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ABSTRACT 

ph. D. NISAR AHMED MEMON Agricultural 

Eng i neer i ng 

EXPERIM~NTS WITH SUBSURFACE rRRIGATIO~ 
-

ON A SANDY SOIL IN QUEBEC 

Field experirnents were conducted on st-Samuel sandy loam 

soil ~n 19a2 and 1983, with eight repl.:ica-tes of irrigated 

and non-irrigated rnaize plots. Sail moisture °regime, root 

density and maize yields were determined to demanstrate ,the 

effect of subsurface irr igatian anù drainage systems. 

Laboratory experirnents. were conducted on large and small 

undisturbed solI cores to determine pertinent soil 

properties, relating drainable volUme and steady upward flux , . 
to water table depth. 

A water ba lance model wa,s deyeloped and used wi th a stress­

'day-index to predict water table depth, exqessive and 

deficit soil moïsturè conditions and effects on corn yield. 

Economic analy~es were made ta ident~fy subsurface 
, 1 .../r 

irrigation/drainage de'signs which optimize the profi t for a 

cotn crop. {, " 
l ,U' 

A simple rnethod based on first and second arder moments was 

proposed ta determine thfi' effects of parameter uncertainty 

in, the rel-ationsh-ip of steady upward flux \75, ~atei: table depth 

on subsurface irrigati?n/drainage design parameters. 

Based on the- above information, a realistic subs'trface 

irr,igat~on/dra,inage d'esi~n was proposed and operational 

recommendations wer~ made for an exemple field. 
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.ESSAIS D'UN SYSTEME D'IRRIGATION SOUTERRAIN 

UN SOL SABLONNEUX 

\1 
Des essais furent effectués sur un loam sablonneux en 1962 

et 1983 sur 8 parcelles i r r i gué es e t 8 a ut r es ,n 0 n -

irriguées. Le taux d'humidl.té du sol, la denslté des 

r'" a c ~ n e 5 et let end El men t du mai s fur e nt dé ter min e r a fin ,d e 

démontrer l'influence de l'irrigation et du dral.nage 

souterraIn. ~ ges expériences de l a b 0 rat 0 ire . fur e>n t 
" ' 

effectuées su.r de petIts et de grp,s échantillons de sol 

intacts pour d,terminer les p~opriétés pertinentes du sol en 

reliant le volume drainable et le régime permanent ascendant 

à l a pro f 0 n d e u r' ;d'e la na p pep h réa ti que. 

Un modèle du bilan hydrique fut développé et utill.sé avec un 

index de contraintes, journalières afin de prédire la 

profondeur de la nappe phréatique, les condl.tlons d'huml.dlté 

du sol ayant un bilan hydrique défl.citaire otJ excessif sur 

le rendement du mais. Des analyses économiques furent 

effectuéès afin'd'identifier les systêmes d'irrigation et de 

draInage souterrain optimisant le· proflt d'une culture d!: 

mais. 

Une méthode 'simple basée sur les moments d~lpremier et de 
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second degré ft1~proposé pour déterminer l"effet de 
\ 

l'incertitude des paramètre~ sur le lien entre le régime 

permanent ascendant , 1a profondeur de la nappe ph'réati·que , , 

et le système d'irrigation/ arainage souterrain utIlIsé. Un 
\ 

, -
des i 9 n réa 1 i s re .d' uns y ~ b\è me de d rai na gel i .. F ri 9 a t i.o n 

o \ • 

souterrain et 'les ~r!,comménd,t~ons quant au"'-mo~e d'opération 

basé~'s' sur les- "paramètres Jéirits précédemment furent 
\~ 

é . ~\ propo~ es. , 
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CONTRIBUTIONS TO KNOWLEDGE 

Much research work has been conducted on subsurface drainagé 
c 

bu,t, onlya few studies were found in the literature dealing 

-with subsurface irrigation. The conclusio~s drawn from "Such 

studies have often been qualitative, particularly those 

concerned with design criteria. Ideally, design criteria 

should involve two very distinct cbnside~ations. The first 

,0 f the sei s tri e p h Y sic a 1 con s e que n c e 0 f s u b sur f ace 

i rrigation/dra i nage design on soil-water-plant 

interrelationships. The second aspect is to determine an 
~ 

optimum subsurface irrigation/drainage system from an 

economic point of view. There is a Iack 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 yieId, in assessing 

the prospects for subsur face i rriga t ion on sandy loam soi l. 

" The work aiso att~mpts to provide methodology to identify ,. 
econ?mically optimum subsurface virrigation/drainage systems. 

It sU9gests guidelines and recommendations for design and 

operation of such systems. FinallYRI it proposes a simple 

method for analy:zing uncertainty due to soil parameters in 

subsur face i rr iga t i on/dr a inage system des i gns. 
'" 
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This thesis contributes ta knowledge on aspects of 

subsurface irrigation/drainage in the respects 'ipdicated 

below: 

c' , 
1. The first practica1 field scale subsurface irrigation 

experiment in Quebec has been carried out. It has .been shown 

tha t subsur façe irr'i ga tion can be achi e ved more eff icient ly 

and economica11:§"'tha,n any other' method of irr igation in fIat 
\I~t 

sandy 10am soi 1. 

----2. The effects of subsurface irrigation and drainage on othe 

var:iaHon of sail 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 

b e e n qua n t if i e cl i n ter m s 0 f a v ail ab l "e w a ter i n the r 0 0 t 

Z 0 ne. 1 t h a 5 b e è n 5 ho w n t h'a t the a v ail ab l e wa ter i n 
\ 

5 U b 5 ur fa c e i r r i 9 a t ion plo t s w a ~ t w i ce as mu ch th a n th a t 0" f 

non-in igated plots, see F igure5 \.1 and 6.2. 
, \ 

\ 

\ 
4. A close agreement between pressu~ead at 30 cm depth 

and water table above the 100 cm depth li s been found, this 

indicates that }he capillary connection ~tween the water 

table and bottom of the root zone i5 contin~us and that an 
\ 

up\'lard flux equal to, or greater 'than, the 

evapotranspiration dem?lnd is occuring, see F\fgures 6.03 and 
1 

6.4. 
1, 
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s. A method to establ ish the relationship between steady 

upwar9 flux and water table depth has' been proposed as an 

aid for making decisions about the optimum water table depth 

for the design and operation of subsurface irrigation 

systems, see Figure 6.5 • 

6. I t has been found, us'i ng the above method, bha t the 

.l h d d' . b r~ h bl Il pres;:)ure ea lstrl utlon .a"1(0ve t e water ta e agrees we 
\ 

with the observed pressure he\td di str ibutJon. The resu l ts of 

4 above, with the height of capillary rise _of water bieng 

" about 100 cm, with the evapotranspiration demand at 4.5 
J'<, ... __ 

mm/day, has been confirmed. 

œlIC 

7.' It'has been found o~rom the field experiments t~at the 

yields of maize increased very significantly due to 

,subsurface irrigation and were almost double than those of 
, f 

non-irrigated plots, see Tables 6.8 and 6.9. 

8. A functional relationship has been fouoo"b-etwe,en vol ume 

of soil drained and the water table depth which has been 

use d in the p r ~e d i c t ion 0 f the wa ter ta b 1 e de p th, se e 

Equatio~ (6.3) and Figure 6.6. 

9. A s imp 1 e wa ter bq 1 ance mode 1 for wa ter tabl e depth, 
. 

AE/PE ratio and amount of subsurface ir-:dgation volume 

pred ictions has been developed and ", used, incorr~ora:t ing the 

vi i i 
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results of 5 and 8 above. 

" 

10. A stress-day-index concept has been used in conjunction 

with 9 above for prediction of droug~t stress and wet stress 

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

and (4.6). 

-
11. The applicability of a water balance model for 

s u b sur f ace i r r i 9 a ~ ion / d rai n a g'e 'd e sig n w 0 r k ha s b e e n 

j usti fied by compar ing predicted water ,tabl e depths to those 

of ~bserved values, see Figures 6.7 and 6.8. 

12. Crop models, using the results C?f 10 above,',have been 

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

effects of drought a'nd wet cond-itions, see Equations (4.4) 

and (4.7). 

" 13. The applicability of crop mode1s in conjunction with 

the water balance model has been demonstrated bi comparing 

predicted maize yield to that of observed maize yield 

obt~ined from two years of field experiments, see Table 

---14. The resi.llts of 12 above have been use«d in combination 

with drain spa~ings and the range of satur~ted' hydraulic 

conductivity values to optimize maize yield, see Figures 6.9 

and 6.10. 

lx 
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i5. Simple economjcal analyses, using the results of 12 and 

'14 above have been uSéd to compute profits fo; given rnaize 
, 

productfon costs, installation costs, selected interest 

rates, amortization period and range of ~aize priees, s~e 

/ % 

16. __ JJ(e'/;rocedure of \5 above correspond.ing to drain' 
, 

laterals and the ~ange of,~aturated hydraulic conductivity 

values has been use~ ta optirnize profit for subsurface , 

irrigation/drainage designs, see Figures 6.11, 6.12 and 

6.13. 

17. A 90% confidence bound has been defined to demonstrate 

the r i s'k due t 0 var i a t ion i n s a t ur a te d h Y d r au 1 i c 

conductivity- on- the optimization of profits with respect to 

sUbsurface'ir~~tion/d;ainage design spacing. 
. , 

18. The results of 16 above indicate that the drain spacing 
, 

required,'to maximize the profit is insensitive to interest , . 

rate and corn priee, but is sensitive to s~turated hydraulic 

conducti vi ty. 

19. A simple method 'has been demonstrated ta analyze the 

effects of uncertainty due to sail parameters on iubs~rface 

irrigati9n/drainage sy'stem des{g~/see Chapter VII. 
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In addition to t~e above contributions, this thesis also 

prbvides guidelines and recommendations ,for design and 

ope r ~ t ion 0 f su'}, sur fa c e i r r i g a t ion / d rai na g e s y stern sas 
,. 

dic,ussed in chapter VI!'l. A detailed example is given for 

St.Samuel sandy loam soil~ Graphs are present~d to show a 

realistic design. 1 
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1 INTRODUCTION 

, 

The world population i5 growing fast and is heading toward 

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

1976). The world wide rate of increase of food production 

must keep pace with the rate of populatf6n"growth or 

widespread ma lnutr i tion, as famine, can be expected. 

Land and water use are the essential elements on which the 

food production is based. 'Developm~nt and u"tilization of 

land and water constitute the foundation on whiçh to sustain 

and increase crop production. 

Sofl moisture i5 one of the main natural e1~ments of plant. 
. " 

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, irrigation 

and drainage systems must be designed 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 aI:ld" 

subsurface drains to provide sufficient aer~tion in the root 
t 

zone in"a humid climate and control -of salinity in, soils in 

irr t'ga ted semi-ar id areas. 

o , 
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In sorne humid areas where water surplus and water deficit 

occur, drainage alone rnay not be able to provide suitable 

rnoisture conditions for plant growth. Supplementary 

irrigation is needed to provide water during periods of 

drought to achieve adequate plant gr.owth. 

It is 4,:elieved that subsurfac;' irrigation can he used in 

conj'unct ion w i th subsu r face dra i na g~ sys tems to pr 0 v ide 

supplernental irrigation in drought periods with Iow cost and 

labour requ i rements. 

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 to 

prevent sand from enter i ng the drain pipes. wi th the ad vent 

o f- sui t a b 1 e env e l 0 P e mat e ria 1 s the i n s t aIl a t ion 0 f 

subsurface drains in sandy soiis has increased rapidly. 

The general practice in drainage design has been to install 

drains of the same depths in sandy soils as in c~ay soils. 

The subsurface dra ins ha ve 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 hectare. The 

result for the medium and coarse sandy soils has been 

excessive drainage when the water table dropped ta depths 

greater than 0.8 m, ow~ng to their higher hyd.raulic 

1 

.,;. 
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conductivity apd higher drainab'le porosïty. Rashid- Noah 
• 

(1981) reported ~hat 30% of the solI volume was drained when 

the water- table depth was at 1.2 m. This drained volume is 

considered ta be excessive compared to the 15% air volume 

rru ired ~or hea 1 thy deve10pment of crop roots. Especia Il y 
l 0 

ih'\dry periods, the soi1s will 1ack moisture and, resu1t in 

phys i 01 og-\ca l drought which reduces plant growth. Simi 1 ar 

observations for .thesé soils were reported by Miller et a1.,-

(1973).' ,1 

, 
In arder to prevent excessive drail)age and physiologica1 

dr-ought, subsurface irrigation systems can' be used. 

Suhsurface irr~gation is the cheapést form of irrigation . .. ~" 

system 'because the water distribution is provided by the 

drainage pipes. It can often be operated by installing water 

table control chambers and pumping y?ater in,' to raise the 
~ 

water table in the field. This rrethoa of irrigation is 

recornmended in relatively fIat land 'areas where' a1ternate 

inteI:vals of water surplus and water deficits occur. 

Clirnatical1y, the province of Quebec may be suitable for 

subsurface irrigation because there is excess precipitation 

in winter and ear1)! spring, and often a shortage of rainfal1 

in sum:mer. In wi nter and ear 1 y spr ing the water tab 1 e can be 

lowered by subsurface drainage ~nd in summer the water table 

can be raised for optimum crop production by adding wate"r ... 

ta the drain pipes. 



( 

" , 
) 

Thus, :~the design of subsurface' irrigation must meet the two 
l' , , 

main fequireI)\ents, that)s the system must be capable of 
r ' 

removiing aIl the exces's water af:ter petiods of heavy 

rainfall, and supply the evapotr~nspirati6nal demand during 

dry p'\:ri'ods,. 'probably thls is thè most 'cri'ticai requirement 
J 

for diesigning 

systJms. , 
1 

combined drainage and subsurface irrigation 

r 
At, present, Ministère de )l'Agri~ulture, déS Pêcheries et de 

l'Aljimentation du Québec, h?s not establ:ished any design 

cri1eria. Tt is ,g~nerally felt by vari,ous experts th,at 

the?rieS for movem:nt of water througp soils ~nder saturated-
, ' 

anJ unsaturated flow conditions sho\uld befable te and be 
t,.. , ' \' 

us Id with proper boundary conditions ta d~sign combined 

:,c. hi i·gatio~ . and dr ainage system~. 

v~r i ous theoreti cal procedures are ava i lable rang i ng fr am 

s1eadY state to non-steady state theories f~r, the design, of 

s bsur,f.ace irrigation/dràinage systems. Steady stqte theary 

ooghoudt's method) is preferred by the drainage designers 

because of its simplicity and the fact' that it appears to 

qive reasonable results when compared to non-steady state 

theory. However, these theories prov ide solutions for 

specifie values of vari'ables such as a steady rainfall rate 

or desired rate of wat'er table faii. Since in reality the 

factors such as rainfall and evaporation cause the water 

4 
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table to fluctuate, the basis for a good design should be 

the preventJon of undesirable patterns of water table 
'1 

tluctuations and the resul ting effects on crop growth. 

'Thi's can be done if the effect of water table 'and soi1 

rnoisture content profiles on crop yield is kno.wn. There are 

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

• Ha rd j 0 ami d j 0 j 0 et aL, 198 2 ) and S h, a w ( 19 7 8 ) wh i c,h do 

consider the effect of water table and soil moistufe content 

on crop yield. 
\ ' 

with the advent o.r. computers, it is 'pos~ible to make the 

many c~lcul~tions needed t'O predict the water table depth 

and the variation of soil moisture content in the root zone 

~ith respect MJ. time., Tpis has given rise to the water 

ba~ance approach which is sufficiently flexible ta enable 

,one to' consider so'il-water-pl,ant- parameters for the design 

of subsurface irrigation/drainage designs on a sound 
\ 

econom ic ba sis. 

J,' 

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

south- west region of Québec. The cl imate pattern of this 
, , . 

1 

region i5 such that 3 out of 5 years are dry years resulting 

, in: considerable crop lo'sses (Lake and Broughton, 1969). 

Be C'B use 0 f th i s , the ca!? i t a lin v est fi en t r e qui r e d ' for a 

drainage system alone may not be justified. This situation, 

therefq~e, demands that rational guidelines be estabi ished 

i' 
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to ensure maximum economic return for the pesign of 

subsurface irrigation/drainage ,systems. 
~ 

The ca 1 cu 1 a t i ons for the spà-c i ng 'bet ween subsurface 

irrigation laterals depend on soil pararneters, such as 

hydraulic conductivity, profile depth and the water tabLe. 

depth which should be maintained during th~'jl;~rOwing season. 

The optimum water table depth depends again on the 

unsaturated ,flow properties of the soil, rooting depth and 

climatological factors. Thus, the design of subs\;Irface 
. 

irrigatipn includes considèration of bath saturated and 

unsaturated flow properties of th~ soil. The-se. properties 

are subjected to variability due to the complex na~re of 
, " 

soil an d water charaeteristics. Subsurf,ace 

i rriga tion/d rainage design is often done on a determi ni stic 

'b a sis, us i n gap pro x i mat e val u e s .0 fun ce r ta i n soi 1 wa ter 

pararneters. Therefore, the uncertainty in soil watar 
1 

.' pararneters would re'sult in uncertainty in the performance of 

the drainage and irrigation systems and hencei rlsks. 

Gi ven the problems encountered in the des i gn of subsurface 

irrigation/drainage systems, a series of experiments we;e 

conducted to determine the teasibility of subsurface 

irrigatio,n in Richelieu county, Quebec. The experirnents 

described in this thesis are the first field scale 

subsurface irrigalion ex~e'riments in 'Quebec. In recent yea'rs 

6 
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subsurface ir~{gation has begun to be.used on a field scale 

in North and South Carolina and Florida in the U.S.A. Sorne 

of the results from our experiments in Richelieu county were 

used in the water balance model to obtain optimum subsurface 

irrigation/drainage designs. 

') 

• 

/' , , 
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Il OBJECTIVES 

The objectives of this study were selected as follows 

1. To layout the field experiment with two treatments, that 

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

st u d y the e {f e c t S 0 f su b sur fa c e i r r i 9 a t ion 0 n cr 0 p 

yield. 

2. To define 'the optimum water table depth to meet the 

evapotranspirational.demand by eapillary rise using soil 

pro p e r t i e s ob t a i ne d f rom l,a b 0 rat 0 r yan d fie l. d 

experiments. 

l"~ -....... 

3. Ta conduet a field experiment to observe water table 

depths in non-ixrig~ted and subsurface irrigated plots of 

maize ~n arder ta evaluate the sail moisture regime above 

the water table. 

4. To observe',the s6il moisture tension and moisture 

content of the' soil profile in non-irrigated and 

_ subsurface irrigated plots of mai2ie ta investigate the 

upward flow from the water table to the plant roots. 
f 

5. To make economie analyses ta show the maximum 

additional benefits obtained due ta installation of 
subsurfaee 

alternatives. 

irrigation with different design 

8 
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6. To examine the effects of uncertainty in saturated and 

unsaturated soil properties on subsurface irrigation 

designs. 

7. Tor e c 0 mm end gui deI i n e s for des i 9 n i n g co m b i n e d " 

subsurface drainage and subsurface irr igation systems for 

sandy 50 ils. 

2.1 Scope 

The resul ts of thi s study wi 11 ind icate the feas ibi 1 i ty of 

a subsurface irrigation system and its effect on yield of 

maize. The study is restrict_ed ta the sandy soi1s of 

southern Quebee, Canada. 

• 

• , 

, ,< 
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III REVlEW OF LITERATURE 

3.1 Subsurface Irrigation/Dl:ainage Theory 

\ i 

i 

Subsurface irrigation sometimes referred to as 

,subirrig'ation , is the reverse of subsurface drainage. 

Therefore, steady and non-steady theory developed for 

drainage can be conveniently employed in subsurface 

irri ga tion wi th some minor changes in the ini t i a 1 cond i tions 

and boundary conditions. Whenever, drainage theory is the 

topic of discussion, subirrigatTon theory will be implicitly 

considered in i t. 

."-, 
.,~~IJ 

3.1.1'. Steady stq,te theory 
o 

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 invar iant. 

Solutions to Laplaces' equation for hydraulic potential in 

prob1ems of groundwater flow in drained lands provide a 
. 

rational basis for the design of subsurface drainage 

installations. 

10 
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The first e11iptic equation Eor drainage was deriv'ed by 

Colding (1872) (c.f. van Sch"ilfgaarde, 1957) 1 assuming 

horizontal flow in the saturated region. 

/ 
, 

This analysis resulted in a drainage equation w~th the 
o 

maximum water tabl e hei ght proport i ona 1 to the square root 

of the rainfall rate. However, the principal limitation of 
c 

the ellipse èquation when used for tube drainage was that 

converg~n~e of the stream Unes near the drain is ig.nored. 

Hoog~oudt (1940) presented a r~riri'ement in the drainage 

equation using ,the Dupuit-Forchheimer (D .. Ë'.) theory. The 

p.F.,,_ theory assumes that th~ hydraulic gradient at any po~nt 
t 

~:eqtral to the slope of th'e water table above that 'point. 
! ~ --"{ " :\ 

Thi'sl irnplies th61t water '.flows horizontally because aIl the 

"L-
equi!potentials are vertical planes. 'This is an erroneo'us 

Pict~re of .ctu.l fl8W p.ths '<lf w~ter ne.r the dr.in where 

flow ~ are quite curved. 

~~-
~~~ 

Hi's analysis did t~l<e-j~nto account for the first time the 
~ 

'effècts of radial flow neàr- the drains 'and the ne'a,rly 
li 

'" 
horizontal flow at g~eater distant~-~rom the drains. His 

approximate equation may be expressed as (see Figur.e A-l, 

appendix Al 

.@ 

,2=4ks/q ( 2dm + m2 ) •..• ( 3.1 ) 

;;,~ t Pii U::&'Z3.w:: _ 

; .. 
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, 
Where W is the drain spacing, ks ia the saturated hydraulic 

conductiv..ity of t~e. soil, m is t~e height of the water table 

abov~,the centre line of the,drain at a point mLdway. bet:ween 

the drains, d is the depth of impermeable layer below the 

drain and q i5 the drainage coefficient. 

Considering Figure A-l, Appendix A, a steaây state equation 

for subsurface irrigation can be derived using Hooghoudt's 

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

~eplaced by the evapotranspiration rate, e, and subjected to ---------
boundary cond i tions for subsbr face i rr igat i on, Le. 

and y = y + d at x = W/2 

- . 
The resulting- equation may be expres~ed as: 

•••• (3.2) 
~'" 

Where m is the defléction at a point midway between the .. 
drain which is equal to ho-Y ; ho is the height of water 

table above the drain at the drain and y is the water table 
g • 

height above. the drain midway between the drains. The 

de~ivations,of'equations 3.1 and 3.2 are shown in appendix A. 

, 
The convergence-of seepage lines near the drains can be 

"/ 

accounted fo.r by substitu'ting an egui valent depth, de' for 

, --. 

" 
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d, as sugg'ested by Hoo/ghoudt. He provided charts fo'r 

,. deterrnining. de or a function of depth to the irnper:neable 

layer and spacing,betweên drains. " 

Moody (1966) examined Hooghoudt's solutions'and presen~ed 

the ;ollowing eguations from which'de can ~e computed 

For O<d/W~ 0.3 

de = d/ (l+d/W) {8/11" ln (d/re ) - a} •••• ( 3.3 ) 

in which 

a = 3.55 -1.6d/W +2 (d/W~ 
" 

for d/W' > 0.3 

de = W1I"/8 {In (W/r e ) -1.15 } , .... ( 3.4- ) 

, 
in which re = effective drain tube radius. 

Kirkham (1958) avoided the simplifying assumptions of D.F. 
i;; 

the 0 r yan d- ma de a n a na 1 ys i sus in 9 pot en t i ait he 0 r y. 

Kirkham's solution not on1y provides an estimate oE,prain 

spacing but also the distributign of pressure head in the 

flow. zone. 

These solutions are also more accu rate than Hooghoudt's due 

to exact·mathematical procedures but also, they are much 

m 0 r e' co m pli ca t e d • 'We s sel i n 9 ( 19 6 4 ) in d i ca tes th a t 
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Hooghoudt's ~ormula did not vary more than about 5% from , 

those of,potential theory. 

During the last few deqades and even t~day certain physical 

and mathe~atical assumptions have generally to be made in 

the derivation. of drainage equations, leading to different 

l'?athematical forros for' the same drainage situation. The 
, -

d rai na 9 e en gin e e ris th u s.-t ace d w i th a nu m ber 0 f d i f fer e n t 

design'equations that claim to give reasonably satisfactory 

drain spacing's, without any guide to their applicability. 

Kirkham (1966) reviewed steady state drainage theories' for 

para Il e 1 drain li nes and comroented on the need for var ious 

e~uations to be compare~ for computing numerical values for 

the same drainage geometry. in more recent times, Lovel and 

Young (1984) made a comprehensive examination and compared 

the ten steady state equations for in~tallation of parallel 

cylindrical drains laid above a horizontal ~mpermeable 

layer. Based on several drainage equations reviewed, 

Hooghoudt's equation 0.1)' 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 eq~~tion 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 • 
• 
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3.1.2.- Non-steady state theory 

Many drainage engineers have stated that the formulas which 

describe the water table in equi1ibrium wit'h rainfa1l and 

irrigation water do not conform to the situation in the 

fi~ld when the water table is f1uctuating •. These f1uc~uating 
'\ 

\ 

wate)r tables are called transient or non-steady state as 

opposed to steady state in which the pydraulic head does not 
, . " 
vary with time. Non-steady state problems, although fa~ m9re 

, 
difficult to solve than steâdy state problems, are of 

gr~àtêr interest. than. the latter, in that, stèady state 

coqditions will: seldom ,if ever be reached in the field. 

15 

ft ~~~ 

The sol.ution of non-ste,ady state flow problems have b~en '. 

,based on the assumption that there exists a distinct, 'single 
'-

valued drainable porosity (or specific yield) >representing 

the total fraction of the soi1 volume which i5 stored ~r 

drained from the soil profile with the rise or fail of the 

water table. Childs (1960) has pointed out that this 

a.~ s u m p t ion i sin se rio use 0 ~ f l i ct w i th r e a 1 i t y, wh e r eth e 

volume of water drained or stored depends upon the increase' 

or decrease ,in tension in' the pore watet. 

\ 

" ~ 
There are' two types of theories app1ied to the solutions of 

. 
the drainage problems in non-steapy state 9ondition. One is 

the 'po'tential theory fr om wh ich 
.1 

Laplace's equatlbn is 

derived. Since this equation is time 
" 

invariant, Lt s 

" 

" , 
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application to non-steady state requires that the time 

va:dab1e be introduced by means of the boundary condition .. 

Another theory that has been widely used ,for non-steady 

state is Dupuit-Forchheimer theorY. Both of these theories 

can be use4 to study the rise and fa11 from a known!initial 

condition in the, presence or absence of precipitation (van 

Schi 1 f,gaarde, 1970) • 

Numerous methods have been presented for describing rise or 
.$ 

fa1l of the water table. In genera1 these methods ~equire 

D.F. assumptions which give rise to a non-1inear partial 

differentia1 equation (P.~.E.), sometimes referred to' as the 

Boussine~q equation. Because this non-linear P.D.E.' is 

di f f.i cul t t 0 s 0 1 ve i t i s f r e que nt 1 Y 1 in e a riz ed 

(Polubarinova-Kochina, 1962). Several investigators such as 

G 1 0 ver ( Du mm, l 9 5 4 ); We r n e r, l 9 5,7 ; M a as land, 1959; 
, 

Terzidis, 1968; 'linearîzed the Boussinesq equation in many 

ways aqd s01ved it by ana1ytica1 methods. 

Ana1ytica1 solutions were made by Boussinesq and 

subsequently by Glover (Dumm, 1964) when the drains rest on 
• ç,ç'> 

the impermeable layer. When the drains do not rest on the 

impermeable layer then the analytical solution usLng the 
~. 

, 1 

Boussinesq equation breaks down. One may then i~!~sort to 

linearization and then solve the equation. However, van 

Schilfgaarde (1963) found an analytical solution of this 

equation. The solution thus obtained still fails one of the 

16 
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~oundary cond i tions. This shortcoming can be aIl ev iated by 

considering the drawdown process as a sequence of sm~ll 

steps (van Schilfgaarde, 1964). 
, ' 

An entirely different and simple approach to derive an 

equation for falling and ~ising water table conditions was 

proposed bY'Bouwer and van Schilfgaarde (l963). Their method 

uses the combination of steady, state and w~ter balance 
) , 

equations in which they assumed uni~orm flux for the rise or 

fall 'of the water table. 'This assumption has limit:ed 

validity because the water table rise or fall varies with 

distance from the drain. They introduced a correction fàctor 

, 
17 

C in their resulting equatio~. The factor C is defined as 

the ratio of the average flux between drains to the flux ~ 

li 
Midway between drains. This factor varies from 0.8 to 1.0. 

3.~.3. ~ise of water table 

During irrigation, the water level is maintained at a 

constant elevation in the control chamber at the outlet. 

Subsequently, subirrigation is continued oy raising the 

water l evel at the mid-spacing to an.' optimum depth which is 

sufficient to meet ET demands to the root zone. The time 

required to ra'ise the water table to a depth sufficient tQ 

provide ET demands depends on the initial water table depth, 

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



J 

\' 

time, drain depth and drain spacing. The leng~h of time 

required to raise the water table to a predetermined depth 

will be more for the deeper water ta,bles than for the 

shailower ones. I:I0w deep the wa ter table cou Id be, depends 

on the management practices and instrumentation. In the 

18 

des"~gn of a subsurface irrigation system, this as.pect must· 

not be ig~ored otherwise crop loss may occur during the 

length of time required to raise the water tabl~. , 

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

- experiments for various drain spacings and measured water 

ta~Ie movement at the mid-spacing. They fo~nd that the time 

to raise the water table increased as the drain spacing 

increased. 

While steady- capillary rise ,i5. a,n i'mportant ph-enomenon' in 

subsurface irrigation design, the tran,sient process ({ise" of 
, '.... . 

'water tabl~J ois aise important. App~oximate methods for 

predicting wat-er t"able- iise for both initially horizontal , ' 
.~ , 

and draining profiles~have beeh presented by Skaggs (1973). 

A similar appioach to that of Bouwer and van Schilfgaarde 

(1963) discussed in section' 3.1.2. 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 
, 

b e t w e end rai n s • The r e,f 0 r e , ste a d y s t a tes u b sur f ace 
J , 

," 
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irrigation equation 3.2, which also assumes uniform flux can 

be used to prediçt a rise'of water table at the mid-spacing 

~ 

dy/dt = e/f •••• ( 3.5 

/ 

where y is the height of water table midway between the 

drains ,above the centre of the drain, e stands fot'" 

evapotranspiration rate and f is the drainable porosity. 

Solving equation (3.5) for e and substituting equation (3.2) 

'and integrating between tOI Yo and t, y yields, 

f 

/ 

. 
{(ho+2d+Yo)/(bo- Yo)}] 

In reality it is not possible that the water table rises 

upiformly without change of shape. Skaggs et aL, (1972) 

observed in the field sxperiment that th water table was , 

not rising after the in~tiation of irrig tion. It remained 

stationary for a long time even after the water table over 

the drain reached at the maximum height. Bouwer and van 

Schilfgaarde (1963) treated a similar situation for a 

drainage case by introducing a correction factor 'CI, then 

equation (3.5) may be expressed as: 

. e == fe dy/dt 
"'i; 

. 
/ . 

•••• ( 3.7 
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Where 'c' is defined as the ratio of the average upward flux 
o 

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

flux at the mid point is zero, the factor 'c' is undéfined 

for the ini tial per iod· of subsurface irr igat ion, (Skaggs et 

al., 1972). Thus equation (3.6) is val id only for the' period 

when water table i5 ,'ilsing upward. 

Skaggs (1973)' has obtained a numerical sol ution of thé 

Boussinesq ~,quation for subsur,face irrigation boundary 

conditions. He present-ed non-dime'nsional solutions in 

grapohical form for various evapor~tion rates. These 

solutions can<be used to calculate the time to raise the 

water table at various evaporation rates.' The drawback in 

this equation is, that it does not consider the unsaturated 

flow. 

Howèver, efforts have oeen made in solving Richard'~ 

equation for both saturated and"unsaturated conditions and 

compared wi th sol utions of t.he Boussinesq equa tion (Skaggs 

and Tang, 1976). In their analysis it was observed that both 

s01utions were not different from each other when variable 

drainable porosity was used in the Boussinesq equation. 

The so~utions of combined saturated and unsaturated flow~re 

too complicated and are far beyond ,the practical 
, 

appl ication. Moreover, these methods require effecti ve 
. 

values of soil prope~ties which are difficult to obtain due 
" ' 

. 
< • 



, . 

to field variability. Therefore, there i$- little to be 

gained with the complicated solutions compared to using the 

simpler and approximate methods. 

3.2 •. Subsurface Irrig(tion/Drainage Systems 
......... _"-..( 

Subsurface drainage and sUbsurf~e--Trrigation systems can 

perform botp drainage and irrigation functions dependent on 

the prevailing climatic conditions. In wet conditions, the 

water table is lowered by subsurface drainage in order to 

prevent crop damage due to excessive soil water. In dry 

periods, the water table is raised by purnping water into the 

water table control chambers to supply water to the growing 

crops. If the system is properly designed, both drainage and 

irrigation may increas~ the production and maximize net 

returns. Moreover, subsurface irrigation systems have many 

advantages compared to other types of irrigation systems. 

,1. The initial cast of subsurface irrigatfon systems is very 

low, because most of the cost is attributed to the 

drainage system. 

2. The energy costs for subsurface irrigation are smaller 

than for most oth~r irrigation systems. 

3. Subsurfaçe irrigation has lower labour requirements than 

other irrigation systems. 

" 
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4. Hig~ crop yields are possible. 

Subsurface irrigation is practiced in sorne parts of the 

Netherlands '(Kalisvaart, 1958) and United states (Renfro, 
1 

1955). However such systems have not yet been used to their 
1 

full potential because they are difficult ta design. The 
1 

design procedur"e for drainage i5 more establ ished th an for 

5 u b sur fa c e i r r i 9 a t ion i n ter rn s 0 f 5 pa c i n g and d e p t h a f 

subsurface pipes. The critical factor in the subsurface 

irrigation mode is to rais~ the water table from the initial 

water -rnble depth. The response tirne to raise the water 

table increases as the water taQle depth increases. For 

example, placing the'drain pipes at 2 m depth in sandy soi1s 

woU'ld ha ve probable water table depth of about 1.6 rn ear 1y 

in the growi ng season. Ra 15 i ng the wa ter table from 1.6 m to 

a depth of 0.6 ~would requ~:i::e more tirne than if the drains 

are placed at a depth of 1.2 m. r 
/ 

Fox et al., (1956) pointed out the advantages and 

disadvaritages of subsurface irrigation systems. They stated 
'" 

that subsurface irrigation halds p~omise, and if properly 

designed and operated, might be the best method available. 

They presented a simple procedùre for deterrnining ditch 
1 

spacings required ta rnaintain desired water table 

Fok et al. , (1971) analysed 
1 

the water 

22 



, 
distribution pattern around subsurface drainage pipes to 

determine the spacing, depth and required discharge using 

a1gebra1c manippl~tions. However, the above studies did not 

include field experimental eval~ations. 
"; 

'Skaggs (1979) discussed the important water movement factors 
, , 

for the design of subsurface irrigation systems and 

char acter i zed subsurface irr iga tion 'under steady sta te and 

transient conditions. The transient state was based on the 

~oussinesq equation whlch was solved numerica1ly under 

subsurface irrigation boundary conditions. The results from 

the field (Skaggs, 1979) for different drain spacing of 75, 

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

1973). A fair agreement betwe'en observed 'and calcu1ated 

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

Swe11 and van Schi 1 fgaarde (1963) presented methods to sol ve 

the governing differential equations for unsaturated steady 

,state flow under subsurface irrigation boundary conditions. 

However, both solutions encounter the relationship between k 

and h, which are general1y difficult to obtain for many 

sail s. 

, v 

There is a lack of established criteria for subsurface 

irrigation using subsurface drainage systems. The practice 

is not widely estab1ished. However, the critical fadtor 

affecting subsurface irrigation is to raise the water, table 
, , 

ta a hei'ght where the roots can get sufficient water during 

23 
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peak transpiration periods. Ul timately 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 ~ater can be supplied to the root zone of 

the crop 6n 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 n~t able ta supply enough water 

to the raot zone op Fallsington fine sandy loam soil. A 30 m 

drain spacfhg was needed for good subsurface drainage in wet 

periods on this soil. This indicates that both subsurface 

drainage and ,subsurface irrigation s~stems should be 
ç , -, 

considered in the design for a successful operation., 

3.2.1. Upward flow from the water' table 

In subsurface irl;"igation design' the water is supplied 

,through the control,structure into the drain tube to raise 

ithe water 1evel in the soil to a height such that water can 

be tr.ansmitted by capillary rise to the effective root zone 

at steady rates. The water table is kept constant at that 

eight throughout the growing seasen to meet the demands of 

_ vapot:r;anspiration. 

(' Moore (1939) was,probably the first person te investigate 

the upwar~ flow in sail cores by·introduçi~i water at the 
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.' 15ase of the column (imbibition) and allowing evaporation at 

·the top of the co 1 umn. 
ri 
~ 

'. 

He concluded that coarser .sQils 

supported higher evaporat~on ratés at ,greater depths to the 
'. 

water table. 1 

\ ,/ 
-,.../ 

~ ~ 

t,Jpward flow from water table to the root zone is in the 

unsatura ted zone. Therefore unsa tura ted f~\w;, proper't i es of 

the soil are of much inter,est in subsurface irrigation 

desfgI). Gar.dner (1958) analysed the steady upward flow from . 
50ils with shallow water table depths. He solved the 

'-t ~. 

~ , 
governïpg equation with the functional relationship between 

unsaturated hydrau1ic conductivity and pressure head, 

k=f(h). Gardner presented a simplified expression for steady 
(\ . -, 

upward flux in terms of water t~b1e. depth. The results of 

,laboratoryexpetiments supported bhe rëlationship'betwee'n 
), . , 

upward flux and water table deptl1 (Gardner and Fireman, 

1958) • 

wi Il i s (1960) ha~ obtai ned the rel a tionsl)i p, between 'upward 

~~ux and water table depth sOlving the steady state flow for 
, 

layered soi1. WhiIe Parlange and ~ylor (1972) have solyed 

" the gove~ning equation for transient flow. 

For steady unsaturatea flow~ the upward, flux is constant 

everywhere and the gov~rning equatio~ may bê written as: 

d/dz [k(h) dh/dz k(h)] =0 •••• ( 3.8) 

.. , . 

-. 
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where h is( the soil water pressure head, Z i5 measured 

downward from the surface and. k(h) is the uns.aturated 

hydraulic conductivity function. Numerical methods can be 

used to solve equation (3.8) for water table depth at a 

given steady upward f1~x •. The upper boundary in this case 

may be taken as the bo t tOm of ·the r oot zone. The lower 

boundary is usual1y taken as the water table depth where 

pressure head h equa 15 to zero. 

There are several other ways of estimating the relationship 

between upward flux and water table depth in the absence of 

k(h) andG(h) relationships. Empirica1 equations can be used 

to ca1culate tpr~unctional relationship of k(h) and G(h), 

selecting pararneters based on sail texture. Anat et al., 

(1965) derived the governing equation by assuming the Brooks 

and Corey (1964) forro of hydraulic conductivity funct}on. JI;. 

~ 

similar equation for maximum upwaid flux wa5 derived by 

Raats and Gardner (1974). 

Another ~pproach for determining maximum upward flux may be 

obtained by using the concept of 'matric flux potentia,l 

(MFLP) dfscussed by Shaykewich and ,stroosnijder (1977). The 

MFLP (m 2 s-1 ) may be defined as: 

MFLP(h) =JCh k(h)dh , 
ho 

•••• ( 3.9 ) 

Equation (3~9) can 'be 
, \ 

integrated be~ween some lower limit of 

(~ 
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pressure head, hO! at which bhe mOi~re content is Qo and­

al10wable pressure head, h, at which the water content'{ is 9. 

For steaây state flow, 

••• ~ (. 3.10 

If one- assumes a steady state si·tuation between twa points 
.-

in the soil at sorne finite distance z2-z1 equals ta L\z. ta 

approKimate equation (3.10). 

qu= -k(h)+1/L\z l
h 

k(h)dh 

ho 

•••• ( 3.11 )" 

using the MFLP concept 

•••• ( 3.12 ) 

The- procedure to get maximum upward flux involves the 
/ 

ca1cu1ation ,of, MFLP at different suction heads, ut}ti 1 the 
==~ 

1 i mit i n g , hm a x i s r e a che d • The n m a x i mu m u p w a r cl' f lux i s 

ca1cu1ated usinq equation (3.12). Shaykewhich and 

Stroosni jder (1977) showed that MFLP is a more exact method 

J 
in simu 1ating water movemen,t than other methods up ta date 

because i t combines both parameters contro Il ing water f low 

'. (hydraulic conduc'tivity and hydraulic head) into a single 

parameter. 



( 1 

'Above methods for d~veloping a relationship require that 

unsaturated hydraulic conductivity function, k(h) must be 

obtained as previously explaine4. 

It is .gener·ally difficu1t to determine unsaturated hydrau1io 

~oriductivity, k(h). The next alternative is ta determine 
\ 

k(h) from soil moisture characteristics of the.soil. These 
, -' 

character istics are relati vely easier to determine than the 
'J 

k(h) function. 

'b 

A number of prediction methods have be.en proposed and were 

rev i ewed by Bouwer and J ac kson (1974) • ' Recen t1 y Mua 1 em 

(1976) proposed a mode1 to pred~ct k(h) based on Q(h) curve. 

His model is based on closed-form analytical expressions and 

has been extended and described in detai1 by van Genuchten 

(1980). Among the m~~l: frequently used'\methods are those 

predicted by Mi1lington and Quirk (1961) and Màrsha11 

(1958). Exper imenta1 eva1 ua t ion of these methods sho,ws that 
,. 

when a matching factor is used to force the calculated and 

rneasured conductivities to agree, at a givÈm water content, 
, 

us.ually saturation, reasonab1e resu1ts ~re obtained (Hil1e1, • • ~ ~? 

1980). When the matching factor is based on the saturated 

hydraulic condüctivity, both the Mil1ington and Quirk and 

Marshall equations can be written in the f0110wing forrn 

(Jackson, 1972). 

\ 
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k(Qil = ks(9i/9s)PL:{2j+1-2il/hj2 

j=i -----~ 
m ' 
L:(2j-l) /h i

2 . 
j=l 
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•••• ( 3.13 

Where k(9i) is the calculated conductiv.ity at water content 

9 i' ksi s the, sa tu rat e d h Y d r au 1 i c con duc t i v,i t y, Q 5 i s t ~ e 

saturated water content, rn is the nurnber of water content 

incre:ment~ equa11y div/i'ded on the soil moisture 
}. , ' 

characteristic curve (usually b~tween 10 and 20 'is adequate) 

and i and j are 'indices. The exponent, P, is a constant 
" 

originally given the valu"è of 4/3 in the Millingtbn and 

Quirk formulation and 0 for Marshall. A p value of 1 had 

been found to give-better resul'ts (Jackson, 1972). The 

pressure he ad hi ,is taken in the middle of each inc~ement 

where 9i has the largest value for each water content 

increment. In other words, hi i5 taken between 9 i and 9i+1. 

The hypothetical plot of 9 versus h is shown in Figure 3.1 

which i Il ustrates this procedure. 

3.3. Optiaizing Subsurface Irrigation/Drftiriage'Designs 
( 

The design requirements express the agricultural function of 

the subsu:-face irrigation/drainage system interms that ç:an 

be used as input information to maximize the' eco'nomic 
, 

returns from the farm enterprise. Therefore the design .. 
requ i remen t sho u Id ex pres s the opt irnum dr ai n spac i n9 by 

which increase in profits can be a maximum due ta 

,/ installation of subsurface irrigation. This criteria 'of 

1 
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the unsatura,ted hydraulic conductivity. 
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des igni ng subsur face irriga tion can be obta i ned from a water 

ba lance appro?leh and agricultural produétion functi.ons. 

'~ 
The bas i.c idea in the water ba 1 ance approaeh is to compute 

, the cha nges in so il mo i s tUIe in res-ponse to the (npu t of 

precipitation a,nd outputs of ev~potranspirat-ion, drain 

outflow and deep seepage-. Mathematical book-keeping 

equations are used to balance the input" and output for som,e 

specifie time intervals. 

Optima1. design of subsurface irrigation/drainage systems has 

received 1ess attention in the literature. There are very 

few studies such as Bhattacharya, 

Skaggs and Nassehzadeh-Tabrizi, 

1977); Skaggs,( 1978 )i, 

1982 ) "and Durnfo~d et 

al., ( 1982 ) have optimized the drainage system on the net 

benefit approaeh. However the author did not find any study 

in the literature in which optimization of subsurface 

. i r r i 9 a t ion wa S con s ide r ed w i th r e S p. e ct· t 0 

rè~ue. 

increase" in . 

Bhattaeharya (1977) used the water balance and an integrated 

eeonomic mode1 to compute the losses and assO'ciated 

probabi 1 ities and the average annual 105s for corn. The 

design criteria was based on an average net revenue increase ... 
due to the installation of subsurface drainage. 

Skaggs (1978) developed a D.RAtNMOD for the design !nd 

. , 
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eval~ation of multi·-camponènt water ma.nageme9-f systems ta . 
/ 

e~t'àblish .desigR pararqeters fram which subsurface drainage, 

subirrigation ànd sprinkler irrigation systems can be 

designed. The design of the optimum system was based on 

water management sY,stem objectives such as working day, 

SEW 30 and dry days. He did not consider the q,gricu,ltute 

production function for the .eval qati0n of a 'water: management 
, 

system. Skaggs and Nassehzadeh-Tabrizi (1982) int,egrated the 

<hop madel with DRAINMOD for optimization of d,rainage 

. system des ign. 

&arlier studies by Wiser 'et al. , (1974) , optimized the 
7,' 

design of a subsurface drainage system. He considered the 

optimum design in the sense that it maximized the amount by 

which the system benefi ts exceeded the system cost. 

drainage systems. However, 'subsurface i r.rigation is becoming 

popular in the humid areas' having altérnating periods of 

water surplus and deficit. It should be mentioned that 

either too much or too little water is detrimental for 'crap 

growth. Considering the increase irvàrainage installation 

32 

cost, crop production cast and farm land priees, there is no , 

alternative but ta search for betJ:er and more effici~ 
" 

water management systems. 
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The aims' of subsurface irr igation/drainage in humid regions 

are to provide an adequate water suppIy when dry conditions 

occur dur i ng the grow i ng season in ord el: to a v 0 id drought 

s t r e s son the c r 0 pan d t 0 rem 0 v e' e x ces s 'wa ter t h a t 

accumulates dur ing the wet periods in the growing season in 
/ 

orde,r to a void the effects of excessive soi 1 .qloisture on the 

crop. Minirtf~zing these two conditions would result 'in an 

optimum design of subsurface irrigation/drainage sys~efus. 

" 

3.3.1. Bffect ~f soil moisture deficit on C~P' yield 

~ 

As the reservoir of water in the sail is depleted, plant 

dehydration increases such that physiological 'acti'vity in 

the plant is affected. Thus, the development of water 

deficits in the plant is described together with their 

effect on physiological and morphologicai processes. Soil. 

"Illoisture is essential to maintain tu'rgidity" meet 

tra,nspiration requirements and serves as an important 

constituent of plant cells. SOlI moisture deficit usually 
f~ 

accompanies hlgh temperatures from the réduced coolin'g 

eff~ct due ta reduced evaporÇition of wate-r caused by 
4>­

stoma ta IcI osu re. G lover (1959) f ound t hat the s toma ta of .. 
corn plants exposed to severe drought over periods of one 

week or more never seem to be fully open. This indicates 

that stomata are severely damaged by long periods of 

drought which wi Il cause subsequent reductions in, yield even 

33 
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H soil water levels - become adequate fo~lowing the drought 

(Waldren, 1983). 

/~ 
The develop~ent of crop w~ter use ~iation models is 

c 

fairly recent. Howev~r, there exists today a large number of 

crop and soil varying widely 1 ln water balance models 

sophistication and use. Sorne models have l;>een developed 
, 

pr,imar l y to es t imate the wa ter cons umpt i on for use in 
>, ' 

scheduling ClOp irrigation. O~her models such as those 

deve10ped by Ritchie (1977) and Arkin et al.,' (1976) can be 

> , 

used ~or irrigation scheduling ,but are also used to est~mate "'\' 

pla n t yi e 1 d b Y rel a t i ng wa ter st r e s s a t var i 0 u s 9 r 0 w t h 

stages in the plantis life cycle to d.ry matter or g;rain 

yield. 

Yield response to soil moisture stress is important in 
. ~ 

developing strategies for i rr iga t ion management an~ p~ov ide 

economic 'evaluation. Indeed, this relati.onship is quite 

complex and is related to many other factors such as 

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

insects 'and cl imate. Many of the functions \:lsed are 

statistical in nature. These functions are' deve10ped' by 

Morey'et al., .<1980) 1 MU,sick and Dusek (1980), Hillel and 

Guron (1973) and deWit (1958). 

Other models incorporated many factors such as CO 2 

availability, photosynthesis rate and complete climatic 
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conditions ta predict yields. The work of Childs et al., 
-' 

(1977) and Duncan et a'1., (1971) are the examples of these 
, ' 

models. Again other models used the dynamic apprcach. A'n 
\ 

eKample of such an approach is'Burt and Stauber (1971) and 

Morgan et aL, (1980). The former used fi ve ID-clay periods.' 

The latter authors used dai1y availab1e soil moisture to 

,obtain a re1ationship with corn yield response using 

,previous information on' dry matter accumulation in the plant 

when the water is not 1imiting. Although these models are 
\ 

accurate, the requïrements for numerous inputs limited their 

applicabi1ity. 

Dai 1y predictions of evapotranspiration from soi l moisture 

"budgets Can be combined wi·th plant growth models which 
iJ 

include the stress day concept developed by Hiler (1969) and 
"" 

used by Hiler and Clark (1971), Hanks et aL, (1969) j Sudar 

et al., (1979) and Shaw (1978). Each of these models 

exhibited reasonable accuracy •. Shaw's model was bas~d on 

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

sus cep t i b i 1 i t Y fa c t 0 r for cor n , de v e 1 0 P ed for 5- day, 

i n ter v a 1 s rel a t ive t 0 sil k i n 9 (S h a w, l 9 7 6) _ dur i n 9 "9 0 d a y s 

growing periode 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 

~t aL, (1979) i5 
'---
h w~" did' not 

f"..v di stt' {ion as it 

simi1ar ta Shaw's model. SPAW model, 

co~s~der the adjustment of the root 

is incorporated in Shaw's model. 
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3.3.2. Effect of excessive soil moisture on crop yield' 

Crop production is not only reduced by,deflcient soil 

rnoisture conditions but it is affected by excessive sail 

moisture condition as weIl. It is well recognized that 

excessive soil moisture c~ndition affects aeration (poor 

gaseous exchange), influences heat properties of the soil 

and reduces the nitrogen by denitrification. Excessive soil 

moisture can cause flooding conditions which tend ta r~uce 

transpiration" photosynthesis, moisture and nutrient uptake. 

The end result is that the crop yiefds are drastica11y 

reduced. 

In arder ta design an efficient subsurface 

irrigation/drainage system which ensures a suitable sail 

environment for maximizing production, the re1ationships 

between crop y ie 1 ds an~ excess 50 il wa ter arè requ i red 

(Morey et al., 1975)., 

Some earlier studies reported by Wesse1ing (1974) re1ated 

soi1 .properties such as aeration or thermal conductivity to 
'1 

crop growth. These properties are difficu1t to determine. 

Therèfore; waker table depth was used as an indicator of 

cr op gr owth. Al tho ugh the wate'r tab 1 e dep th does no t ha ve 
. -
direct influencé on crop growth, it indirectly determines . 
the prevailing rrioisture conditions, water supply, aeration 

and thermal properti~s of sail. 
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In most of the stu'dies optimum water table depth is d~fined 

for each soi1 type and crop specie (see table 2.2 given by 
. 

Wesseling, 1974) o. A more important re1ationship for humid 

regions is the effect of intermittent flooding and h'igh 

water tabl e depths. 

Sieben (1964) studied the effect of fluctuating water tables 

on yieldo He took a 30 cm water table depth be10w the sôi 1 

surface as a critical level and computed so c'alled SEW 30 , 

val ues from, 

n 
SEW30 = l: ( 30 - xi ) 

1=1 
•••• ( 3.14 

Where x~ represent daily water table depths qelow the s'ail 

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

n is the number of days ,in the gro.wing period. For this 

37 

computation only xi values less than 30 cm fram the soi~ 

surface are summed o,ver a growing periode Nibler and Brooks· 

(1975) used this concept and found significant correlation ' 

with SEW30 values and yields. 

Hi l er----n;-969) advanced the stress day index (SOI) method ta 

characteri ze the effects of wa ter' stress on cr op y~e Ids: The 

concept provides a q?antitative mean~f'ôi êletermining the 

deg ree of s tres s imposed on the crop d uri ng the ,g row i ng 

period. The conc~pt is applicable for characterization of 

, " 

.. 
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both ir':rigatïon and drainage requirements (i.e. exc-essive 

and d ef ici en t s 0 ~ l wa ter). The S DI is 'determined by 
- >\ 

mu'1 tip 1ying the crop suscept ibi l i ty factor '~-(dependen t upon 

variety and stage of d-evelopment of the given crop) and SD 

(stress day) afacter (measure of the degree of stress caused 

by excessi ve soi 1 water cond i t ions). In this concept, SDI i s 

inversly related 'to the crop yield This nTeans that 

minimizing the sor' value would maximize the '<\rop yield. 

'\ 
'T h e' cr 0 psu s cep t i b i lit Y fa c t 0 r s for ex ce $ 5 ive soi 1 wa t '? r 

cond~tions were est:,imated by Hiler (~.f. Hardjoamidjojo et 

a1., 1982) for eorn. The growing 'period of 80 days ,unt il 

maturityof the corn was qivided into three 9 rowth, s tag es 

sus cep t i boi lit Y vaiues determined and c~op were , 

e~per imentally. 

. , 
'th i5 Ha r d j 0 a m'i d j 0 j 0 et al. , '(1982) 'jused concept and 

" / 

characterized the effect of soil water on corn yields. They 

deve loped a re9re55ion model which was tested with the data 

of two other loca 1 i.ties. A good agreement was found despi te 
J 

the differences 'and variations in the experimental 

conditions among them. Furthermore, they claimed that the 

1 

SDI-yield model can he us.ed for aIl the conditions. 

, 
Skaggs and Nassehzadeh-Tabrizi (1982) used an SDI-yield 

mode1 for North Carol ina conditions and found reasonable 

l ' 

' , 

-----



(- ' 

1:. 

. -
l 

( 

c 

.. 

'---:J 

agreement. Further," they used this model to optimize the 

drairiage system for a corn crop. 

3.4. Crop 'perform~nce 

J 
Exp e rie n c e w i th su b sur fa c e i r): i 9 a t ion des cri b ed i n the 

literature fias shown some-encouraging results in terms of 

crop performance. In Texas, Zetzch (1964) has shown that 

cotton yielded more in subsurface irrigatio~ plots "than in 

furrow irrigation plots an~ the former required 42% 1ess 

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

cotton yieeld with subsurface irrigation over the non-

irrigated plots. 

In sorne places contro11ed drainage is used ta conserve 

moisture for plant use. In such a system, prolonged drought 

conditions'may cause the water table to drawdown,to g' depth 

such that no mQre water can be suppliëd to the root zone by 
\ ' \ . , : ,~. " . 

capillarity. The plants could be stressed p~ long as the 
\ -

droù~ht continues. ~oty et al. (1975) have ex.perienced this 

candi ion ~n which they found that; controlled drainage has 
/ 

39 

gïven etter yields thanJ the drained field, but due to the' .., 

drought eriod the growth o-f the plant was t>ti Il r~tarded. l' 

If water s pumped into the system tqis would have been 

more beQ,e'fic'~,a1 at the time of drought. 

, 
" 

;' 
1 
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In subsurface irrigati·on, the capillarity from the water 

table to the root zone plays an important role in supplying 

the evapotr~sl?iràtional demande Therefore the water table 

shou l d be con-:tro Il ed to an optimum d epth where pla n ts ca n 
1 

recei ve ,water. through capi ll'ad ty. The 'relationship between ,( 

water table and silage yie~d of corn was investigated by !, 

Dot Y 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 l m from the surface in 

sandy coastal plains soi1. While Follet et a1., (1974) have 

reported the yie1ds were maximum in plots over a water 

-tab,le, 60 to 90 cm below the soi1 surface. Wi11iamson and 

Kriz (1970), Wesseling (1974) and ç,ot-y et al., (1979) 
, 

reviewed literature on the response of agricultural crops to 

different water table depths. ,. 

Recently, Do_ering et al., (1982) fo~nd that optimum yields 

of corn and sugar beets were obtained at a water table depth 

of lm on sandy soils in North Dakota, pSA. 

Obvious1y descrepancies exist regarding optimum water table 

depth for max imum crop production. However, it is di ff i cu 1 t 

to transfer the results from one location to another. 

optimum water table depth depends on the climatica1 

conditions, crop species and soil physical conditions. 

.~ 
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For maximum cr op production, it i5 recommended to supply 

enough water for evapo~ranspirational requ,irements and 
~ 

m~intain the rbot zone with approximate1y 15% air volume. 

3.5~tainty Approach To Subsurface 

~ Irrigation/Drainage Des~gn 

Conventiona1 subsurface irrigation/drainage designs are 

based on consideration of saturated flow properties Of 
-

so ils. Eff ici ent des ign of a sub'sur,face i rr iga tion/dra inage 

system requires the characterization of both unsaturated and 

saturated f1ow. Rigorous treatment ot combined saturated­

unsaturated f10.w has been fol1owed by'-Rubin (1968) and 
, 

Watson (1974). It invo1ves numerica1 solutions of Richard's 

equation fo~ appropriate boundary condi tions and effecti ve 

values of soi1 properties. While this approach is adaptable 

to most boundary conditions of interest, nu~erica1 solut'ions 

are often difficu1t ~o obtain (Tang and s~ggs, 1977). It is 

also difficu1t and expensive to· obtain effective soil 

properties. It is f~~quent1y argued that the' v~riability of 

so~l parameters prohibit the use of more vigorou6 treatrnent 

of exact methods which are nct worth their cost. 

Different techniques ranging from pu~eiy ana1ytica1 (Bakr et 

al., 1978) to fu11y numerica1 ,(Freeze, 1975) h,ave been 

emp10yed in analysing initia1-boundary value prob1ems of 
/ 

groundwa ter f 1 ow. 
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The uncertainties occur either because of inadequate or 
1 

inaccurate field measurements or beQause of natural causes 
< 

"such as those associated with drying and wetting of the soil 

profile due to recharge from naturql precipitation and to 

discharge through evapotranspiration. 

spatial variation§ of soil parameters ,such as hydraulic
o 

conductivity and infiltra,tion even in,uniform land 'areas 

manifest large variations. Nielsen et al., (1973) conducted 

an experimen~ on 150 hectares of land to evaluate the 
"l 

magnituqe of spatial variation on a soi~ considered 

generally uniform relative to MOSt cultural praatices. Their 

results showed larger spatial variation in unsaturated 

hydraulic conductivity than the other parameters such as 

steady infiltration rate, particle sizê distribution and 

bulk density. The cause of variation may probably be a range 
1 

of tèxtural differences within horizons which is not 

generally covered in a mapping unit whèn soil series are 
r , 

mapped on smaller scales. The variati~ in soil P?rameters 

manifest uncertainty in the design and therefore, the risk. 

, 
. 

The traditional approach" to the design of subsurface 

irrigation/drainage flow is deterrninistic. If a property has 

been measured at a few locations, its distribution in space 

is determined by sorne kind of smooth interpolation, and then 

the flow problem is solved ~y using the appropriate 
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differential équation. This approach is open to criticism 

for two reasons : first, the variables of interest dq not 

var y i n' are 9 u 1 a r man n e r 0 n spa ce. Sec 0 n d, in pra c tic eth e 
.. 

measurement~ are gene~~,lly scarce i.e. only a few points, 
-J;\~ 

and values at other points are subjected to uncertainty. 

Also the deterministic models are derived from' basic 
. 

assumptions to keep the analysis tractable. There can often 
, 'iiI 

be uncertainty due to such assumptrions. 
. 
Therefore, 

oeterministic models sh~uld b~modified to account for 
, l, 

various uncertaiht1es. To overcome these difficulties 

stochastic model1ing 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 thap by sorne 

~deterministic values. 

A Stochastic- model offers, in a sense, a direct approach to 

determine the random effects on soil' parameters. A . 

stochastic analysis generates équiprobable inifut traces, 

with each trace having similar statistical propertries. The 

probability distributions of system response are used for 

- design 'and operat-ion decision making. 

van Schilfga-arde (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 the risk of fai1ure:of a dralnage system due to_ 

the uncerta~nty in rainfa11 by running a drainage mode1 with 

a long historica1 record. Extensions have been made to this 

approach by Young and Ligon (1972), Foroud (1974), Chieng 

,(1975) and Skaggs (1978). 

Various approaches are availab1e to treat the effects 0i 

uncertainty on groundwater f10w. Two main approaches have 
," 

been followed 50 far. One is thé ge6~tatistica1 approach 
. -
aEP-1 ied by Russo (1983) in the design of tr ick1e irr igation 

~ystems in a heterogeneous soi1. The second line is that of 

groundwater modell ing by stochastic differential equations 

app1ied by Ffeeze, (1975); Sagar, (1~78)i Bakr et al., 

(1978); Dagan (1979) and Smi th and Freeze (1979). 

The main difference' between the two aforementione'd 

approaches is that the geostatistical methods take into 

account measured values as given and fixed and ailow for 

random fluctuation àt other points of the formation. In 

contrast, stochastic mOde11ing assume that the hydraulic 

properties have sorne statistica1' structures and that they 

fluctuate everywhere according to the corresponding 

probability density functions. 

The stochastic differentiaI-équation models of g..roundwat'er 

flow éan be divided into two main groups: Full distribution 

analysis and first and second moment analysis. In full 



( 

djstribut:ion analysis a complete specification of the 

probabilistic properties of all stochastic i.nputs and 
. , 

parameters of a flow system is obtained and i9 used to yield 

eompletely the proba~Jlity distribution of ,the resulting 
" , 

flow. The two most imp'ortant full distribution techniques' 

are the method of derived distrihutions and Monte Carlo 

eimulation. An example of deri ved aistribution analysis is 

Eag leson's (1978), recent eval ua tion of i,nf i lt;rat ion due to 

stochastic _precipitation events and Sagar 'and Kisiel's 

(1972) examination of parametet uncertûinty for aquifer pump 

tests. The Mont,e Carlo simulation has been applied to the 

investigation of the 'e,ffects of spatial variability of' 

physica1 p~operties of flow through porous media by several 

au'thors, inc1uding Warren and Price, (1961); Freeze ',(1975). 
" \ 

and Smith and Freeze, (1979). The f1~w in the Monte Carlo 

simulation'is that the results obtained are never in the 

elosed analytical form that a derived distr,ibution strives\ 

for and therefore, are not readily transferable to a new 

si tuation (Oettinger and Wi l~on, 1981). 

In contrast, the first and second moment methods assume that 

the information about the random variable (~r ~unetion) are 

suffie ient to charaeter i ze a mean repre,senti ng the central 

• or expected tendency and the va.riance and covariance 

representing the amount of scattering around the mean. An 

examp1e of a random variable or function fulfi11ing this 

assumption is one which is normally distril>uted. The-...o,nly 
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re~~ction or. limitation of this method Is that the 

co~fficient of variation must be smaJl. 

Dett,in'ger and Wi l son (1981) underscor ing the advantages of 

first and second arder analysis over the Monte Carlo 

technique stat~d that."the numerous simulations requfred by 

the Monte Carlo technique can lead to an enormous 

computational burden when an aquifer requires detailed 

modell ing an"d hàs compl icated boundary condi tions, 

46 

~ 'f\ ( 
heterogenous paraméters, and two or three dimension~'~ fl~w. tj 
The computational burden will generally place serious 

limitations, raiséd both by economics and expediency, on the 

accuracy wi th which estimates of probabi l istic pa·rameters 

can be obtained. Since the accurao-y of Monte Carlo 

exper i:ments i s an i ncreas i ng funct i on 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 
1 

generally be made with an accuracy consistent with the 

acc~racy of the numerical model itself". 

, 

I,n'addition ta the above advantage~, Benjamin and Corneil 

(1.970) - suggested that in many si tuations i t is not possible 
, , 

ta, predict the exact val ue because of the very nature of the 

random variable (or function). However, the Mean, var iance . ' 

ànd covariance are often sufficient on which ta base 

engineering deci!:iion's. 

t" 

t 
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Prashe.r {198 2) has employed the fi r st and second momen t 

m~thod to study the effeçts Qf parameteri uncertainty in 

subsurface drainage ~esign. He estim~ted the risk (s~andard 
" , >,) 

'deviatlon) considering the drainage parameters in the design 

of a drainage system. 

To design" an optimuIt\ water table sufficient to prov ide water 

supply ta the root zone, unsatùrated flow characteristics, 

root. density and above ground environment are c~nsidered. A 

method for subsurface ir,rigation design, that includes 
, \ 

'uncertainty du~ to uns~~urated and saturated flow p~rameters 

has not yet been developed. 

In view of. the above facts,~ the first and second" moments' 

method is used to evaluate the unc~rtairity in the,' d~sign of 

a subsurface irrigation system which includes the 

uncertainty in the unsaturated and s.aturated flow 

parameters. This approach cal} be applied readily. It giv~s 

the necessary information regard,ing the pa!=ametric 

uncertainty than other methods which are impractical te 

incorporate in day-to-day designs. , , 

The techniq,ue for thé analysis of uncertainty will be 

discussed in chapter VII. 

47 
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IV THÈORETIC~L CONSIDERATION 

4.1 Model .Specification.And Development 

In a humid area, surface and sub~urface drainage syst~rns are 

nece s sary' ta 10wer the wa ter tab le in a rder ta pr a vIde 

trafficable cond1tions for seed bed preparation.and planting 

in the spring and for harvesti~g in the fall. The prevailing 

drainage design practice has been. ta install deep drains ta 

minimize the length of drains per hectare. The ~esult"~s 

th a t, 5 and y 50 i 1 5 d rai n ex c e 5 ~ ive' 1 y a ~ i n g ta th J i r h i 9 h e r 

drainable porosity at the higher wate~ ten~ions, ach~e~ed 
------..,.,.. 

{rom the water table a550ciated with deep drains, '~s 

co~pared ta shallow drains. When rainfall does not .occur 

regularly, crop production i5 reQu~~d because of water 

stress during the growing season.'It is possible ta avoid 

excessive drainage by ~utting a water level control chamber 
< 

on the subsurface drain collector pipes ta prevent the 

water _ table from drOring ta the lev,el of the subsur"face 

drains. Th~s allows plants ta extract more wate~ from the 

sail profile. It is expected that this system will not 

provide assistance during long dry spèlls when drainage 
, 

'",,=--. r 

water is not available. The next'alternative-1s subsurface 

irrigation in which a control chamber is ,placed at the 

outlet and water i6 pumped into the control chambér ta 

maintain a constant water levei elevation, 50 as to.keep the 
". 

wat~~ table at a more or less s,teady. state in the field. 
'. 

1 
1. 



~ 
Sorne advantages of subsurface irrigation are obvious because 

the same system is integrated to p-erform dainage in spring 

and fall and provide irrigation in summer months with 

addition of little cost. But the difficulty 1S its design to 

ensure proper f~nctioning in both drainage and irrigation 
, , 

modes •. The design procedures are not established as th~se in 

subsurface drainage design. 
1. 

The rnethod adbpted in this chapter is to develop a water 

balance model to analyze the eff,ect "'of subsurface 

irrigation/drainage systems on sail water conditions and ~o" 

predict their effects on annual average corn yields. The 
l "~, 

~~ methodology is an attempt to provide an economical optimum 

, , 

-subsùrface irrigation/drainage system on"sandy soils. An 

optimal subsurface irrigation/drainage system is defi?ed as 

one which provides the 'maximum economic benefits • 
• < 

In modelling the phy'sical system, a soil co,lumn which 

,extends from the impermeable layer to the surface, .is 

located midway between adjacent drains and is assumed to be 

homogeneous. The soil colurnn is divided into two t'ones, a ' 

dry zone and wet zone (Skaggs, 1978). The depth of the dry 

zone is a function of the effective root depth during the 

_ growing season. The wet zone depth extend,s from the wat'er 

table up ta the root zone and possibly ta the surface of the 

soil. It is assumed that separate soil water distributions 

in two zones will adequately describe the physical process 

" 

. , .' 

\ 

1 
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of the entire soil column f rom the s'u r f ace t 0 the 
.' 

impermeable layer. 

The avai1able moisture capacity (AWC) ,of a dry zone which is 

assurned to have a maximum depth equ~l to the rooting zone 
, v 

.pepth and is defined as, t,he moisture held between the 

saturated moisture content, Qs' and the permanent wilting 
, 

point,Qw' It is assumed that the plant raots extract water 

down to sorne lower lirnit (permanent wilting point). 

The water content distributi~n in the wet zone i5 assumed to 

be that of a soil profile which has achieved drained to 

equilibr:ium. This assumption is ~consistent with the 

theoretical study of Skaggs and Tang (1976), who have shown 

that, excep~, ,for the region c~ose ta the drains, the 

pressure head Qistribution above the water table dpring 

drainage rnay be assumed nearly hydrostatic for'many field 
, 

scale drainage sytems. 

From the initially sa~urated soil col~n, moisture dep1etion 
" 

takes place 'due to AE and drain Pl]t(~lO~ (q}), and the depth 
l , 

of the wet zon'e increases. Drain outf1ow continues 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 movemént of wate~ is sufficient ta me~t ET 
<' 

'----- . 
demands. When upward ~ovement of water determined as a 

function of water table depth is not sufficient to supply ET 
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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 ta the root depth then AE is set equal ta the upwat'd 

water movement. 

In determining soil moisture distribution in the dry zone, 

It is assurn~d that the AE is equal to PE when' available 

moisture Qf the dry zone'is between 9 s and GSO (50% of the 
, .:~ ... 

-, 

available moisture capacity) (Figure 4.1). When availab1e 

moisture ~s below 950 but larger than Qw' it is assumed that 

the AE decreases linearly with available moisture. This 

assumption is consistent with th~t of Feddes and Zaradny, 
t 

fI977). In the event of rainfall, the dry zone'has to be 

filled first until its capacity is réached and then till the 

'~ wet zone i5 filled. Any excess after that is considered to 

be surface runoff. 

Since the water balance model predicts water table depth, it 

req~ires a method by which it calculates this depth. The 

method used here requires that there be a relationship .1 
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-l-e-vels 

can be measured directly from large cores or can be 

calculated from water retention characteristic curves. 

, 
, . 



",1 

.. , 

52 

, ' 

AE=PE 
,. 

, .. 

\ 

" ' 

AVAILABLE WATER, mm 

1 1 
1 , 

Figure 4.1. Moisture depletion curve. 
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Drainage volume (somf;:ti.mes cal ed the water yield) can be" 

calculated'from the water retentio characteristic cu~ve. In 

.,this method, it is assum_ed th t the water content 

distribution at any time is the same as that of a pr:ofrle 

drained tao equilibrium. Then the vol,u e drained (Vd ) per 

unit area, when the water table drops f am ±he surface ta 

depth tYl), may be expressed as: 

= 
YI f (9s (y) -9 (y)) dy 

o 
•••• ( 4.1 ) 

Where 9 s (y) 
1-. ,~ 

is the saturated soil water content dor ta 

drainage and 9(y) 15 the equilibrium water content w ich is 
, '<i 1 

obtained from the sail moisture characteris~1c curve for a 

water table depth of YI' By numerica+r~y' int-é'~rating equation". 

(4.1), Vd can be calculated for. any depth Y. This rt}ethod can' 

be ?dopted. for multilayered soils in which a separate sail 
, 

moisturé characteristic curve is required for each layer as 

input. 

In calculating the water table depth a sail moisture balance • 

is done for each zone. When upward movemEmt of water, 
,,~ 

determined as a function, of water table depth, doe"s not 

satisfy ET demands then the remaining water requirernent is 

removed ~rom the root zone cre~ting a dry zone. The depth of 

the wet zone rnay continue ta increase due to drainage and ta 

sorne upward, water 'lnovernent. The dry zone depth wi 11 al 50 

increase simultaneously until the moisture content reaches 

\ , l' , 

\ 

.... 
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the permanent wilting poiI;l't. The water table depth will be 
1 . 

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

dry zgne. 

The effectiv'e rooting depth with time will-be used in the 

model' and can be approximated ftom the exper imental resul ts 
1 

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

root distribution of corn in a silt loam soil which was j~ 

drairied with drains placed lm deep and 20 rn apart. The data 

of Mengel and Barber are plotted in Figure 4.2 for root 

d e p t h ver sus t i me. S k a g g s, ( 1.9 7 8) su g 9 est e d l h a t the 

effective rooting depth time relationship should not be 

based on the max imum d epth 0 f roo t pene t rat i on, but shou 1 d 

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

results, as far as Skaggs' DRAINMOD model performance is 

concerned • An ppproach simi lar ta that of Skaggs wi 11 be 

followed here to test the model performance. Since the model 

starts simulation from March 31, wh en fallow' conditions 

prevail, an effective root depth of 4 cm is assumed. This 

assumption is consistent due to the fact that eVi;1poration 

takes place within the soi1.4 to 5 cm below the soil surface 

(Goodwin et aL, 1982). ~values of root depth versus ti.me 

will be given in tabular forro, 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 US)ing equat ion 13.1'2). The method of 

l 
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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 relatian.ship will be discussed in Chapter 

'VI. 

Th~ drainage aspect of the model is based on Hooghoudt's 

equation (3.1). Figure A.1 (Appendix A) is a schematic 

diagram of a subsurface drainage system. Note from this 

Figure that DWT is the design water table depth and DO is 

the depth a·f the dr~ain. DWT in the model can be assigned a 

suitable value depending on the type of crops grown and 

their root zone-depths. It appears from the the literature 

(Chieng, 1975; Foraud, 197.4; 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 
c~ 

\ 
aSS)med that if the drainage rate calcu1ated from equation 

(3. \) is greater than the drainage coefficient (which is 10 
). 

mm/day for the Quebec region), then the drai~age rate is 

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

56. 

the drainage rate follows Hooghoudt's equatiol'l. This~,. 

assumption is consistent with the fa ct 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 ta a given elevation 

t6p~vide a certain head ,ho (Figure A.l) sa that the 
\ 

w~table in the field can be raised. A weir is set in the 

.@ 

\ 

,1 



" 

57 

". control chamber 50 'that, if the water otable in the field is 

higher than the water level in the control chamber, drainage 

will occur and the additional water will spiii over the 

weir and leave the system. When the water table in the field ~ 

« 
is Iower than the water level in the control châmber, water , 
will move out of the charnber at a rate given by equation 

(3.2) raising the water table in the field or suPPljting ET 
, , 1-

demands. Subsurface irrigation wi 11 be started just after 

plfuting by closing the outlet valve provided in the control 

chamber. The volume of subsurface irrigation water and the 

water table depth 'during subsurface irrigation will be 

predic~ed for'different drain spacings. 

The moisture balance will be calculated on a day~t~-day 

basis using daily values of rainfall and P~. The simulation 
( 

output incl udes dai ly va~ues for' water table depth and AE 

for both subsurface irrigation and subsurface drainage 

systems. This information will,be used in separate crop 

'model s of ma ize yield response for excess i ve and def icien t 

sail moisture conditions in erder te estirnate rnaize yields 

in subsurface i rr iga tien and drainage systems. The fe Il owing 

sect ions dea l 'wi th the conceptuali za tion ef crop mode l s. 

4.1.1 Yie1d reduction due to sail moisture deficit 

The effect of soil moisture deficit on crop yield has been 

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



( 

Musick and Dllsek, 1980; Robins and Domingo, 1953; Shaw, 

19 7 4 ). It i s c omm a n k n a w 1 e d g eth a t soi 1 m 0' i s t II r e d e fic i t 

inhibi ts plant grawth, thus reducing yields. 

Generally corn plant d'eve1opment is divided into five 

stages: (1) planting ta emergence, (2)emergence to 

tasseling, (3)tasseling ta si1king, (4)si1king ta maturity, 

(5} dry down per ioda The importance. of each stage has been 

reviewed by Shaw, 1978 and Sa1tér and Goode, 1967 • They 

concluded that tasse1ing to maturity is a critical stage 
, 

where plants are more sensitive ta shortage of water than at 

other stages of de ve lapment. Theref ore, the impact a f dai 1 y 
l'-

sail moisture deficit must be weighed by a .crop 

susceptibi1ity factor which is dependent on the stage of 

p~ant growth. Shaw, (1974) deve 1 oped a crop suscept ib i l.i ty 

fact Ç>r for corn based on ex t ens ive res ear ch in Iowa (OSA) 

and 9 i v en' i n Ta b 1 e 4 .1. Re c e n t 1 Y S k a 9 9 san d Nes se h zad e h -

Tabrizi, (1-982) used this approach in optimizing a drainage 

,.,Adesign system for corn. 

58 

Shaw, (1978) developed a corn response model for deficient 

s6il moisfure conditions which is based on stress ~ay index 
. 

(SOI). SOI 15 a rneasure of the intensity and duration of , 

crop deficit. Mathematica11y, the SDr can be expressed as: 

N 
SDl d = L: CSd i *SDd i 

i=1 
1 
1 

/ 

0' •• (4.2) 
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.TABOL'E 4.1: ç::rop suscep~ibility factors f()r made due to 
deficient soil moisture conditioos with réspect 
to silkihg ( after s'ha'W, 1974()). 

--------------------~--------------------------------- ------

. d* peno CSd periad CSd 

-------------------~---------~---~-------------------- ------

Befare 8 
7-
6 
5 
4 
3 
2 
1 

0.50 
0.50 
1.00 
1.00 ,\ 

1.00 
1.00 

.1. 75 
2.00 

After 1 
2 
3 
~ 
5 
6 ' 
7 

. 8 
'9 , . 

2.00 
1.30 
1.30 
1.30 
1.30 
1.30 
1.20 
1.00 
0.50 

----~--------------------------------------------~----------
----------- - ---- -- ----'-- ----------- - ---- ------------ --- -----
*Eacl:t periad conslsts of 5-days. ~ .' 

Befare and After are the periods with respect ta silking. 

TABLE., .. a.2: Crap susceptibility factors for maize due ta 
excessive sail maistur'e conditions. ( after 
Hiller, c.f Hardjoamidjojo et al." 1982 ). 

----------------------------------------~---~-~-------------

Growth stage Days after: plant i ng, CSw 

------------------------------------------------------------

II 

III 

o - 42 

43 

81 

80 

120 

, . 

0.51 

0.33 

0.02 

-----------~------------------------------------------------
------------------------------------------------------------o 1 

, 



( 

( ) 
'. 

\t\ 

• , 

where sord ='Stress day index due to soil mo.is"ture' deficit 

CS cl i = C r 0 psu 5 cep t' i b i 1 i t Y fa é t 0 r due t 0 soi l' 

l ,moisture deficit 'for the ith growing peri'od 

SOdi = Stl:ess day factor due to soil moistur~ defici t 
, 

for the 'i th growing period 

N = Number of per i ods in the 9 rowing season. 

:\The" 'stress day factor, SDdi is defined as: 

Where 

SOd. 
l 

AEj= 

. ni 

= L (1. 0 - AEJ.jPEJ') 
)=1 

Actua1 evap'ptranspi ra t i on 

, growing 

••• (4.3) 

for jth d'ay' in 

60 

.. 
PE·= 

J 
" Potentia1 ev potranspira t i.~n for jth day in the 

-' 

ni = Number of da in the i th growing per iod. ' 

Finally Shaw's model for de icient sail moisture can be 

expr~ssed in normali zed fox:m as. 
~ 

YRd = 100 - 1. 22 sord ' 
\ 

" ~ 

••• (4.4) 

, Where YRd = Relative yie1d due to. sail ntoistul:e deficit. 

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

perio<\n.felative to the silking stage. Each period consists 
,' •• ~'; ,<" 
1..:;:1' 

r 

.. 
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day ~tor for "the" season will be 

~4.3). w~never the stfess day factor 
. ~ , 

calcu~ated by equation 

for two or more consecutive 5-day perlods was 4.5, or 

greater, Shaw multiplied the SOI, for those periods by an 

addi tiona1 factor of 1.5. This was necessary ta explain the 

grea tly reduced yields found under severe stress per iods of 

more than a few days duration (Shaw, +976). 

.----
\~ 4.1.2 Yie1d reduct'ion due to wit conditions 

The same stress day index approach can be used for wet 

stress c,ondi tians and i ts effect on corn yields. stress day 

in this case can be found by su~ing the excess water table 

fluctuations above a critical depth of 30 cm as u.sed by 

Wesseling, (1974): 

Where x· l 

n 

n 

SDwi ,E(30 - Xi) 

i=1 

= ~Dai 1 y water table depths 

dur i ng growing season. 

= Number of days in growing 

••• (4.5) 

be10w the sail surface, 

"_t , 

season. 

stress day index for excessive1y wet condition may be 

~xpressed as: 

N 

SDIw =LCSwi *SDwi ••• (4.6) 
i=1 -

61 
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where SD1w = Stress day index for wet conditions. 

= Crop susceptibi1ity factor for each growth 

stage. 

N = Humber of days in gr1o:wth stage 
( . 
1 

> 

Crop susceptibi1ity factors for corn at different growth 

stages developed by Hiler (1980) (c.f Hardjoarnidjojo et 'al., 

1982) are presented in Table 4.2 

The' rno"del for predicting corn yield response to excessive 

soil water conditions was 'obtaï.ned in studies of 

Hardjoamidjojo et aL, (1982) and it rnay be expressed as: 

YRw =, 100 , 

YRw =103 - 0.42 SDI w' for 8<SD1 w<24S 

YRw = 0, for SD1w ~ 245 

' •• '. (4."7) 

,d 

Then the general crop response model can be expressed as: 
~ 

'. , 

••• (4.8) 

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

YRèi=Yd/Yp; Yp is th' potentia1 ( base f yi~ld that would be 

'ôbtained in the abse~ce of sail water stress conditions; Yw 

is the yield that w~uld be obtained if only wet stress 

occurs; Yd is the Yie~d that would be obtained if O~lY soi 1 
( 

moi sture ,deficit occurs; and y i5 the yield of a given year. 

\J 
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V HATBRIALS AND METHODS 

A f ield exper iment with subsurface i rr igat ion was conducted 

in the -1982-1983 growing seasons on the farm of Mr. L. 

Charbonneau, St. Louis Parish, Richelieu county, Quebec. The 
, 

experirent was laid out with 8 replicates; that is there 

were 8 plots wh~ch received subsurface irrigat~on and 8 r 
plots which received no irrigation. 

In the 1982 sumrner, there were pioblems with equiprnent 

hreakdown and poor subsur face irriga ti on response on some of 

the plots. Supply of irrigation water was limited. It was (~ 

only possible to irrigate for 16 days (Figure B.l, Appendix 

B), whereas in 1983, there was part~al 'supply of water for 

26 days and full supply of water for 16 days (Figure B.2). 

The water moved from the subsurface drain pipes ëhrough the 

sail satisfactori ly on two' of the plots tn 1982. This 

indicated that subsurface irrigation was ,possible in 'this 

region and that significant yield increas'e could be ex'pected 

in seasons which had significant dry spells. 

Irnprovements were made to the subsurface irr igation system 

in 1982 and 1983. The experiment was repeated in the 1983 

growing season. 

\ 

l 
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In 1983, ,a dam was built l-km downstream in the municipal 

ditch, to create a r:eservoir to supply the field with 

irrigation water. ~he dam consisted of a removable steel 

frame anchorep to, a concrete base. Wooden pl anks were used 

to hold the water behind the dam. 

U,nfo-rtunately the reservoir was not large enough and did not 

receive sufficient inflow ta supply the complete water needs 

of the extreme1y dry summer. A weIl was drilled 55 m deep,in 

late August, 1983 about 1.5 km ta the west of the 

experimental field and water was pumped to the control 

chambers viaa 10 cm diarneter non-perforated corrugated 

plastic pipe burried in the ground. 

) 

5.1. Field Si te 
\ 

The experimental fie1d-is located approximately half way 
, 

between Sainte-victoire and Saint-Louis in Richel ieu County 

about 1.5 km north of Rang Prescott. This i5 about 24 km 

south of the city of Sorel and about 120 km north eas~ of 
..r 

!'1 a cd 0 n a 1 d Col 1 e 9 e. The are a 0 f the fie l dis à b 0 ut ';1 0 

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

5.2. History 

\ 
The soil is primari1y a St. Samuel sandy loam. A soi1 

shrvey, 'conductep by Rashid-Noah (1981), showed that this 

50 i 1 cons i sts of a dark brown fine sandy loam top soi l 1 ayer \ 
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( 
of 15 to 20 cm thickness underlain by an olive pale mediu:n 

sand down to a depth of about 1. 6 met ers. The sa il is clay 

from 1.6 meters down ta bedrock at a depth of abqut 30 

meters. The clay is relatively Impermeable. The water table 

is almost always above the top of the clay layer. 

Corrugated polyethylene subsurface drains wer'e installed in 

1972, with a spaeing of about 30 meters between lateral~ 
r r ' ( -

Grain corn has been grown as the major erop sinee 1967. The 

subsurface drainage system was mOdif~ed by the addition of 

nan-perforated branch mainl,ines and four water table control, 

chambers as indicated in Figure 5.1. 

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

observed that sorne of the subsurface drains were partially 

filled with sand. When the drain tubes were insta11ed in 

1972, a filter fabric was placed over the top of the pipe 

but no filter ,fabric was placed under the bottom of the 

carrugated pl?stic drain pipe. One 1ateral drain was found 

ta 15e cornpletelJy blocked with fine sand. It was replaced by. 

a new corrugated plastic drain tube enrobed with a knitted 
~ 

polyester drain,envelope'. 

During the subsurface irrigation in 1982, the water table 

resp.ond~d 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 prOl?erly in the other six 
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plots. Those si-x plots did not absorb water as quickly as 

they werè expected ta when water was added to the water 

1 e ve 1 ca n t r Cll cha m ber s • Ne w su b 5 U r fa ce d rai nIa ter a Ls 

enrobed with a knitted polyester enV"elope wer!= insta11ed in , 

October 1982 on those rernaining six field plots. , 

During the iFrigation of. 1983, aIl plots accepted water from 

the subsurface .irr i ga ti on ~~tem app.roKima te ly as might be 

expected. 

/' 5.3. Field Experiment Layout 

1 

The field experiment wa 5 d"e 5 i g n ed ta g ive a randornized 

complete block design with two treatments in either 

replicate. ,The treatments consisted of irrigated and non­

irrigated g~ain corn. Each plot contained two subsurface 

. drains. There were buffer zones between irrigated and non-

irrigated plots. Four water table control chambers w~re 

instal1ed in such a way that water could be added at those 
) 

chambers and flow up the subsurface drains to provide 

subsurface irrigation. Water was pumped into the control 

chambers from the nearby water course and in late August and 

ear1y September 1983 from a weIl. 

The water level ,in the control chambers was kept constant ~n 

... 
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.. 
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envelope in October 1982. 
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the 1 98,2 9 ra win 9 se a son w i th f l 0 a t. v a' 1 V es. The dia 9 r a m a f 

control chamber is shawn in Figure B.4. 

In the 1983 growing season the control chambers were 

ex tended 51 igh tly above ground 1 evel to a llow a grea ter head 

ta be placed on the subsurfacoe drain pipes to cause water to 

flow into the sail more rapidly. Because :of delays in , 

getting the water storage reservoir constructed, the water 

table nad dropped to abQgx 1.25 meters below t~e surface 

" before irrigat.ion began. 

Whi le irr
4

igation was underway" measurements were made of" the 

depth to the water table; the, s:pil moisture content, the 
',~ " 

sail moisture tension was rne;,a'sur'ed with tensiometers; the 
...... -, .... 

amo un t of wa ter added to the chambe r s was meas u red w i th 
'\ 

water meters; the distribution' of corn roots was sampled . 

The yield of corn was rneasured in October' of each year. 

5.3.1. Water table measurements 

./ 

~---I' 
The observations~6rwater table depths were made in 

subsurface irrigated and non-irr~gatêd'plots by means of 19 

rn ml. D • , 1. 5 rn Ion 9 P V C P i p e 5 5 e ale d a t the bot tom., 
1 

FOll'owing the technique of Broughton (1972), the pipes were 

perforated with four rows of 6.4 mm diameter holes at 15.2 

am intervals along their length. Alternate, rows of holes 

69 



were dd11ed at 90°' ter the first hol-es at a lengthwise 

displacement of 7.6 cm. The pipes were covered with a 

spunbonded polyester fil ter in order to prevent the en-try of 

sand. 

The water table pipes were insta11ed with an auge,r slightly 

larger than"the pipe a'nd the loose side.s surrouqding the 

pipes were packed with dry sand to ensure good contact 

between the pipe and the so iL Figure 5.3 shows l oca tion of 

the water table, pipes in t{le irrigated· and non-irrigated 
-
plots. Seven water table pipes were installed in the 

irrigaÉed plots to study the shape of the w~ter table 

'(Ga11iahand, 1983 and von Hoyningen Huene, 1984). In this 

study, onl y water table pipes lnidway between the drains in 

each plot were considered. 

Water table measurem"ents were made periodical1y during' 

subsurface irrigation experiments of 1982 and 1983. A 

graduated hollow plastic tube about 3 m long,'havicig t.he 

lower end connected with two electrodes and a sound emitter 

70 

at the top of the tube was used. The technique consisted .lof _ 

lowering the plastic tube into the water table pipe slowly 

unti 1 the water table 'was located with the sound of the 

beep-. A water table depth below the surface of the ground 
, . ~ 

:~as caldulated by subtracting the pipe above the groun~ 

level from the observation -of . the wa tér table. 

" 

_ .'".fJ i-~~~-



. r 

" \ . 
, 

r , 
1 7l 

,. 
, 

0 

H. 
10 Il 13 16 ~2 2~ 26,. 2S 

•••• • •• • .,. t ••••• • • H 

• • • • 
GI 

1 7 10 Il 13 16 22 ~ 26 2S 
G ••••• • • • -. • •••• • • • 

"" 
( ,/ " 

..., 

F ~ •••• l 10 .dl 13 ,14 • 16 I~ • 20 ~El F • • • ••••• "4 
-, --- • , • 8-• ,1 

1 •• ~ •• 7 10 Il 13 14 16 17 ~0 ••• ~6 E • E • • • • • • • , 
, ..... 

..... 
<b 8 

. 
~ 3 4 I~ 7 13 1!5 21 24 25 27 

0 • • ~ .... • • ••••• • • • 0 0 

• , 1 .. a • , ' 
.1: 

c' 3 4,. 7 13 1!5 2J 24 ~ 'ri 

~ • • ••••• • ~ .... • • ~ . C .. 

B 1 3 4,. ~ .... 13 I~ 21 24 25 2i 
~8 • " . ~ • • •••• • • • 

• ,a • a . 
AI 3 4 ~ .... 13 ~ 21 24 25 • 27 

• • • ••••• • • A 
.-

, 'iiJ 

road . ... municipal weter cours e ... . 
. Ica le 1: 2900 

.,.. LEGEND: -Er- CONTROL CHAMBER 
•. WATER TA8LE PIPE 
• TENSIONMETERS 

Figure 5.3. Location of water table pipes and tensiometers. 
3 

• 1 



" , 

, . . . 
• 

f ' 

5.3.2. Soil moistu~e measurements 

Sail moisture, measurements were done gravimetrica11y, for 

samples taken at 7, 22,37,52, 67 cm depths from the sail 
" 

Sjr,faCe in each "Plot during "the subsurface -irrigation 

exp e r i men t s of, l 9 8 3. Soi l rn 0 'i s t ù r e con t e n t 5 a t the 5 e 

s p e c i fic de p t h s we r e a s s u rn ed 
,,­

J 
to represent the mOlsture 

• i';!i, 
contents for the depth ranges of 0-:15, 15-30, 30-45, 45-60, 

60-75 cm respectively. 

undisturbed soil samples were taken from each plot at 5, 20, 

35,50, 65 cm,depths from the soil surface in a'lurniniurn 

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 a't each depth, 

for,the determination of bull< densities. These bulk density 

valu'es were later used ta convert soi 1 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 sail columns. 

In addition to the soil samp+es taken for the determination 

of volumetri'c moisture content in E;ach plot three other 

small undisturbed core samples were taken' in each plot from 

30,45, 75 cm depths for the determination' of sail moisture 

characteristic curves, us'ing the pressure, plate apparatus 

fa llowi ng the method of Richards, (1965). Four tensiometers 

-, 

'. 
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in each of the 8 irrigated and 8 non-iArigated ~10ts were 

installed at.lS" 30, 45, 60 Cm depths from the sail surface. 

Additional tensiometers were installed in non-irrigated 

plo t s a t 7 5 cm de pt h q e l 0 w the soi l 5 U r fa ce. The l 0 ca t ion 0 f 
. 

tenslometers. is shown in Pigure~ 5.3. 

5.3.3. Yield measurements 
/ 

To determine whether the subsurface irrigation had any 

ben e fic i al' ô ver a 11 e f f e c t s, t Q. e e a r y i e) d a nd gr a i n yi e 1 d 

was rÎleas u red 'f a Il ow i ng the inethod 0 f Ragha van p. nd McKy-~s, 

(1977). pive rows about 10 meters long were ran2loml'y 

se lected and s taked out in each of.- the si xteen plots. These 

rows from each plot wer~ hand harvested. AlI of the cobs 

were rem,oved frC?m each row and the weight was recorded. 20 

cobs from each row of the 5 ixtéen; plots were randomly taken 

,for ear yielo and grain yield measurernents. 10 cobs were 

taken out of every 20 cabs for drying in the oven to 

determine the grain yield. The remaining cobs were then 

chopped and a l Kg sample was taken for determination of ear 

rnoisture. From th1~ information the ear yield and',grain 

yield were deterrnined on an oyen dry weight pasis. 

In October 1983 the grain yield was also de:termined by 

harvesting the complete plots wi th a grain corn combine. The 

sixteen plots were separated by first harvesting the buffer 

zone surrounding the prots. Then' the plots were harvested 

73 
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qne by one, and the grain weigh\: for the comp\ete plot was 

measured ill'I the field. Samples of the grain from each plot , . 
w~r.e taken for mo isture content determina t ion.' FOllowing the ' 

~ \ 
l' 

ab 0 v e met h 0 d sig rai n y i e Ids we r e d ete r min ed 0 n a 0 ven dry 'e, 

.. 
we;ight basis. 

1\ 1 • 

l n \;0 c t 0 ber 19 82, 0 n l y t w 0'- i r ri 9 a t e dan d t won 0 n - i r r i 9 a t e d 

plots were harvested for grain yield determination. The 
, 

other remaining plots wer,e not harvested because t11ey did 

.. not provide specifie treatment, thus the treatment effect 

cou Id not be proper 1 y determi ned for 1982. 

J 

o 5.3.4. Root measurements 

Information on the effects of root depth is an important 

feature which is required in the theoretica1 calcu1ations of 

upward flux of water from water table d'~rrt'h to the root 

zone. Root measurements were taken,by driving cores which 

w~re 10 cm long and 9.8 cm '1.0. at depth increments in each 

of the sixteen plots. Core samples were taken at 20 CTI\ away 

'from the corn rows. The corn row spacing was 80 cm. To 

extr,pct the cores from the soi1 a pit was dug by hand to az) 

depth' of 70 cm. Roota from the cores were washed carefu Il y 

and then the roots were removed. Roots from each core were, 

put i n the a ven a t 6 5 0 .• C for 24 hou r s • The dry wei 9 h t.1 0 f 

the roots was recorded. In this way the dr~ weight of roots 

per unit volume was obtained for, depth increments of 10 cm. 

1 
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5.4. Drainable Volume Measurements 

Six 1 a r 9 e P V ~ tub i n 9 cor e s 0 f 15.24 cm dia m e't e r a n <il 1 20 c,m 

1 en 9 th we r e, use d for de ter min a t ion 0 f--. the rel a t ion s 11 i ~ 
, 

between draina-ble volume arl'd water - table depth. Those 
1 . 

sarnples VJ,ere taken from randornly selected sites in the 
" 

field. A ,sma Il backhoe wa~ used to d rive the cores w'i th the 

front end bucket to their full leng-th. The 50il éores were 

/then retrieved by digging with the backhae and by nand. Each 
'" 

core was then sealed at the b~ttom and carefully 
, . 

transported ta the laboratory. 

In the laboratary, aIl of the six cores were mounted 

vertically on the vloaden board. A 5 mm hale was drilled at 

th~ bottom of each core and a perforated tube of 4 mm 

dia~eter and 50 mm in 1ength, ,wraped with ~ylon filter was 

inse\rted which served as outlet. The bottom end caps and 
\ 

hales were then 91 ued. Rubber tubing was used ta attach one 

end .t a the 0 u t 1 e tan d the 0 the r en ct w i t h the' w a ter 

reservoir. The water in the reservoir was previously boiled 

o to get rid of sorne of the dis501ved air. 

Before beg i nni ng the exper iments to dete'rm i ne the dra i nab le 

volume and water table relationsh'ip, the soil cores were 

saturated by raising the water reservoir. This process was 

repeated two tirnes in order ta prevent air entrapment in the 

f.l 
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,soil. Fina\lly, the water table was raised ta the surface of 

the soil, the water reservoir was disconnected, and a T-

joint was onne,cted at the end of the rubber tube. The tops 

of the cor s wère éovered with flat end-caps to prevent 
, '-' 

losses due o evaporation. To begin with the test, the T-

joint was l wered by 12.5 cm intervals, and held at the 

specifie ele ~tion until the drainage ceased. The drainable 

volume was m each water table lev~l until the 

, 00> 
water table r ached 100 cm from the surface of the 5011. The 

drainable volume' was measureq in a graduated cylinder 

covered with p rafin wax paper to minir;nize evaporation. In 

1 this. way 'the rel tionshi'p between drainable volume and water 
/ 

table depth wa5 establ (shed. 

5.5. Water Balance Model 

-The primary purpose of develo~~ng a ~ater balance mod~l wa$ 

to· optimize subsurface· irrigation/drainage design for rnaize 

yield. Inputs, in the model are the clirnatological data, 

.' ~ " -
sail pr'operties, subsurface irrigation/drainage system 

parameters and crop parameters. Climatological data include 

the daily rainfaii and PE. Sorne of the soil properties such 

as water content at saturation, relationshi'ps of -drainable 

vol u pfe , and ste a d y u P w a r d f lux a 5 a fun c t ion 0 f wa t e t ta b 1 e 

d e p th are i n put s t 0 the m 0 deI, bas e d 0 ln exp e r i men t s 
, 1 

described. Other pertinent sail water par~meters such as 
1 

• \.. 1.' 
sa tu rat ed h y d r a li lie con duc t i vit y, p e r fi a ne rvt w i 1 tin 9 po i n t 

/ 
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we're obta i ned from the wor k of Rash i d- Noa il, (198 l) on this 

soil, and are assigned 'to the model. The crop p~rameters are 

rooting depth as a function of time, planting date, 'as wÈ=ll 

as the parameters for the yie1d response models giv~n in 

sections 4.1.1. and 4.1.2. of chaptèr IV. Subsurface 

irrigation/drainage system parameters are drain depth a~d 

spacing, depth to the imperm~able~layer, design water tab1~ 

depth (DWT) at a point midway, bet'1'een the drains, l'im i ting 
"v 

drainage coefficient, .water table level at the drain, 

optimum water table depth as a funct'ion: oÎ--Itl-a*-im-um ,ET (in 

our cëjse 4.5 mm/day) for the case of suosurface irrigation. 

All these param.etr ic val ues used in the model are shown in 

table •. 5.1. 

'The mode1 predicts the water, table depth, AEjPE ratio, and 

subsurface irrigation volume, u5ing <;'iaily rainfall and PE, 

and other pertinent soi1 and water parameters This 

informat ion was su~se.quen tiy used in i nteg r a ted crop models 

, to predict relative yields. 

Economie analyses
P 

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. 

) From various assumptions described in section 4.1., one of 

the assumptions nas been changed fdr better per formance of 

the model. It was aS,sumed 50% of the rainfall goe5 into the 

~ - --.... ~ -, - ~ ---- .,-_ ... --- ........ ~ 
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TABLE 5.1: Sorne -average soil water properties and drainage 

system parameters used in the water balance 
model. 

---~-------------------------------------------------------

Input Value 

1. Soil properties: 

Saturated hydraul ic conducti vi ty, ks 
Saturated moisture content,Qs 
Permenant wil ting point, Qw 

1.56 m/~ay 3 
0.43 cm ~cm 
0.031 cm /cm 3 

2. Drainage system parameters: 

Depth ta the impermeabt-è layer, DI 
Drain depth , DO 
Design water table depth, DWT 
Drainage coefficient, q 
Drain diameter 
Drain spacing, W 5, 

35, 
65, 

Subsur face i rr igat ion par ameters:, 
optimum water table at midspacing 
Design water table control at ~he 
drain 

3. Crop parameters ( for maize 

Planting date 
Maximum effective roating depth 

1.60 m 
1.05 m 
0.40 m 
o. 01 m/day 
0.10 m 

10, 15, 20, 25, 30, 
40, 45,50, 55, 60, 
70, 75 and 80 m 

1. 00 m 

0.60 m 

May 6 
0.30 m 

, ----------------.-------------------------------------------
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~oot zone and 50% goes below the root zone into wet zone· 
~ .~ 

~Df} moisture storage. This assumption is jus~~fied from the 
.' 
actual observations of water table depths on July 26, 1983 

(see table 6.3, non irrigated) when the water table rose 

without saturating the root zone. Various input ~ercentage 

~ere tried in dlfferent computer runs to arrive at the most 

appropriate value. It was fa und that 50\. input ga~e the best 

performance of the model. 

5.5.1. PB detenaination. 

tI: 
A temporary weather station was set up near the field to 

mea~ure daily maximum and minimum tempera'tures and rainfal1. 
. { 

The tempera tures were recorded wi th standard meteoro log ica l 
, 

therIÎlometers in a Stevenson" screen and rainfail was r,ecorded 

by a tapered rain gage. rhese readings were take~ dai1~ at·8 

am and 6 pm •. 

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

to August 6) in I982'and 2 months (July 1 to August 31) in 

1983. The weather data for the rest of the months was 

obtained from nearest weather station. There were three . _. 
weathe~ stations, that is Sorel, Fleury and l'Assomption 

located nearest the fierd. Data from three stations were , 

compared with the recdrded data, and l'Assomption was found 

to be the closest related. 

r 

.. 
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PE valu~s were obtained from tables prepared by Russelo et 
, ! 

" al., (~974) using the daily maximum and minimum temperatures 

at Charbonnéaù's farm when available, otherwise from data 

from the l'Assomption station. 
# 

J 
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VI RESULTS AND DISCUSSION 
\ .~ 

The study reported in this chapter consists ~f tw~ parts. In 

the first part, experimental results of response to 

subsurface irr igation"rp variati~ in so,il moisture are 
" 

presented. In the 'secon'd part, a w~\ter ba,lan/ce model is 

developed f0r predicting daity water tabl~~tions, AE/PE 

ratio and subsurface irrigation volumes. The predicted d~ta 

is then compared wi th fie Id measurements. 'The resul ts were 

subsequently used to.compute the relative yields of rnaize 

and annual profits due to subsurface irrigation/drainage 

systems, designed with different drain spacings. Sorne inp.ut 

data for th~rnodel w~s measured during the 1982 and 1983 

growing sealons. Two years of weather data, recorded at the , 
experimental site, are used in develaping the 'the water 

ba lance IlI{>de 1 • 

'6.1 Soi1 Moisture Regime 

'v 

6.1.1 Soil moisture distribution 
in the soil profile 

In arder to observe the response of sbbsurface irrigation 

during the 1982 and 1983 field experirnents, avai lable water 

within 30 and 45 cm soil columns was determined in irrigated 
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and non-irrigàted treatments. The determin~tion of avai1able 

water r~quires the know1ege of ~olumetric soi1 moisture 

content. Soi1 moisture measurem~nts, on a voJume basfs, 

cou 1 d no t b e ma dei n the. fie 1 d due t 0 t-h e 1 a r 9 e nu m ber 0 f 

samp,les ,and samp1ing d~pths leqUired: Instead, volumetrie 

soil moi sture contents were deterrnined by,.multip1ying the 

ob s e r v e d gr a v i rn e tri c soi 1 moi s t ure con t e n t s'" b y the l' 

appropriate dry bui k densi ties. Therefore, i t, was ~ecessary 

to determine dry ~ulk densities of the soil at dLf~erent 

depths. 

Tab1e~ 6.1 an,d 6.2 present the average dry bu1k density 

values in the irrigated and nOl'l-irrigated plots, 

respective1y, at various' depths. The standard deviation , 

indicate the variat~on within the p~ot at each depth. To 
, 

fur the r in v est i 9 a te the var ~ ab i 1 i ty 0 f "d r y Bv 1 k den s i t Y 

with respect to depth and treatment, an analysis of variance 

was conducted. The results are presented in Appendix, Table 

C.l. 

From the ana1ysis of variance it was found thàt the dry bulk 

density was n9t significaQtly different with respect to 

treatrnent and depth at the 99 percent confidence 1evel. 

However, this does not necessarili mean that the soi1 is 
~ , 

homogeneous with respect ta depth. There are other 
;:/ 

properties'which influence sail h~mogenity. T~e largest 
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TABLE 6.1: Dry bu1k density versus depths in irrigated 
experimental plots. 

" 
---~------------------------------------------------~--+-

Plot 

A-l Mean 
S.D. 

A-2 Mean 
. S.D. 

A-3 Mean 

A-4 

A-5 

~-6 

A-7 

A-a 

S.D. 

Mean 
S.D. 

Mean 
S.O. 

Mean 
S.D. 

Mean 
S.D. 

Mean 
S.D. 

l ' 

, Dry bulk density (g/cm3 ) 

"depth from sail surfac~ ( cm ) 

15 30 45 

1.39 1.41 '1.56 
0.06 0.03' 0.09 

, 
1.42 1.50 1.60 
0.06 ~0.05 0.03 

1.28 1.5~ 1.58 
0.09 0.04 0.05 

1.39 
0.05 

1. 36 
0.05 

1. 33 
0.05 

1.45 
0.04 

1. 41 
0.01 

1.55 
0.06 

1.55 
0.05 

1.49 
0.14 

1.42 
0.04 

1.42 
0.04 

1. 61, 
0.02 

1.68 
0.01 

1. 67 
0.01 

1.66 
0.03 

1.65 
0.02 

~60 75 

1.52 1.54 
0.06 0.03 

1..58 ,,1. 66 
0.07. 0.03 

1.56 1.65 
0.03 0.03 

1.52, 
0.03 

1.60 
0.02 

, 
1.50 
0.05 

1.53 
0.06 

1.60 
0.02 

1.55 
0.07 

1. 56 
0.08 

1.51 
0.05 

1. 59 
0.01 

1.66 
0.02 . 

-----------------------------------------~-----------------
Over aU mean 

Standard 
deviation 

1.38 1.48 

0.05 0.06 

1.63 1.55 1.60 

0.04 0.04 0.05 
---~-------------------------------------------------------

S.D stands for standar~ deviat~on • 

. ~, 
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TABLe.6.2: Dry bulk density versus depths in non-irrigated 
\ experimental plots. . 

------~---~--~---------------------------------------------
Dry bulk qensity (g/cm 3 ) 

Plot depth from soil surface (cm) 

( 

15 ,30, 45 60 \/75 

-----------------------------------------------------~-----
r 

(1) (2 ) (3 ) (4 ) (5 ) (6 ) 
$ 

B-l Mean 1.42 1.49 1. 60 1.58 1. 58 
S.O 0.04 0.04 0.04 0.03 0.04 

B-2 Mean 1.41 1.48 1.58 1.56 1.58 
S.O 0.05 0.06 0.07 , 0.05 0.04 

B-J Mean 1,. 39 1.56 1.52 1.62 1. 55 
S.O 0.08 0.02 0.07 0.06 0.06 

B-4 , Mean 1.35 1.48 . 1.44 1.50 1.45 
S.O 0.04 1).03 0.06 0.08 0.11 

B-5 Mean 1.46 1.61 1. 50 1.52 1. 54 
S.O 0.06- 0.05 0.05 0.08 0.05 

B-6 Mean 1.46' 1.63 1.54 ·1.52 1.54 
S.O 0.06 0.03 0.05 0.08 0.05 . 

B-7 Mean 1.38 1.51 1.53 1. 59 1.60 
s.o 0.06 0.06 0.04 0.05 0.07 

B-8 Mean 1.37 1.54 1. 68 1. 64 1.65 
s.o 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 
~~-----~-----------------------------------~---------------

-------------~---------------------------------------------

S.O stands for standard deviation. 

, . . . , 
~. 



( 

86 

differenee in the magnitude of dry bul~ den~ity values at 75 

and 15 em depths was found to < be 22 % in i rr iga ted plot A-3. 

For the,non-irrigated treatment, the smallest and ~argest 

differences in bulk density values were found to be about 9% 

and 18%, respeetively (see 8-5 and B-8 plots in Table 6.2 at 

depths of 30 and 15 cm, and 45 and 15 cm, respectively). The 

overall mean dry bull< density i n i r r i 9 a te dan a,i .n 0 n -

irrigated treatments demonstrate little' variatF?n- at eacl1 ~P 
, / 

depth. The difference in the magnitude of dry bull< density 

values between~rrigated and non-irr~gated treatments at 
J 

each depth WàS less ~han ~%. The smallest and largest 

di f fere'nees in bul k densi t ies, ,wi th respect to depth, were 
1 

/ 
found to be 11% and 15% percent in non-ir~igated and 

irrigated treatments, respeetively. An average value of dry 

bulk den~ity for the overall field can not be used because 

it will give erroneou~ ~stimates of volumetrie ~oisture 

content and of available water~ However, the average dry 

Dulk density for the overall field fry'be used, with respect 

" to depth, because the difference bt~ween irrigated and non-

irrigated treatments was found to be insignificant. 

The calculated values of average volumetrie soil moisture 

content and water table depth obtained from irrigated and 

non-irrigated treatrnents during the growing seas~m of 1983 

are shown in Table 6.3. This data was obtained by 

multiplying the observed'gravimetric moisture content by the 

appropriate average dry bulk density of each soil layer. 

-." 
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TABLE 6.3 

\ 

\ 

Variation of water table and sail moisture 
content in i rr igated and noni rriga ted plots 
of St.Samuel sandy loam sail in 1983 field , . . 
experlments. , . 

Date Water table Average soil moisture cO",nten"t in 
depth percent by volume for 15 cm soil 

layers ~t the fOliowing depths. 
cm 

Depths of soÏl layers ( cm ) 

0-15 ;,.15-30 30-45 45-6'0 60-75 

R7 

-----------------------------~---------------------------.---
l rr iga ted,: 

" 
Ju1y 20 

22 
26 
27 
28 
29 

Aug. 02 
05 
31 

Sept.02 
05 
08 

86.2 

J
' 96.8 

111.9 
109.7 
Ill. 7 
117.6 
118.0 
129.7 

99.6 
95.4 
88.4 
72.8 

Non-irrigated: 

Ju1y 20 
, 22 

26 
29 

Aug. 02 
05 
10 
·23 

Sep. 08 

131.2 
132.6 
131.0 
132.0· 
133.8 
).34.8 

23.5 
18.8 
15.7 
17.2 
16.7 
18.6 
17.2 
13.6 
23.0 
19.3 
18.8 
16.1 

14. 0 
12.3 
10.1 
10.3 
10.9 
8.5 

10.7 
7.8 
7.5 

22.1 
19.4 
20.7 
19.1 
18.8 
20.9 
20.5 
16.7 
21.9 
22.6 
22.0 
20.5 

14.7 
13.4 
"12.5 
11.5 
12~5 
12.9 
12.5 

7.8 
7.8 

35.1 
32.2 
28.7 
28.3 
28.1 
28.0 
22.0 
19.6 
25.9 
26.3 
29.5 
31.4 

19.7 
20.4 
19.0 
1.7.6 
19.0 
19.3 
17.3 
11.6 
14.6 

33.0 
33.9 
30.0 
30.6 
30.3 
·27.3 
25.6 
17.0 
30.0 
29.0 
34.2 
37.2 

24.5 
25.7 
29.5 
24.8 
25.4 
25.1 
23.6 
17.0 
26.4 

42~2' 
41.2 
39~8 
38.4 
37.5 
37.5 
34.0 
25.2" 
37.2 
33.9 
42.2 
42.2 

33.6 
35.0 
34.9 
34.5 
35.1 
36.8' 
31.1 

29.4 

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. 
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The average volumetrie soil moisture data is reported for 

five layers with 1"5 cm thick. The general trend of ,soil 

moisture co~tent variation with respect ta water table depth 

is such that sail moisture conten~ increased or decreased in 
\ 

the sail layers above the water table, depending on the 

wa ter tab 1 e pas i t ion. l t shou Id be n6ted here tha t the 

upward flux i5 a function of the unsaturated hydraulic 

conductivity, the hydraulic gradient and the water table 

position. As can be seen in Table 6.3, the soil moisture 

c9ntent in irrigated plots was higher than the sail moisture 

content in non-irrigated plo~s in the four upper most soil 

l ayers. This is due to the evapotranspi rat i'On demand bei ng 

88 

met by the shallow water table wfthin the irrigated plots. 

Whereas, within the non-irrigated pl?ts, the deep water L 
tables resulted in lower values of upward flux. The total . 
evapo~ranspiration demand was also satisfied by the 

available water in the sail profile, thereby reducing the 

sail moisture content. 

The da,ta in Table 6.3 were used to compute available water 

at depths ranging from 0-30 cm and 0-4? cm in the sail 

profile. Available water is defined as the difference 

- between the ~bserved soil moisture content and the permanent 

wi1ting point. The permanent wilting point of the 

exper imental soi l was determi ned by Rashid-Noah (1981) and 

,1s reported in Table C.2 a10ng with the field capacity and 

saturated hydrau1ic conductivity. The average sail moisture 

\ 

1 
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content of 0-30 and 0-4S cm in. the soil column was comp~ted 

by multiplying the sail moistuie content of the sail layer 

by the corresponding depth range, summing these products and 

div ij) n 9 b Y the d e p th 0 f soi l col u m n (3 a and 4 5 cm). T h i 5 
/' . , 

---------wâs done 50 that the average sail moisture content for the 

soil column was not undu1~ influenced by the very low values 

of the top sail layer. 
1 

During the 1982 fiel~ experiments, soil moisture content 

measurements were not made. rnstead, soi1 suction was 

observed by tensiometers at 15, 30, 45. and 60 cm 'depths 
• -r 

,-

below the soi1 surface. However, estimates of sail moisture 

can'be made frGm the measurements of sail suction if a graph 

re1ating sail 5uction to sail moisture content is 

avai1able. Tensiometers give useful indications of sail 
- _ ...l 1 

suction upto tensions of 800 cm of water. Above this -:J'1;g." 
air enters through the porous cup, thus rerîùe_rin'g/~e 

. 
instrument useless. It is possible that soil suction in the 

-

field may exceed the indicated range of the tensiometer and 0 

the soil moisture can not simply be inferred. From the field 

observations, the tensiomet~r readings exceeded the 

tensiometric range several times in one of the non-irrigated 

plots. Thus, from the observed sail suction at various 

d'a tes, soi 1 moi sture was determined from the 50 i 1 ma i sture 

/' . 

1 

1. 
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characteristic curve and the results are given in Table 6.4. 

The determination of the sail mois±ure characteristic curve 
) <1:) 

is explained in section 6.1.3. ~ 

In 1982, six out of ei~ht irrigated plots did nct respond to 

~ubsurf~ce irrigation and the water table did not rise in 

t1)ose plots: This was. due ta blocking 'of drain tubes with , 

fine sand and" the extremely 10w depth of the water table 

prior to sU'bsurface ir'rigation. Due ta the latter, 

capi Il ar ies werè broken. "The subsur face d ra inage sys;tem was . _/ 

repaired in the fall of 198~. ALI plots responded 
~ 

satisfactorily during the 1983 field experiment. Therefore, 

results of the 1982 experiment perta~n to.only two irrigated 

plqts ( 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, a10ng 

with the recorded subsurface irrigat~on volumes and the 

rainfal~ data. During 1982, rainfall was 10w in ·thè mon th of 

July, but was normal for the remainder of the grawing 

season. Subs~rface'-1~rrigation was initiated on July 13 and 

was terminated on August 6, because of the shortage of the 

water suppl y. For this reasan,. subsurface in igation was n9 t 

uniforme 

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

\' --- -,----,---,,-.,----
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TABLE 6.4 

~ 

Variation of Water table and Soi1 moisture 
content in i rr iga ted and nonir r iga ted 
plots of St.Samuel sandy loartt soi 1 in 1982 \ 

, f ie1d exper iments. . 

~--------------------------------------------------------
Date 

l rriga ted: 

July 20 
21 
22 
23 

Aug. 04 
05 
13 
20 
24 

Water table 
depth 

cm 

58.0 
70.0 
78 .0 
70.2 
77 .0 
72~0 
90.6 

102.5 
110.0 

Average soi1 moisture ontent in 
percent by volume for 15 cm soil 
1ayers at the fol1owing depths. 

Depths of soil layers ( cm ) 

0-15 15-30 30-45 45-60 

16.0 34.7' 36.0 
24.4 29.0 37.1 
21.0 29.0 36.0 
29.0 29.0 35.0 
27.4 35.0 38.0 
29.8 35.0 38.0 
27.4 34.7 37.1 
19.7 27.4 34.7 

- 17.9 -26.0 32.0 

Non-:irrigated: 

July 20 
21 
22 
23 

Aug. 04 
OS 
13 
20 
24 

127.2 
128.6 
129.0 
130.1 
134.0 
135.4 
l31.0 f' 

13,~ .0 
l35.4 

9.5 
9.0 
8.6 
8.8 
9.0 
9.0 

16.5 
14.1 
15.1 

9.9 
9.7 

10.2 
9.2 
9.0 
9.8 

11.9 
11.0 
9.2 

, , 

,18.5 
16.7 
15.7 
1 T~7 
16.7 
16.7 
201. 5 
17:.8 
17-.8 

20.5 
18.5 
16.8 
18.5 
18.5 
17.7 
21.8 
20.0 
23.0 

----------------~----------------------------------------

. " 
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Figure 6.1. Variation of average available water in the 
soil columns of 30 and 45 cm in irrigated and 
non-irrigated plots during th€ field 
experiments of 1982. 
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There was Little supply. of water available in the ditch. 

Thus, during the initial stages. ,of plant development in 

l 9 8 3 , the s u p ply 0 f s u b sur f ace i r r 1" g a t i ,0 n w a s no t 

con t i nuous. 
.. , . ~ 

Howe'ver, a well was installed to provide 
" 

su b sur f ace i r r i 9 a <~ :iAJ n for the 1 a t ter par t 0 f the 9 r 0 win 9 

season. There was an interva1 of a'bo'ut 4 weeks with 

inadequate water supp1y. The average daily amount of water 

supplied by the subsurface lirrigation system during sub-

irriga.tion of 1982 and 1983 was about 4 and 4.5 mm per day, 

respective1y. 

Figures 6.1 and 6.2 show the results of the soil moisture 

content at various depths dur±ng the growing seasons of 1982 

and 1983, respectively, for irrigated and'non-irrigated 

t r e a t rn en t s. Soi lInO i s t ure con t en t i s . pre sen t e d i n' the for rn 

of available water for the 0-30 and O-i45 cm soi1 profiles. 

For the non~irrjgated treatrnent, there was little available 

. . , 
water during both 'the 1982 and 1983 growlng seasons. Dunng 

, 
the field experirnents of 1982, the available water for the 

irrigated t~eatment in the 0-30 cm and 0-45 cm soi1 
.' 

profi les was never less than 38 mm and 75 mm, respecti vel-y. 

On the other hand, avai1ab1e water for the non-irrigated 

treatment was below 20 mm and 40 mm for the 0-30 and 0-45 cm 

sail profiles, respective1y. It can be seen in Figure 6.1, 

that the upward flow from the water'table iricreased the sail 

.< , "'. 
... ' -~-'--"-"-'--' _",,--_~ ______ ....J. ______________ _ 
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moi sture content in the 30-45' cm sa i l layer, 'thus increasi ng 

the avai.lab1e water in tne 0-45 cm sail J?rof~[Je. The 

avai1able water in the '0-30 cm sail profile re~ained near1y 

" 
constant dur ing. the suppJ!y of subsurface itr igation water. 

. \ 

There was approximate1y twice as rnuch available water for 
• 1 \ _ ... , 

the irrig~ted th an fo~ ~6~~irrigated treatment. For the 
, . 

,Subsurface ir;rigation tJ~atment, as shawn in Table 6.4, the 
, , ' 

soi1 moisture i~ the '15-'30 cm ~oi.l layer stayed near1y' at 

fie,ld capacity most of the time during the field ex:periments 
. " . , 

0'(,1982. ,Whi le the 30-45 cm sail layer stayed above f'ie1d 
- . 

ca,pacity in thé sub-irri,gated plots. The, soil mÇ>isture 

content in the non-irrigated plots was found to be below 

fie Ide a p ,a c i t yin a 1 1 fou r 1. a y ers dur i n 9 the fie l d 

exper iments of 1982. Simi'lar resul ts were ,obtained for the 
" • .., r 

1983 ex'per iment. 
; 

o . 
Referring t'o Figure 6.2, i t . i s seen t,hat the a val lao1 e water 

decreased when the subsurface irfigatioh stopped after, July 
. . 

19 and Augu,st 10;, ThEt water table continuous1y dropped due 

ta ET demands. This shows that ',the upward f10w from the 

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

" 
resulted in a lo~s of soil moi sture and a reduction of th~ 

, available water in the sail layers. 
i • 

. , 
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6.1. 2 Pressure head distribù,tion, 
in the soil profile 

,-
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The data of water table depth and ,pressure head at various 

dates after subsurface irrigation is shown in Figures 6.3a 

) and b. Figure 6.3a 'depicts the"?esu,lts of the 1982 fi,e1d 

"-

experirnents. In this figure pressure head at .JO cm soil 

depth is plotted çècause most of the maize roots are 

concentrated in the top of 30 cm, For the subsurface 

irrigation treatm-ent, it can be seen that the pressure head 
.J; 

at 30 cm dept?~ follows th~ water table depth cl-osely for 24 

days of obse~ations. This indièates a continuity in the 

capillary suction from the water table level to the 30 cm 

sail depth while the water table recedes due to the effect 

of evapotranspiration: Figure 6.3b shows the results of the 

19'83 field experirnents. Referring te this figure, it can be 

se e n th a t the pre s sur e he a d a t 3 0 cm CI e pt h i 5 i n c 1 0 5 e 

âgreement with the water table for the fir5t 31 days 
) 

i nd i ca ti ng tha t' the upward flux' from the wa ter tab le ,i s 

sufficient to satisfy ET demands. After 31 days the pressure 
"-

head 
. ~~ ~ 

l n cre ~--s: e d r api d lys u 9 9 est i n g that the 

evapetranspira.tion demand was not met 501e1y by upward .flux. 

6.1.3 

. ' 

Relationsbip between steady upwar.d flux 
and water table depth 

The rate at which wat~r can-be supplied to the root zone 

from the water table depends on the unsatu-rated .hydraulic 

.' 

! 
" 
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conductivity function k(h), the soil water pressure in the 

root zone, or at the soil surface in the fal10w case and the 

water table depth~ To determine the depth that the water . 

table should be maintained, the depth distribution of the 

root zone and the evaporation rate must be known. 
Il 

Root measurements for corn wer.e made in the irr igated and 

non- irr igated plots and the resu 1 ts are shown in Table 6.5. 

Most of lthe roots were concentrated in the 30 cm soil 

profile, and there were very'few roots at the depths greater 

than 30 cm in both irrigated and,non-irrigated plots. Th;is 

is- unusual b~ause the depth of corn roots in non-irrigated 

pl.ots wa9 expected te be greater than that in the irrigated~ 

plots. Waldren (1983) indicates that non-irrigated corn 

expands ib,s root system when faced with a low moisture 

supply. The possible reduction in ·the root depth ma-y be " 

cau'sed by acidic sub~oi1s. Acidic soils are associated with 

the presence of high aluminum ion concentration. Soil with a .' 
P H 0 fIe s s t han 5 • 5 con t a i n a h i 9 h a l u min u m i o,n 

concentration (Adams, 1981). Soil pH' decreases as the 

aluminum ion concentration' increases. Chemical ana1ysis of 

this soi 1 was investigated by Rashid-Noah (1981). His 

results showed that the soil contained 1.05xl0- 2 meg/lOO 

gram of soil aluminum ion concentration at 45 cm depth. 

l)lso, it was observed during root sampling that the roots 

were stubby-and distorted. Taylor (19Bl) indi2ated that when , , 

aluminum activity in'creased in the soil solution the roots 



f ' , T.2\8LE 6.5: 

' .. 
Dry weight of the toots of corn in 
subsurface irrigated and non-irrigated 
plots, as observed in 1983 field 
experiments. 

------~--~---------------------------------~--------------
. . Dry weight .of the roots, x 10-4g/ cm 3 

Plots Depth at bot tom of 10 cm ~ong core (cm. ) 

----------------------------~----------------
10 20 30 40 50 60 

!rrigated: 

A-l 1.6 1.7 1.7 5.4 
A-2 3.2 4.7 2.8· 2.7 0.5 
A- 3 2. 6 2. 2 3 • 5 
A-4 3.6 8.7 6.6 
A-S 0.6 2.6 2.2 0.1 
A-6 2.3 2.3 1.1 0.3 
A-7 1.7 5.2 7.2 1.1 0.9 
A- 8 2.4 3. 7 1. 3 0 .3 

-------------------------------~-------------------------
Average 2.l 3.9 3.3 1. 7 0.7 

r 

Non- i rr ig ated 

8-1 4.2 4.1 0.6 1.0 1.1 
8-2 3.4 5.0 3.8 0.9 " "-
8-3 3.0 4.4 4.6 3.3 -1.4 
8-4 3.6 2.3 1.5 '0.3 
8-5 1.7 2.8 2.5 3.7 0.2 
8-6 1.3 3.5 1.3 -
8-7 6.3 6.0 1.7 
8-8 3.5 3.8 6.1 1.6 

Average 3.4 4.0 2.8 1.8' 0.9 

-------------~--------------------------~---------------

Note: The root samples were taken at a <%istance of 
approximately 20 cm from a row of' corn. The 
spacing between rows was 80 CID. 

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

.. 
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tend to become shortened and swollen. It was therefore 

concluded that the acidic subsoil was the reason for the '\ 

reduction of root depth. 

Evapotranspiration depends on cl imatic factors, including 

net radiation, temperature, humidity and wind velocity. 

Evapotranspiration can be determined with lysimeters. 

" 

However, s,uch" measurements were not"made and the 

evapotranspi rat ion va 1 ues were obta ined from cl imato l og ica 1 

data measured at the research loc~ation, using o.ne of the 

prediction methods. The maximum ET rate of 4.5 mm/day was 

found suitable for this location. For prevention of 

phy;siological damage due to drought, the plant should 
, 

transpire at the potential rate of 4.5 mm/day. This is 

règarded as the condition for optimal plant growth. Based on 

this, the optimum water table depth is selected ·for the 

design of subsurface irrigation system. In a water balance 

study, the fall or,rise of the water table is of interest 

and its effect on upward flux. Therefore, a relationship 

between upward flux and water t!lble depth is 'required. 

\ 
The matric flux potential (MFL'P) concept was used to arrive 

at the relationship between water table depth and stea-dy 

upward flux. As the unsaturated hydraulic conductivity 
~ 

function 'k(h) is a prerequlsite in the calçulation of steady 

upward flux, the .k,(h) function was determined from a .water 

retention characteristic curve, using Equation (3.13). 

'. 



( t 

" 

101 

Figure C.l shows the resu1ts of the sail moisture 

characteristic curve for the expe'rimental field. There i5 a 

sharp drop in sail moisture content at suction values less 

than 100 cm. For values greater than 100 cm, sail moist'ure 

content decreases very slowly. The' sail moisture content 

drops about 25% when the sail suction 15 at 100 cm. If the 

drainage system in this soil is placed at 100 cm depth below 

the sur face, then approx imatel y 25% of the sail .vol ume ,wlll 

be drained. Since thi~ amount "of drainage is more' than the 

15% of the air volume requifement for an optimal plant 

~n_vlronment, an ~xcesslve drai!lage condition would exist and 

less water would be avai1able for plant growth. 

'" By the use of the saturatéd hydraulic conductivity (Table 

C.2) and the sail moisture characteristic curve, the 

unsaturated hydraulic conductiv"ity function, k(h), was 

cal cul a t ed, us i n 9 e qua t ion (3. 13). The r e sul t s 0 f k ( h ) are 

given in Figure C.2. Figure C.2 was used ta determine the 

pressure head distribution above the water table and the . 
re la ti onsh,i p between upward flux and wa ter tab 1 e depth, 

using equation (3.12). 

" Rewri t i ng equa tion (3.9) in fin i te di fference form as: 

... (6.1) 

equation (3.12) becomes: 

r 

l 
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••• (6.2) 

Equations (6.1) and (6.2) were solved on a digital computer 

to obtain the distribution of pressure head as a function of 

he i 9 h t ab 0 ve a wa ter ta b 1 e. A wa ter t ab 1 e de p t h 0 f 1 2 0 cm 

bé10w the sail surface is assurned because this will be a 

rather realistic estirnate, , as rnost of the dra1inage systems 

are instal1ed at depths of 120 cm and less from the 5011 

surface in this region. At the water table, Z equals zero, 

and the pressure head h equals to zero. At the next 
f 

increment of ,pressure 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 
.' 

sirnultaneous1y accurnu1ated. The calcu1atioo of capillary 
r 

rise stops when a prefixed h value is attained or before the 

u p w a r d f 1 u x ( 4 • 5 mm / d a y i sas s ume d) r e a e h est he soi 1 

surface. For this case Z equa1s the height above the water 

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

above the water table are p10tted in Figure 6.4. 

Figure 6.4 shows that the height, of capi 11ary t'ise increases 

as the pressure head increases. At a pressure head of 150 

cm, the height of capillary rise curve becornes nearly 

as ym pt 0 tic. Th i s me ans th a t the k ( h) fun c t ion de cre a ses 
, , 

rapidly in this soil due to higher pressure he?lds which 
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ri se. 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/clay). The ob,served pressure head 
( J 

values are in close agrrement wit,h the theoretical curve, 

suggesting that the soi~ profile is homogeneou~ and that the 

assumption of soil homogenity is justified (section 4.1 of 

chapter IV). 

Fig ure 6 • 4 aIl 0 W sad e c. i s ion t 0 b e ma der e 9 a rd i n 9 the 

pressure head at the bottom of the root zone when maximum 

evapotranspiration in this region i5 assumed ta be 4.5 

mm/day •. 

The values of pressure head for different craps can be 
, , 

obtained from the literature. Taylor anq Ashcroft (1972) 

have given a table of s~ch values. From those tables the 

maximum allowable pressure head of -500 cm _ at the bottam of 

root zone was selected. At this pressure head, the height of 

c::apillary rise can be determined from Figure 6.4. This 

~ 
indlcates that the water table at 120 cm below the sail 

~ 

surface can supply an u'p~ard flux of 4.5 mm/day to a height 

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

-500 cm. / 

The relationship between upward flux and wat1r, table depth 

is determined by solving equations (6.1) an~ (6.2), subject 

l, 



to the following ~oundary conditions. At the lower boundary, 

the water tab le pressure head h is equal to zero and z is 

zero, and at th~ upper boundary (bottom of the root zone), 

pressure head h is equal to -500 cm and z equals ta d. 

The calculation of MFLP starts from h equals to zero and the 

corresponding hyd,t:aulic conductivity w~ich was assumed to be 
1 f"', .. . ~ 

the saturated hydrau_lic conductivity, ks' The pressure head 

wa 5 div id ed i nt 0 1 cm i ne r em en t s. The cal cul a t ion 0 f MF L P 

progresses according to equation (6.1) until hma.x (equals ta 

-500 cm) i5 reached. The determination of Z, the water table 
~ 

position i5 obtained from equation (6.2) by assuming a value 

of upward flux and lool<ing up- the k values at hi and h i +1 

and taking the average. In this way Z is determined unti1 

hmax is. reached. The resul,ting relationship between water 

table position and steady upward flux is presented in Figure 

6.5 for the St. Samuel 'sandy loam sail. 

The depth at which the water table shoùld be maintained to 

supplfi 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 wou1d be maintained at a 

wa ter ta b 1 e d e p t h 0 f 85 cm bel 0 w the r 00 t z 0 ne (a ver age r 0 0 t 

zone of 15 cm i5 assumed). It can be noted from Figure,6.5 

that lowerin,g the water table from 85 ta' l~~'lcm below the 

root zone would decrease the upward flux 151 times. This is 

due to the t ransm i t ti ng proper t ies of a sandy 50 iL ET ra te 

is one of the causes to bring the water table down. 

\ 
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Subsequently, there i5 a decrease in the sail :noisture 

content and hence unsaturated h~draulic conductivity, k
r
., in 

the subsurface layers. with the result of low k values in 

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

zone decreases. 

-----Thê~rel.ê-.!=ionsh i p bet ween upward flux and wa ter tab le depth, 

is used in a water balance model in tabular form to 
o " 

calculate the soi l moisture distribution in the sail 

profile. It i5 assumed in the modt!l that ET dema''hd can be 

satisfied direct~y fram the water table for water table 

depths of 85 c~ and less below t,l;l:~ root zone. For deeper 

water tables, the rate of upward movement is not sufficient 
/' 

to supply the ET demanÇi, resulting in a decrease of moisture 

con tent in the 0 root zone as exp la ined in chapter IV • 

6.1.4 
. ~-----

Relationshlp -bet~en drai'nage volume 
and water tablê ~depth 

In chapter IV, the relationship_ between drainage volume and 

water table depth was proposed in Çl water' balance model for 

'computing the water table drop or rise due to the volume of , 

water leaving by drainage or ET, or entering by rainfall or 

subsurface .irrigation. For this relationship, latge 

undisturbe-d soi 1 cores were used ta measure drainage vol ume 

directly with a certain w ~ ter té! b l e d r 0 p. The s '~~\ 
measu'rements are shown ln Table 6.6 for six cdres at 

i , 
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Laboratory values'of dra1nab e pore volume (V d ), 
at different watex; table depths, using long 
undisturbed soil cores. \ 

--------------"----------- ~--------:---------t ------- --- ------------
Water Drainab1e pore volu'me (mm) Average S.q c.v 
table ------------------------------------- of six 
depth Soi1 core numbers soil 

cm ----------------------------------~-- cores mm (% ) 
1 2 3 4 '5 6 

-----------------------------------------------------------------. , 
(1 ) •. (2 ) (3 ) (4 ) , (5 )"" (6 ) (7 ) (8 ) (9 ) (10) 

0.0 . t;)..,.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 9{).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 1'51.,~ 158.0 1~3.4 156.8 176.2 162.8 159.8 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 
--------- - - ------- - -- ------------ - - - --------- ----- -- -'~- --- - ---- --

0 

-----------.",.~'::-----------------------------------------------------

TABLE 6.7: Vacr:iation of drainab1e porosityat different 
water table depths determined from -'-long 
undisturbed soB cores. 

----------~-----------------~---------------------------------
Water Drainab1e porosity in fraction Average S.D 
table -------------------------------------- of six' 
depth Soil core numbers soil 

CIn - - ------- - --- ---- - ---- -.- - - ------- - ---- - cor es 
1 2 3 4 5 6 

" ._------------------------------------------------------------
(1 ) (2 ) (:3 ) (4 ) (.$ ) (6 ) (7 ) (13) • (9) 

0.0 0.0, 0.0 0.0 O~O 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 01

• 17;,I.l, 0.181 0.170 0.175 (0.143 0.178 0.170 0.014' 

~
i,2-r§ 0.1718f' 0.187 0.180 0.190 0.222' 0.194 0.192' 0.016 
5.0 0.202 0.211 0.205 0.209 0.235 0.217 0.213 0.010. 
7.S 0.230 0.231 0.h35 0.238 0.254 0.247 0.239 0.010 

=~~~--~~:~~--~~::~--~~!::_-~~~~:_-~:~~--~~:~~--~~:::~--~~~~~-
--':-"-----------------~-·---------lr-~----------------------------

\ 

" 

... ~. "" ....... ' ..... - """""-, ---. -i ) .... y~.,'" ... #1 e:''''' .. ...,.".. '(; +-:~; ~:-- ----- -- - - - ~ 
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di fferent wa ter tab l e depths along wi th the coeff ic ient of 

var i a t' ion. From the co e f fic i en t 0 f var i a t ion, 0 nec an, 

conclude that the soil profile tbroughout the field is quite 

similar. Referring te Table 6.6" it can be s~en that ther'e 

~ is a large increase of dra ined vol ume when the water tab le 

drops below 37.5 cm from the 50)1 surface. This is 
. 

particularly true for sandy soils. When sandy soils are 

subject to suction, much of the water is re1eased only after 

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

necessaty to place the subdrains abo 

value or use a water table co 

possibie over-drainage. ' 

e c ~tical suction 

chambe~ ~o pre ven 

. 
The values in colurnns 1 and 8 T.a b 1 e 6. 6 are plo t t e d i n 

Figure 6.6 to obtain a" funct' ona1 relationship between 

drainable' volume and water able depth. The ~equa t i on tha t 

best desc'ribes the relations of the from: 

\ 
\ 
1 

h = aV bJ 

~ \ ,L/ 
Wher.e h = water table depth, cm 

Vd = drainage volume, -mm 

••• (6 ... 3) 

a;b = cpnstants d~termi~ed' using the least square fi t 

'f 

Il 

..J' 

/ 
1 

l 
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The coefficient of correlation for, th,is relationship w'as 
~ 

found to be 0.997. The Vd-h relationshj:-p-o~developed in thi!? 
,\ j - l, 

study is used in the water balance rno~el to predict the 
-, 

water table depth of the wet zone. This relatibnship would 

allow the water table depth to be determined simply from the 
1 

volume of water that enters ( subsurfac~ irrigation and 

rainfall') or is removed (drainage, ET and seepage) from 

the profile over an arbitr~ry period of tirne. In deriving 

the relationship, hysteresis effects are neglected. 

To emphasi ze the effect of over-drainage, the relationship 

betw~en drainable porosity, f, and water table depth, h, was 

calcul:ted from Vd-h measurements. Drainable porosities can 

also be. determined graphically by computing the slopes of 

the drainage volume versus water table depth curve (Figure 

6.-6). The observed drainable porosity values at different 

water table depths are'shown in Table 6.7, alang 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 

~aturation moi sture content of 43%. If the subsurface drains 

are placed ,_, at a depth of 100 cm below the sail surface, 

over-drainage will occur, since 17% (43% - 26%) moisture 

content tensl'5 towards . the permanent wilting po in~. A 
\ 
\.....,. 
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drained volume of 26% is 11% in excesS of ·a desirable 

aeration space of 15%. It can be seen that the concept of 
\ . 

water table control for sandy soi1s becomes desirab1e. ihis 

system prevents the water 'table from dropping which resul ts 

in more water being available to the plants roots. The 

system can be extended for supp1ernenta1 irrigation during 

dry cRériods by adding wate~ to the control charnber fo~ 

efficient water use by the cr op: 

\" -
.\ 

\, 

6.2 Crop Yield 

ouring the 1982 growing season, yields of rnaize were 

obtained from two irrigated and two non-irrigated plots. The 

resu1 ts are presented in Table· 6.8 • 

,,-
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 line5. However, the magnitude of yield 

difference in Table 6.8 undoubted l Y accen tu a ted the 

response due to subsurface irrigation. On the average the 

irrigated treatment produced 40% more grain yield than the 

non-Jrrigated treatment. Table 6.8 shows a considerable 

variation in yield of maize within the irrigated pldts. A 

s imi l ar si tua tion was observed in non-i rriga ted plots. The 

possible exp1anation for the lower yields in the A-2 plot 

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

, ''''W,-~ 
" . "~ " ft. 

Il 
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TABLE 6:8: Average' yie('ld of maize fram sJbsurface irrigated 
and nan- irr iga ted pl ats on a"ven dry basis fr-Om 
1982 mai ze crap. " l, 

-----------------~------------------------------------------
Plots 

Irl iga"ted: 

A-2 

A-4 

Non-irrigated: 

B-2 

B-4 

Grain yield', . 
on dry basis 

Kg/ha 

4413 

6215 

3259 

4316 
1 

Average 
grain yie1d 

Kg/ha 

5314 

3788 

-------------------------------------~---------------------

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

Plots 

No. of 
ears 

Hand sampI ing 

Ear yield 
Kg/ha 

Grain yield 
Kg/ha 

Machine 
harvest 

Grain yield 
Kg/ha 

------------------------------------------------------------, 

Irr igated: 42564 A 5685 A 4824 A 

Non-irrigated: 34797 à 3100 B 2587 B 2431 

AlI the figures are average of 8 plots. 
, 

Recommended average grain yie1d of maize ( Cardinal Sx 8SA 
around this farm was 7019 Kg/ha on aven dry basls 
(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% 1~vel of probability. 

,.. . 

, . 
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surface over the drain. During field observations, the water 

table depth at the G-22 pipe was foun~ to be 18 to 22 cm 

bel 0 ~ ft h e soi 1 sur fa c? for 7 con sec u t i ve' d a y s a t the t i me 0 f 

tasseliing and silking. The yie,ld reduction in the 8-2 pl~t 
. 

may be due to the deep water tables. The water table in this 

plot was found to be S to 6 cm deeper th an the 8-4 plot 

during the field observations. Aiso in the 8-2 plot, the 

sail at 30 cm gepth below the soil surface was quite dry 

from JUl'y 20 through August 4 and the sail suction re:adings 

were out of the tensiometric range. 

In 1983, aIl irrigated plots received water from subsurface 

dr~in pipes satisfactorily due to improvements made to the' 

subsùrface ~rrigation system in 1982 and 1983. rherefore, 

various components of yield were measured in the 1983 
~ 

growing season 'to examine the ,effects. of subsurface 

irrigation on maize yields. rab1e C.S shows thé analysis of 

variance on the results of maize yields. This table 

indicates that the grain yield and ear yield of maize are 

highl Y s igni f icant at the 0.01 probabi li ty level. In order 

ta compare the mean yields of irrigated and non-irrigated 

treatments, Duncan's New Multiple Range test was used and 

the results of this t~st are presented in Table 6.9. The 

results indicate that the meai yields of the irrigated ~ 

treatment are- significantly different t~an th~ mean yieids 

of the non-irrigated treatment at 0.05 probability level • 
. 

The table also shows that the mean yields of the irrigated 

...... -';l' 
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treatment are doubLe that of the non-irrigated treatment. 
~ 

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 

~easurements that the cobs were healthier and better filled 
v 

,in irrigated plots ttiàn in non~irrigated plots. For example, 

th~ A-6 and B-2 plots pr-oduced an equal number of cobs but 

the ear yield and grain yield was higher in plot A-2 than in , , 

pi'ot B-2. Simi lar resul ts were obtaineâ from plots A-7 and 

B-'S. Al though one i rr i9 a ted plot (A-4) has the same nurnber 
.' ... ~' 

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

compared to plot A-6'0~ 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. ~' ' -

One of ~he fàctors which might have cause~r yield 

~f non-irrigated plots was dwarfing of the plants due to 
1 • 

soil moisture deficit. In addition to the observed dwarfing, 

the moisture deficit also delayed tasseling and silking on 

non - i r r i 9 a te d plo t s b y ab 0 u t fou r t 0 f ive .. d a ys. Ta b l e 6.1 0 

indicates that the soil rnoisture deficit stunted the size of 

the co~s, thus reducing the ear yielÇl. There is also 

ev'idence tha t some of the non-'irr iga ted plots d id not yield 

as man y cob s due t 0 il se ver e soi l moi s t ure de fic i t. The l a ~ t 

column in Table 6.10 shows the grain yield of maize obtained , 

by the ~ombine harvester. Approximately the sarne yield was 

. 
-',,," ""r,~",,'" ' ,.,... __ ,.,~._, ~+_, 

( ~, \ 

,-,... ~,~ .' 
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TABLE: .6.10. Yie1ds of maize from subsurface irrigated and 
non-irrigated plots on oven dry basis from 1983 
crop. 

/ 
Hand sampli ng 

;, ----------------------------------
No. of 
cobs 
per 

hectare 

Ear yie1d 
on dry 
basis 
Kg/ha 

Grain-yield 
,on dry . 

basis 
Kg/ha 

Machine 
Harve~t 

----------,-
Grain yield 

on dry 
baslrs 
Kg/ha 

---------------------------------------~--------------------. . 
Irrigated: 

A-l 45981 5700 4815 4206 
A-2 42253 5059 526"0 3882 
A-3 459tr1 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 64'23 5457 5465 

------------------------------------------------------------
Mean 42564 5685 4824 , 44,45 

116 

------~-----------------------------------------------~-----~ 

Non-irrigated: . 
B-l 34379 
B-2 39768 
B-3 37382 
B-4 34797 
B-5 42253 
B-6 34797 
B-7 27340 
B-8 27340 

Mean 34797 

3138 
3967 
3860 
2785 
4722 
2829 
2058 
1443 

3100 

2611 
3332 
3222 
2301 
3085 
2371 
171 
1 9 

/ 2301 
2118 
3128 
2278 
3490 
2828 
1722 
1583 

2431 

--------------------------------------- -------------.------

/ 

'. 
1 

/ 

.l, 
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obtained by hand sampling. 

The yield response to the subsurface irrigation draws 

attention ta the results of soil moi sture data discussed in 

section 6.1. These results revea1 that the available water 

in the i rr iga ted treatment was never 1 imi ti ng in the upper 

most layers dur ing the time when subsurface irr igation ,.was 

applied. When the water table receded below 100 cm from the 

soi1 surface, the upward flux was 1imited,and the available 

water in the uppermost layers supplied the ET needs as 

evid~nced by soil moisture dep1etion in Figures 6.1 and 6.2. 
1 

Although subsurface irrigation was not uniform throughout 

the gr'owing season of 1982 and 1983, the supply was adequate 

befor'e and ,qfter the tasseling period. For that reason, 

tasseling began 4 or 5 days earlier in irrigated piots than 

in non-irrigated plots. In additiot) to, the observed 

tasseling, the plants in the irrigated plots were found to , ~ 

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

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

days in non-irrigated plots might have cau~ed the plants to~ 

be sh~rt due to the shortening of ipternodes at the upper 

por'tion of the plant (Robins and Domingo, 1953}. 

The weather data in Table 6.11 show that thé 1983 gfowing 
" 

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

, September). The total rainfal-l in 198'2 was lower than ,the 

30-year average at the L'assomption station. The mon~hly 

.......... -;~ f' ..... 
d \11,!-\ '-< _").-\ ~~;'ttwt;rt \-1. "-..1 ... ~ ... " ' 

'" ---~--, / 
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TABLE 6.11: Monthly rainfall, PE and subsurface irrigation 
volume for the year 1982 and 1983. 

"3------------------------------------------------------------
') Month Rainfa11 PE Month1y 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 16.1 
September 1'12.0 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 
Ju1y 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 

, ~-
, .-'1." 
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rainfall for 1982 and 1983 was a1so lower than the 30 year 

a ver age mon t h 1 Y rai n f aIl a t the a,b a ve 5 t a t ion. l t a p p e ars 

that bath 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 ta low rainfall ~those 
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 ta 440.3 mm and the 1983 total ta 

5 4 8.1 mm • M a y 198 3 rai n f aIl wa shi 9 he r th a n th a t 0 f M a y 

1982. Therefére, the p1anting in 1983 was delayed for 15 

days. Comparative1y 10wer yields obtained in 1983 than 1982 

" " 
m).g~t be d,ue ta de1ayed planting., Another POSSible'/ 

exp1anation may be due ta fewer replicates in 1982 than in 

1983. ,/ 
! ( 

/ 1 

From the above results and discussion, subsurface i~~iga00n. 
appe~rs ta he beneficial in sandy soil. Water table 60ntrol 

conserves soil moisture and provides more water for dry 

p~riods for plant grawth and better yields. 

6.3 Wate~ Balance Model 

T,he over-a Il goal of devel api ng a wa ter ba lance model was to 

optimize subsurface irrigation/drainage design for corn 

yield. Inputs in the model are the climatological data, sail 

.... " ---r ""1" --:;.- -- -
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pro p e r t i es, su b sur f a'c e i r r i g a t ion / d rai na 9 e s ys t e ID 

parameters. Climatological data include ,the daily rainfall 
, 

and PEe Sa~urated hydraulic conductivity, drainable pore 

space, steady upward flux as a function of wat~r table 

depth, water content a~ satu~ption 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 

parameters for the yield response models given in sections· 

4.1.1 and 4.1.2. Subsurface irrigation/d"rainage system 

parameters are: drain depth and spacing, depth ta the 

impermeable layer, design water table depth (DWT) at a point 

~idway between the drains-, limiting drai!l-age coefficient, 
" 

water table control at the drain, optimum water table depth 

as a function of maximum ET (in our case 4.5 rnm/day) for the 
1 

case of subsurface irrigation. AIL paramettic values used in 

the model are sho'wn in Table 5.1. 

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 trafficability 

apd yield reduction due ta any sail 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 ,Compar i son of observed and predicted 
water table depths and maize yield 

The model verification was carried out using the 1982 and 

19 8 3 i n put d a ta for the St. S am u e 1 san d y 1 0 a m soi 1 ·w i t h no 

subsurface irrigation. The resu1ts of predicted water table 

depths are shown in Figures 6.7 and 6.8 for the years 1982 

" and 1983 respective1y. Observed water table depths are a1so 

plotted in"these figures. From these figures the agreement 

between the observed and predicted water table depths i8 

found to be quite close. The re~ults from the integrated 

c r 0 p m 0 deI a ;~~ g ive n i n ~ ab l e 6.1. 2 for l 9 8 2 and l 9 8 3. Th i s 

table shows that the general agree~ent between observed and 

predicted grain yield was close in 19~2, while.the agreement 
1 

in 1983 was not as 'blose as that of 1982. The maximum 

difference between observed and ,~redicted yields in 1982 and 

19B3 was found to be 82 ~nd 277 Kg/ha respectively. This 

means that the mode1 predicted 2% lower yie1ds in 1982 and 

Il % higher in 1983. The lack of agreement in 19B3 may be 

the redu~tion of yields due to delayed planting. Further 

refinement in this respect was 
" 

not made in the mode 1. 

However the model shows close agreement between observed and 

predicted water table depths and maize grain yields. 

, 
• - j .' , " . 
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TABLE 6.12: Observed and predicted maize yie1ds in non­
irrigated ~1 ots for the growing years of 1982 
and 1983. . 

Growing year Observed 
" mai ze yield 

Kg/ha 

Predicted 
maize yie1d 

,,_'''''1< 9 /ha 

Mai ze yie1d 
. di fference 

Kg/ha 

----~-----------------------------------~-------------------

1982 3870 3788 82 

1983 2587 2864 277 
-----------~------------~-----------------------------------

Potentia1 yield of· ma ize = 7019 Kg/ha ( see Table 6.9 bot tom 
note. ) '" 

.-t: 
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6.3.2 "Effect of subsurface i rr igation/drainage . 
on mai:te yield. 

125 

Averag~ relative maize yield's for the two years are plotted 

as a function of drain spacing in Figure 6.9 for both 

subsurface ~r,rigation and dr~inage. systems. These 

relationships are presented for a St. Samuel sandy loam 
" 

soil. The re1ative,yields are ,higher for subsurface 
, 

, ' irrigation than subsurface dralnage. This relationship of 

subsprface ~rrigation shows that 100% ave~age relative yield 

cou1d be predicted for drain spacings of 5 m to 30 m. For -

spacing greater than 30 m the averge relativ.e yield drops 
j 

a1most 1inear1y to.a maximum of 47% at drain spacing, W 
,. . l' . . :', 

equals.ta 80 m~' This is attributed ~o the excessive soil 

moisture cond,itions existing due ta shal1,o'w wacer tab les and 

~- also 'reduced drainage .rates. Draînage 'rate decr.ease? with" 

w ide r spa c i n 9 s ; s h 'a l 1 0 w wa ter t a b 1 es i n s u b sur f ace 

irrigation reduce the amount of storage available for 
• 

infil-trating rflinfal1. Either of these two factors or a 

combination of both may result in excessive soil moisture 

cond'itions. In deriving these relationships, the e{~e~ts of 

fertilizer" pathologi9al diseases, and relatively wet years 

which could result in un·timely field operations and. a de1a:r 

in planting are ignored. 

Fig ure 6 • 9 s h 0 W s th a t t h.~ m a x i rn u m a ver age rel a t ive mai z e 

yield of 51.6% 15 predicted for the case of drain spacing 

\ 

.. -,' ._--~ .... ,-.......... ". -. t 

\ 
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Figure 6.9. Predicted average relative maize yield as à 
function of drain spacing for both subsurface 
irrigation and drainage systems, usig mean 
saturated hydraulic conductivity value. 
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,. equa1 to 45 m with subsurface drainage. Lower average 

relative yield values (YR) for drain spacings less than 45 

,. 

mare associated with deficit soil moisture conditions. 

Whereas lower Y~ values for drain spacings greater than 45 rn 

are cause'd by the combination of deficit and excessive soi1 

moisture conditions. Drain spacings less than 45 m have the 

tendenc y ta cause ex ces si ve dr a i n~e aS ev id enced by 

sI ight l Y reduced a ver age re 1 a t ive yi e Ids. H i9her' av e rage 
, \ 

relative yields were nct obtained because of deficit soil 

moisture conditions which cause drought stress during 

relatively dry years. 

The resu 1 ts of YR are presented in Tabl e 6.13 for both cases 

of subsurface dra inage and subsurface i rr ig'ation d uri ng 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 ta be based on a water ba~ance model. 

Results indicate that the YR values predicted in 19·83 were 

less·than' the YR values in 1982. This may be expl~ined by 

the faét that 19B3 was relatively drier than 19B2 and the 

rainfall was not uniform., Non-uniformity of rainfa11 

produced excessive soil moisture condition·in May 1983 at 

wider drain spacings. Thùs an additiona1, yie1<;1 reduction was 

found. 

" ~. , ~., \ l 
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TABLE 6~13 

1982 

Orain 
spacihg 

rn 

5 
·10 
~,5 

, 20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 

1983 -_ .... _--

128 

predicted relative yields of maize for 
subsurface irrigation and drainage systems 
at different drain spacings, using_1982 and 
1983 weather data. 

Relative yield in percent 

Subsurface 
drainage 

53.5 
53.6 ~ 
53.9 
54.2 
54.6 
55.1 
55.6 
56.2 
56.6 
57.3 
58.1 
59.1 
60.2 
61.4 
62.6 
63.8 

Subsurface 
irr igation, 

100.0 
100r·O 
100.0 
100.0 
100.0 
100.0 

99.9 
98.5 
96.0 
92.9 
90.0' 
87.3 
84.8 
83.0 
81.8 
80.8 

Subsurface 
irr igation 

mm / 

481.4 
445.0 
399.3 
360.t} 
3-18.2 
275.4 
230.7 
195.4 
163.7 
137.5 
117.2 
100.5 

85.0 
73.6 
64.6 
56.7 

---~-----------------------------~--------------------------
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 

31.0 
32.4 
33.7 
35.6 
38.0 
40.8 
44.0 
46.9 
46.6 
45.0 
43.1 
38.3 
30.5 
24.2 
17.7 
11.3 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

98.4 
90.7 
79.9 
72.7 
63.9 
53.8 
40.5 
30.6 
21.4 
13.0 

4in .9 
417.1 
347.0 
302.1 
263.7 
220.2 
176.1 
143.8 
119.0 

98.3 
82.4 
69.5 
59.3 
50.8 
44.7 
38.8 
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Similar resu1ts were obtained for the subsurface irrigation 

case (Tabl e 6.13). In this case the excess i ve soil moisture 

con'ditipns at wider drain spacings reduced the yield more 
1 ~~ ... 

drastically. in 1983. The 1ast column in Table 6.13 shows the 

predicted amount of subsurface irrigation (frorn-"'May 6 to 

Sept 15), for different drain s'pacings. Both years show" a . . ' 

smal1 varfation in the arnount of subsurface _i~rigation water 

required. In 1982, higher amounts of subs,lHfa.ce irrigation 

.were predicted than ln 1983. This is because the PE in 1982 

was h.igher thàn in 1983 (see Table 6.il) i and aiso the 

excessi ve soi 1 moisture cond i tions in. May 1983 red uced the 

subsurface irrigatiot:l supply at wider drain spacings. It can 

be seen in Tab-le 6.13 that the arnount o'f sllbsurface 

i rr ig ation decreased as the drain spaci ng increased. 'Th i s 

is consistent with the assùmption made in sect,ion 4.1'that 

the irrigation rate fol1ows equatio'n (3.2),' in which the 

subsurfaee irrigation rate per unit area decreases as the 

drain spacing, }'i,. increases. 

The uncertainty due to non-uniforrnity of the saturated 

hydraulic conduetivity may produce u~eertain subsllrface 

irrigation/drainage designs. It is possible that the 

uncertainty of the design may af~~ the relative yield and 
,.....r i~ 

the relat10nship given in Figure 6.9. 
, 

r 

, , 

4" 
It 15 -not uncommon that the sa tura-ted hydraul le conducti v 1 ty 

._, 

1 
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may vary wide ly fro~ site to site wi th in agi ven sail typé ..... 

The measurements of this soii property of st. Samuel sandy 

sail have been shawn by Rashid-Noah (1981). He observed that 
-

the range, encountered in this sail varied fram the lowest 
~> -

0.79'm/day to the highest 4.16 rn/day at 0.75 m depth in t~e 

s~il profi le. From th,is range fi ve val ue,s of saturated 

hydrau 1 ic conducti vi ty were ta 15en and the model was r,un fbr 

spacings varying between 5 and 80 III to malCimize the relative 

yield. The resul ts of these runs 'are shawn in Figures 6.10a 

and b for subsur f ac~ drainage and subsur face i rr iga tian 

cases respecti v~ly. 

From Figure 6.l0a, 'it can be seen that the maximum average 

relative yield of 52% was obtained at drain spacings of 25, 
. . 

40,50, 6,0 and 70 m using ks values ~,f 0.79,1.19,2.0, 2.89 

and 4.~6 m/day resp-ective1y. It is seen from the results 
... -----..... 

that even a smat'~~on in ks ' such as for}>7,9 ta 1.19 

m/day, requires 25 and 40 m drain spacinÇ{s respectively ta 

maximi ze the .re1? t i've / yield. 

"" '\ 
For the subsu~face ir~igation case (Figure 6.10b) drain 

spacings of 20, 25, 35, 40 and 50 mare required ta maximize 

the rel a t ive yi e 1 d a,t k s val u e s 0 f O. 7 9 1 1. ~ 9, 2.0 2. 8 9 and 

4.16 rn/day, respect i v el y. These resu 1 ts emphas i se the 

variat ion or the r isk in the design. The magni tude of the 

,1 

' .. , , 

,­
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r isk is hot ca 1 cu 1 a ted but the d:ef i ni t i on is 9 i ven. There 

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

confidence bound is assumed. To compute this bound, the 

first step i5 to rnake an a.ssumption regarding, t-h~ 

probabi1ity distribu~ion. The ,next step is to obtai.n. the 

mean, S.D and the number of' observa t i ons. From 120 'sampIes, 

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

rn/day of ks respectively. Assuming a normal distribution, 

one can then calcu1at'e the'upper and Iower limit as 1.74 and 

1.38 rn/day respeotively at a 90% confidence leveI. From 

·these bounds one can deduce that, any value w~ich exceeds -

the given bound wil~ produce àn uncertain design and hence a 

greater rlsk.The ri'sks can be reduced by decreasing the 
o 

spacing but this will increase the cost of the 5ubsurface 

drainage syst~m. 

From the limited.data it appears that the average yields are 

~ncreased significantly by subsurface irrigatiorf"';e'ven though 

the spacing between pipes is based on subsurface drainage. 
1 

While the maximum yield will be attained if the design - ' 

spacing between ~aterals is based on the subsurface 

irrigation system. Figure 6.9 shows that for' good 

subsurface irrigation design the'spacing required i~ 
1'"-' 

ap.,proximately 67% of that of the drai'nage ,case. 

" . 

-; 
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6~4 -Economie Analysis 

In the prev ious section, the yields were maximized. t~ obtain 

subsu r face irr i 9 a ti on/dr a i nagé des i gn spac i ng s between 

Iaterals. It was found that sU,bsurface irr,igation increased 

,the yield compared to the drainage system for a gi ven drai n 

spacing. The results from the field experiments aiso 

provided support for ,the use of subsu r face irrigatrn in 
, . 

dry years if" crop production was to be ~ ncreas·ed. 

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 means that 48% 

yield reduction wouid be obtained during dry years if only a 

su b sur f a"c e d rai e-a g e s ys te mis use d • Th i s yi e Id r e duc t ion 

represents a sizeable loss of incorne to the maize growers in 
, 

this region. Subsurface irrigation was found to increase the 

yield, l?ut it' was not known whether subsurface irrigation 

would be economically profitable since there is no available 

e con om i c a na lys ~ s ',f 0 r th i s s y 5 t em in th i 5 r'e'g'J: 0 n . 

Therefore an economic analysis was carried out to determine 

the effect of subsurface irrigation and drainage desi~n 

alternatives on the profit of corn in dry years. Annual 

profit is defined as the gross cr'op value less the cost of 

production 

) 
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6.4.1 Income 

The annual incorne for the subsurface irrigation and ,drainage 

wa s cal cul a t ed as: 

Income '($) = YR * Potential Y,ield (Kg) * crop priee ($/Kg) 

The potential grain yielà of maize was obtaïned frÇ>ffi the 

Conseil des productions vegetales du Quebec (Ministere de 

l'Agriculture des pecheries et de l'Alimenta"tion, 1983). 

The potential yield depends on the var,iety (hybrid) of 

maize grown. The hybrid that was used at Charbonneau's farm . 
was Cardinal Sx-85A and the average potential y,ield 

reeommended for this hybrid was 8258 Kg/hectare at 15% 

moisture content·. The average' priee of $O.183/Kg was 

obtained from CREAQ, 1983. Another corn priee of $O.170/Kg 

was assurned for ca leu la tians to show the effect of va r i ati on 

in rnaize priees. 

6.4.2 Cost 

Cast analys i scons isted of producti on cos t o~ corn, i ni tia l 

drainage cast amortized over i ts estimated useful li fe and 

an additional cast for subsurface irrgation. Production 

cas t s for rn a i z e we r e ob t a i n ed f r:: Om CRE A Q' (M i ni ste r e "d e 

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

. '-' ~(.... - ... ~........ ,., .... 
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Thi,s cost is spown in Table·6.14. Drainage insta,l,tatidn 

costs were obtained from estimates prepared by the 

Agricultural Engineering Department of Macdonald College, 

,s'te Anne ode BeLlevue, Quebec. This cast was arnortized at an 
;tf 

interest rates of 8% and 10% with an assurned system Life of 

30 years (conservative estimate). The cast of subsurface 

irrigation depends on the size and shape of the land are,a, 

existence of the water supply, avai1abi1ity of power supply 

and number of control chambers required. These costs, a10ng 

with the assumed maintenance 'cost, were estirnated for the 
, 

land area of~ 10 hectares loca ted at Charbonneau 's farm. 'The 

capacity of the pump required ta irrigate 10 hectares of 

land was calculated from the estimated volume of irrigation 

,and the seepage losses and is presented in chapter VI l 1. 

Respective costs for the components of the ,subsurface 

"" i r ri 9 a t ion s y stem are' g ive n in Ta b le 6 .15. The t 0 ta 1 . cos t 

for production of .. maize with subsurface i.rrigation ·is the 

sum of the production cast, amortized drainage installation 

cast and an add ,i tion~ 1 çost of subsurface in i ga ti on. Tota 1 

annual tosts for subsurface irriga~ion and subsurface 

dYâlnage systems are shawn in Table 6.16. 

6.4.·3. profit, r 

Average annual profit as a function of drain spacing was 

calculated using the relationships of Figure 6.9 and Table 

" 

'. ~.f I-~['." 
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'TABLE 6:14: Estimated production'c~st fo~-maize*~. 

. . ------------------------------------------------------------
$/ha 

. 
----~-----------------~------------------------~------------

:~ Variable costs: 

Seed 
- Fertilizer 

Pesticides 
- Maintenance and reparation of 

rrtachinery and equipments 
Fuel and lubricant 
st orage and Marketing . l 

- 'Rent of land without subsurface 
drains 

~ Interpst on financing 

Total variable costs 

Fixed costs: 

- Taxes '~ 
- Inssurance of fire and responsibility, 
- Automobil~s and trucks 

Professional costs' 
- Misce1laneous costs 

Total fi xed co s ts 

.. 
Total production cost 

, 

61.00 
219.00 

51.00 

60.00 
50.00 

118.00 

53.00 
54.00 

----------
666.00 

6.00 
16.00 
10.00' 

6.00 
24.00 

. 62.00 

~---------
728.00 

------------------------------------------------------------
i 

* Taken from CREAQ,( Com1t6 de r~f'rences ~conomiques en 
~grioulture dU~Québec } 1983. Agdex 111/821 

. 
". 

fi 
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TABLE 6.15: Estimated additional cast for subsurface irriga~ion* 

---.--------------------------------------------------------
Item .$iha/year 

~ ,,~I 

-----------------------------------------~-----------------­. , 

Initial cast: : 

- Pump 1 hpI 230 volts, l-phase, 
max. run amp: Il.0, locked rotii 
amp. 172 control, 2-regulators *** 
Electric pales, wiring (Assuming 

~~ , distance of 500 m), i~WP house etc. 
. ~m~ - Two control chambers 

Total initial-cost 

varîable Cast 

- Energyn'eost· 
- Maintenance 
- Labou:t.. 

Total variable cost 

Total cast 

**Assumed life of 10 years àt 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~ 

/ 

.' 

20 .. 00 

60.00 
100.00 

180.00 

8.0,.0 
11.00 
21.00 

-------
40.00 

-------
-------
220.00 

, 
/' 
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TAB [, E 6.16: Sample of cast estimates* f9r subsurface 
irrigation and drainage systems with respect 
ta drain spacing. 

------------------------------------------------------------
Drain 

spacing 

m 

(1) 

Drain 
1,ength 
per ha. 

( 2) 

Initiai 
cast 

$ 

(3 ) 

Annual 
drainage 

system 
cost 

$ 

(4) 

Total 
annual 

drainage 
cost 

$ 

(5 ) 

Total 
annual 

cost for 
subsurface 
irrigation 

$ 

(6) 

5 2000 3360 298 1026 1246 __ 
10 1000 1680 149 877 1097 
15 667 1121 100. 828 104'8 
20 500 840 75 803 1023 
25 400 672 60 788 100a 
30 333 559 50 778 998 

"35 286 480 43 771 991 
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 

-l8--------~:~------:~~---------~:~------~~~--------:~~------ -------------------------------------------------------~--* ' AlI costs rounded to nearest 1 dollar. < 

Co1urnn (3) is the product of column (3) and assumed drainage 
installation and supply cost of $1.68/rn ( complete job). 

Co1umn (4): Assuminginterest rate of 8% and amortization 
period of 30 years. 

, 
Co1umn (5) = Column (4) + Annua1 production cost of maize 

( $278 ). . 

Column (6) = Co1umn (5) + Annual cost of subsurface 
~rri9atio~ system ( $220 ). 

" 

• ,i 

.~ 
J 
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6.16'. This may best'be described by an example. From Figure 

6.9 tne -maximum average relative yie1d of 51 .• 6% was obtained 

at a 45 in drain spacing for the s~bsurfac.: dfalna~tem. 

The actual average yie1d can be found by mu1tiplying the 

potential yield of 8258 Kg/ha by the average relative yie1d. 

That is: 

Actua1 yie1d = 8258 (Kg/ha) * (5106/100) = 42'62.8 Kg/ha 

For a maize pripe of $O.183/K9, the average pred'icted income 
" 

is $78.0/ha. Profit is then ca1cu1ated by subtracting the 
l' 

estimated annua1 cos)t at 45 m drain spacing from' the 

predicted income. That is: 

Profit = ,780 $/ha - 761 $/ha = $19/ha 

Repeating the above procedures, the average profit as a 
1 

function of drain spacing for both subsurface Grainage and 

subsurface. irrigation was computed. The relationship found 

~ 

is shown in Figure 6.11. These resu1ts show.;that a maximum ,r 

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 rn drain spacing. A srnaller average profit for 

subsurface drainage than for subsurface irrigation rnay have 

been due to the drought stress during the two year's of 

sim.l~lation. For subsurface drainage on1y, narrower drain 

spacings had the tendency to cause èxcessive drainage and 
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SUBSURFACE IRRIGATION, 

SUBSURFACE DRAINAGE 

10 20. 30 40 50 60 70, 80 

, ,'" DRAIN SPACING,m 

Figure 6.11. predicted profits at various spacings for 
subsurface irrigation and drainage systems, 
u~ing mean saturated hydraulic conductivity value. 

'. 
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thus greater lasses; and wider drain spacings increased the 

lasses due to bath drought and wet conditions. The results 

showed that a drain spacing of 4S m is required ta maxirnize 

average profi t, for subsurface drainage alone. For' the sarne ~ , ~ 

dr~in spacing. SUbsurfat irriga tion prod UC,.d .hig~er profi t. ( 

Economie analyses were carried out for the range of 

saturated hydraulic conductivities t~ maxirnize avtrage 

profi~ for bath subsurface irrigatiQp and sUbsirface 
, 1; 

drainage systems. The results of predicted average profit 

are plotted in F'gures 6.12a and b as a function of drain 

spacing for sub urface drainage and subsu,rface irrigat,ion 

cases respecti ely. The results in Figure 6.12a show that 

the drain spac ng required to maxirnize the average -profit, 

varies from 40 ta 70 m as ks ranges f~orn of 1.19 rn/day to 

a high of 4.16 m/day. The srnallest loss -of $S/ha was 

obtained at 30 m drain spacing when the lowest ks value of 

0.79 rn/day was used. However the results showed that thé 

profit increased for higher ks value due to wider drain 

spacing required ta maximize the profit. This is because the 

wider spacing costs less than the narrower spacing. 

The results of the relationships for subsurface irr igat-ion ~ 

are plotte~ in Figure 6.12b for the range,of ks values~ 

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

and 50 mare required ta maximise profits for ks values of 

, 
~ ,,' .. 

" 
, , , , 

.... ' '\ 
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Figure 6.1,2. Predicted profits for various drain spacings_ 
saturated hydraulic conductivity combinations.~ 
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0.79, 1.19, 2.0, 2.89 and 4.16 m/day 'respectively. A 50 m 

drain spacing required to maximize profit at a ks of 4.16 

m/day would produce profits less than 4.1, 30.6, 73.2 
c 

percent of the maximum if used for ks values of 2.89, 2.,0 

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

m!~WOUld produce a loss of $127/ha!year. 

From the resu1ts it app ars the variâtion in saturated 

hydraulic conductivity 'derable effect on the design 

of subsurface irrigation! lnage systems and potential 

increasa in profit. There will be considerable risk if the 
1 

design is based on ks values'exceeding the given bound. 
, 

Considering the relative1y high cost of drainage and 

irrigati~n, the resu1ts suggest that the variation in field 

measurements of ks should be considered in the design., 

Decisions should be based on ca1cu1ations which take the 

range of ks values into account. 

The annual cost for subsurface irr iga tian/dra inage systems 

depends on the useful life of the system and the interest 

rate used for amartization. Profits obtained with a 10% . 
interest rate amartised for 30 years as a function of drain 

spacing are presented in Table 6.17 (columns 2 and 3). An 

~nterest rate of 10% amartized for 30 years usefu1 life of 

the system r.educed the profi t 1.8% compared to the' cas,e for t 
/ 

an 8% interest ra1;e (column 4 of ,Table 6.11) for the 

u 

/' 
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TABLE 6~17: Effeet of interest rate and vàrious corn priees 
on the profit of subsurfaee irrigation and 
drainage systems at different design spaeings. 

-------------------------------*----------------------------
drain 10% Interest rate 8% Interest rate 
spàcing 

m 

Profit 
due to 

subsurface 
drainage 

$/ha 

Profi t 
due to 

subsurfaee 
irr igation 

$/ha 

Profit obtained ~rom 
subsurfaee irrigatioh 
for the range of corn 
priee ($ per hectare 

$ O.183/Kg $ O.170/Kg 
-----------------------------------~~-----------------------

( 1) 

·5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55-
60 

·65 
70 
75 
80 

( 2) 

:-446 
--256 
-185 
-138 

-99 
-6? 
-26 

6 
12 
Il 

5 
-22 ' 
-66 

-106 
-146 
_183 

(3)' 

207 
385 
444 
474 
492 
504 
499 
437 
341 
267 
182 

88 
-29 

-115 
-192 
-261 

(4) 

265 
414 
463 , 
~88 
503 
51,3/ 
507 
445 
348 
273 
187 

1 93 
. 1 -25 

-111 
-18"8 
-258 

1 

(5) 

158 
307 
356 
381 
396 

, 406 
401 
343 
254 
184 
104 

17 
-92 

-172 
-253 

--308 
-----------------------------------------------~-----------­, 

Col~mns (2) and (3): A,ssuming corn priee' of $ O.183/Kg. 

ks = 1. 56 m/day. 

\ -
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subsurface irrigation case. The drain spacing reqUired to 

maximize profit rernained the sarne. 

The effect of corn priee range on the profitability of 

subsuriace irrig~tion systems ls shown in Table 6.17 

(co1umns 4 and 5). It'is obvious that the cor.n priees will 

affect the magni tude of profi t. That is, the lo'wer the corn 

priee 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 priee of 

$O.183/Kg. The drain spaciog required to maximize the profit 

r~mained unchange. 

It can be' conc1uded from the results that in dry years, a 

maximum' profit of $19/ha would be obtained, if 'subsurfacè 

drainage system is used. This information was used to work 

out the net benefit due to subsurface ir~gation. 'Net 

'benefit 15 ca1culated from the profit obta1ned due to 

subsurface irrgation Iess the maximum profit obtained due to 

subsurface drainage. These results are shown in Figure 6.13 

for a range of drain spacings and ks ' and for two interest 

rates (8 and ~O percent) for an amortization period of 30 
'. 

years. Figure 6.13 may nelp in selecting an appropriate 
" 

~esign within the given bounds considered. 
0. 

.-. 
This a~a1ysis' used two yeats of weather da,ta. Bette~ 

• 0 
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... -
results would be obtained if a larger number of years are 

considered in the ana1ysis. Then the decision could be made 

as to which drain spacing would be appropriate. The corn 

cr,op models assumed could be used reasanably for this 

climate. More years of yield, results with or without 

subsurface irr igation are desirable ta imp'rove the model and 

v~rify it. The results of the economic analysis strongly 
~ . 

suggest the potent,ial benefi ts of subsurfacE\ irr igation arid 

the need for conducting further research work on the 

response of crop yields to irrigation. Al though this 

analysis i5 shown for corn on1y, other crops can be 

considered by incorporating the appropriate crop models with 

the water balance model. In geqeral the water balance model 

wOl;ked reasonably weIl and good results cou1d be obtained' 

under different soil conditions. 

,r 
.- , 

" 

~ ....... , ~ ~ 
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VII PARAMETER UNCERTAINTY 

. 
Subsurface irrigation is a method of supplying water from 

beneath th~ root zone which becomes attiactive in ~umid 

climates where surpluses and deficits occur. A drainage 

system can be used for subsurface irrigation by closing the 

drain outlet and raising the water table to a depth 
• 

sufficient ta provide crop water requirement in the periods 

of high ET demande To know the optimum water table depth 

which can prov ide the des ign ET 1 the unsa tura ted ·f 1 ow 
" 

properties must pe investigated. Saturated flow properties 

are used to design a spa~ing of subs~rface irrigation tp 

keep the- water table in the field uniforme In rational 

d7gns, equivalent hydraulic parameters are defined and 

used, which rnay causè an overestimated or underes~imated 

design. ( 

In reality, fields are non-uniform so their hyd1raulic 

pro p e r t i e s var y f r om pla cet 0 pla c e (N i e 1 son et al., 19 7 3 , 

R'usso and Bressler, 1981). Thus the use of single-value or 

average field hydraulic properties in the design may give an 

improper design. uncertainty in hydraulic properties can 
'. 

alter the sail water regime. Since ClOp yield i5 directly 

related to the soil water regime, therefore dispersion or 

uncertainty in hydraulic properties rnay yield a design with 

greater risk. An approach i5 given below to include 
\ 

uncertainty due to variation of hydraulic properties by the 

., 
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use of first and second order ll)oment analysis.', 

,. 

7.1 Techniques For The Analysis Of uncertainty 

A variety of procedures are ava'iable to treat the effect of 

uncertainty in ground water flow. Contribution in this 'field 

of s,tudy ha ve be~n made by Cornell, 1972; Freeze, 1975; 
, ' 
~ 

Bakr et al., 1978; S~gar, 1979; Dagan, 1979, 1982; Smi th and 

-
Freeze, 1979; Dettinger and Wilson, 1981; . Dettinger and 

Wilson (1981)' presented a critical rev,tew of these methods. 

In describing the adv'antage of the f,irst and second order 

moments, they concluded that the first and second order 

moments are less expensive to apply to the numerical 

problems than the full distribution method. The trade-offs 
~. 

are cost and accuracy. The full distribution meth®d, looses 

accuracy due to a limited number of simulations whereas the 

first and second order method looses accuracy due ta the
l 

Taylor series approximation. In general, approximate models 

are more practical to use than models which require more 

complicateq mathematics and greater input detail. 

First and second order moment methods can be applied by 

using Taylor series expansion. Analysis based on Taylor 

series generally expands an analytical or numerical solution 
" , 

of dependent variables or ,flow governing equ'atians around 

the expected values of, the solution parameters*and 

independent variables. These series expansions may then be 

" . 
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.. ' 
used to ded uce the pr obabi lis tic momen t s of the dependen't 

variable. Dettinger and Wil'son, (1981) suggested othat the 

first order analysis of Taylor_series yie1ds the same 

information as other methods of analysis. 

~ First'a5d second moment methods baséd on a Taylo~ series 

expansion have beeri ernployed by Cornell (1972), Dettinger 
~ , 

and Wilson (1981) and prasher (1982) ta a wide valiety of 

problems and suggested wide application in the,fielù of' 

water resources engineering. 

~/ 
1 

7.1.1 First and second order analysis __ /r; 

/' 

First 'order analysis is "defined as"1:11e analysis of the mean 

and variance-covariacnce of a random variable(sr' based on 

its first arder Taylor series expansion. 

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

y = f(x) : •• (7.1) 

- The fun c t ion i s exp and ed i n a T a y l 0 r se rie s ab 0 ut the 

eKpecTh~d value of its independent variable x as: 

- " - Il - 2 Y = f(x)+f (x-x)+1/2f (x-x) + •••• • •• (7.2') 

l " Where f and f are the first and second derivatives with 

, , 
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respect ta x, evaluated at Xi the expected value of x. 

Neglecting the second and higber arder terms ar beirig small 

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

y can be ca~culated as: 

E[y] =1 E: [ f (x) 
, 

+ f (x - x) ] ••• (7.3) 

/ 
where =1 stands for a first order approximation. E denotes 

the expected value function. The expected value 15 a linear 

operation 50 that E[a + b] = Ela] + E[b] and E[c"b] .=cE[b] 1 
, 

where c is a constant and a and b are two random variables. 

The r e for e e qua t ion ( 7 • 3 ) ca n b e w rit t en, u sin 9 th 0 s e 

pro,per .. ties as: 
<;: 

E[y) ,=1 f(x) + fi [E(x) -xl 

since E[x] : X by definition 

••• (7.4) 

The second moment of y can be es~imated to first order a1so. 

The variance is the second moment around the mean value, 

using the first order series for f, the variance i5: 

var (y] =1 E{{f(x) - f (x) } 2] 

:1 E[{f(x) 
l ' 

+ f (x-x) -f (x) } 21 

=1 E [{ f 1 (x-xl} 2] 

:1 [f']2E[(x _x)2] 

::1 [ f • ] 2 ~ar (xl ••• (7.5) 

) 

.,~ 

-' 
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A second arder analysis is carri·ed out in a si:niJ;;tr way 

using second or Taylor' series expans ion. 

\ ----. ~ . ... p.6) 

'where = 2deno tes equ.a l to a· second order appro x ipta t ion. 

Similarly, neglecting the higher tenus and taking the 
l, 

expected value yields the second arder approximation of the 

l:':J mean: 
<, 

2 " = fex) +l/2f var (x) 

This estimate of the mean i5 more accurate than the first 

order estimate" usi~g information about the expected value 

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

The expected mean is based on a second order Taylor series 

e'xpansion (second arder analysis) and the variance-

covariance are derived from first order :,raylor series 

expans ion. Therefare 1 by defini t ion, the means der i ved from 

first and second order analyses may be different, the 

variance-covariance will note 

Similar approximations can be made in multivariate 

situation. In this case, a multidimensional Taylor series 

expansi on is used. \ 

" 

\ 
). 

! 

\ 

. ' 
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Considering a function: 

y = f(u,v) ••• (7.8) 

expanding it by a Taylor series: 

y = f(ü,v)+[{f!(u).'(u-ü)}+{fl(v).(v:"V)}]'+ 

li 2 [ { fil (u) • (u-\i) 2} + { f" (v) • (v-v) 2} ] +. • • • (7.9) 
" 

Where f'(u) and fl(V) are the first derivatives of f with 
, . 

fespect to u and v evaluated at the mean value of u and v 
, Il Il 

rèspectively. Simi1arly, f (u) and f (v) are the second 

derivative of f,with respect to u and v evaluateo at the 

mean va 1 ue of u and v respecti ve 1 y <" 

E[y] =2 f (ü,v)+1/2[f"(u) .va.r(u)+'f"(v) .var(v)] •• (7.10) . , 
Simi1arly, variance can be calcu1ated as: 

var(y) =2[fl (u») 2. var (u)+[f
l 
(v)]2. var (v) •• (7.11) 

, 

Equations ( 7.10) and ( 7.11 ) can be used ta estimate the 

first and second order moments of dependent variables 

respect i vel Y, once these moments are known for i ndependent 

random variables. 

( 

• , 
_ _ ___ ~w ____ ~~ __ .......... _~. - .. --~~~------
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7.2 Uncertainty Analysis . 

In this section first and second order moment methods are 

applied to the subsurface irrigat~on/drainage design which 

includes uncertainty in unsaturated and saturated fJllow 

parameters. The analysis is done on three soï'lS/Which arè 
, () , ,. 

located 'in Quebec, Canada. They are St. Samuel sandy loam 

soil, two other soils i.e Rougemont sandy soil (RM-s) and 

Rockburn sandy 10arn soil (RB-s.l) were considered in this 

study. The data on unsaturated flow properties of RM-S arid 

RB-s.l have been taken from Khatri (1984). The moisture 

charactetistic curves for RM-s and RB-s.l are plotted in 

Fig ure C. 3. The sec u r v es we r eus ed toc a 1 cul a te the k (h) 

function, using the Millington and Quirk m~thod. The results , 

of k(h) function are presented in Figure C.4. 

7.2.1 Steady upward flux 

L Unsaturated hydraulic conductivity, as a random variable 

( 

In equation (6.2), A z, (zi+l-zi) is a dependent variable and 

we can investigate uncertainty in A Z due to unsaturated 

hydr au lie conducti vi ty. For con ven ience, equa tion (6.2) can 

be wri tten as: 

~z -- •••• (7.12) 
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- '\-
The first and second order moment~method was applied to 

study th.e effect of uncertainty ib/~k. on the relation,ship 

between water table depth 'and s\eadY upward ,flux. This 
, ' 

';method was used with equation /(7.12) to analyse the 

uncertainty in water t~ble 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). Therefore, the derivatives we-re obtained numerically. 

The various steps solving equation (7.12) for derivatives 

are as "'foll ows: 

i) Equation (7.12) is solved for a given qu va.1ue using 

unsaturated "hydraulic conductivity (k +Ok), when Ok i5 a 

very small deviation in k around the mean of k. 

ii) Equation (7.12) is solved again for the sarne qu' using 

unsaturated hydrau lie conduct i vi ty of (k-Dk). 

iii) The required derivative can be estimated nurnerically 

from the defini tion of deri va t ives, Le. 

1 

~z ={~Z(k+Ok) - âZ(k-Dk)}/2Dk 

s imilarly 

tl 

" 2 A Z ={âZ (k+Ok) -2AZ (kV+AZ (k-Dk) }/Ok 

j 

L 
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In arder ta calculate the varianceJin 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. 

In reality the variation in k is very high and can not be 

used here because this m~thod requires that the C.V must be 

-
small in arder. to çtet reliable results. Cornell (1972) 

observed that if the coefficient of variation remains small 

the rnethod wil~ provide a~accurate result. Due to this 

reason "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 rnean is the value of k at corresponding pressure 

heads. By using the definition of first and second arder' 

moments the first and second derivatlves of the dependent 

variable 4.Z, with respect to the random variable, k, were 

obtained from equatlo.n (7.12.). The estimated mean water 

ta b l e w a st? e n 'c a l cuI a te d b Y fi r s tan d sec 0 n d 0 r der 

analysis. The results are presented in E:igure 7.1. The 

results of Figure 7.1 are presented, assuming normal 

distribution and calculated bounds a-t a 90% confidence 

level, for aIl three soils considered in this analysis. The 

deterministic solution for the relationships is shown in 

Figure D.1 (Appendix 0) for these soils. 

\ 
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Figure 7.1. Effect of uncertainty due to unsaturated 
hydraulic conductivity on the relationship 
between steady upward fI ux and wa ter tab le depth. 
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In steaÇly (3.2), drain' sl;iacing i5, directl.y 

proportional to' t e square root of saturated hydraulic 

conductivity. The ks values are obtained by the auger hole 

method in -the field, or by the outflow method, in the 
~ , 

lab'oratory. In a determin.istic analysis the,observed values 

are averaged and the design pr~blem is solved. It is noted 

here that it is not certain that the average ks vall,le is 

representative of the field si~ation, with the result that 

the -design "remains uncertain. ~herefore, one way ta 

include the uncertainty in the design is to estimate the 

fi r s t t w 0 m am e nt s 0 f ra n dam var i ab l e ( 5 ) b Y wh a te ver me ans 

a va i l ab 1 e. Th i ses t i mat ion 0 f the m am en t sfio u l d b e e a sie r 

than the estimat ion of a co~plete probabi li ty 9istr ibuti on 

function. 

It is possible ta estimate mean and~.h·Er variance of 

-------.---------saturated hydraulic co·nduc~j.v-i-1:Y from a 10w (L), probabl~ 
. -----

(P~ a~d high esti1n~H) of the soil praperty (Russell, 
.J 

1983). These estimates can be obtained either from the field 

or laboratory or by quizzing an experienced designer. 

Statistically 1 a low ~alue'stands for 90% probability th,~'t 
11 

the value does not eKceed the actua1 value. A high value may 

represent a 90% prabability that the value exceeds the 
\ 

actual value. A probable value is the value most likely ta 

, .. .1! 

, , 
,-' 

l 
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represent the ,actual val)Je. To obtain the iTlean and variance 

from L, P, H est imates, an assumpt ion regardi ng probabi 1 i ty 

distribution must be made. Russell (1983) has given 

formulae for estimating the mean _and variance from L, P., H 

estima tes : 

Mean 

var 

== (L + 2.SP + H)/4.S 

[(H - L)/2.S61 2 

•.•• (7.14) 

•••• -(7.15)', 

~ r't should -be noted,' howev,er, first and second, ordl;lr anal ys ls 

don 0 ,t 'd e p ê n d 0 h the dis tri but ion use d in arr i v i'n 9 a t the 
( ~ 

estirnate of the moments but a distribution 'is assumed whi1e 

calculating the mean and vari,ance from L, P, H estimates. 

In order to maintain the water table uniformly in the field, 

the water table depth should not be tao close ta the surface 
, 

over the drain,' atherwise crQP 10ss may occur. Wi1liamson 

and Kriz (1970) observed that maximum yields were obtained 
\ 

l when the water table was kept in the range of 60 ta 76 cm 
" 

,; from the soil surface in a laam soil. Deflection 'ls 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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... 
~ir~igation spacing, the ~pacings were ca'lculated from bath 

the 'deterrninistic ând the uncertainty analysis at various 

deflections based on an op,timum water tabre depth. In the 

rest of this section, first and se~ond order analysi$ is 

app li ed ta steady sta te an,çl nons t eady sta te subsu r face 

irrigation designs. Examples are given for steady state and 
, \ 

non-steady E!tate formulae'. , 

7.2.2.1 Steady state subsurface irrigation/drainage design 

) 

Case 1. Saturated conductivity as a random variable 
'. 

Rewri tt i ng Hooghoudt's equation' (3.2) der i ved for subsur face .' 
irrigation: 

sail paramter values for each soil considered are presented 

in Ta,ble 7.1. The deterministic solution of equatian (3.2) 

is shown in Table 7.2 at various deflections for st. 

Samuel-s.l, RM-s and RB-s.I soils. To get the mea,n and 

variance, the abave equation must be differentiated ta 

obtain first and second derivatives of the function with 

respect ta the random variable (ks' in our case), that is: 

.... (7 .16) 

\ 
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16.1 . 
TABLE 7.1: Soïl parameter values for different soils used 

for unce.rtainty ana1ys i~: 

------------------------------------------------------------
Soil parameters Soil type 

st .Samuel-s.1 , RM-s , RB-s.l 

Depth of 
impermeab1e 
1-ayer (m ) 1.60 1. 80 1. 80 

Depth of '\, .. -
drain (m ) 1.05 1.00 1. 05 

Saturated l'H 2.10 2.93 3.48 
hydrau1ic L 1. 30 1.35 1. 90 
conductivity P 1. S6 2.25 3.16 
( rn/day ) Mean 1. 62 2.20 2.95 

var (ks) 0.098 0.381 0.381 

---------------------------------------------~---------~---
H = High, L = Low, P = probable. 

~ , 

Table 7.2: Design of subsurface irrigation system at 
different def1ections on the basis of 
deterministic anal ysis. 

-----------------------------------------------------------~r 
Deflection 

midway 
between 
drains 

m 

0.05 
0.10 
0.15 
0.20 
0.25 
0.30 

Drain spacing ( m) 

st. Samuel-s.l Rm-s RB-s .1 

7.15 12.21 13.68 
Il.26 18.29 20.42 
14.47 23.21 25.93 
17.47 27.50 30.75 
20.35 31. 41 35.13 
22.95 35.06 39.21 

Expected mean water table, h, val ues to be maintained at the 
midspacing in a suhsu,rface irrigation system design were 
obtaïned from Figure 7.2 at steady upward flux, e = 4.5 
mm/day. 

.. 
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.-••• (7.17) 

, . 

Let us take an exarnple of st. Samuel sandy loam soil fOl: a 

subsurface irl: igation desi gn prob 1 em. The 'val ues 'of the soil 

parameters are obtained from Table 7.2, where de = 0.46 m, m 
f 

\ = 0.30 ,m, the optimum water table midway between the drains 
r 

= 1.05 m, therefore ho =0.30 rn, e = 0.0045 cm/day and ks 
, 

values observed we're 1.30,1.56,2.10 rn/day. Fr'om eqU(ât.ion 

(7.14) and (1.15), we obtain estimates of the mean and 

variance as 1.62 rn/day and 0.098 respectively. 

-, using the steady state equation (3.2), the expected value 

, 

J 
( 

for spacing can be obtained, using the definition for first 

and second order moments as: 

2 " E[y] = f(x) + 1/2f var (xl 

And the variance ~s: 

var [y] = 1var{x).{f'J2 

Therefore the expected val ue of spacing wi 11 be: 

E [W] = X(W) +1/2 [-1/2 (2mho+2md e-m2) 1/2 

.(e- 1 / 2).k s -3/2 1 .var(k s ) •••• (7.19) 
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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 - O. III = 2 2 • B 4 m 

When an equi valent mean val ue of hydrau 1 ic conducti v i t/ was 

used, the spacing for;;, subsurface irrigation was ca1culated 

as 22.95 m. But in an uncertain si tuation when the saturated 

hydraulic conductivity is not complete1y known, the 

expected value of spacing is 22.84 m. 

The variance in spacing can be estimateQ as: 

var(W) = var(ks) ( 2mho+2mde-m2) 1/2• 

e-I/2 .ks-1/2] 2 

" var(W) = 4.92 

or standard deviation in spacing is: 

S.D = 2.22 m 

•••• (7.19) 

The variance and standard deviation show the risk invo't ved 

in subsurface irr igation system designs due to uncertainty 

in the saturated hydraulic conductiv.ity. In statistical 

t 

'. 

/ 
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. 
terms it imp(ie-s that for normal distr.ibution,there is a 90% 

" 
probabi li ty tnat· the spacing wo~ld not exceed 25.68 m (mean 

+ 1.28 * 50). Simi 1 ar ly, there is a 90% probabi li ty that t,re 
, f 

spac~ng.wouid exce'ed 20.0Q·m (mean - If'S *80). The results 

of this anaIysls are presented in tab~e,s 7.3 A, B, and C 

with upper a~d 'Iower limits at theOgO% probability leVel. 
,,~ ~ v 

These tables indicate that the increa's~~n deflection wou1d 

resul t in wide spac ingé': The magni tude of ,standard de'v iati on 

shawn in the last column of each '-table may be regarded as a 

measure of the risk in selec:::ting the subsurface irr igation 

design system. l't may be noted that the standat:d deviation, . 
incr-eases as the deflection' inéreases. The magni tude of S.D 

Jor the st. ·Samuel-s.l is smaller than the RM-s and RB-s.I 

soils. This is because, it de~g~S on the variation in ks' 

the water table above the drain and the geom~try of the 

system .' 

Case 2. Unsaturated hydraulic conductivity as a random variable 

Equation (3.2) does ·not contain the term uns a turated 

hydraulic 'bonductivity, k, but the~m, m ( water table 
\ -

deflection at midspacing) is a f.unction of upward flux. In 

turn, upward flux depends on the k(h) function above the 

'" water table in the soi 1 prof i le. Therefore, dependency. of m ~ 

on k is obv ious and we can say that m is a funct~on (jf .k.' 

However any uncertainty in k would give an uncertain m 

'/:' 

, ' 

~ 
" 
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TABLE 7.3: Effect of uncer ta i nt}!' due to sa tu r ated hydra u 1 ie 
conduct:ivity on the ,design of a subsurface 
irrigation at various def1ections. 

A. St.Samuél-s.1 __ r~ 

, , 

------------------------------~-----~------~-----------------
Def1ection . ho 

m m 

E[W] 1 Upper 
, 1. 1 imi t 

m m . 
Lower 
limit 

m 

S .. D 

m 

-----~----------------------------i----------------~---------
. 0.05 0.05 '0.33 7.121 8.01 6.23 0.70 

0.10 0.10 0.39 ll.21 ~2.60 9.82 1.1~ 
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 
o • 30 0 • 30 0 , 46 22 • 84 1 25 • 68 20 • 00 " 2 • 2,2 
0.45 0.45 0.48 30.09 33.80 26.38 2~,0 

1 i" --------------------------------------------------------------
:~-:::~~:---------~------~ -------r-------------------------
~ ________________________ ~ _________ L ________ -----___________ _ 

oef1ection 

\. m m m 

E [W] 1 Upper 
1imit 

m m 

Lower 
limit 

m 

S.O 

m 

-----------------~-----~~---------~-------------------------­, 

O.OS 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 
o .1S 0.34 0.59 25.79 29.27 22.31 2.72 
0~20 0.39 0.61 30.58 34.70 26.4,6 3.2'2 
0.2S 0.44 0.63 34: 94 39.66 30.22 3.69 
o • 30 . 0 • 49 0 • 64 39 • 00 44 • 26 33 • 74 ,A. 11 ________________________ • __________ l ____ ~ _________ ~--- ___ 

------------------~----------------~~------------- --------~-
\ 

\ , 
C. RH-s . \ 

1 J 

~' --------------------~---------------------- -----------------
Def1ection ho de E[W1 Upper Lower S.D 

1imit limit 
m m m m m m m 

--~----------------------------------------------------------1 

1.70' 0.05 0.29 0.49 12.09 14.27 9.91 
0.10 0.34 0.57 18.11 21.40 14.82 2 .. 57 
0.15 0.39 0.60 22.98 27 .J.~ 18.a2 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 

~ 

---------------------------------------------------~---------, 

, 
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value. From the definition of first and' second "o}:der , 

moments, one can est imate the fi rst two ~ometî~S'" 1tt. tae 
~ . 

. dependent random variab1eCs), if the fir~t two mo~ents of 

the' i ndependent random var i ab le (s) are known. In sect ion, 

7.2.1, we ,h~ve already calculated the Mean and variance of 

the water table depth, h ( or m) at a design E'T r'ate of 4.5 
Q , 

mm/day, when unsaturated hydraulic cond~ctivity was 

consideree! as a random var,iable. using this information we 

can investiga'te the design of 'sub~urface irrigation due ~o 
..--.~~"'" ,tJ 

uncertainty in the random v~r iab le m. ,We wi Il need the 

fOl16wing deri vati ves for the an9l ysis. 

w'(m) = 2(ks/e)1/2{'ho:f"de-m)/ 

(2mho ~2mde-m2) 1/2} 

'\ 

W"(m) li!: -2(ks/e)1/2{(ho+de)2/" 

(2mh o+2md e -m2) 3/2}, 

Thus, 

, 

and 

E[W] .. {2fks/e')1/2(2~ho"±:2mde-m2)1/2} 

+1/2l-2(ks/e)1!2{ho+de ) 21 

(2mho + 2mde-m2) 3/2} '. var (fu) } l 

var(W}= [2(ks!~)1/2{(ho+de-~)/ 

C2mho +2md e -m2) 1/2}] 2. var (m) 

, 'f. 

~ ••• p.20) 

•••• (7.21) 

-
- <) -

•••• (7.22~,' 

•••• ,( 7.23) 

~ ,\ 
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1 

Let IJS consider the ;:Jarne values as in thé p.revious problem, 

however m ls now a random variable. From figure 7.2, fpr 

St.Samual s.l, t:he rn~an and variance of water "table depth 

• are as 1.05 -rtl a.nd 0.0038,at evapotrans'piration rate of 4.5 

I.mm/day respecti vely. 

_', 1 

/ 
1 

1 

From equations (7.22) and (7.23), E [W] and var (W) are 

calculated as 22.76 m ,and 3.16 respec~ively. Thus the 

standard deviat ion for spâcing is: 

-

s.o = 1~78 m 

IS 

For a normal distribution, itQimplies that there is a 90% 

pro~a,bility that the spacing would not exceed 25.04 m. 

Simiiarly, there is 90% probability that the spacing would' 

exceed 2Q.48 m • 

. . , \ 
The resui ts of this analysis are presented in Tables 7,.4, A, 

Band C. The in terest i ng poi nt to note from thest: tab 1 es 'i s . 

that, the standard deviation decreases a~ the defl~c~fon 

increases. This is opposite to the ,first case wherî ks was 

taken as a random variable. This is because the denominator 
, \ 

of the f i r s L der i vat ive in cre as e s -sig nif i"C a n t l Y due t d 
, • 0 , \ 

,increase in the magnitude of~, thus resulting in'a decrease 

of W. 

, 
' .. 

.' 
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TABLE 7~4: Effeqt of unc~rtainty due to unsaturated hydrau1ic 
conductivity on the design of a subsurface 
irrigation at various def1ections • 

. A. St.Samuel-s.l 
---------~-------------------._-------------------------------

De'flection ho. .~ de E [W]· Upper Lower S.D , 
limit lim~t . 

m m m m' m m m 
---------"":"---~------~..-.. ---------------------------------------

0.05 0.05 0.33 
... 

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 1i.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 n 1.41 
--~_._---------~---~------------------------------------------, --------------------------------------------------------------
B. RB-s.1 

, . 

( 

---------~-------------------------------------------- -------, . . 
S:D Deflection , ~o de E(W] Upper Lower 

-, limit limit ,t ;, . " 
m . m m m ,m m m . 

-----------~--~----------------------------------------------

0.05 . . 0: 24 0.50 11.48 20.705 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 '{)~l9 0.61 30.09 .34.88 29.30 3.74 

~-, ~ 

3.3'5 0.25 0.44 0.63 34.86 39.15 30.57 
0.30 0.49 0.64 38.99 42.88 35.10 3.04 , --------------------------------------------------------------

C. RM-s 

----------------------------------:---------D-----~----------
Def lect i on ho de' E [W] Upper ower S. D 

. 1imi t lmi-t 
1 

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 1 36.74 24.99 4.59 
0.30: 0.54 0.66 34.61 39.99 29.23 4.20 

------~---------------------------------------~-------------~-
------------~------------------------------~------------------t , , 

" 
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'Case 3. 
~ , • # 1 

Satur a ted\ and unsa tu ra ted cond uctl v l tles as random 

var :i-ables 

It"'is shawn in the above paragraph that the uncerta'inty 
r 

i~Ol ved in the unosa turated hydraulic conduçti vi ty has a l 50 

an e f f e c ton the su b sur fa ce i r r i 9 a t ion d~e sig n . l t i s m 0 s t 

likely that uncertainty in both saturated hydra?1~c 

conductivity, ,ks and )1\ may have an effect on the des,ign 

spacing. For this case, a multivariate analysis is used ta 

estimate first and second- arder moments of dependent 

variables (drain spacing, W, in our case). 

-III this case the der i yati ves are needed wi th respect ta 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. 

Recali i ng the defin i tian of first and second order moments, 

the first two moments can be estimated as: 

\ 
E [W] = {2(k le)1/2(2mh +2md _m 2)1/2} s a e 

+1/2 [{-1/2 (2mho+2mde-~2) 1/2 . 

• e-l/2.ks-3/2.var(ks)}+{-2(ks/e)1/2(ho+de)2 

• (2mho+2mde-m2)-3/2.var (m~}] ••• (7.23) 

·var(W) = {2(ks/e) 1/2 (ho+de-m) (2mho+imd~ ... m2)-1/2!2 

.var (m)+{(2mho+2md e -m 2 ) 1/2 
, 
• e -1/2 • k 5 -1/2 } 2 • var (k s ) •••• (7.24) 

Thus expected design spaclng is: ,', 
: 

, , 

a 
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-E[\'l] =' 22.66 ID 

And variance is 

var (W) = B.08 
~ " 

or S. D (W) 2.84 " = m " 

<J 

... ~ \ 

Therefore, for a norm,al distribution thè' 90% .confidenbe '( 
, - \ 1: 

bounds for'high and low levels of W are 26.30 and 19.02\m " 

respecti velYe The resu l ts ar: sho':wn in Tables 7'.5 A, B and i'e ' 
for a Il the three 5011 scons idered. 

These tables show that the risk (S.D) 
/ 

is higher when both 

saturated and unsaturated properties are uncertain, when , ' 

compared the other cases. T'his is because, the" two variances 

var (W), ( due t 0 une e r t a i n't y i s k s a ,n d . k ) are poole d 

together. It is very interesting to note th,at the standard 

deviation decreases upto a 0.20 m deflecti,on in the case o"f. 
t 

St. Sal!)uel and RB-s.l soils and 0.2,5 m deflection for RM-
, ".) 

5.1. Then it increases for the larger d~f1ections. This is 

du'e to pooling of two ,yariances in which one decreases and 
~~-~ ,.-

o the r i n cre a ses a s exp 1 a i n e d e a r 1 i e r. ,'I f 'we bas e 0 ur, 

-
de c i s ion 0 n sel e c ti n 9 a des i 9 l\. w i th 1 i t t -1 e 0 r n 0- r i, s k the n 

the smaller risk suggest the design at 0.2 m deflection for 

St. Samuel and RB-:-s.l soils and a 0.25 m de:Hection' for RM...Is 

'soil would be selected. Althoug~ the standard deviation5 at 

tho\se designs are smaller, the /probability of it being 

exceeded is not negligible and therefore there i5 sorne risk 
j;'"~ 
~ \ . .. 

\ 
-,'. \ 
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~.5: Effec.t of uncertainty due to' sat'ùi(Clted and 
unsaturated liydraulié conductivities on the 

",design of a subsurface irrigation sY§item -at 
various deflections. 

TABLE 

A. St.Samue1-s.1 
, ______________________________________________________ ----~-_ 1 

DeflectiC!ln 
• nll,i\ 

~o E [W] Upp(!r 
limft 

Lower 
1imit 

s.o 
'C. 

" ~ 
m . m m m m m rn' 

---------\~--~------------------------------------------------
0.05 Il O.o~ 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.~7 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 1i.02 2.84 
0.45 0.45' 0.48 ?9.97 34.09 25.85 s.22 

~ , 
. --------------~-----~---------------------------------------­.. 
------~------------------------------------------------------

..B. RB-s.1 , 

-----~------._--------~-----------------------~--------------
Def1ection E [W] 

m m m m 

Upper 
~imit 

m 

Lower 
1imit 

m 

s.o 

m 
-------------------------------------------------------------

'O.O!? 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 
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 

~---------------~--------------------------------------------
-------------------------------------------~-----------------

c. RM-s 

----~---------------------------------------------~----------
Deflecti'on E [W] 

m m m m 

-. Upper 
limit 

m 

Lower 
1imit 

m 

s.o 

. 
---------~~--------------------------------------------------

0.05 0.29 0.49 7.55 20.15 O.Ô 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. ~6 
0.25 0.49 0.64 30.55 38.69 22.41 6.36 
0.30 0.54 " 0.66 34.21- 4't. 55 \ 25.99 6.47 

/' 1 - ~ 

----------------~--------------------------------------------

/ r 

/' -

i' , . 

: .. 
\ . .. ~ 
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\ , ! 
i nvol ved in such a des i gn. However, the sel: étion of ~he' 

'-

. desïgn is based on the particular need of a farmèr.and' his. 

acceptance of a risk. But the ~nowledge of ris iS'necessary 

due to uncert~in propert~es, 'which ~can help' desig~ers i,n~ 
. ~ ~ 

selecting a desi"qn. ' \, - ' 

To ~how the use of the unc:rtainty analysis il'l subsurface 

drainage, des ign, an exampl'e ol st., SaJttu~l sandy, ,1 oam so i 1 'is 

'considered only. 
/' 

. , ". 

.\ \ 
In designing the' subsurface drainage .s'pacing in a'n· uncertain 

, , -

situation where ks is not .. cornplétely known, the sarne-

analysis can be carried out as before. Rewri~in~H~oghOU?t's < 

formuJ,a (3.1) for steady state case as: 

. , 

. 
where q 1s the drainage rate and rn is the height of the . " 

water table at the midspacing àbove the drain center. 

, " 
, 

Using the definition of first and second arder momen.ts to 

Q obtain estimates of the mean and variance, the above formula 

,must be differentiated to get first and secondJ derivatives 
, ' 

with respect to the random variable ks: 

•••• (7.25) 

, 
~ l \-

" , 

, :co 
~ '. 'YI 
~ 
;f 
.~ 
:1 
'J 
~ . 1 

.~ 1· 

.. ' 
~ 1 

- 1 
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" 
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1 •••• (7 .26) 

Therefore, the· expected value Ot drain spacing can be 

obt~ng t'irst and second order moment definition. 

E{W] • [(iks/q) (2dem+m2)]l!2 ~ 

1!2[-1!2{(2dem+m2)!q}1/21 

ks 3/2,] .var'(kq ) 

and variance in W çan be estimated by: 

~ 

var(W) = var(ks> [{(2de m+m2)/q}1/2/ks1!2]2 

\ 
\,-

\ 

•.•••• (7.27) 
~ 

••• (7.28) 

Let us assume values for the parameters for a des ign" problem 

as de = 0.48, ID = d.7 m, and q = 0.01 m!day (for the 

province of Quebec) and ks along with the mean and v'ar"iance 

as already given for the subsuiface irrigation design. 

( 
The expected drainage design spacing is then: 

E[W] = 27.44 - 0.128 = 27.31 m 

and th~ variance is: 

var(W) = 7.03 

'" 
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hence the standard déviation will be: 

S.D = 2.65 m 

Therefore, for a normal distribu'tion, the 90% probaobility 

bounds for the high and low values of drainage spacing are 
, " 

31.0 and 23.92 m respecti velYe 

• 7.2.2.2,Hon-steady state: water table rise 

'In a suhsurface irrigation syste~, the water table i5 raised 

to a pr~determined depth where it is maintained to supply ET 

demand as explained previously. It i5 possible that the 

water table may be far below the predetermined water table 

depth at the b'eginning of the growing season or i t may faii 
. , 

due to equipment breakdown during the growing season. In 
, 0 

such cases, the system should be desi~ned sa that the time 

to raise the water table should be acceptable. 

It i5, therefore, necessary to include this aspect while 
, 

designing the subsurface lirrigation system. The first and , 
second order momen't meth ad i s app 1 i ed to ana 1 yse i npu t 

uncertainty for such des igns. 

The methods available to calculate the time to raise the 

water table were discussed in chapter III. Equation (3.6) is 

~sed here to approximate the time to raise the water table 

174 
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arid can be wr itten as: 

t = fw 2/8k,s (d+ho) ln [( ho +2d+y) / (ho-Y) ] / 

[h o+2d+yo)/(h o- yo) ] 

"---

Wh'ere a Il the terms in the above' equa t i on ar e de f i ned 

previously. It should be mentioned ;;.ere that equation (3.6) 

does not consider the transitio'n ~iOd (from drainage, t~, 

sub-irrigation). It can only be used when the water table is 

rising. Therefore, an allowance should be made when 

calculating the time to raise the water table. However for 

design purposes this equation can be used to cjet first 

approximation. For convenience, the above equation (3.6) may 

be wri tten as: 

t = tfw2/8~sh) ln [{(h+Yl)/(h-Yl))/ 

{(h+yo) /(h-yo )}] .... (7.29) 

where h = ho+d, the heigh~ of the water table above the 

.f. impermeable 1 ayer at the drain. 

y+d, the heighl:; of the water table above 

,', 

, , 

irnpermeable layer at a point midway between drains . 

y 0 = the distance from tlfè impermeab 1 e 1 ayer to the 

water table at a point midway between drains 

at t = O. 

d = distance from the impermeable 1 ayer to the drai n 

dep.th. 

~~ p ......... -1- ~~ ~ -............. M'........... . , 
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To adjust for convergence effects, de 15 'substituted for d 
, 
in equation (7:29). 

1 

To i11ustrate the use of uncertainty analysis the first and 
, ' 

second" derivatives of equation ,,(7..29) are orequired with 

respect té the r andom v ariab 1 e (i n our case k 5) • 

t' = (-l·} (fw2/Sk s
2h) ln [{ (h+Yl)/(h-Yl)}/ 

{(h+Yo)1 (h':yo)}] 

t" ='(-1) (-2) (fW 2/8k s
3) ln [{(h+Y1)/(h-Yl)}/ 

-
•••• (7.,30) 

a 

{ (h + Y 0) Ih - y 0) } ] , •••• (7 • 31 ) 

Let us soLve the examp1e that was discus'sed in the 1ast 

section, that is, W = 23 .• 29 m, de = 0.46 m, mean ks =1.62 

-
rn/day and var(k s ) = 0.098. The water table is raïsed 

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 sail surface. A water table of 0.75 m below the 

soi 1 sur fa c e i s rn a i n t a i ne d a t the d r ~ i n', h = O. 7 6 m , y l = 

0.51 m, Yo = O.31
f
m and f...is 0.27 with a 1.2 m suction. 

~ 

The expected t w~ll be calcu1ated as: 

E [t] = Il.299 + 1/2(8.601) = , 
var (t) 0.098 (6.966)2 4.756 = = 

15. S9 da~\ 
! \ 

S.D = 2.191 day . 
'. -

\"'~'''''UI~'''-,''''''-' 
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Therefore, for normal distribution ,the 90 % 
, 

confidence 

limits for high and low values ... "".Of tare ,18.38 and 12.80 days 

respecti velYe 

r 

':~e above solution is applicable onl~ when the water table 
... , 
depth a~ the draJ,n is k~pt at 0.75 m bel~ the soil surface. 1 

'" " 

What would happen if a 'targe pressure head was maintained at 

,the drain? It should, be noted, t"hat the water tapIe' depth ta 

be maintained at the drain, depends on the root zone depth 

and crop tolerance fpr the wet conditions. The effective 

root zone of t~e corn,was found to' be 0.3 m and the water 

table depth at the drain of 0.60 m ie assumed, then h equals 

to 0.91 m. Applying the 'uncertainty analysis we found: 

-
E [t} = 6.9f +1/2(5.27) = 9.56 day 

var(t) = 0.098 (4.27)2 = 1.78 
r"l 

S.O = 10. 337 day 

For a normal distribution, the 90% ç:bnfidence limits fdr 

high and low values of t ~re 11.27 and 7.85 ~3.ays 

.. respecti vely. 

Noti ce that the estimated ,time to raise the water table to 
'1 

~ - Il' '1 

the sami'" height is red,uced by 38.7%, wh en a water tablé 

,d,epth of 0.6 m is maintained, at the drain. This means that 

the higher the pressur~ head maintained in the control < 

,t' , 

, lf, " ' - ' 

," ~"".,-~. ~I • .., .... --"_·_~~~~,~"'!J~U~J'~""'fN "t ...... " 
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chamb~r, the faster the w~ter will move into the field ta 

raise the water ta~le~ 

The resul ts of the uncertainty analysis, as ,a time ta raise 

the water table, are plotted in Figure 7.2 in relation ta 
1 

drain spacing.' These rel-ationships are presented for st . . -
Samuel, RB and RM soils. The broken lines in Figure ft/.2 show 

the 90% - confiden~e bOl}nds for assumed normal distribution . . ' 

It can be seen that the expected time to raise the water 

table and the S.O increase as the drain spacing increases. 

St. Samuel sandy 10amJsoil, with a 30 m drain spacing, 

takes about 11.75 days ta raise the watel: table by 0.2 m. 

Whereas R~ sail, with the same drain spacing, requîres about 

J days ta.raise the water table by 0.24 m. This i5 because 

the ks for the RM soi~ is higher than the ks of St. Samuel 

soi 1. RB soi 1 

of i ts higher 

~wo soUs." 

gives a more rapid water table rise because 

hY~liC conductivity relative ~o the other 

In selectiog a design one- has to consider the time ta raise 

the water table in arder to meet the requirements for a 

particu1ar crop. For example a maize crop in St. Samuel sail 

can grow for the first 12 days in tRe e~rly groW'ing stag~ 

from the existing moisture content in th~ s~il profile. 

From this information one can select from Figure 7.2 a 30 m 

drai'O .spacing whi~eets this ,requirement but a 90% 
-

i1 
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probability shows tha~ the time'may be exce.~ed. Therè is . 
. sorne risk involved in such a design. The procedure may be 

repeated to arrIve at a ',drain spacing that rneets the design .--

criterion ·with an allowable 'risk. Apparently the knowledge 
. 

risks to uncertain lnput data be of 

(

of 

considerable help to a designer to select a design according 

to the requirernents of a particular farmer. 

shoul'd due 

, 

) 

In this section, saturated hydrau+ic conductivity is trea~~d 

as the single uncertain paramete:r. H' was selected because 

it is the most important parameter in the rise/fall of water 

table level. However, i t could be any other parameter such 

as drainable po"rosity, depth. ta, the impermeabl'e :layer or 

midspacing water table depth ëtc •. 

~ . 
Risk can be reduced and better suosurface ~rigation 

performa~ce can be achieved by taking ,care to adjust the 

overflow level in the control chambers early in the spring 
\ 

to p~event the water table from dropping more than 75 crn~ 

below the surface before the star~ of subsurface ir.rigation. 

The r~~ûits of this chapter are shown in the tables and 
~ 

gr~phs to identify the ~xtent of risk in designs due to 

uncertain parameters. The sol utions are al,~o pres,ented for' . - ~ 

deterministic analysis. The expected value solution and the 

:/ deterministic solution ta the problem are nearly the sarne • 
• 

It is worthy to note that the~lmcertainty analys·is gives us 

" 
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the requ~Ted probability 

for 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 ts ~repared· to accept~ 

A decision, howevei, may be màde to"ch/oose a design which is • 
,'. 

efficient and economically feasible. It is suggested that , 

the results of this chapter may. be used with Figure 6.13 

( chapter VI ), to select a design which meets the a-bove 

requirements. 
1 
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VIII GUIDELlNES AND RECOMMEDATIONS FOR 

SUBSURFACE IRRIGATION DESIGN 

The purpo~e'of thi~ chapter is to examine the design of ,. ~ 

\." _ .... ' '''- \...---
subsutface irrigation in the 1ight: o.f experimenta1 and 

thedret i ca 1 resu 1 ts pr esen ted i'n Chapter s VI & VII. An 

example of St. Samuel sandy soi 1· i5 cons idered. The methods 

are based on results obtained from a steady state formula 

and the water balance model. 

For the situation considered in Figure 8.1, the topographie 

survey done on the 10 hectare field shows that the land i5 
.' 

.f lat' an,d an impermeable layer ex i'sts at 1:6m be l ow the 50 il 

surface: The soil was guite permeable with a mean saturated 
. 

h Y d r au lie con d ~ c t i "v i t Y 0 f 1. 5 6 m/ cl a y • The ma.x imum . . 
evapotranspfration during dry periods, in summ~r, was 4.5 

mm/day. Drains are installed·at an average depth of 1.05 m. 

Corn was grown on this soi·l since 1967. A 30 cm effective 

root depth was observed during field investigations. Figure 
. 

6 • 5 s ho w ed th a t . the wa ter ta b leu pt 0 l m d e e pat the 

midspaci.ng 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 ste~dy state 

formulaJ 3 when the water table above the drain was-held at 

0.45 m depth below the soil surface. The design was checked 

" 
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Figuré B.l. Plan of a subsurface irrigation/dr.ainage system 
for the St. Samuel sandy loam so i l~ 
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to determine whether the time req~ired to raise the water 
,. . 

table was limiting. Equation (7.29) 'w~s us'ed to dete:çmine 
, ~ 

the ·time required to raise the'water table to a 1 m depth 

from an assumed initial water table depth of 1.20 m • The 

w~ter tablè above the drain is assumed to be 0.60 m. The 

184 

" ' 
results showéd that about 8 d~ys, are, required to raise 1;rye 

". 

. ' 
~ater table to the desired depth. This i\ acceptable 

during crop germination. Therefore, a 30 m drain spacing was 

used in the design. 
'", 

(> ,L ,.,. 

'Th'e design is presented i1l1 Fig~.tre 8.1. The field is 

subdivided, eaçh section having 5 laterals. Two control 

.chambers are proposed, serving 5 laterals each. These 

contro~ chambers are located near the ditch, which serves as 

a water reservoir on the west side of the field. The pump 

can be conveniently located beside the ditch half'way aiang 

the end of the field to supply water into the control 

cl1ambers through a PVC pipe with T-joints. A cotitrol 

chamber J in Figure B.l is proposed which is automated wi th" à 

\ float val ve. The float val v~ serves to keep the water level, 

constant in the controL chamber dur'ing the main growing 

period. 

\ 
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.8~l Water Requirement and Water Table 

Control-System 
i 

One,of the most important criteria in developing sUDsurface 
\ 

irrigation is to determine the amount of water required ror ., . 

plant use-. and ·th~ 1eakage lasses from the system. The 
" 

leakage lasses occur due ta hig~er hydrau1ic head maintained 

in the irr igated field, re 1 ati ve to the surround ing areas. 

The magnitude of leakage losses depends upon the hydraulic 
. 

. conduativity of the sor~ and the ele~ation of th~water 

table in the field, in relation to surrounding water table 

depths. 

Skaggs (1978) dè~ived the equations frorn'a steady state 

analysis for calculating the seepage rate (leakage rate). 

Seepage losses to nearby drains may be expressed as (refer 

F~gure 8.2): 
.; , 

2 • 2 #' 2 ks(h1 - h2 ) + es 
•• ~.(8.1) q .= 

...... 2s 

where ci is the rate of flow per unit ~ength of drainage 

ditch . (m 3/m day) 

ks is the saturated hydraulic conductivity (rn/day) 

18S 

hl is water table height above the irnpermeabl~ layer 

ab the drain pipe in the 'subsurface irrigatiot~~l~e,ld 

h2 is the water level in the di tch above the , '.'[ 

irnpermeable layer. i' 
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Figure 8.2. Water table profile for seepage frem a subsurface 
irrigation field to drainage ditch. ( Redrawn from 
Skaggs, 1978 ) 
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Fiqure 8.3. Seepage 'frem a subsurface irriqatien field te a 
non-irrigated field which has water table drawdewn 
due to ET. ( Redrawn from Skaggs, 1978 ) 
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s is the' distance from.,th~ .subsu(face irrigation field 

'boundary to the bottom edge of the ditch. 

is max~mum design ~va~otrari)p~ration,. 

. ~ / 

e 

Figure 8.1 shows the boundar~ of the field (EFGH). Th~ 

boundary E-H 'is adjacent to the d'itch. For this side, 

1eakage lossei:; càn be calculated by equô:,tion (8.1). 

Substituting the values of the par,ameters shown in Table 

8.~, gives hl and h 2 as 0.8 mana 0.3 ,m, respective1y. 

Applying equation (8.1), the tate of l~ekage per unit length 

of field bounqary E-H may be calculated as: 

q = { 1.56 m/day (0.8 2 
E-H 

= 0.0734 m3/m day 

and the rate of leekage for whole length of boundary'E-H may 

be determined as: 

o 

However, it should be noted that the 10 m strip of the field 

supp 1 ie-s the ET demand between the co Il ector and the road 

and should not be considered as leakage losses. The rate of 

water used in the 10 rn strip is, 

Qe = 0.0045 m/day * 10 m * 300 m 

/ 



, 
.f 

188 

TABLE: 8.1. Values of the parameters for determination of 
seepage losses from subsurface irrigated field. 

--------------------------------------------------------~---

Parameter Values 
~---------------------------------------------~------- -----1> 

1. Saturated hydraulic conductivity, ks 

,2. Maximum design evapotranspiration rate,e' 

3. Depth of impermeable layer, DI 

4. Water table depth at midspacing as a 
function of steady upward flux of 
4.5 mm/day (Figure 6.8) 

5. Water table depth at the drain throughout 
the boundaries E-F and G-H (assumed) 

6. Water table depth throsout the 
boundaries E-H and G-H (assumed a 
mean of 1 and 5) . 

7. Water level below the soi surface 
in the ditch (assumed) 

8~ Distances from the subsurface irrigation 
field to the bottom edge of the ditch 
for' the following boundaries, (5): • 

E-H .. E-F 
G-H 

9. Widt~ of the rqad 

10. Length of the subsurface irrigition., 
field bounda'ries are as'follows: (LI) 

E-H 
, f -' .. 

/ 

E-F 
G-H 
F-G 

1.56 rn/day 

4.5 mm/day 

1.6m 

l.Om 

0.6 m 

0.8 rn 

1.3rn 

10.0 rn 
8.0 m 
8.0 m 

5.0. rn 

300.0 m 
312.0 m 
312.0 m 
300.0 rn 

::::::::::::::===:::::=::::=:=:::::==:===:::==::====::=:=:~: . 

, 
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>. , 
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{ 
'1 

,~ 
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then, 

Q = 22.02 - 13.50 =~8< .52 m3/day E-H 

,-
1 189 

For boundary E-F, the latera1 is para11e1 to ~he ditch, 

therefore the water table depth over the drain is taken to 

calculate hi. Then hl Ïs equal to 1.0 m and s equals to 15 

m. Hence, 

q E-F = {1. 56 (1. 0 2 - 0 • 3 2 ) + O.' 0 045 ( 15) 2} / 2 * 15 

QE~F = 0.0811, * 312 m = 2'5.30 m3/day 

Again, a 8, m str ip is under product ion as prev ious1y stated. 

That is, 

Then, 

Qe =-Q~~45 * 8 * 312 
C~<6 

,... .... --, 

QE-F = 25.30 - 11.23 = 14.07 m3/day 

Since the boundary G-H is similar to boundary E-F, 

.. 

,Leakage losses along the East boundary F-G are different 

,than the above case. In this c~e nei ther h 2 nor s is known. 

/ According to Skaggs, (1978), h 2 can b~ assumed from which 
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the rate of upward movement is not"'suffiçient to suppo-rt a . , 
\ 

maximbm ET rate. He der~ved an equation which m~y be 
.-

expressed as (refer Figure 8.3): }-

The re1ationship between steady upward flux and water table 
/ 

depth (Figure 6.5) indicates that an evapotranspiration rate' 

of 2 mm/day (cons~rvative e~ti~âte) can be sustairred with a 
f 

wàter table depth of 1.0 m below the root zone. If the 

-effective root zon~ of maiz~ is assumed te bi 6~0 m, then 

the water table depth from the sail surfac'e is equal to 1.30 

m. Hencel h 2 will be 0.3 m and hl equals to 0.8 m. Putting 

these values in equation (8 .. 2) 'we get, 

qF-G = 
.- 2 2 (0.8 -0.3 ) 1. 56 * 0.0045 ) 1/2' J 

= 0.0621 rn 3 jm day .'" 

(., 

°F-G = Q.0621 * 300 m = 18.64 m3/day 

The total seepage 10S5, Ott can be obt~ined by adding aIl 

the 10sses from four boundarïes. 

. , 0t = QE-H + QE-F + QG-H + 0F-G 

= 8.52 + 14.07 + 14.07 ; 18'~64 

= 55.30 m3/day 

, 
l, 

l 
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This leakage 10ss could be reàuceà by keeping the subsurface . 
irrigation pipes further from the field boundaries. This .' , ~ 

leakage water will""have 'to be supplied in addition ta the 

irrigatio~ water necessary to satisfy ET àemand durJng the 

growing periode Water requiremênt for plant use, QET can be 

calculated by: 
'J 

QET = 0.0045 rn/day * 312 m * 300 m 

= 421.2 m3/day 

Th~n the total water supply capac1ty, Qc' will be: 

Qc = 421.2'+ 55.30 = ~76.50 m3/day 

Then each chambe~ has to receive 238.25 m3/day of water. The 

power requir,ad to deI iver the water· s'upply capaci ty tb the,. 

chambers may be d~terroined by: 

9.8 * Q * H 
KW = . 

--

KW = (input) power deliver~d,to pump 

Q~ ="discharge r;te, ·m3/s 

.' o 

••• , (8,. 3 ) 

',. 

H = total pumping he.aq;:.' (10 m is assumeà for.'lift 'of ,\) 

.,.,~ 

watet from a well, ~_l:.S 
a q.elivery system). 

" , • 
Ep = pump efficiency (70% assumed) 

friction 

00 
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, . 
min/60 s *' 10 m /,0.7' 

l, 

='0.772 KW ~ 1 hp f ' 

; <' • 

Therefqr'e a l hp .. e1ectr'ic 'mo~or is required.' 

\' ' 

, . 

8.2 Head Loss 
, . ' 

, . 
l~ ; 

The"contio1 chambers are'~esigned to distribute water to the 

freld through ~rain pipes,~ A heaQ is ma'intained in the 
• , J 

cd nt roi cll,a m ber f t 0 f 6 r c ~ the' w a ,t e r tom 0 ve t 0 the fie 1 d 

,agains~ certain frict{on los~e~. If the ,friction losses are 
. ' ! 

estimated, then the, control chambers can be desig.ned 
fJ ., 1 

açcordingly. iJ 

G.1lich.od (1982) .od voo Hoybli!geo" Hueru; (19,8;) ~l~~,~.t~~ 
head 10~ses'.'durÜ~9 the èxp~rimen'ts' on .subsurf~ce 'irrigatio~ 

• 1 .. 1 If 

. ' ' 

on st. Samuel sandy loam soi 1. The 'former, found that' 'the 
P, , "1 l ü. 

, '1 r 

hèad 106s .of water exiting·frorn the pipe into the ,s'oil was 

l.'arger than. the h~ad 10ss d1:le é'o - p~pe' fr ic·~i.on. The' ,1attet' 
, , 

, author found that the eX,it and .cqnye,rgenc~ head. losses, Çire 

importanJ in $ubsurfacé irr iga\ion. 

' . . , 
. \ 

.' 

" 

.. 
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Approximate head losses can be calculated with Manning,1 

equation. Manning's eq~ation may be written as: 

./-

V = lin R2/ 3 Se1/ 2 r' •••• (8.4) 

where V is the velocity-" (m/s), n is M'ànningls .roughness 

coefficient, R is th~ hydraul ic ,radius (m) ',,' and Se is the 

slope of the energy g'rade Une (m/m) • • 

For circùlar pipes: 

R = d/4 •••• (8.S) 

Substituting (8.5) in (8.4) we get, 

.V=l/n (d/4)2/3 sel/2 •••• (8.6) 

The continuity equation for full pipe flow g;ves 

.~ ~ "i"· 

Q =~~Â V = 1I'd2/4 * V 

Substituting equati.on (8.6) in the above equation will 

~d.,eld, 

or 

Se= lO~29359 02 n2 1 d5.333 •••• (8.7) 

1 

'. ___ .. __ ._. J~ 
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Head 109S hL due to friction ~~y be obtained in each 

particu1ar l section of col.lectol: pipe by multiplying t~e .. 
slope of en, rgy grade line ,~>e by the length of pipe, L, in 

question: 

* L •••• (8.8) 

Consideri collector at the location of control chamber 

2, the ead lossel:i, are calculated fox the collector of 
.' , 

secti n AB,. BC, laterals R-lS, R-l7, and R-19. The total 
< -

flo rate Q in the control chamber is evaluated from the 

prevïous section as 23,8.25 m3/day ( 0.00276 m3/s ). It ls 

assumed that the flow rate is equally distributed among fiv~ 

laterais by the control chamber. Therefore each lateral will 

receive l/,5th. of the total flow rate. Head 10ss for 

collector AB and BC can b,e. calculated by assuming that the 

f10w rate i9 decrea$-ing at each section Band C. Then, , 

app1ying equation '(8.7), assuming Manning's roughness 

.coefficient, n, for corrl:1gated plastic tubing -as 0.016 

Schwab, 1983 ) and substituting, the values such as: 

1 

d. = 0.15 ~ QA-B" 0.0011 m:/s 
3 . 

QB-C -= 0.00055 m Is 

, \ 
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The energy, grad ient can be computeçi as, 

1 

e, 
'. < 

~ 

seA_B =:; 10.29359 0.0011 ) 2 ( 0.016 )2;( 0.15 ) 5.333 

= 8 * 10-5 m/m 

and Il, 
'Lp 

, 

Se B_C = 10.29359 0'.00055 ) 2 0.016 ) 2/( 0.15 ) 5.333 
, 

= 2.0 * 10-5 rn/m 

Head 10ss for séctions A-B and B-C is calculate~ by equation 

(8.8) as fol1ows: 

h J 
L,colA-B = 8 * 10-5 * 30, m = Q.00237 m 

-\ .. 
h . 

L,colB-C = 2 * 10-5 * 30 m + 0.OO237m = 0.OO29~ m. 

TO obtain head losses in the la.terals, one mpdification--~ 

need.s to be,made in the flow rate Q, because th'e flow rate 

decreases with distance from the colleétor since the 

Iat;erals are perforated. Ass~ming that, the flow rate in the 

Iateral decreases li nearly thEm the fo 1.Iowi ng equation may 

bé used • 

Qlat = acol [( L-X' )/ 1. ] •••• (, B. 9 

:&, 
~-( '\., 
,) 

Where, Qlat is the~,flow in the Iaterai at a particular 

distance X away from the collector ( m3/s ), Q col 

" 

\ 
\ 

is the 

'. 

-..=.=:-

1 
l 

, , 

" .. 

, , 
.~ 
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flow that enters the Lateral m3/s) and L is the total 

l, e n 9 th 0 f the 1 a ter a 1 ( m.) 
'. 

If it is assumed that ,the flow is constant within a~'small 

'distance, say for examp1e 1 \t , then equati.on (8.9) can be . . 
substi tuted in equation (8.7). The fo1lowing' eqpation wi 11 

yield, . , , . . • ..r 

Se = 10.29359 {Qco1 .( L-X )7L}2 n2/d5.333 ••• (9.10) 

Taking the values of °001' that is the flow ra,te which 

enters in the Lateral R-IS equa1 to 0.00055 m3/~, and other 

values are: 

, 
.L Iat =312 m d = 0.1 m ~' n = 0.016 

v ......... _ 
(' 

Substituting above values, and simplifying e.quation (8.10) 

• 
will yie1d, 

Se = 0.00017 ( 1-X/312 )2 ~.:.(9.11) , . 

. 
The, head 1088 can be comp,uted. from equ~tion (8.11) for 

particular point in the 1ateral. 

Another component of the head loss lS the exit 10ss. Exit 
\ 

loss i5 defined as the head 1088 due ta the resistance 

encountered'by the flow of water exiting from the lateral 

.1 
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"'l 
inta the 5ail..;~Elquatian (8.12) ( Bravo and Schwab, 1977 ) 

'" . can be ,used to calculate pead 105s that occurs dUE! ta, exit 

res i stance, and may be expres6ed as: 

rs/re J Q/2 rr ~sL •••• (8.12) 

• > 

Where re is the effect·ive drain radius (ml, hL,exit i5 the 

eKit head lôss ( m ), rs is the drain radius ( m) and ks i5 

the saturated hydraul~c canductivity. Mohammed and Skaggs 

(1983) faund from exper imenta 1 resu1 ts that the effecti ve 
- . 

radius, re, 'for different types of tubing varies between 8.0 , 

11 10- 7 cm and 3.9 cm. The effective drain radius for 10 cm 

cl i a met e r p i P e w i-th. a p e r for a 't ion are a 0 f 21 c,rn 2 / rn i s 

approximate1y 1.5 mm. In Quebec, the minimum drain 
-

perforat"iotf area is 21, cm 2/m, of drain. Ther.efore the 

effective radius of 1.5 mm i5 assumed • 

. 
'The. head 1055 due ta exit 1065 is calcu1ated for a 10 cm 

diameter corrugated plastic drain pipe of ~ength' L wi th an 

effective drain radius of 0.0015 m~ Since the flow 1s . ' ., 
'assumed,to decrease linear1y, the'mean }f1ow,per unit length 

is used 

l\ •••• (8.13) 

,< , , 

is the f10w out of the drain per u~it ,i.;ngth 

" J, 
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, . 
(m 3jday)'. Substituting equation (8.13) in equation -(8.12) 

• ,\ 0 

", 
gives, 

ln ( rs/re •••• (8.14} 

, ... $olving equatio"n (8.·14) for the various values of 
'. 
components, such as: 

L = 1 m - re = 0.0015 m 

r~ =0.05 m 

Then 

, 

LIat = 312 m 
o. 

0col = 47.5 m3/da'l 
(0.00055 rnJjs) 

. ' 

"hL,exit = { ln (0.05/0.0015)(47.5/312) }/(271"* 1.56 * 1) 

= 0.0545 m 

rf the pipe has more than the minimum opening area of 21 .. 
cm2/m the exi t loss will be less 'thari 0.055 m. 

~ 
Another head 10ss component that occurs ïn the 'system i8 the 

convergence of the flow lines near the drain. Gallichand 

(1983) and von Hoyningen Huene (19B4) calcu1ated the 

convergence Ioss~s by flow ~et analysis. The results of 

latter author on head loss due to convergence are reproduced 

and are given in Appendix 0 (Table 0.1 ) a10ng with exit 

losses at various Qo values •. It is' interesting to note from 

~ 

" ' 
1 

• 
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"" . , 
his results that the cOl')vergence l(Jsses are approximately 

1.45 times' the exit lasses at sirnilar flow rates. Therefore 

one' can approx'imate ,convergence losses without doing the 

flow net analysi~. The'head loss_due to conv~rgence is 

calcu~ated as: 

ht~con = 1.45 * hL,exit 

;: 1.45 * 0.0545 

= 0.0790 m 

1 

ft • 

~ ••. (8.l5) 

If 

If shpuld !te mentioned here that the'head loss due ta exit 
, , • 

is much t smali er a b t,a i n ed b y von 
\ 

than, the. head loss 

Hoyn~ngen Huene 'sh,own in Table' 0.1. This lS because the' f low 

.. _ r'ate per un,it ~en9th in our cq.,se is much smaller than the 

flow rate per unit .. , leng~h used in his experiment. 
" 

l, 

, . Tota:l' head, losa can be calc~}ate4 for la teral R .. 1S as: 

hL,tot .. hL,l~t + hL,exit. ;t hL,con 

= 0.01313 + 0.0545'7 0.0790 

;: 0.1466 m or 14.66 ~m ~ 

other head losses such as entrance hèad 105S, Teé , elbaw 
.\ 

are· not considered here because thO$~SSes, ar: very sm~ l 

and can be ne,g 1 ected. J ~ 

! • 
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" 
The results of total hê-ad loss for R-.lS, R-17 and R-19 are 

shown in Table '8.2. Fr am these. 'resu 1 ts, the wa ter 1 eV,el in 

thé: control chambe!' cao be, designed so that the water table. 

at the midspacing can be maintained at: tbe desired depth. " 

The profiles of the water table ovel! ,the Iaterais R-15, R-17 

and R-19 are plotted .in Figure~ 8.4, 8.~ an,d 8.,6 
• 

~espectively. These profiles,~ere used,to deter~ine the 

shape of the water table above the late'rals R-15, R-17 and 

R-~19 • 

'Water tab'le depth at midspa,cing c.an be determined usin9 

" Hooghoudt·s equation (3.2). This equation is solved for' 

defl,ection, m , with known parameter values suéh as: 

.' de = 0.48 rn .ks = 1.56 m/clay 

W = ~O m e al 0.0045 rn/day 

After simpli'fying, the equation (3.~) ·may be expressed as: 

m2 = 2(hO -f.:. Q.48)m + '0.6490 = 0 •••• (8.16) 

This is a quadratic equation and the solution May be found 

by: 

m = 
2a 

{il ,~ '" , , 

•••• (8.17) 
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TABLE: 8~2: Variocis hea4 losses in subsurface irrigation 

. sys~em. ~, ~ 

1 
i , '/, 
l' 

l 
-~---------~--------------~------------------------------------Latèra1 Head 108S due to Head 10s5, Head 108S Total 

fr iction, m due to due to head 
e; ------~----~------- exit convergence 105s 
, 
r 

Collector; Lateral m - m m 
1 

~~--~----------------------~-~-----------------------------~--

R-15 0.0 0.0131 0.;0545 0.0790 0.1466 
"\ 

\J
R
_

17 0.0024 0.0131 0.0545 0.0790 0.1490 

R-19 0.0030 0.0131 0.0545 o' 0.0790 0.1496 
------------------------------------------------------------.--.. -

---------------------------~------------------------------.----
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Where a :a 1 

b :a -2 (ho + 0.48) 

c ,. 0:6490 
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The water table depth at midspacing can be determined u~ing , 

the value,of ho' water table height above the drain, wh.ich , 

can be obtain:ed from Figures 8.4, 8.5 and 8.6. Since the 

water t'âbl~' heig'M:s above drains are not equal, a Mean val ue 
, q , 

was taken for ho in Equation (8.17). 

\ 

The results are presented in Figures 8.7 and 8.8 (or a 

distance "of '100 and 300 zn from the coll ecto~, respecti ve ly. 

The wa~er table depth at a point Midway between drai ns 

'var ies from a :,inimum ~f '0.65 m (Figure 8.7) to a~m of 

1.1,8 m (Figure 8.8). The water table depth of 1.18 m is 

deeper than the optimum wêfte~ table depth o,f 1.0 m required 
::: 

to maintain the design ET rate of 4.5 mm/day ( Figure 6.5 ). 
Q 

Therefore, one way to .decrease the wa,ter tabLe depth is to 

l,evel the ground in Figure 8.8 in order to achi·eve the 

req~ited water table depth., 

, 
8.3 Operational Guide 

- . 

FOlî'~Win~' the design of subsurface irrigation, one ahould , , ® 

consider tli operation of the syst~m. Tne following points 

should be noted: 
~, 

1) ,Water level in the control chamber should be maintained 
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at 10 cm below the graund surface ta obtain the 

desired water table elevation in the field ( Figures\' 

8.4 1 8.5 and 8.6 ). , J 

2) These control chambers should be installed in such'a way 

that they should not hinder the usual field operations. 

3) The controt cha~bers must be covered with lids to avoid 

lU' trash ànd sail from depositi'ng into it. 

4) Ir-rigation should be stopped when the grain filling i5 

nearly completed in arder ta avoid excess irrigation 

costs. 

5) The drain valves should be opened before harvest or 

'during any large rainstorm after stage 4. 

~) The valves should be closed when the soil is found ta be 

wo~kable for seed bed preparation in the spring. This 

wi Il ,prevent -the water table fram dropping ,60-'70 cm. 

It will also take less time to raise the water table to 

a desired level, when irrigation is startep. 
" . 

Float,valves should be installed in the control chamber 

" to keep the water 1 eve 1 constan,t dur ing the irr igation 

season. 

8)', The over f low pipes in the contro l chamber Sh9U ld be set 

at 8 cm below the sail surface such that excess water 

should spill over and leave the system. This will 

preve~ the water table from rising 50 high as to limit 

the aeration of the soil in the root zone. . . 
9) IIl...-.the event of -large r'ainfalls during the growincr 
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season irrigation should be stopped and the overflow 

levèl reduced, so that drainage can take place. 
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I~ SUMMARY AND CONCLUSIONS 

Subsurfaee irrigation is a relatively new method of 

irrigation. It functions ,in combination with drainage 

systems. Its installation .and Qperation in some parts' of. 

the world Is based on a tr'ial and error basis' sinee it ls 

qui te di fficul t to, des ~9,P. However, subsurfaee irr igation is 
. !' " 

a relatively low co.st form of irrig1f't~on when the. 

topography and climatic conditions are suitable. 

, " 

There are app'rox imate 1 y 30, 00 0 hectares of more permeab 1 ~ 

sandy soils in the sou~h-western region of Quebec, which are 

suffering from drought and need supplemeneary irrigation for 

better'crop production. It is physically pos$ible to control 

the water table in these soils by means of a subsurface 

irrigation system thus reducing 'physiologi"cal dam~ge due to 

drought. 

This was the first tim~ that subsurface irrigation wa~ 
\ 

introduced into this region. The primary~objective was ta 

set up a field experiment to Investigat~ the sail water 
.l', 

210 

regime and maize yield response, with -'and without, subsurface 

irr igati on. The ul timate objecti ve was ta propose sui tabl e .. 

designs which could maximize the profi~ability of corn 

production. 

. , 
{ 
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A field experiment, was carrie~ out for two years on ,a 

IO-year old subsurface drainage ?ste~TV 'in a sandy soi 1. The 
" existing drainage system was Modifiee in arder ta achi~ve a 

randomized complete black design with eight repIieates, èach 

replicate ~onsisted of ~one irrigated an,d one nO{1':'irriga~ed 

maize plot. 

In, ,the' fie Id expèr imen ts, Ba i l Buet ions and wa te-r tab l e 

depths were measured periodi~ally in arder ta determine the 

soil water regime. Root density was measur~d for theoretical 

calculation of upward flux; yield measurernents were done in 

each year to determine the e,ffeet of subsurface"-.irrigation. 
, 

St,atistical analy~es were carried out on the observed yield. 

A computer w~te~.balance model was devèloped1and integrated 

with crop models based on the stress day index concept ta 

m~ximize "the'profit from maïze eultiyation for subsurface 

irrigation and drainage design alternatives. The inputs into 
• Il • • .. 

, 
the model were thé daily, rainfall and potential 

evapotranspiration, sail and crop parameters and some fixed . ' 

parameters. Daily rainfall values were o~tained fràm the' 

experfmental site during the subsuroface irrigation 

experiments. Potential evapotranspirati9n was calculated . , 
, , 

from observed maximum and minÎ'mum temperatures d,urin<i the 

Subsurface irrigation experiments. AE'was calculated from an 

assuxned relationship betwe'en available water and AE!-PE 

'i" 
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ratio. Steàây~ upward flux and drainable volume were 
" -',-

" expressed as a furic~~n of water table depth. Laboratory 
, ' 

experime,nts were cond~ed to deter~ine. soil moistur~_~ 

characteristic curves and ~rainable vol ume in relation to 

suction. 

The moisture characteristics data were used to obtain 

unsaturated hyd"rçr.ulic conductivity functièns. Thïs 
, , 

information was used to establish relationships between 

steady upward f~ux and water table ~epths~ A relationship of 

drainable volume versus water table depth was determined 

from -long soil -cores and was expre~sed in a non-1 inear 

functional forme The model was then operated with weather 

'data for the period from March 31 to 'October 31 for two 

years. 

The 'pre~~ct~ daily water table depths and /yjve-1d were 

compared with'-the observed data -from th~-irrigated 
plots. The'~verage relative yiéld of.com was predicted as a 

functi~ of drain spacing for both subsurface irrigation ana 

drainage cases and income was calculated for tne range of 
/ 

corn priees considered. Initial investment cast for 

subsurface drainage and irr,igation was determined for the 

.range ot' spacings. This c~st was amortized for a given 

useful system life , using suitable interest, rates in order' 

to obta i n the annua 1 co st per un i t area. Annua 1 pr od uct ion 

~nd maintenance costs were al sa added to the above cast ta 

. ' 

" -
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get the total annual cost per unit area. From this 

information, p~ofit was dete~mined for a range of spacings. 

Additional net benefits due to subsurface irrigation were . 
com~uted. The variation in saturated hydrau1ic conduqtivity 

was consi~ered and assigned a 9P% confidence bound. The ris~ 
---

was thus defined. 

The effects of uncertainty in the unsaturated and saturated 

f10w parameters on the 'subsurface irrigation/drainage 

designs were studied. A simple approach which uses the first 

and second order moment method was uti1ized to perform these 

analyses. Examp1es were given for steady 
/ 

un~aturated/saturated f10w equations. 
/ , / 

/1 / 

" Finally, a suitab1e water control systeill was propo!ed çlnd 

operational guidel ines were recommended. Bas~1 on the 
,1 

-,resul ts of this study the following conclusions were drawn : 

1. Subsurface irrigation performed sat~s actorily in all 

irrigated plots. It raised the water t ble, improved the 

soil moisture regime in the root zone the 

maize y,ields significantly. This indicates that subsurface 

irrigation is possible on sandy soils in south-western 

Quebec and that significant yie1d increases can be obtained 

during periods when precipitation is inadequate. 

2. T'~e resul ts of soi 1 moisture contents and soi l suct~ons 

213 

/ 

/ 



<" 

/ 

( 

! 

# 

/ 

in the root zone suggest that a water table. depth ~ess than 
~;. J 

o 

lO~ cm can suppl Y the maximum ET demand sinee moisture 

content stayed a1most ât field capacity when water table 

depth varied in the ran~e o~ 70-100 cm. 

3. The relationship between steady upward flux and water 

table depth of St Samuel sandy. sail supported the results in 

(2) that the maximum upward flux of 4.5 mm/day can be 

supplied from a water table as deep as 100 cm. 

. , 

4. Avai 1able water in subsurface irr igated plots was found 

ta be more than twice 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 

10ss of moisture content in the root zone. Hence, an' optimum 

water table depth of 70 to 100 cm at the midspacing should 
o ' . 

be maintained in subsurface irrigation systems for 'st Samüel 
. ~ 

sandy soil in orQer to maiptain adequate moisture supply ta 

the root zone. 
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5. A highly signi1icant maize yi~~~ increase of 40% in 1982_~_ :=:;:.:::!i 

and 50% in 1983 were found in subsurface irrigated plots, 

.even though irrigation was not continuously applied. These 
, 

results suggest th~t subsurface irrigation can ~e very 
\ 

} beneficia l in ~outh-western Quebec in dry years. 

6. It was found that the ~ater balance mode1 could achiev'è 

1. ___ . _____ ..... _ .. _._ .. __ ._ _i .... """;p' __ , __ ... _, __ ..... ,~ ............. r. + .• _II •. ~~-...--~-~~ ... _ .... ~ 4 ~.-. l 4 ~ !WaI'~~t"M~'"";\., __ . ~",.~-

.. ~ , 
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reasonabl~ accuracy in simulating' fluctuating water table 

deptps and soil moisture distributions in the field. These 
" ' ". 

results, when used in crop "models, predicted maize yields 
'!.' 

~hich were sufficiently .close to thàt 0js;rv,ed yield~ in 

non- irrigated plots. 

7. In simulating the 
.~~ 

weather data of 1982 and 1983, it was 
, , 

found that the average ~_elative 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. 
1 

The results of the simulations indicated that an average 

relative yield could he increased by 48% by providing 

subsurface iI~.igation in dry years. 

8. Maximum profits of $5l3/ha could be obtained by providing 

the subsurface irrigation system with 30 m drain spacings 

compared to $l9/ha for subsurface drainage system with 45 m 

drain spacing based on the mean saturated hydraulic 
~ 

conductivity measured in the experimental fielQ 

9. The magnitude of n~t benefits was found to be influenced 

:by aIl the parameters considered ~such as: interest rate, 

corn priee, drain spacing
1 

and saturated hydraulic 

conductivity (k s )', However, the variation in saturated 
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hydraulie eonduetivity had a greater effect on drain spaeing 

in maximizing net benefits, whi1e other parameters were 

independent of drain spacing. This adds emphasis to the 

consideration of field measurements of saturated hydrau1ie 
1 

conductivity. Decisions regarding design should be based on 

ealculations which take the range of actual ks values into 

account within a_permissible risk. 

/ 10. F;rst and second order methods of analysing uncertainty 

can be used to study the effects of uncertainties in soil . 
parameters. These soi1 parameters inc1ude : unsaturated and 

: .; 

saturated hydrau1 ie eonducti vi ties or comb±nat:~ons of both 

or other soil properties on the design of the subsurface 

~216 

irrigation/drainage systems. Confidence bounds can be /~-
" 

assigned on the results which will he1p the designer to 
. . 

develop a subsurface irrigation/drainage system design based 

on the risk a larmer is willing to accept. ~. 
( 

'11. A subsurface irrigation system should be designed and 

operated on the basis of guidelines and recommendations 

discussed in chapter VIII of this thesis. 
'" 

9.1 Recommendations For Future 

Related Research 

As a tesu1t of the study conducted anq the limitations ln 
J 
\ , 



\ 

scope of the following items are 

recommended for further research: 

1. Fi~ld experiments on subsurface irrigation should 'be 

c,onducted at d1fferent locations with different crops 

to investigate the effect of subsurface irrigation on 

crop yie1d. 

2.' Soil cores with aide tp of 1.0 to 1.2 m should be·used 

for the drainable" pore volu e - water table depth relation­

ship and a functional relatl nship should be establ ished 
. "'I:~ 

\ for a particular soi1 type if p ssiple. The advantages c# 

1 , , 

, . 
long 'sa i l cores are obv i o\~s b~cau they take into account 

the hete~enity of the soi1 profile, amples are not easi1y 

disturbed; one long soil samplè is bet~ r than many small 

soil samples at different depths. The disa vantage is, long 

-cores are difficu1t to instal1 and extract. Hever, efforts 

should be made·to devis~ a mechanism which ca easily·be 

used for driving and extracting the soil cores. 

3. Long soi1 cores shou1d be used for the developmen of 

relationships between upward flu~ and wat~r table depths fo 

, different soil types and should be verified with theoretica1 
~ (.1 « .. 

methods. This wi Il help for future design work in subsurface 

i rr iga t ion/draïnage systems. 

~. Detailed experiments should be planned and conducted to 
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invéstigate root devëlapment of craps with respect to time • 
. 

-This is very important in terms of water table management. 

5. During 1983 f~elctexperiments', saline groundwater was 
. ' 

found in the newly established weIl. It is recommended that 
~ , 

this saline water should be incorporated with the drainage 

water and the mixture be used. for subsurface, irrigati'on. 

Further experiments are required to d~termine the effects of 

saline water on soil structu~e and subsequent pl~nt gr~wth. 

6. The computer water balance model developed in this study 
l' 

was not test~ with the water table depths in the subsurface 
~ ~ \1'" '1 • . 

irrigation sy~tem because initial "conditions such 'as: water 
, , 

t~blè depth 'at th~idsp~cing and presssure head at the 

drain at time,t is equal to 0 were not known. However, it 

is sugge~ted ~hat observations of initial conditions and 

flucuuating wate; table depths shou1d be made by keeping a 

'c~ns\~ant pressure head over the d ra 1n. These r es u 1 ts of 

water'table depth observations at midspacing then can he 

teste~ with the results of tbe model to gain confidence in. 

"0 its predictions. Also more observations of water table 
'" 
~. depths should be made in different areas with and without 

subsurface ir::rigat,ion to test the water balance model 

predictions. 

Q. 7. In this study, on1y two years of weather:: data were used 

in the water bala,ncé model. It is s,uggesteà that·a 1arge'r 
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number of years of weather' data andl\~ore years of yield 
\ , . 

'results be considered. It is aiso suggested tbat the effects 
• c 

of delay in planting due to slow drainage be iccorpor~ted in 

_! the model.' Incorporation lof the above data will increase the 

.rellability of t6e economic analNsis for subsurface 

irr igation/drainâge" systems. 
, 

l 

8. It is reco~nehded that the effects ofkuncertainty due to 

!soil and weather para'meter's in the design of, subsurface 
~ 

irrigation/drainage systems be included. Efforts should he 
~ 

made to improve the analysis for practical designs. 
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A. Derivation of Steady state Equations for 
Subsurface Drainage and Irrigation 

Systems Design 

1 

1 

In Hooghoudt's l.....analysis it, ls assum~d '.that the r,ain is 
~ , 
fal'llng at a constant rate on the surface as shown 

schematically Din Figure A.1. In order to simplify the, 

mâthematical analysis" the Dupuit-Forchheimer (D.F.) 

assumptions are made. Considering flow towards drains in a 

saturated zone only, it ls assumed. that the hydraulic 

gradient at any point is equal to the slope of the water 

'table above that point. The flux per unit wi'dth can be 

expressed as: 

dy 
Q= -ksY -, 

dx 

/ 

r 
1.., 

•••• (1) 

Where y is the di"stance between the water table and the 

imperine~ble loayer and- is a fUl1ction of' -x, dy/dx is the 
-' 

From the 
li"') 

hydraul ic grad ient at the point x .considered. 
l 

conserv~tion of mass we know th~t the fI ux at any point x is 
" 

equal to the fiow q~ ~nto or out of th. unit area of the 
~. .v-!.' , 

so i 1 mu f eipl i ed by the sur face area of the p 1 ane~ The 
.: 1 

surface area of the plane ls equal to (W/2-x)*1, where 1 
',j 

stands for r,unit distance measured out from the pl,ane of 

the paper. In other words we'arel~osidering a unit thlckness 

. of soil. Therefore, the quanti y of water flowing per unit 

ti~e throug~ the plane ls given by 

1 

• 

-1 
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w 
Q= -( x )q •••• (2) 

2 

Substituting equation (1) into equation (2) we get, 

dy 
k y- = 

s dx 

w 
-( - - x )q , 

2 
, 

, 

: ... (3) 

Separating variables ~nd in_tegrating the equation (3) 

subjéct to the boundary conditions for drainage (refer to 

Figure A.l)~ that is y=d at x=O and y=d+m at }(::W/2, we get, . 

• ,,_. (4) 

oSimplifyi-ng equation (4) and rearranging the terms will 

yield, 'Hoogoudt's equation for drainag~ flux. 

.. •• (5) 

The convergence near the drain can be accounted for by 
, 

substituting an equivalent depth de, for d" then the D.F. 

assumption would appear reasonable. 

-\ 

A simi 1 ar approach can be used for the der i vat i on of a 

subsurface irrigation design formula. In' this; the drainage 
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flux q, in 'equation (5) is repla,ced by ev~potranspiration, 

e. During subsurface irrigation, pressure head hOl 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 irrigation, 'such 

as y=ho+d at x=O, and y=y+d at x=W/2, the equation '(5) can 

be solved for subsurface irrigation flùx as: 

•••• (6) 

Where m=ho-Y. 

SUbstit,uting d with equivalent de' the equation (6) can be 

expressed for drain spacing as: 

•••• (7) 

'_Wh.,.Q; 429. 

1 

1 
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PERIOD OF IRRIGATION 
TIME OF WATER TABLE OBSERVATIONS 

Figure B.l. Pe;iods of irrigation and time of water table , 
observations in 1982 field experiment. 
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TABLE: C.I. Ana1ysis of va~nce for dry bulk density with" 
respect to treatrnent and depth. 

'-

-----------~------------------~------------------------------
Source OF Sum of sq. Mean sq. F • Pr>F R C.v 
------------------------------~~-------~---------------------

Model 9 
Error 230 
Corr.Tot 239 

Source OF 

... 4082 
Q.0678 
2.4760 

0.1565 
0.0046 

Anova SS 

33.70 0.001 0.569 4.46 
Root MSE Density Mean 
0.0681 1.53 

F pr>F 
--------------------------------------------------------------
'l'reatrnent 
Depth 

1 
4 

0.000107 
1. 286792 

0.00 
10~22 

0.956 
0.022 

----------------------------------------~---------------------
--------------------~-------------------------~---------------

TABLE:C.2. Pertinent soil properties of St. Samuel sandy 
loarn soil. 

-------------------------------~----------------------------Saturated 
moisture 
content 
percent by 

volume 

Field capaci ty 
percent py 

volume 

PWP 
percent by 

volume 

Saturated 
hydrau1ic 
conductivity 

. m/day 
-------------------------_ .. ---------------.--------""-~~--~----

(1) 

43.0 

(2) 

25.72 

(-,) ) 

3.10 

~'- (4) .----

1.56 

------------_._---------------------------------------------
1 

The values in columns 2,3 and 4 ,are obtained from 
Rashid-Noah (1981)....... (, , 
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TABLE:C.3. Ana1ysis of variance far yie1ds of maize in the 
yea.r 1983. 

o 

A. Grain yield 
-

----~--------~----------------------------------------------
Source OF Sum of sq. Mean sq. F. Pr>F R C.v 

Mode1 
Error 
Corr. Tot 

15 
64 
79 

160081205 10672080 
72165114 1127579 

232246319 .--... 

9.46 0.0001 0.689 28.65 
Root MSE Grain Yield Mean-

1061 3705 
-------------------------------------------------------------
Source 

Black 
Treatment 

Madel 15 
Error 64 
Corr. Tot 79 

OF 

7 
1 

214451160 
99226863 

313678023 

Annova SS 

28420836 
100054301 

F 

0.90 
22.16 

. -

Pr>F 

0.5539 ,> 

0.0022 

-------------------------------------------------------------
OF Annova S5 F pr>E' 

------------------------------------------------------------- \~ 
Black 
Treatment 

7 
l 

38049104 
133595389 

0.89 .' 
, 21.85 

0.5598' 
0.0023 

------------------~------------------------------------------
--------------------.--------~-------------------------------
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TABLE: D~l: Exit and convergence head 108s values in 
subsurface i[rigat~on field (adopted frc'm von 
Hoyn i'ngen Huene, 1984). 

----------~-------------------------------------------------

Ju1y 06 
07 
08 
09 ' 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Flow into 
l!tel:al 
m /day 

17.44 
31.71 
26.95 

' 7. ~3 
25.37 
33. 30 ~ 

25.37 
30.12 

37 •. 09 
31.45 
33.39 
31.23 

t-

Exit 
head lOBS 

m 

0.04792 
0.08712 
0.07405 

~ 

0.02178 
0'.06970 

, 0.09148 
0.06970 
0.08276 

O. -10192 
0.08641 
0.09174 
6.08581 

convergence 
head 108s 

m 

0.06969 
0.12672 
0.10770 

0.03169 
o .10l38 
0.13307 
0.10138 
0.12036 

0.14822 
0.12568 
0.13343 
0.12480 

---~----------------------------------~---------------------
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C ***********k****k************************************ 
C 
C 
C 
C 
C 
C 
C 
C 
C 

DESCRIPTION OF VARIABLES USED IN 
WATER BALANCE MODEL FOR OPTMIZING 

SUBSURFACE IRRIGATION/DRAINAGE 
SYSTEM 

DEVELOPED BY 
NISAR AHMED MEMON 

C 
C ~~**~k~**** .. ' , 

'" ' 

C MAIN PROGRAM 
C ****************** 
G 
C AWC""AVAILABLE WATER CAPACITY, mm 
C AERTZ-PARTIAL ACtUAL EVAPotRANSPIRATION FROM ROO! ZONE, mm 
C AEUP-PARTIAL EVAPOTRANSPIRATION FROM UPWARD FLUX, mm 
C ASUSIRaAMOUNT OF SUS IRRIGATION , mm 
C AETS"ACtUAL EVAParRANSPIRATION DURING SUlHRRIGATION, mm 
C AET=ACtUAL EVAPOTRANSPIRATION DURING DRAINAGE, nun J 

C AYRDR=AVERAGE RELATIVE YIELD OF DRAINAGE SYSTEM 
C AYRSUS"AVERAGE RELATIVE YIELD OF SUBIRRIGATION SYSTEM 
C CSD=CROP SUSCEPTIBILITY FACtOR FOR DRY CONDITIONS 
C CSW=CROP SUSCEPTIBILITY FACtOR FOR WET CONDITIONS 
C DRW'I=WATER TABLE DEFIH DURING DRAINAGE, nun 
C DVOL=DRAINABLE VOLUME, min 
C DDZ=DRY ZONE DEFIH , mm 

~ 

C PET=PotENTIAL EVAPOTRANSPIRATION, mm, 
C PDAYsPLANTING DAY 
C PERC=OUMMY VARIABLE 
C QDR:aDRAINAGE FLUX, mm/day < 

C QDRS=DRAINAGE FLUX DURING SUS IRRIGAT ION, mm! day 
C QSUS"SUSSURFACE IRRIGATION FLUX, mm/day 
C RETDR=RATIO OF AE/PE FOR DRAINAGE CASE 
C RETSUS=RATIO OF AE/PE FOR SUSIRRIGATION CASE 
C RAW-REMAINING AVAlLABLE WATER, nun , 
C RAWSUS"'REMAINING AVAILABLE WATER FOR SUBIRRIGATION CASE, nun 
C SPACE-DRAIN SPACING, mm ' 
C SUSWT-WATER TABLE DEFIH DURING SUS IRRIGAT ION , rmn 
C THETAS=SOIL ~OISTURE CONTENT AT SATURATION . 
C THETAW-SOIL MOISTURE CONTENT AT PERMENANT WILTING POINT 
C TWT-totAL WATER TABLE, mm 
C VOLSUS""VOLUME OF WATER ENTE RING IN SUS IRRIGATION SYSTEM 
€ YRDR=RELATIVE YIELD OF MAIZE IN DRAINGE SYSTEM 
C YRSUS=RELATIVE YIELD OF MAIZE IN SUSIRRIGATION SYSTEM 
C 
C ********************************* 
ç SUSROUTlNE DRAIN 
C ********************************* ~ 
C 

" 

C ACtD=DEPTH OF THE Im'ERMEABLE LAYER BELOW THE DRAIN, mm 
C D-HIEG,lrr OF THE WATER TABLE AROVE THE IMPRMEA8LE LAYER AT THE DRAIN, m 
C DOaDRAIN DEPTH, rmn 
C DE~EQUIVALENT DEPTH, mm 
C DENOM-DUMMY VARIABLE 
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C DIFVOL-DUMMY VARIABLE • 1 

C DWT,-DESIGN WATER TABLE DEPTH. mm 
C E~"DEFLECTION DR PRESSURE HEAD, mm 

". C FACfOR-DUMMY VARIABLE ~, 

C HM-HEIGHT OF WATER TABLE ABOVE ,THE IMPERMEABLE LAYER , , 

C AT MIDSPACINGS. mm 
C HD-HEIGHT OF WATER TABLE ABOVE THE IMPERMEABLE LAYER 
C AT THE DRAIN, mm 
C OPTWT-DESIGN WATER TABLE DEPTH FOR SUBIRRIGATION SYSTEM, "mm 
C 'OPTVOL=DRAINABLE VOLUME AT 1000 rrm SUCfION, mm 
C QMAX"'DRAINAGE COEFFICIENt ,mm/day 0 

C R-EFFECfWE RADIUS FOR DRAIN PIPE, mm 
C SATK-SATURATED HYDRAULIC CONDUCfIVITY •• mm/day 
C VOLl-DUMMY VARIABLE 
C VOL2"'DUMMY VARIABLE 
C 
C *****.A***********'***44AA 
C SUBROtrr lNE EV AP 
C A'AA~4AA'444AAAkAAAAAA*AAA 
C 
C wr-WATER TABLE DEPTH, rmn 
C UPFLUX=UPWARD FLUX, mm/day 
C 
C AAAAA4*A'AAAA*A'AAAAAAAA*A 
C SUBROtrrlNE ROOT 
C AAAAAAAAAA4AAAAAAAAA****** 
C--'. 
C INDAY-DAYS (nœur) ... -
C ROarIN-ROar DEPTH (INPUT) ,tIII1 

C ROarD-ROar DEPTH (OlTrPtrr),1IID 
C 
C AAAAAAAAA"**'*'AAAAAA*4A* 

C SUBROtrr lNE YIELD 
C 4AAAAAA**'kAAAAAA********* 

C 
C K"TlŒ DAY CALCULATIONS START 
C NP"NUMBER OF PËlUODS IN GROWIN& SEASON 
C NDP-NUMBER OF DAYS IN ONE PERIOD 
C SDI-STRESS DAY INDEX 
C SUMDI-SUMMATION OF SOI 
C SDD=STRESS DAY FOR DEFICIT WATER CONDITIONS 
C SUMD"SUMMATION OF SDO ' 

\, 

C YY-RELATIVE YIELD OBTAINABLE DUE TO SOIL MOISTURE CONDITIONS 
C 

C ************************* 
C SUBROtrrINE YIELDW 
C *AA'********************* 
C 
C SD=STRESS DAY FOR WET CONDITIONS , ~'''' 
C SDIW"STRESS DAY INDEX DUE TO WET CONDITIONS 
C WTD-WATER TABLE DEPTH, cm 

'C YW-RELAtIVE YIELD OBTAINABLE DUE TO WBT CONDItIONS 

~ .. ' ~ ~,i"~ ... ~!rl:t~"~~-· ...... 
t. ~~: ;~~; ~!\·.h~î~ fz4}!i!J ":"~~ï~~ _~ 
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C *****~~**.*.*~**.**~ •• ~.**~.****.************.******* 
C A lolATER BALANCE MODEL , '\./ 
C DEVELOPED BY NISAR AHMED MEMON 
C DEPT. OF AGRICULTURAL ENGINEERING' 
C MACDONALD COLLEGE 
C STE. ANNE DE BELLEVUE, QUEBEC 
C FEBRUMY 1985 

C -----------
C -------
C 
C 
C 
C 
C k***'****'**~*********'******************************* 
C THIS MODEL CALCULATES THE SOIL MOISTURE IN THE ROOT 

, C ZONE FOR BOTH SUBSURFACE IR~IGATION AND DRAINAGE 
C SYSEMS. SUBSEQUENTLY THE SE RESULTS ARE USED BY THE 
C APPROPRIATE SUBROur INES TO CALCULATE THE RELAT IVE ' 
C MAIZE YIELDS FOR DIFFERENT DESIGN ALTERNATIVES. THE 
C MODEL ACCEPTS DAILY RAINFALL AND PE, SOME FIXED SYSTEM 
C AND CROP PARAMETERS AS INPUT 
C U***U*UII.UU*.'.UU.lcld,UUU******'Ic*U*U******** 
C ' 

C 
C 
C 
C 
C 
C 
C 

C 

* * 
* THIS IS MAIN PROG.RAMME 

* 

INTEGER PDAY· 
DIMENSION AWC,(250) ,RETSUS(250) ,RETDR(250) ,ROafD,(250) ,RAIN(250), 

*SDD(20) ,SDI(30) ,CSD(20) ,SUMD(20},CSW(S),INDAY(SO).RDOtIN(50 ), 
&SPACE(20),NMONTH(7),SUBWT(~50),DRWT(250),SDIW(125),SD(125) 
&,YRDR(2, 16) ,YRSUS(2, 16) , 

COMMON PET (250) 
DATA NMONTH/30,31,30,31,31,30,311 

C UII""U"**"II'" 
C READ INPUT., DATA­
C UIc"**"Ic."Ud, 

C 
READ(S,SOO)(CSD(I),1-l,17) 

500 FORMAT(14F5.2) 
READ(5,550)(CSW(I) ,1-1,3) 

550 FORMAT(3F5.2) 

$D(S,600)(INDAY(I) ,ROafIN(I) ,r-l,13) 
600 F T (13 , F9 • 1) 

RE Q(5,650)(SPACE(I),I=I,16) 
"650 FORMAT(9F8.I) 

READ( 5, 655)THETAS 1 THETAW 
655 FORMAT(2F6.3) , 

. CAloL ROOTÇINDAY , ROOT IN ,RDarO) 
NYEAR-1981 
DO 10 1-1,2 
NYEAR-NYEAR+l 
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C- , 

C 

READ(5,300)(RAIN(tDAY),PET(IDAY),IDAY-1,215) 
300 FORMAT(6(F6.1,F&;'1» " 

WRITE(6,660)NYEAR 
660 FORMATe' 1 • ,II, IX, 'TABLE: AN EXAMPLE OF COMPtrfER OUTPUT OF PREDICT 

&ED RELATIVE YIELD FOR' ,1 ,9X, 'DIFFERENt' SPACINGS.',/1 ,28X, 'YEAR: ' 
&,I4,/,28X,7('-'),/,lX,7S('*'),/,lX,'SPACING SUBSURFACE DRAINA 
&GE RELATIVE SU8SURFACE IRRIGATION RELATIVE',I, 14X, 19(' -') ,12X, 2-
&I( '-') ,1 ,lax, 'YRD YRW YIELD YRD YRt-l 
&YIELD' , l ,4X, 'MM' , 12X, ' (%) '" 6X, , (%) , , 8X, , (%) , , ax, , on ' , 7X, ' (%) , , 9X, 
&' (%)' ,/ , IX, 75<: *'), 15X, 'AMOUNT OF IRRIGATION', 1 n 

PO 20 ISP-1,16 
IDAY--1 
MONTH-3 

C * ••• * ••••••••• 
C INITIALIZATION 
C .*.*** ••• AAA •• 
C 

TWT-O.O 
DVOL-O.O 
WETWT-O.O 
ooz-o.o 
POAY-3'6 
TwtSUB-O.O 
VOLSUS-OVOL 

-. 

C 
C 9CALCULATION OF AVAILABLE CAPACITY ON DAY FIRST 
C 

AWC(l)-ROOTD(I)*(THEtAS-THETAW) 
RAW-AWC(l) 

C ****'AH ...... *. 
C STAItt OF WATER' BALANCE CALCULATIONS FROM DAY ONE, 

254 

C uu.. " 

C 
C 

00 21 J a 1,7 
MONTH-MONTH+ 1 
N-NMONtH(J) 
WRITE(6,700)MONTH,NYEAR 

700 FORMAT ( , l' , Il, IX, 'TABLE: AN EXAMPLE OF COMPUTER OlTfPUT FOR DAILY 
& PREDICTED VALUES OF VARIABLES FROM RECORDED DAILY RAINFALL AND PE 
& VALUES. ' JI. IX, 28( '*' ) , 12X, 3S( '*' ) • 12X. l4( '*' ). 10X, 14( ''k' ) ., • IX, ' 
&* STATION NUMBER: 7014160 *', llX. '* STATION NAME : L ASSOMPTION­
&COA' , 13X, '* MONTH ': ' , I3, 12X, '* YEAR: ',14,1, IX, 2B( '*' ) • I2X, 3S( '*' ) 
&, 12X, 14( '*') ,10X, 14( '*'), Il ,IX, I27( '*'), ',33X. 'SUSSURFACE DRAINAGE 
&' , 37X. 1 SUBSURFACE IRRIGATION', 1, l8X. SI(' -') , 3X. 56( '-' ) ., " DAY RA 
&IN ~E AWC',5X,'RAW AET DR AIRVOL DDZ WETWT TWT A 
&ETS RAWSUB DZ AIRVOL QDRS tfflTSUB THTSUB ASU8 IR' ./, 7X, 'MM 
& MM MM _MM MM MM MM MM MM MM MM 
& MM MM MM MM MM MM MM'.'.lX,127('*'). 
&/1) 

~® 22 K-1,N 
~bAY-IDAY+1 

CALL DRAIN(TWT.VOLSUB.TWTSUB,SPACE.ISP,IDAY,QDR,QSUB,QDRS) 
WT-WETWT 

.... ' 



\ 

i 

\ 

'j 

J CALL EVAP(WT,UPFLUX) 

.. 
" 

c ************* 
C WATER BALANCE CALCULAT:IONS FOB. SUBSURF ACE DRAINAGE 
C *******,,*Uldt 
C 

C 
C 

C 
C 

C 
C 

C,. 
C 

IF(UPFLUX.LT.PET(IDAY» GO TO 35 
AE(]p-PET(IDAY) 
AERTZ-O.O 
IF(DDZ.GT.O.O) GO TO 30 
DVOL-DVOL+AEUP+QDR-RAIN(IDAY) 
IF(DVOL.LE.O.O) GO TO 45 
AWC(IDAY)-ROOTD(IDAY)*(THETAS-THETAW) 
RAW""AWC (IDAY) 
DDZ=O.O 

25 WE~32.41*DVOL**O.619 
TWT::rWETWT+DDZ 
AET'*AEUP+AERTZ 
GO TO 70 

( 
30 !Wc, (IDAY)-ROOTD( IDAY)*(THETAS-THETAW) 

RAW-AWC(IDAY)-AWC(IDAY-l)+RAW 
RAW-RAW+0.5*RAIN(IDAY) 
IF(RAW.GT.AWC(IDAY» GO TO 50 
DDZ=(AWC(IDAY)-RAW)/(THETAS-THETAW) 
GO TO 60 

35 DEMAND-PET(IDAY)-UPFLUX 
AEUP-UPFLUX 
AWC(IDAY)-ROOTD(IDAY)*(THETAS-THETAW) 
RA W-AWC (IDAY)-AWC (IDAY-l)+RAW 
PERC-RAW/AWC(IDAY) 
IF(PERC.GE.D.S) GO TO 55 
RATIO"PERC*2. 
AERTZ-RATIO*DEMAND 
RAW-RAW-AERTZ+O. 5,*RAIN( IDAY) 
IF(RAW.GT. AWC(IDAY» GO TO 50 

40 DDZ-(AWC(IDAY)-RAW)/(THETAS~THETAW) 
GO TO 60 

4S'RUNOFF-ABS(DVOL) 
DVOL-O.O 
WETWT-O.O 
TWT-O.O 
AET-AERT+AEUP 
GO TO 70 

50 EXCESS-RAW-AWC(IDAY)' 
RAW-AWC (IDAY) 
DDZ-O.O 
DVOL-DVOL-EXCESS+AEUP+QDR-0.5*RAIN(IDAY) 
IF(DVOL.LE.O.O) GO TO 45 . 
GO TO 25 
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C 
C 

c 
ç 

c 
C 
C 
C 
C 
C 
C 
,C 
C 

, C 

c 
c 

c 
c 

55 AERTZ-DEMAND 
RAW-RAW-AERTZ+O.5*RAIN(IDAY) 
IF(RAW.GT.AWC(I~~-GO TO 50 
GO TO 40 

~ 60 DVOL-DVDL+AEUP+QDR-O.5*RAIN(IDAY) 
IF(DVOL.LE.O.O) GO TD 45 
GO TO 25 

****** * ************************************************' 
* * * WATER BALANCE CALCULATIONS- FOR SUBSURFACE IRRIGATION. * 
* * *****AA*A********************************************** 

70 IF(IDAY.EQ.PDAY) GO TO 75 
,IF(IDAY.GT.PDAY) GO TO 80 
ASUBIR'"'O.O 
AETS-AET 
TWTSUB-TWT 
WTSUB""WETWT 
GO TO 120 

75 ASUBIR-O.O 
'ASUBIR-ASUBIR+QSUB 
DVOLI-DVOL-QDR 
VOLSUB-DVOLI-ASUBIR 1 

IF(VOLSUB.LE.O.O) GO TO 110 
WTSUB-32.51~VOLSUB**O.619 
TWTSUB-WTSUB+DDZ 
AETS-AET 
RAWSUB-RAW 
GO TD 120 

80 ASUBIR-ASUBIR+QSUB 
wr-wrSUB " . 
CALL EVAP(WT ,UPFLUX) 
IF(UPFLUX.GE.PET(IDAY» GO TO 95 
ETUP"UPFLUX 
DEMAND-PET(IDAY)-UPFLUX 
RAWSUB=AWC(IDAY)-AWC(IDAY~l'+RAWSUB 
PERC-RAWSUB/AWC(IDAY) 
IF(PERC.GE.O.5) GO TO 100 
RATlO-PERC*2. 
AERT-DEMAND*RATIO ' 

1 RAWSUB-RAWSUB-AERT+0.5*RAIN(IDAY) 
85 VOLSUB-VOLSUB+ETUP+QDRS'-QSUB-O. 5*RAIN (!DAY) 
~ lF(VOLSUB.LB.O.O) GO TO 110 

. ' • 
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C 
C 

c 
C 

C 
C 

IF(RAWSUB.GT.AWC(IDAY» GO TO 105 
DZ-(AWC(IDAY)-RAWSUB)/(THETAS-THETAW) 

90 WTSUB-32.4l*VOLSUB**0.619 
TWTSUB-WTSUBfDZ 
AETSaAERT+ETUP 

if GO TO 120 

95 ETUP-PET(IDAY) 
AERT-O.O 

(, 

',RAWSUB-AWC (IDAY )-AWC (IDAY-l ) +RAWSUB+O • S*RAIN ( IDAY) 
GO ~O 85 \ 

100 AERT-DEMAND 
. . RAWSUB-RAWSUB-AERT}O.S*RAIN(IDAY) 

GO TO 85 

105 EXCESS-RAWSUB-AWC(IDAY) 

,,' , 

, 
o 

257 

(,> DZ-O.O 

c 
c 

VOLSUB-VOLSUB-EXCESS 
RAWSUB""AWC (IDAY) 
IF(VOLSUB.LE.O.O) GO TO 110 
GO 'TO 90 

110 RUNOF-ABS(VOLSUB) 
VOLSUB-O.O 
'MSUB-O.O 
WTSUB-O.O 
Rl\WSUB-AWC (IDAY) 
AETS-AERT+ETUP 

120 IF(PET(IDAY).EQ.O.O)' GO TO 125 
RETDR(IDAY-l)-AET/PET(IDAY) 
RETSUB(IDAY-l)-AETS/PET(IDAY) 

~ GO Ta 130 

ii 

, 125 RETDR(IDAY-l)-l.O 
RETSUB(IDAY-1~"'1.0 

C 
C 

130 NDAY-IDAY-l 
SUBWT(NDAY)=TWTSUB 
DRWT(NDAY):aTWT 
WRlTE(6,750)K,RAIN(IDAY),PET(IDAY),AWC(IDAY),RAW,AET,QDR,DVOL,DDZ, 
&WETWT,TWT,~TS,RAWSUB,DZ,VOLSUB,QDRS,WTSUB,TWTSUB,ASUBIR 

750 FORMAT(I4,2X,F4.l,2X,F3.l,2X,F5.1,3X,F5.1,2X,F3.1,2X,F4.1,2X,F5.1, 
&2X,F5.1,2X,F6.1,2X,F6.1,2X,F3.1,3X,F5.1,2X,F5.l,~X,F5.1,2X,F4.1,2X 
&,F6.t,2X,F6.1,2X,F5.1) 
IF(NDAY.EQ.130) TSUBIR-ASUBIR 

22 CONTINUE 
WRlTE(6,800) 

800 FORMAT(/ ,IX,125('*'» 
21 CONTINUE ' 

CALL YIELD(RETDR,CSD,YRDDR) 
, CALL YIELD(RETSUB,CSD,YRDSUB) 

- -- ~-_.------ -- _____ .. ~~~ i ...... ~-.,....----- ... 
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C 

CALL YIELOW(DRWT, csw, YRWDR) , 
CALL YIELDW(SUBWT.CSW,YRWSUB) 
YRDR(I,ISP)=(YRDDR*YRWDR)/IOO. 
YRSUS(I,ISP)-(YRDSUS*YRWSUS)/lOO. 
WRITE(6,995)SPACE(ISP),Y~DDR,YRWDR,YRDR(I,ISP), 

&YRDSUS,YRWSUS,YRSUS(I,ISP),TSUSIR . . 
995 FORMAT(lX,F7.1,9X,F6.2,3X,F6.2,5X,F6.2,5X,F6.2,4X,F6.2,6X,Fh.2,21X 

&,F6.2) 
20 CONTINUE 

WRITE(6,999) 
999 FORMAT(/,lX,75('*'» 

10 CONTINUE 
WRITE(6,950) 

950 FORMAT ( , l ' , 25X, 'TABLE: AN EXAMPLE OF COMPtTrER OtTrPUT' , 
&/,36X,'OF AVERAGE RELATIVE YIELD AT VARIOUS 
&' ,/,36X,'DRAIN SPACINGS.',/I//,25X,38('*'),//,25X, 
&'SPACING',4X,'AVERAGE RELATIVE MAIZE YIELD',/, 
&36X,26('-'),I,38X,'SUSSURFACE' ,4X,'SU8SURFACE' ,l, 
&39X, 'DRAINAGE' , SX, 'IRRIGATION' ,1, 27X, 'MM' ,13X, 
&'(%)',lOX,'(%)',/I,25X,38('*'),/) 

C ****uuu 
C CALCUU' :E THE AVERAGE RELATIVE YIELD 
C UUIeIeUU 

C 

C 
C 
C 
C 
C 
C 
C 
C 

DO 96 JJ-1,16 
SUMDR-O.O 
SUMSUS-O.O 
DO 98 K1{-l,2 
'SUMOR-SUMDR+YRDR(KK,JJ) 
SUMSUS-SUMSUS+YRSUS(KK,JJ) 

98 CONTINUE 
AYRDR-SUMDR/2 
AYRSUS-SUMSUS/2 
WRITE(6,960)SPACE(JJ),AYRDR,AYRSUB 

960 FORMAT(2SX,F7.1,9X,F6~,7X,F6.2) 
96 CONT INUE ' 

WRITE(6~970)' 
970 FORMAT(/,25X,38('*'» 

STOP' '\ 
END 

.. , 

q 
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C **************************~**************************** 
C * * 
C " * S U B ROU TIN E' S * 
C * ,* 
C *~~** •• ************************************************ 
C 
C 
C 
C 
C 1 

THIS SUBROUTlNE CALCULATES THE DRAINAGE ~~SUBI~IGATION J 

FLUXES ./' 
.U***'II********** r 

259 ~ 

C ******** . ~ 
SUBROUTlNE DRAIN(TWT,VOLSUB,TWTSUB,S,ISP,IDAY,QDR,~UB,QDRS) 

C 

C 
C 
C 
C 

~. 

C 

c 
C 

DIMENSION S(ISP) 
INTEGER PDAY 
COMMON PET ( 25Q') 

INITIALIZATION 

OPTWT-lQOO • 
OPTVOL-252.00 
PDAY-36 
QMAX-lO. 
DD-1050. 
SATK-1560. 
80-910. \ 

DWT-400. 
D-1510. 
ACrn-550. . , 
a-S.l 

FACTOR-(4.*SATK)/S(ISP)**2. 
DENOM-l+«ACTD/S(ISP»*«ALOG(ACTD/R)-3.4)*(8./3.142») 
DE-ACTD/DENOM 

IF(M .GE.DD) GO TO 11 
H-DD-'I'WT 
QDR~FACTOR*(2.*DE*H+H**2.) 
IF(QDR.GE.QMAX)QDR-QMAX 

15 IF (IDAY • GE • POAY) GO TO 12 
QSUB"O.O 
RETURN 

11 QDR"O.O 
GO TO 15 

; 

12 IF (TWTSUB.J,.T .OPTWT) GO TO 13 
HM-D-TW'l'SUB 
EM-Ho-HM 
QSUB-FACTOR*(2*DE*EM+EM**2) 
Il( QSU~_QMAX ) QSUB-QMAX 

., ,-

o 



( 

,1 
1 

1-

c 
c 

c 
C 

C 
C 
C 
C 
C 
C 
C 
C 

c 
C 

QDRS-O.O 
RETURN 

13 H-DD-'l'WTSUB 
QDRS-FACTOR*(2 •. *DE*H+H**2. ) 
IF(QDRS.GE.QMAX)QDRSsQMAX 
VOL1-«TWTSUB/~2.41)~(1./O.619» 
DIFVOL-OPTVOL-VOL1 
IF(QDRS.GT.DIFVOL) GO TO 14 
VOL2-QDRS+PET(IDAY) < 

IF(VOL2.GT.DIFVOL).GQ TO 16' 
QSUBIIIO.O . 
RETURN 

14 QDRS-DIFVOL 
16 HM-D-TWTSUB 

EM-ao-HM 
QSUB-FACTOR*(2.*DE*EM+EM**2.) 
IF(QSUB.GE.PET(IDAY»QSUB-PET(IDAY) 
RETURN 0 < 

END 

. ,-.. ... -:. 

o • 

******* ••• *.****.*********kA**.**.*.******************* c 

* l"· * 
* 
* 
* 

THIS flUBROUTINE INTERPOLATES THE VALUES OF UPWARD * 
FLUX OF GlVEN VALUES OF WATER TABLE POSITION. * 

\ 

* 

SUBROUTlNE EV AP (XX , F ) , 

260 

/ ~ 
\ 

lÜMENSION WT(29) ,UPFLUX(29) ,A(29) ,B(29) ,C(29) ,R(29) ,FDP(29) 
. DATA m!o. ,50.,100. ,,150. ,200. ,250. ,300.,350" ,400. ,450. , 500." 
&550.,600. ,650., 700. ,750. ,800. ,850. ,900.,950.,1000.,1050. ,1100. , 
&1150.,120Q.,1250.,1300.,1350.,1400./ 

DATA UPFLUX/12.0,12.0,12.0,12.0,12.0,12.0,12.0,12.0,12.0,12.0, 
&11'.0,12.0,12.0,12.0,12.0,9.10,6.25,4.50,3.30,2.60, 1. 90,1 .45, 1.1Q , c~ 
&0.70,0.37,0.25,0.03,0.02,0.01/ 

N-29 
ALAMDA-l 
NM2-N-2 

. NMl"N-l .', 
C(1)-WT(2)-WT(1) 
DO 1 r-2,NMI 
C(l)-wT(I+l)-WT(l) 
A(l)-C(l-l) 
B(1)-2.0*(A(I)+C(I» 
R(1)~6.0*«OPFLUX(1+1)-UPFLUX(1»/C(I)-

& (UPFLOX(I)-UPFLUX(I-l»!C(I-l» 
1 CONTINUE 

. '" . - . ~._--~~~-"'T'"*'""- -
"t,. ,~\ .. Off) :i ,.;\,.~,r-": 1",'" "I;'~~~S.}~~ f~;{J",,: " ,!; 
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() 

C 

C 
C 

.j 

C 
C 
C· 
C 
C 
C 
C 
C " 
C 
C 
C 
C 
C 

C 

r ; 

.. ~ ~ " 

DO 3 1-2,NM2 
NMIaN-I 
FDP(NMŒ)-(R(NMI)-C(NMŒ)*FDP(NMI+l»/S(NMŒ) 

3 CONTINUE ' 

. FDP(1)-ALAMDÂ*FDP(2) 
FDP(N)-AiAMnA*FDP(NMl) 

DO 4 I-1,NMl 
IF(XX.LE.WT(I+l) GO TO 5 

4 CONTINUE 

.. ~ 

. , 

** •••••••••••• ** ••••••••• ******** •••••• k •••• ************ 
* ) * 
* THIS SUBROtrrlNES INTERPOLATE THE EFFECTIVE ROar ZONE * 
* FOR EACH DAY THROUGHOUT THE GROWINC- SEASSON OF CORN * 
* CROP. IT STORES THE RESULTS AND SE ND THE RESULTS TO * 
* THE CALLINC PROGRAM. . * , 

* 

SUBROtrrINE ROar(INDAY,RoorIN,ROŒD) 
DIMENSION ROarD(250).tNDAY(50).ROar1N(5~) 

J-2 
RoorD( 1) "ROar IN( 1) 
DO 10 1"2,215 
AI-r 
IF( I.GT. INDAY(J» .J'"'J+1 
RoorD( I)"ROarIN(J-1 )+( (AI-INDAy(J-l) / 
&(INDAY(J)-INDAY(J~1»)*(ROarIN(J)-ROOTIN(J-1» 

10 CONTINUE 
RETURN 

* 

, . 

1 
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.. 
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/. , 

END . \ 
, 

1 

.1 

c 
o 
c 
c 
é 
c 
c 
C 
C 
C' 

AAAA~AAAAA'*A***AAAA*A'AA"*'***************************AA"* 
*,. * 

'C 

C 
C 

* THIS SU.BROtrrlNE CALCULATES THE YIELD tŒDUcrION USING AE/PE* 
* RATIO ANQ CROP SUCEPTABLITY FACTOR FOR DEFICŒ'N'I WATER * 
* CONDIT IONS. * 
* * AAAA4AAAAAt*****AAAA.AA*************************************** 

1 . , 

SU8ROtrrlNE YIELD(XX,CSD.YY) 1 

D,IMENSIO~ XX(250) .SDD(20) ,SDI(30) ,CSï~20) ~SUMD(20) 

~ . l' 
NP-17 Il 

'\. NDP-5 
SUMSDI"O.O . 1 

SUMD(l)-O.O_ II 

K-n 
WRITE( 6. 200) l ' 

. ' 
, 

-200 FORMAT ( , l' ,40X, 1 CROP MODEL CALCULATIO S' , 11/ III)" 
C 1\ 
C 

C 
C 

c 
C 

DO 20 r-1,NP 
SUMDD-o.O 
L-I+1 
00 10 Jal,NDP 
K-K+l • 
SDD(J)-I.-XX(K) 
SUMDD-SUMDD+SDD(J) 
SUMD(L)-SUMDD 
WRITE(6,201)SDD(J).XX(K).SUMDD.SUMD(L) 

201 FbRMAT( 2X,4FI0. 3) l, 

10 CONTINUE \ 1 

IF(SUMD(L) .LT.4. 5) GO TO 11 
IF(SUMD(L) .GE. SUMD(L-l) GO TO 15 

Il SDI(r)-SUMDD*CSD(I) 
SUMSDI-SUMSDI+SDI(I) 
WRITE (6.202) SDI (1) ,CSD( r) ,SUMSDI 
GO TO 20 

15 SDI(r)-SUMDD*CSD(I)*1.5 
SUMSDI=SUMSDI+SDI(t) 
WRITE(6.202)SDI(I) .CSD(I) ,SUMSDI 

202 FORMAT (f l, SOX. 3FIO. 3) • 
20 CONTINUE 

YY-100-1.22*SUMSDI 
WRITE( 6, 203)YY 

203 FORMAT(2X,FI0.4) 
RETURN 
END 

/ 
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C ' •••••• *~*.* ••••• * ••• ******************~***** •••• A •• ************** 
" 

~ * * 
C * THIS SUBROUfINE CALCULATES THE JIELO OF CORN OUE. TO EXCESSIVE SOIL* 

263 

C * MOrSTURE CONDIT ION. * . 
C * ~ * 
C ••• * ••••••••••• *, ••• ************************************************* 

J. .C \ 
SUBROUTlNE YIELDW(WT,CSW,YW) 

, , 

" 

" , 

1 
1 , , 
r-

( 

-. 

- :-; -t-_.~ "---'-, 

C 
DIMENSION wr(250) ,CSW(5) ,S0(125) ,SOIW(125) 

. INTEGER PDAY 
c 
C*UHU INITIALIZATION ******",!****" 
C 

c 

PDAY-35 
SUMSDI-O.O 

DO 50 1-1,120 
WTD-WT( PDAY+ 1) / 10. ~ 
IF(WTD.GT .30.) GO To' 40 
-SO(r)-30.-WTD 
IF( I.GT .80) GO TO 20 
IF(I.GT .42) GO TO 30 
SDIW(I)-SO(I)*CSW(l) 
SUMSDI-SUMSDI+SDIW(I) 
GO TO 50 

C j 

c 

C 

C 

C 

2:0 SOIW( 1) -SO( 1) *CSW( 3) 
SUMSDI-SUMSbI+SDIW(I) 
GO TO 50 

JO.SDIW(I)-SO(I)*CSW(2). 
SUMSOlmSUMSOI+SDIW(r) 
GO TO 50 

40 SO(I)=O.O 
50 CONTINUE 

IF (SUMSDI. LE • 8.) GO TO 60 
IF(SUMSOI.GE.245.) GO Td 70 

'III YW-103. -0.42*SUMSDI 
GO TO 89 

60 YW-lOO. 
GO TO 80 

'70 YW=O.O 
WRITE ( 6, 200) SUMSDI ,W 

200 FORMAT (J//I/1 ,5X,2FIO.2) 
80 RETURN 

END 

j 0 
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'T-ADLE:E.:\.AN EXAMPLE OF COMPUTER. OUTPUT OF PREDICTED RELATIVE YIELD FOR 
DIFFERENT SPAC INGS. 

YEAR 1982 
, 

*~****~**~*****************************~******.******~*******************~* SPACING SUBSURFACE DRAINAGE RELATIVE SUDSURFACE IRRIGATION RELATIVE ------------------- ---------------------, YRD YRW ~YIELD YRD YRW YIELD 
MM ('ï.) (7.) (7.) (';1.) (';1.) (h) 

********~~***~*********~****************************~~********************* 

5000.0 53. 52 100.00 53. 52 100.00 100.00 100.00 
10000.0 53.60 100.00 53.60 100.00 100.00 100.00 
15000.0, 53.89 100.00 53.89 100.00 100.00 lOg. 00 
20000.0' 54.23 100.00 54,23 100.00 100.00 10 .00 
25000:0 54.62 100.00 54.62 100.00 100.00 100. 00 -
30000.0 55. 13 100.00 55. 13 100.00 100.00 100,,00 
35000.0 55.63 100.00 • 55. 63 99.87 100.00 99.87 
40000.0 56. 17 100.00 56.17 98. 49 100.00 98.49 
45000·.0 56.61 100 00 56. 61 96.03 100 00 96.03 
50000.0 57.28 100.00 57.28 92.87 100.00 92.87 
55000.·0 58.12 100.00 58. 12 89.95 100.00, 89.95' 
60000.0 59.13 ·100.00 59. 13 87-.34 100.00 87.34 
65000.0 60.22 100.00 60.22 84.79 100.00 84.79 
700'00.0 61.37 100.00 61. 37 83.03 100.00 83.03 
75000.0 62. 55 t.gg:·gg 62. 55 81. 83 100.00 81. 83 
80000.0 63.76 63. 76 80.79 100.00 80.78 ' 

***************~*~**~***************************************************~** 
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TABLE:E-1.AN EXAMPLE OF COMPUTER OUTPUT OF PREDICTED RELATIVE' YIELD FOR 

DIFFERENT SPACINGS. 

YEAR: 1983 
, 

*****************************************************~********************* 
SPACING SUBSURFACE DRAINAGE RELATIVE SUBSURFACE IRRIGATION RELATIVE 

YRD YRW YIELD YRD YRW YIELD 
MM ( 'l.) . (F. ) ( 'l. ) ( 'Y. ) , ('Y.) ( F. ) 

***********~****************************************~********************** 

5000.0 30.96 100.00 30 96 100.00 100.00 100.00 
10000.0 32.41 100.00 32. 41 100.00 100.00 100.00 
15000.0 33.69 100.00 '33.69 100.00 100.00 100.00 
20000.0 35. 56 100.00 35. 56 100.-00 100.00 100.00 
25000.0 37.96 100.00 37.96 100.00 100.00 100.00 
30000.0 40.82 100.00 40.82 lQO.OO 100.00 100.00 
35000.0 43.98 100.00 43.98 96.'43 100. 00 98.43 
40000.0 47.22 99.24 46.86 94.84 95.67· 90.73 
45000.0 50.31 92.67 46.~2 91. 34 87. 49 79.91 
50000.0 53.18 84.58 44. 8 88.06 82.58, 72.72 
55000.0 5S. 72 77.37 43. 11 85.43 74.78 63.88 
60000.0 57.97 66.03 38.28 83.31 64. 54; 53. 77 
65006.0 59.88 50.99 30.!)3 81.52 49.63. 40.46 
70000.0 61. 01 39.69 24.21 79.53 - 38.45 30.57 
7S000.0 62.00 28. 50 17.67 78.22 27.36 21. 40 
80000.0 62. 86 17,99 "IL 31 76.89 16.94 13.03 

************~,****************************************?****************~**** 1 
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