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EXPERIDX'iENTS WI’i‘H SU‘BSURFACE IRRIGI;.TION.
ON A SANDY SOIL IN QUEBEC

Field exéeriments were conducted on St-Samuel sandy loam
soil in 1982 and 1983, wi;h eight réplicates of irrigated
and non-irrigated‘maize plots. Soil moisture'iegime, root
density and maize yields were determined to demonstrate the
effect of subsurfacé irrigation and drainage systems.
Laborafory experiments were Eonducted on large and small
undisturbed soil cores to determine pertinent soil
properties, relaéing dfainable volume and steady upward flux
to water table depth.

A water balance model wa; developed and used with a stres;-
‘day-index to predict water table depth, exqessive and

deficit soil moisture conditions and effects on corn yield.

Economic analyses were made to identify subsurface

-
’ -

irrigation/draindée designs which optimize the profit for a
cotn crop. { ‘

. [ ‘
A simple methed based on first and second order moments was

proposed to determine the effects of parameter uncertainty

in the relationship of steady upward flux vs‘watei table depth

on subsurface irrigatipn/drainage design parameters.
Based on the above information, a realistic subsyrface
irrigatioq/dra@ﬁage design was proposed and operational

recommendations were made for an example field.
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RESUME

)

PhD | NISAR AHMED MEMON  ° GENIE RURAL

.ESSAIS D'UN SYSTEME D'IRRIGATION SOUTERRAIN

A " UN SOL SABLONNEUX

¢ ~
'
|

Des Lssais furent effectués sur un loam sablonneux en 1962
et 1983 sur 8 parcelles irriguées et‘8 autres .non-
irriguées. Le taux d'humidité du sol, la den31té des
Facines et le rendément du mais furent déterminer afin.de
démontrer 1l'influence de l'irrigation et du drainage
souterraln.”‘ Bes expériences de laboratoirequrmnf
effectuées sur de petits et de gros échantillons de sol
intacts pour déterminer les propriétés pertinentes du sol en

reliant le volume drainable et le régime permanent ascendant

4 la profondeur-de 1la nappe phréatique.

Un modéle du bilan hydrique fut développé et utilisé avec un -

index de contraintes journaliéres afin de prédire la
profondeur de la nappe phréatique, les conditions d'humidité
du sol ayant un bilan hydrique déficitaire ou excessif sur
le rendement du mais. Des analyses économiques furent
effectuéés afin ' d'identifier les syst@mes d'irrigation et de
drainage souterrain optimisant le~prof%t d'une culture de

malS. > o S

. )
Une méthode simple basée sur les moments de premier et de
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second degré fdt\ proposé pour déterminer l"e.ffet; de
1'incertitude des p\agamétref sur le lien entre le régime
pe;'manent ascendant , la profondeur de la' riappe ph'réati=g'ue
et le systéme d'irrigati;n/ drainage souterrain ;Jtll?LS\é. Un

design réaliste d'un systéme de drai,‘nag\e/i_frigati.on

souterrain et ‘les recomméndations quant au~"mode d'opération

Y -

. ° . . N » - IS
baséed sur les parametres détrits précédemment furent
. \ '
. N % 3 2
propogées. \
) %
'~ \
. 4 \
e .o
- “« N
" -
h‘ T
: . _”
. \ - o3
. 3
. ?
4
K
'1 .
\. '
\
! \
y !
: \ Y
: \

Pl

‘

A

o



\

\

\

" . . ACKNOWLEDGMENTS
' Y
hor wishes to e;press his profound gratitudeg to Dr.
Briﬁ@hton, Professor of Agriculturai Engineeringvand
thesis superwisor, for his continued encqufééement, valuable

suggestions, g@e guidance, and constructive criticism

A
\

,throughout the pemiod of this study. The financial and moral

3\
A

supéort which -Prefessor "Broughton provided were  of
\ - .
A

fremendous help. \ D

b e

o
\

I am very thankful to\pr: .5.0 Prasher, Assiskant Professor

»

of the Agricultural Eggineering Department, who offered
much help in assistinﬁ with the analyses of parametric

uncgrtainﬁy and other aspégts of the study.

I extend my appreciation to members of my thesis committees

3

including Dr. E. McKyes and Dr. G. Mehuys, for their-

s “interest and assistance irf the completion of this thesis. I

—

i~ b

am also appreciative of the,sﬁggééﬁions and advice on the

mathematical part of the" thesis by Dr. N. Barthakur,

tics Departmfgy.

N

Professqr of Physics and Mathema

/

' 2

Special thanﬁs{are’due to Messrs J. Gallichand and B. von
Hoyningen Huene,‘fellow graduates|, who shared the field work

and provided valuable

with a great deal of patienc
) \

suggestiogﬁ throuq?ut the study I am also thankful to

\ A
Toon-Ngee Wong for, his help in cbllecting the long soil

cores and the necességy experiments.

)

- iv

=



I am also grateful’to the staff,  includiag Dr. G.S.V.

Raghavan, . Mr. G. Bolduc, and Mr. S. Ami for their assistance

in some aspecfs of 'the study.

To fellow graduate students, including Messrs. C.
Madfémootdo, G. Bostock, J. Ohu, K.C. Khatri, M.I. Kalwar,

G.S. Jakhro, F. Mohammed, M.A. Pelletier, M. Alamgir, Ms. S.

—y -

- 4 ‘ '
Gazala and Sultana Matho-Jina deserve deepest appreciation,
who ' offered their help and valuable advice on some aspects

of study and proof-reading b%rts of the manuscript.

'Special thanks are due to Ms. Suzanne Guy fér her time "and
help in'the collection of field data, typing some part , of
the manuscript and care and patience. The encouragement by

Suzanne and her family is deeply appreciated.

1o~

I am particularly indebted to my parents, who by their love

and encouragement helped me during the course of my study.

-\

The financial support of the <council of Agricultural
ST

Research and services of QueBec is greatly acknowleged.

'

The author expresses sincere thanks to Marc leger for his
assistance with ﬁhe‘draftin@ of figures and also to Miss

Christine, and Mr. G.S Jakhro for typing the_manuscript.



CONTRIBUTIONS TO KNOWLEDGE
Much research work has been conducted on subsurface drainagée
but, only a few studies were found in the literature dealing
-with subsurface irrigation. The conclusions drawn from ‘such
studies have often been qualitative, pérticularly those
concerned with design criteria. Ideally, design criteria
should involve two very distinct considerations. The f‘first
of these is the physical consequence of subsurface
irrigation/drainage design on soil—wa£er—p1ant
interrelationships. The second aspect is to determine an
optimum subsurface irrigation/dra;nage systém from an
economic point of view. There is a lack of knowledge with
respect to these aspects of subsurface irrigation/drainage

system designs. ° *

The work reported in this thesis is an attempt to
investigate soil water regime and crop yield in assessing
the prdspects for subsurface irrigation on sandy loam soil.
The work al.s'f) attempts to provide met\hodology to identifg
econpmicaliy optimum subsurface.irrigation/drainage systens.
It suggests gui\delines and recommendations for design and
operation of such systems, Finallyp it proposes a simple

method for analyzing uncertainty due to sdil parameters in

subsurface irrigation/drainage system designs,

vi
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This thesis contributes to knowledge on aspects of ~
subsurface irr‘igation/drainage in the respects ipdicated
below: . ‘ ’

-y
1. The first practical fie‘l"ld scale subsurface irrigatio_n
experiment in Quebec has been carried out. It has been shown
that subsurface irrT‘f;aition can Se achieved more efficieqtly
and economicall{yw’fi‘ha\q}\any other"method of irrigation in flat
sandy loam soil. “ " /

.
Trpat O

. / .
2. The effects of subsurface irrigation and drainage on the

variation of soil moisture regime above the water table has
been-clearly demonstrated, see Tables 6.3 and 6.4.

3. The effects of subsurface irrigation and drainage have
been quantified in terms of available water in the root

zone. It has been shown that the available water in

subsurface irrigation plots was twice as much than that of

non-irrigated plots, see E‘igures*\&.l and 6.2.
BN
AN

N

4, A close agreement between pressu head at 30 cm depth

and water table above the 100 cm depth has been found, thisl

indicates that the capillary connection etween the water

table and bottoxﬂ of the root zone is contin&gs and that an

upward flux egual to, or greater ‘\than, the

evapotranspiration demand 1is occuring, see E‘\igures 6.3 and
;

]

6.4.
vii
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5. A method to eétablish the relationship between steady
upwar? flux and water table depth hai'been proposed as an
aid for making decisions abéutgthe optimum water table depth
for Ehg design and operation of subsurface irrigation

systems, see Figure 6.5.
¢

6. It has been found, using the above method, that the
pressﬁre head distributlon-ahove the water table agrees well

: ¢ 1
with the observed pressure hé@d distribution. The results of

. 4 above, with the height of capillary rise of watet bieng

about 100 cm, with the evapotranspiratioﬁ demand at 4.5

—

mm/day, has been confirmed. |

o

7. It has been found .from the field experiments that the

yields of maize increased very significantly due to

Subsurface irrigation and were almost double than those of

noﬁ-irrigated plots, see Tables 6.8 and 6.9.

8. A functional relationship has been found-between volume
of soil drained and the water table depth which has been
used in the prediction of the water table depth, see

Equatiog (6.3) and Figure 6.6.

9. A simple water bglance model for water table depth,
AE/PE ratio and amount of subsurface irrigation volume

predictions has been developed and-' used, incorporating the

viii
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tesults of 5 and 8 above. ‘
10. A stre;s-day—index concept has been used in conjunction
with 9 above for prediction-of drought stress and wet stress

to evaluate the effect on maize yield, see Equations (4.3)

%

and (4.6).

<@

6
11. The applicability of a water balance model for
subsurface irrigation/drainage "design work has been
justified by comparing predicted water table depths to those

of dbserved values, see Figures 6.7 and 6.8.

12, Crop models, using the results of 10 above, have been

“proposed to compute the reduction in maize yields due to the

effects of drought and wet conditions, see Equations (4.4)

¥

and (4.7). .

‘

L

13. The‘épplicability of crop models in conjunction with

the water balance model has been demonstrated by comparing
f
predicted maize yield to that of observed maize yield

obtained from two years of field experiments, see Table

6 .012 »

1

14. The results of 12 above have been used in combination
with drain spacings and the range of saturgted:hydraulic

conductivity values to optimize maize yield, see Figures 6.9

et

and 6.10. b
P ix
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15.  Simple economical analyses, using the results of 12 and

'14 above have been used to compute profits for given maize

'productfon costs, Installation costs, selected interest

rates, amortization period and range of maize prices, see

Table 6.17,

¥

‘ —
- » Q,

16. ’;hé/frocedure of &5 above corresponding to drain’

i laterals and the range of ,saturated hydraulic conductivity

values has been use? to optimize profit for subsurface

irrigation/drainage designs, see Figures 6.11, 6.12 and
- . L]

[

6.13.

17. A 90% confidence bound has been defined to demonstrate
the risk due to variation in saturated hydraulic
conductivity on  the optimization of profits with respect to

subsurface'irJQ;ation/drainage design spacing.

l

vy

18. The results of 16 above indicate that the drain spacing
requiredfto maximize the profit is insensitive to interest
rate and corn price, but is sensitive to saturated hydraulic

conductivity.

4
~

v

l?L A simple method has been demonstrated to analyze the -
effects of uncertainty due to soil parameters on subsurface

irrigation/drainage system desi@ﬁév/see Chapter VII.
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In addition to the above contributions, this thesis also

provides guidelines and recommendations ,for design and

N

operation of subsurface irrigation/drainage systems as

. > v »

dicussed in chapter VIII. A detailed example is given for

P

St.Samuel sandy loam soil. Graphs are presented to show a

realistic design.

{

o
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I INTRODUCTION

The world populaéion is growing fast and is heading toward

6 billion by the end of the twentieth century (Wortman,

1976). The worlé wide rate of increase of foéd production
must keep pace with the Eate of populatidn growth or
widespread malnutrition, as famine, can be expected.

l .
Land and water use are the essential elements on which the
food production is based. Development and utilization of
land and water constitute the foundation on whigh to sustain

and increase crop production.

hd

S0il moisture is one of the main natural elements of pla‘nt°
growth and should be balanced.according to the needs of the
plant. The availability of moisture for plants is controlled
by rainfall, irrigation and drainage. Therefore, irriéation
and drainage systems must beadesigned to provide sufficient

moisture conditions for maximum agricultural production.

Drainage involves removal of excess surface water and

lowering of the water table by means of ditches and.

subsurface drains to provide sufficient aeration in the root

; fa
zone in,a humid climate and control of salinity in soils in

irrigated semi-arid areéas. - .

?
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In some humid areas where water surplus and water deficit
occur, drainage alone may not be able to p?ovide suitable
moisture conditions for plant growth. Supplementary
irrigation is needed to provide water during periods of
drought to achieve adequate plant growth.

It isqgglieved that subsurface irrigation can be used in
conjunction with subsurface drainage systems to provide
supplemental irrigation in drought periods with low cost and
labour requirements.

Prior to 1974 in the St-Lawrence lowlands, only a small
portion of subsurface drain installations have been made in
sandy soils because of the lack of suitable envelopes #o
prevent sand from entering the drain pipes. With the advent
of suitable envelope materials the installation of

subsurface drains in sandy soils has increased rapidly.

Y

The general practice‘in drainage design has been ;o install
drains of the same depths in sandy soils as in‘c{ay soils.
Tge subsurface drains have ranged in depth from 1.4 m to 0.9
m since this has given satisfactory results in clay soils
and has allowed for long laterals with existin%_topography
to reduce the length of‘drains required per heétare. The
result for the medium and coarse saﬁdy soils has been

excessive drainage when the water table dropped to depths

greater than 0.8 m, owing to their higher hy@raulié

o
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conductivity and higher drainable porosity. Rashid- Noah
(1981) reported that 30% of the soil volume was drained when
the water- table depth was at 1.2 m. This drainéd volume ié
considered to be excessive compared to the 15% air volume

r7Quired for healthy development of crop roots. Especiallx
iﬁ\dry pefiods, the soils will lack moisture and. result in
physiological drougﬁt which reduces. plant growth. Similar
observations for ;hesé soils were rebdrted by Mifler et al.,*
(1973) .- !

In order to prevent exéessibe drainage and physioiogical
drought, subsurface irrigation systems can be used.
Sdbsgrface irpigafion is the cheapest form of irrigation
system ‘because the water éistribution is provided by the
drainage pipes. It can often be operated by installing water
table control chambers and pumping water in, to raise the
Jater table in the field. This method of irrigation is

recommended in relatively flat land areas where alternate

intervals of water surplus and water deficits occur.

Climatically, the province of Quebec may be suitable for
subsurface‘irrigation because there is excess prgéibitatioq
in winter and early spring, and often a shorﬁage of rainfall
in summer. In Qinter and early spring the water table can be
lowered by subsurface drainage and in summer the ;ater table
can be raised for optimum crop production by adding water -

to the drain pipes.
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Thus,tthe design of subsurface irrigation must meet the two
i .

main #equirements, Ehat‘;s the system must be capable of

removing all the excess water after periods'of heavy

rainfall, and supply the evapotrénspirétidnal demand during

dry gbrfodSu'Piobably this is the most critical requirement
for designing combined drainage and subsurface irrigation
systems. o

9 ~

i

At‘pfesent, Minis%?re del'Agriculture, des P%@herigs et de
l‘AVimentation du Quebec, has not established any design
cri?eria. It is generally felt by various experts that
the%ries for movement of water through soils under saturateéé
anj!unsatdrated fi0w conditions shquld beqable to and be

h ' , ' A -
used with proper boundary conditions to désign combined

- irrigation and drainage systems. .

VaLious théoretical précedures are avaiiable ranging from
s%eady state to non-steady state theories fqg the design. of
subsurface irrigation/dréinage systems. Steady state theory
(Hooghoudt's method) is preferred by the drainége designers
because of its simplicity and the fact that it appearsvto
ine reasonable results when compared'to non-steady state
theory. However, these theories provide solutions for
specific values of variables such as a steady rainfall rate
or desired rate of water table fall, Since in reality the

factors such as rainfall and evaporation cause the water
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table to fluctuate, the basis for a éood design should be

the prevention of undesirable patterns of water table
M .
fluctuations and the resulting effects on crop growth.

5

—

"This can be done if the effect of water table and soil

moisture content profiles on crop yield is known. There are

some models available such as those of Hiler ( c.f

Hardjoamidjojo et_al.,'l982 ) and Shaw (i978) which do

consider the effect of water table and soil moistuge content

on crop yield.

\
\

With the advent of éomputers, it is possible to make the

H

many cé}culétions needed to predict the water table depth

" and the variation of soil moisture content in the root zone

with respect «tp time. This has given rise to the waéer
balance approach which is sufficiengly flexible to endble
.one to'consider so'il-water-plant- parameters for the design
of spbsurface irrigation/drainage desiéns on a _sound

economic basis.

There are at least 30,000 hectares'gf sandy soils in the

south- west region of Québec. The climate pattern of this
A ) . ‘ .
region is such that 3 out of 5 years are dry years resulting

»in‘’ considerable crop losses (Lake and Broughton, 1969).

Because of this, the capital investment required  for a

drainage system alone may not be justified. This situation,

therefore, demands that rational guidelines be estabilished
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v v
to ensure maximum economic return for the design of
subsurface irrigation/drainage systems. :

R d

The calculations fér thehspécing ‘between subsurface
irrigation lgterals dep;nd on so0il parameters, sﬁch as
hydraulic conductivity, profile éeptﬁ and the water table.
depth which should be maintained during thg%ﬁrowing season.

The optimum water table depth depends again on the

~unsaturated flow properties of the soil, rooting depth and

climatological factors. Thus, the desién of subsﬁrf;ge
irrigétipn includes considération of both saturated and
unsaturated flow properties oflthe soil. These: properties
are subjected to variability due to the complex naghre of
soil and water characteristics.. Subgurface

irrigation/drainage design is often done on a deterministic

basis, using approximate values .0of uncertain soil water

parameters. Therefore, the uncertainty %n soil water

‘', parameters would result in uncertainty in the performance of

the drainage and irrigation systems and hence; risks.

3

Given the problems encountered in the design of subsurface
irrigation/drainage systems, a series of experiments were
conducted to determine the feasibility of subsurface

irrigatiqn in Richelieu county, Quebec. The experiments

-described in this thesis are the first field scale

subsur face irrigifion experiments in Quebec. In recent years



M P P e e o

e e

subsurface irrigation has begun to be used on a field scale
in North and South Carolina and Florida in the U.S.A. So;ne
of the results from our experiments in Richelieu county were
used in the water balance model to obtain optimum subsurface

irrigation/drainage designs.

L Serbts o

T At -
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II OBJECTIVES s

a

0

The objectives of this study were selected as follows :

1.

o

To layout the field experiment with two treatments, that

‘is, irrigated and non-irrigated with 8 replicates and

study the effects of subsurface irrigation on crop

-

yield. l ] .

To define the optimum water table dépth to meet the

evapotranspirational demand by capillary‘rise’using soil

_properties obtained from laboratory and fiéld

experiments.

~. ,
To conduct a field experiment to observe water table

depths in non-irrigated and subsurface irrigated plots of

maize in order to evaluate the soil moisture regime above

the Qater table.

To observe: .the s6il moisture tension and moisture

content of the soil profile in non~irrigated and

.subsurface irrigated plots of maize to investigate the

upward flow from the watér table to the plant roots.

s

~

To make economic analyses to show the maximum
additional benefits obtained due to installation of

subsurface irrigation with different design

., alternatives.

N
~dn
%
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6. To examine the effects of uncertainty in saturated and
unsaturated soil properties on subsurface irrigation

designs.

7. To recommend guidelines for designing combined,
subsurface drainage and subsurface irrigation systems for

sandy soils.

2.1 Scope

The results of this study will indicate the feasibility of
a subsurface irrigation system and its effect on yield of
maize. The study is restricted to the sandy soils of

southern Quebec, Canada.

e,
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3.1 Subsurface Irrigation/Drainage Theory

Subsurface irrigation , sometimes referred to as
'subirrigation , is the reverse of subsurface drainage.
Therefore, steady and non-steady theory developed for
drainage can be conveniently empvloyed' in subsurface
irrigation with some minor changes in the initial conditions
and boundary conditions. Whenever, drainage theory is the
topic of discussion, subirrigat}‘on theory will i)e implicitly

» ,'-'1"
i . . K
considered 1in it.

o

3.1.1. Steady state theory

A steady state is said to exist when a system -its
boundaries and the flow rates along these boundaries- does
not change with time. These boundaries and the flow rates of

a system are time invariant.

Solutions to Laplaces' equation for hydraulic potential in
problems of groundwater flow in drained lands provide a
rational basis for the design of subsurface drainage

installations.

10
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i The first elliptic equation for drainage was derived by

Colding (1872) (c.f. van Schilfgaarde, 1957), assuming

horizontal flow in the saturated region.

" 1

\ e
~ 1 This analysis resulted in a drainage equation with the

maximum water table height proportional to the square root

¢ . of the rainfall rate. However, the principal limitation of
the ellipse &quation when used for tube drainage was that

convergence of the stream lines near the drain is ignored.

Hoogboudt (1940) presented a ré?idement in the drainage
equation uéing‘the Dupuit-Forchheimer (D.F.) theory; The
< - ﬁ.Fﬂ*theofy assumes that fhe Hydraulic gradiebt at any Eoint
{ - ;f\é’“%SJquél toifhe slope of the water table above that boipt.

H ~ " -
Thfs;impliés that water ' flows horizontally because all éhe
equiﬁafshtials are vertical planes. 'This is an erroneocus

pictkre of actual flow paths«f water near the drain where

flow Egsgi\are quite curved.

\\ . ’ N N B

His analysis did téie\ipto account for the first time the

o

reffects of radial flow néér\the drains -and the neérly
e 8

horizontal flow at greater distaBCe\jrom the drains. His

A3

approximate ' equation may be expressed as (see Figure A-1,

appenéix a) \by//
. A @ - v
We=4ky/q ( 28m + m? ) ! ceee( 3.1)

-
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Where W is the draih spacing, kg is. the saturated hydraulic
éonductikity of the soil, mis the!height of the water tabie
above:the centre line of thedrain at a point midway between
the drains, 4 is the depth of impermeable layer below £he

drain and q is the drainage coefficient.

Considering Figure A-1, Appendix A, a steady state equation

for subsurface irrigation can be derived using Hooghoudt's

analysis. In this case the drainage coefficient, g, is

replaced by the evapotranspiration rate, e, and subjected to

"boundary conditions for subsurface irrigation, i.e.

@

i

y = hyt+d at x =0 and y = Y +d at x = W/2

_The resul;ing-equafion may be expressed as:

e

W2 = 4kg/e ( 2mhg + 2md - m2 ) - C e (3.2)

Where m is the deflection at a pointoﬁidway between the
drain which is equal to h,-Y ; h, is the height of water
table above the drain at the drain‘and Y is the water table
height above the drain midway between the drains. The

derivations.of” equations 3.1 and 3.2 are shown in ‘appendix A.

L

v
4 -~

o

- ]
The convergence -of seepage lines near the drains can be
4,: '

accounted for by substitufing an equivalent depth, de' for
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a, as suggested by Hooghoudt. He provided charts fox

“determining d, or a function of depth to the impermeable

layer and spacing/betweén drains. . 0

Moody (1966) examined Hooghoudt's solutignsband presented

¥

the following equations from which-d, caﬁ be computed

] ’

For 0<d/Wg0.3 .

de = d/(1+d /W) {8/r1n(d/re)—a} eeee{ 3.3 )
in which
a = 3.55 -1.6d/W +2(c1/wyQ
for d/w > 0.3 . | o
dg = Wr/8 {ln(W/r,) -1.15} - veee(3.4)

N
e

in which ry = effective drain tube radius.

" Kirkham (1958) agoidea the simplifying assumptions of D.F.

theory and made an analysis using potential theory.
Kirkham's solution not only provides an estimate of.drain
spacing but also the distributign of pressurg head in the

flow 2zone.

X

These solutions are also more accurate than Hooghoudt's due

to exact -mathematical procedures but also, they are much

more: complicated. -Wesseling (1964) indicates that

13
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Hooghoudt's formula did not vary mofg than about 5% from
those of]potential theory.

}
During the last few degades aﬁd even toaay‘certain physical
and mathematical assumptions have generally to be made in
the degiVation.of drainage eqpations, leading to different
mathematical forms for~thé same drainage situation. The
drainage engineer is thus.faced with a number of different
design equations that claim to give reasonably satisfactory
drain spacings, without én; guide to their applicability.
Kirkham (1966) reviewed steady state drainage theories for
parallel drain lines and commented on the need for various
equations to be compared for computing numerical values for
tﬁe same drainage geometry. in more recent times, Lovel and
Young (1984) made a comprehensive examination and compared
the ten steady state equations for ihstallation of paréllel
eylindrical drains laid above a horizontal impermegbl;

layer. Based on several drainage equations reviewed,

Hooghoudt's equation (3.1) was found to give results within

_the known solution obtained from hydrograph analysis.

From the above discussion, ,it appears that even though
Hooghoudt's steady state equation is an approximate physical

theory, it generally gives the results within the

permissible error. Thus, it can be used with reasonable

" confidence for drain design purposes.



3.1.2. Non-steady state theory

Many drainage engineers have stated that the formulas which
describe the water table in equilibrium with rainfall and
irrigatﬁon wéter do not conform to the situation in the
fig%d when the water table is fluctugfing. These fluctuating

. .
water tables are called transient or non-steady state as

opposed to steady state in which the hydraulic head does not

Gary with time. Non-s%eady state problems, althgugh far more

difficult to solve than steddy state problems, are of
greétér interest. than the latter, in that, steady state

conditions will seldom if‘eyer‘be‘reached in the field.

fhe soluation of|non-steady state flow problems ha;e beeﬁ
« based o; tﬁe assumption that there exists a distinct, single
valued drainable porosity (or specific yield) .representing
the total fraction of the soil volume which is stored ér
drained from the soil profile with the rise or fall of the
water table. Childs (1960) has pointed out that this

t

assumption is in serious coqflict with reality, where the

- volume of water drained or stored depends upon the increase:

or decrease ‘in tension in the pore watet.

:
v
N !

’
EA

-

There are’ two types of theories applied to the solutions of
the drainage problems in non-stéqdy stateygondition. One is
the potential theory from which Laplace's equatibn is

derived. Since this equation is time invariant, its

@
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applic;tioﬁ to non-éteady state requires that the time
variable be introduced by means of the boundary condition.
Another thgory éhat has been widely used for non-steady
state is Dupuit-Forchheimer theory. Both of these theories
can be used to study the rise and fall from a kpown,initial

condition in the presence or absence of precipitation (van

Schil fgaarde, 1970).

Numerous methods have been presented for describing rise or
fall of the water table. In general these methods require
D.F. assumptions which give rise to a non-linear partial

-

differential equation (P.D.E.), sometimes referred ta as the
Boussinesq equation. fecause.this ﬁon—linear P.D.E.  is
difficult to solve it is frequently linearized
(Polubarinova-Kochina, 1962). Several investigators such as

Glover (Dumm, 1954); Werner, 1957; Maasland, 1959;

Terzidis, 1968;'iinearizea the Boussinesqg equation in many

- ways and solved it by analytical methods.

4

Aﬁalytical solutions were made by Boussinésq and
subsequently by Glover (Dumm, 1964L3whgn the draiqs rest on
the impermeable layer. When the drains do not rest on the
impermeable layer then the analytical solution us}ng the
Boussinesqg equation breaks down. one may)then ﬁ@sort to
linearization and then solve the equation. However, van

Schil fgaarde (1963) found an analytical solution of this

equation. The solution thus obtained still fails one of the

3

16
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boundary conditions. This shortéoming can be alleviated by .

considering the drawdown process as a seqﬁence of small
steps (van Schilfgaarde, 1964).

An entirely different and simple épproéch to derive an
equation for falling aﬁd rising water téble conditions was
proposed by ‘Bouwer and van Schilfgéarde (1963). Their method
uses the combination'of steady state and water baiance
equations in which they assumed u;iﬁorm flux for the rise or
fall "of the water table. "This assumption has limited
validity because the wateratable rise or fall varies w{th
distance from the drain. They introduced ; correction factor
C in their resulting equation. The factor C is defined as
the ratio of the average flux between drains to the flux

3
midway between drains. This factor varies from 0.8 to 1.0.

I

3.1.3. Rise of water table

During irrigation, the water level is maintained at a
constant elevation in the control chamber at thé outlet,
Subseéuently; subirrigation is continued by raising the
water level at the mid-spacing to an optimum depth which is
sufficient to meet ET demands to the root zone. The time
required to raise the water table to a depth sufficient to

provide ET demands depends on the initial water table depth,

initial moisture content of the profile, "ET rate at that

h
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time, drain depth and drain spacing. The length of time
required to raise the water table to a predetermined depth
will be more for the deeper water tables than for the
shallower ones. How deep the water table could be, depends

on the management practices and instrumentation. In the

18

design of a subsurface irrigation system, this aspect must"

not be ignored otherwise crop loss may occur during the

length of time required to raise the water table.

Skaggs et al., (1972) have conducted subsurface irrigation

" experiments for various drain spacings and measured water

table movement at the mid-spacing. They found that the time
to raise the water table increased as the drain spacing

increased.

'
A

- While steady capillary rise is an important phenomenon in
. subsurface irrigation design, the transient process (flse'of

'water table) -is also important. Approximate methods for

predicting water table rise for both initially horizontal
‘B .
and draining profilesﬁhave beenh presented by Skaggs (1973).

A similar approach to that of Bouwer and van Schil fgaarde

(1963) discussed in seétion‘3.l.2. can be used to determine

" the time to raise the water table to a predetermined depth.

If the water table is assumed to rise without any change of

shape, the flux per unit area of water table is uniform

between drains. Thereforq, steady state subsurface
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irrigation equation 3.2, which also assumes uniform flux can

be used to predict arise of water table at the mid-spacing

dy/dt = e/f ceve( 3.5 )
/ :
where y is the height of water table midway between the
drains .above the éentre of the drain, e stands for
evapotranspiration rate and £ is the drainable porosity.
Solving equation (3.5) for e and substituting equation (3.2)

‘and integrating between t,, y, and t, y yields,
' o

totg = £W2/(8kg(d4hg) ) Inll (hg+2dey) /(hg-y) )/ ;

[ (hg+2d+y,) / (Bg-¥g) ] (A6

. In reality it is not possible that the water téble rises
uniformly without change~of shape. Skaggs et al., (1972)
observed in thé field experiment that th water table was
not rising after the initiation of irrigation. It remained
stationary for a long time evenkafter the \water table over
the drain reached at the maximum height. Bouwer ané van
Schilfgaarde (1963) treated a similar situation for a
drainage case by introducing a correction factor 'C', then
equation,(3.5) may‘be expressed as:

'e=,fc dy/dt - oc..( 3'7 )

w‘ir - N
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Where 'C' is defined as tgé ratio of the average upward flux

to the flux midway between the drains. Because the upward:

flux at the mid point is zero, the factor 'C' is undéfined
for the initial period' of subsurface irrigation (Skaggs et
al., 1972). Thus equation (3.6) is valid only for the period

when water table is wising upward.

Skaggs (1973) has obtained a numerical solution of the
Boussinesq gguation for subsurface irrigation bounéary
conditions. He ﬁresentéd non-dimensional solutions in
graphical form for various evaborétion rates. These
solutions can.be used to calculate the time to raise the
water table at various evaporation rates.  The drawbaék in

this equation is, that it does not consider the unsaturated

flow.

However, efforts have been made in solving liichard'%
equation for both saturated and"ﬁnSaturated conditions and
compared with solutions of the Boussinesq equation (Skaggs
and Tang, 1976). In £heir analysié it was observed that both
solutlons were not different from each other when varlable

dralnable porosity was used in the Boussinesq equation.

. The solutions of combined saturated and unsaturated flow are

too complicated and are far beyond +the practical

application. Moreover, these methods require effective

values of soil propettiés which are di{ficult to obtain due
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to field variability. Therefore, there is little to be
gained with the complicated solutions compared to using the

simpler and approximate methods. ‘ v

)

P

3.2.. Subsurface Irrigation/Drainage Systems

-

[y

~
,— .

Subsurface drainage and subsurfacde irrigation systems can
perfogm both drainage and irrigation functions dependent on
the prevailing climatic conditions. In wet conditions, the
water table is lowered by subsurface drainage in order to
prevenf crop damage due to excessive soil water. In dry
periods; the water table is raised by pumping water into the
water table control chambers to supply watér to tﬁe growing
crops. If the system is properly designed, both drainage and
irrigation may increase the production and maximize net
returns. Moreover, subsurface irrigation sysfems Have many

advantageé compared to other types of irrigation systems.

1. The initial cost of subsurface irrigation systems is very

low, because most of the cost is attributed to the N

P

drainage system.

v

2. The energy costs for subsurface irrigation are smaller

than for most other irrigation systems.

3. Subsurfage irrigation has lower labour requirements than

other irrigation systems.

- e

é
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4. High crop yields are possible.

Subsurface irrigation is practiced ;ﬂ some parfs of the
Netherlands (Kalisvaart, 1958) and United States (Renfro,
1955). However such systems héve not yet been uspd to their
full poténtial because they are difficult to design. The
design proceduée for drainage ié more established than for
subsurface irr;gation in terms of spacing and depth of
subsurface pipes. The criticai factor in the subsurface
irrigation mode is to raise the‘water table from the initial
water table depth. The response time to raise the water
table increases as the water table depth increases. For
example, placing the drain pipes at 2 m depth in sandy soils
wowld have probable water table depth of about 1.6 m“early
in thé‘growing season, Raising the'water table from 1.6 m to
a depth of 0.6 m would require more time than if the drains

are placed at a depth of 1.2 m. - . .

Fox et al., (1956) pointed out ;he advantages and
disadvantages of’;ubsufface irrigation systems. They stated
that subsurface irrigation holds ppomise,'and if properly
designed and operated, might be the best method available.
They presented a simple procedure for qetermining ditch

spacings required to maintain desired water table

elevations. Fok et al., (1971) analyqed the water




~

distribution pattern around_subsurfacé drainage pipes to
determine the spacing, depth and required discharge using
algebraic manipulations. However, the above studies did not

include field experimental evaluations.

fékéggs (1979) discussed the important water movement factors
'for the design of subsurfacé irrigation éystems and
characterized subsurface irrigation under steady state and
transient coﬁditions. The transient state’was based on the
‘Boussinesqg equation which was solved numerically under
subsurface irriggtion boundary conditions. The results from
the field (Skaggs, 1979) for different drain spacing of 75,

30 and 15 m were compared to the numerical solution (Skaggs,

1973). A fair agreement between observéd'and calculated

23

values of water table movement was found. Bouwer (1959) and,

Swell and van Schilfgaarde (1963) presented methods to solve
the governing différential equations for unsaturated steady
.state flow under subsurface irrigation boundary conditions.
However, both solutions encounter the relationship between k
and h, which are ge;erally difficult to obtain for many
soils.

.

There is a lack of established criteria for subsurface
irrigation using sub;urface drainage systems. The practice
is not widely established. However, the critical fagtor

affecting subsurface irrigation is to raise the water table

to a height where the roots can get sufficient water during




peak transpiration periods. Ultimately this depends on the
spacing, depth of drain, soil water properties and initial
water table height. With regard to the spacings for

subsurface irrigation pipes, Kriz and Skaggs (1973) showed

that sufficient water can be supplied to the root zone of

the crop ¢n Lumbee sandy loam with a 17 m drain spacing. The -

results of Skaggs et al., (1972) showed that 7.5 m and 15 m
drain spacings have supplied enough water to the root zone,
but a 30 m drain spacing was ﬁQt able to supply enough water
to the root zone on Fallsington fine sandy loam soil. A 30 m
drain spacing was needed for good subsurface drainage in wét
periods on this soil. This indicates that both subsurface
drainage and subsurface irrigation sgstems should be

-

considered in the design for a successful operation. ,

3.2.1. Upward flow from the water table

In subsurface irrigation design® the water 1is supplied

through the control structure into the drain tube to raise

ithe water level in the soil to a height such that water can
be transmitted by capillary rise to the effective root zone
Pat steady rates. The water table is kept constant at that
eight throughout the growing season to meet the demands of
evapotranspiration.
|
’Mpore (1939) was.probably thg first person to investigate

the upward flow in soil cores by'intrbducihg water at the

e
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" Base of the column (imbibition) and allowing evaporation at

Z

ftpe top of the column. He concluded that coarser .soils

b

H
supported higher evaporation rates at .greater depths to the

+ <

water table. { S

\_ 7

- @

: » Y . . . .
Upward flow from water table to the root zone is in the
unsaturated zone. Therefore unsaturated f{iw properrieé of
the soil are of much interest in subsurface irrigation

L4

» design. Gardner (1958) anal}sed thé sready upward flow from
soili with shéllaw water table ggpths. Hé solved the
N govern?ng equation with the functional relationship between
unsaturated hydraulic conductivity and pressure head,
k= f(h). Gardner presented a sinfplified expr6851on for steady
upward flux in terms of water table depth The results of
-laboratory experiments supported the rel%flonshlp—betweep
upward flux and water table depth (Gardner and Firehan,
1958). ;
I N ‘{
Willis (1960) hag obtainea the relationship betwegn»upward
flux and water table depth solving the steady State flow for
layereé soil, While Parlange and Aylor (1972) have solved

e

the governing equation fof transient flow.

"For steady unsaturated flow, the upward flux is constant

everywhere and the governing equation may bé written as:

d/dz [(k(h) dh/dz - k(h)] = 0 ceeo{ 3.8 )

\I'

(e caire BB Y
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where h is(the soll water pressure head, z is measured
downward from the surface and k(h) is the unsaturated

1

hydraulic conductivity functidn.Numerical methods can be
used to solve equation (3.8) for water table depth at a
given steady upward flux..The upper boundary in this case
mayrbe taken as the bottom of the root 2zone. The lower

boundary is usually taken as the water table depth where

pressure head h equals to Zero.

There are several other ways of estimating the ielationship
between upward flux and watér table depth in the absence of
k(h) andé(h) relationships. Empiricai equations can be used
to calculate th%qgunctional relationship of k(h) and 6(h),
selecting parameters based on soil texture. Anat et al.,
(1965) derived the governing equation by assuming the Brooks
and Corey (1964) form of hydraulic‘bonductivity fuﬁéqion. A
similar equation for maximum upward flux was derived by
Raats and Gardner (1974).

Another approach for determining maximum upward flux may be

obtained by using the concept of matric flux potential

o -

(MFLP) discussed by Shaykewich and\SEroosnijder (1977). The

MFLP (m2 s'l) may be defined as:

h .
, MFLP (h) i/f k (h)dh | cees( 3.9)
h
o]

Equation (3.9) can be integratgg beé&éen some lower limit of
i 1 .

3

N

\
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pressure nead, ho, at which the mo{%re content 1is 9, and -

4

allowable pressure head, h, at which the water content, is 6.
For steady state flow,

i
[l

dz

+

q-:k(h)(i}l)-k(h)_ ' ceai(3.20)

u
~

4

If one- assumes a steady state situation between two points
i @

in the soil at some finite distance z,-2z] equals to Az to

approximate equation (3.10).

. h ‘ &
q= -k(h)+1/Az f k (h)dh cee( 3.11 )
ho o t ‘
Using the MFLP concept
° q +k (h)=1/Az [MFLP(h) -MFLP(h,)] ceee(3.12)

The - procedure to get maximum upward flux involves the
Ve
calculation ,of- MFLP at different suction heads, until the
. ——_

limiting, h is reached. Then maximum upward-flux is

max
calculated using equation (3.12). Shaykewhich and
Stroosnijder (1977) showed that MFLP is a more exact method

. }
in simulating water movement than other methods up to date

' because it combines both parameters controlling water flow

. (hydraulic conductivity and hydraulic head) into a single

parameter.

-
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"Above methods for developing a relationship require that

unsaturated hydraulic conductivity function, k(h) must be

’

obtained as previously explained.

It is \gener”ally difficult to determine unsaturated hydraulic

conductivity, k(h). The next alternative is to determine
. A
k(h) from soil moisture characteristics of the soil. These

characteristics are relatively easier to determine than the
% ' X ,
’

k(h) function.
‘o

A number of prediction methods have been proposed and were
reviewed by Bouwer and Jackson (1974). Recently Muale;x
(1976) proposed a model to predict k(h) base;i on 8(h) curve.
His model is based on closed-form analytical expressions and
has been extended and éescribed in dleta“il by van Genuchten
(1980). Ar.nc')ng the mri,s‘t fiequently used’methods are those
predicted by Millington and Quirk (1961) and Marshall
(1958). Experimental evz;luation of these methods shows that
when a matching factor is used to force the calculated a;é
measured conductivities to agree. at a given water content,
usually saturation, reasonabfé results erﬁ obtained (Hillel,
1980). When the matching factor is bas-ed‘ on the saturated
hydraulic conductivity, both the Millington and Quirk and

Marshall equations can be written in the following form

(Jackson, 1972).

28
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i
k(05) = kg(0;/04)PL ¢ (2541-21) /hy? ,
Soi ceee (03013 )

m . ) -
Z 23-1) /hy

Where k(8;) is the calculated conductivity at water content

0, kg is the.saturated hydraulic conductivity, @4 is the

it *s
saturafed water content, m is Ehe number of water content
'incremen@e equally aiviﬁed on the soil moisture
characteristic curve (usually between 10 and 20 is adequate)
and i and j are ‘indices. The exponent, p, is a constant
originally glven the value of 4/3 in the Mllllngton and
Quirk formulation and 0 for Marshall. A p value of 1 had
been found to give'better resul'ts (Jacksen, 1972). The
ﬁressure head h; is taken in the middle of each increment
where 6, has the largest value for each water content

increment. In other words, h; is taken between Qi‘and i 41

i
The hypothetical plot of & versus h is shown in Figure 3.1
which illustrates this procedure.

3.3. Optimizing Subsurface Irrigation/Drﬂiﬁhgeubesiqns
‘ N A
The design requirements express the agricultural function of
the subsurface irrigation/dra&nage system interms that can
be used as input information to maximize the' economic
returns from the farm enterprise. Theéefore the design
requirement s@ould express the optimum drain spacing by
which increase in profits can be a maximum due to
///‘1nstallat1on of subsurface irrigation. This criteria of
,’\ * ¢
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designing subsurface irrigation can be obtained from a water
balance approach and agricultural production functions.

f
. N
\ X

The basic idea in the water balance approach is to compute

' the changes in s0il moisture in response to the input of

precipitation and outputs of evgpotranspiration, drain
outflow and deep seepage; Mathematical book-keeping
equations are used to balance the inpgf and output for some

)

specific time intervals. '

Optimai design of subsurface irrigation/drainage systems has
recei;ed less attention in the literature. There are very
few studies such as Bhattacharya, ( 1977 ); Skaggs,( 1978 H
Skaggs and Nassehzadeh-Tabrizi, ( 1982 ) and Durnford et
al., ( 1982 ) have optimizéd the drainage system on the net
beneéit approach. However the author did not find any ;tudy

in the 1literature in which optimization of subsurface

irrigation was considered with respect: to increase’ in

1

revepue.

Bhattacharya (1977) used the water balance and an integrated

economic model to compute the losses and associated

probabilities and the average annual loss for corn. Thé

design criteria was based on an average net revenue increase
. -~

due to the installation of subsurface drainage. 3

Skaggs (1978) developed a DRAINMOD for the design and

(:;////\

ed

|
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evalyation of multi-component water management systems to
estéblish desigmn parameters from which subsurface drainage,

subirrigation and sprinkler irrigation systems can be

, designed. The design of the optimum system was based on

water management system objectives such as working day,

SEW3y and dry days. He did not consideér the agricultute

production function for the evaluation of a 'water hanagement

system. Skaggs and Nassehzadeh;Tabrizi (1982) integrated the

drop model with DRAINMOD for optimization of drainage

"system design. ' , ,

»

Earlier studies by Wiser et al., (1974), optimized the

e
design of a subsurface drainage system. He considered the

optimum design in the sense that it maximized the amount by

which the system benefits exceeded the system cost.

‘

All the above studies dealt with the design of subsurface .

drainage systems. However, 'subsurface irrigation is becoming
popular in the humid areas having alternating periods of
water surplus and deficit. It should be mentioned that
either too much or too little water is detrimental for crop
growth. Considering the increase infdrainage iﬂstallation
cost, crop production cost and far& land prices, there is no
alternative but to search for betfer and more efficignt

S~
water management systems.

o e



The aims- of subsurface irrigation/drainage in humid regions

are to provide an adequate water supply when dry conditions

"occur during the growing season in order to avoid drought

stress on the crop and to remove excess water that

33

accumulates during the wet periods in the growing season in

. P
order to avoid the effects of excessive soil moisture on the

crop. Mininizing these two conditions would result in an

optimum design of subsurface irrigation/drainage systems.

+

3.3.1. Effect of soil moisture deficit on Cé:f‘yield

2

As the reservoir of water in the soil is depleted, plant
dehydration increases such that physiological -activity in
the plant is affected. Thus, the development of water

deficits in the plant is described together with their

effect on physiological and morphological processes. Soil.

. moisture is essential to maintain turgidity, meet

transpiration requirements and serves as an important
constituent of plant cells. Soil moisture defic{t ugually
accompanieé high temperatures from the reéduced cooliﬁb
gffgct due to reduced evaporation of w;ter caused by
stomatal closure. Glover (1959) found that the stomatégof
corn pIants exposed to severe drought over periods of one
week or more never seem to be fully bpen. This indicates

that stomata are severely damaged by long periods of

drought which will cause subsequent reductions in yield even
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’

ﬁf soil water levels become adequate following the drought

(Waldren, 1983).

' » ’ , /,// ’ Lo,
The development of crop water use s; lation models 1is

fairlx\tecent. However, there exists.today aolarge number of
crop and soil water balance models varying widely 1in
sophistication and use. Some models have been aevglobed
primarly to estimate the water consumption for use in -
scheduling crop irrigation. therhﬁodels such as those
developed by Ritchie (1977) and Arkin et al., (1976) can be
used for irrigation scheduling but are also used to estimate
plant yield by relating water stress at various growth
stages in the plant's life cyele to dry ﬁattef or grain

yield.

Yield response to soil moisture stress is important in

t pi”
developing strategies for irrigation management and provide g

<

economic evaluation. Indeed, this relationship is quite

[

complex and is related to many other factors such as

" fertility status, critical growth stages, lodging, disease ,

insgcts"and climate. Many of the functions used are -
statistical in nature. These functions are developed by
Morey'et al., (1980), Musick and Dusek (1980), Hillel and

Guron (1973) and deWit (1958). o

-

Other models incorporated many factors such as CoO,

availability, photosynthesis rate and complete climatic

4
o~



Morgan et al., (1980). The former used five 10-day periodsf

35

conditions to prédict yields. The work of Childs et al.,

(1977) and Duncan et al., (1971) are the examples of these

models. Again other models used the dynamic apprOaéh. An
N

example of such an approach is-Burt and Stauber (1971) and

The latter authors used daily available soil moisture to

.obtain a relationship with corn yield response using

previous information on dry matter accumulation in the plant

when the water is not limiting. Although these models are

\ . ] 3 +
accurate, the requirements for numerous inputs limited their

applicability. N

Daily predictions of evapotranspiration from soil meisture

budgets c¢an be ¢ombined witp plant growth models which

include the'stres§ day concept developed by Hiler (1969) and
used by Hiler and CLark (1971), Hanks et al., (l§69), Sudar
et al., (1979) and Shaw (1978). Each of these models
exhibited reasonable accuracy.-Shaw's model was based on

extensive research in Iowa, ( USA ) and uses the crop

susceptibility factor for corn, developed for 5- day,

intervals relative to silking (Shaw, 1976) during 90 days
growing period. While Hanks (1974) divided the growing

season into 5 periods and used a crop susceptibility factor

during those five periods. The SPAW model developed by Sudar

3

ét al., (1979) 1is similar to Shaw's model. SPAW model,

' ,923i\hu did not consider the adjustment of the root'
/P\\\J’dlstr g1on as it is incorporated in Shaw's model. .

PR ¥



3.3.2. Bffect of excessive soil moisture on crop yield
Crop production is not only reduced by .deficient soil
moisture conditions but it is affected by excessive soil

moisture condition as well. It is well recognized that

<&

excessive soil moisture condition affect; aeration (poor
gaseous exchange), influences heat properties of the soil
and reduces the nitrogen by denitrification. Excessive soil
moistﬁre can cause fléoding conditions which tend to ﬁzéuce
transpiration, photosynéhesis, moisture and nutrient uptake.

The end result is that the crop yields are drastically

reduced. o

In order to design an efficient subsurface
irrigation/drainage system wﬁich ensures a suitable soil
environment for maximizing production, the relationships
between crop yields and excess soil water are required

\

(Morey et al., 1975)..

Some earlier studies reported by Wesseling (1974) related
soil .properties such as aeration or thermal conductivity to
crop growth. These properties are difficﬁit to determine.
Therefore, Qater table depth was uéed as an indicator of
crop growth. Although the water tableYdepth does not have
direct influencé on crop growth, %t indirectly determines
the prevailing noisture conditions, water supply, aeration

and thermal properties of soil.

36
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In most of the studies optimum water table dept}; is defined
for each soil type and crop specie (see table 2.2 given by
Wesseling, 1974). A more important relatioﬁship for humid
regions is the effect of intermittent flooding and hnigh

water table depths.

Sieben (1964) studied the effect of fluctuating water tables

on yield. He took a 30 cm water table depth below the s6il

3

surface as a critical level and computed so called SEW3 .

values from,
n
SEW3q = '21( 30 - x;) wee( 3.14 )

Where X3,

surface on ith day during the growing period (full year) and

represent daily water table depths below the soil

n is the number of days .in the growing period. For this

computation only x; values less than 30 cm from the soil}

surface are summed over a growing period. Nibler and Brooks

(1975) used this concept and found significant correlation

with SEW,y, values and yields.

Hiler—(1969) advanced the stress day index '(SDI) methoed to
characterize the effects of water ' stress on crop yi'elds.‘ The
concept provides a quantitative means_£0¥ determining the
degree of stress imposed on the crop during the growing

period. The concept is applicable for characterization of
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both ir'}'rigati'lon and’ drainage regquirements (i.e. excessivée .
and deficient soil water). The SDI i§ ;?etermined by
mil»ltiplying the crop susceptibility factor ;f”(dependent upon
valrniety and stage of development of the given crop) and SD
(stress day) wféci;or (measure of the degree of stress caused
by excessive soil water conditions). In this concept, SDI is
inversly related to the crop yield . This nleans that
minimizing the SDI value would maxim'ize the \c\rop yield.
The cro;§ susceptibility factors for exceé;sive\soil water
conditioﬁs were e.st‘imated by ._Hilear (c.f. Hard joamidjojo et
al., 1982) fér eorn. The growing:period of 80 days wntil
maturity of the corn was divided into three growth  stages
and crop susceptibdlity values were determir;ed
e;;perimentally. ‘ .
Hard joamidjojo et al.,'(=1982)::/ﬁsed ‘this concept and
characterizéd the effict of soiln water on'corn yields. They

developed a regression model which was tested with the data

of two other localities. A good agreement was found despite

[
2

the differences and variations in the experimental
conditions among them. Furthermore, they claimed that the

SDI-yield model can be used 'for all the conditions.

Al ) "

Skaggé and Nassehzadeh-Tabrizi (1982) used an SDI-yield

model for North Carolina conditions an—c-id found reasonable
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agreement., Further, they used this model to op;}mize the

—

drainage system for a corn crop.

o,

‘

3.4. Crop Performance
Experience with subsurface irrigation described in the
literature Has shown some encouraging results in terms of
crop performance. In Texas, Zetzch (1964) has shown that
cotton yielded more in subsurface irrigatioq plots "than in

furrow irrigation plots and the former required 42% less

water. Buch and Kneebone (1965) reported 340 Kg increase in °

cotton yireld with subsurface irrigation over the non-

irrigated plots.

) -

-

In some places controlled drainage is us?d ts conserve
msisture for plant usé. In such\a system, prolonged drought
cénditions'ma§ cause éhe water table to drawdown to d}depth
sgch that no more water can be supplied t; the root zone by
cgpillarity. Tﬁéwplants could be st;essed ¥s loné as the

\ - 2
drought continues. Doty et al. (1975) have experienced this

condikion in which tﬁey found that controlled dtainage has

given

drought

If water s pﬁmped into the system this would have been
more bepeficial at the time of drought. . ,
/“\_’

Th—

etter yields than the drained fielg, but due to the:

eriod the growth df the plant was gtill rétarded.’

2
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In subsurface irrigation, the capillarity from the water
table to the root zone plays an important role in supplying
the evapotrapspirational demand. Therefore the water table
should be con&rolled to an optiQO depgh whére.plants can
receive water. through capill%rity. The‘relatfonship between .
water table and silage yield of corn was investigated by
Doty et al., (1975). They found that the silage corn yield
increased by 500 Kg/ha for each additional day the water
table was-maintained at less than 1 m from the surface in
sandy coastal plains soil. While Follet et al., (1974) have
reported the yielés were maximum in plots over a water
-table, 60 to 90 cm below the soil surface. Willlamson and
Kriz (1970), Wesseling (1974) and Doty et al., (1979)
reviewed literature on the response of agricultural crops to

[

different water table depths.

Recently, Doering et al., (1982) found that optimum yields
of corn and sugar beets were obtained at a water table depth

I

of Im on sandy soils in North Dakota, USA.

Obviously descrepancies exist regarding optimum water table
depth for maximum crop production. However, it is difficult
to transfer the results from one location to another.
Optimum water table depth dependsnon the climatical

conditions, crop species and soil physical conditions.

.

-



—
.

) . 41
For maximum crop production, it is recommended to supply

enough water for evapotranspirational requirements and

%
maintain the root zone with approximately 15% air volume.

3.5/ Uncertainty Approach To Subsurface

Irrigation/Drainage Design

Conventional subsurface irfigaﬁion/drainage designs are
based on consideration of saturated flow properties of
soils. Efficient design of a subsurface irrigation/drainage
system requires the characterization of both unsaturated and
saturated flow. Rigorous trgatment of combined saturated-
unsaturated flow has been followed by "Rubin (l968f and
Wat;on (1974). 1t involves numerical solutions of Richard's
equation for appropriate boundary conditions and effective
values of soil proper;ies. While this appéoach is adaptable
to most boundary conditions of interest, nuferical solutions
are often difficult to obtain (Tan§ and Skfigs, 1977). It is
also difficult and expensive tofobgain effective soil
properties. It is frequently argued that the’variability of
soil parameters prohibit the use of more vigorous treatment

»
of exact methods which are not worth their cost. «

Different techniques ranging from pu;eiy analytical (Bakr et
al., 1978) to fully numerical (Freeze, 1975) have been

employed in analysing initial-boundary value problems of

7
groundwater f1low.
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The uncertainties occur either because éf inadequate or
inaccurate field measurements or because of natural causes
such as those associated with drying and wetting of the soil
profile due to recharge from naturgl precipitation and to

discharge through evapotranspiration.

Spatial variationg of soil parameters ssuch as hydrauliq
conductivity and infiltration even in.uniform land ‘areas
manifest large variations. Nielsen et al., (1973) conducted
an experiment, on 150 hectares of land to evaluate the
magnitude of spatial variation on a soil considered
generally uniform relative to most cultural pgactices. Their
results showed larger spatial variation in unsaturat;d
hydraulic conductivity than the other paraﬁeters such as
steady imfiltration rate, particle sizé distribution and
bulk density. The cause of vafiation may probably be a range
of teéextural differences within horizons which 1is not
generally covered in a mapping unig whén soil series are
mapped on smaller scales. The variatigp in soil parameters
manifest uncertainty in the design and therefore, the,risk.‘
'
The traditional approach'to' the design of subsurface
izrigatiog/drainage flow is deterministic. If a property has
been measured at a few loéa£ions, its distribution in space
is determined by some kind of smooth interpolation, and then

the flow problem is solved by using the appropriate




differential equation. This approach is open to criticism

for two reasons : first, the variables of interest do not
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vary in a regular manner on space. Second, in practice the .

measuremeﬁts are generally scarce i.e. only a few points,
and values at other po?ﬁts are subjected to uncertainty.

Also the deterministic models are deriveé froq‘basic
assumptions to keep the analysis tractable. There can oft;n
be uncertainty du;ﬁixa such assumpﬂqons.’Therefbre,
deterministic models sﬁqpld be~modified to accoﬁnt for
various uncertaiﬁlies. To overcome these difficulties
stochastic modelling has been used with increasing frequency
in the last few years. It has become quite commpn to regard

flow.variables as random variables characterized by

probabilistic distributions rather than by some

,deterministic values. \\L)

» lad

A Stochastic” model offers, in a éensé, a direct approach to
deterﬁing the random effects on soil parameters. A
stochastic analysis generates equiprobable ipﬁut traces,
with each trace having similar statistical properties, The

probability distributions of system response are used for

“design and operation decision making.

van Schilfgaarde (1965) used the steady state equation

obtained by Kirkham based on potential theory to develop a

relationship between water table and intermittant rainfall. -
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“
He studied tﬁe risk of failure -of a draihaée system due to .
the unéertainty in rainfall by running a drainage model with
a iong historical record. Extensions have been made to this
approach by Young and Ligon (1972), Foroud (1974), Chieng

N

- (1975) and Skaggs (1978).

Various approaches are available to treat the effects o%
uncertainty on groundwater flow. Two main approaches have
been followed so far. One is the gedstatistical approach
égplied by Russo (1983) in the design of trickle irrigation

’/////;ystems in a heterogeneous scil. The second line is that of

—

v = .

groundwater modelling by stochastic differential equations
applied by Freeze, (1975); Sagar, (1978); Bakr et al.,

(1978); Dagan (1979) and Smith and Freeze (1979).

- The main Qifference»between the two aforementioned
approaches is that the geostatistiggi methods take into
account measured values as given and fixed and allow for
random fluctuation ét other points of the formation. In
contrast, stochastic modelling asgume that the hydraulic
properties have some statistical structures and that thgy

fluctuate everywhere according to the corresponding

probability density functions.

The stochastic differential-equation models of groundwater
flow can be divided into two main groups : Full distribution

analysis and first and second moment analysis. In full

=&
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distribution analysis a éomp}ete specification of the
probabilistic properties of all stochastic inputs and
parameters of a flow system is obtained and is used to yield
~completely the probab;llty distribution of .the resulting
flow. The two most 1mportant full distribution technlques
are the method of derived distributions and Monte Carlo
simulation. An example of derived distribution analysis is
Eagleson's (1978). recent evaluation of gnfiltratio; due to
qtochastic_precipitation events and Sagar and Kisiel's
(1972) examination of parametet unéertainty for aquifer pump
tests. The Monte thlQ simulation has been applied to the

investigation of the 'effects of spatial variability of:

phy51ca1 properties of flow through porous medla by several

Y AVARS

/

authors, including Warren and Price, (1961), Freeze ,(1975).

and Sm{th and Freeze, (1979). The flaw in the Monte Carlo
simulatioﬁ'is that the results obtained are never in the

J

closed analytical form that a derived distribution strives|

¢

for and therefore, are not readily transferable to a new

ks

situation (Dettinger and Wilsén, 1581).

In contrast, the first and second momght methods assume that
the information about the random variable (9r‘$unction) are
sufficient to characterize a mean representing the central
or expected tendency and the variance and éovariance
representing the amount of scattering around the meaﬁ.An
example of a random variable or function fulfilling this

assumption is one which is normally distributed. The\inf
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re% riction or limitation of this method is that the

L4

coefficient of variation must be small.

Dettid@er and Wilson (1981) underscoring the advantages of
first and second order analysis over the Monte Carlo

technique stated that "the numerous simulations required by

‘the Monte Carlo technigue can lead to an enormous

computational burden when an aquifer requires detailed

modelling and has complicated boundary conditions,
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heterogenous parameters, and two or three dimensional fléw.(!

The computational burden will generally place serious
limitations, raised both by economics énd expediency, on the
accuracy with which estimates of probabilistic parameters
can be obtained. Since tﬁe’accuraey of MonteICarlo
experiments is an increasing function of the number of
simulations carried out. Because of these limitations on the
use of other methods of analysis, first and second order
analysis of numerical models are a natural choice and can
generally be made with an accuracy consistent with the
accuracy of the numerical model itself". f
. A3

In‘addition to the above advantages, Benjamin and Cornell

" (1970)- suggested that in many situations it is not possible

to predict the exact value because of the very nature of the
random variable (or fuqction). However, the mean, variance
and cowvariance are often sufficient on which to base

engineering decisions.
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Prasﬁer {1982) hés employed the first and éecond‘moment

-

method to study the éffects of parameters uncertainty in

subsurface drainage design. He estimated the risk (standard

‘deviation) considering the drainage parameters in the design

t ) . g

of a drainage system.,

s

-

To design an optimum water table sufficient to provide water

~ supply to the root zone, unsaturated flow characteristics,

root. density and above ground environment are cqnsidered. A

method for subsurface irrigation design that includes

. © N\
suncertainty due to unsaturated and saturated flow parameters

has not yet been developed.

In view of the abo&e facts,ithé first and seéond'<m0ment§
method is used to evaiuate the uncertaid£y in the  design of
'a subsurface iréigation system whicﬁ inciudes the
uncertainty in tﬁé unsaturated. and saturated flow
p;rameters. This approach can be applied_re&ﬂily.lt gives
the necessary information regarding thé pg;ametric
uﬁcertainty than other methods which are imprabtical té

incorporate in day-to;day designs.
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The tecﬁniqpe for the analysis of uncertainty-will,be

discussed in chapter VII.

e
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IV THEORETICAL CONSIDERATION

4.1 Model Specification.And Development

L
- &

In a humid area, surface and subsurface drainage systems are
necessary  to lower the water table in order to prodide'
trafficable cqnditions for seed bed preparation.and plantiﬂg
in the spring and for harvesting in the fall. The prevaili;g
drainagé design pracfice has been to install deep drains to
minimize the length of drains per hectare. The result is

that, sandy soils drain excessively owing to their higher

drainable porosity at the higher water tensions, achie&ed

_——

from the water table associated with éeep dfains,'gs
compared to shallbw drains. Whenléainfall dées not .occur
regularly, crop production is reduced becaﬁsedof water
stress during the growing season, It is possible‘to avoid
exceséive drainage by pﬁtfiné a water level control chamber
on the subsﬁrf;ce drain collector pipes to prevent the
water table f;om dropPing to the level of the subsurface
drains. This allows plants to extract more water from the
soil profile. It }s expected that this system will not
provide assistance during long dry spélls[when drainége
water is not available. The next’alternati;:AEE subsurfac;
irrigation in which a control chamber is placed at the
oﬁtlét and water is pumped into the control chamber to

maintain a constant water level elevation, so as to.keep the

water table at a more or less steady stdte in the field.

e
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Some advantages of subsurface irrigation are obvious because
the same sfstem is integrated to pefform da{nage in spring
and fall and provide irrigation in summer months with
addition of little cost. But the difficulty is its design to
ensure proper functioning in both drainage and irrigation
modes.. The design procedures‘are not established as those in

subsurface drainage design.
.

The method adoépted in this chapter is to develop a water
balance model to analyze the effect “of subsurface
irrigation/drainage systems on soil water conditions and to.
predict"theii effect; on aﬁnual’average corn yields. The
éﬁw methodology ig an ;ttempt to provide an economical optimum
"subsurface irrigation/drainage system on sandy sails. An

optimal subsurface irrigation/drainage system is defined as

one which provides the maximum economic benefits.

In modelling the physical system, a soil column which
- .extends from the impermeable layer to the surface, .is
located midway between adjacent drains and is assumed to be
homogeneous. The so0il column is éivided into two zbnes, a’
dry zone and wet zone (Skaggs, 1978). The dépth 0f the d;y
zone~is a function of the effeétive root depth during the
_ . growing season. The wet zone depth extends from the wéter
table up to the root zone and pbssibly to the surface of the

“< ) ~ soil. It is assumed that separate soil water distributions

in two zones will adequately describe the physical process
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of the entire soil column from the surface to the

a¥

impermeable layéf.

.
The available moisture capacity (AWC) of a dry zone which.is
assumed to have a maximum depth equal ko the rooting zone
depth and is defined asrtpe moisture held be%Qeenﬁthe
saturated moisture content,‘es, and‘the permanent wilting
point,ew. It is assumed that the plaat roots extract wateF

down to some lower limit (permanent wilting point).

The water content distribution in the wet zone is assumed to
be that of a soil profile which has achieved drained to
equilibrium. This assumption is :consistent with the
; theoretical study of Skaggs and Tang (1976), who have shown
that, excepgyfor the region close to the drains, the
pressure head distribution above the water table dpring
drainaée may be assumed nearly hydrostatic foE‘many field

scale drainage sytems.

From the initially saturated soil column, moisture depletion

“r

takes place due to AE and drain/pnﬂflow (q%, and the depth

: of the wet zone increases. Drain outflow céntinues.as long
" as the water table is above the drains or the drain overflow.’

level. AE continues to deplete moisture from the wet zone as

long as upward movement of wateé is sufficient to meet ET

demands. When upward movement of water determined as a

function of water’table depth is not sufficient to supply ET

it
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demands, the rest of the water is removed from the root zone
storage creating a dry zone. When the dry depth becomes
equal to the root depth then AE is set equal to the upward

water movement.

In determining soil moisture distribution in the dry zone,

It is assumed that the AE is equal to PE when'available

' moisture of the dry zone is between ©4 and 95, (50% of the

)
-

available moisture capacity)(figure 4.1). When availab%e
moisture is below 85 but larger than Gw,itlis assumed that
the AE decreases linearly with available moisture. This
assumption is consistent with tha;vof Féddes and Zaradny,
t{1977). In the event of r?infall, the dry zone has to be
filled first until its capacity is reached and then till the
wet zone is filled. Any excess after that is considered to

be surface runoff, TN

\

]

Since the water balance model predicts water table depth, it
requires a method by which it calculates this depth. The
method used here requires that there be a relationship
between irrigation/drainage volume and water table depth.
This relationship determines how far the water table falls
or rises when a given amount of water is removed or added.

The volume of water drained at various water table-levels

can be measured directly from large cores or can be "

calculated from water retention characteristic curves.
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Figure 4.1.

AVAILABLE WATER, mm

Moisture depletion curve.
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Drainage volume (sometimes called the water yield) can be

calculated from the water retentio characteristic curve. In

,this metheod, it is assumed that the water content

distribution at any time is the same\as that of a pfofiie
drained to,equilibrium. Then the volume drained (V4) per
?nit area, when the water table drops fhom the surface to
depth (Yl), may be eipréssed as:

Yy
Vg = j; (8(y) -6(y)) dy

a

¢

Wﬁere Qs(y) isvghe saturated soil water coptent ripr té
drainage and 6(y) is the equilibrium water content which is
obtained from the soil moisture chgracteriséﬁc curve for a
water table depth of Y;. By numerica;&y intéérating equation@
(4.1), Vq can be calculated for.any depth Y. This method can’
be adopted. for multilayered soils in which a separate soil
moisturé characteristic curve is required for each layer as
input. \ 't —

In calculating the water table depth a soil moisture balance
is done for each zone. When upward movement of water,
determined as a function,of water table gepth, does not
satisfy ET demands then the remaining water requirement is
remﬁved %rom the root zone creating a dry zone. The depth of
the wet zone may continue to increase due to drainage and to

some upward water movement. The dry zone depth will also

increase simultaneously until the moisture content reaches

M e T e e e . . S—
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the permanent wilting poipt. The water table depth_will be

calculated as the sum of the depths of the wet zone and the

dry zone.

The effective rooting depth with time will.be used in the

model and can be approximated from the experimental results

'in the literature. Mengel'and Barber, (1974) have reported

root distribution of corn in a silt loam soil which was
drained with drains placed 1m deep and 20 m apart. The data
of Mengel and Barber are plotted in Figure 4.2 for root

depth versus time. Skaggs, (1978) suggested'Ehat the

effective rooting depth time relationship should not be

based on the maximum depth of root penetration, but should

be based on the 60% curve of Figure 4.2 which gave good

results, as far as Skaggs' DRAINMOD model performance is
concerned . An approach similar to that of Skaggs will be
followed here to test the model performance. Since the model
starts simulation from March 31, when fallqw’conditgons
prevail, an effective root depth of 4 cmhis assumed. This
assumption is consistent due to the fact that evaporation
takes place within the soil.4 to 5 cm below the soil surface
(Goodwin et al., 1982). Tﬂ;;values of root depth versus time

will be given in tabular form, whereas the values which are

not in the table will be interpolated.

The maximum upward flux and water table depth relationship

will be calculated by using equation (3.12). The method of

T e Tt L ETR F LIV OV
# ¥ Sa e * % ) -
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Figure 4.2. Relationship between root depth and time
after planting for corn for 50, 60, 70 and
80 percnt of the total root length exists
above given depth ( After Mengel and Barber,
1974 ).
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determining this relationship will be discussed in Chapter

' VI.

:

13

The drainage aspect of the model is based on Hooghoudt's
equation (3.1). Figure A.1 (Appendix A) 1is a schematic
diagram of a subsurface drainage system. Note from this
«
Figure that DWT is the design water table depth and DD is
the depth of the drain. DWT in the modei can be assigned a
suitable value depending oﬁ the type of crops grown and
their root zone-depths. It appears from the the literature
(Chieng, 1975; Foroud, 1974; Luthin, 1980; Bhattacharya,
1977) that 40 to 50 cm is widely used range for DWT. Thus in
the present study a value of 40 cm will be used. It is
assyimed that if the drainage rate calculated from equation
(3.&)15 greater than the drainage coeffic%ent (which is 10

mm/day for the Quebec region), then the draimage rate is

equal to the drainage coefficient (Chieng, 1975), otherwise

the drainage rate follows Hooghoudt's equation. This.,

assumption is consistent with the fact that the sizes of the
drain tubes are choosen to provide a design capacity, which

is called drainage coefficient.

Another component of the water balance model is subsurface

irrigation. When subsurface irrigation is used the water

‘level in the control chamber is raised toagivenelevation

tg/gkevide a certain head ,ho r (Figure A.l) so that the

_ water-table in the field can be raised. A weir is set in the

e e o ——— A e
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control chamber so that, if the water .table in the field is

higher than the water level‘in the control chamber, drainage
will occur and the additional water will spill over éhe
weir a;ud leave the system. When the water table in the field
is lower than thé waterglevel iﬁ the control ché@ber, water
will move out of the chamber at a rate given by equation
(3,2) raising the water table in the field or 5uppyy1ng ET
demands. Subsurface 1rrlgatlon will be started just after
pldnting by closing the outlet valve provided in the control
chamger. The volume of subsurface irrigation water and the
water table depth 'during subsurface irrigation will be

\

predicted for-different drain spacings.

The moiskure balance w%ll be.calculated on a d;y-tg~day
basis using daily values of rainfall and PE. The iimulation
output includes daily values for water table depth and AE
for both subsurface irrigation and subsurface drainage

systems. This information will be used in separate crop

‘models of maize yield response for excessive and deficient

soil moisture conditions in order to estimate maize yields
in subsurface irrigation and drainage systems. The fol lowing

sections deal ‘with the conceptualization of crop models.

4.1.1 Yield reduction due to soil moisture deficit

B

The effect of soil moisture deficit on crop yield has been

the subject of much research work in the past ( Hanks, 1974;

o
N

oY
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Musick and Dusek, 1980; Robins and Domingo, 1953; Shaw,
1974 ). It is common knowledge that soil moisture deficit
inhibits plant growth, thus reducing yields.

Generally corn plant development is .divided into five
stages: (1) planting to emergence, (2)emergence to
tasseling, (3)tasseling to silking, (4)silking tg maturity,
(5) dry down period. The importance of each stage has been
reviewed by Shaw, 1978 dand Salter and Goode, 1967 . They
concluded that tasseling to maturity is a critical stage
where plants are more sensitive to shortage of watef than at
other stages of development. Therefore, the impact of daily
soYl moisture deficit must be weighed by a .crop
susceptibility factor which is dependent on the stage of
plant growth. $haw, (1974) developed a crop susceptibility
factor for corn based on extensive research in Iowa (USA)
and given in Table 4.1. Recently Skaggs and Nessehzadeh-
Tabrizi, (1982) used this approach in optimizing a drainage

/ﬂ:%esign system for corn.

Shaw, (1978) developed a corn response model for deficient
so6il moisture conditions which is based onlstress.day index
(SDI). SDI is a measure of the intensity and duration of .

crop deficit. Mathematically, the SDI can be expressed as:

¥

N .
SDI4 =ZlCSdi*SDdi e s (4.2)
1= '
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.TABLE 4.1: Crop susceptibility factors for maize due to
s ] deficient soil moisture conditiops with respect
to silkihg ( after éhaw, 1974@)

period Csd P Period Csd
- /
Before 8 0.50 After 1 2.00
7 0.50 2 1.30
6 1.00 3 1.30
5 1.00 - 4 1.30
¢ 4 1.00 5 1.30
3 1.00 6" 1.30
2 1.75 = 7 1.20
1 2.00 "8 1.00
‘9 0.50
*Each period consists of 5-days. - 7
Before and After are the periods with respect to silking.
" TABLE.-8.2: Crop susceptibility factors for maize due to
- excessive s0il moisture conditions., ( after
Hiller, c.f Hardjoamidjojo et al., 1982 ).
Growth stage’ ; Days after planting, CSQ
I 0 - 42 0.51
11 43 - 80 0.33
' B
IIT 8l - 120 0.02

4
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whére SDIg = Stress day index due to soil moi sture deficit—i
csdy= Cfop susceptibility factor due to soil
.moisture deficit for the 1th grow1ng perlod
Spd,; = Stress day factor due to 5011 m01sture def1c1t

¢

for the 'ith growing perlod

N = Number of periods in the growing season.

. .- n

bt
“The' stress day factor, SDd; is defined as:

-

- ni
SD4; -2(1 0 - AE;/PEj) eer(4.3)
J=1 . .
Where AE 4= Actual evapptranspiration for'jth day’
. growing period
e '

growing period.

Number of da in the ith growing period.’ '

=)
(]

expressed in normalized form as{.

YRy = 100 - 1.22 SDI4

2

xWhere“YRd = Relative yield due to.soil ‘moisture deficit.

Q

7

PE.= - Potential evppotranspiration for jth day in_the

e
e (4.4)

Note that from Table 4.1 the CSd values are given for each

period.relative to the silking stage. Each period consists
¥ &

Lt
N
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of 5 aéyé. ?h$_§tr;§s day’ fyctor foqxthé season will be
calculated by éguation (44”.f:%?never the SEEeSS day factor
for two or more consecut{ve 5-day perioés was 4.5, or
greater, Shawmultiplied the SQI:for those periods by an
additional factor of L1.5. Thié was necessary to explain the
greatly reduced yields found under severe stress periods of

more than a few days duration (Shaw, 1976).

“4.1.2 Yield reduction due to wet conditions

The same stress day index approach can be used for wet
stress conditions and its effeet on corn yields. Stress day
in thig case can be found by summing the excess water table
fluctuations above a critical‘depth of 30 cm as used by

Wesseling, (1974):

4

. n ‘
SDW; D.(30 = X;) ’ ee.(4.5)

i=1
Where X; ="Daily water table depths below the soil surface,

during growing season.

n = Number of days in growing season.

i

Stress day index for excessively wet condition may be

expressed ast




\bbtained in the absepce of soil water stress conditions; Y

62

n

where SDI,, Stress day index for wet conditions.

Crop susceptibility factor for each growth

CSwi =
stage. T
) N = Number of days in ényth stage

Crop susceptibility factors for corn at different growth
stages developed by Hiler (1980) (c.f Hazdjoamidjoﬁo et al.,

1982) are présented in Tablq 4.2

o

The model for predicting corn yield response to excessive

soil water conditions was obtained in studies of

' Hardjoamidjojo et al., (1982) and it may be expressed as:

{

. 100 , for SDI, & 8

103 - 0.42 sDI,, for 8<SDI <245 v (407)

YRw

]

YRw

YRw = 0 , for SDI,, % 245

¢t

Then the general crop response model can be expressed as:

'

s
¥

YR = YRd . YRw , Il‘(4.8)

. Where YR is the relative yield, YR=Y/Yp, YRw=Yw/Yp and

YRa=Yd/Yp; Y, is the potential ( base ) yield that would be
W
is the yield that w?uld be obtained if only wet stress
occurs; Ygq is the yielld that would be obtained if only soil

moisture.deficit occurs; and Y is the yield of a given year.

. e - B T S
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V MATERIALS AND METHODS ~

A field experiient with subsurface irrigation was conducted

in the 1982-1983 growing seasons on the farm of Mr. L.
Charbonneau, St. Louis Parish, Richelieu county, Quebec. The
exper%Pent was laid out with 8 replicates; that is there

were 8 plots which received subsurface irrigatiion and 8 e

plots which received no irrigation.

In the 1982 summer,‘there were pfoblems yith equipment
breakdown and poor subsurfacelirrigation re;ponse on some of
the pfot& Supply of irrigatién water was limited.It was - .
only pdssible to irrigafe for 16 days (Figure B.l, Appendix
B), whereas in 1983, there was partial supply of water for .
26 days and full supply of water for 16 days (FiguréILZ).
The water moveé from the subsurface drain pipes through the
soil satiéfactorily on two of the plots in 1982. This
indicated that subsurface irrigation wds-possible in ‘this
region and that significant yield increase could be expected e

in seasons which had signifiéant dry spells. x\

Improvements were made to the subsurface irrigation systenm
in 1982 and 1983. The experiment was repeated in the 1983

growing season.
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In 1983, a dam was built 1 km downstream in the municipal
ditch, to create aﬂgeservoir to supply the field with
irrigation water. The dam consisted of a removable steel

frame anchored to.a concrete base. Wooden planks were used

to hold the water behind the dam. <

Unfcrﬁunately the reservoir was not large enough and did not
receive sufficient inflow to supply the complete water needs
of the extremely dry summer. Awell was drilled 55 m deep.in
late August; 1983 about 1.5 km to the west of the
experimental field and water was pumped to ﬁhg control
chambers viaa 10 cm diameter non-perforated corrugated

plastic pipe burried in the ground. ’
5.1. Field Site

The experimental field.is located approximately half way

between Sainte-Victoire and Saint-Louis in Richelieu County

~about 1.5 km north of Rang Prescott. This 1is about 24 km

south of the city of Sorel and about 120 km north east of
Macdonald College. The area of the field is &bout "10

hectares. The location of the field is shown in Figure B.3.

5.2. History

\ . , . ' .
The soil is primarily a St. Samuel sandy loam. A soil

shrvey,&conducteg by Rashid-Noah (1981), showed that this

soil consists of a dark brown fine sandy loam top soil layer -

\ o v g o i e e

e
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of 15 to 20 cm thickness underlainby an olive pale medium
sand down to a depth of about 1.6 meters. The soil is clay
from 1.6 meters down to bedrock at a dep;:h of abqut 30
meters. The clay is ~relatively iméermeable. The water table

is almost always above the top of the clay layer.

Corrugated polyethylene subsurface drains were installed in

65

1972, with a spacing gf about 30 meters between lateral?.\f
% &

1}
Grain corn has been grown as the major crop since 1967. The

subsurface drainage system was modified by the addition of
non-perforated branch mainlines and four water table control
chambers as indicated in Figure 5.1.

o

When installing these new branch mains in June 1982, it was

observed that some of the subsurface drains were partially

filled with sand. When the drain tubes were installed in
1972, a filter fabric was placed over the top of the pipe

but no filter fabric was placed under the bottom of the

corrugated plastic drain pipe. One lateral drain was found

to Be completely blocked with fine sand. It was replaced by
a new corrugated plastic drain tube enrobed with a knitted

polyeste):' drain envelope.

During the subsurface irrigation in 1982, the water table
responded satisfactorily in the plot which had the new drain
lateral - added and in one other plot, (A-2 and A-4, Figure

5.1). The water table did not rise properly in the other six
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élots. Those six plots did not absorb water as quickly as
they were expgctedrto when water was added to tﬁe water
level control chambers. New subsurface drain laterals
enrobed with a knitted polyester envelope were installed in

October 1982 on those remaining six field plots.

N S

During the irrigation of 1983, all plots accepted water from

the subsurface irrigation §X§tem appkoximately as might be

expected.

&

» 5.3. Field Experiment Layout

A Y

The field expe}iment was désigned to give a randomized
complete block design with éwo treatments in either
replicate. The treatments consisted of irrigated and non-
irrigated grain corn. Each plot contained two subsurface
drains. There were buffer zones between irrigated and non-
irrigated plots. Four water table control chambers were
installed in such a way that water could be added at those
chgmbers and flow up the subsurface drains £o provide
subsurface irrigation. Water was pumped into the cogtrol
chambers from the nearby water course aqd in late August and
early September 1983 from a well, |

o k3

The water level 'in the control chambers was kept constant in
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the 1982 growing season with float valves. The diagram of
control chamber is shown in Figure B.4.
1

N

In the 1983 growing season the control chambers were
extended slightly above ground level to allow a g;eater head
to be placed on the subsurface drain pipes to cause water to
flow into the soil more rapidly. Becauseiof delay; in

getting the water storage reservoir constructed, the water

table had dropped to about 1.25 meters belo& the surface

~

:. before irrigation began. .

r o«

While irrigation was underway, measurements were made of’ the

depth to the water table; the soil moisture content, the
. b

. soil moisture tensdion was megasured with tensiometers; the

PN

amount of water added to the chambers was measSured with
N\
water meters; the distribution® of corn roots was sampled .

The yield of corn was measured in October’ of each yeér.

[

5.3.1. Water table measurements

.

o
o

The observations-of water table depths were made in
subsurface irrigated and n?n-irr;gated‘plots by means of 19
mm I.P., 1.5 m long PVC pipes sealed at the bot}om"
Following the techniqueLof Broughton (1972), the pipes were

perforated with four rows of 6.4 mm diameter holes at 15,2

.em intervals along their length. Alternate, rows of holes
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4

were drilled at 90° to the first holes at a lengthwise

displacement of 7.6 cm., The pipes were covered with a

spunbonded polyester filter in order to prevent the entry of

sand.

”

"The water table pipes were installed witﬁ an auger slightly
larger than the pipe and the loose siéés surrounding the
pipgs were packed with dry sand to ensure good contact
between the pipe and the soil. Figure 5.3 shows location of
the water table, pipes ia the irrigafed'and non-irrigated
élots. Seven water tabLe-pipes were installed in the
i;rigafgé plots to study the shape of the weter table
(Galliehand, 1983 and von Hoyningen Huene, 1984).,In this

study, only water table pipes midway between the drains in

each plot were considered.

&

70

Water table measurements were made periodically during

subsurface irrigation experiments of 1982 and 1983. A
graduated hollow plastic tube about 3 m long,(haviﬁg the

lower end connected with two electrodes and a sound emitter

at the top of the tube was used. The téchnique consisted ,of

lowering the plastic tube into the water table pipe slowly

until the water table 'was located with the sound of the

1

beep. A water table depth below the surface of the ground

!

level from the observation of .the watér table.
-

" 'was caldulated by subtracting the pipe above the ground

o gy Yo e e
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5.3.2. Soil moisture measurements

Soil moisture. measurements were done Jgravimetrically, for
samples taken at 7, 22, 37, 52, 67 cﬁ depths from the soil
syrface in each plot during the subsurface -irrigation
eXperiments of,f983. Soil moisture conéents at these
specific depths were assumed to represeg£ the moisture
contents for the depth ranges of 03%5, 15-30, 30-45, 45—60,

o

60-75 cm respectively.
Undisturbed soil samples were taken from each plot at 5, 20,
35, 50, 65 cm_depths from the so0oil surface in aluminium

rings of approximately 7.3 cm diameter and 4.1 cm height.

.-These samples were collected from pits which were dug for

the root measurements, with three replicates at each depth,

for the determination of bulk densities. These bulk density

values were later used to convert soil moisture contents

from a weight basis to a volume basis. These soil moisture
contents were subsequently used to determine’ the available

water in 30 and 45 cm soil columns.

In addition to the soil samples takeﬁ for the determination
of volumetric molisture content in each plot three other
small undisturbed core samples were taken' in each plot from
30, 45, 75 cm depths for the determination of soil moisture
characteristic curves, using the pressure, plate apparatus

following the method of Richards, (1965). Four tensiometers

¢

¢

‘.I
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in each of the 8 irrigated and 8 non-irgigated plots were
installed at 15, 30, 45, 60 ¢m depths from the soil surface.
Additional tensiometers were installed in non-irrigated

plots at 75 cm depth below the soil surface. The location of

tensiometers. is shown in Figure  5.3.

[

5.3.3. Yield measurements

73

} .

To determine whether the subsurface irrigation’had any -

beneficial dverall effects, the ear yield and grain yield

il

was measured following the method of Raghavan and McKyes,

(L977). Five rows about 10 meters long were ranaoml&

selected and staked out in each of the sixteen plots. These

<

rows from each plot were hand harvested. All of the cobs

were removed from each row and the weight was recorded. 20

cobs from each row of the sixtéen, plots were randomly taken’

for ear yield and grain yield measurements. 10 cobs were
taken out of every 20 cobs for drying in the oven to
determine the grain yield. The remaining cobs were then
BchoppedandalKgsamplewastakenfordeterminationof ear

moisture. From thid information the ear yield and grain

yield were determined on an oven dry weight basis.

In October 1983 the grain yield was also determined by
harvesting the complete plots with a grain corn combine. The
sixteen plots were separated by first harvesting the buffer

zone surrounding the plots. Then' the plots were harvestea
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Q%e by one and the grain weight for the comp e'te plot was
measured in the field. Samples of the grain from each plot

4

wéne taken for mfisture content determination.' Following the \

above methods, grain yields were determined on a oven dry E
weight basis. ‘ ,\ 2

! . ' ;

L Inloctober 1982, only two irrigated and two non-irrigated
' plots were harvested for grain yield determination. The
other remaining plots werge not harvested becau;e they did
o not provide‘specific treatment, thus the treafment‘effect

v could not be properly determined for 1982.

l <
- ’ - " .
" : /

° 5.3.4. Root measurements A

Information on the effects of root depth is an important
feature which is required in the theoretical calculationé of
upward flux of water from water table depth to the root
zone. Root measurements were taken.by driving cores which
were 10 cm long and 9.8 cm I.D. at depth increments in each
of the sixteen plots. Core samples were taken at 20 cm away
\f}om the corn rows. The corn‘row spacing was 80 c¢m, To
extract the cores from the soil a pit was dug by hand to a;
depth of 70 cm. Roots from the c;res we&e washed carefully
and then the roots were removed. Roots from each core were,
put in the oven at 65° .C for 24 hours. The dry weighty of
the roots was recorded. In this way the dry weight of roots

- per unit vo}uﬁe was obtained for. depth increments of 10 cm.

Wi i v —— . R B



5.4, Drainablquolume Measurements .
Six large PVC £ubing cores of 15.24 cm diameter and 120 cm
length wefé used for determination of- the relationship
between draipaﬁie volume’aﬁq water table depth. Those
sa@ples were taken frém randomly selected sites in the
. field. Asmall backhoe was uded to drive the cores with theIJ
front end bucket to their full iength. The soil cores were
_/then retrieved by digging with the backhoe and by hand. %ach

core was then sealed at the bottom and carefully

transported to the laboratory. ‘ @

In the laboratory, all of the six cores were mou;£ed
vertically on the wooden board. A 5 ﬁﬁ hole was drilled at
th'e bottom of each core and a‘perforated tuge of 4 mm
diameter and 50 mm in length, wraped with nylon filter was
inseYted which served as outlet. The bottom end caps and
holes were then glued. Rubber tubing was used to attach one
end to the outlet and the other end with the’ water
reservgir. The water in the reservoir was previously boiled

to get rid of some of the dissolved air.

4

Before beginning the experiments to determine the drainable
volume and water table relationship, the soil cores were
saturated by raising the water reservoir. This process was

repeated two times in order to prevent air entrapment in the
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soil. Finally, the water table was raised to the surface of
the soil, the water reservoir was disconnected, and a T-

onnected at the end of the rubber tube. The tops

joint was
of the cores were c¢overed with flat end-caps todpr;vent
losses due to evaporation.'To begin with the teét, the T-
joint waé‘i\wered by 12.5 cm intervals. and held at the
specific elevation until the drainage ceased. The drainable
volume was mpasured at each water table level until the
water table rgached 100 cm from the shrface of the soil.”The
drainable volume: was measured in a graduated cylinder
covered with parafin wax paper to mini@ize evaporation. In
this. way ‘the relationship between drainable volume and water
table depth was estgbli%hed.

°

5.5. Water Balance Model
f
*The primary purpose of developing a water balance model was
to® optimize subsurface-irrigaéion/drainage design for maize
yield. Inputs, in the model are the climatological data,
soil prbpertieé, subsurface‘irrigation/drafnage éyste&
parameters and crop parameters. Climatological data include
the daily rainfallland PE. Some of the soil properties such
as water content at saturation, relationships of drainable
volupe , and steady upward £flux as a function of water table
dep?h are inputs to the model, based on experiments

N |
described. Other pertinent soil water par#meters such as

i

. N ;
saturated hydraulic conductivity, permanent wilting point °

¢ 76
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i

were obtained from the work of Rashid—Néah, (1981) on this
\ 2
soil, and are assigned to the model. The crop parameters are
rooting depth as a function of time; planting date, as well
as the parameters for the yield response models diven in
sections 4.1.1. and 4.1.2. of chapter IV. Subsurface
irrigation/drainage system parameters are drain depth and
‘ spacing, depth to the imperméableﬁlayer, design w;ter table
depth‘(DWT) at a point midway betwéennthe érains, limiting
drainage coefficient,fwater table ievel at the draiq,
optimum water table depth as a function of -maximum ET (in
our case 4.5 mm/day) for the case of subsurface irrigation.

K

All these parametric values used in the model are shown in

tableh501o

*The mode 1 predicts the water table depth, AE/PE ratio, and
. subsurface irrigation volume, using daily rainfall and PE,
and other pertinent soil and water parameters . This
information was subsequently used in integrated crop models

to predict relative yields.

Economic analyses are done manually from the predicted
average relative yield., A flow chart, representing the basic

operations in the model, is shown in Figure 5.4.

’

ke

From various assumptions described in section 4.1., one of
the assumptions has been changed for better performance of

the model. It was assumed 50% of the rainfall goes into the

—_— -— - o s p o ——r | e o - - E— s e
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TABLE 5.1: Some -average soil water properties and drainage
system parameters used in the water balance
model.,

T " . e S TV D P . — D . — Y N Ga AP S G S S W L G— - ————— G W — W - o —— TV - — v

- S8 G . D B T T B D G A S R TS et TES T G R W SN P R D gl —AD M S G e Y T e G WD WS cw - =

l. Soil properties:

Saturated hydraulic conductivity, kg 1.56 m/day

Saturated moisture content,04 . 0.43 cm cm3
Permenant wilting point, 9y 0.031 cm”/cm
2. Drainage system parameters:
Depth to the impermeable layer, DI 1.60 m
Drain depth , DD 1.05m
Design water table depth, DWT 0.40 m
Drainage coefficient, q 0.01 m/day
Drain diameter 0.10 m . —
Drain spacing, W 5, 10, 15, 20, 25, 30,

35, 40, 45, 50, 55, 60,
65, 70, 75 and 80 m

Subsurface irrigation parameters:.

Optimum water table at midspacing 1.00 m .
Design water table control at the
drain 0.60m

3. Crop parameters ( for maize )

Planting date May 6
Maximum effective rooting depth 0.30m
________________ e et
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root zone and 50% goes below the root zone into wet zone.

: . . .
goil moisture storage. This assumption is justified from the

dctual observations of water table depths on July 26, 1983
wsee table 6.3, non irrigated) when the water table rose

without saturating the root zone. Various input percentage

were tried in different computer runs to arrive at the most

appropriate value. It was found that 50§_input gave the best

performance of the model. - ’

»

5.5.1. PE determination.

. -
A.temporéry weather station was se£ up ne%r the field to
meagure daily maximum and minimum temperatures and rainfall.
The temperatures were recorded with standard meteorologicai
thermometers in a Stebénsonwscreén and rainfall was recorded

by a tapered rain gage. These readings were taken daily at-8

am and 6 pm.. TR

Weather data was collected at the farm for 23 days (July 15

to August 6) in 1982°and 2 months (July 1 to August 31) in

1983. The weather data for thg rest of the months was
obEaiped from nearest weather station. There were three
weather statiQAS, that is Sorel, Fleury and l'Assomption
located nearest the fieIQ. Data from three stations weré
compared w%th the recdrded data, and ‘l'Ass;mption was found

o

to be the closest related. 0

80
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PE values were obtainfd from tables prepared by Russelo et
al., (§974) using the daily maximum and minimum temperatures
at Charbonneau's farm when available, otherwise from data

Y

" from the 1l'Assomption station. -
&

e 4
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V1 I‘IESULTS AND DISCUS'SION

5 \

. The study reported in this chapter consists of two parts. In
the first part, experimental results of response to
subsurface irrigationd&nd variatiegqs in soil moisture are

’presented. In the 'second part, a Q&@er bqlagpe model is
developed for predicting daify water tablquﬂéitions, AE/PE
ratio and subsurface irrigation volumes. The predicted data
is then compared Qith field measurements. The results were

“

subsequently used to _compute the relative yields of maize
and annual profits due go subsurface irrigation/drainage
systems, designed with different drain spacings. Some input
data fo; thermodel was measured during the 1982 and 1985
growing seaii;s. Two years of weather data, recorded at the

’
experimental site, are used in developing the 'the water

balance medel.

‘6.1 Soil Moisture Regime

‘ Y]
6.1.1 Soil moisture distribution i .
: . . in the soil profile

-

In order to observe the response of shbsurface irrigation
during the 1982 and 1983 field experiments, available water

L) ' within 30 and 45 cm soil columns was determined in irrigated

o | |
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and non-irrigated treatments. The determination of available
water réquires the knowlege of volumetric soil moisture
content. Soil moisture measureménts, on a volume basis,
could nst be made in the field du; to the large number of
samp}es’and sampling depths J;quired: Instead, volumetric
soil moisture contents were determined bysmultiplying the
observed gravimetric soil moisture contents”’ by the
appr&priate dry bulk densities. Therefore, it,6 was necessary
to determine dry bulk densities of the soil at different
depths. Y

Tables 6.1 and 6.2 present the aQerage dry bulk density
values in the irrigated and non—irrigéted plots,
respectively, at various” depths. The standard deviation
indicate the variation within the plot at each depth. To
further investigate the variability of'drykﬁulk density
with réspeqt to depth and treatment, an analysis of variance

was conducted. The results are presented in Appendix, Table

C' l.

From the analysis of variance it was found that the dry bulk
density was not éignificagtly different with respect to

treatment and depth at the 99 percent confidence level.

However, this does not necessarily mean that the soil is

A y
homogeneous with respect to depth. There are other

"

properties which influence soil homogenity. The largest

83
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TABLE 6.1 : Dry bulk density yersus depths in irrigated
experimental plots. T
) _ Dry bulk density ( g/cm3 )
Plot = ccmccccccecmcmcrcmm e m e n e v m -
' “depth from soil surface ( cm )
1§ 30 45 “60 75
A‘l lMean 1039 lc4l '1156 1052 1054
S.D. 0.06 0.03- 0.09 0.06 0.03
A-2 Mean 1.42 ‘\1.50 1.60 1.58 1.66
. 8.D. 0.06 —0.05 0.03 0.07. 0.03
a-3 Mean 1.28 1.53 1.58 1.56 1.65
S.D. . 0.09 0.04 0.05 0.03 0.03
A-4 Mean 1.39 1.55 1.61. 1.2, 1.55
S.Do 0.05 0006 0002 0-03 0'.07
S.D. 0.05 0.05 0.01 0.02 0.08
-6  Mean 1.33 ° 1.49  1.67  1.50  1.51
s.D. 0.05 0.14 0.01 0.05 0.05
. -
S.D. 0.04 °  0.04 0.03 0.06 0.01
A-8 Mean | 1.41  1.42  1.65  1.60  1.66
S-D. 0001 0'04 On02 0.02 0'02 he
Overall mean 1.38 1.48 1.63 1.55 1.60
Standard
deviation 0.05 ° 0.06 0.04 0.04 0.05

S.D stands for standard deviation.



Dry bulk density versus depths in non- 1rr1gated
experimental plots.
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Dry bulk density ( g/cm3
Plot depth from soil surface ( cm )
’\ -
15 ,30 45 60 75
(l) (2) (3) (4) (5) (6)
B-1  Mean 1.42 1.49  1.60  1.58  1.58
S.D 0.04 0.04 0.04 0.03 0.04
S.D 0.05 0.06 0.07 . 0.05 0.04
B-3  Mean 1.39  1.56  1.52 1.62  1.55
S.D 0.08 0.02 0.07 0.06 0.06
B-4 Mean 1.35 1.48. 1.44 1.50 1.45
S.D 0.04 V.03 0.06 0.08 0.11
B-5 Meén 1.46 1.61 1.50 1.52 1.54 |
S.D 0.06- 0.05 0.05 0.08 0.05
B-6 Mean 1.46 1.63 1.54 1.52 1.54
S.D 0.06 0.03 0.0Q 0.08 0.05
B-7 Méan 1.38 1.51 1.53 1.59 1.60
s.D 0.06 0.06 0.04 0.05 0.07
B-8 Mean 1.37 1.54 1.68 1.64 1.65
S.D 0.03 0.07 0.01 0.07 0.03
Overall mean 1.40 1.54 1.55 1.57 1.56
Standard
deviation 0.05 0.06 0.07 0.05 0.06

- - —— T —— - — . - — T  — — —— f— — S o — - — - —

S.D stands for standard deviation.
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difference in the magnitude of dry bulx density values at 75
;nd 15 cm depths was found to be 22 % in irrigated plot A-3.
For the non-irrigated treatment, the smallest and largest
differences in bulk density values were found to be about 9%
and 18%, respectively (see B-5 and B-8 plots in Table 6.2 at
depths of 30 and 15 cm, and 45 and 15 cm, fespectively). The
overall mean dry bulk density in irrigated and non-
irrigated treatments demonstrate little variat}@ﬁ at eacl x\\g??
depth, The difference in the magnitude of dry gulk density

values between irrigated and non-irrigated treatments at

‘each depth was less ghan 5%. The smallest and largest

differences 1in bulk densitiés, with respect to depth, were '
/ ‘

found to be 11% and 15% pércent in non-irrigated and
irrigated treatments, respectively. An average value of dry
bdlk density for the overall field can not be used because
it will give erroneous estimates of volumetric moiséure
content and of available water. However, the avérage dry
bulk density for the overall field y be used, with respect

2%;een irrigated and non-

to depth, because the difference b

irrigated treatments was found to be insignificant.

The calculated values of average volumetric soil moisture
content and water table depth obtained from irrigated and
non-irrigated treatments during the growing season of 1983
are shown in Table 6.3. This data was obtained by
multiply%ng the observed'gravimetric moisture content~by the

appropriate average dry bulk density of each soil 1layer.
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TABLE 6.3 : Variation of water table and soil moisture

‘ corntent in irrigated and nonirrigated plots
?f St.Samuel sandy loam soil in 1983 field
experiments. ,

- W . e e D o S N v Sve = e W T D WS wm M M Y T S S Ml S S e A S W R B b A M M S e . A

Date Water table Average soil moisture content in
depth percent Dby volume for 15 cm soil
layers at the following depths.

- G " - —— T . —— - . - . — - -

' 0-15 ,15-30 30-45 45-60  60-75

- D - S U - . . . . M Y W W D D S W e W W A lm o o s e  van e o - - . o T — - - - -
Irrigated:
July 20 T 86.2 23.5 22.1 35.1 33.0 42.2°
22 | 96.8 18.8 19.4 32.2 33.9 41.2
26 7 111.9 15.7 20.7 28.7 30.0 39.8
.27 109.7 17.2 19.1 28.3 30.6 38.4
28 111.7 16.7 18.8 28.1 30.3 37.5
29 117.6 18.6 20.9 - 28.0  27.3 37.5
Aug. 02 118.0 17.2 20.5 22.0 25.6 34.0
05 129.7 13.6 16.7 19.6 17.0 25.2°
31 - 99.6 23.0 21.9 25.9 30.0 37.2
Sept.02 95.4 19.3 22.6 26.3 29.0 33.9
05 88.4 18.8 22.0 29.5 34.2 42.2
08 . 72.8 16.1 20.5 31.4 37.2 42.2

Non-irrigated:

July 20 131.2 14.0 14.7 19.7 24.5 33.6
22 132.6 12.3 13.4 20.4 25.7 35.0

26 131.0 10.1 12.5 19.0 29.5 34.9

29 132.0 10.3 11.5 17.6 24.8 34.5

Aug. 02 133.8 16.9 12.5 19.0 25.4 - 35.1
05 134.8 8.5 12.9 19.3 25.1 36.8

10 - 10.7 12.5 17.3 23.6 31.1

23 - 7.8 7.8 11.6 17.0 -

Sep. 08 - 7.5 7.8 14.6 26.4 29.4

———— - — o —— - ——— —— " - . = - - —— - — . T o ha i G - e e . " " — -

Note : The blanks in column (2) indicate that water table was
below the observation pipe.

The blank in column (6) indicates that the moisture
content was not realised in the field.




The average volumetric soil moisture data is reported for
’

five layers with 15 cm thick. Thengeneral trend of soil

moisture content variation with respect to water table depth

is such‘that soil moisture content increased or decreased in

the soil layers above the water\table, depending on the

. .

water table position. It should be néted here that the

upward flux is a function of the unsaturated hydraulic

88

" conductivity, the hydraulic gradient and the water table

position. As can be seen in Table 6.3, the soil moisture
content in irrigated plots was highér than the soil moisture
content in non—irrigated plots in the four upper most soil
layers. This is due to the evapotranspiration demand being
met by the shallow water table within the irrigated ploté.
Whereas, within the non-irrigated plgts, the deep water
tables resuited in lowqr values of upward flux. The total
evapotranspiration demand was also satisfied by the
available water in the soil préfile, thereby reducing the

soil moisture content.

Tbe data in‘Tagle 6.3 were uséd to compute available water
at depths ranging from 0-30 cm and 0-45 cm in the soil
profile. Available water is defined as the difference
between the bbservéd soil moisture content and ‘the permanent
wilting point. The peémanent wilting point of the
fxperimental soil Qas determined by Rashid-Noah (1981) and
.1s reported in Table C.2 along with the field capacity and

saturated hydraulic conductivity. The average soil moisture

N
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content of 0-30 and 0-45 cm in.the soil column was computed

[

by multiplying the soillmoistufe content of the soil layer
by the correspond{ng depth range, summing these products and
div{é}ng'by the depth of soil Folumn (30 and 45 cm). This
/f/vﬁﬁ?aone so that the average soil moisture content for the
soil column was not unduly, influenced by the very }pw values

of the top soil layer. ) & .

During the 1982 field experiments, soil moisture content
measurements were not made. Instead, soil suction was
observed by ;ensiometers at 15, 30, 45 and 60 cm'déptgs
below the soii shrface. However, estimafes of 501l moisture
can be made from the measurements of soil suctian if a gra?h
relating soil suction to soil moisture content is
available. Tensiometers give useful indications of soil

T

suction upto tensions of 800 cm of water. Abové this j?f?ﬁ’
air enters through the porous cup, thus reﬁde;idg/ he
instrument useless. It is possible that soil suction)ih the
nfieid may exceed the indi;ated range of the tensiometer and’
the s0il moisture can not simply be inferred. From the field
Bbservations, the tensiometer readings exceeded the
tensiometric range several times in one of ﬁhe non-irrigated

3 ” plots. Thus, from the observed soil suction at various

dates, so0il moisture was determined from the soil moisture

~

- e . .-y~ e— L R W S g - - - S e i o e -
° ” - - - £omars, o g - PO — . -
- - v
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characteristic curve and the results are given in Table 6.4.

The determination of the soil moiskture characteristic curve

4
is explained in section 6.1.3. ITL\\

In 1982, six out of eight irrigated plots did not respond to

subsurface irrigation and the water table did not rise in

those plots.’ This was due to blocking of drain tubes with .

fine sand and- the extremely low depth of the water table
prior to subsurfgce irtigatiog. Due to the latter,
capillaries were broken.\qég subsurface drainage system was
repaired %p the fall of i982. All plots respon?eg
satisfactorily during the 1983 field experiment. Therefore,
results of the 1982 experiment pertain to.only two irrigated

)

éiqts { A-2 and A-4 ). »
7
The computed average available water for the two irrigated
and non-irrigated plots is presented in Figure 6.1, aleng
with the recorded subsurface irrigation volumes and the
rainfall data. During 1982, rainfall was low in -thé month of
July, but was normal for the remainder of the growing
season. Subsurface irrigation was initiated on July 13 and
was terminated on August 6, because of the shortage of the
water supply. For this reason, subsurface irrigation was not

uniform.

Rainfall in June, July and August of 1983 was unusually low.

\ . g ra
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TABLE 6.4 : Variation of Water table and Soil moisture
content in irrigated and nonirrigated
plots of St.Samuel sandy loam soil in 1982
- . field experiments. ‘

Date Water table Average soil moisture ontent in
depth percent by volume for 15 cm soil
layers at the following depths.
cm
Depths of soil layers ( cm )
0-15 > 15-30 30-45 45-60

Irrigated:
July 20 58.0 15.0 16.0 34.7 36.0

21 70.0 14.0 24 .4 29.0 37.1

22 78.0 136 21.0 29.0 36.0

23 70.2 .4 29.0 29.0 35.0
Aug. 04 77.0 7\5 27 .4 35.0 38.0

05 72:0 7. 29.8 35.0 38.0

13 90.6 18.0 27 .4 34.7 37.1

20 102.5 14.0 19.7 27.4 34.7

24 110.0 15.2 -17.9- -26.0 32.0
Non-irrigated:
July 20 127.2 9.5 9.9 +18.5 20.5

21 128.6 9.0 9.7 16.7 18.5

22 129.0 8.6 10.2 15.7 16.8

23 130.1 8.8 9.2 17°.7 . 18.5
Aug. 04 134.0 9.0 9.0 16.7 18.5

05 135.4 9.0 9.8 l6.7 17.7

13 131.0 ° 16.5 11.9 20;.5 21.8

20 132.0 14.1 11.0 17.8 20.0

24 135.4 15.1 9.2 17.8 23.0
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Figure 6.1. Variation of dverage available water in the
s0il columns of 30 and 45 cm in irrigated and

non-irrigated plots during the field
experiments of 1982. -
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There was little supély.of water avallable in the ditch.
Thus, during the initial stages .of plant development in
1583, the supply of subsurface irr;gatipp was not
continuous. Howé@er, a well was installed to provide
subsurface irrigapLoﬂ for the latter part of thenérowiné
season. There was an igterval of about 4 weeks with
inadequate water supply. The average daily amount 6f water
supplied by the subsurface h%rigation system during sub-

irrigation of 1982 and 1983 was about 4 and 4.5 mm per day,

respectively.

Figures 6.1 and 6.2 show the results of the soil moisture
content at various depths during the growing seasons of 198%
and 1983, reSpeétively, for irrigated and non-irrigated
treatments. Soil moisture content is presented in the form
of available water for the 0-30 and 0-45 cm soil profiies.
For the»nonﬁirr;gated treatment, there was little available
water during both 'the 1982 and 1983 growing seasong. 5uring
the field exﬂeriments of 1985: the available water for the
irrigated treatment in the 0;30 cm and 0-45 cm soil
profiles was never less than 38 mm and 75 mm, respectively.
On the other hand, available water for the non-irrigated
treatment was below 20 mm and 40nm1fof the 0-30 and 0-45 cm
‘soilgprofiles, respectively. It canhbe seen in Figure 6.1,

that the upward flow from the water table increased the soil

I
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, experiments of 1982. Similar rebults were .obtained for the

" avallable water in the 3011 layers.

the available water tn the 0-45 cm soil pruf%;e. The
available water in the b-30 cm soil profile remaiped nearly
constant during the supply of subsurface irrigation water.
There was approxxmately twice as much avallable Qater for

the 1rr1gated than for non-lrrlgated treatment. For the

subsurface 1rr1gat10n treatment, as shown in Table 6. 4, the

5011 m01sture 1n the 15- 30 cm soil layer stayed nearly at

field capac1ty most of the time during the field experiments

0£.1982. While the 30-45 cm soil layer stayed above field
capacity in the sub-irrigated plots. The soil moisture
content in the non-irrigated plots was found to be below

field capacity in all four layers during the field

8

1983 experiment.

2 ]
.
-

Referrlng to Figure 6. 2,'1t is seen that the avaxLable water‘

decreased when the subsurface irfigation stopped after July

19 and AuguSt 10.. The water tableﬂcontinuously dropped due

95

'moisture'content in the 30-45'cm soil layer, 'thus increasing °

to ET demands. This shows that the upward £1ow from the

water table was not sufficient to supﬁly ET demands. Thi's

resulted in a loss of soil m01sture and a reduction of the



in the soil'profile .

;, | .

6.1.2 Pressure head distribution, TjJ/
v

The data of water table depth and,preésure head at various’

dates after subsurface irrigation is shown in Figures 6.3a

and b. Figure 6.3a ‘depicts the'fesults of the 1982 field

e o -

experiments. In this figure pressure head at 30 cm soil”

depth is plotted béecause most of the maize roots are

concentrated in the top of 30 cm, For the subsurface
irrigation treatment, it can be seen that @he pressure head
at 30 cm depth-follows the wate? table depth cLosély for 24
days of obseEQations. This indicates a continuity in the
capillary suction from the water table level to the 30 cm
soil depth while the water table recedes due to the effect
of evapotranspiratioq, Pigure 6.3b shows the results of the
1983 field experiments. Referring to this figure, it can be
Seen that the pressure heaq at 30 cm depth is in close
agrggment with the water table for the first 31 days
iﬁdicating that"%he upward flux from the water table dis
sufficient to satisfy ET demands., After 31 days the pressure
head ?ncré%@ed rapidly sugdesting that the

evapotranspiration demand was not met solely by upward .flux.

6.1.3 Relationéhip between steady upward flux N
and water table depth

v

The rate at which water can-be supplied to the root zone

from the water table depends on the unsaturated hydraulic
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conductivity function k(h), the soil water pressure in the

root zone, or at the soil surface in the fallow case and the

9R

water table depth. To determine the depth that the water

table should be maintained, the depth distribution of ;he

root zone and the evaporation rate must be known.

A} .

Root measurements for corn were made in the irrigated and
non-irrigated plots and the results are shown in Table 6.5.
Most of!the roots were concentrated in the 30 om soil
profile, and there were very few roots at the depths greater
than 30 cm in both irrigated and.non-irrigated plots. This
is unusual bdcause the depth of c;rn roots’in non-irrigated
plots was expected to be greater‘than that in the irrigated:
plots., Waldren (1983) indicates tﬂat non-irrigated corn

expands its root system when faced with a low moisture

supply. The possible reduction in-the root depth may be -

caused by acidic subSoils. Acidic soils are associated with
the presence of high aluminum ion concentration. Soil with a
pH oﬁ fess than 5.5 contain a high aluminum ion
concentration (Adams, 1981). Soil pH' decreases as thg

aluminum ion concentration increases. Chemical analysis of

this soil was investigated by Rashid-Noah (1981). His .

results showed that the soil contained 1.05x1072 meq,/100
gram of so0il aluminum ion concentration at 45 cm depth.
Also, it was ébserved during root sampling that the roots
were stubby"and distorted. Taylor (1981) indicated that when

aluminum activity increased in the soil solution the roots

»F
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Irrigat

3’3’3’??3‘5‘:"
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1

Non-irr

[
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6.5: Dry weight of the roots of corn in
subsurfaceirrigated and non-irrigated
plots, as observed in 1983 field

experiments. .

Dry weight of the roots, x lO 4g/cm
s Depth at bottom of 10 cm long core (cm )
10 20 30 40 50 60
ed:
l-6 1-7 .1.07 5-‘4 - -
3.2 4.7 2.8 - 2.7 0.5 -
2-6 2-2 3.5 - e -
> 3.6 8.7 6.6 - - -
0-6 2-6 2-2 O.l - -
203 203 lnl 0.3 - -
107 5-2 7-2 l.l 0‘9 -
2.4 3.7 1.3 0.3 - -
________________________ e e e e e
2-3 309 3-3 1-7 0-7 -
igated -
4-2 4.]_. 0:6 l.o l-l -
3.4 5.0 3.8 0-9 - x‘:\\ -
3.0 4.4 4.6 3.3 1.4 -
306 2.3 1-5 ‘0.3 - -
1.7 2.8 2.5 3.7 0.2 -
1.3 3.5 1.3 - - - .
6.3 6.0 1.7 - - -
3.5 3.8 6.1 1.6 - -
3;4 400 2n‘8 108 009 -

- — - - - > - e - - ——— e > - . ) - - - -

- . —— —. . — A - - — . —— " — T " o -

The root samples were taken at a %1stance of
approx1mate1y 20 cm from a row of" corn. The
spacing between rows was 80 cm.

The blanks indicate that the roots were not found
at the respected depths.

A

A
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tend to become shortened and sﬁollen. It was therefore
concluded that the acidic subsoil was the reason for the

reduction of root depth.

Evapotranspiration depends on climatic factors,inclyding
net radiation, temperature, humidity and wind velocity.
Evapotranspiration can be determined with lysimeters.
However, such- measurements were not “made and thé
evapotranspiration values were obtained from climatological
data measured at the research locption, using one of the
prediction methods. The maximum ET rate of 4.5 mm/day was
found suitable for this location. For prevention of
phygiological damage due to drought, the plant should
transbire at the potential rate of 4.5 mm/day. This is
regarded aé the condition for optimal plant growth. Based on
this, the optimum water taﬂie depth is selected for the
design of subsurface irrigation system. In a water balance
study, the fall or‘ri;e of the water table is of interest
and its effect on upwara flux. Therefore, a relationship

between upward flux and water table depth is required.

The matric flux potential (MFLP) concept was\used to arrive
at the relationship between water table depth and steady
ugward fiux. As the unsaturated hydraulic conductivity
function 'k(h) is a prerequisite in the calqul;tion of steady
upward flux, the ﬁjh) function was determined from a.water

retention characteristic curve, using equation (3.13).
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Figure C.1 shows the results of the soil moisture
chapacterigtic curve for the experimental field, There is a
sharp drop in soil moisture content at suction values less
than 100 cm. For values greater than 100 cm, soil moisture
content decreases very slowly. The soil moisture content
drops about 25% when the soil suction is at 100 cm. If the
drainage system in this soil is placed at 100 cm depth below
the surface, then approximately 25% of the soil volume will
be drained. Since thig amountﬂof’drainage is more than the
15% of the air volume requi;ément for an optimal plant

environment, an excessive drainage condition would exist and

" less water would be available for plant growth.

By the use of the saturated hydra&lic conductivity (Table
C.2) and the soil moisture characteri%tic curve, the
unsatu?gted hydraulic conductivity function, k(h), was
c;iculated, using equation (3.13). The results of k(h)I;re
given in Figure C.2. Figure C.2 was used to determine the
pressure head distribution above the water table and the
relationship between upward flux and water table depth,

using equation (3.12).

" Rewriting equation (329) in finite difference form as:

&

MFLP; = k(h;) (hy,1-h;) eoe (6.1)

equation (3.12) becomes:



MFLP; , - MFLP,

qy *+ [{k(hj,1)+(h;)}/2]

Zi‘+l= oa.(602)

—

Equations (6.1) and (6.2) weré solved on a digital computer
to obtain the distribution of pressure head as a function of
height above a water table. A water table depth of 120 cm
bélow the soil surface is assumed because this will be a

rather realistic estimate, ,as most of the drafinage systems

are installed at depths of 120 cm and less from the soil

-

surface in this region. At the water table, Z equals zero,
and tﬁe pre;sure head h equals to zero. At the next
increment of.pres;ure head (lcm in this case), the water
- table value Z is calculated. Therefore, Z is calculated for
. each increment of pressure head h, and both h and‘Z are
simultaﬁéoqély accumulated. The calculation of capillary
rise stops when a prefixed h value is atﬁained or before the
up;ard flux (4.5 mm/day 1is assumed) reéches the soiL
surface. For this case Z equals the height abové the water

table. The results of pressure head as a function of height

- above the water table are plotted in Figure 6.4,

Figure 6.4 shows that the height -of capillary rise incréases
as the pressure head increases. At a pressure head of 150
cm, the height of capi%lary rise curve becomes nearly
asymptotic. This means that the k(h) function decreases

rapidly in this soilidué to higher pressure heads which

. 102
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causes Ehe.given upward fl#x to rise. very slowly. The
points in Figure 6.4 are the observed pressure head values
from the experimental field above the water table when the

evapotranspiration was approximately equal to the given

upward flux (i.e 4.5 mm/day). The observed pressure head

/ ;
values are in close angement with the theoretical curve,

- suggesting that the soil 'profile is homogeneous and that the

assumption of soil homogenity is justified (section 4.1 of

bhapter Iv).

Figure 6.4 allows a decision to be made regarding the
pressure head at the bottom of the root zone when maximum
evapotranspiration in this region is assumed to be 4.5

mm/day.

The values of pressure head for different crops can be
obtained‘frgm the literature. Taylor and Ashcroft (1972)
have given a table of such values. From those tables the
maximum allowable pressure head of -500 cm at the bottom of
root zone was selected. At this pressure head, the height of
capillary rise can be determined from Figure 6.4. This
indicates that the%water table at 120 cm below the soil

¥

surface can supply an ﬁpﬁard flux of 4.5 mm/day to a height

of 17 cm below the soil surface when the pressure-head is

s

The relationship between upward flux and wat#p table depth

is determined by solving equations (6.1) and (6.2), subject
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to the following boundary conditions. At the lower boundary,
the water table pressure héad h is equal to zero and z is
zero, and at th® upper boundary (bottom of therroot zone),
pressure head h,is equal to -500 cm and 2z equals to d.
The calculation of MFLP starts from h equals to zero and the
cgrresponding hyd$au1ic conductivity Ypich was assumed to be
the saturated hydraql}c conductivity,mks. The pressure head
was divided into 1 cm increments. The calculation of MFLP
progresses according to equation (6.1) until hmax (equals to
-500 cm) is reached. The determination of Z, the water table
position is obtained from eguation (6.2) by assuming a value
of upward flux and looking up the k values at hy and hj.q
and taking the average. In this way Z is determined until

h is. reached. The resulting relationship between water

max
table position and steady upward flux is presented in Figure

6.5 for the St. Samuel sandy loam soil.

The depth at wﬁich the water table should be maintained to
supplg the designed ET rate to the crop can now be easily
determined from Figure 6.5, It can be seen from Figure 6.5
that the ET rate of 4.5 mm/day would be maintained at a
~water table depth of 85 cm below the root zone (ﬁverége root
zone of 15 cm is assumed). It can be noted from Figure, 6.5
that lowering the water table from 85 to lngcm below the
root zone would decrease the upward flux 15 ;imes. This is
due to the transmitting properties of a sandy soil. ET rate

is one of the causes to bring the water table down.
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water table depth for the St. Samuel sandy
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Subsequently, there is a decrease in the soil moisture
- , content and hence unsaturated hydraulic conductivity, k, in
the subsurface layers. With the result of low k values in

the subsurface layers, the upward flux to the bottom of root

zone decreases. \

—~ {

Eﬁé\reLéP}onship between upward flux and water table depth,
is used in a water bafance model in tabular form to
calculate the soil moisture distribution in Ehe soil
profile. It is assumed in the model that ET demand can be
satisfied directly from the water table for water table
depths of BSKQQ and less below tp@ root zone, For deeper
'water tables, the rate of upward movement is not sufficient
to supply the ET égmand, resulting inma d;crease of moisture
content in the °root zone as explained in chapter 1V.

\\\\\\

6.1.4 Relationsﬂfﬁ‘betggen drainage volume
and water table ~—~depth

\\—

—
\\‘ )

In chapter 1V, the relationship. between drainage volume and
"water table deptg was proposed in a water balance model for
‘computing the water table drop or fise due to the vglume of'
water leaving by drainage or ET, or entering by rainfall or

subsurface,irrigatioﬁ;\For this relationship, large

undisturbed soil cores were used to measure drainage volume
.

directly with a certain water table drop. Thesg“\

measurements are shown 1n Table 6.6 for six cdres at
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TABLE 6.6 : Laboratory values'of drainable pore volume (Vg),
at different water table depths, using long
undisturbed soil cores. :

Water Drainable pore volume (mm) \ Average S.D C.v
table —cecmmc e of six
depth Soil core numbers soil
., cm et T E S L o[ =T mm (%)
1 2 3 4 5 6
(L) "7(2) (3) (4) (5)s (6) (7) (8) (9)  (10)
0.0 © 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
12.5 9.6 10.4 - 9.2 9.8 9.4 10.0 9.7 '0.43 4.4.
25.0 28.0 23.8 22.6 28.6 22.4 29.2 25.8 3.08 11.9
37.5 54.1 , 39.0 47.6 . 56.2 43.4 56.6 49.5 7.31 14.8
50.0 85.6 99.2 85.2 87.4 71.2 89.0 84.8 6.92 8.2
62.5 111.0 117.2 112.6 118.6 138.8 121.2 119.9 10.00 8.3
75.0 151.4 158.0 153.4 156.8 176.2 162.8 159.8 8.96 5.6
87.5 201.4 202.4 205.4 207.8 222.2 215.6 209.1 8.17 -3.9
100.0 250.0 252.8 °“254.8 260.6 263.2 270.0 258.6 7.45 2.9

TABLE 6.7: Variation of drainable porosity at _different
water table depths  determined from long
undisturbed soil cores.

e e e g e m e i e e o e 2 e e e

Water Drainable porosity in fraction Average S.D
table - of six -
depth Soil core numbers soil
CM  —m e e it -cores
) 1 2 3 4 5 6
(1) (2) + (3) (4) (3) (6) (7) (8) = (9)
0.0 0.0. 0.0 0.0 0:0 0.0 0.0 0.0 0.0

12.5 0.077 0.084 0.074 0.079 0.075 0.080 ,0.078 0.004
25.0 0.122 0.095 0.091 - 0.155 0.091 0.177 "0.105 0.014
37.5~ 0.145 0.104 0.127 0.150 0.166 0.151 0.132 0.020
50.0 0.171,, 0.181 0.170 0.175 ‘0.143 0.178 0.170 0.014
2+5 0.17¢' 0.187 0.180 0.190 0.222 0.194 0.192° 0.0l6
5.0 0.202 0.211 0.205 0.209 0.235 0.217 0.213 0.010.
7.5 0.230 0.231 0.235 0.238 0.254 0.247 0.239 0.010
100.0 0.250 0.253 0.255 0.261 0.263 0.270 0.259 0.007
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different water table depths along with the coefficient of
variation.vFrom the coefficient of variation, one can.
conclude that the soil proflle throughout the field is quite
similar, Referring to Table 6.6, it can be s;Ln that there
is a large increase of drained volume when the water table
drops below 37.5 cm from the soil surface. This is
particularly true for sandflsoils. Whén sandy soils are

subject to suction, much of the water is released only after

ra A3

a critical suction value is reached. It is, therefore,

‘necessary to place the subdrains abo e cnitical suction

rol chambé\\ii\iiiijﬁp/

Table 6.6 are plot%ed in

value or use a water table co

possible over-drainage. .

The values in columns 1 and 8 o
Figure 6.6 to obtain a,functional relationship between

drainable volume and water table depth. The éduation that

best describes the relationship is of the from:

7

h =% 00-(6\~3)
s f

water table depth, cm

it

Where h

Vq = drainage volume, mm

a,b = constants determiped using the least square fit

i
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Figure 6.6. Functional relationéhip between drainable volume

and water table depth for .St. Samuel sandy loam

soil. t .
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The cgefficfené of correlation for. this relationship was

found to be 0.997. The V4-h relationshfﬁwdeveloped in this
4 7/ ” L,

" study is used in the water balance model to predict the

water table depth of the wet zone. This relationship would

] -

allow the water table depth to Se determined simply from the
vold&e of water that enters ( subsurf;ce'irrigation and
rainfall") or is removed ( drainage, ET'and seepage ) from
the profile over an arbitrary period of time. In deriving

the relatiénship, hysteresis effects are neglected.

To emphasize the'effect of over-drainége, the relationship
betwgen drainable porosity, f, and water table depth, h, was
calcul?ted from V4-h measurements. Drainable porosities can
also be determined graphically by cbmputing thé slopes of
the drainage volume versus water table depth curve (Figure
6.6). The observed drainable porosity valugs at diffegent
water table depths are shown in Table 6.7, aloné with the
average of six soil cores in column (8) and the standard
deviation in the last column. It can be seen that for a
water table depth of 100 cm below the soil surface, the
drainable porosity averages about 26%. The soil has a
saturation moisture content of 43%. If the subsurface drains
are placed , at a depth of 100 cm below the soil surface,
over-drainage will occur, since 17%)(43% - 26%) mgisture
content tends toQwards the permanent wilting point. A

i

» ~
&
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drained volume of 26% is 11% in excess of .a desirable
aeration space of 15%., It can be seen that fhe concept of
water table control for sandy s0ils becomes desirable. This

kY

system prevents the water 'table from dropping which results .
in more water being available to the plants roots. The o’
system can be exteﬂaed for supplemental irrigation during

dry ﬁériods by adding ;ateF to the control chamber for

L4

efficient water use by the crop. o

o 6.2 Crop Yield ' ,
b‘\\‘
During the 1982 growing season, yields of maize were -
obtained from two irrigated and two non-irrigated plots. The
results are presented in Tqblé 6.8.
A

The analysis of variance of the 1982 grain yield results
was not done because there was no observations collected
from six other replicates of irrigated treatment due to
blockage of the drain lines. However, the magnitude of yield
difféfence in Table 6:8 + undoubtedly accentuated the
response due to subsurface irrigation. On the average the
irrigated treatment produced 40% more grain yield than the
non-irrigated treatment. Table 6.8 shows a considerable
variation in yield of maize wiéhin the irrigated pldés. A
similar situation was observed in non-irrigéted plots. The

possible explanation for the lower yields in the A-2 plot

might be due to the water table being closer to the soil

© i, Y, e e ek s
oy
g -
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TABLE 6.8: Average yielld of maize from sﬁbsurface irrigated
and non- irrigated plots on oven dry basis from
1982 maize crop.

T T " . S D P D Gt . g T f D G G - — - W WD A M A Ty M TR 4D G AP S AR W -

Plots ” Grain yield ’ Average
on dry basis grain yield
Kg/ha . Kg/ha
Irrigated:
A-2 " 4413
5314
A-4 6215 , .
Non-irrigated: . )
B-2 3259
3788
B-4 4316 ,

T D - A A G - IR S TR T = - — - — " D - Sul TS i S T T S D W Y WY - — A D VD W, - =

TABLE 6.9: Average yield of maize in subsurface irrigated
and non-lrrlgated plots on oven dry basis from
1983 maize crop.

. D T D D S D W S G W b W e P W R S A SR T s W G S GED 0 e G S D D TS D S A GP e . T G e R R N o -

Plots Hand sampling Machine
harvest

- ————— - — " o > - - - =t - e - - Y -

No. of Ear yield Grain yield Grain yield

ears Kg/ha Kg/ha Kg/ha
Irrigated: 42564 A 5685 A 4824 a . 4445
Non-irrigated: 34797 B 3100 B 2587 B 2431

- - — - —— o —— T —— ———— —— — " — o — " ——— ————— - —— - " ——— " " " ——— -

- s - — - T . U o8 e Sgh A G VEp W S A S i . G A AV AN iy Ay Vg . Y S - =

All the figures are average of 8 plots.

Recommended average grain yield of maize { Cardinal Sx 85A )
around this farm was 7019 Kg/ha on oven dry basis
(conseil des productions vegetales du Quebec).

Duncan's New Multiple Range Test used for comparing means.

Means with same letter are not significantly different at
the 5% level of probability.
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surface over the drain. During field observations, the water
table depth at the G-22 pipe was found to be 18 to 22 ¢m
belb;/phe soil surfac? for 7 consecutive days a£ the time of
tasse#}ng and silking. The yield reduction in the B-2 plot
may beldue to the deep water tables. The water table in this

plot was found to be 5 to 6 cm deeper than the B-4 plot

during the field observations. Also in the B-2 plot, the -

’

soil at 30 cm depth below the soil surface was quite dry
from July 20 through August 4 and the solil suction readings

were out of the tensiometric range.

In 1983, all irrigated plots received water from subsurface

drain pipes satisfactorily due to improvements made to the-

subsurface irrigation system in 1982 and 1983. Therefore,
variogf componénts of yield were measured in the 1983
growing season °“to examine the effects of subsuiface
irrigation on maize yields. Table C.5 shows the analysis of
variance on the results of maize yields. This table
indicates that the grain yield and ear yield of maize are
highly significant at the 0.01 probability level. In order
to compare thé mean yields of irrigated and non-irrigated
treatments, Duncan's New Multiple Range test was used and

the results of this test are presented in Table 6.9. The

‘results indicate that the mean yields of the irrigated

treatment are significantly different than the mean yields
of the non-irrigated treatment at 0.05 probability level.

The table also shows that the mean yields of the irrigated

L q

AL
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treatment are double that of the non-irrigated treatment,
c i

. . /
Table 6.10 shows the results of various components of yields

obtained from individual plots of irrigated and non-
irrigated treatments in 1983. It was observed from the yield

measurements that the cobs were healthier &and better filled

-
,in irrigated plots than in non-irrigated plots. For example,

the A-6 and B-2 plots peruced an equal nuﬁbér of cobs‘but
ﬁhe ear yield and grain yield was higher in plot A-2 than in
plot va-z. Similar results were obtained from plots A-7 and
B-5. Although one irrigated plot (A-4) has EP? same number

of cobs as that of A-6, it produced a lower grain yfeld as

115

compared to plot A-6'or B-2. This may be due to delayed.

'tasseling and silking in this plot and also many cobs from

plot A-6 were affected by white smut. k

One of Fhe factors which might have caused the lower yield
of non-irrigated plots was dwarfing of the plants due to
soil moiséure deficit. In addiéion to the observed dwarfiné,
the moisture déficit also delayed Easseling and silking on
non-irrigated plots by about four to five days. Table 6.10
indicates that the soil moisture deficit stunted the size of
the cobs, thus reducing the ear‘yield. There 1is also
evidence that some of the non-&rrigated plots did not yield
as many cobs due to a severe soil moisture deficit. The last

column in Table 6.10 shows the grain yield of maize obtained

by the gombine harvester. Approximately the same yield was

S ————y a
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TABLE: .6.10. Yields of maize from subsurface irrigated and

non-irrigated plots on oven dry basis from 1983
crop.

- — i — — —— —— ———_— — - = - O T" - g " . . . . o —— - ——— - —

- Hand sampling Machine
. / Harvest
Plot: No. LU L o
. No. of Ear yield Grain- yield Grain yield
cobs on dry on dry . on dry
per basis basis basis
hectare Kg/ha Kg/ha Kg/ha
Irrigated:
A-1 45981 5700 4815 4206 J
A-2 42253 5059 5260 3882 Y
A-3 45981 6922 5861 4673
A-4 39768 3503 2936 2955
A-5 43496 5980 5131 4625
_ A-6 39768 5334 4521 3943
A-7 42253 6560 5610 5814
A-8 41010 6423 5457 5465
Mean 42564 5685 4824 \X 4445
Non-irrigated: .
B-1 34379 3138 /2301
B-2 39768 . 3967 ‘ 2118
B-3 37382 3860 3128
B-4 34797 2785 2278
B-5 42253 4722 3490
B-6 34797 2829 2828
B-7 27340 2058 1722
B-8 27340 1443 1583
Mean 34797 3100 2431
L 4
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obtained by hand sampling.

The yield response to the subsurface irrigation draws
attention to the results of soil moisture data discussed in

section 6.1. These results reveal that the available water

. in the irrigated treatment was never limiting in the upper

most layers during the time when subsurface irrigation was
applied. When the water table receded below 100 cm frbm the
soil surface, the upward flux was limited and the available
water in the uppermost layers supplied the ET needs as
evidenced by soil moisture depletion in Figures 6.1 and §6.2.
Altgough subsurface i;rigation was not uniform throughout
the growing season of 1982 and 1983, the supply was adequate
befofé and gfter the tasseling period. For that reason,
tasseling began 4 or 5 days earlier in frrigated plots than
in non-irrigated plots. In addition to the observed
tasseling, the plants in the irrigated plots were found %o

be taller than in the non-irrigated plots. The difference

was approximately 40-50 cm. The delayed tasseling of 4-5
\

days in non-irrigated plots might have caused the plants té\\

be short due to the shortening of ipternddes at the upper

poftion of the plant (Robins and Domingo, 1953).

The weather data in Table 6.11 show that the 1983 giowing'

season was relatively drier than 1982 (From 15 May to 30

. September). The total rainfall in 1982 was lower than the

30-year average at the L'assomption station. The monthly

&
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y‘ TABLE 6.11: Monthly rainfall, PE and subsurface irrigation
‘ volume for the year 1982 and 1983.
‘; ————————————————————————————————————————————————————————————
] Month Rainfall PE Monthly Monthly
average subsurface
of irrigation
30-year volume
, mm mm mm mm
1982 \\
May 25.1 37.9 34.0 0.0
June 97.5 118.8 121.0 0.0
July 25.0 157.8 29.0 44.2
August 120.9 117.4 137.0 l6.1
September 112.0 64.7 124.0 0.0
Total 380.5 528.6 445.0 60.3
1983
May 89.6 66.2 245.0 0.0
June 24.9 119.2 50.0 0.0
July 38.6 125.0 64.0 68.8
August 69.2 111.2 53.0 55.8
September 63.6 96.6 - 43.0
Total 285.9 486.3 412.0 167.6

o —— D . . W T ) ——— i — . —— - —— - - —— T - — ———— T —— - -
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rainfall for 1982 and 1983 was also lower than the 30 year
average monthly rainfall at the above station. It appears
that both experimental years were relatively dry years
indicating the need for irrigation water for better crop
production. The relatively’low yields of maize in non-
irrigated plots may be attributed to Low rainéall iﬁ/khose
years. Total amounts of subsurface irrigation supplied in
1982 and 1983 were 60.3 and 167.6 mm respectively. Total
rainfall and subsurface water applied, raised the 1982 water
supply in irrigated plots to 440.3 mm and the 1983 total to
548.1 mm. May 1983 rainfall was higher than that of May
1982, fherefdre, the planting in 1983 was delayed for 15
days. Comparatively lower yields obtained in 1983 than 1982
might be due to delayed planting, Another possible-
expianatioﬁ may be due to fewer replicates in 1982 than in ///
1983. . ’ i /:///
: ® , Y
. «} /
From the above results and discussion, subsurface ifrigaﬁéon
appears to be beneficial in sandy soil. Water table c¢ontrol
conserves soil moisture and provides more water for dry

s

periods for plant growth and better yields.
\ .

6.3 Water Balance Model

The over-all goal of developing a water balance model was to
optimize subsurface irrigation/drainage design for corn

yield. Inputs in the model are the climatological data, soil
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properties, subsurface irrigation/drainage systém
parameters. Climatological data include the daily rainfall
and PE. Saturated hydraulic conductivity, drainable bore
space, steady upward flux as a function of water table
depth, water content at satuﬁ@tion and wilting point are the
soil properties used in the model. The crop parameters are:
rooting depth as a function of time, planting date and
parameteré for the yield response models given in sections-
4.1.1 and 4.1.2. Subsurface irrigation/&rainaée system
parameters are: drain depth and spacing, depth to the
impermeable layer, design water table depth (DWT) at a point
midway between the drains, limiting draﬁpage coefficient,
water table control at the drain, optimum water table depth
as a function of maximum ET (in our case‘4.5 mm/day) for the
case of subsurface irrigation. All baramettic values used in

the model are shown in Table 5.1l.

As subsurface irrigation is used during dry years, weather
data for two dry years were used in the model. It was
realised that the optimization would have been more
meaningful if weather data from a larger number of years
were used in the model on a probabilistic basis. However,
the model was designed so that it can handle several years
of weather data. The model does not consider traffigability
and yield reduction due to any soil compaction or delay in

planting. With minor modifications these parameters could be

incorporated . Such additions were considered beyond the

.
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scope of this thesis. It is suggested that the incorporation |

of the above features could be valuable for future research

in soil-water-plant relationships.

6.3.1 .Comparison of observed and predicted
water table depths and maize yield

The model verification was carried out using the 1982 and
1983 input data for the St. Samuel sandy loam soil with no~
subsurface irtigation. The results of prédicted water table
deptﬁs are shown in Figures 6.7 and 6.8 for the years 1982
and 1983 respectively. Observed water table depths are also
plotted in'these figures. From these figures the agree#ent
" between tﬁe observed and predicted water table depths is
found to be quite close. The reéults from the integrated .
crop model are given in ?able 6.12 for 1982 and 1983. This
table shows t;at the general agreement between observgd and
predicted graiq yield was close in 1982, while. .the agreement
in 1983 was not as tlose as that of 1982. The maximum
difference between observed and predicted yields in 1982 and
1983 was found to be 82 énq 277 Kg/ha respectively. This
means that the model predicted 2% lower vyields in 1982 and
11 % higher in 1983. The lack of agreement in 1983 may be
the redugtion of yields due to delayed planting., Further
refinement in this respect was nét made in the model.
_However the model shows close agreemént between observed and

predicted water table depths and maize grain yields.

R NN e > . , s
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TABLE 6.12: Observed and predicted maize yields in non-
irrigated plots for the growing years of 1982

i

and 1983.

" ke - - - e WER v = e S S S G D S A S G TR R T S W W G A S S VD Ny W S b N O O i WS e P S D W e

Growing year Observed Predicted Maize yield
- maize yield maize yield difference
N ) Kg/ha Kg/ha Kg/ha
1982 3870 3788 82
/N/ »
1983 2587 2864 277

D . T N G My ST D M D GED - . D D CNy WD S S T S -y S D T . UL WS e D ML W W WO WO wh D GUD GNP M CE G W T

Potential yield of maize = 7019 Kg/ha ( see Table 6.9 bottom
note. ) < ’ ‘

4



B r——

»

125

6.3.2 Effect of subsurface irrigation/drainage .
on maize yield. .

Average relative maize yields for the two years are plotted

as a function of drain spacing in Figure 6.9 for both

subsurface %grigation and drainage. systems. These
relationships are presented for a St. Samuel sandy loam
soil. The relative,yields are;hiéher for subsurface
irrigation than subsurface draingée. This relationship of
subsurface irrigation shows that 106% average relative yield
could be predlcted for drain spacings of 5m to 30 m. For -

spacing greater than 30 m the averge relative yield drops
- T
almost linearly to a maximum of 47% at drain spacing, W

. - e e
equals to 80 m, This is attributed to the excessive soil

moisture conditions existing due to shallow water tables and

" also reduced drainage rates. Drafnage rate decreases with’

widér spacings; shallow water tﬁbleswin subsg;face
irrigation reduce the amount of storage available for
infiltrating r%infall. Either of these two factors ;r a
combination of both may result in excessive soil moisture
conditions. 1In de;iving these relationships, the efﬁe%ts of
fertilizer, pathological diseases, and relatively wet years

which could result in untimely field operations and a delay

7

in planting are ignored.

Figure 6.9 shows that the maximum average relative maize

yield of 51.6% is predicted for the case of drain spacing

\
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equal to 45 m with subsurface drainage; Lower averége
relative yield values (YR) for drain spacings less than 45
m are associated with deficit soil moisture conditions.
whereas'lower YR values for drain spacings greater than 45 m
are caused by the combination of deficit and exééésive soil
moisture conditions. Drain spaéings less than 45 m have the
tendency to ca;se excessive draingge as evidenced by
s}ightly reduced average relative yields. Higher‘ayerage
gelative yields were not obtained because of deficit soil
moisture conditions which cause drought stress during

relatively dry years.

The results of YR are presented in Table 6.13 for both cases
of subsurface drainage and subsurface irrigation during each
year, This table shows a variation in yield predictions
from year to year. This suggests the need for many years of
data if designs are to be based on a water balance model.
Results indicate that the YR values predicted in 1983 were
less-than-the YR values in 1982. This may be explained by
the fact that 1983 was relatively drier than 1982 and the
rainfall was not unif;rmh Non-uniformity of rainfall
produced excessive soil moisture condition in May 1983 at

wider drain spacings. Thus an additional-yield reduction was

found.
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TABLE 6.13 : Predicted relative yields of maize for
subsurface irrigation and drainage systems
at different drain spacings, using.1982 and
1983 weather data. -

1982
Drain Relative yield in percent Subsurface
Spaciflg e irrigation
m Subsurface Subsurface mm |,
drainage irrigation, .
5 53.5 100.0 481.4
10 53.6 ~ 100.0 445.0
15 53.9 100.0 399.3
20 54.2 100.0 360.60
25 54.6 100.0 318.2
30 55.1 100.0 275.4
35 55.6 99.9 230.7
40 56.2 98.5 195.4
45 56.6 96.0 163.7
50 57.3 92.9 ' 137.5
55 58.1 90.0 117.2
60 59.1 87.3 100.5
65 60.2 84.8 85.0
70 61.4 83.0 73.6
75 62.6 81.8 64.6
80 63.8 80.8 56.7
1983
5 31.0 ) 100.0 - 487.9
10 32.4 100.0 417.1
15 T 33.7 100.0 347.0
20 35.6 100.0 302.1
25 38.0 100.0 263.7
30 ’ 40.8 100.0 220.2
35 44,0 98.4 176.1
40 46.9 90.7 143.8
45 46.6 79.9 119.0
50 45.0 72.7 98.3
55 43.1 63.9 82.4
60 38.3 53.8 69.5
65 30.5 40.5 59.3
70 24.2 30.6 50.8
75 17.7 21.4 44,7
80 11.3 13.0 38.8
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Similar results were dbtained for the subsurface irrigation
Lcase (Table 6.13). In this case the exceééive soil moisture
< conditions at wider d?ain spacings reduced the yield more

drastically in 1983. The last column in Table gdﬁ shows the

‘predicted amount of subsurface irrigation (from May 6 to

Sept 15): for different drain ébaqings. Both years-showoa

small variation in the amount of subsurfécé,iﬁrigation water
“ required. In 1982, higher amounts of subsurface irrigation
" .were predicted thén in 1983. This is because the PE in 1982

was higher than in 1983 (see Table 6:il); and also the
exeessive soil moisture conditions in,May 1983 reduced the
subsurface irrigation supply ét wider drain spacings. It can
be seen in Table 6.13 that the amount of subsurface
irrigation decreased as the drain spacing increased. ''This
is consistent with the assumption madé {n section 4.1l'that
the irrigation rate follows equation (3.2), in which the
subsurface irrigation rate per unit irea decreases as the

r

drain spacing, W, .lincreases.

The uncertainty due to non-uniformity of the saturated

hydraulic conductivity may produce uncertain subsurface

irrigation/drainage designs, It is possible that the

uncertainty of the design may aff the relative yield and
Y g 4 uwfgcﬁﬁ ' y

the relationship given in Figure 6.9. K

(Y ‘

It is not uncommon that the saturated hydraulic conductivity —
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may vary widely from site to site within a given soil type. ~
The measurements of this soil property of St. Samuel sandy
soil have been shown by Rashid-Noah (.1981): He observed that
the range, encountered in this soil varied from the lowest
0.79'm/day to the highest 4.16 m/day at 0.75 m depth in the
soil profilé. From this range five values of saturated
hydraulic conduc‘tivityd were taken and the modgl was ;,un for
spacings QarYiﬂg between 5 and 80 m to maximize the relative
yield. The r;eSUlts of these runs are shown in Figures 6.10a
and b for subsurface drainage and subsurface irrigation

cases respectively.

From Figure 6.10a, 'it can be seen that the maximum average
relativé yield of 52% was obtained at drain spacings of 25,
40, 50, 60 and 70 m using kg values of 0.79, 1.19, 2.0, 2.89
and 4.16 m/day resp‘ectively.' It is seen ‘from,the‘resulbts
that :aven'a smal"’l?“v:ﬁiaj,/ion in ks, such as for/OJ9 to 1.19
m/day, requires 25 and 46 mdrain spacings respecteively to
maximize the,relﬁa.ti‘ve/yield.

o o ™ -
For the subsurface ir;igation case (Figure 6.10b) drain
spacings of 20, 25, 35, 40 and 50 m are required to maximize
the relative yield at kg values of 0.79, 1.19, 2.0 2.89 and
4,16 m/day, re\spectively. These results emphasise the

variation or the risk in the design. The magnitude of the

R e e L R e - TR - 4 emvnm M el R, CRUDEISETRC T



s camrty.

T

‘ , 131

70 a
SUBSURFACE DRAINAGE
- g0l /
sol
a0l
30l

ES
3’
s f .
>=
w
Y b
= SUBSURFACE IRRIGATION
r
[» <t
100~
&
<
g 90L
s
z 8oL
. 701
Kg, mAMay
s0L
— 079
50 |- ——= 1,19
— — 200
400 —— 2,89
———= 416
30}
20~
10} ' , ’
Q. . ! . 1 L L 1 ] 1
I 10 20 30 40 50" 60 70 80

ORAIN SPACING, m

Figure 6.10. Predicted average relative maize yield as a
‘ function of drain spacing for various
saturated hydraulic conductivity values./.
i

>

T e e
Uoteont, G sV RN E L A0S, o P Wil



- N . 132

risk is hot calculated but the definition is given. There

is risk in the design if'it'exceeds the given bounds., A 90%.

s

confidence bound is assumed. To compute this bound, the
first step is to make an assumption regarding - the

probability dﬁstribution. The next step is to obtain the

~

mean, S.D and the number of observations. From 120 'samples,

a

Rashid-Noah (1981) determined mean and S.D as 1.56 and 1.548

m/day of kg respectively. Assuming a normal distribution,
one can then calculate the'upper and lower limit as 1,74 and

1.38 m/day respectively at a 90% confidence level. From

these bounds one can deduce that, any value which exceeds

the given bound will produce an uncertain design and hence a

greater risk.The risks can be reduced by decreasing the

N
¢

spacidg but this will increage the cost of the subsurface

drainage system.

From the limited data it appears that the averége yields are
increased significantly by subsurface irrigatiod “even thougﬁ
the spacing between Qipes is based on subsurface drainage.
While the maximum yield will be attained ié the design
spacing betwéeﬁ }aterals is based on the subsurface
irrigation system. Figure 6.9 shows that for: good

-

subsur face irrigation design the’'spacing required is

r—‘ . - .
approximately 67% of that of the drainage .case. ,
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i 6.4 —Economic Analysis

In the previous section, the yields were maximized. to obtain
subsurface irrigation/drainage design spacings between
laterals. It was fouﬁd that subsurface irfigation increased
the yield compared to the drainage system for a given drain
sp;cing: The results from the field experiments also
provided support for -the use of subsurface irrigat}dn in

dry years if crop production was to be jncreased.

N
~

It should be noted from Figure 6.9 that the model "predicted
a maximum of 52% average relative yield in 1982 and 1983 for
plots with drains but no subirrigation. This meaqs'that 48%
yield reduction would be obtained during dry years if only a

subsurfdce drainage system is used. This yield reduction

represents a sizeable loss of income to the maize growers in

this region. Subsurface irrigation was found to increase the

yield, but it was not known whether subsurface irrigation
wéuld be economically profitable since there is no available
economic analys@s,ﬁor this system 1in this region.
Therefore an economic analysié was carried out to determipe
the effect of subsurface irrigation and drainage design
alternatives on the profit of corn in dry fears. Annual
profit is defiﬁed as the gross crop value less the cost of

L2
production .

T TR R T R s s ettt v e e e R
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6.4.1 Income .

The annual income for the subsurface irrigation and drainage
2
0

was calculated as:

-

Income ($) = YR * Pot’ential yield (Kg) * crop price ($/Iz‘g‘;)

The potential grain yield of maize was obtained from the
Conseil des productions vegetales du Quebec (Ministere de
l'Agriculture des Pecheries et de 1'Al tmentation, 1983).
The potential yield depends on the variety (hybrid) of
maize grown. The hybrid that was used at Charbonneau's farm
was Cardinal Sx-85A and the aVVerage potential yield
recommended for this hybrid was 8é58 Kg/hectare at 15%
moisture content. The average price of $0.183/Kg was
obtained from CREAQ, 1983. Anothe’r corn price of $0.170/Kg
was assumed for calculations to show .the effect of 4variation e
in maize prices. .

6.4.2 Cost K
Cost analysis consisted of prbduction cost of c¢orn, initial
drainage cost amortized over its estimated useful life and
an additional cost for subsurface irrgation. Production
costs for maize were obtained from CREAQ (Ministere ,de'

l'Agriculture des Pecheries et de l'Alimentation, 1983). .

P T . -
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“ i

|
This cost is shown in Table-6.14. Drainage insta};atidn‘

costs were obtained from estimates prepared by the

Agricultural Engineering Department of Macdonald College,

.Ste Anne «de Bellevue, Quebec. This cost was amortized at an .

“
interest rates of 8% and 10% with an assumed system life of

30 years (conservative estimate). The cost of subsurface
irrigation depends on the size and shape of the land area,

existence of the water supply, availability of power supply

' and number of control chambers required. These costs, along

with the assumed maintenance cost, were estimated for the
land area of-10 hectares located at Charbonneau's farm. The

capacity of the pump required to irrigate 10 hectares of

land was calculated from the estimated volume of irrigation

and the seepage losses and is presented in chapter VIII.

Respective costs for the components of the ,subsurface
irrigation system are given in Table 6.1l5. The total.co;t
for production of. maize with subsurféce irrigation -is the
sum éﬁ the production cost, amortiz;d drainage installation
cost and an add}tional cost of subsurface irrigation. Total‘

“

annual c¢osts for subsurface irrigation and subsurface

dfainage systems are shown in Table 6.16. e

)

6.4.3 Profit i -

3

Average annual profit as a function of drain spacing was

calculated using the relationships of Figure 6.9 and Table
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*TABLE 6.14: Estimated production’cost for-maize” ..

A Variaple costs:

Seed

Fertilizer.

Pesticides

Maintenance and reparation of
machinery and equipments

Fuel and lubricant ’ .
Storage and Marketing 3

‘Rent of land without subsurface

drains
Intergst on financing

Total variable costs

. Fixed costs:

Total fixed costs“

!

J

Taxes by

Inssurance of fire and responsibility.

Automobiles and trucks
Professional costs’
Miscellaneous costs

3

Total producdtion cost

——— o ——— - - ————— " —— i —_———— o ——— — —— —— ——— o —— o ——— o— —— "

61.00
219.00
51.00

60.00
50.00
118.00

53.00
54.00

- - -

* Taken from CREAQ, ( Comité de références économiques en

ggrigulture du Québec ) 1983. Agdex

<

111/821
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TABLE 6.15: Estimated additional cost for subsurface irrigafion*

w

. oS - - - — . A D D = - D S . G D e D L G D S G G W S D W - -

Item o .$/ha/year

- —— "y "> > - —p WS WG — = O " —— > - .t e . = D " > - - -
v ~

Initial cost:r : ?

- Pump 1 hp, 230 volts, l-phase,
max. run amp: 11.0, locked rot

amp., 172 control, 2-regulators e 20.00
- Electric poles, wiring (Assuming
. distance of 500 m), pump house etc. 60.00
i ‘ -~ Two control chambers 100.00
/LwTotalrinitial-cost - . 180.00

variable Cost

- Energy-Tost’ ' 8.00 ,
- Mainténance 11.00 :
- Labour. . 21.00
Total variable cost \ 40.00 ’
Total cost : 220.00

- A D S (=S = D e S e D T W - — T T A D Y — U - P Uiy T D Y . e . m T - =

*Costs are obt;ined from pump dealers and CREAQ(1983).
**assumed life of 10 years at 12% interest.

*** Assumed life of 30 years at 8% interest,

Note:- Pump hp is calculated from total amount of

subsurface irrigation required based on
10 hectares of land.

e
—
B3
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TABLE 6.16: Sample of cost estimates” for subsurface
irrigation and drainage systems with respect
to drain spacing.

/
Drain Drain Initial Annual Total _ Total
spacing 1length cost drainage annual ' annual
per ha. _ system drainage cost for
cost cost subsurface
‘ irrigation
m m $ $ $ $ %
(1) (2) (3) (4) (5) (6) X
5 2000 3360 298 1026 1246 — ;
10 1000 1680 149 877 1097
15 667 1121 100 828 10478
20 500 840 75 803 1023
25 400 672 60 788 1008 f:)
30 333 559 50 778 998 "7
35 286 480 43 771 991 g_'//ﬂ
40 250 420 37 765 985
45 222 373 33 761 981
50 200 336 30 758 978
55 182 306 27 755 975
60 167 281 25 753 973
65 154 259 23 751 971
70 143 240 21 749 969
75 133 223 20 748 968
8 125 210 19 747 967
_______________________________________________________ dae

All costs rounded to nearest 1 dollar.

Column (3) is the product of column (3) and assumed drainage

_installation and supply cost of $1.68/m ( complete job ).

Column (4): Assuminginterest rate of 8% and amortization
period of 30 years,

|

Column (5) = Column (4) + Annual production cost of maize

( $278 ).
Column (6) = Column (5) + Annual cost of subsurface
irrigation system ( $220 ).

\_\
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6.16. This may best'be described by an exémple. From Figure
6.9 the maximum average relative yield of 51.6% was obtained
at a 45 m drain spacing for the subsurface dfaihagg_gx;tem;
The actual average yield can be found by multiplying the
potential yield of 8558 Kg/ha by the average relative yield.

That is:

Actual yield = 8258 (Kg/ha) * (51:6/100) = 4262.8 Kg/ha

For a maize price of §$0.183/Kg, the average pred&c€éd income
is $780/ha. Profit is then calculated by subtracting the
estimated annual cost at 45 m drain spacing from' the

predicted income. That is:
Profit = 780 $/ha - 761 $/ha = $19/ha

Repeating the above ptoceduHes, the average profit as a
function of drain spa?ing for both subsurface drainage and
subsuﬁfacq irrigation was computed. The relationship found
is shown in Figure 6.11. These results show that a maximum
profit of $19/ha will be obtained for a drain spacing of 45
m without subsurface irrigation. When subsurface irrigation
is used, a higher average profit of $513/ha will be obtained
at a 30 m“drain spacing. A smaller average profit for
subsurface drainage than for subsurface irrigation may have
Seen due to the drought stress during the two years of
simulation. For subsurface drainage only, narrower drain

\\

spacings had the tendency to cause excessive drainage and
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thus greater losses; and wider drain spacings increased the
losses due to both drought and wet conditions. The results

showed that a drain spacing of 45 m is required to maximize

average profit.for subsurface drainage alone. For the same- -

drain spacing, subsurfaiévirrigation produced -higher profit.

Economic analyses were carried out for the range of
saturated hydraulic conductivities to maximize avérage

profi; for both subsurface irrigation and subsurface
drainage systems. The results of prédicted averageLprofit
are élotted in Figures 6.12a and b as a function of drain
spacing for subsurface drainage and subsurface irrigation
cases respectiyely. The results in Figure 6.12a show that
the drain spacing required to maximize the average profit,
varies from 40 to 70 m as kg ranges f;om of 1.19 m/day to
a high of 4.16 m/day. The smallest loss -of $5/ha was
obtained at 30 m drain spacing when the lowest kg value of
0.79 m/day was used. However the results showed that the
profit increased for higher kg valﬁe éue to wider drain
spacing required to maximize tbe profit. This is because the
wider spacing costs less than the narrower spacing.

The results of the relationships for subsurface irrigétionm
are plotted in Figure 6.12b for the range of kg values.

These results show that the drain spacing of 20, 30, 35, 45

and 50 m are required to maximise profits for ES values of

- R e S ke FUE ' - - - D
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S~

0.79, 1.19, 2.0, 2.89 and 4.16 m/day 'respectively. A 50 m
ndréin spacing réquired to maximize profit at a ks of 4.16
m/day would produce profits less than 4.1, 30.6, 73.2
percent of the maximum if used for kg values of 2.89, 2.0

and 1.19 m/day respectively. The lower kg value of 0.79

>

,

m/iiidfould produce a loss of $127/ha/year.

From the results it app@ars that the varidtion in saturated

hydraulic conductivity iderable effect on the design

of subsurface irrigation/ lnage systems and potential
increase in profit. There will be considerable risk if the
design is based on kg values'exceediﬁg the given bound.
Considering the relativély high ¢ost of drainage and
irrigation, the results suggest tﬂat the variation in field
measurements of kg should be considered in theldesign.v
Decisions should be based on calculations which take the

range of kg values into account,

The annual cost for subsurface irrigation/drainage systems
depends on the useful life of the system and the interest
rate used for amortization. Profitg'obtained with a 10%
interest rate amortised for 30 years as a'function of drain
spacing are presented in Table 6.17 (columns 2 and 3). An
_interest rate of 10% amortized for 30 years useful life of

the system reduced the profit 1.8% compared to the' case for

an 8% interest rate (column 4 of Table 6.17f for the
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TABLE 6.17: Effect of interest rate and various corn prices
on the profit of subsurface irrigation and
drainage systems at different design spacings.

D —— - . . - - ——— — - — — - —— — - - = - — . D " —— - —— = A ——

drain . 10% Interest rate” 8% Interest rate °

SPACIiNng  cm—cm et e
Profit Profit Profit obtained from
due to due to subsurface irrigatioh

subsurface subsurface for the range of corn
drainage irrigation price ( § per hectare )

—— ——— ———— —— — ——— o —— " ———

m $/ha $/ha $ 0.183/Kg $ 0.170/Kg
(1) (2) (3): (4) (5)

5 ~446 207 265 158
10 _256 385 414 307
15 -185 444 463 . 356
20 -138 474 4838 381
25 ~99 492 %503 396
30 -62 504 513, * 406
35 ~26 499 507 401
40 6 437 445 343
45 12 341 3438 254
50 11 267 273 184
55 5 . 182 187 104
60 -22 88 ;93 17
65 -66 -29 / -25 92
70 ~106 -115 oo-111 -172
75 ~146 -192 -188 253
80 ~183 -261 -258 -308

A T . T Gl - S g S T Ay - N el G S WD S S S D wp AL W D i U WD G Wl R S T D D W S A S W D - - - -

- - L TP - D G . G A D R D G T D S D VR S D R D i G S G W W S G D G S T M A - Y -

Columns (2) and (3): Assuming corn price of $ 0.183/Kg.

kg = 1.56 m/day.

L4
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subsurface irrigation case. The drain spacing required to
maximize profit remained the same.

The effect of corn price range on the profita&ility of
subsuréace irrigqéion systems is shown in Table 6.17
(columns 4 and 5). It'is obvious that the corn prices will
affect the magnitﬁde of profit. That is, the lower the corn
price the lesser the profit and vice versa. These results
show that a corn price of $0.170/Kg reduced the maximum
profit by 20.9% compared to the case with a corn price of

$0.183/Kg. The drain spacing required to maximize the profit

remained unchange.

It can be concluded from the results that in dry years, a
maximum profit of $19/ha would be obtained, if 'subsurface
drainage system is used. This information was used to work

<

out the net benefit due to subsurface irragation. Net

"benefit is calculated from the profit obtained due to

subsurface irrgation less the maximum profit obtained due to
subsurface drainage. These results are shown in Figure 6.13
for a range of drain spacings and kg, and for two interest |
rates (8 and 10 percent) for an émortization period 6f 30

years. Figure 6.13 may Help in selecting an appropriate

¢

design within the given bounds considered.
b

f
e

This apalysis'used two years of weather data. Bettq?
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rgéults would be obtained if a larger number of years are
considered in the analysis. Then the decision could be made
as to which drain spacing would be appropriate. The c¢orn
crop models assumed could be used reasonably for this
climate. More years of yield results with or without
subsurface irrigation are desirable to improve the model and
verify it. The results of the economic analysis strongly
suggest ‘the potential benefits og subsurface irrigation and -
the needlfor conducting further research work on the
response of crop yields to irrigation. Al though this
analysis is shown for corn only, other crops can be
considered by incorporating the appropriate crop models with
the water balance model. In general the water balance model
worked reasonably well and good results could be obtained

under different soil conditions.

PR, A
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VII PARAMETER UNCERTAINTY

. >

Subsurface irrigatién is a method of suppiying water from
beneath the root zone which becomes attractive in humid
climates where surpluses and deficits occur. A drainage
system can ge used for subsurface irrigation by closing the
drain outlet and raising the w;ter tablF to a depth
sufficient to provide crop water requirement in the perieds
of higﬁ ET demand. To know the optimum water table depth
which can provide the design ET, the unsaturatéd"flow
properéies must be investigated. Saturated flow properties
are used to design a spacing of sub;urface irrigation to
kéep the- water table in the field uniform.'In rational
{j}igns, equivalent hydraulic pafametefs are defined and

used, which may cause an overestimated or underestimated
l

design. (

In reality, fields are non-uniform so their ﬁydraulic
properties vary from place to place (Nielson et al., 1973,
Russo and Bressler, 1981). Thus the use of single-value or
average field hydraulic properties in the design may give an
improper design. Ungerﬁainty in hydraulic properties can
alter the soil water regime. Since crop yield is directly
related to the soil water reéime, therefore dispersion or
uncertainty in hydraulic properties may yield a design with

greater risk. An approach is given below to include

uncertainty due to variation of hydraulic properties by the

¢

T R e h
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use of first and second order moment analysisss

jll Techniques For The Analysis Of Uncertainty

! 3

»

A va?iéty of procedures are avaiable to treat the effect of
unce?tainty in ground water flow. Contribution in this field
of study have beép made by Cornell, 1972; Freeze, 1975;
Bakr et al., 1978; S;gar, 1979; Dagan, 1979, 1982; Smith and
Freeze, 19?9; Dettinger and,Wilson, 1981; . Dettinger and
Wilson (1981) presented a critical review of these methods.
In describing the advantage of the first and second ofder
moments, they concluded thaé the first and second order‘
moments are l%§s expensive to apply to the numerical
problems than tge full distribution method. The trade-offs
are cost and accuracy. The full distribution meéhed,loose;
aécuracy due to a limited number of simula£ion§ whereas the
first and second order method looses accuracy due to thea
Taylor series approximation. In general, approximate models

are more practical to use than models which require more

complicated mathematics and greater input detail.

First and second order moment methods can be applied by
using Taylor series expansion. Analysis based on Taylor
series generallytgxpands an analytical or numericgl solution
of dependent variables or flow governing equations around
the expected va;ues of. the solution parameters-.and

i

independent variables. These series expansions may then be -

5
]
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used to deduce the prob;bilistic moments of the dependent
variable., Dettinger and Wilson. (1981) suggested-that the
first order analysis of Taylor_series yielés the same

information as other methods of analysis.

First' afid second moment methods based on a Taylor series

expaﬁsion have been employed by Cornell (1972), Dettinger

and Wilson (1981) and Prasher (1982) to a wide variety of

problems and suggested wide application in the field of"

water resources engineering. .
. ~
7.1.1 First and second order analysis :
First order analysis is defined as°the analysis of the mean
and variance-covariacnce of a random variable(s)* based on

its first order Taylor series expansion.

Let y be a function of some random variable x 1i.e.

y = £(x) T (7.1)

The function is expanded in a Taylor series about the

expect®d value of its independent variable x as:
y = E(X)+E (x-%)+1/2£" (x-%)2 + .... cea(7.2)

Where f' and £" are the first‘and second derivatives with

13
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respect to %, evaluated at X, the expected value of x.
Neglecting the second and higher order terms as being small

compared the first two terms, the mean or expected value of

" ycan becalculated as:

E{yl= B [ £(X) + £ (x~ %) ] vee(7.3)

/ : | !
where =1 stands for a first order approximation. E denotes
the expected value function. The expected value is a linear
opferation so that E[a + b] = E[a] + E[b] and E[cb] =cE[b],
where c is a c’:onstant and a and b a;e two random variables.
Therefore equation (7.3) can be written, using those

properties as:

-,

Elyl.=L £(%) + £ [E(x) -%) ‘ ~ ceo (7.4)

=} £(X) since E[x] = ¥ by definition

The second moment of y can be estimated to first order also.
The variance is the second moment around the mean value,

using the first order series for f, the variance is:

varly] =1 E[{f(x) - £(%)}?]
=L B{E£(F) + £ (x-%) -£(%)}%
=L Bi(e (x-%)17] a
=L re' 126 (x -0) 2

=1 [f']2 v(ar(x) ‘ ees (7.5)

o -y ottt sy Jr—— o e e - [



.

: , ¢ =

A second arder analysis is carried out in a similar way

using second or{er Taylor- series expansion.

2: = e " e 2 b e ‘\
y =°f(x) +f. (%-X)+1/2f (%-X)%+ ... ‘ T e (7.6) -
‘where =2denotes equal to & second order abproxipation. K

Similarly, neglecting the higher terms and taking the

L,
expected value yields the second order approximation of the

-

& m?an H

Ely] =26(F)+£ E[(x-T)1 + 1/2 £ 'E[(x-%)?]
=2£(%) +1/2f" var (x)

This estimate of the mean is more accurate than the first
order estimate, using information about the expected value .

and variability of x (Dettinger and Wilson, 1981).

The expected mean is based on a second order Taylor series
expansion (second order analysis) and the variance-
covariance are derived from first order Taylor series
expansion. Therefore, by definition, the means derived from
first and second order analyses may be different, the =

variance-covariance will not.

Similar approximations can be made in multivariate
situation. In this case, a multidimensional Taylor series

expansion is used. _ \\
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Considering a function:

i

'y = f(u’v) . aou(7¢8)

¢

expanding it by a Taylor series:

y = E(T,)+[{E (W)« (D) J+LE (v) . (v=T) }T +

1/2[{f"(u).(u4a)2}+{f:(v).<v47)2}1+.. S (7.9)

Where f'(u) and f'(v) are £he first derivatives of f with
Eespect to u and v evaluated at the mean value of‘u and v‘
réspectively. Similarly, £"(u) and £ (v) are the second
derivative of £ with respect to u and v evaluated at the
mean value of u and v respectively.b ,

LA

Ely] =2£(3,¥)+1/2[f (u).var(u)+f (v).var(v)] .. (7.10)

Similarly, variance can be calculated as:

%

var (y) =2[f (u)]2.var(u)+[f (v)]2.var(v) e (7.11)

Equations ( 7.10 ) and ( 7.11 ) can be used to estimate the
first and second order moments of dependent variables
respectively, once these moments are known for independent

random variables.

—v— VO S - e S, -
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7.2 Uncertainty Analysis

In this section first and second order ﬁoment methods are
applied to the subsurface irrigation/drainage design which
includes uncertainty in unsathrated and saturated filow
parameters. The analysis is done on three soii?vﬁuch are
located in Quebec, Canada. Theyaafe St. Samuel’éandy loam
soil, two other sofls i.e Rougemont sandy soil (RM-s) and
Rockburn sandy loam soil (RB~s.l) were considered in this
.
study. The data on unsaturated flow properties of RM-s and
RB-s.l have been taken from Khatri (1984). The moisture
characteristic curves for RM-s and RB-s.l are plotted in
Figure C.3. These curves were used to calculate }he k (h)
function, using the Millington and Quirk method. Fhe results
of k(h) function are presented in Figure C.4.
/

7.2.1 Steady upward flux {i
1. Unsaturated hydraulic cbnductivity as a random variable

In equation (6.2), 4%, (2j41-2;) is a dependent variable and
we can investigate uncertainty in AZ due to unsaturated
hydraulic conductivity. For convenience, equation (6.2) can
be written as:

AZ S 0000(7-12)

qy +ti{k(hj,) + k(h;)}/2]
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The first and second order momentlmethod was applied to

»

study the effect of uncertainty fh/k.on the relationship

between water table depth 'and ;¥eady upward ‘flux. This

‘method was used with equation”x7.12) to analyse the

uncertainty in water table depth due. to uncertainty in k at

a given flux value. Since 'this method of analysis requires

the first and second derivative of the dependent variable.

with respect to a random independent variable (in our case
k).ThéfEfore, the derivatives were obtained numerically.
The various steps sol&ing equation (7.12) for derivatives

R
are as follows:

E) Equation (7.12) is solved for a given q, value using
unsaturated 'hydraulic conductivity (k +Dk), when Dk is a
very small deviation in k around the mean of k.

ii) Equation (7.12) is ;olved again for the same q,r using
unsaturated hydraulic conductivity of (k-Dk).

iii) The required‘derivative can be estimated numeriéally
from the definition of derivatives, i.e.

i

A7'={AZ(k+Dk) - AZ(k-Dk)}/2Dk
similarly

Az ={AZ (k+Dk) ~247 (ky+AZ (k-Dk) } /Dk 2
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In order to calculate the variance_ ifh k, the coefficient of

variation (C.V) in k must be assumed or can be calculated

from high and low values of k observed in the field,

3
-

In reality the variatioq in k is very high ané can not be
used here because this method requires that the C.V must be
small in order to get reliable resﬁlts. Cornell (1972)
observed Ehat if the coefficient of variation remains small
the method wil} provide as\accurate result., Dué to this
reasoh "the C.V of 0.4 is assumed. The variance in k is
calculated as:

—

var = (C.V x mean)2 ....(7.13)

" Where the mean is‘the value of k at correspohding pressure

heads. By using the definition of first and second order"

moments the first and second derivatives of the dependent
variable 4Z, with respect to the random variable, k, were
obtained from equatiop (7.12). The estimated‘mean water
table was tpen]calculated by first and second order
analysis. The results are presented in Figure 7.1. The
results of Figure 7.1 are presented, assuming normal
distribution and calculated bounds at a 90% confidence
level, for all‘three soils considered in this analysis. The
deterministic solution for the relationships is shown in

Figure D.l (Appendix D) for these soils.

Lac]
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RM-s

WATER TABLE DEPTH BELOW CENTRE OF THE EFFECTIVE ROOT ZONE, m

. ST.SAMUEL-s.|
0,6L
o8L
1,0L
1,2 [ X — A L
Q 2 4 6 8 o]

STEADY UPWARD FLUX, mm/day

Figure 7.1. Effect of uncertainty due to unsaturated
hydraulic conductivity on the relationship
between steady upward flux and water table depth.
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7.2.2 Design of-subsurface irrigation/draiange systemsh

A “ 1
In steady State eguation (3.2), drain'éb;cing is directly
proportional to the squlare root of saturated hydraulic
conductivity. The kg values are obtained by the auger hole
method in +the field, or by the outflow method, in'the
laboratory. In a determiniétic analysis the.observed values
are averaged and the design problem is solved. It is noted
here that it is not certain that the average kg valuye is
representative of the field siéation, with the resuit that
the -design .remains uncertain, Therefore, one \way to
include the uncertainty in the design is to estimate the
first two moments of random varoiable(s) by whatever means

4

available. This estimation of the moment should be easier

than the estimation of a complete probability distribution

function.

It is possible to estimate mean a/n/d/t—h—e’ variance of
saturated hydraulic co'ndu/c/tixd/tf<{om a low (L), probable
(P} a;ld high e?};(,i’m@!i) of the soil property (Russell,
1983).6These eétimates can be obtained either from the field
or laboratory or by gquizzing an experienced designer.
Statistically , a low :’l/'élueystands for 90% probability that
the value does not exceed the actual value. A high value may

represent a 90% probability that the value exceeds the

actual value. A probable value is the value most likely to

W

f/\\lr"\
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represent the actual value. To obtain the mean and variance
from L, P, H estimates, an assumption regarding probability
distribution must be made. Russell (1983) has given
f;rmulae for estimating the mean and variance from L, B, H

estimates:

Mean = (L, + 2.5P + H)/4.5 eee s (7.14)
var = [(H - L)/2.56]2 oo (7.15)"
-It should -be noted, however, first and second:order analysis
do not'depénd on the distribution used in arriving at the

estimate of the moments but a distribution’is assumed while

calculating the mean and variance from L, P, H estimates.

3

In order to maintain the water table uniformly in the field,
the‘water table depth should not be too clgse to the surface
over the drain,‘ofherwise crop loss may occur. Williamson
and Kriz (1970) observed that maximum yields were obtained
when the water table was kept in the range of 60 to 76 cm
from the soil surface in a loam soil. Deflection is defined
as the difference between the water table midway between the
drains and the water table depth over the drain. If the
water table depth midway between the drains is kept constant
(say an optimum water table depth), the increase in water
table depth over the drain will decrease the deflection. To

see the effect of uniformity on the design of subsurface
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*&irrigation spacing, the spacings were calculated from both

the deterministic and the uncertainty analysis at various
deflections based on an optimum water table depth. In the
rest of this section, first and second order analysis is
applied to steady state and nonsteady state subsurface
irrigation designs. Examples ére given for steady state and

1

non-steady state formulae. |

7.2.2.1 Steady state subsurface irrigation/drainage design

I

Case 1. Saturated conductivity as a random variable

Rewritting Hooghoudt's equatiod‘(B.Z) derived for subsur face
irrigation:

<

W= [(4kg/e) {2m(hg+dy) «m?)}]11/2
Soil paramter values for each soil considered are presented
in Table 7.1. The deterministic solution of equation (3.2)
is shown in Table 7.2 at various deflections for St.
Samuel-s.l, RM-s and RB-s.l soils. To get the mean and
variance, the above equation must be differentiated to

obtain first and second derivatives of the function with

_ respect to the random variable (ks, in our case), that is:

W' = [(2mhg+2md-m?) /e]1/2/ (k) 1/2 ere (7.16)
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TABLE 7.1: Soil parameter values for different soils used
for uncertainty analysis.

- —— . . T ——n T TP D M — . S S o D W S Py i ) G S D G g VES G T S W WAV NP W R W M T M G R A . — -

Soil parameters - Soil type

St.samuel"s-l RM-S RB—S-].
Depth of ?
impermeable
layer ( m ) 1.60 1.80 1.80
Depth of N
drain (m )} 1.05 1.00 1.05
saturated “u 2.10 2.93 3.48
hydraulic L 1.30 1.35 1.90
conductivity P 1.56 2.25 3.16
( m/day ) Mean ,  l.62 2,20 2.95
var(ks) . 0.098 0.381 0.381
———————————————————————————————————————————————————————— -g——.——

o~

Y

Table 7.2: Design of subsurface irrigation system at
different deflections on the Dbasis of
deterministic analysis.

- — 0 " - - . " " T P 4" e - " - 8 " " A W T - . - - . " - - " - — - - (]

Deflection Drain spacing ( m)

midway = = = 0 @ e e — :

between . St. Samuel-s.l Rm-s RB-s.1

drains
m
0.05 7.15 12.21 13.68
0.10 11.26 18.29 20.42
0.15 14.47 23.21 25.93
0.20 17.47 27.50 30.75
0.25 20.35 31.41 35.13
0.30 ‘ 22.95 35.06 . 39.21

Expected mean water table, h, values to be maintained at the
midspacing in a subsurface irrigation system design were
obtained from Figure 7.2 at steady upward flux, e = 4.5
mm/day.



Le 4
.

162

El

E7
)

+

w

W' -1/2 [(2mhy+2md-m2)/e]1/2/(kg)3/2 Ceee(7.17)

Let us take an example of St. Samuel sandy loam soil for a

subsurface irrigation design problem. The values of the soil

parameters are obtained from Table 7.2, where dg = 0.46 m; m
[

0.30 m, the optimum water table midway between the drains

1.05 m, therefore h, =0.30 m, e = 0.0045 cm/day and kg

values observed were 1.30, 1.56, 2.10 m/day. From eqwééion
(7.14) and (7.15), we obtain estimates of the mean and

variance as 1.62 m/day and 0.098 respectively.

Using the steady state equation (3.2), the expected value
for spacing can be obtained, using the definition for first

and second order moments as:

Ely] =2£(x) + 1/2f var(x)

t

And the variance is: . , (
var [y] = lvar(x).[f']2

Therefore the expected value of spacing will be:

!

E(W] = X(W)+1/2[-1/2(2mhy+2md g-n?) 1/2
(e~ 1/2) k 73/2) var (k) v (7.18)
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Where X(W) stands for the equivalent mean value of spacing

~and is calculated from equation (3.2) as 22.95 m. The

expected spacing can be calculated as:

E(W) = 22,95 — 0.111 = 22.84 m
i
When an equivalent mean value of hydraulic conductivitf‘was
used, the spaC1ng for. subsurface 1rrlgat10n was calculated
as 22.95 m. But in an uncertain situation when the saturated
hydraulic conductivity is not completely known, the

expected value of spacing is 22.84 m.

The variance in spacing can be estimated as:

0

var (W) = var(ks)f(zmho+2mde_m2)l/2.
e1/2.ks"1/2)2 | et (7.19)
| . ,
That--is,
t:f;"f"‘a
var(W) = 4.92

or standard deviation in spacing is:
S.D = 2.22 nm

The variance and standard deviation show the risk involved

in subsurface irrigation system designs due to uncertainty

in the saturated hydraulic conductivity. In statistical /

/
/

/

/

AS

-
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( ) terms it imp;ﬁes that for normal distribution,there is a 90%
. : §Tobebility that ' the spacing would not exceed 25.68 m (mean

+ 1.28 * §D). there is a 90% probablllty that the

Similarly,
spacing:would exceed 20.00-m (mean - l/;s *SD). The results
of this analysis are presented in tables 7.3 A, B, and C
w1th upper and lower limits at the 90% probablllty level

These tables indicate that the 1ncreaeee1n deflectlon would

- 14

result in wide spacings. The magnitude of standard deviation
shown in the last column of each *table may be regarded as a
measure of the risk in selecting the subsurface irrigation
design system., It may be noted that t?e standard deviation
increases as the defleceion'inéreases. The magnitude of S.D
(53‘ ‘ Jor the St. Samuel-s.l is smaller than the RM-s and RB-s;l
soils. This is because, it deéenés on the variation in kg,

the water table above the drain and the geometry of the

system,

>

Case 2. Unsaturated hydraulic conductivity as a randqmrvariable

Equation (3.2) does .not contain the term unsaturated

hydraulic'éonductiviéy, k, but the’?étm, m ( water table

\

deflection at midspacing) is a function of upward flux. In

.ﬁurn, upward flux depends on the k(h) function above the

water table in the soil profile. Therefore, dependency of nﬁ

on k is obvious and we can say that m is a function of k.

However any uncertainty in k would give an uncertain mn

N

v

o

T A P S ST S
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TABLE 7.3: Effect of uncertainty due to saturated hydraulic

. - conductivity on the design of a
irrigation at various deflections.

A, St.Samuel-s.l

subsur face

Deflection . hg dg E[W] | Upper Lower S.D
limit limit '
, m m m m m m m
0.05 0.05 0.33 7.12 8.01 6.23 0.70
0.10 0.10 0.39 11.21 12.60 9.82 1.10
0.15 0.15 0.41 14.40 16.19 12.61 1.40
0.20 0.20 0.43 17.39 19.55 15.23 1.70
0.25 0.25 0.45 20.26 22.78 19.74 2.00
' 0.30 0.30 0,46 22.84 '  25.68 20.00N  2.22
' 0.45 0.45 0.48 30.09 ;3.80 26.38 2.90
» . B. RB-8.1 |
_________________________ _.‘...._....._..._-l\_-_.._...._......._..-__..___._-.____
Deflection hg de E[W] 1 Upper Lower S.D
N . limit limit
m m m .om | m m m
| emmemeecccm e e—-—-— - - - . = - —— {- --------------------------
0.05 0.24 0.50 13.61 | 15.44 11.78 1.43
0.10 = 0.29 0.56 20,31 23.05 17.57 2.14
0.15 0.34 0.59 25.79 29.27 22.31 2.72
' 0.20 0.39 0.61 30.58 34.70 26.46 3.22
0.25 0.44 0.63 34.94 39.66 30.22 3.69
0.30 .0.49 0.64 39.00 i 44.26 33.74 4.11
-
e oo \5.‘_/_ _____ .
\ . .
. C. RM-s ‘
........................................... ;L'__..-.....__....-.._..--..
\ Deflection h, de E[W] Upper Lower S.D
- limit limit
m m m m m m 'm
. 0.05 0.29  0.49  12.09 = 14.27 9.91 1.70
0.10 0.34 0.57 18.11 21.40 14.82 2+57
0.15 0.39 0.60 22.98 27.14% 18.82 3.25
0.20 0.44 0.63 27.23 32.17 22.29 3.86
" 0.25 0.49 0.64 31.10 36.73 25.47 4.40
0.30 0.54 0.66 34.72 41.03 28.41 4.93

D M S S D S S W D ) I - M N o — B D T S WP e S S D e S —— o
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value. From the definition of first and second .dxder

moments, one can estimate the first two mome%és“%f the

. dependent random variable(s), if the first two moments of

the 'independent random variable(s) are known. In section

7.2.1, we have already calculated the mean and variance of
the water table depth, h ( or @) at a design ET rate of 4.5
mm/day, when unsaturated hydraulic conductivity was
considered as a random variable. Using this information we

‘subsurface irrigation due to
S °

—

can investigate the design of
uncertainty in the random variable m.,ﬁe will need the

following derivatives for the analysis.

Wm o= 2kg/e) 2 hgram/ ; o
, . .
(2mh°¥2mde-m2)l/2} ] ‘ u(7.20)

AN
Wm = -2(kg/e)}/2{(hy+d )2/ -

(2mh g +2md o-m?) 372} veee(7421)

Thus,
o E[W = {2(kg/e)1/2 (2mh +2md -m2)1/2}
L +1/2(-2 (kg/e) 1/2{n +d) 2/ _
© (2mhg+2mdg-m?) 32}, var(m}) 1 o L7229
and v
var (W)= [2(ks/e)}/2{(h +d,-m)/ h |
(mhg+mdg-m®) /2112, varm  ....(7.23)
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{ . Let §s consider the same values as in thé previous problem,

A

R i L

however m is now a random variable. From figure 7.2 for

St.Samual s.l, the mean and variance of water table depﬁh

v e w e e e

o are as 1.05n and 0.0038 at evapotranspiration rate of 4.5
{ﬁm/day respectively. '
From equations (7.22) and (7.23), E[W] and var (W) are

calculated as 22.76 m .and 3.16 respectively. Thus the

standard deviation for spacing is: )

o . b

§.D = 1,78 m

)
LY

'For a normal distribution, it _implies that there is a 90%
i . . ‘
PE R probability that the spacing would not exceed 25.04 m.

Simiiariy, there is 90% probability that the spacing would:

o
- &

exceed 20.48 m .

o [ - Y kY
The results of this analysis are presented in Tables 7.4 A,
B and C. The interesting point to note from these tables is.
that, the standard deviation decreases as the deflection

/ increases. This is opposite to the first case when kg was
l 1]
R

» N

taken as a random variable. This is because the denominator

P B
1

. of the first, derivative increases significantly due t& -

- increase in the magnitude of m, thus resulting in’a decrease

of W.
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TABLE 7.4: Effect of uncertainty due to unsaturated hydraulic
conductivity on the design of a subsurface
irrigation at various deflections. .

- — . . T W e . . Y — —— G o - - o e —— S D o G ok W S N e . - A g

Deflection hy, ¢ dg E[W] Upper - Lower 5.D
limit limit
m m T om m* m m m
0.05 0.05 0.337 5.59 10.83 0.34 4.10
0.10 0.10 0.39 10.60 14.54 6.66 3.08
0.15 0.15 0.41 14.06 17.27 10.85 2.51
0.20 0.20 0.43 17.18 19,98 14.38 2.19
0.25 0.25 0.45 20.12 22.63 17.61 1.96
0.30 0.30 0.46 22.76 25.04 20.48 1.78
0.45 0.45 0.48 30.11 31.91 28.31, 1.41
B- RB-S.l !
Deflection h, do E[W) Upper Lower S.D
e - limit limit
m . m m m m m .
........... e e e e e — e ———— o
0.05 T 0.24 0.50 11.48 20.75 2.21 7.24
0.10 Q.29 0.56 19.55 26.28 12.82 5.26
0.15 0.34 0.59 25.42 30.95 19.89 4.32
0.20 0x39 0.61 30.09 34.88 29.30 3.74
0.25 0.44 0.63 34.86 39.15 30.57 3.35
0.30 0.49 0.64 38.99 42,88 35.10 3.04
c. RM—S 3
Deflection h, dg E[W] Upper -zkgypwer S.D
. ‘ limit imkt
m . m m m m m- m
0.05 0.29 0.49 7.62, 19:97 0.0 9,69
0.10 0.34 0.57 16.49 25.74 ° 7.24 7.23
0.15 0.39 0.60 22.16 29.75 14.57 5.93
0.20 0,44 0.63 26.77 33.40 20.14 5.18
0.25 0.49 0.64 30.86 ’ 36.74 24.99 4,59
0.30 0.54 0.66 34.61 39.99 29.23 4.20
____________________________________________________________ -
T e e T e e S — e e o e e o e
&
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Case 3. Saturated and unsaturated conductivities as random
s vartables

It*is shown in the above paragraph that the uncertéinty
i%yolved in the unsaturated hydraulic condugtivity has also

an effect on the subsurface irrigation design. It is most

likely that uncertainty in both saturated hydramlic

conductivity, kg and m may have an effect on the design

b

spacing. For this case, a multivariate analysis is used to

estimate first and second order moments of dependent

variables (drain spacing, W, in our case). {5
In this case the derivatives are needed with reépect to the
: ( ’ : 'independent random variables ks'and m. These derivatives

were already obtained in case 1 and case 2 and-are given as

equations (7.16), (7.17) and (7.20) and (7.21) respectively.

Recalling the definition of first and second order moments,

L the first two moments can be estimated as:

3

‘ . E[W] = {2(kg/e)1/2(2mh +2ma -n?)1/2}

P —

+1/2 [{-~1/2 (2nh+2md -m?) 1/2
. e /2 k =372 var kg }+{-2(kg/e) 1/ 2 (htd,) 2
| . . " . .(2mh0+2mde—m2)"3/2.var(m?}] : ,,,£7.23.)
“var (W) = {z(ks/e)l/z(ho+de-m)(2mh0+ihd;-m2)'l/2}2
"=~ Lvar (m)+{ (2mh+2md  -m2) 1/2

g 5 ' ¢ %
i * e 1/2 x ~1/2}2 var (k) el (7.24)

¢  Thus expected design spacing is: , -

i
{

t

H

i
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-E[{W] =-22.66 m
And variance is « ’ o, u ‘ ’ A [
var(W) = 8.08 S ; y
ot S.D(W) = 2.84m . R - \
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Therefore, for a normal distribution the’ 90%»confidenlce“3

bounds for 'high and 16w levels of W are 26.30 and 19.02{m °

Y

fespectivgly. The results are shown in Tables 7.3 A,' B and ."C

——

' o for all the three soils considered. o

4

~
These f}ables show that the risk (S.D) is higher when both
saturated and unsaturateq properties are uncertain, when
compared the othe‘r cases. This is be;cause‘é‘k‘;eg. two variances
var (W), (due to uncertainty is kg a;;d-k) aré pooled

together. It is very interesting to note that the Standard

deviation decreases uptg a 0.20 m deflection in the case of.

St. Sa@ugxl and RB-s.1l soils and 0.25 m deflection for RM-
s.l. Then it increases for the larger deflections. This is

due to pooling of two”&gariances in which one decreases and
I

2ot
R-‘.\ v

other increases as explained earlier. I1f we base our .
decision on selecting a designwith little or no risk then
thepsmaller risk suggest the design at 0.2 mwdeflection x?or
St. Samuel and RB-s.l soils and a 0.25 m deﬁle;:tion' for RM-s
©s0il would be selected. Although the standard deviations at

tho\se designs are smaller, the /probability of it be‘ing

exceeded is not negligible and therefore there is some risk

N

7
N
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, ' TABLE 7.5: Effect of uncertainty due to' satUfated and
I P ‘ unsaturated hydraulic conductivities on the

I »design of a subsurface irrigation system at

e M s g e o

various deflections. .
| . . ) .
! S .
P ? o A. St.Samuel-s.l i
l ‘ Deflecﬁign h, dg E[W] Upper Lower S.D
" | limit limit KA
m m m m m ' m m
————————— r--—-———————-———‘--————-——-———.——————d——-—————-——-——————-
0.05 \ 0.05 0.33 5.56 10.87 0.25 4.15
0.10 0.10 0.39 10.54 14.71 6.37 3.26
, 0.15 0.15 0.41 14.00 17.69 10.31 2.88
0.20 | 0.20 0.43 17.10 20.63 13.57 2.76
' 0.25 0.25 0.45 20.03 23.59 16.47 2.78
0.30 0.30 0.46 22.66 26 .30 19.02 2.84
0.45 0.45 0.48 29.97 34.09 25.85 3.22
N \xBn RB_Sal 3
] ,/fv\ Deflection hg’ dg E[W] Upper Lower S.D
0 limit limit
m m m m m m m
0.05 0.24 0.50 11.40 20.85 1.95 7.38
0.10 0.29 0.56 19.44 26.71 12.17 5.68
0.15 0.34 0-.59 25.28 31.81 18.75 5.10
0.20 0.39 0.61 30.23 36.54 23.92 4.93
8 0.25 0.44 0.63 34.67 41.04 28.30 4.98
0.30 0.49 0.64 38.78 45.32 32.24 5.11
v 5. """""""'""'Zi """""""""""" Sms s o T s s e
| C. RM-s :
i ‘ ° Deflection ho de E[W] Upper Lower S.D
> 4 limit limit
m m m m m m Q
- 0.05 0.29 0.49 7.55 20.15 0.0 ., 9.84
0.10 0,34 0.57 16.31 26.13 6.49 7.67
0.15 0.39 0.60 21.93 30.58 13.28 6.76
0.20 0.44 0.63 26.50 34.77 18.23 6 gﬁ
0.25 0.49 0.64 30.55 38.69 22.41 6.36
0.30 0.54 0.66 34,27 42.55 \ 25.99 6.47
P inaentuit i ettt
( . eemee——— - /—- —-——/—/—-‘C ———————————————————————————————————————————
! / ]
:‘ f

v At gt e
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involved in such a design. However, the sel

e o e

<

“ v !

is ‘necessary s

acceptance of a risk., But the knodledge of ris

due to uncertain properties, which can help' designers ipag -
"t’ e

» T A : -
selecting a design. , L ‘ - ‘ )

\ - L :
. K . .

-
a [

. To show the use of’the‘uncertainty analysis in subsurface g

. .
drainage design, an example of St. samuel sandy loam soil 'is _ "
“considered only.‘ ‘ TR \ C
7 / *\ . ! \ :

. o L . ' 3 e :

. ’ . . . g

In designing the-subsurface drainage .spacing in an-uncertain . oy

- 4 s . . N a, i

Situation where kg is not complétely known, the same: Cod

analysis can be carried out as before. Rewriting\Hgoghoudt'sc ;

formula (3.1) for steady state)caée as: C P . i
W = [44kg/q) (2dgmin2)}1/2 L

where g is the drainage rate and m is the height of the = . }

water table at the midspacing above the drain center. . .

LN
* '

Using the definition of first and second order moments to

" obtain estimates of the mean and variance, the above formula

v

.must be differentiated to get first and second derivatives .

with respect to the random variable kg: ) -

. | a | z
l | : \ o
W'o= [(2dgn + m?)/q1 1/ 172 ‘ cev.(7.25)

§

¢ 4 . 4
. ‘ 4
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T

{ , ) W = -1/2[(2dm + mz)/qll/z/ks3/2 ' eeee(7.26)

Pheréfore, the expected value of drain spacing can be

obtained using first and second order moment definition.
~ /“’)//4 //

\

\ >

. E(W] = [(4ks/q)(2d mm2)11/2 4
) _ 1/21-1/2{ (24 m+m2)/q}1/2/ |
o R kg3/2).var(kg) o Ceee (7,27)

=~ 7

and variance in W can be e5timated by:

L] . 4
' . - . B -

C » .
{ . var (W) = var(k's)[{(2dem+m2)/q}l/2/ksl/2]2 eee {7.28)

\\‘ .
Lét us assume values for the garameters for a design problem
e ~as d, = 0.48, m = 4.7 m, ané g = 0.01 m/day (for the
'prdvince of Quebéc) and kg aloﬁg with the mean and variance
as already given for thé subsurface irrigation design.

The expected drainage design spacing is then:

P

&4 and the variance is:

. ) " var(W) = 7.03

Elche
’

ety -
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hence the standard deviation will be: -

S.D = 2,65 m

Therefore, for a normal distribution, the 90% probability

bounds for the high and low values of drainage spacing ar

e
\

31.0 and 23.92 m respectively.

\

q
" .

7.2.2.2 Non-steady state: water table rise

-

A4

'In a subsurface irrigation system, the water table is raised

to a predetermined depth where it is maintained to supply ET
demand as explained previously. It is possible that the
water table may be far below the predetermined water table
depth at the beginning of the growing season or it may fall
due to eqdipment breakdown during ;hergtowing éeason. In .
such cases, the system should be designed so that the time

to raise the water tablelshould be acceptable,

It is, therefore, necessary to include this aspect while
designing the subsuffacejirrigation system. The first and
second order moment method ié applied to analyse in;ut
uncertainty for such designs. o

X

The methods available to calculate the time to raise the
water table were discussed in chapter III. Equation (3.6) is

used here to approximate the time to raise the water table

¥ L Frg 08 - o -
- T, oo TR
[ TR R UYE - T TR DAL R : e RS R ‘
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e

and can be written as:

[

t = £w?/8kg (d+hy) 1n [(ho+2d+y)/(hg-y)1/

[ho+2d+y°)/(ho-Yo)] ’
~~
Where all the terms in the above equation are defined

Previously. It should be mentioned here that equation (3.6)
does not consider the transition p§iod (from drainage tg,
sub-irri;;atior'u). It can only be used when the water table is
rising. Therefore, an allowance should be made whenm
calculating the time to raise the water table. However for
design purposes this equation can be used to get first

approximation. For convenience, the above equation (3.6) may

be written as:

t = ¢fw?/8kgh) 1n [{(h+y;)/ (h-y)}/
{(h+yq) /(h-yg) }] ' ceee (7.29)

»

©

where h = h +d, the heighL of the water table above the

& impermeable layer at the drain.

y1 = y+d, the height of the water table above
, impermeable layer at a point midway between drains.
Yo = the distance from tHe impermeable layer to the
water table at a point midway between drains
at t = 0.
d =‘distance from the impermeable layer to the drain

depth.
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To adjust for convergence effects, d

a

e is substituted for 4

in equation (7.29). - '

]

&
1

To illustrate the use of uncertainty analysis the first and
[ :
second derivatives of equation (7.29) are required with

respect to the random variable (in our case ks).

o

t' = -1y (fw2/8k ) In [((heyp)/(hoypd/ ,
{(h+y,)/ (h=y,) }] ce e (7.30)
" =(=1) (-2) (£w?/8kg3) In [((h+yp)/(h-y))}/
{(h+yy)/h=yy) }] . 1.31)

©

Let us solwe the example that was discussed in the last
section, that is, W = 23.29 m, dg = 0.46 m, mean kg =1.62
m/day and var(ks) = 0.098. The water table is raised
midway between dra,ins from a initial water table depth of
1.2 m below the soil surface’'to a water table depth of 1 m
below the so0il surface. A water table ;f 0.75 m below the
soil surface is maintained at the dra}in’,c h = 0.76 m, yq- =
0.51 m, yg = \0.311m and fds 0.27 with a 01'2 m suction.

= A

The expected t wjll be calculated as:

E [t] = 110299 + 1/2(8.601) - 15.59 daQ\ 2 LIES
3 | ) .
.0 = 2.181 day -

o

T TR S v ) TN T T R b e e et et e e e e e ————

. s : EIC U S Y [N - ~ -
R MY \',‘ (RS T e, R N R S '
& AR I P WA N T I Sy ST

' R A T I SR S

P



- 63 ' : L4
) ' o . .177

-~ /

Therefore, for normal distribution the 90 % conficfence
v e g A " limits for high and low values.of t are 18.38 a:;d 12.80 days
) respec\tively.
" ‘
-The above solution is applicable onlyy when the water table
Iiepth at the drain is kept at 0.75 m Belﬁw the soil surface. '’
What would happen if a “Targe pressure head was maintained at
the drain? It should. be noted.,tﬂhat the water table depth to
be mainitained at the drain, depends on tl’}e root zone depth
and crop tolerance for the wet conditions. The effective
root zone of the corn .was found to° bé 0.3 m and tiue water

~ ) table aepth at the drain of 0.60 m is assumed, then h equals

~ ' to 0.91 m. Applying the uncertainty analysis we found:

+

’ 3 o o

E [t] = 6.92° +1/2(5.27) = 9.56 day
? " var(t) = 0.098 (4.27)2 = 1.78
~
S.D = 1,337 day

y, Co For a normal distribution, the 90% ¢‘6nfidence limits fdr
high and low values of t are 11.27 and 7.85 days
respectively.

- Notice that the estimated'itime to raise the water table to
tﬁe same’ height is reduced by 38.7%, when a water table

. depth of O.é m is maintained at the drain. This means that

e ?f\,
LS
po—

ti’xe higher the pressure head maintained in the control -

. %
_ ‘;ﬁ‘, . . . (s

' -
N ‘

,
s
/ N : -
. o
. .
s % p S7

Y AR N FOm TN

o

1
I e T e e TR LN TR T 4 A s

S TPV

R

T

[ o



T e T e T ReASE S T ST

hd

——

P

O

.
. \\
N

178
chamber, the faster the water will move into the field to

raise the water table.

The results of the uncertainty analysis, as .a time to raise

o

the water table, are plotted in Figure 7.2 in relation to

r
drain spacing. These relationships are presented for St.

-

Samuel, RB and RM soils. The broken lines in Figure #.2 show

‘ the 90%“confidenée bounds for assumed normal distribution.

It can be seen that the expected time to raise the water
table and the S.D increase as the drain spacing increases.
St. Samuél sandy loam soil, with a 30 m drain spacing,
takes about 11.75 days to raise the water table by 0.2 m.

Whereas RM soil, with the same drain spacing, requires about

7 days 'to raise the water table by 0.24 m. This is because

the kg for the RM soil is higher than the kg of St. Samuel
soil. RB soil gives a more rapid water table rise because
of its higher hydraylic conductivity relative to the other

two soils.

In selecting a design one has to consider the time to raise
the water table in order to meet the requirements for a

particular crop. For example a maize crop in St. Samuel soil

can grow for the first 12 days in the early growing stage

from the existing moisture content in the soil profile,

¥

From this information one can select from Figure 7.2 a 30 m

drain .spacing whiéﬁ\$eets this requirement but a 90%

- ¢
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¥or03i m Yo" 0,66m ¥0*0,66 m
£=0,27 t=0,26 t=0,18

‘Figure 7.2.

)

EXPECTED MEAN
CONFIDENCE BOUND

20 30 40

DRAIN SPACING, m

Effect of uncertainty due’to saturaté\d hydraulic
conductivity on the time to raise the water

table for various drain spacings of subsurface .
irrigation system. '
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probability shows that the time 'may be exceéﬁgd. There is

"some risk involved in such a design. The procedure may be

repeated to arrive at a‘drain spacing that meets the design .-

criterion with an allowable 'risk. Apparently the knowledge
of risks due to uncertain }nput data should be of
considerable help to a designer to select a design according
to the requirements of a particular farmer. N

In this section, saturated hyéraulic conductivity is treated

as the single uncertain parameter. It was selected because

it is the most important parameter in the rise/fall of water

table level. However, it could be any other parameter such
as drainable porosity, ééptﬁ.to,the impermeable }ayer or
midspacing water table depth etc. . .

Risﬁ can be reduced énq better subsurface L{figation
performance can be achieved b& taking‘c;re to adjust the
overflow level in the control chambegs early in the spring
to prevent the water table from dropping more than 75 com*

below the surface before the start, of subsurface irrigation.

[3

ey
The results of this chapter are shown in the tables and

graphs to identify the extent of risk in desiéns due to
uncertain parameters. The solutions are algo presented for
deterministic analysis. The expected value solution and the
deterministic solution to the problem are nearly the same,

It is worthy to note that the.uncertainty analysis gives us

-
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true picture of the variation _in the requf}ed prbbability
fo¥ designing a system which infact is not possible in a
deterministic analysis. It also leads one to design the
subsurface irrigation/drainage system depending upon the

amount of risk a particular farmer is prepared- to accept..

\

9

’ A decision, however, may be méde to choose a design which is -
v efficient and economically feasible. It is suggested that
the results of this chapter may be used with Figure 6.13

b ( chapter VI ) to select a design which meets the above

: requirements. -
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VIII GUIDELINES AND RECOMMEDATIONS FOR

: SUBSURFACE IRRIGATION DESIGN °

[

The purpoge 'of this chapter is to examine the design of
subsurface irrigat?gs in the light of experimental and
theoretical results presentea in Chabters VI & VII. An
example of St. Samuel sandy soil- is considered. The methods
are based on results obtained‘from a steady state formuia
and the water balance model.

For the situation considered in Figure 8.1, the topographic

survey done on the 10 hectare field shows that the land is

,flat’aﬁd an impermeable layer exists at 1.6m below the soil

surface. The soil was quite permeable with a mean saturated
hydraulic conductivity of 1.56 m/day. The @aximum
evapotranspiration during dry peri&ds, in summer, was 4.5
mm/day. Drains are installed-at an average depth of 1.05 m.
Corn was grown on‘this soil since 1967. A 30 cm effective
root depth was observed during field investigations. Figure
6.5 showed that.the water table upte 1 m deep at the

midspacing could satisfy an upward flux of 4.5 mm/day.

-

Design calculations by the water balance model showed that a

30 m drain spacing is required to optimize the profit.
Nearly the same result was obtained by the steady state
formula,s‘ when the water table above the drain was-held at

0.45 m depth below the soil surface. The design was checked

4

N2
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) municipal water course

‘ & D |& o[ o[
4 "_“-la.;‘@e’EL;%_J VAN corpal|

KEY TO PLAN

CONTOURS (0,23 m INTERVALS} ,~20,50—

R

OPEN DITCH —

LENGTH AND SIZE OF DRAIN —— above drains
GRADES ~= below drains

—

DEPTH OF TRENCH BOTTOM (O
TRENCH BOTTOM ELEVATION &0V

OUTLET No 2 )
CONTROL CHAMBER ’,
PUMP

«

-

" scaie 1:2000 (m)

Figuré 8.1l. Plan of a subsurface irrigation/drainage system
for the St. Samuel sandy loam soil:

~
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to determine whether the time required to raise the water

-

table was limiting.quuation (7.55)'wa§ used to determine
the time required to raise the water table to a 1 m depth
from an assumed initial water table depth of 1.20 m .lThe
water table above the drain is assumed to be 0.60 m. The
resul ts showed that about 8 dqys‘are;required to raise the
water lable toathe desired depth. This iQk acceptable

during crop germination. Therefore, a 30 m drain spacing was

t— -

used in the design.

o
Clrd

‘Th'e design 1is pfé;ented in Figure 8.1. The field is
subdivided, each éection having 5 laterals. Two control
.chambers are proposed, serving 5 laterals each. These
control chambers are loéated near the ditch, which éerveéﬁas
a water reservoir oﬂ the west side of the fiela. The pump
caﬂ be conveniently located beside the ditch half-way along
the end of the field to supply water into the control

.

chambers through a PVC pipe with T-joints. A control

184

chamber’ in Figure B.l is proposed which is automated with-a -

K\\f.loat: valve. The float valve serves to keep the water level
. ?

¢

constant in the control. chamber during the main growing

period.
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8.1 Water Requirement and Water Table

4

o Control»System
;

One, of the most important criteria in developing subsurface
\
irrigation is to determine the amount of water required for

Plant use and ‘the leakage losses from the system. The

leakage losses occur due to higher ﬂydraulic head maintained

in the irrigated field, relative to the surrounding areas.

The magnitude of leakage losses depends upon the hydraulic
conductivity of the soil and the elevation of the:water
table in the field, in relation to surrounding water table

depths. .

Skaggs (1978) derived the equations from a steady state
analysis for calculating the seepage raté (leakage rate).
Seepage losses to nearby drains may be expressed as (refer
Figure'S.Z): '

A

¥ ﬁi
ks(hlz - hzz) + esz -
q.=< 009-(801)
e zs ; ! ) §

s -
e

Crsog

A

where q is the rate of flow per unit length of drainage
ditch“(m3/m day)
is the saturated hydraulic conductivity {(m/day)

h; is water table height above the impermeable layer

at the drain pipe in the subsurface irrigationpfield .
%§ [

h2 is the water level in the ditch above the

impermeable layer. ' .
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— SUBSURFACE IRRIGATION
SECTION

Li!LlJ!LLl!l&Q

' Figure 8.2,

T

Water table profile for seepage from a subsurface
irrigation field to drainage ditch. ( Redrawn from .
Skaggs, 1978 )

SUBSURFACE IRRIGATION

| ‘_ BOUNDARY

TREEEN

.

} 4 4
$

BN
-

Figure 8.3.

2%

[

Seepage 'from a subsurface irrigation field to a i
non-jirrigated field which has water table drawdown {
due to ET. ( Redrawn from Skaggs, 1978 )

T
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( | s 1is the distance from“fhe.subsucféce irrigation field

‘boundary to the bottom edge of the ditch. d

" e is maximum design evapotranypiration.
B 1 4 .
. | N

B Figure 8.1 shows the boundary of the field'(EFGH). The :
boundary E-H ‘is adjacent to the ditch. For this side,

leakage losses can be calculated by equation (8.1), - 2

T

Substituting'the values of the parameteré shown in Table

8.1, gives h; and h, as 0.8 m and 0.3 m, respectively.
. Ay N

Applying equation (8.l), the fate of leekage per unit length

. of field boundary E-H may be calculated as: '

PO

{ : 4 :
" » T
- .
\

qp.y = { 1.56 m/day (0.82 - 0.3%) + 0.0045 (25)2}/ 2 * 25

0.0734 m3/m day

and the rate of leekage for whole length of boundary E~-H may

-~

be determined as:

(o}
)

Qp_y ¥ 9*L; = 0.073¢ m3/m day * 300 m = 22.02 m3/day
However, it should be noted that the 10 m strip of the field
supplies the ET demand between the collector and the road

and should not be considered as leakage losses. The rate of

water used in the 10 m strip is, ¢

(w Co o Q, = 0.0045 m/day * 10 m * 300 m = 13.50 m3/day

PO
s LWL i K e e AR
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TABLE:

7. Water level below the soil surface
. in the ditch (assumed) 1.3 m
8. Distances from the subsurface irrigation %
field to the bottom edge of the ditch ;
for the following boundaries, (s): ° ;
E"H ' 10-0 m
° E-F 8.0 m
G-H 8.0 m
9. wWidth of the road 5.0.m ,
10. Length of the subsurface irrigation.: é
field boundaries are as'follows: (L)
E-b 300.0 m
.%i E-F 312.0 m
7 G-H 312.0 m
F-G 300.0 m
O, )
. j
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8.1. Values of the pérameters for determination of

seepage losses from subsurface irrigated field.

Saturated hydraulic conductivity, kg
Maximum design evapotranspiration rate,e’
Depth of impermeable layer, DI

Water table depth at midspacing as a
function of steady upward flux of ;
4.5 mm/day (Figure 6.8)

Water table depth at the drain throughout
the boundaries E-F and G-H (assumed)

Water table depth thro@@hout the
boundaries E-H and G-H\(assumed a
mean of 4 and 5) )

'

1.56 m/day

4.5 mm/day

l.6 m

1.0m

0.6 m

0.8 m

R R
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then, ’ .

Kl

Qp_y = 22.02 - 13.50 =-8.52 m3/day

. : 3 .
For boundary E-F, the lateral is parallel to the ditch,
therefore the water table depth over the drain is taken to
calculate hi. Then h; is equal to 1.0 m and s equals to 15

m. Hence,

{1.56 (1.02-0.32) + 0.0045 (15)2} / 2*15
Qp_p = 0.0811 * 312 m = 25.30 m3/day :

s b

ra

Again, a 8'm strip is under production as previously stated.

That is, . o Lol
L
Qe<if°;§°45 * g * 312 = 11.23,m3/day

Then,
Qp.p = 25.30 - 11.23 = 14.07 m3/day

w

Since the boundary G-H is similar to boundary E-F,

Qgy = Qp-p = 14.07 m?/day ‘ 1

. Leakage losses along the East boundary F-G are different

than the above case. In this c&se neither h2 nor s is known.

According to Skaggs, (1978), h, can be assﬁﬁed from which

\
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the rate of upward movement is not%§uffiqient to support a
' o

maximum ET rate. He derdived an equation which may be

expressed as (refer Figure 8.3):

qa= [ (h? - n,2) ke 1Y/2 . ceee (8.2)

v

»

The relationship bgtween steady upward flux and water table
depth (Figure 6.5) indicates that an evapotranspiratibn raté
of 2 mm/day (conservative eéti%éte) cén be sustaired with a
water table depth of 1.0 m below the root zone. If the
~effeétive root zone of maize is assumed to be 0:30 m, then
the water table depth from %he soil surface is equal to 1.30

m. Hencel h, will be 0.3 m and h; equals to 0.8 m. Putting

these values in equation (8.2) 'we get, .

- R
[ (0.82-0.3%) 1.56 * 0.0045 ]1/2

~ 9p-G

0.0621 m3/m day . . R
Qp.g = 0.0621 * 300 m = 18.64 m>/day

The total seepage loss, Q,, can be obtained by adding all

the losses from four boundaries.

Q¢ = Qg_y *+ Qp.r * Qg-n * Qp-¢

8.52 + 14.07 + 14.07 4 18.64

55.30 m3/day

I
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This leakage loss could be reduced by keepiﬁg the subsurface
irrigation pipes fgr;hér'from the field boundaries. This
leakage water will“h;ve %o‘be supplied in additioﬁ to thei
irrigatiéﬁ“water necessary to satisfy ET demand during the
growing period. Watef requirement for plant use, Qpp can be
calculated by: ‘ .

"J

QpT 0.0045 m/day * 312 m * 300 m

421.2 m3/day
Then the total water supply capacity, Qg will be: )

Qo = #21.2°+ 55.30 = 476.50 n3/day

1

Then each chamber has to receive 238.25 m3/day of water. The

power required to deliver the water -supply cépacity td the.

'y

chambers may be determined by: T b

¢

9.8 *Q * H .
KW‘-= - ' 0000(8'-3)
\ E < . ! , a
~ . p ) . -

ar

w;;ZE KW (input) power delivered to pump

3

Q. = discharge rate,~m3/s
Mf\‘ H =total pumping hgad}f(lo m is assumed ﬁor’lift‘of
water from a we 1|pl§s friction Loss in
a gelivery system); 4
SR Ep = pump efficiency (70% assumed)
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KW = 9.8 * 476.50 m3/day * day/24 hrs * hrs/sp min *

min/60 s ¥ 10 m /. 0. 7 . \

0.772 KW = 1hp L ,

o

Therefore a 1 hp .electric motor is required.:

B s
\ 4 . .
M ‘ ' 9
' ‘
'
[

¢

8.2 Head Loss
A . ”
key

e -

E

v

“ : U C P, '
The control chambers are’'designed to distribute water to the

Py

ffeld through drain pipes: A head is malntalned in the

i

control chamber "to force the 'water to move to the fleld

‘ -
estimated, then Jthe control chambers can be desiqned'
accordingiy. A . .o ,
Galllchand (1982) and von Hoynlngen Huene (1983)\\31cu1ated
head losses. durlhg the experlments on subsurface 1rrlgatlon

on St. Samuel sandy loam soil. The former, found that ‘the

,agalnstlcerta1n f:lctlon losses. If the friction losses are

Cot

head loss of water ex1t1ng from the plpe 1nto the soil was

. larger than. the head loss due @o plpe frlctlon. The" latter

author found that the exit and. conVergence head losses, are

important inm subsurface irrigation.

1
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Approximate head losses can be calculated wiph Mahning's
equation. Manning's equation may be written as:

L

v = 1/n R%/3 gel/2 - " cee.(8.4)
where V is the velocity:(m/s), n is Méhning's roughness
coefficient, R is the hydraulic.radius (m),‘and Se is the
slope of the energy grade line (m/m). ¢

r

For circular pipes: <xb,
R=d/4 N ....(8-5)
Substituting (8.5) in (8.4) we get,

v=l/n (d/4)2/3 sel/2 - vee.(8.6)

o

The continuity equation for full pipe flow gives

g=RAv= wdl/g *v

Subétituting equation (8.6) in the above equa{ion will

yi,eld ’ ‘

#

——

Q - sz/4 * 1/n (d/4)%/3 » gel/2

or . ' P
i

Se= 10.29359 Q2 n2 , 35,333 - (8.7)

Df/" »
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Head loss |h; due to friction may be obtained in each
particular'lsection of collector pipe by multiplying the

slope of energy grade line .Se by the length of pipe, L, in

guestion:

Se * L ’ : vees(8.8)
Considering the collector at the location of ?ontrol chamber
2, the /head losseg are calculated fox:the collector of
sectign AB, BC, laterals R-15, R-17, and R-19. The total
floy rate Q in the control chamber is evaluated from the
previous section as 238.25 m3/day ( 0.00276 m3/s yo It is

assumed that the flow rate is equally distributed among five

laterals by the control chamber. Therefore each lateral will

receive 1/5th. of the total flow rate. Head loss for
collector AB and BC can be. calculated by assuming that the
flow rate is decreasing at each section B and C. Then,

applying equation 13.7), assuming Manning's roughness

.coefficient, n, for corrugated plastic tubing as 0.016 (

Schwab, 1983 ) and substituting.the values such as{‘

/

*

d.= 0.15@ Qp_p X 0.0011 m3/s

v

Qg-c = 0.00055 m¥/s’ - | T

s "Rt LA S 8

’ - ORI
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The energy gradient can be computed as,

. /6 . . s 4
Sep_p = 10.29359 ( 0.0011 )2 ( 0.016 )2/( 0.15 )3-333 ]
=8 * 1075 n/m ‘ )
and § .

Ay

¥

Sep_c = 10.29359 ( 0.00055 )2 ( 0.016 )2/( 0.15 )5-333

= 2.0 * 1073 m/m

Head loss for sections A-B and B-C is calculated by equation

(8.8f as follows:

h 8 * 1072 * 30 m = Q.00237 m

J
L,colA-B =
ks ” ]

, . N
- - - 5 _ l
hp,colB=c = 2 * 1072 * 30 m + 0.00237m = 0.00296 m.

To obtain head losses in the laterals, one mpdificafion/;
needs to be made in the flow rate Q, because thb‘flow rate
decreases with distance from the collector since the

El

laterals are perforated. Assuming that, the flow rate in the

lateral decreases linearly then the following equation may

be used.

Q1at = Qo1 [( L-X)/ 1L ] ) ceeo (B9

‘j}"_f

A M :
Where, Q;,, is the-~flow in the lateral at a particular

¢ A

distance X away from the collector (m3/s ), Qcol ‘is the

W
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flow that enters the lateral ( m3/s ) and L 1is the total

length of the lateral (m)) '

$

If it is assumed that ﬁhe flow is constant within a%small

‘distance, say for example 1% , then equation (8.9) can be

substituted in equation (8.7). The following equation will

yield,

a0

Se = 10.29359 {Q.; ( L-X )/L}? n?/g>-333 .. (8.10)

v

-

Taking the values of Qcol that is the flow rate which
enters in the lateral R-15 equal td 0.00055 m3/§, and other

values are:

-

Lia¢ =312 m d =0.lm .o D = 0.016 ¢

N
v

~

Substituting above values, and simpl{fying equation (8.10)
‘ .

will yield, - - .

N Se = 0.00017 ( 1-x/312 )% vee.(8.11)
The head loss can be computed K from equation'(e;ll) for

particular point in the lateral. : 1)

Another component of the head loss is the exit loss. Exit
loss is defined as the head loss due to the resistance

encountered by the flow of water exiting from the lateral .

e .

”

A N it . SR o o

¢
i
i
!
:
:
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)

into the soil.”Bquation (8.12) ( Bravo and Schwab, 1977 )
N . o
can be used to calculate head loss that occurs due to exit
resistance, and may be expressed as:
)

by, exit = 1}‘ ( rs/re ) Q/2m kgL ce..(8.12)

Wh;re re is the effective drain radius (1n2, hL,exit is the
exit head loss ; m), rg is the drain radius (m) and kg is
the saturated hydraulj; conductivity. Mohammed and Skaggs
(1983) found from 'experfmental results th%t the effective
radius, re,'ﬁor different types of tubing varies between 8.0
* 10~7 cm and 3.9 cm. The effective drain radius for 10 cm

‘diameter pipe with ,a perforation area of 21 omz/m is
approximately 1.5 mm. In Quebec, the minimum drain
perforation area is 21rcﬁz/m of drain. Therefore the

[

effective radius of 1.5 mm is assumed.

"The head loss due‘to exit loss is calculated for a 10 cm

diameter corrugated plastic drain pipe of length L witﬁ an __.

effective drain radius of 0.0015 m; Since the flow ’is

assumed to decrease linearly, thexmean}flow\per unit length
1s used : ¢
Qo = Qccl/Llab * 7 -cc-(8.13)\

Where Q, is the flow out of the drain per u&it length

R
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(m3/dayf. Substituting equation (é.13) in eqpation‘48,125
gives,

hr,exit = { 1n ( £s/re ) Quo1/Lyap }/27 kgh  ....(8.14)

v

*

.Solving equation (8.14) for the various values of

»
>

components, such as:

—

a

L=1m - re = 0.0015 m Liat = 312 m
k.=1.56 m/day rs =0.05 m Q = 47.5 m3/da
s col (0.00055 m%/s)

L .

Then !

3

B exit ={ 1n (0.05/0.6015)(47.5/312) }/(27*% 1.56 * 1)

= 0.0545 m ' i

a

If the pipéhfas more than the minimum opening area of 21

cmz/m the exit loss will be less than 0.055 m.

4

Y
" Another head loss component that occurs in the system is the

convergence of the flow lines near the drain. Gallichand
_(1983) and von Hoyningen Huene (1984) caléulated the
convergence losses by flow net adalysis. The results of
latter author on head loss due to convergence are reproduced
and are given in Appendix D (Table D.1 ) along w%th exit,

losses at various Qo values, . It is' interesting to note from

oo

&
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his results that the convergence losses are approx.unately :
1.45 times the exit 1osses at 51m11ar flow rates. Therefore
pne can approxlmate.convergence losses without doing the

, . flow net analysis. The head loss due to convergence is

calculated as:

hL}con = ¥°45 * hL,exit eses(8.15)

= 1.45 * 0.0545 ° v
f = 0.0790 m . v , -
/ ®

7 -

‘vIt should be mentloned here that the head loss due to exit

is much “smaller than, the. head 1loss obtained by von

T

Hoyn;ngen Hﬁene-shown in Table D.1. This is because the'flow
e rate per unit length 1n our cese is much smaller than the

flow rate per un1t length used in hlS experiment,

)
o
1.

Total head loss can be calculated for lateral R-15 as:

Bp,tot * Pr,lat * Pp,exit * Br,con
0.01313 + 0.0545-# 0.0790

0.1466 m or 14.66 cm N . u

A ——

Other head losses such as entrance head loss, Teé , elbow

are-not considered here because tﬁzh losses. are very small
and can be neglected. //§®§§§ : . -

N
%
3

i
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The resul‘és of total héad loss for R-15, Rﬁ—l7 and R-19 are

shown in Table 8.2. From these results, the water level in
thé: control chamber can be designed so that the water table

at the midspacing can be maintained at the desired depth. .

The profiles of thé water table over the laterals R-15, R-17
and R-19 are plotted jin Figu‘res 8.4, 8.5 and 8.6

respectively. These profiles-were used to determine the

shape of the water table above the laterals R~15, R-17 and ~

R-19. a ‘

‘Water table depth at midspacing can be determined using

hooghoudt's equation (3.2). This eéuation is solved for-

deflection, m , with known parameter values such as:

[=7)
]

0,48 m kg = 1.56 m/day
W= 30m e = 0.0045 m/day

After simplifying, the equation (3.2) may be expressed as:

Yy

/ m? = 2(hy +. 0.48)m + 0.6490 = 0 eeee(8.16) -

?

This is a quadratic equation and the solution may be found

~

- -b + (b2 - 4ac)l/2 \
" m= ( vere(8.17)

2a
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TABLE: 8.2. Various head losses in subsurface 1rrlgation‘
x ' " system. . / -
Lateral "Head loss due to Head loss Head loss Total ‘
' ] friction, m due to due to head -
A it exit convergence loss
5 Collector. Lateral m - m m
'&- R K
§ S R-15 0.0 0.0131 0.:0545 . 0.0790 0.1466 ’
' "R-17 0.0024 0.0131 0.0545 0.0790 0.1490
R-19 0.0030 0.0131 0.0545 ¢« 0.0790 0.1496
i . I / ¥
! ( ‘ r )
: 7 ;
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‘consider the operation of the system. THe following points

should bq noted:

L <~ , \ 205

<=7

Where a = 1
b= =2 (hy + 0.48)
c = 0.6490

e
#

The water tab]l.e depth at midspacing é;m be determined using
the value of h,, water table h‘eight abocve the drain, which ,
can be obt:airf‘ed from Figures 8.4, 8.5 and 8.6. Since the
‘w‘ater t’érblé; hpehights above drains are not equal, a mean value
was taken for h, in equation (8.17);

t -
The results are presented in Figures 8.7 and 8.8 for a

distance 'of 100 and 300 m from the collector, respectively.

The witer table depth at a point midway between drains

‘varies from a minimum of 0.65 m (Figure 8.7) to ak/mym\]m of

) ,
1.18 m (Figure 8.8). The water table depth of 1.18 m is

’ deéper than the optimum water, table depth of 1.0 m required

to maintain the design ET rate of 4.5 mm/day ( Figure 6.5 ).
Therefore, one way to decrease the water table 3epth is to

level the ground in Figure 8.8 in order to achieve the

o

reguired water table depth. -

- »
4

8;3 Opeéational Guide

- “
5
- I3

Following the design o%subsurface irrigation, one should

&

l) .Water level in the control chamber should be maintained

1

P
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w3

at 10 cﬁ below the ground surface to obtain the
desiréd Qater table elevation in the field ( Figurea‘
8.4 , 8.5 and 8.6 ). )
These control chambers should be installed in.such'a way
that they should not hinder the~ usual field operations.

The control chaﬁbers must be covered with 1lids to avoid

trash and soil from depositing into it.

Irrigation should be Stopped when the grain filling is

nearly completed in order to avoid excess irrigation
costs. ’ N

The drain valves shéuld be opened before harvest or
-during any large rainstorm after st;ge 4.

The valves should be closed when the soil is found to be
workable for seed qu pieparation in the spring. This
will prevent the water tabie from dropping .60-70 cm.
It will also take less time‘to raise the water table to
a desired level,kwhen irrigation is started.

Float valves shéuld be installed in the control chamber
to keep the waterji;§el constant duriné the irrigation
season.

The overflow pipes in the control chamber should be set
at 8 cm below the soil surxface such that excess water
should spill over and leave the system. This will
preve;\\the water table from rising so high as to limit

the aeration of the soil in the root zone.

In the event of -large rainfalls during the growing

4
@, -

Kad
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season irrigation should be stopped and the overflow

level reduced, so that drainage can take place.

4
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IX SUMMARY AND CONCLUSIONS

Subsurface irrigation-is a relatively new method of

irrigation. It functions in combination with drainage

systems. Its installation.and eperation in some parts- of.

the world is based on a trial and error ba51s since it is
quite d1ff1cu1t to, de51én. However, subsurface 1rrlgat10n is
a relatively low cost form of irrigation when the

topography and climatic conditions are suitable.

}

Ay
5,

There are approximately 30,000 hectares of more permeable

sandy soils in the south-western region of Quebec, which are

suffering from drought and need supplementary irrigation for

]

better crop production. It is physically possible to control
the water table in these soils by means of a subsurface
irrigation‘system thus reducing bhysielogfcal damege due to
drought. ‘

IS
'

This was the first tiﬁé that subsurface irrigation wag

introduced into this region. The primaryfobjective was to

set up a field experiment to 1nVestlgate the soil water

L4

regime and maize yield response, with and without subsurface
irrigation. The ultimate objective was to propose suitable

designs which could maximize the profitability of corn

production.
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A field‘experimeﬁt_was carried out for two years on .a
10-year old ;ubsurface draina;elgysteg/in a sandy soil. The
existing drainage sys%em was mgdifiea in order to achieve a
randomized complete block design with eight replicates, éach

replicate consisted of .one irrigated and one noinrrigaﬁed

~

RN

maize plot. a \\\\ .

In the field experiments, soil suctions and water table

" depths were measured periodically in order to determine the

soil water regime. Root density was measured for éheoretiéal
calculation of upward flux; yield measuréﬁéﬁts were done in
each year to determine the effect of subsurface'“irrigation.
Séatistical analyses were carried out on the observed yield.
A computer wﬁterwbalancé modgl was devéloped!and integrated
with crop models based on the stress day index concept to
méximizerihe‘profit from maize cultivation for subsurface
irrigation and d§ainage design altefn§tives. Thé inputs into
the model were the daily rainfall and potential
evapotranséiration, soil and crop parameters énd some fixed
parameters. Daily rainfall values were oﬁtained frém the-

experimental site during the subsurface irrigation

experiments. Potential evapotranspiration was calculated “
; N .

from observed maximum and minimum temperatures during the
subsurface irrigation experiments. AE'was calculated from an

assumed relationship between available water and AE/PE

’

— - -
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ratio. Steady upward flux and drainable volume were

.

expressed as a fdﬁcgfbn of water table depth. Laboratory

A3

-

\,
experiments were con&usiéd to determine soil moisture

characteristic curves and dgainable volume in relation to
N

suction. ‘ -\\ .

The moisture characteristicé data were used to'pbtain
unsaturated hydradlic conductivity functidns. This
information was used to establish relafionéhips between
steady upward flux and water table depths. A relationship of
drainable volume versus water table depth was determined
from long s0il -cores and was expre§séd in a non-linear
functional form. The model was then operated with weathgr

‘data for the period from March 31 to October 31 for two

years.
Tbe predictgs‘daily water ta?le depths add/y}eid vere
comparea with the observed data -from th non-irrigated
plots. The‘;ver;ge relative yiéld of.corn was predicted as a
function of drain spacing for both subsurface irrigation and
drainage cases and income wés calculated for the range of
corn prices considered., Initial investment cost for

subsurface drainage and irrigation was determined for the

.range of spacings. This cost was amortized for a given

useful system life , using suitable interest rates in order
to obtain the annual cost per unit area. Annual producﬁion

and maintenance costs were also added to the above cost to

»
. . -
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~Finally, a suitable water control system was proposed and

get the total anmnual cost per unit area. From this
information, profit was determined for a range of spacings.
Additional net benefits due to subsurface irrigation were
c&mguted. The vari;tion ia saturated hydraulic condugtivity
was consiésred and assigned a 90% confidence bound. The risk

i

was thus defined.

The effects of uncertainty in the unsaturated and saturated
flow parameters on the 'subsurface irrigation/drainage
designs were studied. A simple approach which uses the first

and second order moment method was utilized to perform these

3

analyses. Examples were given for steady
/

unsaturated/saturated flow equations. Vs

operational guidelines were recommended. Baseé/on the
’/

_-results of this study the following conclusions were drawn :

1. Subsurface irrigation performed satisfactorily in all
irfigated plots. It raised the water tdble, improved the
s0oil moisture regime in the root zone \and increased the
maize xields‘significantly. This indicates that subsurface
irrigation is possible on sandy soils in south-western

Quebec and that significant yield increases can be obtained

during periods when precipitation is inadequate.

2. The results of soil moisture contents and soil suctions

1
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in ﬁhe root zone suggest that a water %able.depth less than

108, cm can supply the maximum ET demand since moisture '

content stayed almost at field capacity when water table

depéh varied in the range of 70-100 cm.

3. The relationship between steady upward flux and water
table depth of St Samuel sandy soil supported the results in
(2) that the yaximum'upward'flux of 4.5 mm/day can be
supplied froﬁ a water table as deep as 100 cm.

4. Available water in subsurface‘irfigated plots was found
to be more than tw{Fe that of plots which did not receive
irrigation. This clearly showed that, in non-irrigated
plots, the ET rate exceeded the upward flux resulting in a
loss of moisture content in the root zone. Hence, an optimum
water table depth of 70 to 100 cm at the midspacing should
be maintained in subsurface irrigation systems for 'St nghe%

sandy soil in order to maintain adequate moisture supply to

the root zone.

5. A highly signi%icant maize yield increase of 40% in 1982 -

ST A

and 50% in 1983 were found in subsurface irrigated plots,

.even though irrigation was not continuously applied. These

results suggest that subsurface irrigation can be very
beneficial in south-western Quebec in dry years.

6. It was fouhd that the water balance model could achieve

s .
} -
s 4 - e A3 AR et
s . v - - - e M el L e e o it e e o, L yiahaeinh ez ¥

0

214

'S

=

, .
§oo ,;b@.bfgqgayip‘,ugmu '



s

o g

reasonablé accuracy in simulating ° fluctuating water table
depths and soil moisture distfibutions in the field. These

w-
results, when used in crop models, predicted maize yields
¥

which were sufficiently .close to that of observed yields in

4

non-irrigated plots. .

R NG )
7. In simulating the weather data of 1982 and 1983, it was

fo;nd that the ;Verage relative yields could be increased
significantly by subsurface irrigation even though the
spacing between laterals was based on a subsurface drainage
system. However, maximum relative yields could be obtained
if a drain spacing of 30 m was used for subsurface
irrigation systems and 45 m for subsurface drainage systems.
The results o; the simulations indicated that an average
relative yield could be increased‘by 48% by prpviding
subsurface irgigation in dry years. ‘ '

8. Maximué profits of“$513/ﬁa could be obtained by providing
the subsurface irrigation system with 30 m drain spacings

compared to $19/ha for subsurface drainage system with 45 m

drain spacing based on the mean saturated hydraulic

" conductivity measured in the experimental field .

9. The magnitude of net benefits was found to be influenced

‘by all the parameters considered ~such as: interest rate,

o s i e e <Y A LT

/

corn price, drain spaciﬁg]and saturated hydraulic

conductivity (ks). However, the variation in saturated

.
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.hydraulic cbnductivity had a greater effect on drain spacing

in maximizing net benefits, while other parameters were
independent of drain spaéing. This adds emphasis to the
consideration of field measurementé of saturated pydraulic
cénductivity. Decisions regarding design should be based on
calculations which take the range of actual kg values into

account within a permissible risk.

-

)

.

10. First and second order methods of analysing uncertainty
can be used to study the effects of uncertainties in soil
parameters. These‘soil ?arameters include : unsaturated and
saturated hydraulic conéuctivities or combina{ions of both
or other soil properties on the design of the subsurface
irrigation/drainage systems. Confidence boundsucan be
assigned on the resul;s which will help the designer to
devélép a subsurface irrigation/drainage system design based
on the’risk a garmer is willing to accegF.
¢

1l. A subsurface irrigation system should be designed and

operated on the basis of guidelines and recommendations

discussed in chapter VIII of this thesis.
Va

9.1 Recommendations For Future

Related Research

s

As a result of the study conducted and the limitations in
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"different soil types and should be verified with theoretical

irrigation/drainage systems.

¢ . 217

scope'of this research, the following items are

recommended for further research:

~

1. Field experiments on subsurface irrigation should be
conducted at éﬁfferent locations with different crops
to investigate the effect of subsurface irrigation on

crop yield.

2. 80il cores with a'depth of 1.0 to 1.2 m should be-used
for the drainable” pore volume - water table depth relation-
ship and a functional relationship should be establ ished

1

long soil cores are obvious bgcause they take into account

the heteﬁpgénity of the soil profile, \samples are not easily

disturbed; one long soil samplé is better than many small .

soil samples at different depths. The disadvantage is, long

»cores are difficult to install and extract. Hoyever, efforts

should be made-to devise a mechanism which can easily be

"

used for driving and extracting the soil cores.

3. Long soil cores should be used for the developmen

A}

relationships between upward flux and water table depths fo

£

methods. This will help for fufhre design work in subsurface

4. Detailed experiments should be planned and conducted to
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invéstigate root development of crops with respect to time.

© -This is very important in terms of water table management.

\

4

5. During 1983 field,expeiiments*,saline groundwater was
fou%auin the newly es£ablished we%l. It is recommended that
this saline wate; should be incorporated‘with the drainage
water and the mixture be used. for subsurface irrigation.
Further experiments are rqu}red £o determine éhe effects of
saline water on soilustructﬁne and sqbsequént plaqt growth.
\

6. The computer water balance model developed in this stu@y
was dotKGES%gd with the water table depths in Fhe subsﬁgface
irriggtéon ;ygtem because initial conditions such as: water
téblé depth at th%%iédspacing and presssure head at the
drain at time,t is equal ts 0 were not known. However, it
is guggested Fhat observati;ns of initial conditions and
fluctuating water table depths should be made by keeping‘ a
'bqné;ant pressure head over the drain. These results of

!

water ‘table depth observations at midspacing then can be

tested with the results of the model to gain confidence in

its predictions. Also more observations of water table
depths should be made in different areas with and wfthout
subsurface irrigation to test the water balance model

1

predictions. g

® . N

7. In this study, only two years of weather data were used

o ey wrtt -

§
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' in the water balancé model. It is suggested that -a larger
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number of years of weather data and”more years of yleld
‘results be considered. It is also suggested that the effects

of delay in planting due to slow dralnage be 1ccorporated in

.+ the model.” Incorporation 'of the above data will increase the

areliabilitf of the economic analysis for subsurface

irrigation/drainidge’ systems. - - -

8. It is recommehded that the effects of! uncertainty due to

i80il and weather parameter% in the design of subsurface

irrigation/drainage systems be included. Effé%ts should be
. g

made to improve the analysis for practical designs.

i
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A. Derivation of Steady State Eguations for
' Subsurface Drainage and Irrigation
Systems Design

In Hooghoudt's.analysis it.is assumed that the rain is

failing at a constant rate on the surface as shown

scheméticallyvin Figure A.l. In order to simplify the

mathematical analysis, the Dupuit-Forchheimer (D.F.)
assumptions are made. Considering flow towards drains in a
saturated zone only, it is assumed that the hydraulic
gradient at any p01nt is equal to the slope of the water

table above that point. The flux per unit width can be

expressed as:

. . dy
Q= -ksy -— ¢ vas e (l)
dx

©oa

Where y is the distance between the water table and the

impermeable layer and is a function of x, dy/dx is the

hydraufic gradient at the point x considered. From ghe

i

conservation of mass we know that the flux at any point x is

ES

equal to the £low q; 1nto or out of the unit area of the
e .

soil multlplled by the sﬁ?éace area of the plane. The
)
surface area of the plane is equal to (W/2-x)*1l, where 1

stands for gwunit distance measured out from the plane of

the paper. In other words we 'are cosidering a unit thickness

-of soil, Therefore, the quantiz;/of water flowing per unit

time through the plane is given by

—
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W L]
Q= -(—-x )9 eees(2)
2 ;
Substituting equation (1) into equation (2) we get,
dy W
kgy— = -(— - x )q ceea(3)
dx 2

Separating variables .wand integrating the equation (3)
subjéct to the boundary conditions for drainage (refer to

Figure A.l), that is y=d at x=0 and y=d+m at x=W/2, we get,

P

“ qu?  qw?
ks( m2+2dm) B e = — oo-_-(4)
2 4 :

-Simplifying equation (4) and rearranging the terms will

yieldﬁqugoudt's equation for drainage flux.

4k
P q = 'Ef( 2dm¢m?) e (5)
w .

1

The convergence near the drain can be accounted for by

‘substituting an equivalént depth de, for 4, then the b.F.

assumption would appear reasonable.

~

~\

A similar approach can be ysed for the derivation of a

subsurface irrigation design formula. In this; the drainage

i
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flux q, in equation (5) is replaced by evapotranspiration,
e. During subsgrface irrigation, pressure head h,, is
maintained at the drain to raise the water table in the
field to supply the,required e, to the root zone. Subject
to the boundary conditions for subsurface irrigétion,'such
as y=h, +d at x=0, and y=y;d at x=W/2, the equation (5) can

be solved for subsurface irrigation flux as:

4k . . -

e = ;Es[ 2m( ho+d ) - m? ] eees(6)

Where m=h,-y.
Substituting d with equivalent d,, the equation (6) can be
expressed for drain spacing as: -

4k

w2 = —°( 2mh_+2md -m?) ceee (D)
o
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%

Figure B.l. Periods of irrigation and time of water table
observations in 1982 field experiment.
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TABLE: C.l. Analysis of vaff;nce for dry bulk density with™ .
respect to treatment and depth.

Source DF Sum of sq., Mean sq. F . PX>F R c.v
Model 9 .4082 0.1565 33.70 0.001 0.569 4.46
Error 230 .0678 0.0046 Root MSE Density Mean
Corr.Tot 239 2.4760 0.0681 1.53
Source DF Anova SS F Px>F
Treatment 1 0.000107 0.00 0.956
Depth 4 1.286792 10.22 0.022

VT WD = G S W S W W G IS GED WS D WP NS S WD SN S Gue S M D D G P A S GEL M I WD M G IS WD WD U I A N S S S e O W Sw

&

TABLE:C.2. Pertinent soil properties of St. Samuel sandy
loam soil. L

Saturated Field capacity PWP Saturated
moisture percent by percent by hydraulic
content volume volume conductivity
percent by . '
volume m/day
o o e o o e O o e e O T i 6 e S e A S o T 0 —— e -
(1) (2) (3) o (4) T
43.0 25.72 3.10 1.56

- T St G R G G A G e S D S G W D W W WS M D D W S W G R S W AP A My S g D . - -

The values in bolumns 2,3 and 4 are obtained from
Rashid-Noah (1981)~\
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TABLE:C.3. Analysis of variance for yields of maize in the
year 1983. )

A. Grain yielé

S S S G WD G GEY S T G G G G n D N S GER G G N G W S TS D WA T G G T D g N A S D Gub N D R S A WD

Source DF Sum of sq. Mean sq. F . Pr>F R c.v
Model 15 160081205 ' 10672080 9.46 0.0001 0.689 28.65
Error 64 72165114 1127579 Root MSE Grain Yield Mean:
Corr.Tot 79 2323&6319 ' 1061 3705
Source DF Annova SS F Pr>F
Block 7 28420836 0.90 " 0.5539 -
Treatment 1 100054301 22.16 0.0022

- v G - D G R D AR R D ) R W=D G G WS R G R T G G G SN T G D TR S D G P M G WU S R S D G AR S WD W S W

D D A N G Ty G G S I M S A D 4 G R W R G T WD S TR G AR W G MM S G N S G D G e D M e GOR M W -

4 R e v - — - T - - A —— - - — T —. . —_— ——— —— — -

Source DF Sum of sq. Mean sq. F

o

Model 15 214451160 ;4225741/ 9.22 0.0001 0.684 28.35
Error 64 99226863 --1550419 Root MSE Ear Yield Mean

Corr.Tot 79 313678023 1245 4392
Source — DF Annova SS F PE>F
Block 7 - 38049104 0.89 .- 0.5598°
Treatment 1 133595389 . 21.85 0.0023
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TABLE: D.l. Exit and convergence head loss values in
-~ subsurface irrigation field (adopted from von
Hoyn1ngen Huene, 1984).

S . s - IR . OP SU WD G} P T I WP G MNP GED W B T MU e A R D G W R RS D TR b S U S G SN G W b W W D M GE FEE G T D S -

Flow into Exit convergence
Date lgteral head 1loss head loss
/day ~om s m
July 06 17.44 0.04792 0.06969
07 31.71 0.08712 0.12672
08 26.95 0.07405 0.10770
09 - .- -
10 . 7493 0.02178 0.03169 :
11 25.37 0.06970 ) 0.10138
12 33.30 7 ‘0.09148 0.13307
13 25.37 0.06970 0.10138
14 30.12 N 0.08276 : 0.12036
15 - - : . -
16 : 37,09 0.10192 0.14822
: 17 31.45 0.08641 . 0.12568
18 - 33.39 0.09174 0.13343
19 31.23 - 0.08581 0.12480
! ° w
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DESCRIPTION OF VARIABLES USED IN
WATER BALANCE MODEL FOR OPIMIZING
SUBSURFACE IRRIGATION/DRAINAGE
SYSTEM

DEVELOPED BY
NISAR AHMED MEMON

o 5,

***yrk*/*m*******
MAIN PROGRAM
dedekededededeicdeicdokdededeekk

AWC=AVAILABLE WATER CAPACITY, mm

AERTZ=PARTTAL ACIUAL EVAPOTRANSPIRATION FROM ROOT ZONE, mm

AEUP=PARTTAL EVAPOTRANSPIRATION FROM UPWARD FLUX, mm
ASUBIR=AMOUNT OF SUBIRRIGATION, mm

AETS=ACTUAL EVAPOTRANSPIRATION DURING SUBIRRIGATION, mm
AET=ACTUAL EVAPOTRANSPIRATION DURING DRAINAGE, mm |,
AYRDR=AVERAGE RELATIVE YIELD OF DRAINAGE SYSTEM
AYRSUB=AVERAGE RELATIVE YIELD OF SUBIRRIGATION SYSTEM
CSD=CROP SUSCEPTIBILITY FACTOR FOR DRY CONDITIONS
CSW=CROP SUSCEPTIBILITY FACTOR FOR WET CONDITIONS
DRWI=WATER TABLE DEPTH DURING DRAINAGE, mm
DVOL=DRAINABLE VOLUME, mm R

DDZ=DRY ZONE DEPTH , mm . L T
PET=POTENTIIAL EVAPOTRANSPIRATION, mm . .

PDAY=PLANTING DAY
PERC=DUMMY VARTABLE

QDR=DRAINAGE FLUX, mm/day

QDRS=DRAINAGE FLUX DURING SUBIRRIGATION, mm/day
QSUB=SUBSURFACE IRRIGATION FLUX, mm/day
RETDR=RATIO OF AE/PE FOR DRAINAGE CASE
RETSUB=RATIO OF AE/PE FOR SUBIRRIGATION CASE
RAW=REMAINING AVATILABLE WATER, mm

RAWSUB=REMAINING AVAILABLE WATER FOR SUBIRRIGATION CASE, mm

SPACE=DRAIN SPACING, mm
SUBWT=WATER TABLE DEPTH DURING SUBIRRIGATION, mm
THETAS=SOIL MOISTURE CONTENT AT SATURATION

THETAW=SOIL MOISTURE CONTENT AT PERMENANT WILTING POINT
TWT=TOTAL WATER TABLE, mm

VOLSUB=VOLUME OF WATER ENTERING IN SUBIRRIGATION SYSTEM
YRDR=RELATIVE YIELD OF MAIZE IN DRAINGE SYSTEM
YRSUB=RELATIVE YIELD OF MAIZE IN SUBIRRIGATION SYSTEM

*kkdkkiokkkkikidkikilhikhiidbkid

SUBROUT INE DRAIN n
Fdkkkkikkicickiciokkkkkkdokhdkkkkikiihk

ACTD=DEPTH OF THE IMPERMEABLE LAYER BELOW THE DRAIN, mm

D'HIEG){T OF THE WATER TABLE ABOVE THE IMPRMEABLE LAYER AT THE DRAIN m

DD=DRAIN DEPTH, mm

DE=EQUIVALENT DEPTH, mm LA

DENOM=DUMMY VARTABLE

251
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LAl !

DIFVOL=DUMMY VARIABLE N
DWI=DESIGN WATER TABLE DEPTH, mm
EM=DEFLECTION OR PRESSURE HEAD, mm ]
FACTOR=DUMMY VARIABLE ' 0,
HM=HEIGHT OF WATER TABLE ABOVE \THE IMPERMEABLE LAYER

AT MIDSPACINGS, mm
HO=HEIGHT OF WATER TABLE ABOVE THE IMPERMEABLE LAYER

AT THE DRAIN, mm
OPIWI=DESIGN WATER TABLE DEPTH FOR SUB IRRIGAT ION SYSTEM, ‘mm
OPTVOL=DRAINABLE VOLUME AT 1000 mm SUCTION, mm
QMAX=DRAINAGE COEFFICIENT ,mm/day

R=EFFECT IVE RADIUS FOR DRAIN PIPE, mm ’ .

SATK=SATURATED HYDRAULIC CONDUCTIVITY, mm/day ,
VOL1=DUMMY VARIABLE
VOL2=DUMMY VARIABLE

Fedededededodedodokdekokdek ke dokodkokdekeokekok

SUBROUT INE EVAP )
sekedekichekdokkdekdokdotededok ik dedokodek

WI=WATER TABLE DEPTH, mm
UPFLUX=UPWARD FLUX, mm/day
Sk ek ke e ok

SUBROUT INE ROOT
dedodekokdededeikdeleiickdedoleiiok dokokodok

INDAY=DAYS (INPUT) © - .
ROOT IN=ROOT DEPTH (INPUT),mm
ROOTD=ROOT DEPTH (OUTPUT),mm

dekkkddekkokikkdkkiidek ki kkkk

SUBROUTINE YIELD
Aededokdedehdoiedetekodeirkde ok dolokdededelek

K=THE DAY CALCULATIONS START

NP=NUMBER OF PERIODS IN GROWING SEASON

NDP=NUMBER OF DAYS IN ONE PERIOD

SDI=STRESS DAY INDEX

SUMDI=SUMMATION OF SDI

SDD=STRESS DAY FOR DEFICIT WATER CONDITIONS

SUMD=SUMMATION OF SDD '

YY=RELATIVE YIELD OSTAINABLE DUE TO SOIL MOISTURE CONDITIONS

Rk ke dddd ik ke kdkdedodkickieiok ik

SUBROUT INE YIELDW
Fedokeddekedekkdoiedokkkdedodeikdokkdok

SD=STRESS DAY FOR WET CONDITIONS .
SDIW=STRESS DAY INDEX DUE TO WET CONDITIONS
WID=WATER TABLE DEPTH, cm
YW=RELATIVE YIELD OBTAINABLE DUE TO WET CONDITIONS

q .

I

3

r mrw-w-w%wm .

* s 3 - N
: e TR
T A I % !‘”ﬁ W% m COMRE, 4
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KR ERARARIRIKIRTAKRRRKKIRTK TR KkdeTo R Tt dededede dedkekseietedoktokKkk
A WATER BALANCE MODEL A
DEVELOPED BY NISAR AHMED MEMON
DEPT. OF AGRICULTURAL ENGINEERING '
MACDONALD COLLEGE ,
STE. ANNE DE BELLEVUE, QUEBEC :
FEBRUARY 1985

l

1

Feddededkdehedokedededdeieiiodedekoieododeokok ok sk ook dokdodekodokokoe dedoloicoeiok e
THIS MODEL CALCULATES THE SOIL MOISTURE IN THE ROOT
ZONE FOR BOTH SUBSURFACE IRRIGATION AND DRAINAGE
SYSEMS. SUBSEQUENTLY THESE RESULTS ARE USED BY THE
APPROPRIATE SUBROUTINES TO CALCULATE THE RELATIVE .
MAIZE YIELDS FOR DIFFERENT DESIGN ALTERNATIVES. THE
MODEL ACCEPTS DAILY RAINFALL AND PE, SOME FIXED SYSTEM

AND CROP PARAMETERS AS INPUT
dededededokdeiiciodeodedededodode etk dok dedehe ke dodekeded ek gl dededoiololeded fededekociokode

- ' N ) ' - ) (

b

* : *
* THIS IS MAIN PROGRAMME *
* *’

. *********:k**************************************

INTEGER PDAY- '
DIMENSION AWC(250),RETSUB(250),RETDR(250),R00TD(250) ,RAIN(250),
~ *sDD(20),SDI1(30),csD(20),SUMD(20) ,CSW(5) ;INDAY(50) ,ROOTIN(50),
&SPACE(20) NMONTHU) suawr(zsm DRWT(ZSO) SDIw(lzs) sp(125)
&,YRDR(2, 16) ,YRSUB(2,16)
COMMON pm(zso)
DATA NMONTH/30,31,30,31,31,30,31/

-
i

K*hededededridekedokkk

READ INPUT DATA-
dedededededededededededode ¢

READ(5,500)(csSp(1),1=1,17)
500 FORMAT(MFS 2)
READ(5, 550) (CSW(I),I=1,3)
550 FORMAT(BFS 2)
AD(5,600) (INDAY(I),ROOTIN(I),I=1,13)
600 FORMAT(I3,F9.1)
READ(5,650) (SPACE(I),I=1,16)
650 FORMAT(9F8.1)
READ(5,655)THETAS ,THETAW
655 FORMAT(2F6.3) °
CALL ROOT (INDAY,ROOT IN,ROOTD)
NYEAR=1981
Do 10 1=1,2
NYEAR=NYEAR+1 | '

L el
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READ(5,300) (RAIN(1DAY), PET(IDAY) IDAY’=1 215)

300 FORMAT(&(F6 1,F6:1))
WRITE(S, 660)NYEAR

660 FORMAT('1',//,1X,'TABLE: AN EXAMPLE OF COMPUTER OUTPUT OF PREDICT
&ED RELATIVE YIELD FOR',/,9X, 'DIFFERENT SPACINGS.',//,28X,'YEAR: '

&,Ia,/,zsxn('-'),/,1x,75('*'),/,1x,'spAcmc SUBSURFACE DRAINA
&GE RELATIVE SUBSURFACE IRRIGATION RELATIVE',/,14X,19('-'),12X,2-
&1('-'),/,18X,'YRD YRW YIELD YRD YRW

&YIELD',/,4X,'MM' ,12X,'(%)',6X,"'(Z)",8X,'(%)"',8X," (%) ',7x,'(%)',9%,
&'(%)',/,1X,75('*'),15X, 'AMOUNT OF IRRIGATION',//)
DO 20 1SP=1,16
IDAY=1
MONTH=3
c
C Fodkkkdrhdhhkickk
C INITIALIZATION )
C Fkkkddokkickikkik
C

W

TWT=0.0
DVOL=0.0 .
WETWT=0.0
DDZ=0.0
PDAY=36
Twisus=0.0
VOLSUB=DVOL

G’('JAL(!U'I.A'I.‘ ION OF AVAILABLE CAPACITY ON DAY FIRST

aoaon

AWC(1)=ROOTD(1)*(THETAS~-THETAW)
RAW=AWC(1)

i

START OF WATER' BALANCE CALCULATIONS FROM DAY ONE |

[eNeoNe!
LS

DO 21 J=1,7
MONTH=MONT H+1
N=NMONTH(.J)
WRITE(6,700)MONTH,NYEAR
700 FORMAT('1',//,1X,'TABLE : AN EXAMPLE OF COMPUTER OUTPUT FOR DAILY

‘ & PREDICTED VALUES OF VARIABLES FROM RECORDED DAILY RAINFALL AND PE
& VALUES.',//,1X,28('%'),12X,35('*') ,12X,14( " *"),10X,14("'*"'),/ 1X,"'
&% STATION NUMBER : 7014160 *' 11X,'* STATION NAME : L ASSOMPTION-
&CDA',13X,'* MONTH ':',I3,12X,'* YEAR: ',6I4,/,1X,28('*'),12X,35('*")
&,12X,14('*'),10X,14("*"),//,1X,127('*"),/,33X, 'SUBSURFACE DRAINAGE
&',37X,'SUBSURFACE IRRIGATION',/,18X,51('-'),3X,56('-'),/," DAY RA
&IN PE AWC',5X,'RAW AET DR AIRVOL DDZ WETIWT ™WT A
&ETS RAWSUS DZ AIRVOL QDRS WETSUS TWTSUB ASUBIR',/,7X,'MM

et

A A ) o e
S

& MM MM MM MM MM MM MM M MM MM
& M M MM MM MM MM MM',/,1X,127('%"),
&//7) .

c
%80 22 K=1,N
S DAY~IDAY+1

CALL DRAIN(TWT,VOLSUB,TWTSUB,SPACE, ISP, IDAY,QDR,QSUS,QDRS)
WT=WETWT



K]

CALL EVAP(WT,UPFLUX)

G Fedekdededededk dedede

C WATER BALANCE CALCULATIONS FOR SUBSURFACE DRAINAGE
C Feinkiekick ek = ( ‘ .

c

25

40

45

|

IF(UPFLUX.LT.PET(IDAY)) GO TO 35
AEUP=PET(IDAY)

AERTZ=0.0 .
IF(DDZ.6T.0.0) GO TO 30
DVOL=DVOL+AEUP+QDR~RAIN( IDAY)
IF(DVOL.LE.0.0) GO TO 45

AWC (IDAY)=ROOTD( IDAY )*( THETAS-THETAW)
RAW=AWC (IDAY)

DDZ=0.0

WETWTD™32,41%DVOL**0.619
TWT=WETWT+DDZ

AET*AEUP+AERTZ

GO TO 70

¢

) ~

AWC ( IDAY)=ROOTD( IDAY )*( THETAS~-THETAW)
RAW=AWC (IDAY )~AWC (IDAY~1 ) +RAW
RAW=RAW+0. 5*RAIN( IDAY)
IF(RAW.GT.AWC(IDAY)) GO TO 50
DDZ=(AWC(IDAY)-RAW) / (THETAS-THETAW)
GO TO 60

DEMAND=PET ( IDAY )-UPFLUX

AEUP=UPFLUX

AWC ( IDAY )=ROOTD{ IDAY )* ( THETAS-THETAW)
RAW=AWC (IDAY )~AWC ( IDAY-1)+RAW
PERC=RAW/AWC (IDAY)

IF(PERC.GE.0.5) GO TO 55
RATTO=PERC*2,

AERTZ=RATTO*DEMAND

RAW=RAW-AERTZ+0 . S*RAIN( IDAY)
IF(RAW.GT. AWC(IDAY)) GO TO 50
DDZ=( AWC(IDAY)-RAW)/(THETAS-THETAW)
GO TO 60

RUNOFF=ABS (DVOL )

DVOL=0.0

WETWT=0,0

TWT=0.0 -
AET=AERT+AEUP ’ i
GO TO 70

EXCESS=RAW-AWC (IDAY )

RAW=AWC(IDAY)

DDZ=0.0 '

DVOL=DVOL~EXCESS +AEUP+QDR-0,5*RAIN(IDAY )
IF(DVOL.LE.0.0) GO TO 45

GO TO 25

o+
“a
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55 AERTZ=DEMAND
RAW=RAW~AERTZ+0.5*RAIN(TIDAY)
IF(RAW.GT.AWC (IDAY))--GO TO 50
GO TO 40

¢+ 60 DVOL=DVOL+AEUP+QDR-0.5*RAIN(IDAY)
, v I1F(DVOL.LE.0.0) GO TO 45
, GO TO 25 a

Fededetedodedededordedededode ok deiededededede Rvede ke dedefedodededededededokdededededokiek do dededededek”
¥ : *
* WATER BALANCE CALCULATIONS. FOR SUBSURFACE IRRIGATION.*
* ' . *
dedededede et o et diededededele ik Sl el eieedeide el ok de ol desededededededede

e XX o R Rz R X2 Ko K2

70 IF(IDAY.EQ.PDAY) GO TO 75
IF(IDAY.GT.PDAY) GO TO 80
. ASUBIR=0,0 -
. AETS=AET
( TWTSUB=TWT
. WISUB=WETWT
GO TO 120

75 ASUBIR=0.0 .

" ASUBIR=ASUBIR+QSUB
DVOL1=DVOL-QDR
VOLSUB=DVOL1-ASUBIR -
IF(VOLSUB.LE.0.0) GO TO 110 .,
WTSUB=32.51*VOLSUB**0.619
TWISUB=WTSUB+DDZ .

- . AETS=AET ’
RAWSUB=RAW . \
GO TO 120 ‘ ‘

80 ASUBIR=ASUBIR+QSUB
WT=WTSUB ..
CALL EVAP(WT ,UPFLUX)
IF(UPFLUX.GE.PET(IDAY)) GO TO 95
. ETUP=UPFLUX : .
“ DEMAND=PET( IDAY )-UPFLUX
’ RAWSUB=AWC ( IDAY ) -AWC ( IDAY~1)+RAWSUB
, PERC=RAWSUB/AWC (IDAY ) ..
. ) IF(PERC.GE.0.5) GO TO 100
(1 : RATIO=PERCH2.
- ; | AERT=DEMAND*RATIO
St | RAWSUB=RAWSUB-—AERT+0.5*RAIN(IDAY) .
85 VOLSUB=VOLSUB+ETUP+QDRS-QSUB-0.5*RAIN(IDAY)
, , °® IF(VOLSUB.LE.0.0) GO TO 110

En
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IF(RAWSUB.GT.AWC(IDAY)) GO TO 105
DZ=(AWC (IDAY)~RAWSUB) / (THETAS-THETAW )
90 WTSUB=32.41*VOLSUB**0,619

257

TWTSUB=WTSUB+DZ
AETS=AERT+ETUP
© GO TO 120
c
c
95 ETUP=PET(IDAY)
AERT=0.0 |
"RAWSUB=AWC ( IDAY )-AWC ( IDAY~-1 ) +RAWSUB+0 . 5¥RAIN ( IDAY)
GO TO 85 \
c
c

100 AERT=DEMAND
. RAWSUB=RAWSUB~AERT}0 . 5*RAIN( IDAY)

GO TO 85

c

c

105 EXCESS=RAWSUB—AWC(IDAY)

DZ=0.0
VOLSUB=VOLSUB-EXCESS
RAWSUB=AWC (IDAY)
IF(VOLSUB.LE.0.0) GO TO 110
GO TO 90

c

c

110 RUNOF=ABS(VOLSUB)
VOLSUB=0.0
TWTSUB=0.0
- WTSUB=0.0
RAWSUB=AWC ( IDAY)
* AETS=AERT+ETUP
120 1IF(PET(IDAY).EQ.O. 0) GO TO 125
RETDR(IDAY-1)=AET/PET( IDAY)
RETSUB( IDAY-1)=AETS/PET( IDAY)
- GO TO 130
< 125 RETDR(IDAY-1)=1.0
RETSUB( IDAY-1)=1.0

c . .
c -
130 NDAY=IDAY-1
SUBWT(NDAY )=TWTSUB
DRWT (NDAY )=TWT '

WRITE(6,750)K,RAIN(IDAY),PET(IDAY), AWC(IDAY) RAW,AET,QDR,DVOL,DDZ,
SWETWT, TWT,AETS , RAWSUB, DZ, VOLSUB ,QDRS ,WTSUB , TWTSUB, ASUBIR

750 FORMAT(Ia,zx,Fa.l,zx,Fa.l,zx,F5.1,3x,F5.1,2x,F3.1,2x,F4.1,zx,Fs.l,
&2X,F5.1,2X,F6.1,2X,F6.1,2X,F3.1,3X,F5.1,2X,F5.1,2%X,¥75.1,2X,F4.1,2X

&,F6.1,2X,F6.1,2X,F5.1)
IF(NDAY.EQ.130) TSUBIR=ASUBIR
22 CONTINUE
WRITE(6,800)
800 FORMAT(/ 1X, 125('*'))
21 CONTINUE
CALL YIELD(RETDR,CSD,YRDDR)
_CALL YIELD(RETSUB,CSD,YRDSUB)

&

[
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i ' CALL YIELDW(DRWT,CSW,YRWDR)
CALL YIELDW(SUBWT,CSW,YRWSUB)
YRDR(I,ISP)=(YRDDR*YRWDR)/100.
. , YRSUB(I,ISP)=(YRDSUB*YRWSUB)/100.
WRITE(6,995) SPACE(ISP) ,YRDDR,YRWDR,YRDR(I, ISP),
i &YRDSUB,YRWSUB,YRSUB(T,ISP),TSUBIR ,
< 995 FORMAT(1X,F7.1,9X,F6.2,3X,F6.2,5X,F6.2,5X,F6.2,4X,F6.2,6X,F6.2,21X
&,F6.2)
20 CONTINUE
WRITE(6,999)
999 FORMAT(/,1X,75('*'))
10 CONTINUE '
WRITE(6,950) -
950 FORMAT('l',25X,'TABLE: AN EXAMPLE OF COMPUTER OUTPUT',
&/,36X,'OF AVERAGE RELATIVE YIELD AT VARIOUS
&',/,36X,'DRAIN SPACINGS.',////,25%,38('*'),//,25%,
&'SPACING',4X, 'AVERAGE RELATIVE MAIZE YIELD',/,
&36%,26('-'),/,38X,'SUBSURFACE',4X, ' SUBSURFACE',/,
&39X, 'DRAINAGE',5X, ' IRRIGATION',/,27X, 'MM' 13X,
, &'(X)',10X,'(%)',//,25%,38('*"'),/)
. C ’ t
C Fkdckekdeidedde
; C CALCULA':E THE AVERAGE RELATIVE YIELD
C Fedekdedkdedickck

c

- DO 96 JJ=1,16 ﬁ//j
' SUMDR=0.0 ) '
B , , SUMSUB=0.0
\j . DO 98 KK=l,2 \
'‘SUMDR=SUMDR+YRDR (KK ,JJ)
SUMSUB=SUMSUB+YRSUB (KK , JJ)
98 CONTINUE
AYRDR=3UMDR/2
AYRSUB=SUMSUB/2 ) i
WRITE(6,960) SPACE(JJ) ,AYRDR,AYRSUB :
960 FORMAT(25X,F7.1,9X,F6.2,7X,F6.2)
96 CONTINUE a
WRITE(6,970) .
970 FORMAT(/,25X,38('*'))
STOP'
END {

gt

”

7
anooaoaooaa

e —r———— - S ——— ]

“

P < I e

D S N
. o= . 'l N N

-

R D P 1 b

R R

Y gh‘wkete"»qm‘ v

B

b



[P ——

[t NeNeNoNsNeNeNoNeRoNe)

O n\\

Luf

259 -

-

Redededeitdeedededededededeieiededosoieinievedesedeieiriededeiedodeded e de vo ke deeidokedesedeiiiede de o do ke
* . *
* SUBROUTINES *
* ‘ , - *
Fededededordedede dededodek dode e dodededodedododededekdedo ke dede dedokJede e Jedede dededeJevededededede Jedede

THIS SUBROUTINE CALCULATES THE DRAINAGE AND SUBIRRIGATION

FLUXES s
y ededededededdedededdekeX ek //
dededededededede

SUBROUTINE DRAIN(TWT,VOLSUB,TWTSUB,S, ISP, IDAY, QDR,%UB,QDRS )

(]

DIMENSION S(ISP)
INTEGER PDAY 4
COMMON PET(25Q) o

INITIALIZATION

aonon

OPTWT=1000. /
OPTVOL=252.00

PDAY=36

QMAX=10.

-~ DD=1050.

SATR=1560.

HO=910. | L
DWT=400.

D=1510.

ACTD=550.

R=5.1

aaq

FACTOR=(4 .*SATK) /S(ISP)¥**2, .
DENOM=1+( (ACTD/S (ISP))*( (ALOG(ACTD/R)-3. 4)*(8 /3 142)))
DE=ACTD/DENOM

v

IF(TWI.GE.DD) GO TO 11

H=DD-TWT

QDR=FACTOR* (2, *DE*H+H**2,)

IF(QDR.GE .QMAX)QDR=QMAX

15 IF(IDAY.GE.PDAY) GO TO 12 .
QSUB=0.0 .
RETURN o /

11 QDR=0.0
GO TO 15

12 IF(TWISUB.LT.OPTWT) GO TO 13
HM=D-TWTSUB
EM=HO-HM _ .
QSUB=FACTOR* (2*DE*EM+EM**2) ’ ‘
IF(QSUB:GE . QMAX )QSUB=QMAX

. s
- ' N - o
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QDRS=0.0 .
RETURN
. wy - "fie,
13 H=DD-TWTSUB .
QDRSSFACTOR* (2 . *DE*H+H¥*2,) .o
IF(QDRS.GE.QMAX)QDRS=QMAX - '
VOL1=( (TWTSUB/32.41)%**(1./0. 619))
DIFVOL=0PTVOL-VOL1

IF(QDRS.GT.DIFVOL) GO TO 14 e m

VOL2=QDRS+PET ( IDAY) 7

IF(VOL2.GT.DIFVOL). GO TO 16‘

QSUB=0.0 -

RETURN

*. ¢

14 QDRS=DIFVOL N
16 HM=D-TWTSUB

EM=HO-HM

QSUB=FACTOR* (2. *DE*EI4+EM**2 )
IF(QSUB.GE.PET(IDAY) )QSUB=PET(IDAY)

FLUX OF GIVEN VALUES OF WATER TABLE POSITION. *
*

Sedededeiekedeied dedededededodede e dedede dedclededede e dodedede dededededededede dededededededede Fode e dede

*
* THIS SUBROUTINE INTERPOLATES THE VALUES OF UPWARD *
*
%

SUBROUTINE EVAP(XX,F)

\3)

1
o

B s a e o

DIMENSION WT(29) UPFLUX(29) A(29) B(29),c(29),rR(29),FDP(29)
. DATA w'r/o.,so.,loo. ,’150.,200.,250.,300.,350.,400.,450.,500., .
&550.,600.,650.,700.,750.,800.,850.,900.,950.,1000.,1050.,1100., ) .

&1150.,1200.,1250.,1300.,1350.,1400./
DATA UPFLUX/12.0,12.0,12.0,12.0,12.0,12.

&17.0,12.0,12.0,12.0,12.0,9.10,6.25,4.50,

&0.70,0.37,0.25,0.03,0.02,0.01/

(4

0,
3.

N=29
ALAMDA=1
NM2=N-2

-NMl=N-1 /
c(l)-wr(z)-wr(l) '
DO 1 I=2,NMl : \
c(I)-w'r(1+1)—W'r(I) ; .
A(1)=C(1-1) ' ,
B(1)=2,0*(A(1)+C(1)) !
R(1)=6 .0*( (UPFLUX(I+1)-UPFLUX(1))/C(1)-

& (UPFLUX(I)—UPFLUX(I—I))/C(I—l))

1 CONTINUE . o

B(2)=B(2)+ALAMDA+C(1)

W
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B(NM1)=B(NM1) +ALAMDA*CXNMT)

DO 2 I=3,NMl

T=A(1)/8(1-1)

Iy

B(1)=B(1)-T*C(1-1)

R(T)=R(I)-T*R(I-1)
2 CONT INUE

FDP(NMI)=R(NM1) /B (NM1)

DO 3 I=2,NM2
NMI=N-I

an(m)s(n(m)-c(m)*m(mu))/s(m)

3 CONT INUE

"FpP( 1) ALAMDA*FDP(Z)

FDP(N)=ALAMDA*FDP(NM1)

DO 4 I=1,NMl

IF(XX. LE.WT(I+1)) GO TO 5

4 CONT INUE

5 DXM=XX-WT(I)
DXP=WT(I+1)-XX
DEL=WT(I+1)-WI(IL)

&

RETURN
END

KekeTedekedeklokedeRdedokkdeodeledokkdekdekdokdeok dekdeokedokdkekodededokekiodeodode il kedekeodedok k

*

* THIS SUBROUTINES INTERPOLATE THE EFFECTIVE ROOT ZONE
FOR EACH DAY THROUGHOUT THE GROWING SEASSON OF CORN
CROP. IT STORES THE RESULTS AND SEND THE RESULTS TO

*

*
*
*

Sedededede Sededededeedededede dedededededek do e dododedode heode e e Fodedede e de Sedo dedede dodedeFedodededededede

SUBROUTINE ROOT ( INDAY,ROOT IN,ROOTD)
DIMENSION ROOTD(250),INDAY(50) ,ROOTIN(50)

)

F=FDP(I)*DXP*(DXP*DXP/DEL~DEL) /6.0
+FDP(I+1)*DXM*(DXM*DXM/DEL-DEL) /6.
& +UPFLUX(I)*DXP/DEL+UPFLUX(I+1 )*DXM/DEL

THE CALLING PROGRAM.

J=2

ROOTD(1)=ROOTIN(1)

DO 10 I=2,215
Al=I
IF(I.GT.INDAY(J)) J=J+1

ROOTD(I)=ROOTIN(J-1)+((AI~-INDAY(J-1))/
&(INDAY(J)~INDAY(J-1)))*(ROOTIN(J)-ROOT IN(J-1))

10 CONT INUE
RETURN

it
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- SUMDD=0.0 -

201
10

11

15

202
20

203

f i
SUBROUT INE YIELD(XX,CSD,YY) |
DIMENSTON XX(250),SDD(20) ,SDL(30) ,CSD(20) ﬁm«m(zo)

END ' Y j

ki
« % . |

WHWMM**MMW*M***H*M
* . ;

* THIS SUBROUTINE CALCULATES THE YIELD REDUCTION USING AE/PE*
* RATIO AND CROP SUCEPTABLITY FACTOR FOR DEFICIENT WATER

* CONDITIONS.
* X

****1\:*********************************************************

*

[

NP.17 ‘ 11 r
NDP=5 e
SUMSDI=0.0 , -
SUMD(1)=0,0__ |

K=77 l
WRITE (6, 200)

gomm( 1',40X%, 'cnor MODEL CALCULA'rIohs' //////)

DO 20 I=1,NP

L=I+] .

DO 10 J=1,NDP ’
K=K+1 "

SDD(J) =1,-xx(K)

SUMDD=SUMDD+SDD(J) .
SUMD(L)=SUMDD
WRITE(6,201)SDD(J),XX(K),SUMDD, suMp(L) . ‘
FORMAT(ZX 4F10.3) \

CONT INUE ‘
IF(SUMD(L).LT.4.5) GO TO 11 ﬁ
IF(SUMD(L).GE.SUMD(L~-1)) GO TO 15
SDI(I)=SUMDD*CSD(I)

SUMSDI=SUMSDI+SDI(I)
WRITE(6,202)SDI(1),CSD(1),SUMSDI

GO 10 20 L,

|

SDI(I)=SUMDD*CSD(I)*1.5
SUMSDI=SUMSDI+SDI(I)
WRITE(6,202)SDI(1),CSD(I),SUMSDI
FORMAT(//,50X,3F10.3) *

CONT INUE

YY=100-1.22*SUMSDI
WRITE(6,203)YY

FORMAT (2X,F10.4)

RETURN

END ~
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* THIS SUBROUIINE CALCULATES THE YIELD OF CORN DUE TO EXCESSIVE SOIL* , Lo
% MOISTURE CONDIT ION. . * :
%* 5 ' ’ " *
mum*m*m**ﬂm*ﬁ**m*mm*ﬂi******mm**m*w

SUBROUT INE YIELDW(WT ,CSW,YW) ) \ .o .o

DIMENS ION WT{250),cSW(5),SD(125), snm(lzs)
" INTEGER PDAY

Crdedrdeieiok INIT TALIZAT ION #dddddideddr" 5

PDAY=35 , o :
SUMSDI=0.0 ) v

DO 50 I=1,120 s . o \

WID=WT(PDAY+I)/10. ' ,

IF(WID.GT.30.) GO TO 40 .o~ .
SD(1)=30.-WID , ‘
IF(1I.GT.80) GO TO 20 , . .
IF(1.GT.42) GO 10 30 . : - . - ’
SDIW(I)=SD(I)*CSW(1) " *
SUMSDI=SUMSDI+SDIW(I)

GO T0 50 - .

.

Sy

20 SDIW(I)=SD(I)*CSW(3)
SUMSDI=SUMSDI+SDIW(I) . R .
GO TO 50 Coe SN '

’\' ‘ ‘—: .

30 .SDIW(I)=SD(I)*CSW(2) . —, f
SUMSDI=SUMSDI+SDIW(I) . S . L
GO TO 50 ' . .

40 SD(1)=0.0 ! " -

50 CONTINUE , °

4
IF(SUMSDI.LE.8.) GO TO 60 ' !
IF(SUMSDI.GE. 245.) GO 10 70 ) . :
-~ YW=103.-0.42*SUMSDIL , ) ) N 4
~ o 10 80 < . A
60 YW=100. : . : ‘f
GO TO 80 ‘ . ' v
) §

70 YW=0.0 ‘ g V . - ’
WRITE( 6, 200) SUMSDI ,¥W ’ -t
200 FORMAT(////// 5X,2F10.2) . , \
80 RETURN . . J
END . : :
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TABLE: EL AN EXAMPLE OF CDMPUTER UUTPUT OF PREDICTED RELATIVE YIELD FOR
DIFFERENT SPACINGS

YEAR 1982

2 -
-™ -

3l 3 AR 4 SE A 3 3830 36 3 338 3F SE3E 3R 3R 54 30 34 34 3 30 343433 3 SH A 3 A 3243 ******-}fﬁ********************.*

SPACING SUBSURFACE DRAINAGE RELATIVE SUBSURFACE IRRIGATION RELATIVE
, YRD YRW YIELD YRD YRW YIELD
MM - (%) (4 {4 (%) (4} (7%}

SR A 33 30 3t A SE 3 3ok 30330 34 3HH I I 33 H I3 3030 3020 3030 2 3 3036 3 3 34330 I H I 4 I I 0 328 3 N
3000. 0 23. 52 100. 00 23. 52 100. Q0 100. 00 100. 00
10000. 0 33. 60 100. 00 93. 60 100. 00 100. 00 100. 00
13000. 0, 53. 89 100. 00 93. B9 100. 00 100. 00 10Q. 00
20000. 0 o4. 23 100. 00 94 23 100. 00 100. 00 100. 00
25000. 0 °4. &2 100. 00 4. 62 100. 00 100. 00 100. 00
300Q00. 0 95. 13 100. 00 99. 13 10Q. 00 100. 00 100..00
35000. 0 55, 63 100. 00 - 25,63 92.87 100. 00 99. 87
40000. O S56.17 100. 00 S&6. 17 ?8. 49 100. 00 28. 47
45000. 0 36. 61 100 00 94. &1 9&4. 03 100 00 2&6. 03
$50000. 0 97. 28 100. 00 57. 28 2. 87 100. 00 2. 87
55000..0 ‘. 58. 12 100. 00 28. 12 87. 93 100. 00. 87. 95
60000. 0 992.13 100. 00 52.13 87. 34 100. 00 87. 34
&65000. 0 60. 22 100Q. 00 &0. 2 B4. 7% *100. 00 84.79
70000. 0 61. 37 100. 00 &61. 37 83. 03 100. 00 83. 03
795000. O 62. 59 100. 00 62. 39 81. 83 100. 00 81. 83
80000. 0 63. 76 100. 00 63. 76 80. 79 100. 00 80. 78

***************%*}************#**********&******************************%**
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TABLE:E2. AN EXAMPLE OF COMPUTER OUTPUT OF PREDICTED RELATIVE YIELD FOR
DIFFERENT SPACINGS. ’

YEAR: 1983 . .

28363 H 336 3 M 43 33 ***************g‘** 34 36 3% 3t 34 3 3h 24 3 A 343 34 38 36 34 34 34 3 3H I6H 34 34303 336 363 36 3¢ 36 3 38 % I H IR H

SPACING SUBSURFACE DRAINAGE RELATIVE SUBSURFACE IRRIGATION , RELATIVE
S YRD YRW YIELD YRD .YRW YIELD
MM (4) | %) (%4) (%) (%) (%)

%H%%%**%*********%*******%**********?**#************* A3 3 I RN RN
5000. 0 30. 26 100. 00 30 96 100. 00 100. Q0 100. 00
10000. O 32. 41 100. 00 32. 41 100. 00 100. 00 100. 00
15000. O 33. 672 1Q0. 00 33. 69 100. 00 100. 00 - 100. Q0
20000. 0 33. 56 100. 00 35. 56 100.-00 100. 00 100. 00
25000. 0 37. 96 100. Q0 37. 96 100. 00 100. 00 . 100. 00
30000. ¢ 40. g2 100. 00 40. 82 1Q0. 00 100. 00 100. 00
35000.0 - 43. 7?8 100. 00 43. 98 28.43 100. 00 28. 43
40000. 0 47. 22 7. 24 456. 86 4. 84 5. 67 0. 73
43000. O 50. 31 92. &7 46, 62 21. 34 87. 49 79. 91
$50000. O 93. 18 84. 58 44.98 - 88. 0s 82. 58 72. 72
55000. O . 29.72 77.37 43. 11 85. 43 74.78 63. 88
&0000. 0 S7.97 &6. 03 38. 28 . 83 31 64. 54, 53.77
63000, Q 99. 88 350. 79 30. 33 B1l. 92 479. &3 40. 44
70000. 0 41. 01 3%. &9 24. 21 79.53 - 38. 45 30. 57
75000. 0 &2. 00 - 28. 50 17,67 78. 22 27. 34 21. 40
80000. 0 &2, 86 17. 99 1131 74&. 89 1&. 24 13. 03

******ﬂ*****%4**********%****** H 33330303 330 3030 330 3030300 3 330 356 3 030 3 3038 3030 30 30 3 W I 66 NI
. » *

> o
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kg
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