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' SUMMARY

The rate of salinisation of soils from a water table has been
shown to be related to the concentration of salts in groundwaters
and the rate of upward flow of saline groundwater. The ma#imum
rate at which so0il can transmit soil solution from é Water'fable
to the surface:is governed by hydr;ﬁlic conductivity characteristics
and deptﬁ to wﬁter table. In tﬁe present study the effects of
éhemical composition of groundwaters on the rate of salinisation
~of three differgnt soils by upward flow were evaluated in soil
Vcolumns. Thesé effects were related to changes in pore éeometry
and hydraulic conductivity characteristics of the soils in salt
solutioné. |

The pore geometry, saturated and unsaturated conductivity,
and - the capaéity of the soil to fransmit,soil solutioﬁ from a
water table to the sﬁrface varied_iittle in krasnozem soil
exposed to different salt solutions, but marked changes of
different magnitudes occurred in the case of alluvial and red
brown soils.

With a reduction invcatiqn concentration.of salt solution
at a given SAR, the inter—aggfegate pores of alluvial and red
brown soils decreased'in size, apparently dué to'swelling of
séil‘aggregates. The extent of this decrease in pore sizes was
greater for solutions of higher SAR. A pore size index was
proposed to evaluate quantitatively these changes in pore geometry.
Patterns in the-volume qhanges of different sized pores with
changes in salf composition were discerned and used to predict
the moisture release curveé of these soils for other salt solutions
and also for soils at slightly different bulk densities in the same

salt solutions.

xi
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>The_Safurated and unsaturated conductivity at high pressure
heads of alluviai and red brown soils decreased markedly with
reduction in cation éunéentratioﬁ at a giyeﬁ SAR, while unsaturated
: conductiﬁity at low pressure heads showed only small &ecfeases.

Existing methods for computing’hydraﬁiic conductivities from
moisture release curves could not accurately predict the

conductivities at saturation and high pressure heads in different

\

jsait solutions. It was suggested that the discrepancy was(parfly
due to changes in internal pore geometry during desaturation as a
result of aggregate shrinkage. These changes Qere described
 qualitative1y in terms of a theoretical model.

A concept of equivalent salt solutions was also developed and
used to predict; fairly.closely, the hydraulic‘éonductivities of the
" soils in different salt sélutions. It is proposed that this mephod
.could bé used to correlaée directly flow éf different salt soluticns

iﬁ soils under specific boﬁndary'conditions. |

Tﬁe computed maximum depths to water table for specific rates of .
upward flow in alluvial and red_brownvsoils &eéfeéﬁéd as the cation

concentration waé reduced at a given SAR. However, marked decreases

in maximum depths to water table for specific rates of flow occurred
only with solutions of low cation concentration, in the presence of
which the values of unsaturated conductivity withiﬁ a critical range
showed marked deéreases. This critical range was défined using the
 data from a flux/unsatufatéd conductivityvratio method of combuting
upwafd flow. The changes in. measured ratesvof upward flow; as the
‘cation concentra&ion was reducedvat a given SAR, were generally'

_ similar in nature to the changes in computed rates. The‘abplicafion of
these results and concepts to field problems and areas for future

research have been discussed.



' INTRODUCTION.

Salinisétion of soils by the infrusion of salts and the
résﬁltant loss in prdductivity especiallj in irrigai.ed lands
hgs been a prbblem confronting farmers from ancient times and
it is a potential hézard in modern irrigation schémes. Capillary
rise from saline water tables is one of the processes causing
salinisation of agricultural lands and studies to determine the
rate of upward flow in soils from water tables at different
depths are necessary in designing draindge and agronomic
practisés for control of salinity. |

The movement of salts from saiine water fables.into the soil
above takes place primarily by convection.in the upward flow of
~salt solutions. Thus the rate of salinisétion is closely related
-t6 the concentration of salts in groundwaters and the rate of
upward flow of groundﬁétef, which equals the rate of evaporation
under steady floﬁ conditions. Several workers have demonstrated
' .that the rate of;évapofation can be 1imifed eitﬁer by‘the
atmoSpheric evaporative conditions or the maiimum rate at which
soils can transmit water to the surface, whichever is.less.
Previous studies also show that except for shallow depths to
- water ﬁable 6r humid conditions, the evaporation rate is usually
controlled by'tﬁe capacity of the soil to transmit water to the
surface which in turn is governed by the hydraulic cohductivity
characteristics of the soil and the depth to the water table.
‘Hydrolégicgl analysis yields the rates of saiinisation of a
soil from water tables at specific depths and henée the critical
depth beiow'which the water table ﬁust be_maintained to ﬁtevent

excessive salinisation can be calculated..



However, in the field, groundwaters with wide variations in
salt composition are encountered. The presence of certain szalts
in the soil solution could change the hydraulic conductiwvity
characteristics of some soills and thus alter the capacity of these
s0ils t§ transmit soil solution. This wouldAresult in changes in
the rate ;f salinisation of soils from a water table. The
magnitude of such cﬁanges in £he rate of salinisation is likely
to vary in différent'soils. Tﬁe present Study attempts to
evaluate the effects of salt cdmposition of gfoundwaters on
the rate of salinisation of different soils, and to relate these
effects to changes in thelporevgeometry and conductivity
characteristics of these soils in the prgSgnce qfxdifferent
salt solutions;' o |

Thus the objectives of the present . study are:

(a) to investigate changes iﬁbsaturated and unsaturated hydraulic
bconductivities of soils for salt solutions of increasing sodium
absorxption ratio and decreasing cation'chcentration;

(b)'bto assess thebeffecté bf salt solution composition on the
pore geometry of aifferent soils, to relate these changés to
saturatediand ﬁnsaturated cqnductivitiés in different salt
solutions and to evaluate methodé fdr computiﬁg unsaturated
conductivities ffom the moisture release curves of the soils

in the pfesence.of the same salt solutions;

(c) to compute the rate of steady upWard flow of salt solutions
in soils from groundﬁatersvéf different phemical.composition
using the uhsaturéted copductivity—preSSure head curves of the
séils for thé same salt solutions and to verify these results
experimentally, aﬁd

. (d) to propose a new method for computing upward flow from a



water table and to use this method for computing and comparing

upward flow from groundwater of different chemical compositions.



“'ITL. 'BEVIEW OF LITERATURE

A,  Factors affecting the Salinisdtion of Soils from a Saline Water -

The-deeline in productivity\of some ancient and recent irrigation
schemes has been attributed, at least partly, to secondary salinisation
by'capiilary rieeifrom saline water‘tables. A number of early studies
in the field have shown that.the depth to the water table is an
importaat factor determining the extentvef salinisation of soils and
that deep=drainage ia necessary to control salinity.by lowering the
water- table. Burgess (1928) found that in fine grained saline and
alkali soils in Arizona, U;S.A., the water table had to be lowered
to a depth 55'240 to 300 cm to prevent salinisation. TField studies
have shown that severe salinisation occurred.in alluvial soils in
Western Australia (Teakle and Burviil, 1945), soils‘in the Nile Delta
(Schoonover et al., 1957), and-alluvial soils ef the Hawkesbury River
1fleodplain near Sydney, Australia (Collis~George and ﬁvans, 1964)

'where tﬁe depth to the.water table Qas less than 150 to 180 cm, 60 cm
vand,75 cm respectively.

Polynov (1930) defined the critical death as "the maximum height
above the water table'to whieh salt contained in the’groundwater can
rise'uﬁder aatural conditions by capillary rise and diffusion". 1In a
detailed review of early etudies in the U.S.S.R., and eastern Europe to
determine critical depths, Talsma (1963)>recognized three groﬁps as
" follows: (i) field and lysimeter experiments onvsalinisation of cropped
lands (Sukhachev; 1958; Legostaev, 1958)§ (ii)'studies showing the
reiationship of groundwater depth to the salt content of.surfaee_soil.iayers

(Muratova, 1958; Florea and Stoica, 1958); (iii) studies showing the



relationship between th= depth to water table and rate of
evapotrauspiration (Kabaev, 1958; Legostaev; 1958; Kovda, 19€l1).
These studies showed that as the depth to water table increased
the rete'of salinisation: of the soil decreased. It was also found
 that the critical depth corresponded approximately to an upward
flow rate of 0.1 cm/day and that.the-critical depth to water table
varied widely acCording to the soil and other site characteristics
(Suchachev, 1958; Florea and St01ca, 1958; Kovda, 1961)

‘'The importance of soil texture in modifylng the crltlcal depth
to the water table was shown by the studies of Jackson et al. (1956),
which indicated that the rate of salinisation of a sandy soil
decreased sharply when the water table depth was more than 90 to
120 -cm, while for clayey soil at the same location the critieal
depth was much greater. On the other hand'VolobueY (1946) found
that'the.presence of a saline Watervta51e at depths less than 120
" to 130 cu.in a cla& soil and less than 130 to 150 cm in a loamy
soil led to eaiinisation. Groenewegeu (1959) showed that salt
aceuuulation in sutface layers was small in clay soils of very low
permeablllty and increased in loamy soils with higher permeablllty,
but with a further increase in permeablllty of the 50115 there appeared
to be a decrease in rate of salt accumulation in the surface layers.
These studiesfand results obtaiued by other workers (Krimgold, 1945;
Ravikovitch and Bidner—Bat Hava:1948j"iudicated that soils of intermediate
texture Wete mere liable to salt aceumulation (Talsma, 1963) than
either clay soils or sandy seils. Wiegand et al. (19665 in a study
on salt eftected drylandvsoils,'attributed the 1atger net accumulation
- of salt in clay soils to faster upward flow of salts from water tables
and lowet rates of leaching in these soils, when comuared to sandy

soils,



| In‘a fieldvstudy on alluvial soil Sukhachev,(l958) found that
the critical depths for lucerne on stratified and wniform soils
were 100 cm and 200 to 240 cm respectivel&, while for cotton the
critical depths for stratified and ncn—strétified soils were 150
to 180 cm and 280 cm respectively.

An increase in concentration of saits in the groundwater would
be'expected to lead to a proportionate increase in rate of salt
accgmﬁlation at the surface, provided that the rate of upward flow
of solution was not affecfed by this change in salt conceptration.
Kovda (1961) found fhat when the salt concentration was 1.0 - 1.5%
the critical‘depth to water téble was generally around 200 to 250
cm, but if fhe éalt concentration was Ofé—O.BZ in'groundwaters of
the chloride-sulphate type and 0.07-0.1%7 in groundw;ter containing
alkali (HCOS) thé extent of salinisation was generally very low.

The capillary rise of diffefent salt solutions in soil columms from
a water table has also been studied (Krupkin, 1963; Szabolcs’and‘Lestak;
1967). Thesg.studies showed that while 0.1 N solutions of NéCl, |

2 2774

rose only to a limited height above the water table. This was

MgCl and Na,SO, rose to considerable heights, 0.1 N Na,C0, solution

attributed to enhanced clay dispersion at the bottom of the column
iﬁ the presence of the NaZCO3’solution;( However, the‘specific effecté of
~changes in salt éolution compésition and salt pohcentration_of
groﬁndwater on the.rate of upward flow and on salinisation of
soils seem to have received little attention.i

Field studies have shownlthat vegetation could affect the”fate
of salinisation from a waterlfable, possibly by changing the moisture
'distribﬁtioﬁ pattern within the rooting zone. Verhoeven (1953),
'Jéckson et al. (1956) and Van Schaik and MilheA(1963)-found that in

sites with a deep water table greater salt accumulation occurred in



7
cropped than in fallow piots and this was believed.to be éaused by
greater moisture withdrawal by crops from the surface layers.
Talsma (1963) and Sandoval and Benz (1973) shoﬁed that removal of
vegetation'in goils with a deep water table led to a decrease in
the rate of éaliﬁisation apparently due to the formation of a dry
surface mulch and also due to preQéntion of moistﬁfe withdrawal by
crops from the rooting zone. Thé latter workers also found that in
a §ite with a shallow water tablé, a soil in which a mulch was
created by pioughing ih the stubblé was salinised almost to thé
same éxtent as a bare soil. This was attributed to the difficulty
of maintaining a soil Qulch by cultivation under the wet conéitiogé
and also to 1ess-efficient leaching due to the high water table.
Hamilton (1972) found that establishing salt tolerant vegetation
reduced the extent of salinisation of the surface 30 cm layer in
soils wi;h a saline water table, although tﬁe specific reasons for
these reductions in rate of salinisation Qere not évaluatea.' Leo
t1963) showed that root systems tended to accelerate salt water
movement to the foot zones, while fallowed soils tended to
accumulate salt near the soil surface. '

. Studies in the field (Benz et al., 1967; Wiegend et al., 1968;
Sandoﬁél-agd Benz, 1973) have shown ﬁha£ mulches co#ld’reduce the rate
of salinisation of soils from a saline wa£er table by reducing the
evaporation rate and by maintaining the soil in a ﬁoisf condition
so that even a moderate rainfall could leach the salts from.the
surface layers.

Saliniéation of lands from saline watér tables ﬁas been found
‘to be a greater pfoblem in drier areas, apparently due to.highéf'
evaporative'condifions, lower annual leaching of salts and higher
salinity of'groﬁndﬁaters. Jackson et al. (1956) showed in a field

study that rainfall, while 1eaching salts from surface layers, also



raised the water table, as a result of which iﬁgreased sélinisation
of surface 1ayers occurrea in the following dry months. Although it
has been. found that diuwrnal and seasonal temperatura variatioﬁs
create temperature gradients in tﬁe soil pfofile which may induce
some salt trénsport to thé su¥face_}ayers (Durand, 1956; Gurr et al.,
1 1952) it has been suggested that thisxis not an important factdr in
salinisation of irrigated iands (de Vries, 1958). On the other
hand Talsma (1963) found that in sites where the rate ofvupward flow
was low, high atmospheric temperatures could cause excessive drying
of the surface leading to the formation of a soil mulch, which thén
reduced the rate of upwérd flow frém the séline water table.

Thus the early studies showed that the raté of sélinisation of
soils was affected by factors.such as depth to water table, soil
profile characteristics, salt concentration of.the grouﬁdwater,

- climate'and vegetation. However, the relative importance of these
factors appeared to vary in different locations and the nature of
their iﬁteraction was not clearly defined until Philip (1957) and
Gardner'(1958) proposed methods for computing upward flow in soils
from a water table, baéed'gn an isothermal steady flow model. Their
studies also showed that upward flow from a water table was limited
either by the capacity of thé‘soil to fransmit water to the surface,
._govefned by the depth to the water table and the hydraulic .
conductivity propertiés ofvthe soil, or by the external evaﬁorative
‘conditions, wﬁichever was.leés. Talsma (1963) in a study of'sglinity
in éoils of the Murrumbigee Irrigation Aréa, in Australia, used a
hydrologicél approach to compute the potential rate bf upward flow
f'of saline groundwaters in different soils. He_combined.these results
with data fof the maximum rates of évaporation possible uﬁder the

‘climatic conditions existing during different seasons to pvedict
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rates of upward flow in different soils throughout the year. Good
agreement between these computed rates of upward flow and the
experimentally determined rates of salt accumulation at the surface
was oBtain;d. Talsma also found that the critical depth corresponded
to én upward flow rate of 0.1 cm/day. This rate being smaller than
the potential evaporatibn fate of any~of the seasons, was conducive '
to éhe formation of a soil muléh at the surface, thus restricting
upward flow. |

" The principle processes and factofs thch affect the upward
- flow of water and salts from a Qatef table and their interactions
" are illustrated in Figure 1. Field cultural and croppiﬁg practices
could modify the rate'of saliniéafion of soils due ﬁo upward flow |
from a watef fable by changing one or more of the factors-which
affect this upwafd flow. While many field trials have been carried
out to assess the changes in the rate of salinisation.of soils due
‘to the use of different agronomic-practiées, the evaluation of the
'basic causes responsible for these changes usually requires
investigations of a'hydroiogical natufe (Hamilton, 1972). Several
wérkers (Visser, 1959; Talsma, 1963; Rijtema, 1965; Hamilton, 1974)
have cléarly shown that in studies relating té upward floﬁ in soils
from a water table, the use §f the hydrological approach, taking
into accgﬁnt the inteérated effects of all factors which could
affect this process (figure 1); provides a means forvquantitatively
evaluating the specificbeffectsvof differeht factors which. affect
ppward flow of water and salts and hence the rate of salinisation

of soills from a water table.

N L
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"B;"'Stéainﬂéward'FlOW‘from a Water Tableé in Soils-

Kiﬁg'(1899) and Shaw and Smithv(i927) found in studies in soil
columns that as the depth to the water table was incireased, the
rate of upward flow decréased.' The latter workers also found that
there was no measurable upward fiow of water in Yolo loam and Yolo
sandy loam soil columns when the watervtable was at a depth exceeding
300 cm; Moore (1939) was the first to measﬁre both the moisture
content and préssure head distribution between the water table and
the evaporating surface during steady upward flow.

The isothermél,steady, upward flow of water from a water table

to the soil surface is given by,
o = y (b
a = k() (g + D

where q is the flux, k(h) is the unsaturated conductivity, h is the
.pressure head and z is the depth to the water table, with the
vertical coordinate taken as positive upwards. Separating the

variables and integrating,

h 1 dh

2= L TE akm
. - 1 ,.dh ' . .
-z maX. =,£ 1—1—E7EZE7 P @

It has been shown that if the relationship between the pressufe
head and unsgé;%éted coﬁductivity is known equation(l) can be solved
either by numerical meghods (Philip, 1Y57) or by analytical methods
where unsaturated,conductiﬁityfpressure head curves can be
fepresented by certain empirical equations (Wind, 1955; Gardner,
1958), to obtain pressufe head-depth curves for different rateé of
upward flow. A number of different empirical equations have
'subsequently been proposed by different workers tolfepresent

" experimentally determined unsaturated conductivity-pressure head curves.
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The use of these equations has been reviewed in detail by Raats and
Gardner (1971;‘1974) and grouped into six basic models. The equations
were expressed in dimersionless form in order to permit meaningful

comparisons between tic models. Further details of these models are

given in Table 1. Another method for solving equation (1) using the
flux/unsaturated conductivity rati&n(Jayawardane, 1977) was developed
during the present study (Appendix A). |

Computed préésure head-depth curves indicate that suction shows a
very gradual increase with height ébo?e the water téble untii jﬁst
below the Surfacé where it increases very rapidly (Gardner, 1960).
When evaporation is limited by external conditions the suction at
" the soil surface is relatively low and only a small increase of this
sucticen is requiréd to markédly incréase the evaporation rate.
However, asvthe suction at the soil surface is further increased,
the evaporation rate sﬁon reaches.a limiting value which cannot be
éxceeded however high the ﬁotential evaporation rate (Gardner, 1958,
1960).> Thié maximum rate of evaporation is defermined by the deptﬁ
to water table and the hydraulic conduétivify properties of the soil.
Thus the rafe of evaporationvis limited by thé'éxternal potentiél
evaporation or the capacity of the soil to move water to the surface,
whichever is ieSs. The rate of evaporation is usually limited by the
ability of thebsoil to move water to the surface, except under humid
Acoﬁditions or where a water.table occurs at shallo& depth.

bGardner (1958) aisp,showed that for unéaturated ébnductivity—
ﬁressure heéd curves conforming to model E (Table 1), provided that the
saturated conductivity/flux ratio is much greater than ten, the maximum

rate of upward flow, qmax’ from a water table at a depth, z, is given by,



Table 1. Methods available for computing pressure head profiles during
"partly on Table 13-1 of Raats and Gardner [1974]).

steady upward flow from a water table (based

P ‘Empirical
' TESSUre  equation. for : '
Methods - Model Author head, h 4 ' - Advantages and Disadvantages
‘ unsaturated
.conductivity
1. ANALYTICAL: A 7 Green and Ampt (1911) zhl K 1. Simplifies computations of upward flow
METHODS : ' <h1 0 and provides insights into physical
' ' ' S aspects of flow.
B Richards (1931) }hz K(l—h/hz) , S .
. <h2 0 , 2. Can be used only for k-~h curves which
o fit one of the many 2 or 3 parameter
Gardner (1958) <0 K exp oh equations proposed.
Rijtema (1965)° >h3 K
: <hy K exp B(h~b3)
E. Gardner (1958) <0 a(Sn+b)'-1 /
 Raats and Gardner n ..-1
.o (1971) (0. K[(h/hlzK) +1] .
AE  Whisler (1969) '
F  Wind (1955) >h, K _

Brooks and Corey
(1964)

2. NUMERICAL Philip (1957) 1. Can be used to compute upward flow
. METHOD accurately from any complex k-h curve.
2. Does not prbvide physical insights
into flow.
3. FLUX/ Appendix A
" UNSATURATED
"CONDUCTIVITY

RATIO METHOD

€1
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where Ah’ a and>n are constants for é given soil. Values of n of
about-2 have been obtained for fine textured soils while coarse
textﬁ?ed'éoils ha?e vélues of 4 or greater. Cisler (1969) showed
that the value of An i the ébove'equation'was'given_by (n/7 sin ﬂ/n)_n'
forAboth integer and non-integer values of n. In the case of all
models in Table 1, except A and B,\Eor any dépth of water table,
'there is a maximum upwérd flux which approacﬁes zero asymptotically .
as the depth to the wéter table becomes greater (Raats and_Gardner; 13974).
It has been pointed out that these small fluxes may feprésent an
important salinity hazard (Gardner, 1960).

Philip (1957) and Gardner (1958) also extended their analysis
to consider the-contribution of vapoﬁr movemenﬁ toithe rate of
evaporation under stead& flow conditions. Where the_exfernal
evaporative demand is greater than the maximum upward fiow the soil
near the surfaée Aries and within thié zone water movement is
entirely'in the vapour phasé while below this zone Qater movement
is in the liquid pﬁése. Gardner (1958) also showed that although
movement in the vapour phase would tend to increase the rate of
,evaporatidn, the contribution of wvapour movement to evaporation _
would be‘relatively small and is usually much less than 20 per cent.

A number of studies in the field (Wind, 1955; Visser, 1959;

' Talsma, 1963) and in soil éolumns (Gardner and Fireman, 1958: Willis,
1960) have indicated that the theqretical computations of upward

flow from water tables based on the isothermal stead& flow model

show close agreement with the experimentally determined evaporation

rates in their soils. However, Schleusener aﬁd Corey (1959) and King ana
Schleusener (1961) found that the evaporation rate'decreased as the
external evaporative potential was incréased,'instead of teﬁéining
constant after attainment of the 1imiting faté as.pfedicted by this

‘theory. They éuggested that this was due to hysteretic drying of
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the surface-layefs. Hadas and Hillel (1968) alsc obtained similar
results in evaporétion experiments but since the decrease in
evaporatlonkrate under high external evaporative conditions
Qcéuxred even though the soil surface wés drylng monotonically,
they sugggsted that this decrease in,évaporation raté could not
'-'be attributéd to hysteresis. - Further, as these decreases occurred
under very high'éxternal evaporatiﬁe-conditioné, (which were
muchjhigﬁer than these normally existing under field cpnditions),
it is poésiblé that a downward heat flux (Philip, 19%57) could
have c;used réductionS‘in the evaporation rate. Philip (1957)
showed that while temperature gra&ients had little effect on
evéporation'from moist'soils, theée gradients could affect the
- rate of evaporation as:the soils became very-dry. Gardner
(1958’ showed that the presence of a surface mulch would lead
to é'deéreaée in the'rate of evaporafian in soils with a water
table and that this decresase waé_proportional to the depth of
vthe‘mulch. | .

The hydrology of highly.colloidal soils, which show changes
in their Sulk volumes‘during>wetting and drying, haé been
described bj Philip (1969a, b). ‘In such soils the total
potential ihéludes a component of overburden potential in
addltlon to the moisture and gravitational potentlals.

Willis (1960) computed the steady upward flow in a 1ayered
3011 made up of two layers of different textures by means of
.an analyticél mefhod, usinglthe appropriate‘conductiviéy—pressure
héad funétion for each layer and matching the pressure hgad at
the boundary of the‘tﬁo layers. He found tha;.fﬁé computed

rates of upward flow increased as the depth of a coarser sand
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layer over a loam layer increased, while increasing the depth of
fhe loam layer 6ver the sand decreased ﬁhe upward flow. On thev
céntréry; it has been shown by other workers (Hadas and Hiliel;'
1972; Varallyay, 1974) that increasing the depth of the finer
textured layer at the surface increased the rate of upward flow
while the increase in depth of the coarser textured layer at the
surfaée decreased the rate of upward flow. Willis (1960) and
Haﬁas and Hillei (1972) found the experimentally determihed |
ratesldf'evaporation in layered soil columns were less tﬁan the
computed.values and it was suggested by the latter éuthprs that
this could be due to'iﬁterlayer resistance in these artificially
packed soil célumns. Hamilton (1974) foﬁnd good aéreement between
computed aﬁd measured‘féﬁes of upward flow in a layeredAfield
soil.  The iargé differenées in capacitieé of differént soils
' to transmit water to the surféce from water tables at speqific
depths is due tb_wide differences ip the unsaturated conductivity-
pressure head cﬁrves of the soils or of the soil layers in
strétifigd soils. |

If the presence of different séit solutions causes changes
in the hydraulic coﬁductivity properties of a given soil,
thié'éould be’expecéed'to-lead to-changes in tﬁe ability of
the soii td transmit solutioné from the Water_fable'to the
. surfacé.“_The'magnitude of‘these changes in upward fléw would
depend.onvthe relétive changes in the coﬁductivity éroperties

of the soil in the preéence of the different salt solutions.
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C. ~ Movement of Salts in Soils _

The,two~main processes causing salt movement in soils are
convection of dissolved salts with the mass flow of s0il solution
and molecular diéfusion dﬁe to concentration gradients (Gardner,
1965; Peck, 1971; Boast, 1973). ...

Movement of salt by moiecular'diffﬁsion takes placé from zones
of higher»sélt concentration towards zones of lower salt conCeptration.
The rate of diffusion is appioximately’proportional to thevdifference
in concentration. However, molecular diffusion in soils is a very
 slow ﬁfocess. For instance, Peck (1971) showed that molecular
diifusion wéuld move more salt than would convection only where the
soil solution flcﬁ was less than 10_9m/sec.

'Duriné séit moyeﬁént.by convection, the macroscopic rate of
movement of salt is eqﬁal to the producf of the macroscopic ratc of
“movement of soil water and the concentration of salt in that’soii
water. However, the buik movement of the soil solution is made up
of many different microscopic ratés qf flow. Thus tﬁere is a faster
rate of flow in the largerbpores ana also a faster rate of flow iu
the centre of indiVidual pores than near the pore walls which results
in a dispersion of salt in the soil. This process is referred to és
hydrodynamic dispersion. In soils where there is a net movement of
.soil solution, convectiéﬁ could interact with-hydrodynamic
o dispersion to enhance fhe diffusion pfocess (Gardngr,.1965). Other
processes of lesser importance affecting salt movementvin soils
include salt seiviﬁg (Kemper; 1966; Krupb et al., 1972), absorption
into thefekchange complex-resulting in.less'rapid transport of
salts subjectvto suéﬁ sorption (Biggar and'Nielsen, 1963) and storage

in dead end poreé (Philip, 1968).
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In a field study Doering eﬁ al. (1964) estimated downward

movement of salt near an évaporating surface at between 15 to 40
per cent of the upward movement of salt. Gardner (1965) in
reviewing the data from earlier studies concluded that downward
diffusion waé not sufficiently rapid to cérry nitrate more than a
few inches below the point where ﬁhé evaporation was occurring. A
number of studies of the extent'éf salt accumulation near an .

" evaporating surface in conjunction with upward.movement of the soil
solution have found good correlation between calculated rates of
salt accumulation in the surface layers, éssuming cénvection is the
main fgctor and ignoring the effects of molecular diffusion, and
measured rates of salt accumulation (Richards et al., 1956; Talsma,
1963) ..

V During the movement of salt solutions‘through soils, changes
could occuf in both chemicalvcomposition and salt concentration.”

As soilusolution e&aporateé at or near tﬁe:soil surface salt
accumulation léad§ to concenération of soil solution near the
evaporating zone until the solubility limits of the salts are
‘reached. Varallyay (1968)'showed diagranmatically'the'changes
in composition of groundwater as it movea from the water table to.
the soil surface in thebDanube Valley area. The cbncentration of
soil solution as it mpved tb‘the surface.resulted in a precip;tation
of salts in the reverse Qfdér of their solubility. Hence the
maximum concentration of CaCO3, MgCO3,'NaHCO3 and NaCl were found
respectively at decreasing depths .toward the surface. The
concentration of the soilvéblutibn due to evaporation near the
soil surface results in an increase'in SAR value of this soil

solution, in proportion to the square root of this concentration.
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In a field sfudy.on saliniszation of é glacial till éoil by upward
flow from é saline water table, van Schaik and Milne.(1963) found
that the increase in.salt concentration at thevsurface'was accompanied
"by a marked increase in SAR wvalue and he also showed that this was

partly due to a precipitation of calcium near the surface.

~.

. . o

-'D. " 'Salt Solution Composition’Pafameters

The changas in hydraulic conductivity of certain soils in the
presence of dissolved salt may be causedASy sweliing and dispersion
of clays. When sodiuﬁ ions are present in the soil solution they
may be absorbed within the exchange complex of the soil. Further
if the salt coﬁcentration of this solution is sufficiently low,

v thiSICOuld lead to enhanced swelling and éiépersion of the clay,
resulting in decreases in hydraulic conductivity. While several
parameters have been suggested to characterise the coﬁposition of

salt solutions in relationvto their effect on the hydrauiic
;onductivities of soils, the cation concentration exﬁressed in -
ﬁeq/l and the sodium absorption ratio of tﬁé solutioq have been
widely uéed in receﬁt studies (McNeal and Colemén,_1966;-Thomas And'

Yaron, 1968). ,

The sodium absorption ratio (SAR) is defined as,

Né+

'.SAR - V[kCa++ + Mgtt) /2

where all concentrations are expressed iﬁ meq/l. The use of this
ratio was first proposéd on an.empiricai basis (UﬁS. Saiinity
Laﬁoratory staff, 1954) ffom experimental results for several-
"soils in the USA, which shpwed-a reléfionship between the sodium
absorption ratio and the exchaﬁgeable sodium percehtage.:°-
- A theoretical basis for the use'of this ratio was proyided by

Babcock t1963).
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E. Effect_of Salt Solutions on Swelling of Clays in Soils
Sﬁeiling‘and dispersion éf'clays have Been recognized as the

'major factors causing the decreése in hydraulic conductivity of .

~ soils to salt .solutions. The initiél sweiling of dry clays which

occurs in a stepwise manner until an inter-particle spacing of

o -
approximately 19 A is reached, is caused by absorption of hydration

shells by exchangesble cafions.- This.process is essentially completed
at soil suctions of 27 bars (Qﬁirk; 1953; Emerson, 1963). Further
swelling of clays is attributed to formation of diffuse AOuﬁle‘
layers, and this process has been mathematicaily described by

_ Gouy (1910). This theory has been further developed and used to
describe swelling Qf clays (Schofield, 1946; Bolt, 1956). The

diffuse double layer theory ﬁas also been applied to clays with

,'mixgd catiops (de Haan, 1964§ Collis—George»and.Bogeman; 1970)

In X;ray studies of crystalline SWeliing, Norrish (1954)

.fbﬁnd that sodium montmorillonite in 0;3 M sodium chloride showed
extensive swelling andé an interlayer-spacing of more thaﬁ_43 Z.

He also showed that calcium montmorillonite had a fixed basal
spacing of 19 z in sblutions ranging frém 1.7 M calcium chloride to
. distilled watef, Na-vermiculite had an interlayer spacing of 14.8 Z
even in'diiﬁﬁe solutions, and muscovite crystals did not swell

- at all.

Electroﬁ—microscopic studies (Aylmofe and Quirk, 1962) showgd
that in soils clay crystals»existed in regions of near parallel
arrangemeﬁt referred to as domains wﬁich were several'microns in
thickness. Hence clay §wel1ing in many soils éopld also be caused

by interaction between the crystals within the domains and such

intercrystalline swelling in sodium saturated clays has also been
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shown to be sensitive to both electrolyte cbncentratibn and applied
fsuctionv(Aylmore and Quirk,_1962). While thé swelling of domains is
generally unidirectional, due to the raudom orientation and
distribution of domains in the soil (Aylmore and Qu:ir!, 1960) the

swelling of clays and soil aggregates is largely isotropic (Fox,

1964) .
Several workers have attempted to verify thsoretical predictions
of the swelling of clays according to double layer theory under
varying conditions.of eléctrolyte concentratiori, type of exchangeable
gations'aﬁd applied suction.
Sétisfactory agreement betwéen theoretical and experimental
swelling pressure versus film thickness curves was obtained
'sy Bolt (1956>aqd'Warkentin et al. (1957) for sodium montmorillonite in
'10_3 M to 10_4 M sodium chloride.solutions,'provided“prior
compression of‘éﬁenty atmospheres was applied to force the clay
into parallél orientation and reduce the void space between the
crystals. Warkentin et al. (1957).also found that with pré—compressed
calcium montmorillonite the swelling pressure versus film thickness
curves were ﬁisplaced to lésser film thicknesseé than expected from

ngl. Several

fhe theo;y, assuming a clay sﬁrface‘area df 800 m

wOrkers (Aylmore and Quifk, 1959; L960; Blackmqre and Millér, 1961) have

suggested that calcium'montmofillonite formed tactoids or quasi-

'érystals and:henée could_show only limited infra—crystalline_swelling.

Blackmore and Miller (1961) found from'X—fay studies that as the constraint

ﬁas increased, the number of ciay'particles per tactoid also increased.
The swelling of sodium Willaléoka illite, which sﬁows énly

inter-crystalline swelling, was found by Aylmore and Quirk (1962) to

‘be sensitivé to both electrqute concentration and pressure and

hence was .very similar to the intra-crystalliné sweiling of

.moﬁtmorillonite. Aylmore aﬁd Quirk (1966) found that the swelling of
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kaolinite clayé saturated with sodium ox with,calcium~wasia1moét
identical andineither system exhibited any marked senéitivity to
electrolyte concentration.' | |

These studies have showﬁ clearly that the amount of swelling is
.highly dependent on the previous compression or dehydration history
of the Sample (Waikgntin et al., i§57; Aylmore and Quirk, 1959), the
nature of the clay and the exchangeable cations present. It has
~also been shown tﬁat in calculéting water absorption by clays
using the diffuse double layer theory, allowance has to be made for
wafer present in the gel structure (Schofield, 1946; Aylmore and Quirk,
1962; Quirk,'1§68). In addition; the constraints to swelling of
clays . in soils dué t§ the presence of mechanical and chemical bonding
heéas'to be considered.

Two models have béen'proposed to describe the distributioq of .

" sodium and éaléium ions in mixed-ion clays. .According to the nixed-ion
- model ﬁséd by some workefs (de Haan, 1964) each specieé ofvcation

is distribﬁted»over all mineral surfaces in proportion to its |
‘exchangeable cation percentage. Other workers (McNeal et al., 1966;
Shainberg et»al.,.197i) favour the demixed-ion model, according °

to whiéh in the case éf sodium-calcium clays, a demixing of ions

into calcium regions and sodium‘regioné could cccur with only the
sodium regions exhibiting éoncentratioﬁ dependent inteflayer'swelling.
MéNeal'(1970) showed;thét'most éf the limited'da;a on swelling of
clays in mixéd—ioﬁ Solutioné agreed mofe closely with thedretical
predicfions ffom the demixéd—ién model than with the mixed-ion -
model, |

McNeal et al.’(1966) studied the effects of salt solutibns on
the macroscopic swelling'of ;lays. They found that the macroécopic

- swelling of clays obtained from soils containing expanding -
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minerals, as the electroiyte concentiation was reduced in calciumb
chloride solution,: was éﬁall. But in the presence of mixed sodium-
caicium solutions, the electroiyte concantration at which the'clays
show specific extents of swelling increésed as the SARs of these
solutions were increased. Similar résults were obtained by Rowell
et al. (1969) in studies oﬁ the effect of salt solutions on swelling
of orienfed clay aggregates of a brqwn earth soil. McNeal et al.
(1966) also found that the measured macroscopic swelling of clay
pads showed a close corfelation with the interlayer swelling values
caiculatedvfrém the demixed;ion medel after accounting for the
solution tékén up By the gel structure of the sQil. The agreement
between the theorefiéal and experimén£al swelling values was
further improyed Sy assﬁming that the first iﬁcfement of sodium
was ineffective in caﬁsing swelling. Shainberg and Otoh (1968)
. suggested that the first increments of sodium added to avcalcium
clay Werevlargeiy concentrated on thg externél surfaces of’fhe

clay crystalé>and henée did not affeét the basic structure of
thelclay tactoids. Further addiﬁiéns of sodium into the exchange
cbmplex (0ver:20 per cent5 resulteﬂ in the breakdown of the

tactoids. -

F. Effect of Salt Solutions on Hydratlic Conductivity of Soils

The decrease in hydraulic conductivity and deterioration of
structuré invtheipfesence of sodiuﬁ in thé'percolating solution dr‘on
the éxchangevcomplek of soils, and the.effect_of calcium in inéreasing
the hydraulic conductivity:(Firemén and Magistad, 1945; U.S.

Salinity Laboratory Staff; 1954) was recognized in early studies.
Fireman and Bodman’(l939) and Bodman and Fireman (1950) showéd that
satisfactory permeability can be ﬁaintained‘in é soil which is 30

per cent saturated with sodium, by using a solution with high
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salt conﬂenttation Emerson '(1954) defined the concentration at
which the nydraullc conduct1v1ty of- sodlum saturated soils dropped
essentially to zero ag the critical concentration, and used this-
value asan index of soil structure.

Quirk and Scﬁofield (1855) iatroduced the concept of’thteéhold
concentration, defined as the minimum concentraiion of électrolyte
necessary in the soil solution to prevent a decrease in permeability
cf more than iO - 15 per cent. In a detailed study on Sawyers soil
at Rothamsted EYperlmental Station, they found that the threshold
concentration for this soil when saturated with sodlum was higher
than when saturated with calcium. When the soil was saturated to
Qarying degrees with sodium the threshold concentration increased
with sodium saturation. A method for tlassifying irrigation waters

‘into pérmeébility'classes was suggested by Doneen (1961) on the
basis of his work on a high montmorillonite Yolo stil whose
permeability was reduced by 25 per cent when the>electrolyte»
concentratiqn>was less than 3.5, 6.5 and 10.0 meq/1 at ESP values
of 0.6, 3.4 and 8.0 respectively. |

McNeal and Coleman (1966) studied the effect of éalt sdlutitqs on
sévetal soils with differentvcléy mineralogy. They found that
'with a reduction in electrolyte conCeﬁtration ot increase in SAR,
the-decrease in hydraulic conductivity was most pronounced for
soils high in 2 : 1 1ayér Silicates; while soils high in kaolinite
and éesquioxides were‘virtually uﬁaffécted by'changes in salt
composition. The most labile hy&raulic conductivities were exhibited
by soils containing the most-montmqrillonite. These stqdies alsc showed
that‘the chemical properties of the solution aione were not sufficient
to characterise the relativé hydraulic conductivitieé of diffgrent

‘soils in the presence of different salt solutions,iespecially where
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the clay mineralogy of tﬁe soilé Sﬁow marked differences.

Yaron and Thomas'(1968) found that in fhree soils whose respective
minerélogy was predominantly montmorillonife,'montmorilloniée-illite
and illité—kaolin, appreciable reduction.in hydraulic conductivity
for éolutions where'eléctrolyte concentration was 34.5 meq/1l occurred
when the ESP values exceeded 10, 27 and 21 respectively, while in
~ solutions of électroiyte concentration of 11.3 meq/l»the marked
decreases in.hydraﬁlic conductivity occurred at ESP values of 8, 13
and 18 réspectiQel&.' In é study on vermiculitic soils, Rhoades and
Ingvalson (1969) showed that a 25 per cent decrease in hydraulic
conductivi&y to solutions wiﬁh electrolyte concentration between
5-20 meq/lvdid not occur at ESP values less than 50. This was
‘attributed to these soils having an appreciaBle fraction of their
exchangeable sodium sorbed on relatively large, semi~expanding
vermiculite particles, this fraction of:exchangeable sodium being
inacti&e»in its effects on soil permeability.' Naghshineh—pour et al.

(1970) found that while the incféaseviﬁ SAR and decrease in eléctrolyte
concentration led to rapid decrease in cénductivity of two
montmorillonitic soils, a soil with a clay fraction primarily composed
of tébular halloysite did not show appreciable decreases in'hydrauiic
conductivity except in solutions of éhe highest SAR (SAR 38) and.
lowest salt concentration (10.5 meq/l).. The hydraulic conductivity

of another soil containing tabular halléysite énd also having a high
iron oxide confent remained virtually unchanged in all salt solutions.
. Studies carried out by Ei—éwaify and Swindale (1968) sho&ed that in
soils high in kaolin and iron oxide, the.h§draulic conductivity did
not changé much as the ele;trolyte concentration of solutions was

decreased and the sodium content was increased.
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Factors which confribute to the stabilisétion of soil structure,
_éuch as organic matter and sesquioxides (Russell, 1971) -could affect
the. stability and cénductivity characteristics of soils t§ sélt
-solutions. Emerson'(1954).and Dettmann and Emerson (1959) found
that the permeability to high sodium, low salt solutionsz was much
higher in-a soil which had‘supporfé& a permanent pasture for several
years than in soils under arable cropping, apparently due tcbthe
,effectiveness of organic matter as a cementing agent. Several workers
(El1-Swaify and Swindalé; 1968; McNeal et al., 1968; Naghshineh?pour et
ai., 1970) found that in soils with high contents of sesquioxides,'
ﬁydraulic conductiﬁity"changed only sligﬁtly in high sodium, low salt
.solutidns. McNeal et al. (1968) also showed that the partial removal of
the frée iron-oxides led to a decrease in stability of these sesquioxide
rich soiis, and a reduc£ioﬂ in conductivify to high sodium, low salt
>'éolufiéns occurfed: El ﬁayah and Rowell (1973) showedvthat_a deposit
of sésquiéxides around a soil aggregate reduced swelling a;d increased
.permeabiliﬁy to_sodium chloride solutions éf lowvsalt concentfation
until the coating was brokén by the éwelling ﬁressure of the clay in
the aggregates. Aluminium oxides have been'éhown to be more important
fhan irbn oxides:in increasing the structural stability cf soils
(Deshpande et alf, 1968) especially in soils in which the iron oxides
exist as discrete nodules_and hence do not contribute to the stability
of these soils (Greenlandveﬁ al., 1968). Thus in addition to the
amouﬁts'of,these cementing égents present, théir nature and
“distributioﬁ are important factors in ihdreasing the stability of
soiis to salt solupionsﬂ |

| Thé'above studies show that, in general, in soils containing
chiefly montﬁériilonitic clays, thé-hydraulic cénductivity was

markedly decreased in high sodium, low salt solutions, whilevin
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soils with predominantly kaolinitic clays the hydraulic conducfivity _
was only slightly,affected.- it was also seen:that the presence of
~sesquioxides and Qfgéuic matter, depending on their nature and
. distribution, could increase the stability of soils to sal;

solutions.

The effects of other soil.propgfties on the hydraulic -
conductivity of soils in low salt,.high sodium solutions have alsc
been studied. McNeal et al.’(1968) found that in soils having |
similar clay mineralogy the decrease in ﬁydraulic conduétivity
with redﬁction of salt concentration ét a given SAR . was more
pronounced for soils with higher clay content.

The tyﬁe of cations present in sélt sélutions also affects the
saturated conductivity of soils. Quirk and Schofield_(lQSS)ﬁsbowed that
the concentration of electrolyte cauéing a 10 to 15 per cent
decrease in hydraulic conductivity increased as the cation
Saturatihg fhe exchange complex was changed.progressively from
' caltiumxto magnesiﬁm to poiassium and then to sodium. McNeal et al.
(1968} found that thevhydréulic conductivity was lower for sodium-
magnesium'solutiéns thén for sodium—calcium solutions of comﬁarable
SAR and salt concentration values.

Martin and Richards (1959)-showed'that in soils packed into cylinders‘
when moist, ver& little changes in hydraulic conductivity occurred
as the exchéngeablelhydrogen content and exchangeable calcium
content was markédly.increased, but inéreasing the exchangeable
--sodium, potassium'and ammonium resulted in marked decreases ih

conductivity. Increase in exchangéable.hydrogen, ﬁowever, tended
 to iﬂcrease the dispersive action of sodium, potassium and ammonium.
Ammonium caused évgreatér decrease in hydraulic conductivity in an

acid soil, than in a base-saturated soil. - In further studies,
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Martin et al.f(1964) showed that. the same amount of sodium caused a
- greater reduction in hydraulic conductivity in acid than in neﬁtral
or alkaline soilé; and tﬁis was attributed to the decreasés in
catibn exchange capécity-with increasing s§i1 acidity. Hence the
same amount of sodium in an acid soil»represents'a higher exchangéable
sodium peréentagé than in -'a neutral or alkaline soil.

The permeability to water of Shepparton soil columns saturated
with calcium.and ﬁégnesium sh@wed only a Qegligible decrease with time
. (Bakker and Emerson, 1673). With sodium present, the ESP required
to produce a given decreaée in flow rate was reduced when magnesium
was the compiementary cation rather than calcium.

When a soil. that is initially non-sodic is irrigated with sodic
water thé hydraulic conductivity decreéses until the soil profile
reéchés equilibrium with the permeating solution (Yaron and Thomas,

. '1968). This decrease in hydraulic conductivity was characterised
by a_curvé‘whose shape varied with the soil and the salt composition
and concentration of thevfermeating solution. Thomas énd Yaron'(i968)
found that for a given salt concentration of irrigation watef, an
increase»in‘SAR resulted in a greater decréase in hydfaulic
conductivity of the soil. |

“The decrease in conductivity of some soils for salt solutions
has béén attributed by'somé workers (Burgess, 1928; Gardner, 1945; Bodman
and Fireman, 1950) latgely:to clay dispersion causing a blocking
ofvconducting pores. Other workers (Carman, 1939; Smith and Stallman,
1955; Koenigs, 1961) found that clay swelling in salt solutions
was tﬁe main cause of ;he decrease in conductivity. It has also
been proposed that decreases in hydraulic conductivity of most
soils in'salt,solutions occuf in two'stages,lwith swelling cagsing

a ﬁeakening of bonds between clay particles, followed by particle
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dispersioﬁ'and translocatioﬁ (McNeal and Colemén, 1956; Rowell et al.,
1969; Quirk, 1971). McNeal et-al. (1966) found close correlation
between hyéraulic conductivity decreasgs in low salt, high sodium
soluticns and-predicted'aﬁd experimental swelling of clayé in the
same salf solutions. They found that 1imited revérsibility of clay
swelling in soils made revérsibili;y of»perﬁeability decreases a
‘doubtful index of the type of yermeability decreases that had occurred.
Rowell et al. (1969) found a closelcorrelation between cation
concentration at which marked decreases in hydraulic conductivity
" occurred and the caﬁion cbncentration at which marked swelling of
clay padé took pléce. In the same soil, turbidity of percolating
solutions during conductivity experiments occurred at lower cation
concentrations. HoWever{ earlier studies (Bodmaﬁ énd Harradine, 1938)
have shown that clay dispersion could occur within ;helsoil column
even though a clear percolate fléwed from the bottom of the column.
"Shaiﬁberg,ét al. (1971) and Shaiﬁberg.and Caiserman (1671) found
that addiéion 6f a small amount of exchangeable sodium to a clay
Asatqrated-with‘calcium, had only a moderété effect on swelling and did
" not decrease thé hydraulic conductivity of this clay to water, under
conditions whefe tﬁé clay was not free to move. But where the clay was
Afree Eo move, therg were marked decreases in hydraulié conductivity on
addition of small amouﬁts of exchangeable sodium. They suggested that
When about 10 per cent of the exchangeable calcium waé replaced by
sodium, most of the adsorbed sodium was on extérnél surfaces of
the tactoids and hence thére was no additional swelling of the clay.
Bﬁt this addition of sodium léd'to increases in the electrophoretic
mobility of the clay (Bar-On et ai.,,1970) and wheré the clay

was free to move, hydraulic conductivity decreases could occur.
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In scanning electron microscope observations on_columns of a sandy soil
and a clayey soil, Chen and Banin (1975) found that clay.dispersion was
feSponsible for hydraulic conductivity decreases in these soils at 10&
ESP from O to 20 per cont.

Although the felative impoftance of clay QWelling and cléy digpersion
in causing decreases in hydraulic conductivity varies in different soils,
both theée processes appear to be ;nhanced by high sodium, low salt

solutions. . , ) T

Egpwell et-al. (1969) showed ﬁhat the catidn-concentration_at
which clay dispérsion occurredlwhen the soil was at a given'ESP,
was increased éé the mechanical streés applied to the soil was
increased. These results also emphasise the need to regulate
the.extent of mechanical disturbance to which the soil is subjected
during wetting, 1eaching‘with specific salt solutions and alsc
dufidgbconductivity measureﬁents, in relation to the specific

field coﬁditidns to which'théée results are applied. e

One of the problems in reviewing and comparing the results of
different workers on the effects of salt solutions on hydraulic
condﬁctivity of soilé is the use of different soil fractions in
these studies. Tﬁe use of éhe entire fraction below 2mm, which
is a common practice, preéents difficulties as these fractions
are likely to contain a fair amount of dusty clay material. The
presence of this fine matefial could.lead to greater dispersion in

'high sodium, low salt solutions than if a soil core or a packed
soil column of a size fraction‘ﬁhich éxcludes the finér size
fractions were used. Further, since the dusty material is largely
an artefact'of the process 6f soii grinding and the amount présent

;also varies with the type of grinding and the soil used,-thisﬁ
could be responsible for some of the variationé in the results of

different workers.



31

Recent developmenis in applying double layer theory to swelling
of mixed-ion clays (de Haan, i964; Collis-George aod Bozeman, 1970)
-could encourage the search for theoretical methods for predicting
hydraulic conductivities of soils to different salt solutions from
soil characteristics. However, the_complegity of the factors |
determining the swelling of clays\in soils in the presence of salt
solutions and their rcsultant effects on the pore geometry and
hydraulic conductivity, as‘illustrated in Figure 2, present practical
difficulties in waking such predictions. For instaﬁce, the method
proposed by Lagerwerff et al. (1969) for predicting hydraulic -
conductivity changes in the presence of salt solutions, based on
~ the double layer theory and Kozeny—Carman equation, appears to
have limitations in use (McNeal, 1974). HYowever, several semi-
empirical methods have been propoSed; McNeal (1968) devised a
method for predicting hydraulic conductivity for selt solutions
using tﬁe measured conductivity.ofbthe soil in a high salt, high
sodium soluticn end in a solution of ailower salt concentration..
Calculated interlayervswelling values of montmorillonite were
used as a frame of reference for these predictions. Yaron and
Thomas (1968) proposed a semi—empirical method for predicting the
hydraolic conductivity decreases expected.from the use of sodic
waters. Rowell et al. (1969) predicted hydraulic conductiVity
changes in salt.solutions:from changes in porosity of clay pads
due to swelling of'clay-in the same solutions. Although satisfactory
agreement was found betﬁeen the saturated conductivities predicted
from.these semi—empirical.methods and the measured saturated |
conductivities, further testing of these methods for a wider range

of soils is necessary.



SATURATED AND UNSATURATED HYDRAULIC CONDUCTIVITY OF SOILS
[—i>1 Pore geometry of soils in salt solutions

2. Relation between pore geometry and hydraulic conduct1v1ty

PORE GEOMETRY OF SOILS IN SALT SOLUTIONS

1. Initial pore geometry of the dry soil
2. Swelling of aggregates caus1ng changes in pore geometry

"SWELLING OF SOIL AGGREGATES

—>1. Swelling of clay matrix

2. Skeletal grain structure of sand and silt fraction
(and the distribution and .orientation of clay
within the soil fabric)

3. Cementing agents such as organic matter, sesqu1ox1des,
etc. (nature, amounts and distribution in the so11)

SWELLING OF CLAY MATRIX

>1. Crystalline swelling of clay
2. Amounts of different clay minerals
3. Formation of domains and quasicrystals S
4. Formation of vo1d or gel- structures ' -

CRYSTALLINE SWELLING OF CLAYS

. Type of ciay and its crystal structure
. Exchange cations

. Electrolyte concentration of solution
. Suction or confining pressure

-b(A)l\)'—'

Fig. 2. A genera11zed scheme for interaction of factors affecting the swelling of c]ays and soil
aggregates and thelr effects on saturated and unsaturated hydraulic conductivities of soils.

A3
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The effeét of salt solutions on unsaturated conductivity and
diffusivity.ha; also been étudied. Garduer et al. (1959) showed
vthat'with increase iﬁ ESP and decrease in electrolyte concentration

of salt solutioné ther: was a decrease in_mean—diffusivity of
Pachappa sandy loam and Yolo loam soils. Thus when tﬁe ESP was
above.25, as the electrol&te cbncéntrat?on was reduced from 300
to 3 meq/1l, the mean-diffusivity decreased one thousand-fold.
They also found that although fhe reduction in diffusivity for
hiéh sodium, low salt solutions occurred mainly at higher water
contents, significant feductions also occurred at lower water
contents corresponding to suctions. of 15 bars..

Christenson and Fergﬁsdn (1966) found that an artificial soil
contéining 17.6 perfcent dickite had a higher diffuéivity for
0.015 N CaCl, than for distilled water at all water contents when
tﬁe soil had an ESP of 5.0. When fhe-soil had an ESP of 20.3,
the diffusivity for 0.015 N CaCl, solution was higher only at
“high water contents. An artificial soil.with 17.6 per cent
montmorillonite showed a higher diffusivity in 0.015 N CaCl2
than in distilled water only at high water contents when the
soil had an ESP of 5.5. In this soil with ESP increased to.13.6,_
the diffusivity_for water and CaCl2 solutioﬁs was similar. These
results were explained in terms of changes in diffuse doublé layers
. céUSed by the presence.of CaCl2 solution. Kijne (1967) showed that
~ the treatment-of a clay loam soil with Krilium and a polyvinyl aléohol
caused an increase invdiffusivity over the wholevrange,df water
contents while thé‘diffﬁsiVity of_a‘loamy sand soil showed only
small changés when tfeéted with these soil conditioners.

Three éoils’with ESP values.betﬁeen S'and 20 were found by

Sharma (1972) to have greéter diffusivity and unsaturated

conductivity at high water contents in the presence of water
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treéted'with gypsum than in the presence of untreated water.
However, at lower water contents the diffefence.in diffusivity
of soils tq.gypsum treated and untreated water was smz1l.

Thus previous studies show that the saturated and unsaturated
cornductivities of some soils are ?ltered,td varying extents, by
the presence of certain salt solutions. Therefore, in such soils
it could be expected that the'upWard flow from water tables could
be changed according to the chemical composition of groundwaters
and the magnitudes of suzh changes are likely t§ vary in différent
Qoils.' The pfesent study investigates‘the changes in rates of |
upward flow in different soils, as the chemical éomposition of
the groundwater ig altered and relates these changes to changes
in cqnductivity propérties and pore geometry of the soils in

different salt solutions.
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"ITII. 'MATERIALS AND EXPERIMENTAL METHODS

A. " 'Soil Materials

Three soils loczted in north and south-eastern regions of
Tasmania, Australia, were selected for this study. Soil samples
were collected from the sﬁbsoils\;f:

(a) a krasnozem soii formed on basalt neaf Burnie in north-western
‘Tasmania, mapped as Burnie clay 1o;m (Loveday and Farquharaél958). The
soil materiai'taken from a depth of 20 to>32 inches* had a reddish
brown (2.5YR 4/6) colour and a field grading of ciay} Pedality
-was strong medium angular blocky and moist consistency was very
friable.

(b)Y an ailuvial soil on a fairly broad ailuvial plain near Sorell
in south-eastern Tasmania, mapped as such 5y Lovedav (1957). The
soil mafefial taken from 24 to 36 inches depth had a brownish

black (10YR 3/2) colour and a field grading of sandy clay lcam.
Pedality was moderate medium sub-angular blocky.

(¢) a red Brpwn soil formed on bésalt ﬁear Sorell in south-eastern
Tasmania. This soil'wasbmapped as Stoneleigh clay loam (Loveday,
1957). The soil material, taken from a depth of 22 to 34'incheé,
had a dark feadish brown (5YR 3/3) cdlour and a field‘gradingvof

clay loam. Pedality was hoderate medium sub-angular blocky.

" 'B. ~ 'Preparation of Soils and Salt Solutions

The soils wcre ai; dried, thoroughly mixéd and divided into

- two equal poftions.' One portion was stored. The remaining portion
was gently broken by hand, crushed and'seived.using a rotating .
crusher and seive,»to obtain a fracfion between 2.0 and 0.2 mm in
-diameter. This fractién consisted largely of small aggregates

and contained very little dusty material. This seived soil
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materfal was again thoroughly mixed and subsampled by a process
- of mixing,.quaftering, remixing opposite quarters; quartering
and so on to obtain eight subsamples of each soil which were
stored for future use. Wheo taking‘soil'from-these subsamples
for use in the experiments, the same process of mixing and
quartering was employed,,to ensure és far as pcssible uniforﬁity
of the soil material usediin the egperiments.

'Furfher; the procedures of packing, wefting, draining and
the experimental methods were standardized and the exacf procodure
was followed always in order to minimise tHe possiblo variation in
pore geometry of the packeo soil samples aue to differences in
experimental handling of the soils (Loveday, 1974).- All'experihmnts
were conduoted in a constant temperature room at ZZQiIOC.

The solutions of specific sélt composition and concentration
uséd‘in the expeiiments were prepared By dissolving the required_h
quanﬁitieo of reagent grade sodium chloride aod calciﬁm chloride
in deionized, deaerated water (Aopéndix C). Tho:solﬁtions also
contained 20 ppm of mercuric-chloride.to suppress any bacterial

activity.

"C;'”'Physical'and'ChemiCal Characteristics of‘the'soil'Materials

The physical and chemical characteristics of the soils were
determined using the piocedurés described in "Methods of soil
analysisf_(Black et al., 1965): Determinations of potticle size
analysis byvthe pipette method, organic matter content by the
Walkley and Black method, free iron oxidg content by the diphenylamine
sulphooate-method, soil reactiou using a glass electrode, cation
exohange capacity by the sodium saturation method, and total

exchangeable bases were carried out.
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The pérticle density of the soils was measured using a
pycnometer ané the moistufe'charaéteriélic at 1ow‘energy was
determined by keeping fragmented soil samples in a vacuum
desiccator'containing saturated sait solutions of known relative
humidity. The cléy fractions exg;acted frqm the soils were used
t§ dete;pine the.minimuh.cation concentrations in solutions of

specific SARs in which the clay flocculated, using the method

described by Collis-George and Smiles (1963).

D. ‘Moisture Release Curves of Soils for Salt Solutions

The moisﬁufe release curves of the soils in.the presence of =
"salt solutions qf different'composition  were determined using a
modified Haines apparatus (Figure 3). The apparatus consisted of
’é sintered glass buchner funnel with a'pérous plate (porosity 3)
of 5 cm diameter, on which the soil was packed to é depth of 2 cm.
A wire mesh poéitioned on the>top of the packed soil sefved as a
confining plate (Bridge et al., 1970)., This waé desiéned to prevent
changes-in bulk density of the soil 6ue'to the swelling of the soil
'aggregates at the surface andfalso to minimise the diéturbance of
the soil coluﬁﬁ dufing 1eaching. The confining plate was supported
and.heid in place by gluing it to tﬁe end of an inverted funnel,
whose stem passed through and was glped go a large rubber stopper
coveriﬁg the sintered funnel. Avthick walled rubber tube connected
the sintered funnel to a 50 ml burette. A side tap T, opened only
during the leaching of the»sdil, was provided at the base of the
burette. A flexible tube from fheAstem of the inverted funnei to
the top of the burette preveﬁted loss of water ;hrough_evaporation
and also permitted equilibration of the air pressure in the sintered'

‘funnel and the burette.
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Fig. 3. Modified Haines apparatus ?Efxmeasuring the moisture release curves.

of soils in salt solutions.
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The sintered funnel, rubber tube and the burztte were fiiled

with a solution of SAR 40 and ﬁighes£ cétion concentration of 640
meq/l; tﬂrougﬁ the.pre—saturated sintered plate. With the pléte
at a suction of 60 cm, the 2.0 to 0.5 mm fractions of the krasnozem,
alluvial and red brown soils were packed on- the plate to bulk
densities of 0.87 + 0.02, 1.01 0.02 and 1.05 = 0.02 g/cm’
- respectively. .

'f:The soil was wetted for a few hours under.suctions of 60 and
30 cm of water and then saturated by raising the level of the
solution in the burette. The soils ﬁere twice drained to 60 cm
suction and reflooded to.alloﬁ the soil to pack. Tﬁe soil was
refloode& and the same salt solution was siphoned into the»buchnef
funnel from a mariotte bottle through connection A. With tap T
open, the.saturated soil Qas leachied with approximately 20 pore
,volumés of this salt solution (McNeal and»Coleman, 1966) to ensure
chemical equilibrium between the soil and the leaching solution.
All tube connections were sealed with.a rubber sealant. The-
moisture rélease curve was détermincd by increasing the suction
" in small increments and recording the volumé of outflow of the
solution into the burette and the final equilibriup suction. A
small predetermined correction for pléte drainage was applied to
these readings. |

The soil was égain saturated and then leached with thevsolution

of the same SAR apd nextwhighest-catioﬁ concentration and the:
mpisture release curve was determined using the same procedure.
This procéss was continuedvuntil thé moisture release curve of
the soil in equilibrium with the sait solﬁtion at SAR.40 and the
iowest.cation concentration was determined. The soil was then

. sampled to determine the moisture content at the highest suction

applied.
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The experiment was~theh repeated‘with,a new soil column for
eéch'of the other series of-salt solutions at SAR values of 20, 10
and 0; The soil was first leached with the solutiﬁn of highest
cation concentration at each of these SARs and then with progressively
lower cation concentrations, and the moisture release curves were
‘determined as described.

Moisture release curves were also determined for soil polumns‘
of 2.0 to 0.2 mm fractiéns of the alluvial and red brown éoils
packed to higher bulk.densitieS‘of l.i3 and 1.20 g/cm3 reépectiveiy
»for the same series.of salt solutions. These curves were measured
over-.a préssure head range of 0 to -160 cm of water using an
~ experimental procedure similar to that desgribed for the previous
experiment. In this series of experiments the sintered funnel was
replacea by the end-cap, fitted with a ceramic plate of porosiiy 4
(which was used in the unséturated conductivity experiments). The
éoil was pécke& on this plate, inside a pérspex tube of 4.5 cm
diameter and 6 cm in height. The soil was confined at the top by a
wire mesh held in pléée By 2 hose élamp_and the perspex tube was

clamped to the end-cap using brass screws.

E. Saturated Conductivity of]Soils for Salt Solutions

The hydraulic conductivity of the soils for different salt
solutions was measured using fhe apparatus_shoWn-in Figure 4 with
soil columns of 2.0 to 0.2 mm size‘fractions of the krasnozem,
alluvial and red brown soils packed to bulk densities of 1.00 + 0.01,

‘..1:13 + 0.01 and 1.22 * 0.01 g/cm3 respectively. A perspex tube
of 5.04 cm diameter and 12 cm loﬁg, fitted with a wire mesh 5 cm

from the bottom of the tube, was inverted and filled with the soil.
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Another wire meéh_was placed over the sbil and secured.onto the
end of the tube using abhose clamé;ﬁ Carbon dioxfde was passed
through the soil‘to~&isp1ace the air. The ;ube was turned over
and the soil slowl& wetted through a filter paper and'theﬁ saturated
by immersion in a salt solution of SAR 40 and fhe highest cation
concenfration of 640 meq/1 for 48 hours. The saturated soil was
leached with 20 pore vblumes of fhe-same salt solution siphoned
into the top.of the perspex tube from a 10 litre mariotte fiask.
A constant head of_wateeras established in the upper part of  the
tube to give a hydraulic gradient of two. The rate of outflow was
measured and the saturated hydraulic conductivity was - calculated
using the relationship
K = (Q/At) (L/bH)

where Q is the outflow in time t,'A is the area of cross sectiqnvand
.(AH/Lj is the hydraulic gradient.

| The soil was then leached witﬁ‘the solutioﬁ of the same SAR and
the ne?t highest cation concentration until the soil reéched chemical
eqpilibrium with the salt solution. Twenty pore volumes of the salt
solution were used in the case of the kraznosem soil énd 24 hours of
leaching was used in the case of the other soils. The saturated.
conductivity of the soils in the solution of loﬁer cation
concentration was measured as before. This process of sudéessively
’leachiné witﬁ'solutioné of 1o§er salt concentration at the same SAR
and determining tﬁe saturated conductivity was continued until
conductivity for the solutio; of 1owes£ cation concentration was
measured. |

| The experimenf wés repeated with new soil columns for allﬁvial
and red brown soilé with series of‘salt solutions'of SAR 20 and 10

and different cation concentrations using the same experimental



43

procedure., The experiment was also repeated with soil columns of
alluvial soil packed to a bulk density of 1.22 g/cm3, for a series
of salt soluticns of SAR 40, 20 and 10 and different cation

concentratijons.

"'F. 'Unsaturated Conductivity of Soils at High.Pressure_

" 'Heads for Salt Solutions

The unsaturated hydraulic conductivity of soils to salt solutions
was determined by applying a constant hydraulic head acrpés the
unsaturated soii.column and measuring the resultant steady flow of
solution using the method and type of apparatus (Figure 5) described
by Klute.(l965). A brass pressure cell, 5 cm in internal diameter
and 5 cm.in hgight was used (Figure 6). This c=11 had an opening
for the air pressure tube on one side and on the opposite side two
- openings for tensiometers positioned 1 cm from each end of the
>cell. Each tensiometer consisted of a 4 cm long brass tube with
a poroﬁs plate of porosity 4 cemented to the end. A brass olive
on each tensiometer tube close to the porous plate provided an
airtight comnection when the tensiometer nut was screwed tightly
against the pressure ce115 Two end-caps fitted ovef the ends of
the pressure cell. A porous plate (porosity 4)bwas cemented to the
inside wall of each end-cap. Two tubes opened into the space between
the end-cap and the porous plates. A groove was machined onto the
inside edges of each end-cap for fitting an O-ring to provide an
airtight seal when the eﬁd—caps were tightly clamped to the two .
gnds of thevéressure cell‘by means of 4 brass screws.

The experiment was carried out on so0il columns of the 2.0 to 0.2

mm size fractions of the krasnozem, alluvial and red brown soils packed
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to bulk densities of 1.00 * .'0,',01:," 1.22 + 0.01 and1.22 + 0.01
g/cma-respectively.‘ | | .
Tensiometérs, end-caps and the solption supply and removal
syétems were filled with the salt solution to be used in.the
expefimeﬁt. The pressure cell was éttached‘to tﬁe lower end-cap.
With the porous pléte'of this end-cap at a suction of 60 cm of
vwater, the soil was:packed into the ceil.v The upper end—cap was
piaced in position:and the air in the_dell was replaced by carbon
. dioxide. The two end-éaps were»then'tightly clamped‘qver_the
pressure cell, to make the ceil airtighﬁ. The tensiometers and
tﬁe salution supﬁiy and removal systeimns were~connectedland the
so0il wetted initially under suction. The soil was saturated by
- raising the'ievel-of the solution supply system,iand then.ieacﬁed
"with at leést 20 pore volumes of thé sait éolution tb ensure fhat
" the soil was in chemical equilibrium with the salt solution.
| ‘A fiow éysfem was established such th;t.the solution supplied .
at a hYdraulic head,~H1,to the'uppéf porous plate, flowed through
the plate, fhe s0il column and lower porous plate into the space
bele the lower plate, where g hydraulic head? Hzg_wés maintained
by adjuétiﬁg the location of thé'drip point. The solutibn oﬁtflOW»
wés_cdllectedvin a flask and méaéured by weighing or alternately
by observing the moveﬁeﬁf of’ah air bubble in a horiéontal
capillary tube‘aftached po the drip point. Tﬁe taps, T1 and T2’
were élways kept closed except when it was‘necessary.to flush out
_ the air from the-ena—cap SPacés-aﬁove aﬁd_below'the porodé,plates.
The airvcollecting in the tensiomefers was remoVéd by fluéhing
throughba caéillary tubé which opened close to the'porous.plate

and which was kept. closed when the tensiometer wanin‘use. Initially
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- an air preséuxe of 20 cm of water was applied. A constant
hydraulic head was established and'maintained untiidsteady flow
was attaﬁned, indicatedibf equality of inflow and ovutflow rates and_
time—invariant readings ef.the tensiometers. The voiume of outflow,
Q, that occurred in time, t,-duringdsteady flqw, the pressure.heads;
h3 and h4, and the_hydraulicdheads, Hé and H4, wete recorded.

The moisture -content of the soil column wasireduced"gradﬁally
by‘incteasing’in increments the gaé'presénre, P,vin the cell
to 30, 50,'80, 100, 120, 160 em of water.. At.each of theae applied
‘gae pressures, after steady flow was obtained, the rate of steady
outflewg ptessure heads'and hydraulic héads were’measured From
this data, the unsaturated hydraul:c conductivity (k[h]) at a

prlelC pressure (h) was calculated using

K[h] = (Q/At) (L/(HyH,))

'whete h=P?+ (h3+h4)/2;.A is the cross—sectional area ef the -soil
column, and L is the distance between the'tenaiometers.

The uneaturated conductivities atddifferent pressure heads
were determined for krasnozem soil in salt sointions of SAR‘ZO and
cation concentrations of 160 and 2.5 meq/], and for alluvial soils
in salt ‘solutions of SAR 20 and catlon corcentrations of 160, 40
and 10 meq/l. Unsaturated conductivities were determined for red
btown soils in salt solutions of SAR.ZO and cation concentrations
~of 160, 40 and 10 meq/l and:also in solutions of SAR 40 and cation
concentrations‘of_80 and -40 meq/1. Separate soil columns were used
for each solution.

G ‘Moisture Release Curves and Unsaturated Conductivity of Soils

""at Low Pressure Heads for Salt Solutions

The moisture release curves were determined on the soil columns .
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used in the previous experiment:. One end~cap of the pressure cell
‘was replaced by a confining plate and the.other end-cap was
replaced by an end—cap'fitted'witﬁ.a plate of oﬁe atmoéphere
bubbling pressure. The ténéiometers were removed and alliopenings
on the sides of the cell were closed. The soil was rewetted,
resaturated .and leached with the same salt solutions used in the
vprevious experimeﬁt. The cell was placea in a.preséﬁre chamber
with one outlet of the en&-cap closed and the other outlet connected
tb tﬁe outflow tube (Figure 7). The air pfessure was raised in
stages to 10, 20, 20, 50; 80, 100, 120, 160 and 200 cm of water
>and the ouflow at each of these air p¥essures was measured to give
' the moisture release curve of the soil for that salt solution.

| The'unsaturéted conductivity ét'ldw pressure heads was
determinedvusing‘the one—step.outflow method (Gardner, 1962;
Doéring% i965). The air préssufe in the cell was raised from.ZOO
to 500 cm of water and the 6ﬁtflow was measﬁred at regular time
intervals until the oufflow céased. The diffusivity, D(6), of
the soil to salt solutions at preésure héads between ~200 to -500
cn of water>was calculated using | |
)

415 e
2

D(B) = - 4L
" (6-—6f) de

where L is the length of.fhé soil column, Bf ﬁhé final equilibrium
water content, and 6 the water conteﬁt when the'insténtaneous ogtflow
‘rate is de/dt. The gnsaturéted cbnducﬁivity k(6) at a specific water
content was.calculated using | |

k(6) = -D(e)ST
where d6/dS is the slope of the Waﬁér content versus suction relation-

ship at the water content corresponding to D(8).
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H. Rates of Evaporation from Soils with Water Tables of Different Salt’

Solution Composition

A S§il column'packed inside a pexépex tube of 4.5 cm inte;nal.
diameter Qnd 100 em in length was used in this éiperimént,, The
ZiO to 0.2 mm size frahtion»of soil ﬁasvpacked'to'bulk dénsities.of
. 1.00 £ 0.01, 1;22 * 0.0i,”1.22 t 0.01 g/cm3 qu krasnozem, alluvial
and rednbrown>sOilélrespectively. Uniformlpacking and bﬁlk aensifies
were obtained by pburing'in.weighed amouﬁfs of soil to fiil measured
~short lengths of the soil columﬁ through a smaller tube,: while
rotating ana tapping the sides of the column. A confining plate
was secured by é hose clamp over the tbp 6f thé column. The bottom
of ﬁhe soil column_Was wetted through a'filter paper with a salt
solution of SAR 20 and concentratioﬁ of 160 meq/1. - The same
- solution was then introduced from a mafiotte burette through a:_
flexible tubé conﬂeétéd to the base of the column. The soil cblﬁmn
was slowly wetted ané saturated by raising the level -of the solution
'in_the.soil coluﬁn. lThefsoil was then leached with the séme sélt
sélufion uﬁtil chemical equilibfium was reached. |
The soil column was then placed on a turntable (Figure 8) and
positioned so that the tbp of thevcoiumn fittéd info a hole in the
circular wire frame_cdvergd wiLh aluminium.foil. The fdil enéured:
tha£ cnly tﬁe top of the SOii column was exposed and pre&entéd the
. column'bélbw the éurfacevreceiving heat during the evaporatibnv
experiment. The turntable was rotated at a speed of 2 rpm. The
fouf 150 waft lamps positioned abéve thé_columnsvto provide heat.
aﬁd the fan which provided the ventiiation were switched éh. The
 speed of fhe fan and the distancé,of thé lights.above the soil
- cclumn were édjpstedbto'give external evaporation rates Which'

slightly excéeded the maximum rate of upward flow. This external
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evaporaﬁion'raté was determined by reCOIding>tﬁe rate of infiow
ffomva-mariotte~bﬁrette into a fube filled-with wafer,'the.top
of which was at the same level as the soil surface in.the columns.

- The wétcf'table was positioned at a depth of 30 ¢m and the confining
plate was removed. A récprd of the rate of flow of solution from
the ma:iotte bu?ette into the soil coiumn was kept. After steady
flow was attained the rate of upward flow to the surfacé in the soil
éolumn Was caitulatéd. The rate of evaporation from a specific
depth to water'tabie was measured over a period of one week. The

" depth té the water table was increased-by 10wering>the nariotte
buretté to 40, 45, 50, 60; 80 and 10C cm and the steady—staté.'

- evaporation rate from each of these depths was,similarly measﬁred;
The soil surface was scraped before eagh measurement and a twoc
centimeter segment Qf the-soil colunn was removed after two sucﬁessive
meaéuremeﬁfs Qf'steady upward fiow, in orderfté,minimise the possible
effects on evaporatibn rates of salt accuﬁulation near the surface;

The alluﬁial and':ed Brown'soil golumns were then rewetted
from the baée of the column and ieached with salt Solﬁtion of SAR'

- 20 and the next ﬁighest catidh-concentratioﬁ of 40 meq/1 till
chemical equilibrium with the salt solutioﬁ was reaphed._ The
steady evaporation rates'frbm different'depths to water tabie

were then meésured‘Using the samé experimental‘précedure. The soil
was then rewetted gnd lgached with salt solution of SAR 20 and
cation cohcentfatipn of 10 ﬁeq/l'till chemical equilibrium was attained
andlthe_stéédy evaporatiﬁh‘ratesufrqﬁjdifferent dépths té water
taﬁle were determined in a similar manner. The krasnozem'soil
column Was rewetted and leached with solution = of SAR 20 and cation
‘concentration of-2{5 meq/l and the steady evappration.rates from

different depths to water table were similarly measured.



"Iy, 'RESULTS AND DISCUSSION

""A. " 'Phvsical and Chemical Charactéristics of Soiis

Some physical and chemical characteristics of krasnozem,

alluvial and red}Brown soils used in the present study are given

in Table 2.

All soils contéiﬁed_more
cation condeﬁﬁrations of salt
tﬁg clay extracted from these
Ig'was’found by Collis-George

-cation concentration at which

‘than 35 per cent clay. The minimum

solutions at specific SARs in which
soils flocculated, are given in Table 3.
and Smiles (1963), that the minimum

clay flocculated correlated closely

wi.th the concentration at which significant decreases in permeability

occurred, in the absence of factors conferring a structural stability

on soil aggregates. However,

it was observed that the flocculated,

clay of alluvial and red brown soils was swollen and it is possibie .

that hydraulic conductivity decreases could occur in these soils

- at higher cation concentrations in solutions of specific SARs due

to clay swelling. On the other hand, it is also possible that the

cementing’agents present in the soils, which were largely removed in

extracting the clay for this experiment; could reduce or inhibit

clay swelling and cléy dispersion and hence prevent decreases in

hydraulic conductivity; at least until cation concentrations much -

‘lower than the values for minimum cation concentrations for

flocculation given ia Table 3,

were reached.

~In a preliminary study, the swelling of premoistened 1 to 2 mm

. sized aggregatés of these soils placed in different salt solutions

was observed under a micréscope; While the éggregates of alluvial

and re& brown soil showed very marked swelling in low salt, high

- sodium solutions, the aggregates of krasnozem soil showed little

change in their size in different salt solutions.



of soils

Table 2.v'Physicai_and chemical‘charactéristics
KRASNOZEM ALLUVIAL RED BROWN
Particle size analysis - Sand (2.0-0.02mm) 11.1 52.9 32.1
Silt (0.02-0.002mm) 120.2 2.1 25.6
Clay (<0.002mm) 66.9 36.9 - 40.6
Soil pH 5.9 7.1 6.9
Organic carbon % 1.26 1.40 0.81
Free iron oxides % 6.76 0.82 5.21~
Cation ekchénge capacity (med/lOO g soil) 18.27 43,32 24,57
‘ 3.57. 23.81

Exchzngeable bases_(meq/lOO'g soil)

29.79

Table 3. Minimum cation concentration (meq/l) of solutions of

SAR 10, 20, 40 and 60 in which clay flocculation‘occurred.

I SAR

SOIL ‘

' 10 20 40 60
Krasnozem: 6.5 13.5 ' 26 29
Alluvial 5.5 10.5 17 35
Red Brown 8.5 20.5 45 60

A
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"B;':'Efféét'éf"Sélt"SﬁIﬁficn"CdmpOSitidﬂ'Oﬂ"MéiSfoé'Release'CurVes

" 'of the Soils

(i)  Moisture rélease curves

The moisture release .curves of krésnozems alluvial and red brown
-s0ils in the presence of a series of salt solutions of SAR 0; 10; 20,
and 46 and different cation cbncentratioﬁs between 640 and 2.5 meq/1
are given in Figures 9 to 19. Tﬁe changes‘in shape of these curves

sﬁow the effects of salt soiution composition on the structural
stability (Childs,'l940) and pore geometry‘of'the soiis, which in
turn could be expectéd to relate to the changes in saturaﬁed and
unsaturated qdnducfivity at high_pressurevﬁeads'in these soils in
the fresence>0f the same salt solutiéns..

The equivalent'pore.neck radii of the_most'co@mon pore of the
- soils for sﬁecific éalt solutions,>obtéined from the differéntial
of the moisture release curve and the relationship betweeﬁ the
radius of a caéillary tube and the matric potential are yiven in
Table 4. Childs (1940) and Collis-George and Laryea (1972) used the
ratio of the'radii of necks of the common pofé‘in soils subjecﬁ to -
quick and slow wetting as én index of the structural stability of
the soil,lin fesisting a'breékdoﬁn of soil aggregates on quick
wetting. in fhe_éresent_stﬁdy it was obéerved that in some salt‘
'soiutions‘there was a visually obserVable’swelling of thé soil
aggregates into the inter-aggregate ﬁdres, élthough the'aggregates
themselves did nof Breakdown into.smaller aggregateé. A pore size
index defined as the ratio of the radiﬁs of the common:pore neck of
the soil in solutions of lower'cation concentration to the radius
of the commonjpore neck in the solution of the highest cation
concentration at the same SAR, was. used in the present study as a
quantifative:measure‘of the rélative éhanges in .size of commomn pores

of a soil in different salt solutions.
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'Iﬁ the presence of salt solutions of 1o§ éodium absorption
ratio (SAR 0) and'high'cationAconcentxation“(160 méq/l) the moisture
. reieése é@rves of all soiis showed 2 distinct inflekion at High
pressure heads dﬁe»to a snﬁstantiallpore volume cccupied by pores
with relatively large necks draining within a narrow pressufé head
range (Figureé 9, 12 and 16). With éblutions of SAR 0 and low cation
conééutfations’(lo and 2.5 meq/1) all three soils showed little visual .
evidence of swelling and.only small changeé in their moisture rélease
curves. The persistence of large inter-aggregate pores in this low
sodiuﬁ solution even when the cafion concentration was very.loﬁ
4indicated the high stébility and low swelling of soil aggregates
in éﬁch soiufions. Accordingly, the pore>size index remained high
even at lqw cation concentrations in this low sodium solution |
" (Table 5). | |
With solutions of high sodium‘aBsorptiQn ratio (SAR 40) and
high cation concenﬁration (640 meq/1) all soilé Wefe structurally
. stable as indicated.by_their moisture releasevcurves'(Figurés 11,
15 and 19) showing a distinct inflexion at low pressure heads.
'“Whgn leached with solutions of SAR 40‘and lower cétion concentratiéns
the krasnozem soil,predictably showéd Qéiy li;tle éhange in méisture'
Arelease curves and the pore sizeiindek'remained high (Table 5).
AIn the case of the alluvial and fed brown soils, as the catiqn
Aconcentrafion of this SAR 40 solution was reduced, a shift of the
moisture release curves to the right (Figures 15 and 19) indicated
_a reduction in size of thé necks of the inter—aggregate pores,
causedAby a visually observable swelling of the soil aggregates
_into this ﬁore space. Hence, as fhe.salt concentration was rédu;ed
in this high sodium SOlutién; tﬁe pore size index fell (Table.5).

With both alluvial and red brown soils, as the cation concentration



Table 4. - Radii of necks of common pbre (mm) in
' ’ densities of approximately 0.87, 1.01

krasnozem, alluvial and red brown soils packed to bulk

and 1.05'g/cm3-respectively, for -different salt solutions.

. KRASNOZEM ALLUVIAL RED BROWN
SOIL :
CATION . SAR SAR . © 'SAR
CONCENTRATION | ~ 0 20 T 40 0 i0 20 40 0 10 20 40
(meq/1) : : -
- 640 - - 0.173 - - - 0.126 - - - 0.161
160 0.144 '0.150 - 0.160 0.109 0.165 0.118 0.177 0.128 0.158 0.129
40 - - - - 0.094 0.138 0.085 - 0.113 0.135 0.077
10 - - - 0.146 0.088 0.110 <0.025 " 0.152 0.104 0.049 <0.025
2.5 0.136 0.144 0.146 0.143 0.085 (.056 <0.025 " 0.130 0.091 <0.025<0.025

Table 5. Pore size indicesfof krasnozem, alluvial and red brown soils, packed to bulk densities of
approximately 0.87, 1.0l and 1.05 8/cm3 respectively, for different salt solutions.

KRASNOZEM

'SOIL ALLUVIAL RED BROWN
CATION . © SAR SAR . N SAR
CONCENTRATION | . 0 20 40 0 10 20 40 0 10 20 40
(meq/1) : :
640 - - 1.00 " - - - 1.00 - - - 1.00
160 1.00 1.00 - ©1.00 1.00 1.00 0.97 1.00 1.00 1.00 0.80
46 - - - -~ 0.8 0.83 0.68 - 0.88 0.86 0.48
10 - - - 0 0.91 0.81 0.67 <0.12 0.86 0.81 0.31 <0.15
2.5 0.95 0.96 0.84 0.89 0.78 0.34 <0.12 0.74 0.71 <0.16 <0.15

g9
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was reduced from 64Q to 160xmeq/1 the loss of structural stablllty
was smaJ*, but when the cation concentratlon was reduced to 40 meq/l
a merked loss of stability occurred.. However,'the rate~of decrease
of the pore size index, as the cation concentratlon was reduced in this
SAR 40 solutlon, was much greater for the red brown secil than for.
the alluvial soil (Table 5). Further, as.tﬁe cation concentration
~of this solution was reduced, progressively the volumeshof the
most common pores in both soils decreased (Apoendix D) and these
common Fores aiso fended to drain over a larger pressure head
range (Eigures-iS aud 19). With solutions of SAR 40 and cation
' concentratioﬁ of 10 meq/l, the moisture release curves of alluvial
,and red brown soils did notAhave an inflexion at pressure heads
’gfeeter than -60 cm of water and they also showed pronounced |
swelllng and 1ose of shape and v1suai-identlty of aggregdte
| At intermediate values of sodium absorption ratio (SAR 20
and SAR 10) and high cation concentration (160 meq/1) elleOils
showed a'steble structure. But-as the. salt concentration was
reduced in the SAR 20 solut*on, while the krasnozem soil retained
. its stablllty-(rlgure 1), the alluv1al and red brown 30118 showed
a shift of their moisture release curves_to the right (Figures 14
Aand 18) indicating a_decrease in'size of inter~eggregate pores in
these»soils.' These changes were qualitatively similar to those
observed as the cation concentration was reduced in solutions of -
SAR 40.. Howeuer,’in both ailuvial and red broquSOils, equivalent
1oeses in stability indicated by simile; decreases in the pore
size iudex (Table 5), equivalent shifts of the moisture release
curves to the righu and visible swelling ocourred at relatively
1ower_cation ooncentrations in this solution of SAR 20 than in the

SAR 40 solution. Simiiarly, with salt solutions of SAR 10,as the
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“cation concentration was reducea; the moisture»releésé curves §f
aliuvial énd redlbrown_soils shpﬁed‘a progressive shift to the
 right (Figﬁres 13 and 17), but the equivalent losses in stability
in'this SAR 10 solution. occurred only at relatively much lower
cationAconceﬁtrations‘(Table 5) than for the SAR 20 and SAR 40
solutions. .

The moisture release éurves of_allﬁvial and fed bréwnvsoils
for diffgrént salt solutions (Figureé 12 to 19) could also be used
‘to follow the .changes in poré.geometry of these soils as thé SAR
was increased at a given cation concentration, by plotting together
the appropriate éﬁrves taken from the different figures. In
general the resqltant changes in moisture release curves, as the
SARwas increased at a given cation concentration, appear to be
:qualitatively eimilar to the Changéé in moisture release curves caused
§y a redugtion-in cation concentration at a given SAR, namgly a
shift of the moisture release curves to the right indicating a

o redﬁction in'sizelﬁf_qugs dué to swelling of the soil aggregates.
This is iliustiated Ey comparing.the'moistpre rélease curves of»
red brown soil in_solutioﬁs of cation cgncéntratioh of 10 méq/l
and SARs of 0, 10, 20 and 40. Such a comparison is possible only
where the moisture release‘éurves-in the high salt solutioﬁs at
all SARs.afé-éimilar.iIn this respect; the use of the pofe size
index appearé to héve an advantage Since it meaéures fhe changes
in.common fore size in lowér salt solution relative to the size of
common pore in salt solutions of the highest cation concéntration.
at the same SAR. - In this way it cpuld account, at least partly, for
small differénces in the initial pore geometry in the high salt
.solutions,'dué to variations in packing. The relative'shapes of

the moisture release curves indicate that at least some of the
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common péres in.the low salt soiutions.were origiﬁally the common
pores in the-so1utions oﬁ the highest cation concentration (e.g.
Figure 17).

The values of'the pore size indiceé and thé relative changes in
moisture release curves in salt sﬁlutions indicate that the loss:of
stability as the cation'concentfgfion was reduced or the SAR was
inéreaséd, was gréater for the red bro&nvsoil thén for the alluvial
soil, while the krasnozem soil was very stable in all salt solutions.

Prévious studies of Quirk and Schofield (1955) and McNeal and
Coleman (1966) have demonstrated that the_hydraulic conductivities
of soils céntaining smeétite clays showed a pronouncéd decreasé, és
the cation concentration was reduced in solutions,of a given SAK.
These results are consistent with the data from the present study
in which the moisturé release_curves of the alluvial and red brown
soils show a shift to the right, indicéting a decréase in §ize‘of
'pores'witﬁ reduction in cation concentration at é given Skk.

The Simiiarity in the shape.of the moisture releaée cﬁrves of each
soil in the highest salt sdlution at each SAR was in agcord with

tﬁe previous studieé of McNeal and Cdleman (1966) which’showed
that’the'hydréﬁlié conductivities éf a soil in such high salt
solutions were similar, and varied by less'than 10% from an average
value. "This aiso shows that by éareful-subsampling, packing and
wetting‘the confined soil column QIOle; separately packed'soil,
columns of uniform bulk density (Collis—George and Bfidée, 1973)
_andISimilar pore géometry could be obtained. It is aisq likely that
during the pfbcess of leaching .to obtain ;hemicai equilibrium with |
'salt soiutions preparéd from de%aerated wate£; mdst_of the. entrapped

-air was removed and thereby the variations in moisture release

curves due to incomplete saturation were minimised.
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(ii) Changes in vclumes of pores of specific size ranges

The-changes in volumetric moisture coﬁteuts or undrained
porosify aflsﬁecific pressure'heads invalluvial and red browhvsoils
as the cation cbncenfration was reduced in solutiocns with a fixed |
SAR are shOWnkin'Figures 20 to 25. The dafa for-plotting tﬁese
curves were derived from the moisé@ré release cﬁrves of the soils
’in the same salt solutions. These curves caﬁ be used to‘obtain the
moisture release'curves in salt solutions of SAR 40, 20 and 10 and
any intéimediate'value of éation concentration frqm 2.5 to 160 meq/1.
Similarly,’thé moisture release cgrvés at intermediate values of SAR
caﬁ be obtained from curves shcwiﬁg‘the chaﬁges in yolumetric
moisture content at Specific pressure heads, as the SAR was increased
in solutions of a given cafioﬁ cOncent;atioﬁ. Combining these two
sets of curves it is possible to obtain, by means of graphical
‘interpolation, the moisture feleasé curves_of the soils at any
intermediate values of SAR from 0 to 40 and cation concentration
from 2.5 to 160 meq/L.

These curves in FiguresIZO to 25 may also be used to follo& ﬁhe
changes in volume of pores of any»particulgr size in the alluvial
and red browﬁ soils as the salt conceﬁtfation is reduced in a
solution of a given SAR. .For aﬁy given salt solution the volumes
pf pores which érain.within a spéciﬁic.pressure head range,
:corresponding to a particular pore size range, are given by the
diétance'between the specific curves.for the two pressure heads
vhich defines the limits of the range. The volumes of all pore
. groups ihitialiy showed little change with reductions in catioh
concentration of solutions at a given SAR, until a threshold
concentration was reached. The volumes of the largest pofe group
"and some of the other 1arge'pore groups showed pronounced decreases

with a further reduction in cation concentration of the solution
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at any-giveﬁ'SAk. bn the éther‘hand; althohgh'no experimental d;ta
is available; it can be theoretically envisaged tﬁét the volume of

the smallest pore gfonp will continue to'sﬁow inc;easés as the

éation cdncentration iSAreduced'beloW the threshold éoncentrgtion,

aue to réduction in radii of larger sized pores,'ahd similar

changes are likely in,othér small sized pore groups. The chénges
- in volumes of me&ium éized pore-grOups of the alluvial and.red'

brown soil in different sélt solutions showed some variability

5ut in general thej initiélly tended to show small inéréases as
" the .cation concentration was reduced_Below the thfeshold concentration
but with further reductionS'in cation concentration the volumes of
these pore groups were very‘markedly.decreased.

These pattefus of chénge in volumes of 1arge:and medium sized
pofe gfoups were further_examiped'using.the moisture release data
» :_for the alluvial énd red brown soils (Tabiés»G and 7) packed to higher
bulk aensities of 1.13 and 1.201g/cm3_reépectively. A similar-pattern
~ of change of volume of these.porgs, where the large sized pore
4grou§s show‘a continuous decreasg in volume and'the mgdium sized
‘pore{groﬁﬁs initially show an increase to.a maximum agd then a decrease,'
‘wae observed as the éation concentration bf'absolutién of ‘given SAR
was re&uced.' It may also be éeen that for both soils, as'the
average-diameter.of the paiticular intermédiate sized pore group
became smélléf, the cation concentration atvwhich the maximuﬁ
pore volume was reaéhed became }ower.
These'observations‘on the-Changes in volumes of pore groqps

may be,eiplained in the following manner.' The swelling of soil
aggregates into pores,'which.in'the high salt solution constitute
a-borg group of specific size, will'reduce_the diametef of some of

these.pores to groups of relatively smaller size pores. ?he
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»reéultant decrease in volume of this specific group of pores wiil
bg balanced; to varying degfeeé; By'an_incfease in volume of this
pore grour due,tb sﬁelling ofvaggregates'iﬁto pores wﬁigh in high
salt solﬁtions were originally in a still larger sizé-group. The
relative magnitudes‘of these. two proceésés will determine'tﬁe
nature and magnitude éf tﬁe volpme changes of that pore group, as
thé cation concentration ié'reduced in a solution of a given SAR.
_Hénce we obtain the general pattern of changes in volumes of large
and medium size pores. The aata in Tables 6 and 7 include a few
values vwhiéh tend to differ from this generai pattern, possibly due
to yariations in packing caﬁsing a distribution of pqres‘different
from the normal distribﬁtion.in the solution.of the highest cation
concentration at a given SAR. |

- In this discussion of.tﬁe changeébin volume of specific size
pores in differeqt.salt solutions,'it ﬁust be borne in mind that
the pores draining between specific pressure'heads will have aﬁ
average rédius correspbnding to the average pfessuré head appiied.
But the same pore will have a different radius when the:soil is
subjected to other pressure heads, if the soil aggregates_show
'shrinkége on drying. Hence, in such éoilé the curves indidating'.
the pére size distribution at different pressuré heads will»vary
from each other and also from the moisture release curve (Appendix
B) of the soil; This isllikely'to have a marked effect on the
hydraulic coﬁductivity characteristics of the soil, which will be
‘examined in detail in later sections of this study.

In ordér'to make meaningful.quéntitative comparisons of the

effects of salt.solutioné on the pofe geometry of a soil packed

to different bulk densities, it is necessary to take into account.
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the différences in the initial ﬁore size distribution in the presence
of a high salt solution in which ;hé soil is stable. »ihis could be
achieved by expressing.tﬁe #Qlumes'of pores of a given'pore size
range in salt solutions with a lower cation concentration, as a
percentage of the éore'volhme of the saﬁe size raﬁge in the presence-
qf solutions of thé higheét caﬁion concentration at the same SAR.
(Tables 8 and 9). In this analysis fhé changes in the total Qoluﬁe-
of pbres larger than specific radii has Been considered. It'is

seen that for both alluvial and red brown scils packed to a higher

~N ) _

bulk density, all the pore groups analysed, excgpt the lafgest

sized pore gropp,'show a froportionatelyvbigger percentage decrease

in voihmé'in the low salt solution at a given SAR,'thaﬂ the samé
soil‘packéd.fo‘a 1ower‘bu1k density in fhetpresence of the same low

salt soiution; Apparently tﬁevgreater émount.of clay per unit volume

of soil fécked to a high bulk denéity results in greater swelling

which thus leads to greater'perceﬁtage decrease in volumeV;;f |

speéific pore groupsl> However, although the total amount of

swelling per unit voluﬁe is less in soilé,of 1owér bulk density,
-apparently most of this éwelling of'the soil aggregétes is accommodaféd
in the more abundant pbreé of the.largest sizé group, résulting in a
relatively greétef percentage decrease in volumes of these large.

_fized pores in the'soil packed to a lower-ﬁulk density.

Alfhough the bulk densiﬁy‘was changed from 1.01 to 1.13 g/cm3 in'ghe
- alluvial soil and‘from‘l.OS to 1.20 g/cm3 in the red brown soil, the values i
for the fractional decrease of volﬁmeé of pores of specific siZes‘in low
salt solution for each soil packedvfo two different bulk densities was
generally well within 0.1 of each other (Tableé 8 and 9). It can be expected

that for smaller bulk density-changes the differences in values will be



Table 6. Moisture release data of .alluvial soil for salt solutions
of SAR 40, 20 and 10 and different cation ccncentrations.
Bulk density of soil, 1.13 g/cins.

| o | - -Solution Outflow (cnl3)
SAR 1 “Suction Cation Concentration (meq/i) -
640 160 80 40 20 10 2.5
0-10 |4.20 3.40 2.58 1.92 1.06 .. , 4
10-20 |6.32. 5.04 4.22 3.12 1.12 .. . _
20 - 30 |4.32 3.96 3.48 2.24 1.26 |
| 30 - 40 1.2 1.26 1.42 1.22  1.30 -0.28
140 | 40-60 |0.92 1.14 1.16%1.08 1.00 0.40
60 - 80 | 0.46 0.68 0.72 0.58 0.80* 1 0.30
80 - 100 | 0.36 0.48 0.42 0.54 0.65* 0.44
100 - 120 |0.26 0.34 0.38 0.40 0.46* .. i
120 - 160 | 0.40 0.66 0.56 0.76 0.78% .. 103
0-10 412 .. 3.16 2.50 '1.82
10 - 20 618 - .. 6.14 6.00 4.4 272
20 - 30 '3.82 .. 4.48* 3.18 4.08
30 - 40 1.3 .. 142 1.70¢ 1.3z 92
20 | 40 - 60 1.14 .. 1.06 1.3¢ 1.46* 1.28
‘ 60 - 80 0.64 .. 0.66 0.74* 0.64 0.66
80 - 100 . 0.44 .. 0.44 0.50 0.48 0.54%
100 - 120 0.24 .. 0.30 0.32 0.3%
120 - 160 0.4 .. 0.42 0.60 0.64 98
0- 10 378 .. 310 .. 272 1.84
10 - 20 5.88° .. 5.72 .. 526 4.24
20 - 30 4.32 .. 4.88x .. 3.6 3.02
| 30 - 40 2,28 ... 1.9 .. . 2.26 1.64
10 | 40 - 60 C1.52 .. 154 .. 1.62% 1.52
60 - 80 0.76 .. 0.76 .. 070 0.74
80 - 100 0.40 - .. 0.46 ..  0.48* 0.40
100 - 120 0.34 .. 0.38 .. 0.40*% 0.36
120 - 160 0.48 .. 0:42 ..  0.50% 0.48

*Cation concentrations at which the specific sized pores reach their
maximum volume. The values underlined indicate where the volume of

. these specific sized pores has increased as the cation concentration
was reduced from the previous higher concentration at the same SAR..



Table 7. Moisture release data of red brown soil for salt .solutions
b of SAR 40, 20 and 10 and different cation concentrations. -
Bulk density of soil, 1.20 g/cmd. . ,

. "Solution Outﬂow»h(cm’?’)
H ’ ;
.SAR Suction " Cation Co'n_cen,trat;'on (meq/1) _
| 646 160 80 40. 20 10 2.5
0-10 | 2.21 1.52 0.96.0.52 0.16
10 -20 | 1.79 1.44 0.76 0.48 0.18
20 - 30 | 1.04 1.22«~ 1.22 0.48 0.20
| 30-40 | 1.02 1.12 1.70%* 0.44 0.16
40 | 40-60 | 0.70 0.84* 0.80 0.46 0.24
60.- 80 | 0.58 0.70 0.62 1.18% 0.30
80 - 100- | 0.32 0.46% 0.32 0.42 0.20
100 - 120 | 0.26 0.22 0.26 0.28* 0.20
120 - 160 | 0.32 0.38 0.34 0.42 0.64*
0~ 10 2.14 L34 100 0.28 ¢
10 - 20 2.96 2.96 1.28 0.36
20 - 30 1.82 .. 1.50 1.90* 0.26 N
| 30 - 40 0.74 0.42 0.90 1.04x *18
20 | ‘40 - 60 0.70 . 0.76 0.86* 0.72 0.34
60 - 80 0.44 .. 0.54* 0.46 0.42 0.34
80 - 100 0.24 .. 0.28 0.28 0.28 0.10
100 - 120 10.18 0.22.  0.22_ 0.26% -
120 - 160 0.24 0.30 0.30 0.3+ °-%0
0-10 . 2.74 .. 2,00 .. 1.48 1.18
10 - 20 2.04 .. 2.22% .. 1.78 1.06
20 - 30 1.76 .. 1.58 - .. 1.78* 1.06
30 - 40 1.28 .. 124" .. 0.92 0.84
10 | 40 - 60 1.10 .. 0.90 .. 0.92 0.62
60 - 80 0,70 .. 0.5 .. 0,46 0.52
80 - '100. 0.300 .. 0.26 .. 0.34 0.46*
1100 - 120 0.20 .. 0.22 .. - 0.26 0.28*
120 - 160 0.26 .. 0.3¢- .. 0.32 0.36*

*Cation concentrations at which the specific sized pores reach their
maximum volume. The values underlined indicate where the volume of
these specific sized pores has increased as the cation concentration

. was reduced from the previous higher concentration at the same SAR.



Table 8. Relative volumes* of pores of-spec1flc dlameter ranges in alluv1al 3011 in dlfferent salt colutlons Soils
' packed to-bulk densities of 1.01 and 1. Ti g/cem3. : ‘
Bulk Densgty : o : ,
(gm/cm 1.01 + 0.02- 1.13
C | Pore N s e
- SAR | diameter | Ca’q_on Concentration (melo_/])‘ 4 | Cation con’celr‘xtrvatmn (meq/1)

(um) 640 160 €0 40 20 . . 10. 2.5, | 640 160 80 40 - 20 19 2.5

> 300 11.00 0.73 0.54 . 0.35 0.24 0.15 1.00 0.81 0.62 0.46"* 0.26 ..
. > 150 1.00 0.91 0.73 0.47 0.27 0.14 1.00 0.81 0.65 .0.48 .0.21 0.03

40 > 100 1.00 0.87: 0.74 0.55 0.33 0.15° '1.00 0.84. 0.70 0.49 0.24 ..
> 75 1.00© 0.87 0.77 0.57 0.36 0.17 . 1.00 0.84 0.72 " 0.53 0.30 0.04
> 50 1.00 0.92 - 0.82 '0:.64 0.42 0.20. 1.00 0.87 0.75 0.56 0.34 _ 0.56

> 300 1.00 - 0.72 0.50 0.31 0.i5 1.00 - 0.77 0.61% 0.45%
A > 150 ~1.00 0.95 0.8 0.71 0.19 ©1.00 0.91 0.83 0.59%* 0.27
20 - | > 100 1.00 ©0.96 0.91 0.81 0.40° . 1.00 0.98 0.83 0.72

> 75 -1..00 0.97 0.92 0.83 0.47 .00 .. 0.9 o0.&7 0.75 0.47
> 50 1.00 0.97 0.93 0.85 0.54 1.00° .. . 0.98 0.89 0.78 0.52
> 300 1.00 ©0.76 0.59 0.4 100 .. 0.8 0.72%* 0.49
.| > 150 11.00 0.93 1 0.82  0.57 S 1.00 .. 0.9 0.83 0.63
10 | > 100 1,00 . 0.97 ._.. 0.92 0.68 - 1.00 0.98 0.82 0.65
> 75 . 1.00 0.97. .. 0.93 0.71 - 1.00 - 0.97 0.85 0.66
> 50 1.00. 10.97 0.94 0.72 1.00 0.97 - 0.87  0.69

*The volume of pores of speéific diameter in salt solutions of lower cation concentration at a givenESAR,'expressed as

a fraction of their volume in a solution of the highest cation concentration at the same SAR

*’The differences in the corresponding sets of values in the soil packed to the two bulk den31t1es is larger than 0.10.

The values underlined show an increase of more than 0.02 over Lne corresponding values in the soil packed to 1ower
bulk densi ty.

©
&



- Table 9 Relatlve volumes* of pores of spec1f1c dlameter ranges in red brown 5011 in different salt solutlons.

Soils
packed to bulk densities of 1.05 and 1.20 g/cm '
: ' 1
Bu1k Density : :
“Sgm/cmd) 1.05 i_O.QZ 1.20 .
, Pore Ca}";ion ‘concentration. (meq/1) ° Cation concentration (meq/1)
SAR | diameter o B o o S .
(um) 640 160 80 40 . 20 10 2.5 | 640 160 80 40 20 10 2.5
> 300 1.00 0.63 0.35 0.16 0.08 0.04 1.00 0.69 0.44 0.24 0.08
> 150 1.00 0.84- 0.54 0.25 0.12 0.04 1.00 0.74 0.43%**0.25 0.09
40 | >100 | 1.00 0.91 0.67 0.3 0.16 0.04 | 1.00 0.83 '0.59 0.30 0.11
> 75 1.00 - 0.93 ° 0.70 0.39- 0.19 0.04 1.00 0.88 0.60 0.32 0.12
> 50 1.00 0.91 0.74 0.41 0.20 0.05 1.00. 0.91 0.66 0.36 0.14
> 300 1.00 0.66 0.39 0.11 0.02 1.00 - ... 0.63 0.47 0.13 ..
> 150 1.00 . . 0.89 0.46 0.10  0.02 1.00 ... 0.8 0.45 0.13 0.04
20 | >100 1.00 0.90 - 0.62  0.18 0.03 1.00 .. 0.83 0.6t 0.13 ..
575 11.00 0.51° 0.68 0.27 0.05 1.00 .. 0.81 0.67 0.26 0.05
> 50 1,00 0.90 0.70 0.32 -0.08 . 1.00 .. 0.83 0.71 0.32 0.09
> 300 1.00 .. - 0.64 1 0.41 . 0.34 1.00 .. .0.73 0.54%* 0,43
| > 150 1.00 . 0.91° ... .0.81 0.51 1.00 © ... 0.89 .. . 0.69%%0.47
10 > 100 S 1.00 . 0.93° .. 0.8 0.60 '1.00 .. - 0.89 0.77 0.51
> 75 1.00 0.92 - 0.86 0.63 1.00 .. 0.9 0.76 0.53
> 50 1.00 10.94 - 0.87  0.64 1.00 | 0.89 0.78  0.54
' N

*The volume of porés of specific diameter in salt SOluthHa of lower cation concentration at a given SAR expressed as

a fraction of thelr volume in a solution of the highest cation concentration at:

the same SAR.

“#*The differences in the corresponding sets of values in the soil .packed to the two bulk demsities is larger than 0.10.

The values underlined show an increase of more than 0 02 over the corleopondxng values ian the soil packed to ]ower
bulk deﬂs1ty
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smaller. OIn--tb.e. Basis of 'f:he'se results:,'it is téntativel}'
éuggested that the exﬁeriﬁentally determined values of fractional
&ecreases in vélumeé of pdres of épecific sizes in a soil packed

to a éiveﬂ bulk density (Tables 8 and 9) as the salt‘concentrétion
is reduced at a given SAR, could be used as a frame of reference

to compute  the moisture release curﬁes in the presence of the same
sait solutions for the same soil packed po‘anothér bulkfdensity,
provid?d that the buik density differénces are not too large. In’
making theée computations, the pore size distribution of the séil
packed to this new bulk density in the preséncé of a high salt
solﬁtion should bevknown.

Although the data in Tables 8 and 9 also iﬁdicate that the

fractionaladgcrease:in the 1argést sized pore group in specific

low salt solutions in a particular soil'packed to two different
- bulk densities sometimes show differencé$ exceeding 0.1, these
larger differences occur in the part of ﬁhe moistuxe release curves
in which drainage oflsubstantially large pore volumeé takes place
6Vér a narrow pressure head range. lherefore, these \rariat_ibns may
not be very sigﬁifiéant, és differences of similar maénitude can
»occurAatbthese high pressure heads in duplicate soil columns éf
vthe saﬁe bulk density in the same sal; solution due to slight
differences in packing and errors in experimental meésurements.
Whether a variation of the-magniture-éf 0.1 is too large to be
acceptable will depend on the proposed uses of the'moisturé release
curves computed by this method. . In mosf studieé, particularly in
the_fiéld, where very éccuraté determinations of moisture release
curves are-generalljvnot necessary on éccoupt of tﬁe large
variations in-field éoil chafacteristics, differeﬁces of this”

" magnitude may not be significant, éspeciélly in view of the
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advantages of this method for such studies. However, it must be
stressed that this method has been tested for only two soils and
three sevies of salt»solutions and further evaluatibn'of the

geﬁeral use of this wethod would be necessary.

(1ii) Equivalent salt solutions

A concept of equivalent_éalt SOIﬁtions was dével¢ped during
thislstudy. It appears to have a number of important applications
 to'studieé'which involve flow of salt solutions in soils. Thev_
théOfetical_basiS'for this concept may be explained in the foilowing
manner. Previous studies ha&e shown thgt'the extent 6f clay swelling
increases with a,rgduction in Eation concentraﬁion at ahy given SAR
value. For a given extent of swelling produced by reductions in
’ﬁcation concentration to specific values in solutions of high SAR,
theré are at progressively lower UARs, prog:essively lower'éation
concentratiéns'which_prdduce tﬁe éame éxtent.of swelling. These
combinations of SAR and cgtion concentrations producing a given
extenf of swelling would constitute an equivalent salt solution
series. Similafly'there would be other series of equivalent salt
solutions producing other eXtents of'swelling. .Therefbre; if the
initial pore geometry in the high salt solution at eaéh SAR to .
which tHegsoil is stable is identical, and sincevtﬁe introductioﬁ
bf_equivalent salt solutions is likely to result in an equivalent
changevin pore:geometry,-the éoil in equivaiént salt solutions
coﬁld be_expeéted to Bave-idéntiﬁal moisfurevreléase curves.

If the soilé have ideﬁtical moisture feiease curves in the
presence of eqﬁivélenf,salt sblutiqns'they could theoreticaliy be-
expectéd to have the same satufated'hydraulic condﬁctivity'aé well

as identical unsaturated conductivity-pressure head curves for such
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solutions. Henée,thﬁuflOW“of'equﬁvalent salt sclutions in a given
'soil undef'éﬁ& épécific bounéérf conditions could also be expected
to be identical.

Therefore, if the valﬁes of the equivalent salt solutions are
konown, and the changes in safurated and unsaturated conductivities
of-a soil as the cation concentratipn.is reduced at'any giveﬁ SAR °
are ‘alsc known, it should be possible to predicf values for séturated
and unsaturated cﬁnductivity for solutions'of any otﬁgr combination
,of SAR and cation concentration,’usiﬁg;the values of theiequivalent
sal;vsolution as a frame of reference. Using a similar procedure
it could alsq te pdssible to diregtly correlate flow of equivalent
salt solutions undef.the éame boundary conditions.‘ Applying this
concept to the present,study,‘if the capacity‘of a’soii toutr;nsmit
salt solutions from a water table to the surface is studied in detail
for a series_of salt solutions ‘of decreasing cation concentrations
"~ at a given SAR; it shouid b2 possible to-extrapolate these results -
to other series of salt solutions of decreasing catioﬂ cpncehtratiohs
at other SARs, using the.valués for the quivalent salt sdlutions as
a fréme,of reference. This.theoreticai concept of edﬁivglent salt
sqlution was tested ﬁsing the values of saturated and unsatqfatéd
conductivities for;salt solutions measured during the present stud?.
| The "equivalént salt solutions fbr swelling" may beldéfined aé
different combinatiéns of SAR énd cation concen£rations of salt
:soiutionS'in which’ééils_have Similar-moisture releaseAcurves.

Tﬁe "equivalent.salt solutions for swelling'" of alluvial and red
brown soils can be obtained by comparing_thé mois&ure release curves
of theée soils in‘diffefént sait solutioﬁs (Figurés 12 to ;9).
However, instead 6f the moisture release éﬁ?ves,'the values.of

pore size indices were used to obtain the equivalent salt solutions.
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Théoreticallj it could be éﬁgued that if'the initial pore. geometry
-of_the soil is the same; the equivalent.salt solutions;-while
- producing identical changes:iﬁ the size of the commun pore, could
also be expected-to prodﬁce‘identical changes in all other»pores.
Under such conditions the.value of pore size'indexvcould'be expected
to characterise the shape of the entire moisture release cﬁrve, |
However, in pracﬁice,'duplicate columns of a givep soilfpackedvta
the'same buik denéity aré likely to show some variations'iﬁ initiél
pore geametry. The pore size index, as it measures the relative
sﬁelling'in iower salt.solutions, could partly account’for small
" differences in initiai pore gebmetry. | |
The moisture release data of alluvial and red brown soils packed

to bulk densities ofvl.iB and 1.20 g/cm3 respectively fof diffefent.
salt solutions (TaBles 6 and 7) weré plottéd and tﬂe'pdre size-indice;
. were obtgined using the procedure described previously. The changes
in values of ﬁore size indices of these soils, as the cation
.;goncentration &és.reduced in solufions of given'SARs of 40,v20
and 10, were plqtted (Figﬁres 26 and 27). These curves ﬁere then
used to obtain the equivalent salt solutions of aliuvial and red
brown soils (Figures 28 an& 29) in which the pore size indices fell
to specific values:‘ (Figufes 28 and 29 could also be used t§>obtain
the "equivalent salt solutions for swelling" of these éoils for

"equivalent

intermediate Qalues,of SAR.) The use of fhese values of
salt solutions for swellingﬁ of alluvial and red brown soils for
predicting changes in hydraulic coﬁductivities in salt soiutions
will be evaluated in later sections.

The values of pore size indices of alluvial and red brown éoils,

packed to bulk densities of 1.13 and 1.20 g/cm3 respectively in the

presence of speéific salt solutions (Figures'26 andb27) show a - -
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 Fig. 26. Pore size indices of alluvial soil for salt solutions of

SAR @ 40, ® 20, & 10, and different cation concentrations. Equivalent
salt solutions'prodicinga-specific decrease in pore size index could

- .be read from these curves by drawing 1§nes parallel to the horizontal

axis. Bulk density of soil, 1.13 g/cm
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Fig. 27. The pore size indices of red brown soil for salt solutions of SAR @

40. ® 20, a 10 and different cation concentrations. Equivalent salt solutions "

producing a specific decrease in pore size index could be read from these-

fugges/by drawing lines parallel to the horizontal axis. Bulk density of soil,
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Fig. 28. Equivalent salt solutions-for swelling and for saturated hydrau]ig
conductivity in alluvial soil. Equivalent salt solutions for swelling causing
a décrease in pore size index to © 0.9, < 0.85, @ 0.8, ¢ 0.75, » 0.7, © 0.6,
< 0.5. Equivalent salt solutions causing a decrease in saturated cqnduct1V1ty
to @ 90%, B 80%, * 70%, @ 60%, < 50%, @ 40%, ® 30%, » 20%, @ 10%3of its- value
in the highest salt solutions. Bulk density of soil, 1.13 g/cm2. :
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Fig. 29. Equivalent salt solutions for swelling and for saturated hydraulic
conductivity in red brown soil. Equivalent salt solutions for swelling
causing a decrease in pore sizeindex to © 0.9, 0 0.8, > 0.7, © 0.6, < 0.5,
© 0.4, 0.3. Equivalent salt solutions causing a decrease in saturated
conductivity to @ 90%, ® 80%, ».70%, ¢ 60%, <« 50%, © 40%, ® 30%, » 20%,

© 10% of.its value in the highest salt solutions. Bulk density of soil,
1.20 g/cm3. - » o
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~general similarity to the corresponding values of pore size indices
-of these soils paéked'tp 1ow€r'5ﬁ1k.densities (TébleAS). Theoretically
it is possible for a given soil packed to markedly different bulk |
densities tc have different pore size indices in specific low salt
solutions, but these indices when plotted as described earliervcould
;_ give the same equivalent salt solutions for that particular soil. However,
_some of the differencés in values of pore size index obsérved for a
given soil, packed to two different bulk aensities, for 5 specific
salt solution, could be partly due to experimental inaccuracies and
variation in determining moisture reléase curves in different soil -
columns and in deriving the pore size indices from these-curves.

A comparison of values in Figures 28 and 29 showé that the

values of "

equivalent salt solutions for swelling"-for alluvial and
red brown soils differ, even after allowing for the relatively

~greater swelling in the red brown soil.

C. Effect of Salt Solution Compoéition on Saturated Conductivity

. of the Soils

(i) Changes in saturated conductivities

The krasnozem soil packed to a bulk density of.l.OO g/cm3

showed a saturated hydraﬁlic conductivity of 2237 cm/day for a salt
.éoiution of SAR 20 and cation concentration of 160 meq/1l (Table 10).
When the cation concentration was reduced to 2.5 meq/1 the saturated
conductivity of this soil fell to 1875 gm/day. Thus, there Qas only
a small change in saturated conductivitfvof the krasnozem soil as

the cation concentration was reduced to low values in this solution
of SAR 20. In the studies on changes of the moistufe release curves
in saltvsolutiqns (Figure 10), thié-soil shéwed véry little swelling

in low salt solutions df SAR 20. Therefore, the small changes in
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saturaéeg'coﬁductiyity:of.tﬁis.soil~a?pareutly‘indicate é low
"tendené; Eor claf diséeréion in the p?ésenée40f low salt solutions
of SAR 20; in adaiticn to the low swelling of the zoil aggregates.
The saturated hydraulic conductivities of alluvial and red brownm
soil packed to bulk densities of\1.13 and 1.22 g/cm3 respectively,
for sz2lt solutions of SAR 40, 20 and 10, as the salt concentration
‘Was progressively reduéed from 640 oxr 160 to 2.5 meq/1 in solutions
of a specific SAR value, are given in Table 10; These saturated
conductivity values are average values obtaiﬁed from three separate
éoil columﬁs; The average saturated cohductivity-for a given soil
in the solution with the highest cafion_concentration at each SAR
showed some differences, largely due to variétions in the pore
geometry of the separately packéd s&il columns uséd in thesé
experiments. Hence, in order to inake comparisons between the
saturated cdonductivity values of a soil for low saltvsolutions of
different SAR values obtainod from these separately packed soil
columns,'the values of the satufsted conductivity in solutions of
the highest cation conéentrétion.at each SAR were averaged and all
measured values 6f conductivity for’tﬁe.lower salt sdiutions\were
" adjusted to correspond to this avefage value in the ﬁigh salt solﬁtion,'
" on a simple proportionate basis (McNeél and Colemén, 1966) .
Figuresj30 and 31 show the average adjusted saturafed
conduétivity’values of alluvial and red brown soils respectively
in differenthalt solutions; In solutions of the highest cation
concenfration at all SARs the alluvial énd red brown soils have
average “saturated conductivities of 235.7 :and 37.3 cm/day respectiyely.
With'solutioné of‘SAR 10, as the salt concentration was reduced the
saturated conductivity of alluvial and red brown soils slowly

decreased to values of 47.9 and 4.2 em/day respectively for solutions



Table 10. The average saturated conductivity (cm/day) of krasno em, alluvial and red brown soils
packed to bulk densities of 1.00, 1.13 and 1.22 g /cm~ respectively, for salt solutions
of SAR 40, 20 and 10 and different cation.concentrations.

. - KRASNOZEM ALLUVTAL RED BROWN
CATION : = -
CONCENTRATION . SAR o 'SAR ‘ - SAR
(meq/1) e 20 L0 . 20 10 40 20 10
640 o 251.2 | _ 36.3 |
160 t 2237 ' '180.5 230.4 225.5 29.6  35.4 40.2
' 80 - ) . ) ’ ' 97-9 ) . 9.44 LK) . ) .e
L0 - . 2113 26.1 92.7 = 169.8 0.40 18.7 35.5
20 - . ‘ 0.5 49.1 . 0.04 5.98
10 .. .. 21.2 108.7 .. 0.66 19.9
2.5 | 1875 . 1.7 45.8 .. . A AA
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Fig. 30. Adjusted average experimental and predicted saturated conductivities
of alluvial soil for different salt solutions. Experimental saturated
conductivity for solutions of SAR © 40, © 20, & 10 and different cation
concentrations. Predicted saturated conductivity for solutions of SAR & 20,
4 10 and different cation concentrations. Bulk density of soil,1.13 g/cm3.
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Fig; 31. Adjusted average exper1menta1 and pred1cted saturated conductivity of
red brown soil for different salt solutions. Experimental saturated conduct1v1ty
for solutions of SAR © 40, B 20, a 10 -and different cation concentrations.

Predicted saturated conductivity for solutions of SAR @ 20, a 10 and different

cation concentrations. Bulk dens1ty of 5011, 1.22 g/cm
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whose cation concentration was 2.5 meq/l; In. the case of the alluvial
soil; as the cation concentration was‘reduced in solutioﬁs of SAR 40
and 20, the saturated conductivity decreésed markédly to reach wvalues
of neariy zero at cation concentrations of 20 and 2.5 meq/1
respectively. Very marked decreases in saturated conductivity were
also observed in the red brown soil, as the cation conceﬁtration
-w;s.reduced in solutions of SAR 40 andQZQ, to reach near zero values
when salt coﬁéentration was 40 and 10 meq/) respectively. Hence, in
both a;luvial and red brown soils the rate of decrease in saturated
conductivify with reduction in cation concentration was more rapid
for solutions with the highef‘value of SAR. This is also indicated

on a quantitative basisfby the values of the experimentally determined
average saturated'conductivities of alluvial and red brown soils in
low salt solutions; expressed as a fraction of the value of saturated
. conductivity for salt solutions -of the highest cation éonéentration

ét the same SAR (Tables 11 and 12).-

Tables 11 and 12 also show that the rate of decrease in saturated
conductivity, with reduction iﬁ salt concentration in solutions at all
~SARs (40, 20 and 10) was more'rapid for the red brown scil than for
the alluvial soil; This result is in accord with the values of the
pore size indéx‘of’the soils iﬁ salt solutions, which indicate that
the red brown soil was less stable than the alluviél soil in the
presence of low salt, high sodiumAsolutions. In a previous detailed
study of a number of soils with a wide range of clay minefalogy,
McNeal and Coleman (1966) found that, except for stable soils, the
saturated coﬁductiyity decreased.aé the salt concentration was
reduced in salt solutions of fixed SAR and this decrease was given

by a curve of sigmoid shape. 'The alluvial and red brown soils used
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in the ﬁresent study, although showing differenceé’in their absolute
saturated conductivity values in low salt solutions, also gave curves
of a sigmoid shapg. _There is qualitative agreement betweén fhe results
from the present study and the results obtained by McNeal and Coleman
(1966).

The relationshiﬁ between thé Zhanges in experimentally determined
saturated conductivity of the alluvial and red brown soils and the
fchapées‘in pore geometry of the same soil, as_the’cation.cﬁnceﬂtration,
- was reduced at a given SAR, was examined on a quantitaﬁive bésis.
Several methods (Childs and Collis-George, 1950; Marshall, 1958;
Millingfon aﬁd Quirk, 1959) have been suggested for computing the
unsaturated conducti&ity;pressure head curves of soils from their
meisture releasé curves. . Recent studies (Jackson.et al., 1965; Kunze
et al., 1968) have shéwn that these methods could yield satisfactory
predictions provided that a matching factor was used to match a
computed value of unsaturated conductivity to an experimehﬁally
determined value at any single pressure head. The values of matching
factors for différent soils was found to vary considerably (Kunze et
él‘, 1568) . However, if the value of the matching factor for a given
soil at saturation remains constant in fhe pfesencé of different sélt
solutions, the relative decrease in experimental saturated conductivity
with reduction in cation concentration to a specific value at a given
~SAR woui& equal the relative decrease in computed saturéted
conductivity in the same low galt solutions. This suggestion was
evaluated using the following proqeduré.

The saturated conductivities of alluvial and red brown soils for
different salt solutions were computed from the moisture release curves
in the speéific salt solutions (Tables 6 and 7), using the equation

proposed by Kunze et al. (1968). These computed saturated
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conductivity'valuesfwere_tﬁan.expressed as a Iraction of the
value’Of'coﬁputedlsacurated'conductivity for solutions cf the
highest cation concentration at the same SAR (Tables 11 and 12).
Thesc-tables also show the experimentally measured saturated
conductivity values for the low salt solqcions_expressed as a
fraction of their value for the éolution of highest cation concentration
at the same SAR. A comparison of these sets of values shoﬁed that
fcr both soils the fractional réduction in =2xperimental saturatéd
conductivities, as the cation concentration was reduced to a
specific value at a given SAR, was generélly greater tﬁan the
corresponding fractionéi decrease in computed saturated conductivity
values in the same low salt soiution. This diffciencc could be
attributed to several possible causes.

Firstly, it is suggested that if the individual soil aggregates
shrink on drying the curve indicating the actual pore size'
distribution of the soil at saturation will differ from the
experimentally determined moisture release curves from which the
computed saturated conductivicy is obtained. A thecretical model
to show the qualitative'rclationship between the moisture release
curves and che curves indicatiﬁg the:pore size distribution at
saturation and other pressure-heads is ‘described in Appendix B.

The relative shift of the curve indicating the pore size distribﬁtian
at saturation to the ﬁight of the moisture release curves becomes
larger with increase in the e#tent of soil aggregate shrinkage on

- drying. Since the extent of shrinkage of aggregates is 1ikely to
increase with 'a reduction in cation concentration at a given-SAR,

the relative shift of the curve indicating the pore size distribution
at saturation tc thé right.of the moisture félease curve, is likeiy

to be greater for low salt solutions. Hence, we could expect a



Table 11. Relative* experimental and computed saturated conductivities
: “of alluvial soil for different salt solutions. Bulk density
of soil, 1.13 g/em3. :
san | Concentracion | Relative experimenial | Relstive compucet s
(meq/1) ‘ e .
640 3..000 1.000
160 0.719 0.654
80 0.390 10.472
40 40 0.104 0.206
20 0.002 0.051
10 ..
5 .. ..
2.5 .. .
160 1.000 1.000
40 0.401 0.777
20 0.213 - 0.589
20 10 0.992 0.287
5 0.029 0.087
2.5 6.002 ..
160 1.000 1.000
10 40 0.753 0.790
10 0.482 0.581
2.5 - 0.203 0.318

*Relative saturated conductivity is the conductivity in a solution of
lower cation concentration, expressed as a fraction of the
conductivity value in the solution of highest cation concentration
at the same SAR. : : '




Table 12. Relative* experimental and computed saturated conductivities
' of red brown soil for different salt sclutions. Bulk density
of soil, 1.22 g/em’.

SAR CogiZizzation Relative experimental . ‘Reiétive computed
(meq/1) saturated condgc;iyi;y‘ .satur§ted conductivity
- 640 1.000 - : 1.000
160 - ©0.815 | - 0.904
. 80 : 0.260 1. 0.317
40 0.011 ' ' 0.105
0 20 - o0.001 .
10 l .
> s i : . .e
2.5 : e L
160 1.000 : 1.000
40 ~© 0.528 " 0.763
20 20 2 £ 0.169 0.320
B 10 - 0.019 © 0.033
5 L o ..
2.5 .. ] .
160 | . 1.000 | 1.000
40 | 0.882 | o.838
10 10 0.496 - . 0.483
2.5 o 0.110 0.207

*Relative saturated conductivity is the conductivity in a solution
of lower cation concentration, expressed as a fraction of the
conductivity value in the solution of highest cation concentration.
at the same SAR. : »
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proportionﬁtely gfeater fractional decrease in experimental saturafed
conductivity, with reductionv>in cation concentration at any given
SAR, than indicated by the reduction~in coﬁputed.saturated
conductivity values célculaﬁed from the moisfure release curve.
Another possible cause is a greater blocking of cbnducping pores
due to enhanced clay dispersion or particlé displacement in the soil
columns used in the saturated conductivity‘determination than in the
soil columns used in_the moisture release curve determination due to
faster flow rate of ;alt solutions (because of the absence of a
porous pléte fo reduce'the flow rate). The use of two separately'_
packed goil columns for the saturated conductivity and moisture

release curve determinations of a soil for a specific salt solution

could also have contributed to this difference.

(ii) Equivalent salt soluticns

: The séturated_conductivity values in'Figureé 30 and 31 can be
used to determine "equivaleht salt sqlutions for saturated
condﬁctivify"? which can be defined as salt solutions of different
‘combinations of SAR and cation concentfations for which the soil has
" the same adjusted saturated.conductivity, The "equivalent salt
solutions for saturated coﬁductiviéy" for alluvial and red brown
soils.packed to bulk densities of 1.13 and 1.22'g/cm3 respectively,
are given in Figures 28.and 29.

It was 'suggested in an earlier section (p. 87), that the "equivalent
salt solutions for swelling" could be used tc predict the saturated
conductivities of soiis for the same salt solutions. The accuracy
of these predictions would depend on the degree of agreement between
the "equivalent salt solutions for swelling and for saturafed
~conductivity". 1In red béown'soil the'equivalent salt solutions

producing a specific percentage decrease in saturated conductiﬁity



(Figure 29) haye higher catfon. concentrations at all SARs than the
eéuivalent salt solutions for5swelling producing the same percentage
deérease-in pore'siZe indé%;- HOWever; the curves indicating the
"gquivalent salt solutions for swelling énd for éaturated conductivity"
of this-soil coincide or are ggnerally parallel to each other. For
instance, iﬁ the red brown soil the>equiﬁalent sélt sblutions which
reduced the saturatedvconductivity_to 30 per cent of its value fdr'the
solution of highest cation concentration, coincided ﬁith the .
equivalent_salt solutions for which the pore-siie index had a yalue
of_0.7. This indicated a similarity in composition of the'equivalent
salt solutions for swelling'and for saturated conductivity’ 1In the
alluvial soils (Figure 28) too, the "equivalgnt'salt solutions for
sweiling andvfor safufated conductivity" show similar composition.

fhe methgd“for predicting the saturated conductivity of soils

for different salt solutions using the values of "

equivalent salt
sglﬁtions for swelling" was also evaluated using the following
pfoceduré. The decreases in experimgntally determined saturated
conductivity valﬁes in a given soil as the qation concentration was
reduced in solutions ofla given SAR (e;g. SAR 40) were plotted, as
in Figures 30 and 31. The values of "equivalent salt solutions

for swelling" of thg'soil were then.ﬁsed_to determine the cation
concentration-of.salt éolutions of SARs 20 and 10 ét which the

" saturated conductivity could be expected to have the same value as
for solutions of SAﬂ 40 and any specific cation concentration; For
ekample, the alluvial soil,according to the concept of equivalent
éélt solutions, will have the same saturated conductivity for salt
solutions of SAR 20 and ca;iqn concentration of 77 méq]l, as for

solutions of SAR 40 and cation concentration of 195 meq/l, since

these two solutiong are equivalent salt solutions. The predicted
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satuxated conductiyities fbr.salt,solﬁfions of'SARVZO and 10 and
.different cation éoncentfations in aliuvial éﬁd red brown soil
derived in this manner-are given invFigures 30 and 31 respectively.

Figure 30-éhows thaf tﬁere is éimilarity between the predictéd
and calculated values of saturated éonduqtivity~in alluvial soil,
although the agreement is much closer for the solutions of SAR 20
than for tﬁe solutions of-SAR. 10. Iq the red brown soil (Figure‘3l)
fﬁere is also éimilarity of the predicted and experimentally
'determined.yélues of saturated conductivity, especially for the
solutidns of SAR 20, Figures 30 and 31 élso shew the range of
values of expérimentally measured saturated conductivities for
specific salt solutions qbfained in‘separate coluﬁns of a given
soil.. The predicted values of saturated conductivity generélly
fell within these limits or close to this range of experimental
Qaluéé.. Thé relatively greater deviation of the predicted'values
of conductivity“in both soils for solutions of SAR 10 than for -
solutions’of SAR 20,'éould be at least partly a result of
inaccuracies in the determination of cation concentrations at
which pore size indices. give specific percentage decreases from
their valués in a high-salt solution. This is due to the more
_gradual changes in these values as fhe.cation concentration is
reduced in this relatively lower éodium (SAR 10) solution.

The accuracy of the predictions of saturated conductivity for
salt solutions (Figures 30 and 31) depends partly on the accuracy
"with which the pore size indices used in these methods were
determined. Instead of ﬁsing £he pore.size indices for
-determining the equivalent-salt SOlutionS; it may be possible to
use the values for macroscopic swelling ofAclay pads, provided that

the swelling of these clay pads adequately represents the swelling
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of the clays in the soils.

Other methods available for predicting saturated conductivity
include a theoreticai method. (Lagerwerff et al;, 1969) based on the
diffuse double layer theory, which appears to ha&e some limitations
oﬁ‘its use-(MCNeai,'1974); -A semifempirical method developed by
MCNealx(1968)'using the swelling.valués of clays'gave satisfactory
predictions fof a limited number of soils with similar clay mineralogy.
The complex_iﬁferaction'of the many soil factors which influence the
effect of sélt so1utions on saturated conductivity of soils (Figure
2) could.présent_difficuitieé in developing a.method.for predicting
saturated conductivities based on the swelling of clays extracted
from tﬁe soils, which‘could be generally applied to all soils.'

The method bgsed on equivalent salt solutions is more direct, as
the'équiﬁalent salt solutiqns can be determined on the soill cores

for which the saturated cdpdﬁctivity has to be pfedicted.and
theofefically this method canbbe applied to any soil. However, a
fair amount of'experimental work is required to determine the
gquivalent éalt solutions of a soil and also saturated cbnducti?ities
as the‘cation concentration is reduced in solutions of a given SAR.

The saturated'conductivities fﬁr salt solu;ion of alluvial
'soii packed t¢ éAhigher bulk density (1.22 g/cm3),'after adjusting
to correspond to an average saturated conductivity in high salt
éolutions at éll SARs as described previously, aré given in Figure
32. These values represent an average of three measurements of
conductivity in replicate soil columns. The range of variation in
saﬁﬁ?ated conductivities of the three soil columns in the presence
of spécific salt solutions is indicated in these figures. As the
cation concentration was reduced at any given SAR, the saturated

conductivity showed decreases which were relatively more marked for

higher values of SAR-(Table 13).



Table 13. The éverage experimental saturated conductivities of alluvial soil for salt solutions of
SAR 40, 20 and 10 and different.cation concentrations. Bulk density of soil, 1.22ﬁ%/cm3,

Cation SAR 40 SAR 20 SAR 10
Co?;:g;i?tion Saturated ‘Relative* - Saturated Relative*® ‘Saturated Pelative*
' ¢onductivity | saturated ‘ conductivity saturated conductivity| saturated
(cm/day) conductivity (cm/day)“ conductivity (cm/day) |conductivity
640 100.1 1.000 . .o . .
160 83.4 0.833 87.6 1.000 90.1 1.000
80 36.1 10.361 . :
40 13.0 ©0.130 48.9 10.558 71.4 0.792
20 0.40 0.004 19.5 0.223 :
10 .. 9.4 0.107 42,1 0.467
5 .. 4.2 0.048 . .
2.5 . 0.18 ¢.002 .23.5 0.261

*Relative saturated conductivity is the conductivity in a solution of lower cation concentration, expressed
as a fraction of the conductivity value in the solution of highest cation concentration at the same SAR.
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Fig. 32. Adjusted average experimental and predicted saturated conductivity
of alluvial soil for different salt solutions. Experimental saturated
conductivity for solutions of SAR o 40, o 20, a 10 and different cation
concentrations.  Predicted saturated conductivity for solutions of SAR m 20,
4 10 and different cation concentrations. Bulk density of soil, 1.22 g/cm3.



The Efféct of changes in hulk density of this soil on the
sa;uréted éOnductivity'for different sélt'séiutions can be assessed
by compafing the fractional decrease in saturated conductivity of
the soil (Tables 11 and 13), packed to different bﬁlk'densities,
~as the éation concentration was reduced to specific values at a
_glven SAR. The fractional decrease in séturated conductivity in-

any specific low salt solution at any SAR was generally slightly
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_'greaterbfor the soil packed to the lower bulk density. This may be

due to a greater fractional decrease in the relatively large sizedi'

pores in the alluvial soil packed to lower bulk density (Table 8)
as the cation concentration was reduced at a given SAR. The
faster flow rate of sgit solutions in the soil packed to a lower
- bulk density duriﬁg the conductivity measurements, leading to |
enhaﬁced clay dispersipn and blociing of some conducting pores,
may also have been a contributing factor.v |
Figure 32 shows:the values of satﬁrated conductivities for .

salt solutions predicted from the equivalent salt solution method

using the procedure previously described. TIn making these predictions

the values of equivalent salt solutions given in Figure 28 were used.

_Althugh.the predicted vaiues.are generally smaller than the
expérimentally determined values, they appear to.be of a similar
magnitude. Thevagreement betweéen the méasured and.predicted valges-
was closer for the SAR 20 solutions than‘for the SAR 10 solutions,
possibly'fof the reasons given earlier.

. On the basis of the limited data présented'in this study, it
appears thét_the eduivalent salt‘solufions method could be used to-
predict saturated'conductivity for salt solutions, although -

further experimental testing of the method is required.



'D. " Efféct of Salt Solution Composition on Unsaturated Conductivity

"of Soils

(i) ‘Changes in unsaturated conductivities

Thé unsaturated conductivities Qf krasnozem, éllﬁvial and red
~brown soils, at pressure heads between 0 and -500 cm of water, in the
presence of salt solutions of SAR 20 and aifferent cation concentrations
are.given in Figures 33, 34 and 35 respectively. Thé nature and
mégnitude of the changes in values of unsaturated conductivity as

the cation concentration was reduced at a given SAR, varied according
to the soil as well és the preésuré head. Saturated conductivity
values for eacﬁ soil éhown in these figures were measured in a soil
column packed in a permeameter. The.unsatu;ated conduétivity values
were measﬁred'for each of the solufioﬁs uéed in this experiment on
separa£e, éhort columns of each soil. Thérefore, it may be expected
thatvsome of thé:differences Betﬁeen the unsaturatéd conductivity
valuégcét specific fressure heads in different salt solutions were-

due to variations in the initigl pore geometry of the soils‘pfior to
. introduction of salt solutiomns arisiﬁg from differences..in packing gf
‘these separate soil columgs.- However, the sfudies on“moisture release
curves in an earlier section showed that sucﬁ variation could be
relétively small when compargdlfo changes caused by salt solutions (p. 71),
with proper precautions during packiné and experimentation. Hence

- the observed differences in the unsaturated conductivity~préssure
_'head curves of a soil in salt solutions largeiy reflect the effects of
different salt solﬁﬁiﬁn composition. ’ R

In salt sblutions of SAR 20 and catibn concentration 160 meq/1,

the krasnozem soil packed to a bﬁlk density of 1.00 g/cm3 showed Bigh
" saturated cpn&uctivity (Figufe 33) and a marked decrease in unsaturated

conductivity as the pressure head was gradually reduced. The
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unsaturated conductiyity yvalues for this soil in solutions of SAR 20

and cation concentrations ZLS'meé/l were slightly smaller at pressure
heads greater-than -190 cm of water and slightly larger at pressure
heads 1ess than'f190 cm of water; _However; the difference between
the values of saturated and unsaturated conductivities for this soil
in the two solutions was relatively small; in accord with the very
small changes in moisture release curves and the pore geometry as
the cation concentration was reduced (Appendix E).

The saturated and unsaturated conductivity at specific high
pressure heads for alluvial soil packed to a bulk density of 1.22

.3 ' . . . . .
g/cm” showed very marked decreases with reduction in cation concentration

from 160 to 40 meq/l in solutions of.SAR 20 (Figure 34). But as the

pressure head was reduced to -40 cm of water the difference in

unsaturated conductivity for the two solutions became very smail.

' Further, the values of unsaturated conductivity for the salt solution

of lower cation concentration (40 meq/1) at epecific pressure heads
between.-40 and -110 cm of water were higher, and at specific pressure
heads less than =110 cmvof water were'lowe£,than the correspondiug
values of unsatureted conductivity et'specific pressure heads in -salt
solutions of cation concentration 160 meq/l.l Howeuer, too much

significance cannot be attached to this crossover of the two curves as

the differences in values of unsaturated conductivity at specific

pressure heads less than -40 cm of water in the presence of the two

salt solutions were small. For a salt solution of SAR 20 and a cation

concentration 10 meq/1 the condUctivity‘values at saturation and at specific

hlgh pressure heads was markedly less than the values of unsaturated

~conductivity for solutions of SAR 20 and cation concentrations 40

-meq/l and 160 meq/l This dlfference in the wvalues of unsaturated

_ conduetiV1ty in dlfferent salt solutlons became progre551vely smaller



113

Unsaturated condUctivity'(ém/day)

00001 : ot saald N [T BT | 2 M
~-10 -100
A , Pressure head (cm of water)
Fig. 33. Unsaturated conductivity-pressure head curves of krasnozem soil

for salt solutions of SAR-20 and_cation concentrat1ons (meq/1): @ 160, & 2.5.
Bulk density of soil, 1.00 g /cm3 : '
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Fig. 34. Unsaturated conductivity - pressure head curves of alluvial soil
- for salt solutions of SAR 20 and cation concentrations (meq/1):e 160, & 40,
a 10. Bulk density of soil, 1.22 g /cmS. | |
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* Unsaturated conductivity (cm/day)

an upward flow rate of 0.1 cm/day .

I

- e e et e
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Fig. 35. Unsaturated conductivity-pressure head curves of red brown soil
for salt solutions of SAR 20 and cation concentrations (meq/1); @ 160, = 40,
4 10. Bulk density of soil, 1.22 g /cm3. _ :
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Fig. 36. Unsaturated conductivity-pressure head curves of red brown soil for
salt solutions of SAR 40 and cation concentrations (meq/1): ® 80, 4 40 and
SAR 20 and cation concentrations (mea/1): @ 160. Predicted unsaturated
conductivity values at different pressure heads for solutions of SAR 40 and
cation concentration (imeq/1): © 80. Bulk density of soil, 1.22 g ./cm”.
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at lower pressure heads. HoWever; the values of unsatufated
-coﬁductivity~at all specific pressure heads.weré lower for this
solutioﬁ of cation concentration 10 méq/l than the corresponding
values of unsaturated conductivity for the other two solutions of’
ﬁigher cation concentration (160 and 40 meq/1) . |

‘The red brown.soil packed to-a bulk density of 1,22 g/cm3'showed
vefy marked décreases iﬁ conductivity at saturation and at high
préssure heads (Figure 35)ias the salt concentration was reduced
from 160 meq/l-to 40 meq/l and then to 10 meq/l in solutions of
SAR 20.. In this soil too the difference in values of unsaturated
conductivity at specific pressuré heads became relatively smaller as
the pressﬁre héad was decreased. Héwever, the vaiues of unsaturated
conductivity at all speéific pressure heads for solutions of SAR 20
and ca;ion concentrations of 10 meq/1 Wefe always lower than the
corresponding values of unsatﬁrated conductivify for'solutions of
cation concentration 40 meq/1 and SAR 20, which in turn were loﬁer
than the correspondlng values of unsaturated conductivity for salt
solutions -of cation concentration 160 meq/1 and SAR 20.

The unsaturated conductivity at‘pressurg heads greater than
-160 cm of water in red Erown soil packed to a bulk density of
1.22 g/cm3 for éalt‘solutions of‘SAR 40 and cation concentrations
80 and 40 meq/1l are given in Figure 36. The unsaturated
conductivity-pressure head curve éf this soil for salt solutions
of SAR 20 and cation concentration 160 meq/l ié'also included. This
iatter curve could be expected to represent the unsaturated
éohductivities of this soil for solutions of high cation.concentration
at all SARs, including SAR 40 fhese c&nductivities are likely to be
similar on account of the low clay uwelllng in such hlgh salt

solutions. As the cation concentration of this SAR 40 solution was
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éhanged to 80 meq/l and then to 40 meq/l there were marked decreases
in conductivitieé‘at saturation.aﬁdiaﬁ‘ﬁigh pressure-heads; Howeverﬁ
lalthough there ﬁere decreases in conductivities at jower pressure
heads in solutions of iower cationlpéncentration, these decreases
were relatively smaller.

The results obtained in the ffesent study on the unsaturated
conductiyities of the alluvial and red brown soil for salt solutions
‘show that as the catiqn concgntration'decreased in a solution of a
j given SAR, thefe were marked decreases in conductivity af satufatior1
and at high pressure heads, but the unsaturated conductivities at
low pressure heads generally show much smaller decreases. 1In a |
previous study, Sharma (1972) found that three soils with .
exchangeable sodium percentage of 5 to 20, gave a greater unsaturated
conductivity at high moisture contents for water_treatéd with gypsum
than‘fof untreatéd water. But the différence in unsaturated
qonductivify at low water éontents for gypsum treatedland untreated
water was small. This result is in qualitative agréement rith the
results of the present study. Gardnef et al. (1959) showed tha£ the
'meah-diffusivity of Pachappa soil decreaéed as the electrolyte
concentration was réduced in solutions of specific SARs, and this
was largely due to decreases in diffusivity at high watér contents.
'But they also found significant decreases in diffusivity at low water
contents for high sodium, low salt solutions and this observation
differs from the resuits of Sharma and those of the present study.
These differences could be due to relativély greater swellingvor
clay dispersion of the Pachappa soil in the presence of sait solutions.
It is also possible that‘the‘use of'a fraction - of soil which excluded
finer size particles and dusty material in the present study
could have resulted in a smaller extent of ciay'dispersioﬁ in low salt,

high sodium solution than if the entire fraction below 2mm was used.
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(ii) Equivalent salt solutions
| "The method proposed for predicting changes in wunsaturated
conductivities for salt solutions using "equivalent sa1£ éolutions for
swelling'" was evaluated using a very similar frocedure to that used in.
predicting saturated conductivities. The &alues of unsaturated
conductivities of red brown soil at a speéific pressure head.for
solutioﬁs of SAR 20 and diffeient cation éoncentrations were plotted
against the cation conéentration and a curve drawn through these values.
‘The values of the "equivalent salt. solutions for swelling" (Figure 29)
were used to find apd plot the catioﬁ concentrations in SAR 40 solutions
which would have the samé values of unsaturated conductivity, at this
specific pressure head as tﬁe values of uhsaturated conductivity for SAR
-20 solutions. A curve was drawn through these values of unsaturated
Cénduétivity in solutions of SAR 40 and different cation concent;ation.
The vélué of unéaturated conductivity at this specific pressufe head ror
.a solution of SAk 40‘and éation concentration 80 meq/l was read from
this curve. A similar procedure was used to determine the pnsathratéd
conductivity af,other speéific p:essure'heads for this solution
(Figure.36);

~ Figure 36. shows that the predicted.and experimentélly determined
values of unsaturated conductivity of red brown soil are fairly close,
after-allowing for experimental error in determining the unsaturated
" conductivities and the values of equivalent salt solutions. 'However; it
is possiblé thét the closeness of agreement at low pressure heads is due
to the sméll differences in absolute values of coﬁductivity at low
pressure Beads in different salt solutions; which would necessarily make
any deviations of the predicted values from thé experimental values very
small. Further tests are tﬁts ﬁecessary té evaluate the use of this method

for salt solutions which cause larger changes in conductivity
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at low pressure heads or. for other soils where such wide changes’
occur. This method could not. be tested for solutions of SAR 40 and
cation concentration of 40 meq/l since its equivalent salt solution

with SAR 20 had a cation concentration less than 10 meq/l.

(iii) Computed unsaturated conductivities

' The moisture release data for kraénozem, alluvial and red brown>,
sails obtained from the soil columns from which the.unsaturate&
conductivity in fhe presencé of salt s&lutions wére determined, are
~given in Appendix E. These dafa were used to compute the unsatu;ated.
~ conductivities of the soils in the presence of the same salt soiution
(Appendix~F) using the equation proposed by Kunze .et al. (1968).

: I£ wasAsbown by these workers that in computing unsaturated
conductivities a matching factor had to be used to match a computed’
value to an experimentally determined value at any single pressure _
head. It is proposed that the value of this matching faéﬁor at
différent pressure heads could be ﬁsed as an index of the accuracy
of the computation method. A.matching factor which remained
unthanged at all pressure heads would indicate a close agreement
Setween the computed and experimen£a1 values of unsaturated
ﬁénductivity, while a matching factpr which varied widely with
pressure head would indicate a poor correlation betweeﬁ these values.
The values of the matching factor at different - pressure heads
for kraanzem, alluvial and red brown soils for solutions of SAR 20
and different cation concentrations.are given in Table 14. The
data in Table 14 indicate that for all soils and ail salt solutions
the value of the matching factor changes as the pressure head is
reduced from O to -200 cm of water. At pressure heads between -200

and -500 cm of water the matching factor is fairly constant.

Hence the valués of unsaturated conductivity computed from
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the moisture release.curyes of these soils for specific salt
solutions at pressure heads gfeater than -200 cm of water would not
Be,accurate; waever; it appears that it is possibie to use this
method for computing the values of unsaturated conductivity at
lower pressure heads between -200 and -500 cm of water, brovided
“a matching factor'in this pressure ﬁead fange is used.

Previous .studies have suggested some of the reasons for tﬁe need
- of a matching factor and the cause of the variation of this matching
factor at different pressure heads resulting in a poar agreement
Between computed and experimental curves. The reasons gi&en include the
.inhereﬁt limitations in the use and accuracy of these methods which
have been stressed by the authors of these computation methods
(Gardner, 1974), changeé in viscosity near soil particle surfaces
in hreavy textured soils (Low;.1960) and experiﬁental'inaccuracies
in determining unsaturated conductivity and moisture release curves.
while some of these féctors could affect the values in Table 14,
since their effects are likely to be common te all the values,
it could be expected that fhe differences‘in these values for
different salt solutions in a given soil largely reflect the relative
effects of the salt solutions on the value of the matching factor.

Comparison of the matching factors at specific pressure heads
in krasnozem soil for the salt solutions with ;ation concentrations
of 160 and 2.5 meq/l and SAR 20 shows that there were only small
differences in these sets of values at all pressufe heads. On the
other hand, in alluvial and red brown soils, as the cation concentration
was reduced from 160 to 10 meq/l in this solution of SAR 20, the
'matching factor at all specific preséure heads showed coﬁsistent
and fairly marked decreazes. These decreases in matching:factor in

alluvial and red brown soils as the cation concentration was reduced,



Table 14. Values of the ﬁatching factor at different pressure heads in—krasnozem; alluvial and
red brown soils for salt solutions of SAR 20 and different cation concentrations.

Pressure KRASNOZEM ; ALLUVIAL ~ RED BROWN

(czeig water) ¢ation concentration (meq/l) Cation concentration (meq/l), Cation concentration (meq/1)
160 | 2.5 - | 160 40 .. 10 160 40 10

30 | 0.0s1 . 0.031 | . 0.029 0.011  0.002 | 0.037 - 0.023 10.015
-40 | 0.063 0.039 | 0.027. 0.021  0.002 | 0.033  0.023 0.007
-50 "~ 0.061 | 0.038 | 0.022 0.620  0.003 | 0.026 0.015 0.004
-60 | . 0.048 © 0.031 | 0.018 . 0.021  0.003 | 0.016  0.010 0.003
-70 - |: o0.038 - 0.025 | 0.017  0.019 0:003 | 0.012 - 0.008 0.002
~80 "~ 0.032 | 0.021 | 0.015 0.017  0.004 | 0.009 - 0.006 0.002
90 . 0.026 | 0.018 | . 0.014 0.014 0.004 | 0.008° , 0.005 0.002
-100 ©0.022 . 0.015 ©.0.013  0.012  0.004 | 0.007 . 0.004 0.002
~150 ©o0.011 ©0.008 | 0.009 0.005  0.002 | 0.004 0.002 0.001
~200 1 o0.006 0.007 | 0.007 0.004  0:002 | 0.003 ~  0.002 0.001
- ~250 ~0.005 0.007 | . 0.006 0.003  .0.001 | 0.003 0.002 0.001
~ -1300 ~ 0.005 ©0.007 | 0.005 0.003  0.001 | 0.002 0.001 0.001
- 500 0,004 0.007 0.004 0002  0.001 | 0.002 - 0.001 0.001

(44!
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can be explained on 2 qualitative basis using-the model (Appendix R)
'propOSed'fo describe tﬁé.éﬁanges'in pore size distribution_in soils
with a dynamic internal pore'geometfy; as the pressure head is changeds
As the §hrinkage of soil aggregatgs’pn drying isllikely

to be greafer in solutions of lower cation concentration at a given
SAR, the felative shift of the cu;ﬁé'indicating the pore size
distribution at any specific pressure head from the meisture

release éurve, is likely to be greater for the lower salt solution.
Since the coﬁputed values 6f unsaturated conductivity afé obtained
from the moisture release cur&es while thé actuél'pqres évgilablé
for solution flow are represented by the curve indicating the pore
size distribution, the difference between the computed and measured
.vélues of unsaturated conductivity at specific presSure heads is
likelyvto be greater for soils in,thevpresence of thevsolution with
the lower cation concentration. Hence according to this theoretical
model the value éf the mafching factor at any specific pressure head -
could beveﬁpected to be lower for.these soils in the presence of
solutions of lower cation concentratiﬁn at a given SAR. However,

it is possible that other éauses related to the presence of low
'salt solutions, such as increased clay dispersion, could also have
 contributed to the observed decreases in the matching factor §t7
specific pressure heads, as the cation concentration was reduced

at a given SAR.

E. Effect of Salt Solution Compositioﬁ on Upward Flow of Solutions

from a Vater Table

(i) Computed pressure head profiles

The computed pressure head profiles above a water table during

steady upward flow of solutions of SAR 20 and different cation
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concentrafion in Rrasnozem; alluvial and fed brqwn soils; packed to
bulk densities of 1.00; 1;22 and 1.22 g/cm3 respectively, are given
in ?igures 37 t6-44;- The pressure head prbfile,f&r a particular
soil and groundwater salt composition Wasvcalculated by solving
equation (1) (p.ll) using the unsaturated.conductivity—pressure
head curves of the same soils in the 'specific salt solution
(Figures 33 t& 35). The solution of equation (1) for computing
ubﬁard flow was carried»out'using a numerical method (Philip,
-1957) and a flux/unsaturated conductivity ratio method which was
developed during the preseﬁt study (Appendix A).

The pressure head profiles in krasnozem soil (Figures 37 and 38)
were very siﬁilar for_Salt solutions of SAR 20 and cation concentrations
of 160 and 2.5 meq/i. In_the alluvial soils the differences in the ‘
préssure head profiles were small for solutions of SAR 20 and cation

_cbncentrations of 160 and 40 meq/1 (Figures 39 and 40). However, the
pressure head profile in salt solution of SAR 20 and cation
concentration iO meq/1l. (Figure 41) was.ma:kédly differeﬁt from- the
pressure head profiles in salt solutions_of SAR 20 and higher cation
éoncentratipns of 160 and 40 meq/l. In the fed brown soil the pfessure
ﬁead profiles in salt solutions of SAR ZQ and‘cétion conceﬁtfatioﬁs

_'of 160 and 40 meq/1 (Figures 42 and 43) differeallittle,but as the o

‘cation concentration was reduced to 10 meq/l in this SAR 20
solution, marked changes occufred in thé shapes éf the pressure
head profiles (Figure 44,

: Thus, alfhough the hydraulic condﬁctivity at séturation aﬁd at
high pressure heads.was markedly réduced in alluvial and red brown
scils, asbtﬁe'cation concentration was reduced from 160 to 40 meq/1,
in solutions of SAR 20, there were only sﬁall changes in'tHe pressure

head profiles. But with a further reduction in cation concentration
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Fig. 37. Computed pressure head-depth curves above a water table in krasnozem
soil with groundwater salt composition of SAR 20 and cation concentration 160
meq/1, for upward flow rates (cm/day): & 0.01, » 0.05, 0 0.1, @ 0.3, n 0.5,

@ 1.0. Bulk density of soil, 1.00 g /cm3. ..
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Fig. 38. 'Computed pressure head-depth curves above a water table in kraznosem
soil with groundwater salt composition of SAR 20 and cation concentration
2.5 meq/1, for upward flow rates (cm/day): » 0.01,40.05,0 0.1, 0.3, o 0.5,

'8 1.0. Bulk density of soil, 1.00 g./Cm3.
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Fig. 39. Computed pressure head-depth curves above a water table in alluvial - .
soil with groundwater salt composition of SAR 20 and cation concentration 160
meq/1, for upward flow rates (cm/day): a 0.01, 4 0.05, 0 0.1, @ 0.3, 0 0.5,

® 1.0. Bulk density of soil, 1.22 g /cm3.
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Fig. 40. Computed pressure head-depth curves above a water table in aliuvial

soil with groundwater salt composition of SAR 20 and cation concentration 40
meq/1, for upward flow rates (cm/day): a 9.01, a 0.05,0 0.1, ® 0.3, 0 0.5,
2 1.0. Bulk density of soil, 1.22 ¢ ./cm°.
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Fig. 41. Computed pressure head-depth curves above a water table in alluvial
soil with groundwater salt composition of SAR 20 and cation concentration 10
meq/1, for upward flow rates (cm/day): » .01, 4 0.05, 0 0.1, ® 0.3, o 0.5,

s 1.0. Bulk density of soil, 1.22 g /em3.
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Fig. 42. Computed pressure headeepth curves above a water table in red brown
soil with groundwater salt composition of SAR 20 and cation concentration 160

' meq/1, for upward flow rates (cm/day): a Q.01, a 0.05, o 0.1, @ 0.3, o 0.5,

B 1.0. Bulk density of scil, 1.22 g /cm’. .



Depth. (cm)

131

40

T

20+

. 100}

- 80}

60+

40}

-10 - =100 -=1000

Pressure head (cm of water)
Fig. 43. Computed pressure head-depth turves above a water table in red brown
soil with groundwater salt composition of SAR 20 and cation concentration 40
meq/1, for upward flow rates (cm/day): & 0301, a 0.05, 0 0.1, 0.3, 0 0.5,
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to 10 ﬁéq/l there were marked chénges'in hoth the hydraulic
conductivities at all pressure heads;'and in the préssﬁre
head-profiles; Theée'ﬁifferences in the effect of specific salt
solutions on conductivity properties Qnd on the pressure head profiles
can be explained by demarcéting the critical unsaturated conductivity
range and the corresponding critical pressure head range (Appendix A) 

on the pressure head-unsaturated conductivity curves of these soils.

(ii) Critical ranges

The critical preésure head range was defined (Appendi# A) as'the
pressure head range within which the abééluté.values of unsaturated
conductivity significantly affect the shape of the pressure head
profile. Thus any marked changes in the absolute values of conductivity
wvithin this critical range will lead to marked changes in shape of
pressure heéd profile and hence in rates of upward flow, while any.
<changesvin conductivity outside.the-critical range will ﬁot cause
sigﬁificant Changés in the pressure head profiles,. |

The 1iﬁits of a critical pressure head range appear to have been
recognized in earlier studies (Wind, 1955; Philip, 1957; Gardner,
1958) .. However, .it was also shown thaﬁ the lower limit of this
pressure head range could vary in different soils from -300 to -2000
‘cm of water (Talsma, 1963). 1In developing the flux/unsaturated.
conductivity ratiO'mgthod of camputing upward flow and examining the
values of the constants used in this method (Aﬁpenaix A), a more
precise definition of critical range applicable to most unsaturated
conductivity-pressure head curves was found. This was achieved by
demarcating the critical unsaturated conductivity range and then
determining fhe correspohding criticél pressure head range for

unsaturated conductivity-pressure head curves of different soils.
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For unsaturated conductivity-pressure head curves with slopes
greater than 2, the critical unsaturated conductivity range and the
corresponding critical pressure head range may be defined as ku2 to

k.., and hu to h. . respectively (Appendix A). The rates of upward

12 2 12 .
flow which are imbortant in the field are in the range 0.1 to 2.0
cm/day, since the critical depth corresponds to a rate of flow of
0.1 cm/déy {Talsma, 1963) and field evaporation rates seldom exceed
2.cm/day. 'The_éritiéal unsaturated.conductivity range corresponding
to the range of rates of upward flo& of 2.0 to 0.1 cm/day is given
by wvalues of unsaturated conduétivity between 20 and 0.001 cm/day.

The use of the critical range for comparing upwapd flow in a
soii in the ﬁresence of différent salt solutions may be illustrated
in'the_following manner. The critical préssure head range for
. upward flow'rﬁfes of 0.1 cm/déy wére marked bn the pressure headj
unsaturéted conductivity curves of red brown soil in solutions of
SAR 20 and cation concentrations of 166, 40 and 10 meq/1 (Figure 35).
' The differences in values of unsaturated conductivity in solutions of
cation concentration 160 and 40 mgq/l within the critical range.were

émall aﬁd hence the differences in preésure héad—depth curves were .
'small. Hence the deptﬁ to water tablé for this épecific rate Qf upward

flow showed only a small decrease ffom 58 ¢cm to 51 cm. But the

decre;ses in va}ues of unsaturatéd conductivity within the.critical

‘range, as the cation concentration of this SAR 20 solution was

reduced from 40 to 10.me§/1,_were much larger and this resulted in

significant changes in shape of pressure head-depth curves for this
specific rate of upward flow. Hence the depth to water table fér
this raté of upward flow of 0.1 cm/day decreased to 36 cm. Further,

since the saturated conductivity in solutions of cation concentration

10 meq/1 was close to the upper limit of the critical range, any



135

further reductions in cation concentration of'fhis SAR 20.solution
could lead to decreases in conductivities within the qritical
pressure head range. ﬂence such reduttions in cation concentration
-of this solution could be expected to lead to further marked decreases.
in the éepth toAfhe water table-for this specific rate of upward flow.
If the cation concentration was reduced to such an extent that the
saturated Hydraulic conductivity fell below the lower limit of the
critical range for a specific'rate.of upward flow, the maximum depth
to water table for that'rate of flow would be extremely small.

"Thus, in the alluvial and fed brown soils which are unstable in
the fresence>of salt solution, the decrease in cafion concéntration
'bgloﬁ the th;eshold qonqentration in solutions of a given SAR led to
marked decreases in hydraulic conductivity at saturation and at high
. pressure heads. But this would not necessarily lead to a decrease
in rate of upward flow, unleés there were simultaneous decreases in
values éf unsaturated conductivity within the critical ranéé; The
magnitude of the changes in rate of upward flow due to salt éolutions
will depend on the nature and magnitude of the changes in values of
conéuctivities within fhe criticai range.

The definition of the critical range has a number of other
applications to field studies felating-to upward flow of water and
salts from a water table. Accurate computation of upward flow
requiréé that fhe unsaturated conductivity-pressure head curves
should be determined accurately within the critical range on samples
representative of the field soil or in situ. However, where the
séturated conductivityvis very much greater than the upper limit
of the cfitical range of‘unsaturated conduétivitf; the data from a
fiéld core should be adequate for_soils which do not show bulk

s&elling because, while the disturbance of the core in sampling is
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likely to affect the conductivity at high pressure heads above the
critical range, it is unlikely to affect significantly the
unsafurated conductivity in the critical range. On the other hand,
if the saturatea conductivity falls within or close to the critical
range, iﬁ is necessary to take all precautions to prevent any‘
disturbance in taking the field éoil core, or alternately, it may be
necessary to make the determinations of unsaturated conductivity at
.hiéh pressure heads in the field, if accurate computations of upward
flow are'requifed. Thus fhe definition of Ehe critical range could
help in determining.the type of.sample to use for measuring
unsaturated conductivities. Further, in view of the experimental
difficulties involved in determiﬁing the unsaturated conductivity-

. preésure head cﬁrves»of soils, often requiring a combination of
several methods, the definition of the critical range will help in
selecting the best method'or>méthods for accurate measurement of

the unsaturated conductivities within the critical range, while

the siﬁpler,‘but pessibly 1less accgfate methods, such as the methods
for computingAthe conductivities from tHe moisture release curves,
wili suffice for determining the values of conductivities outside
the critical range. This could also result in a saving in time,
cost and effort in making combutations of'upward flow, especially

in field studies.

(iii) Comparison of computed and measured rates of upward flow.

The maximum depth to Qater table for specific rates of steady
‘upward flow of salt solutions of SAR 20 and different cation
concentrations in krasnozem, alluvialvaﬁd_red brown soils were
obtained frém the céﬁputed preésure head profiles for the same salt

solutions and soils (Figures 45, 46 and 48). The rates of upward flow
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jfrom groundwaters of the same salt solution compositions were also
- measured in long columns of the soils. These long columqs were
packed to the same bulk density as the short columns ¢f these soils
used for measuring the unsaturated conduétivities from which the
upward flow rates wefe computed. These measured rates of upward
flow were used firstly for compéiiéon with the cqmputed rateé of
upwgrd flow and secondly for evaluation of the relative cﬁanges of
computed and measured rates of upward flow in a given soil from'
specific deﬁths to water'table; as the cation conéentration was
reduced at.é given SAR. |

"In the krasnozem soil therg was close agreement between the
_éomputed and expérimentallyAdetérmined rétes of upward flow from
specific.depths to water tables with salt composition of SAR 20 and
cation concentration of 166Ameq/l and 2.5 meq/l (Figure 45). Both
the computed and the experimentally measured rates of upward flow
indicated.that the reduction in éatién concentration ffoﬁ 160
to 2.5 meq/l'in.sblutioﬁs Qf SAR 26 had only a very small
. . ;
effect.

In fhe alluvial and red brown soils the experimentally determined
rates of upward flow from specific depths to water table with salt
composition of SAR 20 and cation concentration 160 med/l, were
geﬁerally less than the corfespoﬁding computed rates of upward flow
(Figures 47 and 4?). These,differenées between the measured and thé
experimentally degermined rates of upward flow from a-water table may
be attributed largely to the use of separafe columns, a short soil
column for de;ermining the uﬁsaturated conductivity wvalues utilized

~in cémputing upward flbw and a long soil columﬁ'for measuring the
rates of upward flow. It is also possible that small variations in

Bulk density and internal pore geometry at different depths within the

long soil column could have contributed to these differences. However;
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allowing for such variations due to packing, the measured ;ates of
ﬁpward flow appear to be of similar magnitudes to the rates ef upward
flow computed from the isothermal, steady flow model, especially for
greeter depths to water -table.

| In the alluvial soil. the computed and measured rates of upward
flow frem specific depths to the weeer table for salt selution of SAR
20 and cation concentrafion 40 meq/1 were lower than the rates of
upward flow from tﬁe same depths to water table for salt solution
of SAR 20 and catioe concentration 160 meq/l (FiguresA46vand 47).
With a reduction in cation concentfation to 10 meq/l in this SAR 20
solution there was a further decrease in rate of upward flow from all
specific denths to water table. In the ;ed brown soils too, the
cemputed and measured rates of upward flow from specific depths to
water table decreased for groundwéter'solﬁtions of SAR 20 in order of
decreasing cation concentratioﬁ from 160 to 40 to 10 meq/l. Thus, in
elluvial and red brown so;le there is qualiteﬁive agreement 5etween
the changes in computed and measured rates of upward flow from specific
depths to water-table with changing sait composition of the groundwater.

A comparison of the changes.in_the computed and experimental rates

vof upwafd floW’of'different salt solutions coﬁld be made on a
quantitative basis in the followipg manner. The computed rates of
upward flow in alluvial and red brown soil with reduction in cation -
concentration to specificAconcentrations in solutions of SAR 20, expressed
as a fraction of the computed rate of uﬁwafd flow for the solution of
highest salt conceetration from the same water table depth, are given
in Tables 15 and'16,respeétive1y. <The decreases in experimentally
determined rates of upward flow with reduction in cation concentration
in SAR 20 soiutions, expressed in a similar manner,.are also given in

Tables 15 and 16. Comparison of these values shows that as the cation



Table 15. Relative* computed and experimental rates of upward flow from specific depths to watertable
in alluvial soil with reduction in cation concentration of ground water of- SAR 20. Bulk
density of the soil, 1.22'g/cm™

Depth to RELATIVE COMPUTED RATES* . RELATIVE EXPERIMENTAL RATES*
watiziible . Cation concentration (meq/l) © * Cation concentration (meq/l)
160 40 10 | 160 40 10
20 -1.00 0.49 . . 0.16 | 1.00 .. .
30 11.00 0.69 1 0.24 | 1.00 0.65 . ©0.27
40 11.00 0.80 0.26 | 1.00 0.71 0.35
50 11.00 . 0.88 0.30 | 1.00 0.72 0.41
60 1.00 ©0.94 0.36 | 1.00 0.73 0.49
70 - 11.00 0.92 0.39 | 1.00 0.77 0.58
80 11.00 0.92 0.41 | 1.00 0.79 ! 0.65
90 1.00 0.89 C0.61 | 1.00 0.83 0.73
100 1.00 0.80 0.40 | 1.00  0.89 0.82
120 "1.00 0.86 S 0.39 | .. .. ..
140 11.00 0.81 0.37 | .. .. ..

*The relative rate is the rate of upward flow from a groundwater of lower cation concentration expressed
as a fraction of the upward flow rate from groundwater of the highest cation concentration at the same
SAR. The values for computing these relative rates were read from the curves in Figs. 46 and 47.

o1



" Table 16. Relative* computed and experimental rates of upward flow from specific depths to watertable in
' red brown soil with reduction in cation concentration of groundwater of SAR 20. Bulk density
of soil, 1.22 g/cm3.

Depth to COMPUTED RATES* | . RELATIVE EXPERIMENTAL RATES*
. waziégable ' " Cation concentration (meq/1) . Cation concentration (meq/1)
- 160 40 10 | 160 40 10
10 1 1.00 0.49 0.13 | .. . L. ..
20 1.00 0.62 0.19 | .. .. S
30 | 1.00 0.65 0.25 1.00 0.60 0.33
40 1.00 0.69 0.31 | 1.00 0.67 0.40
50 | 1.00 . 0.67 0.3 | 1.00  0.72 0.48
60 11.00 0.73 0.38 | 1.00 0.77 0.53
70 . 100 0.76 0.40 | 1.00 0.82 ' 0.60
80 1.00 0.74 0.42 1.00 0.8 0.66
90 1.00 0.74 0.43 | 1.00 0.8 . 0.72
100 1.00 0.74 0.44 | 1.00 10.90 0.77

*The relative rate' is the rate of upward flow from a groundwater of lower cation concentration expressed

as a fraction of the upward flow rate from groundwater of the highest cation concentration at the same
SAR. The values for computing'these relative rates were read from the curves in Figs. 48 and 49.

Syl
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conéentration'was reduced in this SAR 20 solution, the percentage
decrease in measured rate of flow was similar to the percentage
decrease in computed rate of upward fiow, especially for shallow
depths to water table. The relatively larger differences in the
twc sets of values for greater depths to water table could be due
to inaccuraciéé in experimental measurement of low rates of upward
flow from deep water tables. For each soil_tﬁe percentage decreases
_ in'measured and computed rates of upward fiow with reduction in
cation concentration of this SAR 20 solution, were also gréater for
smaller dépths to water table than for greater depths to water |
table.

The present study does not provide any experimental data for‘.
changes in the rate of ufward flow’gf salt solutions from a water
table with reducing cation concentration in solutions of SAR values
other than SAR 20. However, these changes in rates of upward flow
for sqlqtions of other SARs could be éxpected to be qualitatively
similar ﬁb thoée observed with reducing ca;ion coﬁcentration in SAR
20 solution, according to the concept of equivalent salt solutions.
The limited data Hvailable indicate .that this concept may be applied

to red brown soil.

(iv) Applications to field studies and areas for future studies

While the present study was carried out on fragmented soils
packed into soil columns, the results obtained have several practical
apélications to field studies. One of the main problems in computing
upward flow from water tables in the field would be to determine the
ﬁnsaturated conducfivity—pressure head curves of the soils for salt
solutions, especially in locations where tﬁe chemical composition of .

groundwaters changes over relatively short distances. The
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definition of critical range would ﬁarrow the range of pressure heads
within which the unsaturated conductivity most be determined
accﬁratély on samples representative of field soils. As ppinted out
in‘an.earlier discussion (p.135), the definition of the critical range

could aid the field research.worker in_choosing the samples and
methods for determining unsatqrated céndﬁctivities which would result
in the most accurate coﬁputations of upward flow with possibly the
minimum time, effort andvcost.

Since moisture release curves can be'easily determined, unlike
unsaturated conductivities which are more difficult.and time consuming,
the use of moisture release curvesvto.compute unsaturated conductivities
would appear to be a practical alternative.. In tﬁisfrespect, the
pfesence of widé vafiétions'in chemical compésition of groundwaters
neea ndt.be alproblem, since és shown in the present study, moiéture
release curves for a wide raﬁge of salt solﬁtions may be calculated
-_frbm moisture releése daté for a few selected salt solutions. However,
inbthe alluvial énd red brown soils used in fhe present study the
existing methods for computing unsaturated conductivities from moisture
release curvésvgave accurate predictions of conductivity values only at
ﬁressuré heads betwéen —ZOOIand -500 cm of wéter. fherefore'a combination
of methods involving experimental determination of unsaturated -
conductivity at pressure heads greater than -200 cm of water and
computation of unsaturated conductivities at lower pressure heads
could be used for such soils.

Another.appfoach to this problem in field studies would be to'uée
the concept of equivalent salt éolutions.' The very limited ¢xperimental
data available indicate the poséiBility that the equivalent salt

solutions concept could be used to predict saturated conductivity and

possibly unsaturated conductivities for different salt solutions, at
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least for some soils. Although further testing would be>necessary,
this method, if proved, could provide a useful means of relating and -
predicting upward flcw froﬁ_groundwaters of different salt composition.
"For instance, if the values for the equi&alent'salt solutions are known
and the changes in rate of up&ard.flow of salt solutions from a water
table with reduction in cation-concentrafion at a given SAR are
determined, the fiow of salt solutions of any other SAR could be
predicte&. This method could also have a similar application in
predicting the flow of salt solutions under other boundary conditiomns.
| The present study was conducted on confined soil columms.
Therefore the results obtained show the effect of salt solutions on

the pore geometry, hydraulic conductivities and upward flow in.soils
whose bulk density remains constant. Most,minefal soils do not show
bulk swelling in the presence of salt solutions, apparently due to

the presencé of non-swelling material such as sand, silt and non-
_expanding lattice ciays being held or cemented together by various
cementing agents. But if the clay'ﬁatrix lining the pores df these
soils contains some clays of expanding'laftice type, a swglling of
this clay matri# into the‘pores in the presence of séit solutions
could change the pore geametry, hydraulic conductivity properties and
rates>of uvpward flow from a water table.in these soils. Presence of
salt solution could also chahge the pore geometry and cqnductivity .
~ properties of highly colloidal soils which show significant changes N
in fheir bulk volumes during wetting and drying. However, in considering
the'effects pf salt solufions on upward flow in such soils,_the effect
of the overburden potential needs to be considered. Experimental v |
s;udiés to measure the effects of salt solutions on upward flow rafes
in such¥soils will need to be carried out in the field or in columns
of very large diaﬁeter (Collisééeorgé, 1961; Lal et al., 1970)'or in

longitudinally self-expanding laboratory colummns (Smiles, 1972; Talsma, 1977)



The present study deals with only -one aspect of the effect of
salt solution composition on upward flow of soil solution from the
water table té the surface. The salt solutions used in this
investigation contained sodium? calcium and chloride ions. The
presence of other cations, such asﬁmégnesium instead of calcium
or other anions in the grouﬁdwaters{could alter the rate of upward
flow. The other possible effects which neéd to be considered
include the precipitation of less solpble salts near thé
evaporating surface and the effects of salt accumulation near the

soil surface on the rate of upward flow.

Several areas for fuéure studies may be briefly identified.
This study on the effects of salt solution composifion-on rates
of upward flow énd salinisation could be extended to.otherjsoils,
particularly sqilé in whiéh_a greater dégreé'of clay dispersion
occurs. The accurac§ of thg'equivalent salf éolu;ioﬁs méthod'for
predicting'saturated and unsaturated éonductivities in salt
solutions and fo; relating rateé pf upward fldw of different

salt solutions under specific boundary conditions needs to be
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evaluated. The development of a quantitative method for determining

curves indicating pore size distribution at different pressure heads

in a soil with a dynamic internal pore geometry could Be of
theoretical and practical importance. The applicability of thé
results obtained and methods developed in the present study to
similar studies in the field, needs to be evaluated in futuré

studies.
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" 'CONCLUSIONS

1. The pore geometry, saturated and unsaturated conductivify and
the capacity of the soil to transmit soil solution from a water table
. to the surface changed very little in krasnozem soil expoéed to

different salt solutions, but marked and varied changes occurred in

the case of alluvial and red brown soils.

2. Wifh reduction in cation concentration in solutions of: a given
SAR, the moisture release curves of alluvial and red brown soils
Qere displaced fo the right'indicatingAa decrease in sizé of inter-
aggregafe pores. This was attributed to the sweiling of soil
aggregates into this pore space. The relative shift of the moistﬁre
release éurves in solutions of specific catien concentration was

. more marked for solutions of higher SAR.

3. A pore size index,_given.by'the fétio'of'rédii 6f ﬁgre necks of
-common pofes in low salf solution to the radiivin solutions of the
highest salt éoncenfration at the same SAR, has been proposed as a
quantitative measure of the changeslin moisture release curves due

to swelling. .The values of this ﬁofe size index indiﬁated fhat the
krasnozem soil was the most stable ahd Ehe.fed brown soil the leést

stable to high_éodium, low salt solutions.

4. As the cation concentration of the solution at a given SAR was
reduced, the volumes of thé lgrge sized pore groups, in alluvial

and red brown soils, continued to decreése, while the voluﬁesvof the
medium sized pore groups increased to a maximﬁﬁ and then progressively

decreased.
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5. As the cation concentration was reduced in sclutions of a given
' SAR, the saturated conductivity and unsaturated conductivity at high
pressure heads of alluvial and red brown soils decreased markedly

while the unsaturated conductivity at lower pressure heads showed

only small decreases.

6. It is proposed that in the presence of equivalent salt solutioﬁs,
which are défined as solutions witﬁ combinations of SAR and cation
cdﬁcentration producing the samé extent of swelling, a giveﬁ soil
will have the same pore geometry, the éame saturated and unsaturated
conductivities and hence the same capacity to transmié salt solutions
undgr specific boundary conditions. The equivalént salt solutioﬁs
method gave fairiy'élose predictions of saturated conductivity of
alluvial and red brown soils for different salt solutions and of the

unsaturated conductivity-pressure head curve for a single salt solution

in red brown soils. Further testing of this method is necessary.

7. The relative decrease in measured saturatéd conductivity'in

. alluvial apd'red brown soil as the cation concentration was reduced
at a given SAR, was greater than fhe relative decreasé in saturated
conductivity coﬁputed frém the moisture release curves of the soils
in the respective salt solutions,‘using existing computatibn methods.
Changés in internal pore geometry during desaturation as a_result of
aggregate shrinkage on dryihg, could partly contribute to these
differences. These change; have been described qualitatively in
terms of a theorétical model of the rélétionship between'the.ﬁoisture
releaée‘cﬁrves and.the curves indicating the pore size distribution

at different pressure heads.
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8. The existing methods for computing unsaturated conductivity from
moisture release curves of alluvial and réd brown soils could be

used at pressure heads between -200 and -500 cm of water, provided
that a matching factor from within this pfessure head‘rangé was

employed.

9. The computed maximum depths to water table for specific rates of
upward flow in alluvial and red'broﬁn soils decreased . as the cation
concentration.was reduced'at a given SAR.. Howevér,.nmrked decreases
in maximum depths to water table for specific rates of upward flow
occurred only in solutions éf low cation concentration, in the
presence of which the values of uhsaturated conductivity within

the critical range (defined in Appendix A) showed marked decreases.

- 10. The measured rates of upward flow from specific water table
vdepths in alluvial and red brown soil, showed decreases with
decreasing cation concentration iﬁ solutions of a given SAR. They
differed somewhat from the computed rates, using shorter colﬁmns;
However, the relative decreases of measured rates using longer
columns, wére of a similar magnitude_to the relative Aecreases in.

the computed rates.
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" "APPENDIX A

“THE "FLUX/UNSATURATED "CONDUCTIVITY RATIO METHOD FOR COMPUTING UPWARD

'FLOW IN SOILS FROM A NATER TABLE*
' Theory

fhe method propbsed in thismétudy is based on an analysis of
the'k-h curves in relation to their use In the flow equation.
This method involveé the division 6f the right-hand side of
eéuation @)) iﬁto a number of components. The limits of pressure
head range of each of these c&mponents correspond to specific
values of unsaturated conductivity (Table 17) which, in turn,
are determined by the value of the flux/unsapurated.conductivity
ratios (q/k[h] ratio)'for any given rate éf upwafd flow. The
absolute values of the limits of the pressure head ranges of each
Qf these-componenfs for any given k-h curve also vafies according
to the rate of flow (Fig. 50). But the general method of analysis
for a specific rate of flow described below applies-to all rates
of flow.

Hence we can write equation (1) as follows,

b 1 ho 1 ooy
—z = ———e — —
max T o Ty ML T P Tande
. ul : u2
h " h | h
111 12 1 131 -
Y hgmy T Bekm ] TRk
. m 11 ) 12
h ' h .
T 15 1 |
: ——— R .2
+ {1 +q/k[n] 90 F fh +q/km] P F 2)
13 14

168

The value of the first and second components of equation (2) can

be very closely approximated by the terms 0.995hul and 0.96(hu?—hu1)

respectively. Further, where the saturated hydraulic conductivity -

of a soil is greater‘than kﬁl and the pressure head/conductivity

%Sections of this appendix were published as a paper in thc_Australian

Journal. of Soil Research, Vol. 15, 17-25, 1977.



Table 17. The limits of the pressure heads and saturated conductivity of the components in equations (2), (3) and (4).

Lower limits of Flux/unsaturated Lower limits of range
Component unsaturated conductivity 1 o of pressure head
P conductivity ratio q/k[h] — h_[q]*
1+q/k[h] X
range kX[q]* i
1 _ kul 0.01 - . 0.99 ' hul
2 k ** : 0.10 0.9091 : . h
uZ , o : u2
3 .k B 1.00° - 0.5000 h
» m : o m
4 B k11 10 - S 0.0909 hll
' Kk ' :
5 | kl2 100 0.0099 h12
6 : kl3" 10001 : o 0.0010 o h13
7 o - _ k14 ' 10000 : 0.000; o ._h14
8 k15 100000 | 0.00001 v h15
‘ n-3
n : 1'(1 (n-3) 10 hy (n-3)

*The .terms within square brackets indicating the functional dependence will be omitted in the text where a fixed rate of .

upward flow is considered.

**The upper and lower limits of the critical unsaturated conductivity range are uéhally given by ku2 and klZ respectively.

691
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relationship at pressure heads less than hu2 plotted on a iog—log
scale, is represented by a iine of a given uniform slope n, the mean
value of 1/(1 + q/k[h]) is a constant for a given component of
equation (2) irrespeétive of the pressure head rangc over which it
applies. The mean value is defined as the total value of the
component divided by thé pressure head range.

Hence wé can write, |

-z max. = O.995hul + O.96(hu2-hu1) + a\hm—huz) + b(hll—hm) + c(h )

127011

y + 107 Le

+ d(h ) + e(h ) + £(hy b, lghﬂ)+---%$

137™ 16713
.where a, b,.c, d, e, f are the mean values of 1/(1 +;q/k[h]) for
.components 3, 4, 5, 6, 7, 8 reSpéctively of equation (3) and their
empirically determined values can be obtained‘from Table 18 for k~h
curvés with slopes n equal.to 1.5, 2, 3, 4 and 6 and by graphical
interpolation for non-integer values of n. The value of 1/(1 + q/k[h])
of any particular component in equationv(S) increases with the inqrease
in slope of theAk—h curves; It is also seen from Table 18 that the
mean value of 1/(1 + q/k[h]) of suécessive components after the third
component for a‘given k—h.éurve show an approximately ten-fold
decregse; But this decrease is partly balanced by a much smaller
increase in the value of the pressure head rangé of the successfve
components of equatioﬁ (3). . The inverse ratio (x) of the preséure

héad rangé of any two -successive components, except for thé first
cqmpoﬂent, is gonstant.for a k-h curve of a given uniform siope.

(Table 18).

Therefore, wé can express the value of éach component of

)

equation (3) in terms of the pressure head range (H = hm-hu2

of component 3 in equation (3) as shown below,
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-z max. = 0.995h . + 0.96(h .-h ) + aH + bxH + cx'H + OH + ex
‘ ul uz ul : : _

+fXSI{+ 10—1fX6H+ DRI A . ........-..(4)

0.995h . + 0.96(h -h .) + (atbxtex’+dxtex +Ex>+10 Lfx0+- . )H
ul u2 ul . _

0.995h , + 0.9§(hu2—hul)»+ CH ceeeeaen . (5)

where C1 is a constant for any given value of slope n. The pressure

head range (H) of component 3 in equations (4) and (5) is related to

huz'as follows,.

H=hu2(x-Al)=Chu « .'.......7(6)

2 u2

Substituting equation (6) in equation (4) and solving,

-zAmax. = 0.995hul +'0'96(hu2—hu1) f aC2hu2'+ bXCZth + cx2C2hu2
+ QX3CZhué + exl‘CzI.Iu2 + fé{sczhu2 + 10—1fx6C2hu2 + e (D)
= 0.995hul + 0.9é(hu2—hu1)'+ Flczhu2
-z max. = 0.995hu1‘+ 0.96(h ,~h ) + C_h e .. (8)
:where 02 = (x - 1) and Cn ='C102 are'constants for any given value °

of slope n. The values of each compoﬁént of equations (7) and

(8) in terms of h for k-h curves with slope n equal to 1.5,

u29
2, 3, 4, and 6 calculated by using the values in Table 18, are
~given in Table 19. For non-integer values of n, solutions to

- equations (7)"and (8) can be obtained using the appropriate

values for the products of the constants taken from Figure 51.



Table 18. The mean value of 1/(1 + q/k[h]) of the components'in equation (3) and the inverse ratio (%)

of the
. pressure head ranges of successive components for k-h curves with slope n.
Siope n o ‘ Mean value of 1/(i+q/k[n]) <
a : b : c d* ex £
. -2 - — ) — — 7
1.5 68.7 x 10 21.1 x 10 2 28.2 x 107° 28.6 ¥ 107 28.9 x 1077 29 x 107 ° | 4.64152
2 70.1 x 1072 22.1 x 1072 30.2 x 107° 31.2 x 107 31.7 x 107 32,x 107~ | 3.16228
3 71.3 x 1072 23.3 x 1072 32.8 x 107 | 43.6 x 107° 33.9 x 10°° 34 x 1070 | 2.15644
4 72.0 x 1072 | 24.0 x 1072 | 334 x 1070 | 6.4 x 1074 | 3.8 x 100 | 35 x 1076 | 1.77828
-2 - - = - : -
6 73.0 x 10 25.1 x 10 2 3.1 x 1072 3.8 x 107 35.5 x 1072 [35.5 x 1070 | 1.46780

-1 =2

— . . . . .o
*The approximations f = 10 e = 10 d may be used with a

very small error.

CELT



Table 19. The values

of the components in equation (7) in terms of hu2 for k-h curves with uniform slope n.

Slope o Total value of component/hu2 c
Cra Cobx | Cpex? | Cpax® | Cpex | Cyxd  [C,10726x8 20" 28x7 [C,10 3£

1.5 2.502 3.565| 2.212¢1.041 |0.488 10.226 0.106 0.047 0.023 110.230

2 1.516 ~1.511 0.653 0;214 ’0;069 0.022 0.0069 0.0022 0.00069 3.996

3 -0.823 | 0.580 10.175 0.039 0.0084 0.0018 |0.00039 {0.000085 0.000018 1.628

4 0.560 0.332| 0.0820.015 [0.0027 10.00048 |0.000081 |0.000016 [0.0000028 | 0.993

6 0.341 0;173 0.0340.005210.00077 10.00011 0.0000i7 0.0000024 |0.00000036 0.554

~

- Table 2Q._ Thg Qaluésyéf-kz for a rate of upward flow of O.} cm/day (kz[qo.ll) for k-h curves

i

with uniform slope n.

Siope n 1.5 2 3 4 | 6
[¢ 10.230 3.996 1.628 0.993 0.554
n .
- 0.026 0.040 0.055 -0.063 0.07L
k,ldp,] |

Lt
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This method can thus be used to compute pressure head profiles
- using equations (3) or (7) and maximum depth to water table for any
rate of upward flow'(equation (8)) from the values of pressure

heads h h ., etc., and the slope n of the k~h curﬁe, all of which

ul’ w2

can be obtained direcfly from the k-h curves. It is possible to
extend thié method to analyse k-h curvés‘with any integer or non-
integer valueslof the slopes within or outside the range of §a1ues
discussed.

Further simpiification can be achieved by combining components

4

1 and 2 in equations (3), (7) and (8). The mean values of 1/(l+q/k[h])
for combined components 1 and 2 for different k-h curves, ranges '
~ from sligﬁtly less than 1.0, where the saturated conductivity

is very much greater than ku to 0.91 where the saturated

2,

conductivity is equal to ku and alr éntry»value‘is’hu Although

2 2"

the appropriate value can.be'easily estimated, an average value of

~

0.95 may be used which will generally result only in a small error.

Hence,

-z_ = (0.95¢C)h , - R [©)

Thus, if the depth to the water table is known, we can use

equation (9) to find the value of hu2 and from the k-h curves we

‘can determine ku and hence the corresponding rate of upward flow. -

2
Since in this analysis the upward flow is chiefly characterized by

only two parameters,hu and n, whose direct inter-relationship is

2
~given by equation (9), it provides a basis for comparing rates of
upward flow in different soils.

In spite of the use of simpiifying assumpfions, this method
gives computed rates of upward flow which were almost as -accurate

as those obtained from numerical analysis, and yields quick

solutions using hand calculations.
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10'}

101 |

Values of constants"

102

103}

. ok

Slope n

Fig. 51. The vaiues of constants in components of equation (4) for
k-h curves with slopes n between 1.5 and 6. '
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Furthermore,  in soils where the saturated conductivity is very
much greater than kuZ’ the maxfmum depth to water table (zmax) is
~given by the value'(1+Cn)hu2. It can be shown that

. n -n'
EACRIEPICR U IR (10

~

where ké[qﬁ] is the value of unsaturated conductivity at a pressure
head hz[q#] which numerically equals the value of the maximum depth
to the water table (zmax[qx])for a given rate of upward flow qx.

Substituting the value of zmay'for hZ in equation (10), -

>

- _ - |
k,la,) = 109, (1r)™ (11)

The value of kz for a rate of upward flow 0.1_cm/day (kz[q0 l]) for

k-h cufves of a given slope (Table 20) can be calculated using

kz[qo.l] (1+cn)'“'. , . | (12

. Therefore the maximum depth to the water table fof aﬁ& rate of
kupward fldw can 5e read directly from'the.k-h curve. In soils where
the mean” value of l/(1+d/k[h]) of the first two components is less 

thau one, to get the value of maximum depth to the water table

using equation(12), a small correction (which can be calculated)

has to be appliéd to account for the lower mean value of l/(L#q/k[h]).
Equatiqn.(7j and other equations derived from it can be épplied

directiy only io soils with saturated conductivity exceeding ku2’

and at conductivities below ku2 the pressure head/conductivity

relationship plotted,qn a log-log scale has a-unifqrm slope. These

‘éonditions are usually satisfied in many soils used in laboratory

and field studies, for the range of rates of upward flow which are

important (0.1 - 2.0 cm/day) . Howeyer, for soils with variable

slopes, but slopes which can be represented by a straight line within
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the limits of the range of each component, we can apply equation
(n, in which_case a hypothetical value for hu2 for each component
has to be obtained by extrapolating the k-h curve of this component
to intercept ku2 and also using the constants which arekapplicable
for'that particular value of slope n. For soile with saturated
conductivity less than ku2 or k—hieurves with variable, non-uniform
slopes, the values'ef components which cannot be represented by a
straight line can be calculated by eumerical analysis, and these

values can be added to those of other components using equation (3)

or (7).

" Generalized Equations for Different Rates of Upward Flow

A feature of the metﬁod of'analysis discussed is that tﬁe value
of parameter'h u? is determined b? the rate of upward flow that is
cbnsidered However, generalized equatlons for dlfferent rates of
‘upward flow q, may be obtained from equatlons (7), (8) and (9) using
. the relationship, |
hla ] =l ,1/(a)"™

where.huz[qx] and h

(13)

u2[q1.0] are the values cf hu2 for upward flow

rates of q and 1.0 cm/day respectively, provided that both these
values lie on the portion of the k-h curves with uniform slope.

Thus, substitﬁting equation (13) in equation (9),
1/n —
max[qX] =-(C, + 0.95)h ,lay g3/ () (14)

where zmax[qx] is the maximum depth to water table for any rate of

upward flow q.-

‘Critical Range

" In computing the rate of upward flow of water from a water table
'uéing k-h curves, due to the experimental difficulties in determining
the values of unsaturated conductivity in soils, it is useful to

define the critical range of unsaturated conductivity and the
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, tbfrésponding critical pressure head>range‘over which the value of

kTh] significantly affects the sﬁapé of pressufe head profiles and
the computed rates of'upward flqw; |

Gardnef'(1958) and Philip (1957) have shown tha£ the k-h

relétionship'at very low pressure heads 1s not important in
determining upward flow._ Talsma (1963) showed.that the lower
-1imit of pressure head-which sigﬁificantly affected the computed
vélues of maximum deptﬁ to fhe water table for given ratés of

upward flow, varied in different soils from =300 to —2000 cm of
wvater, It is seen from Figure 51 tﬁat for k-h curves with slope
~greater than 2 the_relative value of eachvsuccessive.component
decreases and fhe rate‘of decrease is greater with increase in
value of slope of cﬁrve. For the curves with élopes'greater than
2, wé can define the lower limit of the critical préssure head
range as h12’ since the relative vélues qf the sﬁcceeding components
are small. For séils‘wiﬁh slope of k~h curves less than 2, the
lower limit of the éritical range can be taken as h13; Wind (1955)
found that the exact values of k[h] of soils at and near
saturation is not very important in determining upward flow, but
from eqhation‘(B) we can see thét~this is not applicable for
soils with satgrated conﬂuétiyity less thaﬁ ku2; The upper limit
of the critical pressure head range can be defined as hu2’ since
at pressure héads gréater than th the absolute values of unsaturated
conductivity\have'little.effeét oﬁ the shape of the computed pressure
head profile. Hence for k-h curvés with slope n greater than 2, the
critical unsaturated conductivity range and the corresponding
critical pressure.head range can be defined as ku2 to kl2 and hu2
to h,, respectively.

M2

" The critical pressure head range as defined above applies to a
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specific rate of upward flow, but it can be defined for a range
of flows, in which case hu2 is defined for the highest rate of

flow and h is defined for the lowest rate of flow.

12
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L/PPENDIX B

A THEORETiCAL MODEL OF THE CHANGES IN THE PORE SiZE DISTRIBUTION AT
DIFFERENT PRESSURE_HEADS IN A CONFINED SOIL, SHOWIMG ALTERATIONS IN
ITS INTERNAL PORE GEG4ETRY DUE TO SWELLING AND SHRINKAGE OF SOIL
AGGREGATES. : T

Iﬁ the present study it was observed that a swelling of aggregates
of alluvial and red brown soils into theliﬁteraégregate pore space
occurred in the presence.of high sbdium, low salt solutionms. On
appiication of a suction to these sqils.initially saturated with such
salﬁ solutions, it is likely that shrinkage of individual soil °
 aggregates could occur, in addition-to,drainagé of pores. Therefore,
as such soils dry in respOnsé to increasing applied suction during the
moisturevrelease curve~determinatioh, there could be continuous chénges
in the internal pore geometry of the soils.

Childs (1940) showed that in a rigid soil of fixed internal pore
_geometry, the experimgﬁtally determinéd moisture release éurve
indicated the volumes of porés of specific pore neck size ranges
and that these curves could- be used to derive the pore size
distribution of the soil. The pores which drain on application of a
specific increment'of suction, during moisture releasé curve
determination, Will have an average pore neck radius porresponding
to the average suction applied. Hoﬁever, the.same pére will have
different radii when the soil is subjgct to other suptions, if the-
individual soil aggregates shrink with drying on application of é
suction. - Hence.in,such soils the'hypothetical moistﬁrevrelease curves'
-indicating the volumes of pores of specific pore neck size ranges when
the soil is at different pressure heads (which will be referred to as pore
size distribution indicating (PSDI) curves) will vary from each other and
from the experimentally detérmined moisture release curﬁe, unlike in a

soil of fixed internal pore geometry.



182

A simplified, theofetical model for the pore size distribution
indicating (PSDI) curves (Figure 1) at different pressure heads in
such internally swelliﬁg soils may be developed in the following manner.
At saturation ali poras will be smélier'than indicated by the moisture\
release curve and hence the PSDI curve'at saturation will lie to the
right éf the moisture reléésé curve. The extent of this shift to the
'righfvwill be détermiﬁed By the magnitude of the shrinkage of the soil
aggregates 6n drying. At a.slightly lower pressure head hl’ the
moisture release curve'will give fhe experimentally determined water-
filledbporosity at pressure head h13 and hence the PSDI curve at the
same.pressuée head should pass through it, The pores undrained at
this pressure head will, on account of aggregate swelling, have radii
smaller than indicatgd by the moisture release curve but larger than
sﬁown in the PSDI cufve for the saturated soil and will probably be
given by a curve of interﬁediatevslope. But the drained poréé will
have radii 1érger than shown Sy the moisture release'and PSDI cufves
at saturation ;ﬁd will be given by a curve which lies to the left of

these curves.

At a lowér‘préssure head hz, the PSDI curve at hzupaSses through
the moisture release curve at h2' The pore size distribution of
undrainea pores at this pressure head will be given by a curve lying
between the moisture release curve and the PSDI curves at pressure

head hlland will probébly have an intermediate slope. The drained

: porés at this pressure head.hz, will have radii larger than the moisture
release curve and the PSDI curve at pressure head h; and will be given
by a curve which lies to fhe left of these curves. Similarly{ a

series of poré size distribution indicating (PSDI) curves at

progressively lower pressure heads may be constructed. The difference
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Theoretical relationship between the moisture rélease curve and
the curves indicating the pore size distribution at different pressure
heads in a soil showing swelling which is internally accommodated

3 ; . The :
moisture release curve is determined experimentally by applying increments
of suction and measuring the outflow.

The curves indicating the pore size
distribution (PSDI curves) at different pressure heads h (saturat10n)>h1>h2
are, hypothetlcally derlved curves. . . . L , )

(AN S . ' ’ :
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~ between the moisture release curve and the PSPI curves of undrgined

- pores at'specific pressure.héads will become progressively

sméller as the pressure head is decréased. figure 51 thus illustrates
the gradual changes in the pore size disfribution as this internaily
swelling soil dries. If the unsafuréted conductivity of this soil at
any specific pressure head needs to be computed, instead of the moisture
.re}eése curve of fhe soil, the PSDI curve at this specific pressure

head should be used.

'In_solutions of high salt concentration at a given SAR, since the
shrinkage of-soil aggregates as the soil dries is small, the shift of
the PSDI curves at all pressure heads is likely to'be small. But as
the salt concentration is decreésed at the same SAR, the shrinkage of -
the soil aggregates on drying is likely to be relatively greater and
the relative shift of the PSbI curve at all specific pressure heads
~ will be iarger than in the high salt solution. |
A_method for computing the.pore size distribution curves af
 different pressure heads from the experimentally determined moistﬁre
release curves needs to be devised, possibly by using the shrinkage
characteristics of soil aggregates on drying. However, this
theoretical model itself could prove to be useful in predicting,
comparing and explaiﬁing, on a quaiitative basis, the differences
iﬁ'expérimentally determined conductivity propertiés of these
soils ‘which show changes in their internal pore geometry and the
conductivities comﬁuted from the moisture release curves of the
same soils. However, it must be stressed that this model is
purely hypothetical and it also does ﬁot provide a quantitative
evaluation of the importaﬁce of shrinkage of soil aggregates on

conductivity characteristics of soils.



THE CONCENTRATIONS OF CALCIUM AND SODIUM (meq/1) PRESENT IN THE

DIFFERENT SALT SOLUTICHS.

~*APPENDIX C

CATION

. SOD
SAR CON%igi??;ION (meq/1) (meq}g¥
640 220.2440 419.7560
160 23.3440 136.6560
80 6.7136 73.2864
40 40 1.8220 138.1780
20 0.4765 19.5235
10 0.1220 9.8780
2.5 0.0078 12,4922
640 368.5165 271.4835
160 55.0610 104.9390
80 18.7549 61.2452
20 " 40 58360 34.1640
20 1.6784 18.3216
10 - 0.4555 9.5445
5 0.1191 4.8809
2.5 0.0305 ' 2.4695
640 556.5891 83.4109
160 121.0940 38.9060
40 23.0322 16.9678
10 3.4413 6.5587
2.5 0.3647 2.1353
160 160.0000 -
40 40.0000 -
10 110.0000 -
2.5 2.5000 -
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THE VOLUMES OF THE COMMON INTER-AGGREGATE PORES PER UNIT VOLUME OF KRASNOZEM, ALLUVIAL AND RED BROWN SOILS
IN DIFFERENT SALT SOLUTTONS. . ' |

'RED BROWN

SOIL 'KRASNOZEM ALLUVIAL

~ CATION SAR SAR SAR

CONCENT RATION

(meq/1) 6 .20 40 0 10 ° 20 40 |0 10 20 40

640 0.222 0.130 0.150
160 0.274 0.286 .. 0.189 0.164 0.188 0.106(0.182 0.132 0.148 0.104
40 L .. 0.150 0.194 0.054| .. 0.110 0.138 0.056
10 . . 10.176 0.120 0.138<0.010[0.158 0.102 0.028<0.010
2.5 0.264 0.205 0.160 0.070 0.016<0.010{0.144 0.038 <0.010<0.010

- 0.268

@ XIANAddV. .
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THE MOISTURE RELEASE DATA%* OF KRASNOZEM, ALLUVIAL AND RED BROWN SOILS, PACKED TO BULK DENSITIES OF 1.00,

1.22 and 1.22 g/cm3 RESPECTIVELY, FOR SALT SOLUTIONS OF SAR 20 AND DIFFERENT CATION CONCENTRATIONS.

H

PRESSURE VOLUMETRIC MOISTURE CONTENT (cm3/cm3)-
HEAD KRASNOZEM ALLUVIAL RED BROWN
(cm of water) Cation concentration Cation concentration Cation éoncentration'
(meq/1). (meq/1) _ (meq/1)
160 2.5 160 . . .40 . . 10 .| 160 40 10
0 0.656 0.654 0.543 = 0.542 0.542|0.578 - 0.577 0.578
-10 0.619 0.611 0.532 0.536 0.538]0.558 0.561 - 0.576
?20 0.488 0.500 0.511 0.521. 0.531{0.531 0.538 0.570
=30 0.450 0.460 0.467 0.478 0.507|0.515 0.522 0.565
-50 0.426 0.436 0.433 | 0.445 0.465/0.505 ° 0.513 0.558
~-80 0.416 0.427 0.420 0.430 0.437(0.498 0.504 .0.550
-100 0.412 0.422 0.415 0.424 0.429(0.495 0.500 0.546
-120 0.410 0.420 0.412 0.420 0.424(0.492 0.497 0.543
-140 0.407 0.417 0.410 0.418 0.421(0.490 0.495 0.540
-160 0.405 0.413 0.408 _ 0.415 0.418(0.489 - 0.494 0.528
-200 0.401 , 0.408: 0.404 . 0.410 0.4140.485 0.490 " 0.534
-500 0.378 .0.383 0.383 0.384 0.3920.460 0.467 0.497

*Moisture release

conductivity-pressure head curves.

data obtained from soil columns used in the experiments to determine the unsaturated
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COMPUTED VALUES OF.UNSATURATED CONDUCTIVITY OF KRASNOZEM, ALLUVIAL AND RED BROWN SOILS, PACKED TO BULK DENSITIES OF
1.00, 1.22 AND 1.22 g/cm3 RESPECTIVELY, FOR SALT SOLUTION OF SAR 20 AND DIFFERENT CATION CONCENTRATIONS.

PRESSURE

~ RED BROWN

KRASNOZEM _ALLUVIAL
(CEF§2 vater) CATION CONCENTRATION CATION CONCENTRATION CATION CONCENTRATION
A (meq/1) (meq/l) . (meq/1)

160 2.5 166 - 40 . 10 160 40 . 10

0 6053 - 5993 733 533 302 848 552 27
30 25 25 49 62 86 10 10.4 ° 6.3
60 2.1 2.1 2.9 AN 2.25 2.70 3.4
100 - 0.73 0.73 1.0 1.3 1.52 1.12 1.48 2.2
150 0.34 0.34 0.57 0.75  0.90 0.73 0.95  1.55
200 0.21 - 0.21 0.41 °  0.53  0.64 0.56 0.70 1.22
300 0,11 0.11 0.26 0.33  0.41 0.39 7 0.44 0.83
500 0.05 0.05 0.16 0.18  0.22 0.23° 0.24  0.45

- Values of computed unsaturated conductivity glven above were read from unsaturated conductiv1ty—pressure
head curves of the soils for the specific salt solutions.

The data for plotting this curve was

calculated from the moisture release curves of the soils for the specific salt solutions (Appendix E)

using the equation proposed by Kunze et al.
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