uniform applied recharge (Ritzema, 1998his indicates that the hydrologic

factors or aquifer parameters probably do not thice too much error.

The results in Chapter 3 again showed cones otsattentration beneath the drains even
after 20 years of drainage (Figure 3-5b) similasati concentration patterns described by
Masterson and Portnoy (2006). This indicates thdficeent groundwater had been
removed by the drains causing the interface betweimcoming dilute net recharge and
the saline groundwater to move upwards from thestlgithg more concentrated zone as
described by Masterson and Portnoy (2006). Thehleg patterns in Chapter 3
generally appear both realistic and reasonableadod the model to be used to identify

the leaching response within the aquifer.

The simulated mid-drain salt concentrations inltheers increased with depth (Chapter
3) reflecting a well known phenomenon relativelgsin water penetrations and seeps
through saline aquifer. There was an initial expuia leaching which eventually
declined to a stable level suggesting a salt balacendition. At this point, the
concentration in the aquifer became identical ®dbncentration in the irrigation water
(applied recharge) as noted by Johnston (1993 Camidten and Skehan (2001).

The foregoing demonstrates the applicability of thedel to simulate drainage on

irrigated land.
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Simulation of drainage flow and leaching in irrigated field

The model’'s simulations of drainage and leachinggian applied recharge of 8 mm/d
with a salt concentration of 1500 mg/l were evadaby assessing the response of the
simulated drainage flow and leaching to drain spgi(30, 60, 90, 150, 200 and 250 m)
either when there no evapotranspiration or a ra€24 mm/d.

Case (a): The no evapotranspiration case

The results in Chapter 4 indicated that the wadblet depths differed for different drain
spacings. The drain discharge rates were idertbdfie applied recharge (8 mm/d) for all
the spacing confirming that spacing had no effect@in discharge. Water table depths
for spacings in excess of 90 m reached the surfadiating that for water table control,
drain spacings should not exceed 90 m. All the isgacleached a similar quantity of salt
from the aquifer. Over 30 % of the initial aquitalt was removed by year 1 and over 75
% by year 10 for all the drain spacings. This diedemonstrates that, drain spacimegr

se does not influence leaching (Table 4-2). Simildolyth closely and widely spaced
drains maintained the similar mid-drain salt condions at the base of the root zone
which was identical to the recharge concentratibimis shows that the value of salt
concentration at the base of the root zone depentls on the concentration of the

recharge but not spacing.

Case (b): Evapotranspiration included

The results in Chapter 4 revealed that the drasthdirge decreased with increasing
spacing. This was because increasing spacing cdheedater table to rise and thus in
turn increased groundwater water contribution toalapotranspiration, Elleaving less
water available for discharge. Raising the watbletaepth from 1.72 m for drain spacing
of 30 m to 0.42 m for drain spacing of 250 m inseghthe EJ from 5.7 to 6.01 mm/d,
an increase of over 5% corroborating the generaémed positive correlation between
evapotranspiration rates and water table depthog€@oet al.,, 2006). The drain
discharge rate fell from 2.3 mm/d (for a spacin@@fm) to 1.93 mm/d (for a spacing of
250 m), a decrease of 16 % suggesting that spaeadgeffect on the drain discharge and

the effect could be much more if the evapotransipimawas greater. The water table
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depths for all spacings were deeper than for theesponding no evapotranspiration case
demonstrating the capability of evapotranspiratmhower water tables (Heuperman
al. 2002).

The leaching for all spacings, was less than wheret was no evapotranspiration
because there was less water available to percatatedrain away. Just over 4 % of the
initial salt was leached by 1 year and over 20 % lygars for spacings of 30, 60, 90 and
150 m; only about 2 % was leached year 1 and @& by year 5 for a spacing of 250
m (Table 4-5 in Chapter 4). However, the leachdts dar all the drain spacings were
over 15 %, 50 % and 70 % of their respective ‘ladbdd salts for 1 year, 5 years and 10
years respectively of drainage, suggesting thahlgale aquifer salts generally were low.
Leachable salts are the salts that are removed dauifer when the salt balance in the

aquifer is identical to the salt in the net reclearg

The results (Figure 4-5 in Chapter 4) revealed tinatmid-drain salt concentration at the
base of the root zone became stable at differeeidefor the different spacings after 3
years. This indicates that almost all the root zlmaehable salt had been removed and
that root zone concentration equaled the concemradf the net recharge (deep
percolation). The different levels of the root zarmncentration indicated that different
spacing had varying achievable leachable salt cureteons because of the differing
groundwater contributions to the evapotranspiratiBiiy, and differing net recharge
concentrations (Table 4-4). Spacings of 30 m &l 2 achieved salt concentration at
the base of the root zone of respectively abould®Rg/land 6,200 mg/l, a difference of
only 20 % indicating that concentration at the bafséne root zone is not highly sensitive

to spacing.

The results (Chapter 4) when recharge concentratias changed from 1500 mg/l to
1000 mg/I and further to 700 mg/l revealed that Imowre salt was leached from the
aquifer by decreasing the concentration in the iagplecharge for all drain spacings.
This could be because the less saline water resuitgreater mobilization of the salt in

the groundwater to be leached. Similarly the migitdiconcentrations at the base of the
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root zone decreased for all spacings as applidtarge concentration. Figures 4-6a and
4-7a showed among spacings, closer levels of saltentration at the base of the root
zone with decreasing applied recharge concentratiggesting that the effect of spacing
on concentration at the base of the root zone dsméa with decreasing applied recharge
concentration and this reinforces the effect of liguaapplied recharge has on salt

concentration at the base of the root zone (FAG5)19

Improving drainage systems for salt concentration antrol

Chapter 5 described the use of the SEAWAT modetigtermine drain spacings to
maintain concentrations of 6,000 or 5000 or 4000l migthe base of the root zone for
varying groundwater contribution to evapotranspiratrate, ET, and different aquifer

hydraulic conductivities.

The results of the studies (Chapter 5) showeddheat a wide range of irrigation water
concentrations and aquifer hydraulic conductivjtidee optimum drain spacing using
SEAWAT was, depending on modeled water quality amaifer hydraulic conductivities,
wider by between &nd 50 % and the amount of drain discharge redbgdaetween 2
and 27 % than would be recommended using conveaitaesignequations.

However the above potential reduction in drain loigge is the maximum but this level
of saving is only likely to be achieved on lands# to the mid drain spacing where over
irrigation will only result in water-logging, yétere is still potential for farmers closer to
the drain to over irrigate and hence increase ddischarge. Nevertheless there is
expected to be an overall reduction in drain disghaf subsurface drainage is installed

based on SEAWAT designs and not conventional dssign

To allow easy comparison of the performance of SBEAWAT and conventional drain

spacing equations a conceptual uniform flat fieldhwmpermeable boundaries was
created and hence there was no topographic drireiamts effecting groundwater flow
from higher to lower lying ground. Since in regigation schemes topographic driven

flow is a major factor affecting salinity levelstine land, the above increase in efficiency
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will be an underestimate of the potential increasesdrainage designs based on
SEAWAT. This is because SEAWAT is able to modégédal flow of water and salt
throughout the aquifer, with drain spacing widenoig higher ground, where lateral
outflow reduces the need for drainage, while indolying areas where there is expected
to be a net inflow of water and salts into the rpohe from higher ground, SEAWAT
will model higher drain densities to remove exceadnity. The overall performance of
variable density numerical groundwater models fesighing cost effective drainage
systems must therefore be appreciably more efiet¢tian conventional drainage designs

which model very restricted boundary conditionsassn two drains.
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6.3 Conclusions

The conclusions outlined below are meant to offéretier appreciation of the use of
SEAWAT programme, a variable-density numerical modfter subsurface design for
controlling both water table and concentration & base of the root zone as an
alternative to conventional subsurface drainageemtore that target mainly water table

control.

The main aim of this research was to use a varadihesity numerical groundwater model
as a tool to design drain spacings that maintdinceacentration at the base of the root

zone with reduced drain discharge.

Specific objectives performed were:

(i) To assess the applicability of the numericaugrdwater model to irrigated field as a
subsurface drainage design model.

(i) To assess the capability of the model to sateildrainage flow and leaching in
irrigated aquifers.

(iif) To use the model to design drain spacing tiaat maintain desired salt concentration
at the base of the root zone with less dischargernveampared with conventional
drainage design equation.

Based on this research it is clear that evapotreatgm and recharge (applied water)

concentration must be considered in designing sgdoir subsurface drainage systems.
Drain spacings were designed to ensure that thesatentration at the base of the root

zone does not exceed pre determined levels ingtbathintaining the water table at a

predetermined level for different aquifers unddfedent climatic conditions.
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Results of this research indicate that:

1. The variable-density numerical groundwater mod&A®/AT, can be used on
irrigated field as a subsurface drainage designainod

2. Different spacings maintained the same mid-draiit sancentration level
identical to the applied recharge concentratiothatbase of the root zone when
evapotranspiration was not included in the modghsasting that when there was
no evapotranspiration, the concentration in thé gafile is influenced by the

applied recharge concentration but not the draatisg.

3. Different drain spacings maintained different caricaion levels at the base of
the root zone with different water table depthsdagiven applied recharge with

specified concentration in areas of high evapop&ason rate.

4. Drain spacing effect on leaching and in turn on sahcentration at the base of

the root zone diminished with decreasing applieth@aege concentration.

5. The design spacings designed were wider than cdiowah design spacing in
maintaining the desired concentration in the owfeB to about 50 % providing
economic savings. The order of space widening aszé in dry regions with
more saline irrigation water suggesting that savintay be higher in arid and

semiarid regions.

6. Based on the results, the simulated drain disckangze less in the range of 2
and 20 % than the conventional drain discharges. svings of the discharges
can exceed 20 % in regions of high evapotranspiratate with poor quality
irrigation water. This suggests that more dischangeger (and applied water)
savings may be obtained in dry regions with poalityirrigation water.

Results from this study have a degree of uncegamhich is why conclusions are

reported in relative terms rather than absolutee @iagree of uncertainty is primarily
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attributed to; (a) the assumption of flat surfacd &ottom of the irrigated field and (b)
the assumption of homogeneous aquifer hydraulidectivity. Attempts to use flat field
surface suggests no flow from upslope to the sarea and this rarely happens in real
situation. The use of homogeneous hydraulic comdticignores the spatial variability
and the strong influence of soil heterogeneity cairdflow and leaching (Maxwell et al.,
2007). Although the uncertainties could limit tediability of the design chart results
estimated, the estimates probably could the beslade because they were derived with
numerical groundwater model that includes variatdasity effects likely to influence

agricultural groundwater flow.

It can therefore be concluded that the variablesigmumerical groundwater model,
SEAWAT, can be used a tool to design subsurfacmalya system that can maintain a

desired concentration at the base of the root watheless irrigation water.

The research has contributed to the developmekiafledge by:
1. developing drain spacing to control long term balance at the base of the root
zone and water tables. The design spacings cal mesaving of irrigation water

by over 20 % compared to the conventional drairtsgegn.

2. highlighting the crucial role of variable-densityimerical model in designing
spacing for subsurface drainage to ensure thats#tie concentration of the
groundwater at the base of the root zone does xugted pre determined levels

instead of maintaining the groundwater at a predeted level.
3. demonstrating that the SEAWAT model, which was ttgyed and mostly used

for saltwater intrusion in coastal lands, can beduw design drain spacing for
irrigated fields.
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6.4 Recommendations

The SEAWAT model has been mostly and widely usedHte intrusion of saltwater in
coastal lands with little or no usage on irrigatietd. Therefore it would be useful to see
the SEAWAT drainage design implemented in a reajgot to examine how close the
modeled outcomes reflect reality, and to estabidiat drainage water losses and

drainage water salinity really would be when reahfers are brought into the equation.

The modelling work was not extended to look at pesrformance under variable
topographic conditions due to time constraints ke project; however, it is strongly
recommended that the findings of this project fysé comparative study of a design
using SEAWAT and a design using conventional drapacing equations under
topographic conditions.

The study should be extended to field(s) with sivalidepth. The design spacing for
shallow field was not investigated and such médtitgher investigations since irrigated

fields are not always deep.

The study could form the basis for further develgpiof spacing design for

heterogeneous fields since irrigated fields arelydtomogeneous.
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APPENDIX |

Sensitivity analysis of SEAWAT model

A sensitivity analysis was performed to evaluate #ffects of some key aquifer
parameters and boundary conditions on the simulatedr table elevation, leached salt
load, salt load remaining in the aquifer and saltcentration within the layers both for
the applied recharge of 10 mm/d with zero salt eatration and/or with salt

concentration of 3000 mg/l. The aquifer parameteese:- the saturated hydraulic

conductivity, K; the longitudinal dispersivity, ; and the diffusion coefficient, D*.

The values used included saturated hydraulic candlies, K, of 1.6, 0.8, 0.4 and 0.2
m/d; Longitudinal dispersivitiesg, of 1.0, 0.5, 0.1 and 0.01 m; and Diffusion
coefficients, D*, of 0.08, 0.03, 0.015 and°l®?/d.

Both recharge with pure water and a concentratfo8000 mg/l produced similar effect
of the selected parameters on the water table ted@vaotal salt and salt concentration in
the aquifer. The saturated hydraulic conductividyhad a significant effect on the water
table elevation but had no effect on the salt cotradon in both the discharged water
and in the aquifer. It was observed that wher K.2 m/d, the water table level in the
drain tended to rise above the drains and subsHygusaused the water table to rise
above the soil surface suggesting that SEAWAT ninde¢he K should be more than 0.2
m/d.

The longitudinal dispersivityq, had little effect on the discharged salt loadaltaalt
load remaining in the aquifer and water table eiemaas observed by Langevin (2001).
However, it had a significant effect on the salb@ntration within the root zone (2.0

m below soil surface) though this effect diminishedh time (after two years).
Increasinga. to 0.5 m or more, tended to change the shapeeofdft concentration
contours within the root zone layer but with a éase iny_ values, the salt concentration
contours remained unchanged with time. The prograrfaited to run when the. value

exceeded 1.0 m, the length of the model domain €hik confirmed the observation in
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the literature that the proportionality constantté relation between the and the
distance travelled by the solute should be less tme (Gelhar, 1986). As the diffusion
coefficient, D*, increased, the salt concentratiemaining in the root zone also increased
but the model failed to run when D* 0.08 nf/d. The changing shape of the salt
concentration contours was clearly evident whendiffasion coefficient, D*, was 0.015

m?/d or less.

Also investigated were drain conductance, CD,(hiesd between the drain and the
region of cell due to the convergent flow patteowdrds the drain, flow through the
openings on the wall of the drain and the matesfaénvelope around the drain), and
drain cell dimensions and it was noted that eacarpeater had significant effect on water
table. To maintain the water tables below the swiface for low hydraulic conductivity,

the CD needed to exceed 50&/drand the drain grid cell size also be greaten tha m.
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APPENDIX II

Model simulation of leaching with changing appliedecharge qualities

Table II(A and B) and Table II(C and D) show tenmgdaalt remaining in the aquifer and
leached salts when the model was run for appkstiarge of 8 mm/d with different
concentrations of 1000 mg/l and 700 mg/l respelivEéor each model run, the
evapotranspiration rate was 6.24 mm/d. In both c#éise water table depths at steady
state ranged from 1.72 m to 0.42 m for spacinggingnfrom 30 m to 250 m
respectively. It is therefore no surprise that lk@ched salt decreased with increasing
spacing. This is because lowering water table deptin increasing spacing resulted to
more evapotranspirated water thereby causing less discharge with less salt. This is
also reflected in the leachable aquifer salts wiiehreased with increasing spacing in
both cases (Table IIA and Table IIC).

For all spacings, the leached aquifer salts whenaghplied recharge concentration was
1000 mg/l were less than the leached aquifer galthe corresponding spacing when the
applied recharge concentration was 700 mg/l, anglnalar pattern showing in the
leachable aquifer salts (Table IIA and Table lIBpwever, among the spacings in each
case, the leached aquifer salts were more wheagpked recharge was 1000 mg/l than
when the applied was 700 mg/l. The leached aqed#s were about 40 and about 30 %
of the initial aquifer salt (280800 kg/ha) for spays 30 and 250 m respectively (Table
[IA) in 10 years of drainage, giving a leached si#fierence of 10 % of the initial aquifer
salt when the applied recharge salt was 1000 mikt for the same period the leached
aquifer salt difference for spacing 30 and 250 ns alout 5 % of the initial aquifer salt
when the applied recharge was 700 mg/l (Table M@j)s suggests that the effect of drain
spacing on leaching of aquifer salt becomes legsifgiant with decreasing applied

recharge concentration.
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Table 11A: Salt remaining in aquifer, leached agqui$alt and ‘leachable’ salt for recharge
concentration of 121000mg/I

Drain Salt in aquifer (kg/ha) Percentage of *initial dquisalt ‘Leachable’

spacing leached aquifer salt

(m) 1 year 5years 10years 1 year 5years 10 years(kg/ha)
30 256,218 198,143 167,109 8.8 29.4 40.5 153,637
60 256,610 199,159 169,223 8.6 29.1 39.7 151,187
90 257,343 200,634 170,940 8.4 28.5 39.1 148,459
150 258,460 205,349 176,967 8.0 26.8 37.0 140,505
200 260,609 212,657 187,419 7.2 24.3 33.3 126,191
250 261,830 216,775 193,062 6.8 22.8 31.2 118,565

*Initial salt in the aquifer = 280,800 kg/ha

Table 11B: Relation between total leached salt saidl in the applied recharge for
recharge concentration of 2000mg/I

Drained out salt(kg/ha)

Drained out salt/*Recharge
salt (dimensionless)

Drain spacing (m) 1 year 5 years 10 years 1 yéayears 10 years
30 51091.4 219485.6394355.6 1.75 1.50 1.35
60 50894.2 219299.4394238.9 1.74 1.50 1.35
90 50617.5 219113.3393969.4 1.73 1.50 1.35
150 50038.9 218527.2393638.9 1.71 1.50 1.35
200 48659.4 214175.6387550.0 1.70  1.47 1.33
250 47646.7 210094.4382083.3 1.63 1.44 1.31

*Recharge salt load = 29,200 kg/hal/year

Table IIC: Salt remaining in aquifer, leached agugalt and ‘leachable’ salt for recharge
concentration of 700mg/I

Drain Salt in aquifer (kg/ha) Percentage of *initial dquisalt ‘Leachable’

spacing leached aquifer salt

(m) 1 year 5years 10years 1 year 5years 10 years(kg/ha)
30 250,498 177,237 139,264 10.8 36.9 50.4 191,784
60 250,580 178,165 140,153 10.7 36.5 50.1 190,064
90 251,072 179,952 142,510 10.6 35.9 49.2 188,150
150 252,158 182,650 146,163 10.2 35.0 47.9 182,435
200 253,706 187,610 153,095 9.6 33.2 45.5 172,574
250 254,380 190,503 157,060 9.4 32.2 44.1 167,216

*Initial salt in the aquifer = 280,800 kg/ha
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Table 1ID: Relation between total leached salt saitlin the applied recharge for
recharge concentration of 700mg/I

Drained out salt/*Recharge

Total Drained out salt(kg/ha) salt (dimensionless)
Drain spacing (m) 1 year 5 years 10 years 1 yéayears 10 years
30 49,028.9  203,284.2 344,330.6 240 199 1.68
60 48,938.3  202,491.9 343,730.6 239 1.98 1.68
90 48,836.9  200,843.9 343,108.3 239 197 1.68
150 48,617.2  199,838.6 341,263.9 238 1.96 1.67
200 47,390.3  196,630.3 336,983.3 232 192 1.65
250 46,390.3 192,662.8 331,861.1 227 1.89 1.62

*Recharge salt load = 20,440 kg/hal/year

Calculation of leachable salts

The leachable salts and concentrations for theowsarispacings were calculated as
follows:

Leachable salt= V; x C; — V; x C,, andLeachable salt concentratiorr C; - C,
Also,

Vi=Aox n X WTe

Vi= Ao X N X WTg

Cn = (RCH x RCN)/DD

where,

V; = initial volume of water in the aquifer {n

V = volume of water in the aquifer at time tjJm

C; = initial salt concentration in the aquifer (kgjn

C, = salt concentration in the net recharge (Rym

Ao = area of the irrigated field @n

n = aquifer porosity (-)

WTie = initial water table elevation with referencette base of the aquifer (m)
WT. = water table elevation with reference to the lidbe aquifer at time t (m)
RCH = applied rechargef/irrigation water (fd

RCN = salt concentration in the applied recharggAtion water (kgr)

DD = drain discharge (m
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APPENDIX 1l

Supporting information to Chapter 5
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Appendix University of Southampton

The following numerical example calculation wasbimost the use of drainage design
chart developed in Chapter 5 in a different wagétermine the cost saving in using the

model’s drainage system as compared to the comreitdrainage system.

Numerical example

In a saline aquifer of K = 1.2 m/d, to provide gndwater contribution to the
evapotranspiration, ETof 2 mm/d, drains are to be installed at a deftB m. Design
drain spacing that will make use of an applied aegl of 2.5 mm/d to maintain salt
concentration of 4000 mg/l at water table of 0.&@&bow the ground surface. Determine

the recharge concentration.

Solution

Using Figures 5-4 and 5-6, for a K approximately.2 m/d.

Given that applied recharge, RCH, = 2.5 mm/d angEZ mm/d, drain discharge rate,
g, is determined as:

g=RCH-E}=2.5mm/d — 2 mm/d = 0.5 mm/d.

Using Figure 5-6, with g = 0.5 mm/d,

Drain spacing, DSP = 560 m.

From Figure 5-4 for drain spacing = 560 m and sattcentration control = 4000 mg/l to
determine the applied recharge concentration wasasy; hence spacings 600 m and
500 m were used.

From Figure 5-4(c) for spacing = 600 m andyET2 mm/d,

Applied recharge concentration = 700 mgl.

Similarly, from Figure 5-4(c) for spacing = 500 mdeETg = 2 mm/d,

Applied recharge concentration = 900 mg/I.

Then by interpolation, applied recharge concertrator spacing = 560 mis:

Applied recharge concentration = 70 00~ 560(700 —900) mg/l
60C—50C

=780 mg/l.
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Appendix University of Southampton

Therefore, a spacing of 560 m will maintain a salcentration of 4000 mg/l at base of
the root zone and groundwater contribution to thepetranspiration of 2 mm/d for

applied recharge of 2.5 mm/d with concentratio@®® mg/|.

The extent that the spacing differed from the cotie@al spacing was determined by
applying Hooghoudt’'s equation (Equation 2-2) aralftiliowing is obtained:

(DSPR)? = 9600 + 19200d A-

Solving Equations A-1 and 25 with ay=r 0.1 m yields a DSP= 518 m.

There is therefore a space saving of about 8 % whedesign spacing is used instead of
the conventional spacing.

The increase in design spacings between drains a@apvith the conventional design is

in line with observation by Hathoot, (1980) sindee tmodel takes into account of

evapotranspiration that takes place from the watde.
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