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ABSTRACT

Moisture regime and groundwater regime were studied in a

sandy soi'l at Portage la Prairie. The topography of the experimental

field was undulating. The groundwater level at the low spots was at

a depth of 1.3 m to 1.6 m below the surface and generaììy contri-

buted benefic'iaìly towards the moisture content of the root zone.

The groundwater level below 2.0 m had a neg'ligibìe effect on the

moisture regime. Irriqatjon was essentjal at the high spots whích

constituted near'ly B0 percent of the area. Random drainage was

essentjal only at the low spots with fine soil texture. Natural

drainage of the land was effective in draining away the recharge by

precipitation and irrigation. The average slope of the groundwater

surface was 0.ì35 percent and the saturated hydraul'ic conductivity

varied between ll.2B cm/h and 25.80 cn/h.

In an attempt to describe the observed moisture and ground-

water regime quantitat'iveìy, â simp'le method was developed to obta'in

saturated hydrauìic conductìvity, bubbling pressure and pore-size

distribution index. The Green and Ampt model (l9ll) was used to

calculate saturated hydrauljc conductivity and average capjììary

suction from jnfiltration data. The model of Gardner et al. (1970)

and the concept of average capìì'lary pressure at the wetting front
put forward by ldike et al. (1977) were used to calculate pore-s'ize

distribut'ion index and bubbling pressure. The calculated bubbìing

pressure was near that of unconsolidated sand, and pore-size distri-
bution index varied from that of unconsolidated sand to that of

sandy I oam soi I as obtaì ned by Lal i berte ( I 966) .
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CHAPTER I

I NTRODUCT I ON

Development of the world's agricultural production potential

is a challenge that must be met by mankind to keep pace with the

increasing worìd popu'lation and its need for an adequate suppìy of

food and fibre. The emphasjs must be laid on the efficient use of

the resources, the most important bejng land and water.

To achieve maximum yield, the optimum soì'ì moisture content

is one of the dominant factors. The sources of moisture are pre-

cipìtation, ìrrigation and groundwater, if the groundwater is near

the surface. Moi sture i s I ost from the so'i I by deep perco'lati on

and evapotranspiration. TheÍr combined effects govern the mojsture

regìme of the soil. The moìsture regime should provide optimum

moisture throuqhout the growing period of a crop.

In achieving 'improved effic'iency of lanC use, one can

not aìways depend upon prec"ipìtation as the only source of moisture

throughout the growing period. Deficient mojsture at any grow'ing

stage can be'injurious to the crop and can severly I'imit the yield.

Irrigation, therefore, ffiây be required throughout the growing period

or for a part of it. In either case, investment in an irrigation

system has to be made and it must be determ'ined whether the investment

will succeed or be lost. The land may be ruined if natural drainage

is not adequate to drain ar.ray the excess'irrigat'ion water which leaves

the root zone. The probìem is aggravated by the presence of an excess
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of salt in the sojl as leaching of these salts will require additional

irrigatìon water and good drainaqe. If the groundwater rises near

to the surface a soil with oood production potential can be reilaimed

by providing artificjal drainage. Artificial drainage 'is expensive

and may not be justified if the cap'itaì investment is too high to

be recovered in a reasonably short period. Also, the depth to which

the groundwater table can be lowered is limited by ìmpervious strata

below the surface. If the groundwater can not be lowered with arti-
ficial drainage, suffic'ientìy to allow the deep-rooting crops to

grow, such artifícial drainage wiì1 not succeed because with limited

root growth deep-rooting crops are not economjcal.

in the Portaqe la Prairie area ìrrìgation is often practiced

on land w'ith a shallow groundwater table. An ìmpervìous stratum

is present 3 m to 5 m below the surface. Therefore, there'is a

hìgh possibility of loss of investment on an irrigation system.

Harmful ìong-term effects on the sujtability of land for agricuìture

can also be expected. To answer some of the questions connected

with permanent irrigation agrìculture on the soil, classified as

Aì mas i pp'i seri es by the Man'i toba Soi I Survey , the present s tudy

has been conducted.

The observation of mo'isture content at a number of locations

in two fields at depths from l5 cm to ll0 cm provided information on

the present state of the moisture regime as influenced by precipit-

ation, irrigation, groundwater, deep percolation and evapotranspìr-

at j on. An ana'lysi s of the 'irrì gati on and dra'inage requi rements was

undertaken based on a study of the soil moisture reqime. in one of
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the two experimental fields, it was found that a high groundwater

table at a depth of about 1.5 m was genera'lly contrìbuting bene-

ficialìy towards the mo'isture content of the root zone and no

irrigation WaS required. At places where the groundwater tabje was

more than 2.0 n deep, ir¡igation was required and, in the absence

of i rri gati on , the crop permanent'ly wi I ted.

To determine the extent of natural draìnage and the feasi-

bility of artificial drainage, a study of the groundwater regime

and the determ'ination of saturated hydraulic conductivity were

required. The groundwater regìme was monitored in three observation

wells. The s'lope of the groundwater table was 0.135 percent on the

average wh'ich was consjdered quite high. The saturated hydraulic

conductivity was determjned by applying the model of Mein and

Larson (1971) to the infiltration characteristics of the soìl and

was found to vary between ll.2B cmlh to 25.80 cm/h. The relatively

steep slope of the groundwater table and the high saturated hy-

draulic conductivity showed that natural drainage was effective.

Thjs observatjon was substantiated by the groundwater regime which

showed that almost the whole of the recharge by prec'ipitation and

ìrrigation was drained natura'l'ly.

The texture of the soil in the field varied from place to

pl ace. Th'i s res ul ted 'i n 'l arge vari ati ons j n 'i nf i I trati on character-

istics. The representative infiltration characteristics for three

sections of the field were determined. A design infiltration

equation was selected using data from the sections of the fìeld

based upon the criterion of zero runoff in the section of the field
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hav'i ng a rel ati vely I ow rate of i nf i I trati on.

To determi ne the mo j sture regìme quant'itat j vely, i t 'is

necessary to know the unsaturated hydrauljc conductjvity-moisture

content relationshjp, bubbìing pressure, pore-size distribution

index and residual saturation. Precise determ'ination of these

parameters requires long experiments in the laboratory. The cond-

itions similar to the laboratory are not met and, hence' approx-

imations are jnvolved. 0n the other hand, in this study jn an

attempt to exp'lajn the observed moisture regime quantitat'iveìy, a

simple method for determining the parameters of porous med'ia in a

field was developed. An assumption was made that the residual

saturation is negfigibly small, which ìs very near'ly true for sandy

soiIs. The redistnibut'ion model developed by Gardner et al.

(1970) and the concept of average capiì1ary suctjon at the wett'ing

front put forward by idike et al. (1977) have been used to deter-

mine the porous media parameters.

The topography of the field was undulating. Surface run-

off on such a fjeld could erode the upper productive layer of the

soil and accumulate water at the low spots, thereby increasing

the dra'inage requirement. Potential surface runoff was calculated

from the Green and Ampt (l9ll) equation as mod'ified by Mein anc

Larson (1971).

0n the basis of these cons'iderations the objectives of this

study were defÍned as follows:

l. To determine a design infiltration equation for the soil.

2. To determine saturated hydraulic conductivity' the unsat-
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urated hydrau'lic conductivity-mo'isture content relationsh'ip,

pore-size distríbution index and bubbling pressure.

3. To determine time to the beginning of runoff for various

combinations of initial moisture content and precipitation

i ntens i ty .

4. To study moisture content profiles from depths of l5 cm

to ll0 cm.

5. To determine the qroundwater regìme of the soil.
6. To determine draingage and irriqatjon requirements.



CHAPTER II

REVIEþJ OF LITERATURE

2.1 InfiItration

2.1 .1 I nf i I trati on Rate

Infiltration rate was first called infiltration capacity by

Horton (lg+O) and defined as the maxjmum rate at which a given soil

in a given condition can absorb rain as it falls. The term "infilt-
ration capacity" has been an object of some controversy (Richards,

1952). The term 'infiltration rate has been accepted as more suit-

able.

Infiltration rate varies with time until a certain minimum

infiltration rate, called the bas'ic infiltration rate, ìs reached.

Flooding of an initially dry soil results in an initiaì1y very

high rate of infiltration, due to a very steep gradient of mojsture

content acting in a thin surface layer with high conductivity and

diffus'ivity of saturation. This rate steadiìy declines as the devel-

opment of the moisture profìle reduces the gradient of moisture con-

tent at the surface. In fact, the flow of water ís in response to

the hydraulic gradient set up by the moisture gradient.

The infiltratjon rate (Chiìds,1967) should be differentiated

from the hydraulic conduct'ivity, which is onìy one factor entering

into the process of infiltratjon. It may be regarded as a con-

sequence of hydraulic conductivity and of potential gradìent at the

surface, in accordance wìth Darcy's law or alternate'ly as the rate
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of increase of the total amount of water stored in the soil profile.

2. I .2 Infi I tration Equations

A rational infiltration equation may be defined as one which

can be derived directly from fundamental princ'ip1es, which fits all

experimentaì data and whjch represents the physical conditions

comectìy throughout the entire range of the'ir occurrence and hence

is valid outside the range of experimental observations. The

Kostiakov (1932) and Horton (1940) equations are the best known

infiltration equatìons which have been popular because of the'ir

símpiicity and capacity to fit most jnfiltration rate data. However,

both equations contain parameters which are diffjcult to pred'ict

because they have no physicaì sìgnificance.

A more recent empirical equatìon given by Holtan (1961 )

expresses the infiltration rate not as a function of time but of

unoccup'ied pore space in the soil. A model of this type is con-

venient for a watershed model, but the determination of the so-caJled

"control depth" introducesl an uncertainity. This equation takes

'into account the storage recovery, vegetative cover, soil character-

i sti cs , so'i I mo'isture content and pondi ng" effect when necessary .

Philip (.l957) derived an jnfiltration equation wjth pre-

dictable parameters. Unfortunately, computing these parameters

is difficult (l,lhisler and Bouwer, 1970) and their values are more

commonly obtained by fitting. A further difficulty in the use of

this equation for sprìnkìer irrigation is the assumption of an

excess of water suppìy at the surface.



Green and Ampt (l9ll) derived an equation to describe

vertical downward movement of water in a soil with the assumption

that water was ponded on the surface. Morel-Seytoux and Khanii

(1974) derived an equation of infiltration which was essentia'lìy

the same as the Green and Ampt equation but without many of its
restrictions. This equation is based upon the assumption that

water profiles can be represented as a step function. in the

strictest sense, the step function profiles will only occur in

a porous medium having primary porosity and pores similar in shape

and identical in size. hjhile this is an obvious idealization, 'it

does, nevertheless, aìlow for the jnterconnected flow through the

porous medium, so that the assumption of non-interconnected parallel

capil'lary tubes ìs not required. However, for the more common

porous med'ium that departs from such idealism by having pores of

more than one size, the step function profiles will be qualjtat-

ively inaccurate for time near zero. In such instances, the water

content at the soil surface'is at fjrst a finitely increasing

function of time (Rubin and Steinhardt, 1963; Rubìn, 1967; Childs,

1967; Braester, 1973), rather than an instantaneous jump from one

pos'ition to the other. Once the surface ponding has begun, it seems

reasonable to expect that the step function will be followed at

least to some fair degree. In the continuous pondìng studies of

Youngs (.l957) in which excelìent step-functìon profiles were found

for a glass-bead medìum, even his more general medium (slate dust)

exhibited profiles that could be reasonabìy approximated as step

functions. This was also found for field soils (Nielsen et al.,
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1962; Jackson, 1963) rangÍng from sandy loam through ioam, silt

loam and silt clay.

Even if there is some qualitative inaccuracy in the assump-

tjon of a step function at times near zero, it does not necessarily

follow that the profile at tjme near zero js, therefore, rendered

inaccurate, particularly for evaluat'ing infjltration flux and

cumul ati ve i nf i I trat'ion.

2.2 Surface Runoff

Utilizing the concepts of flow similar to those of Green

and Ampt (l9ll) Mein and Larson (1971) developed an equation describ-

ing the volume of water infiltrating prior to surface saturatjon.

They considered constant application rates. The model is important

in the sense that it uses parameters having phys'ical significance

and describes the process itself. All the parameters are measur-

able and none is dependent on field data for evaluation by fittìng.

However, the model does not prov'ide a djrect way of introducing

variations in vegetative cover. The model also assumes constant

rainfall intenstity. Idike et al . (1977 ) found that prediction of

infiltration by the Mein and Larson model was genera'l'ly good during

the latter portjon and mjddle portìon of the run. The Holtan (1961)

model generally under-predìcted the infiltration during'init'ial

stages of the runs and genera'lly under-pred'icted the time to the

beginnìng of runoff . The Mein and Larson model pred'icted fair]y

accurately jn both instances. Chu (1977 ) has shown that the same

relationship is equally valid for tìme-varying rate of rainfall.
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2.3 Redistribution of Moisture

0f the various f'ìow processes 'involved in the field water

cycle, the post-infiltration redistribution of soil moisture,

often referred to as internal dra'inage (Gardner et al., 1970) is

one of the least understood. The process ìs'important in the sense

that it determines the amount of water retained at various times at

different depths jn the soil profile and can affect the water con-

sumption of plants. Thjs js also important because of its effect

on infíltration.

The presumed water content at which internal drainage be-

comes negligible within a few days or ceases entirely, termed the

'field capacity', had ìong been accepted as an actual phys'ical

property, characteristic of and constant for each soil. Though the

field capacity concept was origìnaììy derjved from crude measure-

ments of water content in the field, some workers have sought to

explain this concept in terms of a static equilìbrium value or a

discontinuity 'in the capil'lary water (Kohnke, 1968) .

In recent years with the development of theory and more precise

experimental techníques in the study of unsat,urated f'low processes,

the fie'ld capacity concept as originalìy defìned has been recognized

as arbitrary and is considered by some that it may have done more

harm than good ( Ri chards and 
' 
Moore, I 952) . The experimental work of

Youngs (1958 a, l95B b) with synthetìc porous materials, and the

numerical ana'lysis of Rubin (1967), and Staple (1969) showed that

redistribution in the absence of a water table is a continuous

process and one that js influenced by the hysteretìc properties of

the soi I .
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Several infiltration models and a few redistribution models

have been proposed and used. These models are either based on the

Richards unsaturated flow equatìon or empirical relationships be-

tween infíltration rate and time. Models based on the Richards

equation are more desirable because they use measured, physicaì

parameters rather than empirical ',constants', and, .in general ,

are more accurate. They are, however, difficult to use. since

the Richards equation does not have a generaì analytical solution,
it must be solved numericaìiy. Such solutions are complex, use a

lot of computer time and require more detailed'input data.

Gardner et al. (i970) deveìoped a red'istribution model by

s'impìifying the Richards equation by appìyìng certain assumptions

based on actual observations. The model ís relat-ive1y simple.

James (1976) used this model to describe the moisture profiles ano

showed a good agreement of calculated and observed values.

2.4 Drai nage

The purposes of the drainage engineer are best served if
the data are available for every stage of every crop te]ìing how

much flooding the crop could stand under all circumstances. Hoveland

and webster (ì965), for exampìe, have found that among severa]

clovers, ball and white clover were the most resistant to flooding

damage, and that these two clovers could be flooded three days out

of every ten for a three-month period without sufferjng reduction

in y'ield. Experimenta'l verification made by t.lilliamson (1964) showed
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that in the absence of salt problems, most annual crops can grow and

produce we'ìl even jf only the top 30 cm of soil are well drajned.

When water stands in the low areas of a field for a period

of time after a rain and the plants in the area die, two thìngs are

obvious. The dra'inage is inadeqüate and thè cnop suffocates due

to the deficiency of oxygen at the pìant roots. To properly evaluate

the adequacy of drainage in such situations requires that the aer-

ation status of the soil during the stress period be measured

(Erickson et al., 1964).

2.4.2 Design Criteria of Drainage

The properties of soj'ls requìred for the design of a drain-

age system are: hydraulic conductivity, drainable porosity, texture

and structure. Hydraulic conduct'ivity has been used most extensiveìy

in the design equations of the drainage system. The other three

quantities are indirect measures of the ability of soils to trans-

mit water. They are not d'irectly usable in design equations, but

in some cases may be correlated with hydraulic conductivity.

In the last two decades considerable interest has developed

in evaluating the hydraulic conductivity of soils. Bouwer (1961,

f962, 1964) has developed a double-tube method for the ìn-p'lace

measurement of the saturated hydrauljc conduct'ivity of so'ils in the

absence of a water table. The soil is saturated throuqh the tubes

placed ìn the soil at depth of measurement and the flow from one

tube to the other is rated to obtain the conductivity. Collis-

Georqe (1964) devised a two-well method for measurinq hydrauiic

conductivity in discrete soil layers. Dendy and Asmusson (1963)
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used small well points to determine the hydraulic conductiv'ity.

Snell and Van Schilfqaarde (1964) developed a four-well method for

measuring the conductivity of soil in place, and Fanq Chinq (1965)

and Thomas (1965) tested the method in the field. In the Snell

four-well method, one of the wells suppl'ies water, one recieves

water and two act as piezometers. Smiles and Younq (1965) developed

and tested in a sand tank a multiple-well method in which alternate

wells received a suppl.y of water. The.y compared, usinq the same

sand tank, several field methods for measurino hvdraul'ic conductivitv.

2.5 Properties of Porous Media

A good dea'l of work has been done to describe unsaturated

fl ow i n terms of parameters wh j ch have ph.ysi cal si gn'if icance. These

parameters are pore-size distribution index, bubbìing oressure,

tortuosìtv, effective porosity, hydraulic radius, and res'idual satur-

ation. All of them except tortuosity can be determined in the lab-

oratony (Laliberte, 1966; Corey,1977). The tortuosity is deter-

mined ìndirect'ly. Burdine (1952) employed the concept of hydrauf ic

radius to develop a relationship of re'latjve permeability with

residual saturation, saturation and capiìlary pressure. This relat-
'ionship was verified by Corey (1954). Brooks and Corey (1966)

suggested an empirical relationship of effective saturation with

cap'i11ary pressure and a constant, characteristic of the soil,

called the pore-size dístribution index. Laliberte (1966) made a

study of this constant for a number of soils. The Brooks and

Corey equation is valid for capilìary pressure greater than bubbììng
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pressure. For the range of cap'illary pressure less than bubbling

pressure,empiricalrelatjonshipshavebeensuggestedbyLal.iberte

(lgog) and Su and Brooks (1975)' White et al' (1972) have also

presentedasemj-ana.lyticaìrelationshjpfortheentjrerange.

Kozeny (1927) and later carman (1937) and Fa'irandHatch (1933)

developed an equation for the veloc'ity of a wett'ing f'luid through

afullysaturatedmedia,.inwh.ichhydrau]icconductìvitywas

related to porosìty, shape factor and tortuosity' This equat'ion

is known as the Kozeny-Carman equat'ion. Brooks and Corey (1966)

developed simple relationshjps among relatjVe permeab.ility, bubbl-

ìngpressure,cap.iliarypressureandpore-s.izedistrjbutionindex.

Therelatjonshipswereexper'imentallyverifiedbyBrooksandCorey

(re66).



CHAPTER IiI

THEORETICAL ANALYSIS

?l T'ime to the Beqinninq of Runoff

The description in this section has been taken from the paper by

Mein and Larson (1973).

Durìng rainfall the moisture content at the surface keeps on

increasing until surface saturation is reached. At the moment of sur-

face saturation, hydraulic conductìvity and moisture content at the

surface are known. Therefore, by applying Darcy's law, useful rel-

ationships can be developed.

The moisture content profile at the moment of surface satur-

ation is approximately as shown in Figure 3.'1. The area above the new

moisture profiìe, Fs, js the amount of infiltration up to the time of

surface saturatjon. The shaded area is drawn equaì to this area. A

saturation zone of equìvalent depth L, has been substituted for the

actual moisture profile. The two areas are by definition equal and

g'i ven by:

F, = IMD x L, (3.1)

IMD is initial moisture deficit and is equal to 0, - 0i,

wheret 0, is the volumetrjc moisture content at saturation and,

0. is the initial volumetric moisture content.
I

In finite-difference form, Darcy's law can be written as:

. r-rJ- - Hrlq=-c(Ðffi (3.2)
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where: q = flux,

C(0) = hydraulic conductivitY'

H = totai Potent'ial, and

7 = dtstance below the surface'

The subscripts I and 2 refer to the surface and the wetting front'

respecti velY.

7z - 7t = L, (3'3)

and, when there i s no fl oodi ng '
u- = o (3'4)
r¡r

/^ r\
Hz = -(1, * P.uu) tr'3J

where'P.uu=averagecap.iìlarypressureatthewettjnqfront.

At this moment of surface saturation the infiltratìon rate is still

equa'l to the ra j nfal I i ntensi ty I , so that,

q = I (S'01

The hydraulic conductivity can be assumed to be equa'l to the saturated

hydrauf ic conduct'iv'itv cr. Maki ng these subst'ituti ons 'in ( 3 ' 2) , we

obta'in

P +L
I=cr{^_-l!- (¡'z)

S

and by combining (3.1 ) and (3.7) '

P XIMD
F = çav " '' '" (3.8)
t tl-tl

5

Equation (3.8) 'is applicable for I t Cr. Fs gives the cumulat'ive

jnfiltration prior to the runoff, For a uniform rajnfall intensity

tjme to the beq'inning of runoff is given by
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(3.e)

3.2 Infiltration after Runoff Begins

Some time after the surface has become saturated, the moisture

profile can be represented by Figure 3.2. App'ìying Darcy's law to the

situation of Fígure 3.2, and subst'itut'ing flow rate equaì to the in-

filtration capacity, we obtaìn,

lP +L +Ll
f = c- cEY -¡= -' (3.10)'D -s fL + Ll

S'

f^ = infiltration capacity
D

infiltration rate is now equal to the infiltration capacity.

F
S

'=T-

F

| = =å: ano-s IMD

tF - F-l
L = - IED--, where:

F = cumulative infiltration at any time, and

F, = cumulative infiltration at saturation

Hence L, * L = #-, and equation (3.10) becomes

r-frr,PauuxIMD"
| - U ll T------------ Ip s' r

Equatìon (3.11 ) gives infiltration rate after runoff begins. For

ponded infiltratjon, equat'ion (3.11 ) becomes

(3.11)

(3.r2)
(P.uu + h)IMD

fO = Cr[l + L where:

h = head above the soil surface.
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3.3 Averaqe Capillary Pressure at the Wettjng Front (P.,,,)_enq----------------ctv-

tcav | 5

expressed as a

Mathemati ca'ì 1y,

defjned as the weighted value of capillary pressure

functi on of rel ati ve permeabj I i ty.

1.0

f Pcd(Kr)

P.uu = lI+-:-Rrî-, v,/here:

Kr = rel ati ve permeabi 'l i ty

Kri = reiative permeabiìity at intital moisture content

To evaluate the integral in equation (3.13) P. and Kr are

defined in terms of effective saturation S. by applying Corey's (1954)

equation and Brooks and Corey's (1966) equation.

Corey's equation js

,' .eKr = S!, where

e = constant, a characteristic of soil

Di fferentiating (3. l4)

d(Kr) = ,t:-l(ds.)

Brooks and Corey's equation is:
.À¡L

q=lul"e *P 'c

Equation (3.16) is val'id for P. t Pb, and

À = pore-size distribution index, a characteristic of the soil

Rearranging (3.16), we obtain
nt,

P = D-
cl

lc \l
\v^//\

E

(3. r 3)

(3.r4)

(3.r5)

(s.to¡

(3.17)
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s are related by the equat'ionIn addjtion,

L-

À

+

and

Substituting equations (3.14),

equation (¡.13), we obtain

p = l-¿-r-¡¡-l f-iu-l'cav | À JLr-t"il
Performi ng the 'i ntegrati on i n

t,

(3.15), (3.r7) and (3.18) into

(s.) À

equation (3.19),
l+3À1

(sej) À 
I

d(se)

we obtai n

1.0
(^
t

J
S el

I +2À

(3.r8)

(3. re)

(3.20)

3.4 Redi stri buti on of I'10'isture after Preci pi tati on

The description siven in th'is section js a modified form of the

mode'l developed by Gardner et al. (1970).

If the infiltration proceeds for a sufficíentìy long t'ime a

constant infiltration rate is eventuallv achieved. I,lhen this occurs

the hydraulic groadient in the upper portjon of a uniform soil profi'le

is unity and the infiltration rate is equal to the hydraulic con-

ductivity of the soil. The equation describino th'is process js:

gq = -=grcr+ + l)lat az'"' 7

0 = volumetric moisture content

t = time

[2+3À
Ll 1 J^

{,- (sej,iÐ]

| 2+3Àl

D -Þ tljiÀr Lr-(s.r) I J ,?2rr'b 'cav L2 + 3ÀJ I Ml
[r - (s"i) ]

Sei = effective saturation at initial moisture content

(t.zz)
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Z = depth below tíe soil surface

C = hydraulic conductivìty

H = matric potential

The integrat'ion of equation (3 .22) with respec t to Z between the limits

7 = 0 (the soil surface) and some depth Z gives

Z nn -Jrr Z
(*i)¿z = -rc(iþ1¡1

o oL ut 
o

The Gardner et al. (1970) explained that left hand

(3.23) represents the rate of drainage out of the

profìle above the depth Z. The right hand sjde of

evaluated at 7 = 0 represents the f'lux Qo'into the

and when eval uated at Z represents the fj ux Q, out

that depth. This can be written:

(3.23)

side of equation

portion of the soil

equation (3.23) when

profile at the surface

of the profile at

7 . 
^o ,r^r({å)¿Z = -es = q_ - q^ (S.Z+¡

0 'iJ[' dt 'z 'o

w = volume of water per unit area of the in'itially wetted zone

For the redistribution problem consìdered here the flux at the surface

q is set equal to zero.'o

If infiltration had continued so that a constant infiltrat'ion rate

was achi eved, the matri x gradi ent woul d be neg'l i gi bl e above the wett'i ng

front in comparison to the grav'itatjonal gradient. Experience has

shown that this situation persists during the redistribution process

except at the soil surface. Experimental observations have also shown

that the entire profile above the initial wetting front tends to drain

at a uniform rate'independent of depth. 0n the basis of these obser-

vations equation (3.22) can be approximated by the simp'ler expression:
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rde)z - -c(o,Z) = -C. (¡.zs)\¿r' w

C* = effective hydraulic conductivity

The effective hydraulic conductivity is related to the effective

saturati on as fol I ows:

c., = c_sl ß.26)w se
C^ = saturated hydrauìic conductivity

S

e = constant. a characteristic of soil

S = effective saturation
e

The effective saturation is related to the residual saturation as

S-S
c_r"e l-S r

Rearranging equation (3.27)

(3.27)

( 3.28)s = s (l - s ) + S- -e\ "yt -r

But0=óS

where ó = porosity

Substituting th'is expressjon jn (3.28) results in

o = ötse(l - sr) + srl (3.29)

Di fferenti ati ng equat'ion ( 3 .29 ) wj th respect to t, vve get

do - ,r. - s )5 (3.30)dt = Qfl - rr/dt

If 0i is the moisture content before the flooding,0, is the moisture

content after the flooding ends and F'is the cumulative infiltration,

then the depth Z to which the wetting front penetrates ìs given by
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F.=-
ô

ïl

Substitutinq g- = ólS -(1 - s ) + S l_ T Yrvef\' "Y, "r,

and o- = ó[S.r(ì - Sr) + Sr]

Lle get

,= F- otl - srl lsef - sei]

SubstitutÍng the values of ,*, .Íå and Z from equat'ions (3.?6),

(3.30) and (3.31 ), respectiveìy in equatìon (3.25), we obtain

/'{CrgJtS;j-s-l#=-c'så
Rearranging equation (3.32), we obtain

f=---t-^ lS-ÊdS =-C^dt'S"f - S"i' "e ""e -s'

Integrating equation (3.33), we obtain

r F 
-., ,.t.t*t 

- t.it*'
Lq; -¡;r t-- = -crt

Rearranging equation (S.34), we obtain

S^, e-1
r(5l-) - lr =

e

t:;t.cr'r[, - l] rser - s.il

Rearrangíng again equation (3.35), we obtain

( 3 . 3l )

(3.32)

(3.33)

( 3. 34)

(3.35)

,S.f,,t-l=F+c..r.s^:[l þ,[e-t] (3.36)tS^ / = s er' 5ef'
F
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Rearranging again equation (3.36) and

c

CS^=A.weobtainseï

SF+A.rte-tttt-flt
eï

substi tuti nq

I

I E:T
I

I

.l

ny tìme

end of

Þ

ET

Q=
a

n-

(3.37)

the flooding endseffective saturation at a

infiltration rate at the

t after

f'loodi ng



CHAPTER IV

MATERIALS AND METHODS

4.1 Experimental Site

The experjments were conducted on two fields, named the

Cousins field and Friesen field, located on E.-35-10-8W and NW%-

l8-ll-7lll, respectively. The geological history of both fields is

similar. The surficial deposits consist of a 7.S-m-thick sand

layer at the base of which, sand and graveì deposits appear to be

fairiy common. The surficial deposits are underlain by a 30-m-

thick clay 'layer, that in turn is underlain by glacia'l till.

. Three main groundwater flow systems appear to exist in the

area. They are shallow, intermediate and regional flow systems.

0n1y the shallow groundwater system has been considered jn the

present study. The shallow groundwater system is above the clay

layer and in the surficial'layer. It is recharged ìocally by pre-

cípitat'ion and most likely flows towards the Assiniboine River.

The water in this system is fresh.

Soil texture in the Cousins field varies from sandy to loamy

sand. At a few places, it is sandy loam. The upper 90-cm ìayer of

the soil js mainly sand. From 90 cm downwards to the clay layer, the

soil texture is loamy sand"

Soil texture in the Friesen field varies from sand to loamy sand

in the upper 90-cm'layer. Below 90 cm and up to the clay ìayer, the

texture is clay loam. Bulk density in both fields varies from 1.40
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to 1.45. The porosìty varies from 0.40 to 0.45.

Topography of the fields is undulating, as'is clear from the

contour map of Cousins field in F'igure Bì in Appendix B. The tacheom-

ethie method was used to prepare the map. The places with relatively

low elevations were called low spots and the ones with relatively high

elevations h/ere called high spots. The maximum difference in the eìe-

vä,tions of thê low and high spots was 1.6 m.

A potato crop was grown in the Cousins field and corn in the

Friesen field. Irrigat'ion was applied with a centraì pivot irriga-

tion unit. The irrigation water was conveyed from the Assiniboine

R'iver by an underground pipe line system.

4.2 Measurement of Soil Moisture

4.2.1 Selection of Site

The moisture content was measured at a number of locations in

both of the fields. The criteria for selectíng a location were:

topography, texture and structure of the soil. The observations were

taken in the growing period of the crops for two consecutive years,

1977 and 1978. In 1977, four locations were selected in each field.

In 1978, four locations in the Cousins fíeld and six locations in

Friesen's field were selected. The moisture content was recorded

every second or third day. Figures 4.ì and 4.2 show the locations

in the Cousins fjeld and the Friesen field, respectively.

4.2.2 Site Preparation

l,lith the he'lp of a post-hole auger a hole of 7.56-cm diameter
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extending downward to 120 cm was bored at each location. Aluminum

irrigation pipeo having an outer diameter of 5.08 cm and an inner

diameter of 4.83 cm was placed in the hole to serve as an access tube

for the moisture and densìty measuring unit. The lower end of the

access tube was p'lugged to prevent the groundwater from entering

into it. Soil was poured all around the access tube and compacted

to prevent an air gap between the soil and the access tube. A heap

of the soil was made around the access tube to prevent the ponding

of water near it and to prevent the rainfall or irrigation water

from entering'into the soil aìong the walls of the access tube.

The access tube was covered at the top with a can to prevent the

rainfall and irrigat'ion water from enterìng the access tube.

4 .2.3 Neutron [t1oi sture Meter

The moisture content was recorded at 30-cm, 60-cm, 90-cm and

llO-cm depths with the help of a neutron mojsture meter. At the

l5-cm depth it was measured by the thermogravimetrjc method.

The neutron moisture meter consists of a depth moisture gauge

and a scaler-ratemeter. Figure 4.3 shows the moisture gauge fitted
on the top of an access tgbe. Figure 4.4 shows the scaler rate meter.

The moisture gauge was a Troxler unit, mode'l 1255. The scaler-rate-

meter was Troxler unit, model 2651. The neutron moisture meter v¡orks

on the prìnc'ipìe that fast-moving neutrons emitted by a radioactive

source are moderated by the hydrogen in soil moisture. The moderated

neutrons, ca'lled thermal neutrons are detected by a detector. The

count of these neutrons is read from the scaler rate meter. The
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radioactive source in the model 1255 is 100 millicurie Americium-

241-Beryl l i um. The source i s tr j p'le-seal ed.

in princip'le, the zone of influence of a neutron probe is

infinite; in practice, it'is ljmited. There'is an effective space

zone within which 90 to 95 percent of the detected neutron inter-

action occurs. For pure water the calculated zone diameter is 30.5

cm; for material at 40 percent volumetric moisture content,40.6 cm;

for l0 percent volumetrjc moisture content, 63.5 cm. Studies made at

the Troxler Laboratories indicate that the zone of influence for pure

water is 10.8 cm. Also, the zone of measurement is less than the zone

of i nfl uence.

Due to the decay of the radioactive source and change in

daily temperature, the number of the neutrons emjtted changes. To

account for this, instead of relating the observed count dìrectly to

the moisture iontent the ratio of the observed count to the standard

count is related to the moisture content. The standard count is

taken by placing the probe on the levelled surface away from any

organic source. The standard count was taken before and after the

observations and the average of these two was used in calculations.

For the observations of.moisture content a one-minute count was

selected. The other counts available were 0.25 mjr, 0.50 min, and

2.00 min. For the standard count, four one-minute counts are

taken automati cal ly, surnmed, di v'ided by four and dì spì ayed as the

average one-minute count. The volumetric mo'isture content is taken

from the tables corresponding to the ratio of the observed count and
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The tabl es have been provided by Troxler

4.3 Measurement of Groundwater Level

Three observation wells were located 'in the Cousíns field as

shown in Figure Bì'in Appendix B. Three observation wells were con-

sidered sufficjent to draw equipotential ljnes because of fairly
unifrom impermeab'le layer below the groundwater. At wells I and II,
the level was measured manualìy and the observations were taken every

week. At well III, a recorder (stevens Recorder, Mode'l 68, Type F,

Leupoid S. Stevens, Inc., Beaverton, 0regon, U.S.A.) was used. Using

the top of the water hydrant as a reference, the groundwater level was

calculated and plotted in Fjgure 5,6. The groundwater level below the

surface was calculated and plotted in Figure 5.7. The average ground-

water level at each well was approx'imated from Figure 5.6. The

average level was used to draw the equìpotentia'ì lines on Figure Bl

ìn Appendix B.

4.4 Measurement of Infiltration

Three methods of estimating ínfiltratjon characteristics have

been recognized. They are: use of cyìinder infiltrometers,

measurement of subsidence of free water in a large basin, and estim-

ation of accumulated infíltration from the water front advance data.

The use of a cyì'inder infiltrometer has been made as thÍs js simple

and the most common method.

Infi I trati on characteri sti cs wi th an i nfi I trometer are deter-

mined by ponding water in a meta'l cyìjnder installed on the field
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surface and observing the rate at which the water level'is lowered in

the cyl inder. In the earl ier stud'ies (Fo1k,1970) only a s'ingle

cylinder was used and many of the data indicated a h'igh degree of

variabil'ity. The variability was mainly due to the uncontrolled

lateral movement of water from the cyìinder. After the initiatjon

of infiltration, while the wetting front ìs in the cy]inder, the

water subsidence rate corresponds to the infiltration rate. When

the wetting front passes below the cylinder, a divergence of flow

will occur. The lateral movement of water from cylinders is

minimized by ponding water in a guard cyljnder or buffer area around

the cyì i nder.

Infjltration rates observed by cy'linder infjltrometers are

influenced by the cylinder diameter, thickness of the cylinder,

bevelìing of the cylinder bottom, the method of driv'ing the cylinder

into the soil and the installat'ion depth. The infiltrometer method

used prevì ous'ly by Fol k (1970) cons'isted of repl eni shi ng the

infiltrated water in the inner cy]inder by add'ing water from a

measuring cylinder and noting the amount of water added as the total

infjltration. The rate of infiltration of sandy soils is high

compared to cìay. The addit'ion of water is required frequentìy.

The frequent measurement of water into a cylinder adds to the exper-

imental errors and also it disturbs the soil surface each time the

water ìs poured. Sealing of the pores by the d'isturbed soil particles

results jnto a change in the jnfiltratjon characteristics. Therefore,

taking into consideration all of this, an infiltrometer suitable for

the field condjtions was designed and developed in the ìaboratory.
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Figure 4.5 shows the jnfiltrometer. It consists of a

cylindrical water tank,60 cm in height, connected to a float

valve through a flexib'le pìastic tubing. The water tank provides

a continuous supply to the inner cylinder. The float valve keeps

the water level constant throughout the experiment. l^Jater in the

outer cylinder is poured manuaì'ly. The outer cy1Ìnder is 39 cm in

diameter and the inner cylinder is 28 cm in diameter. The he'ight

of both cylinders is 30 cm. The diameter of the supply cylinder

is 28 cm. Therefore, the depth of water depleted from the supp'ly

tank corresponds dírectly to the infiltratjon depth in the inner

cylinder. The level of water in the supply tank is noted from

the pjezometer connected to it. The surface of the soil is not

disturbed because the supply of water is continuous. The tops of

the jnner cylinder and suppìy tank were covered so that evaporation

would be minimum. Both cylinders were.marked so that they could be

pushed into the soil to a depth of l9 cm in all the experiments and,

thus, the variability due to the,depth of the cylinders into the

soil was avoided. The cylinders were pushed into the soil by

hammering on the middle of a wooden p'lank placed on the top of the

cyìinders. The same procedure was followed in all the experiments.

To start the expeniment, the inner and outer cyìinders

were pushed into the soil. A pìece of cloth was pìaced on the soil

surface. The float valve maintained a 5-cm depth of water in the inner

cylinder; therefore, an equ'iva'lent depth of water was poured

simultaneousìy into the outer cyì'inder so that initial depth of the

water was 5 cm. After certain intervals of tirne. the level in the
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Figure 4.5 Photograph of Infil_trometer
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supply tank was noted. From t'ime to time water was added into the

outer cy'linder to keep the depth of water nearly constant. The

experiment was stopped when a constant rate of infiltration was

achieved. Immediate'ly the cylinders were pulled out and water from

the soíl surface was drained to the sides. Soil samples, for the

thermogravimetric method of soil moisture measurement, were taken

at the l5-cm,30-cm,45-cm and 60-cm depths with a soil sampling

tube. Initjal moisture content was measured at the same depth at

a pìace near the infiltrometer experiment. A number of experiments

were performed in the Cousins field.

4.5 Measurement of Moisture Content after Flooding

At the end of the infiltrometer experiments, soil samples from

the region of the inner cyl'inder were taken from the 7.5-cm depth

to the 30-cm depth with the help of a soil sampling tube. The

mo'isture content was determined by the thermogravimetric method.

The region of inner and outer cy'linder was covered with a piece of

cloth to minimjze evaporation. The samp'les were taken at the same

site after eìapsed times of one hour, two hours, three hours, six

hours, ten hours and twenty.four hours,
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RESULTS AND DISCUSSION

5..| Infiltrometer ExPeriment

The cumulative infiltratjon data have been presented 'in Tables

A-l to A-3 in Appendix A. The calculated infjltration rates have been

presented in Tables A-4 to A-6 in Appendix A. The moisture content

before and after the infiltrometer experiment has been presented in

Tables A-7 to A-10 in Appendix A. The data have also been p'lotted

for the discussion.

5.'ì .1 Effect of Compaction

The infiltration rates observed on a furrow and a hill have

been presented in Fjgures 5.1 (a) and 5.1 (b), respectively. The

furrow had been compacted by the wheels of machinery. The hill was

uncompacted and the soil was pu'lverìzed. The compactìon affected

the in'itial and the basic infiltration rates. The infiltration rate

after 5 mjnutes was 0.08 cm/mjn jn the furrows and 0.32 cn/nin on the

hjll. The basic infiltrat'ion rate was 0.03 cm/min in the furrow and

0.14 cm/m'in on the hill. Therefore, both initjal and the f inal

jnfiltration rates on the hill were approximately four times greater

than those in the furrows. If the irrigatìon application rate ìs

designed on the basis of infìltration characteristics of the hill '
surface runoff in the furrows may take place and the runoff water may

accumulate jn the low spots resulting in non-uniform moisture distri-

bution and increased drainage requirements.
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5.1.2 Effect of Soil Texture

The soil texture affects basic jnfiltration rate, in'itjal

infiltration rate and time in which the basic infiltration rate is

reached. Fjgure 5.2 shows the infiltration rate in sandy and sandy

loam soils. The infiltration rate after 5 minutes was 0.34 cmlmjn

in sandy soiì and 0.ll cmlmjn in sandy loam soil. The basic infilt-
ratjon rate was 0.?? cn/nin in sandy soiì and 0.02 cn/nin 'in sandy

loam soil. The infiltration rate becomes constant in 30 minutes in

sandy soil and in 60 minutes in sandy loam soil.

If such a variation in soil texture is found under the same

'i r^ri gati on uni t, consi derati on must be gi ven to the characteri sti cs

of both sojl textures. Irrigatìon rate should not cause surface

runoff in the sandy loam soil.

5.1.3 Representative Infiltration Characterjstics

Based upon the results of the infiltrometer experiment, the

field can be divided into three sections. The first sectìon had a

basic jnfiltration rate between 0.45 cm/mjn and 0.56 cm/min. The

second section had a basic'infiltration rate between 0.23 cn/min and

0.26 cm/min. The third section had a basic 'infiltration rate between

0.10 cm/min and 0.15 cm/min. The data of Sections I, II and III
have been plotted in Figures 5.3, 5.4 and 5.5, respectively. In

each figure, an average curve was drawn through the pìotted points

as a representative infiltrat'ion curve. The infiltration rates were

taken from these curves and have been presented'in Tables 5.1,5.2

and 5.3 for Sections I, II and III, respectively. The representative
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TABLE 5.I REPRESENTATIVE iNFILTRATION RATE, INFiLTRATiON DTPTH

AND CUMULATIVI INFILTRATION IN SECTiON i*

Time
(mi n)

I nfi I trati on
Rate

( cm/mi n )

Infiltration
Depth

(cm)

Cumul at'ive
Infi I trati on

( cm)

0
2
E

l0
20
30
40
50
60
70
BO

90
100
ll0

0.g4
0.78
0 .66
n66
0 .51
n /t o

0 .48
0.47
0.46
0.46
0 .46
0 .46
0 .46

I.BB
2.34
3.30
5 .50
5 ..l0
4.90
4.80
4.70
4.65
4.60
4. 60
4.60
4.60

I .88
4.22
7 .52

13.0?
lB.r2
23.02
?7.82
32.52
37 .17
41 .82
46.42
5.|.02
55.62

*constants of infiltrationequationy = ata + b

a = 1.376
b = -0.469
a = 0.769
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TABLE 5.2 REPRESENTATIVE
AND CUMULATIVE
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INFILTRATiON RATE, INFILTRATION DEPTH

iNFILTRATiON IN SECTION II*

* constants of
a = 1.055
b = -0.094
cx = 0.683

'infiltration equation Y = atd + b

Cumul at'ive
Infi I trati on

I nfi I trati on
DePth

Infi I trati on
Rate

l.oo
3.29
4.99
7 .39
9 .59

11 .79
I 3.99
16.19
18.39
20.59
22.79
24 -99
27 .19

l.oo
I .69
I .70
?.40
2.?0
2.20
?.?0
2.20
2.20
2.20
2.20
2.20
2.20

o.so
0.53
0.34
0.24
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.?2
0.?z

0
2
5

l0
?0
JU
40
50
60
70
BO

90
100
ll0
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TABLE 5.3 REPRESENTATIVE INFILTRATION RATE, INFILTRATION DEPTH
AND CUMULATIVE INFILTRATiON IN SECTION IIi

*constants of jnfiltration equation y = ato + 5
a = 0.620
þ = -1.209
s = 0.656

Time
(min)

Infi I trati on
Rate

( cm/mi n )

Infi I trati on
Depth
( cm)

Cumul ati ve
Infi I trat'ion

( cm)

0
¿
Ã

l0
2n
?o

40
50
60
70
80
90

100
ll0

0.72
0.tB
0. l4
0. l0
0.t0
0.10
0. l0
0. l0
0. l0
0. l0
0.10
0. l0
0. l0

1 .44
0.54
0.70
I .00
I .00
I .00
I .00
I .00
I .00
I .00
I .00
I .00
I .00

1 .44
I .98
¿.oó
3.68
4.68
5 .68
6. 6B
7 .68
8.68
9.68

I0.68
ll.68
12.68
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basic infiltration rates were 0.47 cn/nifl,0.22 cn/nin and 0.10 cm/mìn

in sectjons I, Ii and III, respectìvely.

5 . I .4 Kosti akov Funct'ion

The Kostiakov function

Y=atcr+b
was fitted to each set of the representative data. The data were

pìotted on logarithmic scale to obtain a stra'iqht-line function. The

constant cx was determjned from the sìope of thjs line. The remaìning

two constants a and b were calculated by substituting the data poìnts

in the function. The constant a varied from 0.620 to 1-376. The

constant b varied from -0.094 to -1.209 and constant cr varied from

0.656 to 0.769. These constants are in aqreement with those obtained

by Foìk (1970).

5.1.5 Green and Ampt Function

The Green and Ampt function

(P + hl IMD
f(el = crll+ :s-#-l

was fjtted to each set of the representative data. The known

variables of the function were infjltration rate, cumulative

infiltration, head of water above the soil surface and initial

moisture deficit. The saturated hydraulic conduct'ivity and average

capì'lìary pressure head at the wetting front were calculated by the

method of averages which has been expìained ìn Appendix C. The

calculated values vrill be reported in Section 5.17.
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5.'I.6 Use of Kostjakov, and Green and Ampt Functions

The Kost'iakov function is s'impìe. it directìy gives cumulative

jnfiltratjon and infiltration rate for any elapsed time. The Green and

Ampt functíon is involved and does not give cumulatjve 'infiltration

directìy. But the Kostiakov function is applicable when the initial
moisture content is in the range at which the data are collected. in

the present study the data were collected at the initial mo'isture

content at which irrigation was applied. Therefore, a design infilt-
rat'ion equation for use in connection with irrjqation was selected

from the three Kostiakov equaticns of the field

The Green and Ampt function was used to calculate saturated

hydrauljc conduct'ivity C, and average capillary pressure at the wetting

front P^^... The average capillary pressure was used to determine
cav

bubbling pressure PO and to predict time to the beginning of runoff.

The calculated saturated hydraulic conductivity values were 25.80

cm/h, 11.28 cm/h and 3.9? cn/h for Sections I, II and III, respectiveìy.

Approximately 80 percent of the field was represented by Sectìon II.
According to the Manjtoba Soil Survey repont (MÍchalyna and Smith,

1972), the value of saturated hydrauljc conductivity for Aìmasippi

series soils varies from 7.12 cm/h to 12.45 cn/h.

The calculated values of capillary pressure at the wetting

front (P^-. ) were 9.60 mb, 9.84 mb and 13.24 mb for Sections I, II' cav'

and III, respective'ly. The physical sign'ificance of P.uu js that it
controls the initial infiltration rate, whereas the basic infiltration

) andSiqnificance of Saturated Hvdraulic Conductivit

Average Cap'illary Pressure at the l,Jetting Fron!aP^-..)
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rate is control'led by the saturated hydraulic conductjvity of the

upper soi'l layer. The basic infjltration rate was 0.46 cmlmín in

Sectíon I and 0.22 cm/nin in Sect'ion II which was approximately one

half that of Section I. The initial infiltration rate was 0.94

cm/nin in Section I and 0.89 cm/min in Section II. The initial infilt-
ration rates were not very much different. This can be explaÍned with

the help of the parameterc P.uu and Cr. Initia'lìy when the wetting

front was in the upper soiì layer, the only head which could have caused

variation was P.uu und that was nearly the same in both secitons. Hence,

initial rates of infjltration were nearìy the same. As the process of

infiltration continued, the surface layer became saturated. Then the

infiltration rate was controlled by the saturated hydrauljc conductivity

of the surface'layer which was d'ifferent jn the two sections and, hence,

the basic infiltration rates were different.

5.1.8 Bubbljng Pressure and Pore-size Distribution Index

The infiltration rate and the cumulative infíltration at the

end of flooding have been presented jn Table 5.4. The moisture content

before and after the infiltration was measured to the 30-cm depth. The

data have been presented in Tables A-ll, A-12 and A-13 for Sections I,
II and III, respective'ly. The average moisture content of the trans-

mission zone (0 to 30 cm) after the flood'ing ends has been presented

in.Täble 5.5 Res'idual saturation S. was taken as 0.1 from the results

obtained by Van Schaik and Laljberte (1968). Using equation (3.38)

the parameter e was calculated by trial and error method. The para-

meters À and PO were calculated from equations (3.18) and (3.2.l), res-

pectiveiy. The bubbling pressure and pore-size distribution indices

for the three sections of the field have been presented in Table 5.6.
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INFILTRATION RATE AND CUMULATIVE
END OF FLOODING

INFILTRATION AT THE

Secti on

Cumul ati ve
Infi I trati on

48.30
28. l0
17 .20

I

II
III

TABLE 5.5 AVERAGE MOISTURE CONTENT OF THE TRANSMISSION ZONT
AFTER THE FLOODING ENDS

I nfi I trati on
Rate

cm/mi n

0.40
0.23
0.10

Il apsed
Time
(h)

Moi s ture Content , Dr.y ï,lei ght Bas j s

Secti on J Section iI Secti on III
n

I

f

6
l0
24

28.0
21 .9
I8.9
17 .1
14.0
12.0
qÃ

27.0
19. I
r6.4
14.8
12.4
l0.B
8.7

28.0
¿5.ó
21 .0
19.3
l6 .5
14.5
t1.9
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us jnq equation 3..l8,'equatjons 5.1, 5.'2 and 5.3 were derived to

describe the relationship between cap'ilìary pressure and saturation for
each section of the field, as follows

Section I

(5.1)

(5.5)

r ]-5JT
p. = e ,rlïeql

Section II

P. = e r-[%:9rrT.3 (5.2)

Section III
r ---+

P. = r:.2+l\;orl''" (5.3)

P. = cap'il'lary pres'sure (mb)

S = saturation

using equation (¡.20), equations (5.4), (5.s) and (5.6) were developed

for average capiììary pressure at the wetting front, for each section of

the field, as follows
Section I

I _ (s .13.ì7
P.uu=l0.l3t----= ¡ ¡ (S.4)I - (s .)"."'el'

Section II
1 | ^ .3.30

p.uu = r0.73,ffiE-r,

Section III

I - (S^- )3'45
P.uu = 14.96t- .:4.¡-OtI - (s.i)".,

(s.o¡
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TABLE 5.6 BUBBLING PRESSURI AND PORT-SIZE DISTRIBUTION INDICES

ÏABLE 5.7 COMPARISON OF BUBBLING PRESSURE AND PORE-SIZE DiSTRIBUTION
INDEX l{iTH OTHER RESULTS

Secti on À

D
D

(mb)

T

II
III

Ã71
J.54
¿. ¿u

3.35
3. 60
3.90

9 .60
9. 84

13.24

Soi I Type Poros i tv À

Þ
D

(mD)
Source of
the Resul ts

Unconsol i dated
Sand 0.435

0.445

4.38

4. l6

17 .7

14.7

Laliberte
(re66)

Sandy Soi'l 0.450

0.450

5.71

3.34

9 .60

9.84

Present
Study

Loamy Sand 0 .450 i.zo 13.?4

Sandy Loam 0.458

0.449

1 .76

I .70

55.6

58.7

Lal i berte
(1e66)
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In each .ur. P.uu is in mb. UsÍng equation (3.?6), equations

(5.7), (5.8) and (5.9) were developed to determine effective hydraulic

conductivity - saturation relationshjp for each section of the fjeld,
as fol lows:

Section I
â ^r

^- ^^.s - 0.1."'""¿3.óu t o.9--t (5.7)

(5 .B)

(5.e)

Sect'ion

w

Ii

c* = lt.28r%l-13'6c

Section iII

c ,.., .', 3.90
nneJ - U.l.

"w 
= ,.v¿L o.g I

C* is in chlh

The porous media parameters obtained ill this study have been

compared with those obtajned by Laljberte (1966) in Table 5.7. It
is found that the bubblÍng pressure is close to that for uncon-

solidated sand. The pore sjze distribution index varied from that

for unconsolidated sand to that for sandy loam sojl. The method of

obtaining the porous media parameters developed in the present study

shoul d be verj fi ed i n the I aboratory under control I ed condi ti ons .

5. I .9 Time to the Beqi nni ng of Runoff

Runoff can start at the beginning of rainfall if the intens'ity

of rainfall is hjgher than the in'itial rate of infiltrat'ion. Usualìy

the rainfall intensity is lower than the initial rate of infiltration.
Runoff starts when the rainfall continues for a time long enouqh that
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the basic infiltration rate is reached and when this rate is smaller

than the rainfall jntensity. The time to the beginn'ing of runoff

depends upon the injtjal mojsture content and such soil parameters as

the capillary pressure at the wetting front and saturated hydraulic

conducti vi ty.

Using equat'ions (3.8) , (3.9) and (3.10), equations (5'.|0)'

(5.11) and (5.12) were developed to determine tjme to the beginning

of runoff for different initial moisture content for each section of the

fjeld, as follows:

Secti on I
l0.33ll - (sei )3' 

I 7l

f
Tr r

'/^ xtl

I 0.94 tl - (sei)3'3ol

r r#zg - ll rl - (sej )3'60l

t-

Secti on I I

t-

Section IIi

T=

J=

i-

(5.r0)

(5.il )

^ Ã-
l5.25tl - (sei)"'-"1

(5.r2)
r ësz - rl rr - (sei)3'eol

time (min)

rainfall intensity (cm/h)

Tables 5.8 and 5.9 show maximum rainfall intens'ities and total rainfall

on the days of heavy rainfall for the years 1977 and 1978, respective]y-

The max'imum 'intens'itjes were ?3 mm/h and 37 mm/h i n 1977 and l97B'

respecti vely.

Table 5.10 shows that the minjmum rainfall intensity causing

runoff ìs 260 mm/h and which should continue for .]35.4 minutes to



-57-

TABLE 5.8 TOTAL RAINFALL AND I4AXIMUM RAINFALL
INTENSITIES IN 1977*

* Onlv rainfalls more than 6 mm have been listed

Date

Total
Rai nfal I

(mm)

Maxi mum

Rai nfal I
I ntens i ty

( mm/h )

4 May
5 May
I May

19 May
28 May
I 2 June
I 7 June
9 Juìy

I I July
I 3 Juìy
30 July
Q Sont
5 Sept.
B Sept.
Q \onJ-

31 .7
B.l

31.7
6.5
/.ó

24.9
31 .2
10.5
10.7
21 .2
32.0
ql

17 .?
34 .0
I L.ó

8.7
2.2

22.7
6.3
7.8
2.5
6.0

10.2
1.6
9.9
7.3
9.1
5.8
8.6
7.8
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TABLE 5.9 TOTAL RAINFALL AND I'iAXIMUM RAINFALL
INTENSITiTS IN I978*

* On'ly rainfalls more than 2 mm have been listed

TABLE 5.IO TIME TO THE BEGINNING OF RUNOFF IN
STCTION I*

* Runoff wíll occur instantaneously on saturated soil if the rainfall
intensity is greater than 258 mm/h.

Date

Total
Rai nfal I

(mm)

flax'l mum

Rai nfal I
Intensi ty

( nrm/h )

4

?4
28
¿5
27

Jul y
July
Juìy
Ju ly
Aug.
Aug.

l0 .0
ll.8
2.0
4.6
4.0

36 .8

4.8
2.4
2.0
1.8
3.8

36 .8

Iní ti al
Moi sture
Content,

Volume basis
%

T j me to Runoff (m'i n )

Ra'infal I Intensity (mm/h)*

260 270 ?80 290 300

l0
20
?n

40

107 4
762
449
135

6
n

5
4

172
122

72
23

4
J
I
4

90 .8
64.3
37 .9
12.3

60.2
42.7
25.2
8.2

44.3
Jt.+
I8.6
6.0
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cause runoff at an initial mojsture content at 40 percent. If the

soil is saturated, runoff will occur instantaneously for a rainfall

intensity greater than 258 nn/h (the saturated hydraulic conductiv'ity),

which is much higher than the maximum rainfall jntensities found in

1977 and 1978. Hence, runoff is unlikely to occur in Section I as

indicated by the record of 1977 and 1978.

Table 5.ll shows that the minimum rainfall jntensity causing

runoff in Section II, at an initial moisture content of 40 percent, is

120 nm/h which should contjnue for 41.7 minutes. If the soil is sat-

urated, runoff will occur instantaneousìy for a rainfall intensity

greater than ll3 mm/h (the saturated hydrauìic conductivity). It shows

that runoff i n Secti on I I i s al so unl'i kely.

Table 5.12 shows that mjn'imum rainfall jntensity causing runoff

in Section III is 50 mm/h which should continue for 29.3 ninutes to

cause runoff at an initial moisture content of 40 percent. If the

soil is saturated, runoff will occur instantaneousìy for a rainfall

greater than 39 mm/h (the saturated hydrau'lic conductivity). The

maximum intensjty being 37 mm/h, chances of runoff are also improb-

able'in Section III. S'ince a ìarge part of the field was represented

by Section I and Section II, it can be concluded, on the basis of

rainfall data of two years, that runoff in the field js unlikeìy.

0n the basis of the calculated time to the beginning of runoff, the

infiltration equation of Section II can be selected as the desìgn

infiltration equation. This will ensure no runoff in Sections I and

II. Runoff in Section III will occur. But Section III represents

onìy about 5 percent of the total area.
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TABLE 5.II TIME TO THE BEGINNING OF RUNOFF IN SECTION iI*

*Runoff wi I I occurinstantaneousìy on saturated so'il 'if the
rai nfal I 'intensi ty i s greater than I l3 mm/h .

TABLE 5.I2 TIME TO THE BEGiNNING OF RUNOFF IN SECTiON III*

*Runof f wi l l occurinstantaneoul sy on saturated soi l i f the raí nfal l
intensity is greater than 39 mm/h.

Ini ti al
Moi sture
Content,

Vol ume basis
% 120 l8o 240 3oo 360-

l0
20
30
40

?nq

217
127

41

I
9
6

L

21 .5
15.2
8.9
2.9

8.5
6.0
3.5
l.l

4.6
J.J
1.9
0.6

2.9
¿. I

1.2
0.4

Ini ti al
Moi s ture
Content,

Volume basis
%

Time of Runoff (min)

Ra'infal I Intensi ty--{¡4/b)

50 90 130 170 210

l0
20
JU
40

227.2
159.9
YL.I
29.3

27.2
19.2
ll.l

l0 .6
7.4
4.3
1.4

5.6
3.9
2.3
0.7

3.5
?.4
1.4
0.4
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5.2 Groundwater Level l'leasurement

5.2.1 Groundwater Level tlith Respect to a Reference

Figure 5.6 shows the groundwater level with respect to the top

of the water hydrant at the end of the underground irrigation pipe]ine.

The r-ise in level from l4 April to l7 May was very qu'ick. This rise was

due to the contribution by the thawing snow on the surface of the soil.

The curve for well III shows the exact nature of the groundwater

fluctuations because a continuous record of the level was available.

The curve for well III shows that the level rose at a decreasing rate

until ì7 May and then became constant. This marked the end of contri-

bution by the snow. The initial levels on l4 Ap¡il were 97'43 n'

97.40 m and 97.27 m in wells, I, Ii and iII, respectively. The total

rise in groundwater levels due to snow Were 60 cm,20 cm and 3l cm in

wel ls I, II and III, resPectìveìY.

From l7 May to 30 l'lay, groundwater levels rose due to 52 mm

rajnfall by l3 cm, l0 cm and 7 cm in wells I, II and IiI, respectiveìy'

The levels in well II and III became equaì. At thìs time, the hydrau'lic

gradient between wells I and II was 0.250 percent and between wells I

and III, it was 0.320 percent. under these hydraulic gradients water

was flowìng towards wells II and III. Due to this flow the level in

well I dropped by l7 cm by 24 June. The levels'in wells II and IIi

also dropped due to the water fìow away from them. By 16 June, they

were 5 cm lower. The rainfall totalling 28 mm raised the jevel in

well between 16 June and l9 June. The rise of utater level in well I

started right after the ra'infall while in well Ii the response was

felt only after three daYs.
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From 2 July to 16 Ju'ìy there was a total rainfall of 62 mm

and the water level raised by l0 cm in wells I and III and by 13 cm

in well Ii. From 6 Juìy to 18 August the level in each wejl dropped.

During this period there was 4l mm rainfall but it was spread over

rnany days. Evapotranspiration was high during Ju'ly and August which

should result in a fall of the water table. Therefore, the leve'l did

not change substantially due to the combined influence of rainfall

and evapotranspiration durìng this period.

0n 28 August, there ldas a heavy rain of 43 mm following which

the groundwater level rose. Due to concentrated rainfall, deep

percolation was high and resulted in the rise of groundwater level.

Another concentrated raìnfall caused a sharp rise in the groundwater

levels by l3 cm,8 cm and 8 cm jn wells I, II and III, respective'ly.

Table 5.13 shows the groundwater slopes between the observation wells.

It shows that the flow was mainly from well I towards wells II and

III. This direction of the flow indicates that the flow is towards

the Assiniboine River.

From April to October, the level in well i fluctuated between

98.14 m and 97.44 m. The maximum rise l4,as 70 cm. In the same period,

the level in well II fluctuated between 97.27 m and 97.79 n. The

maximum rise was 52 cm. The level in well III fluctuated between

97.40 m and 97.80 m. The maximum rise was 40 cm.

The total rainfall during 1977 was 384 mm and jt did not

result 'in any permanent rise in the groundwater level. The water

from snowmelt was also drained naturaììy. The average sìope of

groundwater table was 0..|35 percent. The saturated hydraulic



TABLE 5. I 3 GROUNDI,IATER TABLE SLOPES BETWETN

l,-le I I s

I - II

I - III
II - III

*Di stanc

r

l0
nl

0.090

0.024

0.085

Grgundwatel Slopes at the points of Inflectjon (z
30

May

between wel I s

- II 163.8 m
lll 1T^ 

^- 11.J. tJJ.J m

- III .l20.0 
m

0. 250

0. 320

0. 000

0BSERVATI0N i,lELLS*

l9
Jun

n 1?R

0.095

0.058

9

Jul

0.281

U.¿UO

0 .078

Lö
Sep

0. 600

U. UJO

0.019

5

Sep

0 .800

0.095

0.0t 3

17
Sep

0.123

0.143

0.013

IU
0ct

0. 109

0. 143

0.000

Average

0.135

0. 140

0 .033

r

Olè
I
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conductiv'ity, ranging between ll3 mm/h and 258 mm/h, was quite hìgh.

These two factors assure that permanent irrigation agriculture is

possible under the local soil and groundwater conditions.

5.2.2 Groundwater Level wjth Respect to Ground Surface

The groundwater level with respect to the ground surface

has been presented in Figure 5.7. Durìng the growing period of the

crop, that is from 30 May to 30 September, the groundwater levels

were 1.35 m, 1.80 m, and 1.45 m, on the average, in wells I, II and

III, respectively. The level in well I fluctuated between l.l3 m

and 1.52 m. The level in well II fluctuated between 1.62 n and 1.90

m. The level in well IiI fluctuated between 1.22 n and 1.40 m.

The high groundwater table up to 1.60 m below the surface

resulted in substantial upward flow of water. The groundwater table

below 1.60 m resulted jn very small upward flow of water.

5.3 Mo'isture Profiles in the Cousins Field in 1978

Figures 5.8,5.9,5.10 and 5.ll show the moisture profiles and

rainfall histogram at locations ClA7B, C4C78, CZBTB and C3878,

respectìveìy. Table 5.14 (Israelson, 1962) shows representative

physical properties of different soils. Field capacity and permanent

wilting poìnt have been considered from this table for the discussion

of resul ts.

Locations ClA78 and C4C7B were in the ]ow spots. At CIA7B,

the volumetric moisture contentatthe 60-cm,90-cm and llO-cm depths.

remained above 40.0 percent, whereas, it remained above 32.5 percent
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TABLE 5.14 REPRESENTATIVE PHYSICAL pR0pERTTES 0F S0rLS (ISRAELSON, 1962)

Soi l
Tex-
ture

I nfi I trati on I

and
Permeabi 1 i ty
I nches / hour

Sandy

Sandy
Loam

Loam

C1 ay
Loam

Silty
C'lay

cl ay

2
(r-ro)

I
(0.5-3)

Total
Pore
Space

%

0.5
(0.3-o.B)

38
(32-42)

43
(40-47)

Apparent
Spec'i f i c
Gravi ty

0.3
(o. r-0.6)

0.1
(0 . 0l -0 .2)

u.¿
(0.05-0.4)

i .65
(r.55-r.Bo)

I .50
(r.40-r.60)

I .40
(r.35-r.50)

47
(43-4e)

49
(47-51 )

5l
( 4e-53 )

53
(51-s5)

'Intake rates vary greatly with so'il structure and structural stabiljty, even beyond the normal
ranqes shown above

2Reaãjly available moisture is approximateiy 75% of the total available mojsture.
lNormal ranges are shown in parentheses.l

Field
Capac'ity

%

9
|'o-r¿i

14
(ro-r8)

22
(rB-26)

¿/
(23-3r )

1ì

(27-35)

l?r-?ql

1.35
( r .30-r .40)

Permanent
trliìting

%

I .30
l1 õF r ar\\r.¿c-t.JJ/

1.25
( r .20-r .30)

/1
I

(2-6)

6
(4-B)

l0
(B-l 2)

l3
(lr-rs)

Total Available Moisture2
ury

hleight Basis
%

q

(4-6)

R

(6-r o)

vo I ume
Basi s

%

12
(ro-r4)

I
(6-ro)

t¿
(e- 1 5 )

11lt
(r4-20)

l9
(16-22)

21

(rB-23)

23
(20-25)

l5
(r 3-r 7)

nches
per
Foot

14
(r2-r6)

l6
(14-18)

l8
(r6-20)

17
(r5-re)

1.0
(o.B-r.2)

1.4
(r.r-l.B)

2.0
la r 

^ ^\\t.t-¿.J)

¿.5
(2.0-2.6)

2.5
(2.2-2.8)

2.7
(2.4-3.0)

I

\
I
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Pigúre 5,8 Moisture ProfiLe and RainfaJ.ì. Histogram at
Location Cousins-Cl-À78 in .1978
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Figirre 5.9 Moisture Profile and Rainfall Histogram at
Location Cousins-C4C78 in 1978
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at C4C78. The difference in mo'isture content can be attributed to

the difference in soii properties and the upward flow from the ground-

water. But the soil properties at these depths were similar at both

I ocat'ions .

Upward flow from the groundwater depends upon its depth below

the soil surface, the hydraulic gradient set up by dry soil at the

surface and the soil properties. The hydrau'lic Aradient at C4C7B

was higher than at CIATB because of low moisture content at the 30-cm

depth at C4C78 and the upward flow should be, therefore,'larger at

C4C78. But the groundwater depth was I .62 n at C4C7B and onìy 1.45 m

at ClA78 and because of that the flow should be smaller at C4C7B.

Figures 5.8 and 5.9 show that the influence of depth prevailed. This

jndicates that the depth of groundwater has a stronger effect than

the hydraulic gradient.

: There was a significant difference in the mojsture content at

the 30-cm depth at these locations. At C4C7B, the mojsture content

remained between 17.5 percent and 30.0 percent for most of the period,

whereas, it remained between 40.0 percent and 45.0 percent at ClA78.

This difference is attributed to the difference in soil texture of

the 30-cm layer ìn addition to the effect of groundwater. The sojl

texture was sandy loam at ClA78 and sandy at C4C7B. In the middle of

August, the rainfall was limited and no irrigat'ion was applied, but

the moisture content remained above 17.5 percent at C4C78 and above

38.0 percent at CIA7B. '

Locat'ions C2878 and C3B7B were in the high spots. The ground-

water was 1.98 m below the surface at CZBTB and 2.10 m below the
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surface at C3878. The soil texture at both locations was similar.

It was sandy loam at ll0 cm depth and sand at the other monitored

depths. Figure 5.10 shows that the upward flow from groundwater

was ínfluencing the mojsture content at the ll0-cm and 90-cm depths,

as they retain moisture content above the field capacity. As the

ground water level fell in the month of July and August, the influence

of the groundwater declined as indicated by the reduced moisture con-

tent at the llO-cm depth. Figure 5.ì1 shows that the groundwater

had no effect on the moisture regime at C3B7B. Here, the moisture

content at the 60-cm,90-cm and llO-cm depths fluctuated very near

the field capacìty.

During the middle of August, the moisture content at the

30-cm depth decreased below the permanent wilting point aL CZB78

and was equal to the permanent wilting point at C3B7B. The rainfall

was ljmited and 'irrigation was not appìied. The plants suffered

from prol onged wì 1 ti ng.

Irnigation was required at the high spots and no irrigation

was required at the low spots to maintajn proper moisture content.

Table 5.15 shows the; äVêFâ,gêrÌrìoisture content taken,from the discussed

figures. it shows that 80 percent of the field required irrigation

during the months of July and August.

5"4 Moisture Profiles in the Cousins Field in 1977

Figures 5.12,5.13, 5.14 and 5.15 show the moisture

at locations ClA77, C4A77, CZB77 and C2C77, respectiveìy.

5.16 and 5.17 show the moisture content at the lS-cm depth

prof i 'les

Fi gures

on the



TABLE 5. I 5 AVIRAGE MOTSTURE CONTENT IN THE COUSiNS FIELD IN I977

Locati on

Hìgh CZB77

Spot
c3877

Low C1A77
Spot

C4C77

Percent
of

Tota I
Area

July

30 cm 60 cm 90 cm ll0 cm

'lÃ n

65 .0

5.0

l5 .0

Average Mo'i sture Content

12.5

't? n

42.5

25.0

l5 .0

13.0

45 .0

37 .5

20.2

I 3.0

50.0

42.5

Volume Basis (%)

Augus t
30 cm 60 cm 90 cm ll0 cm

37 .5

17 .0

52.5

47 .5

7.5

10.0

42.5

?0.0

12.5

12.5

42.5

35.0

l6 .0

12.5

42.5

4?.5

25 .0

13.0

52.5

47 .5

Pl ant
Growth

Fai r

Poor

Good

Good

I

!
..Þ

I
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furrow and hill, respectively.

Locatjons ClA77 and C4A77 were in the hìgh spots. The

moisture content at the 30-cm,60-cm,90-cm and llO-cm depths varied

between'12 percent and 20 percent at both locations, except at the

llO-cm depth at ClA77, where it was near 25 percent in the months of

Juiy and August. From 8 July to l3 July frequent rainfall resulted

in a sharp rise in mojsture content at all the depths. Deep per-

colation depleted the moisture content from the upper 'layers and

added to the lower layer as is clear from Figure 5.13. Had the rain*

fall been evenly djstributed over a period of time, the deep per-

colation losses would have been smaller. Therefore, the distribution

of the rainfall is as important as the amount of the rainfall. Heavy

raìnfall of 32 mm on 30 July did not increase the moisture content.

This was because the top l5*cm layer was very dry before the raÍn-

ball. Figures, 5.'l6 and 5..]7 show that the moisture content, then

was below the permanent wilting point, being 2.0 percent to 6.0

percent. This shows the effect of the initial moisture content.

In August, the evapotranspiration was high. The sequence of small

rainfalls kept the moisture content near fieìd capacìty. The

moisture content at the l5-cm depth had more effect on the crop than

at any other depth. In the last week of July, the moisture content

at the l5-cm depth, which was below the permanent wiìting po'int,

caused damage to the crop, even when the moisture content at all the

other depths was above the field capacity. Irrigation was required

during this period.
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Locatjons CZC77 and CZB77 were in the low spots. The moisture

profiles at both the locatjons are very s'imilar. Here too, the freq-

uent rainfall from B July to l3 July caused a sharp rise in the mois-

ture content at all depths. The moisture content was above 30.0 per-

cent throughout the grow'ing period. At the lS-cm depth the moisture

content was 25.0 percent on the average. This high moisture content

was harmful for the crop. These spots required drajnage.

5.5 Moisture Profiles in the Friesen Field in lgZg

The moisture profiles at locations FlA78, F3A7B, FlB7B,

FZB7B, F3C7B and FZCTB have been presented in Figures 5.lB to 5.23.

At all the six locat'ions, the moisture content at the ll0-

cm depth remained above 40.0 percent. Durìng the month of Ju1y,

it fluctuated between 50.0 percent and 60.0 percent and during the

month of August between 40.0 percent and 50.0 percent. At F3C7B

(F'igure 5.18) 'it remained 55.0 percent on the average. The variations

of the moisture content at this depth were due to the fluctuations

in the groundwater level.

The pattern of the moisture content at the 90-cm depth was

similar to that at the llO-cm depth. But at F3A7B (F'igure 5.22),

it was well below that at the llO-cm depth. This locat'ion was in

the h'igh spot in the field. The difference in the moisture content

of the 90*cm and llO-cm depths was caused by the deep groundwater

table at this location, which resulted in less upward flow as com-

pared to that at the other locations. The crop was better at this

location as compared to the other five locations.
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The moisture content at the 60-cm deoth at five locations

was above 40.0 percent. At FZBTB (Figure 5.19), it was-bêtrveen-4S.0

and 60.0 percent in the month of July and between 45.0 and 50.0

percent in the month of August. This spot was a'low spot and the

texture of the soil was clay instead of sandy'loam, as it was at the

other locations. At F3478 (F'igure 5.22), the pattern was different.

The moisture content varied between 30.0 percent and 45.0 percent in

July, and 22.5 percent and 30.0 percent in August. The August mois-

ture content was favourable to the crop as indicated bv the fast

growth of the crop.

The moisture content at the 30.0 cm depth at FIBTB and FZB7B,

(Fí gures 5.20 and 5. 19, respect'ive'ly) was hi gher than the mo'isture

content at the 60-cm depth. Usually the moisture content at the

30-cm depth is lower than the moisture content at the 60-cm depth.

This condition prevailed due to the sandy loam texture of the 3O-cm

layer and sandy texture of the 60-cm ìayer. There was ponding of

the rainfall water on the surface, the rate of infiltration being

very 1ow. A similar situatíon existed at F3478 (Figure 5.?2).

The moisture content at the 30-cm depth at F3C78, F?B7B and FlB78

(Figures 5.18, 5..|9 and 5.20, respectively) remained above 45.0

percent but was below that of the 60-cm depth. At F3A7B (Figure 5.2?)

it fluctuated between 35.0 percent and 48.0 percent.

Table 5.16 shows the average moisture content taken from the

figures discussed. The moisture content was above 40.0 percent at

all depths in a large part of the field. This was due to the high

groundwater table. At the low spots it was only 75 cm below the



TABLE 5.I6 AVTRAGE MOISTURE CONTENT

Locati on

FI A7B

FI B78

F2B7B

F3C7B

F2C7B

F3478

30 cm

42.5

50.0

4.7 q

47.5

/11 E

37.5

ÏN THT FRIISEN F]ELD II,I I978

Average Moisture

Ju ly

60 cm

50.0

52.5

53.0

52.5

55.0

35 .0

90 cm

50.0

52.5

55 .0

40.0

Co

ll0 cm

tent. Vol

50.0

52.0

55 .0

57.5

Ãnn

"rme Basis

Augu

30 cm

^1 
f

50 .0

45 .0

47 .5

47 .5

J3.U

60 cm

ol
/o

47.5

44.0

50.0

50 .0

¿c .u

QO ¡m lln

47 .5

47 .5

45.0

52.5

50.0

47.5

47.5

47.8

trlt (\

50.0

40 .0

I
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surface. The ìow spots as well as the high spots required drainaqe.

5.6 Moisture Profiles in the Friesen Fjeld in l92
The moisture profiles at locations F3A77, Frc77, FZBTT and

F3c77 have been presented in Figures s.24, s.zs, 5.26 and s.?1 ,

respect'ive1y.

Locations F3A77 and FZB77 were in the high spots. The mois-

ture content at F3477, at the 30-cm and 60-cm depths fluctuated

between 17.0 percent and zz.0 percent, which was favourable for the

crop. At the 90-cm depth, it was near 30.0 percent and at the

llO-cm depth, it was near 42.0 percent. The high moìsture content

at the 90-cm and llO-cm depths did not affect the crop. The mois-

ture content at FzB77 was 5.0 percent more at each depth as compared

to that at F3A77. This difference is attributed to the difference

in texture.

Locations F1c77 and F3c77 were the row spots. At F1c77

the'moisture content remained above 4b.0 percent at all the depths.

At F3c77 the moisture content at the 30-cm depth decreased from

48.0 percent at 31.0 percent in response to the evapotranspiration

and deep percolation. This difference in the moisture content at the

two low spots is attributed to the difference in texture, which was

sandy at F3C77 and sandy loam at F1C77.

Figures 5.28 and 5.29 show the moisture content at the l5-cm

depth on the furrow and the hill, respectively. The mojsture con-

tent at the high spots on the ridge at F3A77 was at wilting point,

on the average. At FzB77 also, it was at the wilting point for a
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period of one week. The roots of the plants did not develop more

deepìy due to the hjgh moisture content at the lower'layers and at

the upper ìayers, the moisture content was not optimums. This affected

the crop development. At the low spots the mojsture content at the

lS-cm depth was above ZS.O percent. Some air spaces available at

this depth allowed the growth of the p'lants, but the crop was very

poor. A sjmjlar pattern of the moisture content was observed in

the furrow except that it was higher by 10.0 percent at F?877 as

compard to that on the ridge at the same locatjon.

Drainage is required at the Iow spots. If irrigation were

provided at the high spots, drainage would also be required.

The moisture content on volume basis was found to be as high

as 60 percent in both the years 1977 and 1978. The porosity of the

sojl was 0.45. This is an'impossible situation. The sources of

error may be improper packìng of the soil around the access tubes and

incorrect calibrat'ion. Therefore, the moisture content data are not

reliable for determjnìng the averane values of moisture content. Their

mai n uti 'l'i ty ì s for purposes of rel ati ve compari son .
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CHAPTER VI

CONCLUS I ONS

l.
The conclusions resultÍng from this study are as foilows

A design ínfiltration equatÍon for the Cousíns field is:
U. böJ

y = 1.055t - 0.094

y = cumulative infiltration (cm)

t = elapsed time (min)

saturated hydrau'l i c conducti vi ty of the so'i I j n the cousi ns

field varied from 11.28 cn/h to 25.80 cmlh for nearìy 95

percent of the area and was 3.9? cn/h for the remaining area.

The results of this study showed that the bubbring pressure

was close to that for unconsolidated sand as obtained bv

Laliberte ('1966). The pore-size distrjbution index variecl frorn

that of unconsolidatecl sand. to that of sandy loam soil as obtained

by the same author.

Runoff is unlikeìy to occur on the Cousins field.
The equations derived for average capiììary pressure,at the

wetting front are useful in determining the time of runoff

for any injtial moisture content and, hence, there js no

limitation of the assumption of dry soil.
The moisture content at eighty percent saturation or even

more below the 30-cm depth, did not have a harmful effect

on the crop, provided that the moisture content at the rS-cm

depth was near field capacity.

2.

f

A

Ã

6



B.

- tu(, -

There was a significant effect of the groundwater on the

moisture regime. A difference of 40 cm in the groundwater

level affected the moisture reg'ime substantially.

The slope of the groundwater table was 0.i35 percent on the

average.

Flow of the groundwater is towards the Assiniboine River.

The large sìope of the groundwater table and the high sat-

urated hydrau'lic conductibity showed that the natural drain-

age l\,as effective. Almost the whole of the recharge by

precipitation was drained naturalìy.

The rise in the groundwater level due to snowfall was from

20 cm to 60 cm. Precipitation in the form of snowfall

affected the groundwater regìme more than rainfall or irriga-
tion. Therefore, snowfall in any year affects the ground-

water regime which in turn affects the moisture regime.

More frequent rains resulted in less deep percolation and,

hence, less rise in groundwater level as compared to rains

of the same amount occurring in a short duration. Therefore,

amount as well as duration of the rainfall is important in

determining the mojsture and groundwater regime.

In the Cousins fie'ld, irrigation during the months of Ju'ly

and August is essential. In the absence of irrigation, the

yÍeld of the crop wiìì be severely affected.

The low spots in the Cousins field having a sandy-textured

soÍl do not require drainage, but drainage 'is required on

those 1ow spots havìng fine-textured soils.

q

10.

lt

12.

13.

14.
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15. Both drainage and irr^igation are required at the. Friesen

field.



CHAPTER VII

RECOMMENDATIONS

The following recommendations for further studies are

ma0e.

l. The method of determining the properties of porous media by

appìying the model of Gardner et al. (1970), and the concept

of average capillary pressure should be supported by 'laboratory

s tudi es .

2. The direction of groundwater flow is known; additional

observation wells should be p'laced "downstream" outsjde the

ir:rìgation field to determine the effect of irrioation on

adjacent land.

3. special wells or pits should be instalred to monitor the

movement and qualìty of groundwater from the surface to

the water^ table.

4. Effects of irrigation on the groundwater should be studied

ì ndependently from rai nfal I .
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TABLE A-I ELAPSED TIME AND CUMULATIVE INFILTRATION DATA

TABLE A-2 ELAPSED TIME AND CUMULATIVE INFILTRATiON DATA

E1 apsed
Time
(m'in )

Cumulative Infiltration (cm)

txperjment No.

0
2

5
l0
l5
20

JU
40
Ãn

60
70
80
90

0 .00
5.70
8.60

12.20
l5 .45
18. 70
21 .65
24.45
30 .30
36.10
41.65
47.20
52.85

0.00
4.95
7 .40
9.90

12.25'l4.65

16.80
19.05
¿5 .53
27 .85
?2 qq

''-'u

0.00
2.45
6.25
B. 95

11.25
13.45
15.50
17 .65
22.75
27 .75
32.95
.Jö. LU

0 .00
2.85
4.85
6.70
8.45

10.25
11.85
I 3.65
17.15
20.75
24.60
28.45
32.20
36.25

Eì apsed
Time
(min)

Cumulati ve Infi I tration

txperiment No.

6

cm

0
a

5
l0
l5
20

30
40
50
60
70
BO

90

0.00
I .50
3.60
5 .40
6 .80
8.00
9.25

10.50
1? qq

15.30
17. B0
20.30
2?.80
25.30

0 .00
3.80
6.35
8. l5
9 .50

10. 70
11.60
t2.85
ï5.35
17.65
20. l0
22.45
24.95
27.40

0.00
4.50
6.80
B. 60
9.90

I I .00
12. l0
I 3.30
l5 .55
I 7.65
20.35
22.85

0.00
4. l5
5 .60
6.75
7 .75
B. 75
q76

10. B0
12 -90
l5 .00
17.10
18.25
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TABLE A-3 ELAPSTD TIME AND CUMULATIVE iNFILTRATION DATA

TABLE A-4 ELAPSED TIME AND INFILTRATiON RATE

Eì apsed
Time
(min)

Cumulative Infi I tration

Experjment No.

9 l0

(cm

ll 12

0
2
5

l0
l5
20
25
30
40
50
60
70
BO

90

0.00
5 .05
5 .65
6 .35
6 .85
7.35
7. B0
8.25
9.25

1î ?q

ll.l5
12.15
13. l0
14.29

0.00
4. l0
4.95
5.25
5.70
6 .40
6 .90
7.30
8.25
9. l0

10.20
11.25
12.25

0 .00
I .50
?6Ã
4. 85
5.60
6.25
6.95
7.60
B. 90

10. 25.l1.55

13.20
14.60
16.05

0.00
3.30
5 .05
5 .80
6.55
7.20
7 .80
8.40
9.75.|0.95

11 .25
12.45
13.7s
a- ar

El apsed
Time
(min)

Infi I trati on Rate min

Experiment No.

I ¿ 4

0
2
5

l0
l5
20
¿J
30
40
50
60
70
BO

90

2.85
0 .96
0.72
0.65
0.65
0.59
0.56
0 .58
nÃa
nÃÃ
0.55
0.56

2.47
0.82
0 .51
0.46
0.48
0.43
0 .45
0.43
0.45
0.47

.o:ou

1.22
1 .26
0.54
0 .46
0.44
0.41
0.43
0.51
0.50
0 .52

1:u'

1 .42
0.66
0.37
0.35
0. 36
0.32
0.36
0 .35
0.36
0.38
0.38
0.37
0.40
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TABLI A-5 ELAPSED TIME AND INFiLTRATiON RATE

TABLE A-6 ELAPSED TiME AND iNFILTRATION RATE

tì apsed
Ti me
(min)

Infi I trat j on Rate (cmlm'in )

Experiment No.

0
2
6

l0
l5
20
¿5
JU
40
50
60
70
80
90

olzs
ñ7n
0.36
0.28
0.24
0.25
0.25
0.24
0.23
0.25
0.25
0.25
u. ¿5

i lgo
0.85
0.36
0.27
0.24
0.lB
0.25
0.25
0.23
0.?4
0.23
0.25
0.24

¿. ¿5
0.76
0.36
0.26
0.22
0.22
0.24
0.22
0.21
n27
0.25

^. 
2F,

?.08
0.48
0.23
0.20
0.20
0.20
0.21
0.21
0.21
0.?1
0.22

Eì apsed
Ti me
(min)

Infiltration Rate (cm/min)

Experiment No.

9 l0 ll 12

0
2
5

l0
l5
LU

25
30
40
50
60
70
BO

90

2.02
0.20
0.14
0. l0
0. l0
0.09
0 .09
0. l0
0.10
0.09
0. l0
0.09
0. l0

2.05
0.28
0.06
0.09
0.12
0. l0
0.08
0.09
0.08
0.ll
0. l0
0.10
0.ll

0.75
0 .68
0.?6
0.15
0.13
0. l5
0. l3
0.1 3
0.13
0. l3
0.16
0. l4
0. l4

l.os
0.58
0. l5
0.15
0.13
0.12
0. l3
0.12
0. l3
U.IJ
0. 12
0. l4
0. l4
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TABLE A-7 INITIAL AND FINAL MOiSTURT CONTINT
EXP ERI MTNT

DATA OF INFILTRATION

TABLT A-B iNITIAL AND FINAL MOISTURE CONTENT DATA OF INFiLTRATION
TXPERIMENT

Moisture Content, Dry l^leiqht Basis (%\

Depth
cm

Experiment No.

-3
Initial F'i na I Initial Fi nal Ini ti al Final

10.4
8.1
8.0
7.0

Depth
( cm)

Moi sture Content, Dr.y l,lei qht Bas j s (%)

Experiment No.

l?3
lnltjal Final ffi initial Fjnal

l5
30

60

10. I
6.8

6.7

37.5
28. I
22.6
19. 6

5.6
5.7
6R
qû.

33.5
28.3
26.3
20.0

7.6
6.0
6.4
5.9

4l .B
23.1
21 .9
20.9
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TABLE A-9 INITIAL AND FINAL MOISTURE
EXPERIMENT

CONTENT DATA OF INFILTRATION

Moisture Content, Drv l,lei ht Basis (Z

Experiment No.

/ffi Bffi
7.0
8.5
7.4
6.6

Initial inal

37 .0
40.2
16.7
18.5

TABLE A-IO iNITIAL AND FINAL MOISTURE CONTENT DATA OF ]NFILTRATION
EXPERIMENT

10.2
11 .2
9.0

10. 3

Depth
(cm)

l0ffi
Experiment No.

ll
ffi TniTl;l-

t2
Flnl I

l5
30
45
60

ll.9
8.4
7.6
6.3

J5. /
3l .3
I8.5
17 .0

ll.8
WT

12.1
16.4

?7 .4
¿+.5
16. B

14. B

7.0
8.5
-7 tl

o-/

43.9
25.0
2?q
I8.6



TABLE A-I I MOISTURT CONTTNT
FLOODING ENDS AT

- il3 -

OF THE TRANSMISSION ZONE AFTER THE
SECTION I AND INITiAL MOISTURE CONTTNT

Moisture Content lt|ei t Basi s

tlapsed Time (h)

-

l0

TABLE A-I 2 MOISTURE
FLOOD I NG

30 .0
28.5
?7ñ
26.5

CONTENT OF THE
ENDS AT SECTION

17 .5
I t.J
l6 .9
16.7

1?.3
1?.0
ll.e
ll.B

24

9.8
9.6
9.3
q?

TRANSMISSION ZONE AFTER THEII AND INiTIAL MOISTURE CONTENT

Moisture Content- Basis

AFTER THE
MOISTURE CONTENT

24

TABLE A-I 3 MOISTURE
FLOODI NG

20.5
l9 .0
19.0
18.7

CONTENT OF THE
INDS AT SECTION

TRANSMISSION ZONE
III AND INITIAL

17 .0
l6 .5
l6 .5
l6 .0

l5 .0
14 .9
14. B

14.8

9.0
8.9
8.9
8.8

Ini tí a
Moi sture
Content,

Dry l,le i gh t
BasÍs (%

6.8
7.0
6.9
Âo

nitia
Moisture
Conten t ,

Dry hlei ght
Basis (%

'7^

7.1
7.1
7.2

)epth
(cm)

Initial
Moi sture
Content,

Dry t^Je i gh t
Basis (%)

Elapsed Time (h)
0 I 

-6 

ln 2¿.

7.5
l5 .0
22.5
30.0

7.1
7.4
7.6
7.9

20Ã
28.5
?7.0
27.0

24.3 | 22.0
23.8 | 21 .0
23.5 | 20.6
23.6 | 20.4

I

20.0
19.4
19.0
IB.B

l6 .6
l6 .5
l6 .4
l6 .4

t+.Y
i 4.4
14.4
t4. J

1?.0
ll.e
ll.8
ll.B
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CONTOUR MAP OF THE COUSINS FIELD
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Method of Averages

The method of averages was used to calculate average capiìlary
pressure at the wetting front (o.uu) and saturated hydraulic con_

dictivity (C^) from the Green and Ampt function.S'

rsfr * to.uu 
I 
n)t'11 

(r)

Rearrangi ng equat'ion ( I ) , we obtai n

t(o).F = C=tF + (P.uu * h)rMDl (rr)
The observed data includes the jnitial moisture deficit (IMD),

the head of water above the soil surface (h) and a number of obser-

vations of the cumulative infiltration (F) corresponding to the infilt-
ration rate f, \.(pJ

Let there be n data points. substitute first I data poìnts in
equation (ll) to obtain I equations. Add these equations to obtain

equation (III) having a form

D = C, tr + flP.uu * h)IMDI (III)

n

z
where D = I fr^r.,-F.,

J=l \v/u u

n

z
and E = I F.'t-'r ù

u-l

similarly substitute I aatu points .in equation (lr) and add
n.
ä equat'ions to obtain another equat'ion (tv) similar to equation (iII).
Equations (iII) and (IV) are solved algebricaì1y to obtain p.uu and cr.


