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ABSTRACT
Several geotechnical and geonvironmental problems involve water flow through
unsaturad porous mediaGener al ly flow is governed by the

equation. The most important factor entering the governing transfer equation is, with no
doubt, the unsaturated hydraulic conductivity of the soil. The laboratory procedures used
to meaure this property are tricky, errprone and time consuming, in particular for
low suction rangeAs a result manyesearchertavepropose different empirical and
gtatistical models forestimating the unsaturated hydraulic properties from easily
measued soil properties.

In this paper we study the reliability of such indirect methods for predicting the
hydraulic conductivity of dune sand widely present in the Algerian Sahara. The results
obtained are promising and attest clearly of the major contifbtitiat may bring along

the hydraulic property prediction models to the unsaturated soil mechanics practice.

KEYWORDS: unsaturated sol; drying; wetting; dune sand; water retention
curve; hydraulic conductivity.

INTRODUCTION

Models that simulate unsaturdtgvater flow have been widely developed and adopted in
soil sciences. Fundamental to the application of these models is the availability of
unsaturated soil hydraulic properties, the soil water retention and the hydraulic conductivity
functions. Measuing thesepropertiesis relatively complex.time consumingand require
expensive testing facilities. As an alternative solution, research focus has been directed
towards developing sereimpirical procedures to predict these properiiesmost practical
problems, approximate values soil properties areften sufficientfor performng analysis.
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Hydraulic property functions can then be estimated indirectly from easily measured data
using quasempirical or statistical models.

Numerous statistically based mdgldnave been proposed in the literature to estimate the
unsaturated soil conductivity function by using the soil water characteristic curve and the
saturated hydraulic conductivity parameter. The currently available prediction models may
come as closed for or as complex equations.

The aim of this study is to investigate the soundness of this approach by estimating the
unsaturated hydraulic properties of dune sand, a soil widely present in the Algerian Sahara,

using some simple and relatively known empiricaand st ati sti cal model s.
model (2000) is used to evaluate the soil water characteristic curve using the grain size
distribution information. The unsaturated hydraulic conductivity has been predicted, using

two statically based models Muaievan Genuchten (1980) and Fredlund et (4b94),

beside Vanapalli et a2005) empirical model. The results obtained are promising and attest

clearly that some models can yield good predictions.

THE SOIL

It is a dunesandfrom the south of Algeria. From geologicalpoint of view, the soil is
classified in theMioceneformation in whichquartz represesiabout90% of materialThe
specific density othe grains is about 2.65The grain size distribution curve is shown in
Figure 1. The sailis classifiedas a poorly gradesand USCS).
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Figure 1: Grain size distribution curve for dune sand.

The Soil Water Characteristic Curve

The soitwater characteristic curve (SWCC) is defined as the relationship between the soll
suction ad water content (either gravimetne, volumetric d, @r degree of
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The SWCC is an important property for interpreting the engineering behavior of unsaturated
soils

EXPERIMENTAL INVESTI GATION

Several laboratory tests can be used for studyiagelatioship betweerthe suctionor the
water free energy and theater content These methods can be classified in two major
groups, direct and indirect method$ie directmethods involve only thiquid phase othe
water, which isvhatdistinguishes therfrom the indirect methodd=or pF greater than 4.5,

it is indispensabléo use indirecmethods.

Soil samples were prepared by static compaction for a dry density of 1.8 and porosity
around 0.321, than they were wrapped in plastic bags for moisture homogenization during
two daysin order to cover all the range of suction values from dry to saturated state, two
methods have been ustxlobtain the experimental data considerethis study The soit

water characteristic curves fdrying and wetting arebtained using the presswrkamizr

(direct method) but fohigh suction range, the indirect method of desiccators with sulfuric
acidis employed $oeiro F., 1965)

The soil water characteristic curves=  f ford9th drying and wetting paths are given in
Figure22. The s atamdtreda svatbt coatdnts deduced from these curves are 0.32
and 0.0034 respectivelif.he shape of the cursés in generalagreement withsoil-water
characteristic cwes forsands.The @il loses the totality of its humidity about 86 over a
narrow suction range, extent from 3.16 kP& €1.5) to 15.85 kPa F = 2.2),this can be
attributed to the uniformity of pore size distribution within the soil.
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Figure 2: Experimental data points for the Stater
CharacteristicCurvefor drying and wetting paths.
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Fitting models for the SWCC

The soitwater characteristic curve (SWCQ)an be used to estimate various parameters
describing the behawi of an unsaturated soil. According to Leong and Rahardjo (19@7),
SWCC for different type of so# posseses,in general a segmoidaleshape Several
equationsof empirical nature,Gardney (1958, Brooks and ©Grey, (1964, McKee and
Bumb, (1984) or formulasbased orstatisticalmodels van Genuchte1980 , andFredlund

& Xing (1994), have beerproposed tadescribethe soil-water characteristicurve. The
statistical models arbased on the integration of thensityfunction of the soil pore size
distribution, givenby the generalollowing expression

q,(R) = pf(ndr (1)

lem

In which 3, represergthe volumetric water content when #ike pores with aadiusequal
or less than Rire filledwith water, andR,, is the smallest poreadiusin thesoil, and f(r) is
the function otthe pore size distributio.

These models have been developed, by considering the possibility of the liquid phase
continuity between pores of variosizesin the formulation of the probability function. Two
fitting models based on the statistical approach, van Genuchten (1980) and Fredlund & Xing
(1994) are considered in this study.

The van Genuchten mod€lL980)

For the model offan Genuchten (1980) the function of pore size distribusigiven by the
equation 2.9, the integration of t distribution functiorgives the SWCCequation(2.b).

mvg 'nvg 'a\/g * (Qg y ')ng' '
N m,,+1
g+ @,y ¢
a(y =.a bl (2.b)
¢ * (9" g

With 3 ¢ is the saturatedolumetricwater content3 . is theresidualwatercontent, and,g,
ng and my aremodel parameters

(2.a)

fly) =

The Fredlund & Xing model (L994)

Fredlund & Xing (1994) showed that the soil-water characteristic curve described by
equation(2.b), falls quickly toward zerowater contentover an extremely narrowsuction
range. Therefore it is not suiie in the high suction region. In order to describe the soil
water characteristic curve more accuratehg duthors have proposethother functiorof
distributionf(y) givenby equation 3.a)
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f(y) = M- fa) (3.2)

my +1

age + (v/a) flog e+ (ya)} g

This distribution function drops more slowly as the suction incrdasegratirg (3.a) and
introducing a correction functiofor ensuring zero water content when the suction reaches
the maximum alue (16 kPa),led the authors to suggest the following expression:

BN

e
ay () % (3.b)

~

Sange + (Vi) @

The correctodfunction:

In(y/v,)

ct) = In(lOB/yr)

With 3 ¢ is the saturated volumetrigater content,y , is the suction ceesponding to the
residual water content , , &, n andm; aremodel parameters

In order to determine the differemodelsparametersthe aithorshave proposed graphical
methods But with nowadays computing facilitiethese parameters apetterestimaed by
usingalgorithmsbased on least square methisdgeneral thdeastsquaremethod evaluate

the parameters so that the values of estimated volumetric water abr{tegtn, m), should
be as closaspossibleto themeasuremnes The objectivdunction to minimize igjiven as

o(a,nrr):_éji.éf/i - 4 .yanmg (4)

With

O(a, n, ) : is theobjectivefunction

M is the total number aheasurements

g andy , are themeasuredalues

A FORTRAN program isdevelopedfor this nonlinear minimization problem of the
objective function, using the quadewton method based on the algorithm presented by

Fredlund& Xing (1994). Parameters for both models on drying and wettiitys are
presented in Tide 1.
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Table 1: Fitting parameters for the both models

van Genuchten >IN d=0.0034 ag=0.0737  n,=4.0541 m,y=6.2587

(1980) ]
Wettlng d} =0.0034 ag= 0.1267 Nyg =3.0497 Myg = 4.4554

. — / _ _ _
Fredlund& Xing Drying Y. =11.36 & =5.601 n{=4.7783 m; = 1.2530

(1994)

Wetting Yy, =6.3267 a,=3538844 n;=4.4376 M- 19210

We give in Figures and 4 the experimental SWCC data points of the dune sand fitted by
the two above presented fitting modefscording to theseaesults, it can be seen that the
two models fit fairly well the experimental @aalong both drying and wetting patii$ieair

entry valueAEV estimated by thévo modelss around 3.56 kPdt can be observed as well

that for water conteneks than 0.03, the model of van Genuchten (1980) diverge from the
experimental data, whereas Fredlutading (1994) model gives closer estimates and the
fitting curve drops slowly towards zero water content. From the size of the hysteresis loop,
we can conitde that the effect of the dryingetting cycle is not very important on the soil
structure.
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Figure 3: SWCCdata fitted with van Genuchten (1980) fitting model.
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Figure 4: SWCC data fittedvith the Fredlund & Xing (199) fitting model.
Zapat aod BredStwCniddel(2000)

Estimation of the soil watecharacteristiccurve, on the basis of soil index properties is
highly desirable due to its simplicity and low cost, provided the accuracy of the estimate
quantities is eceptable. In a comparison study, which considered 190 soils, Zapata et al.
(2000) has concluded that the variability associated with estimated SWCC, is in the same
order of importance as the variability of the measured one. By the end of their study the
authors proposed two empirical sets of relationships for the soil water characteristic curve,
one for plastic soils with PI different from zero and the other for sandy soils with Pl equals
zero.

The model of Fredlun& Xing (1994),Equation3.b, was adopt&to describe the SWCC for
both types of soils, while relating the model parameters to the soil index properties. +or non
plastic soils (Pl = 0), and in order to evaluate model parameter, the following correlation
relationships were proposed.

a, =0.8627(Q, Y™ ;

=75 :
(5)
m, = 0.1772In(Q, ) +0.7734 ;

Yo _ 1
a D+ 9.7e
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where 0y is the particle diameter corresponding to 6@&ssingoy weight in mm.

Using the grain sizalistributioncurve Figure 1the Dy, for dune sands estimated around
0.23 mm.A constant averag®alue is suggested foparamete n.. From this data the
parameter for Fredlunfl Xing (1994) model is:

a=25n=75 m=0.51,y,=6kPa.

The SWCC given by Zapatads empirical predicti on
with the experimental data points and the Fredlund & Xing (1994) fitting curve. From the

first sight we can conclude t haltsuggedsteispi t e t he
expressions, the shape of the predicted SWCC is consistent with the SWCC for sandy soils.

For low suction range less than 4 kPa, the estimated curve fits well with the wetting path,

but for high suction values though, the curve startsuwerde from the wetting path, ending

well above the drying path for higher suction.
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Figure 5: SWCC, Comparison between Fredlund & Xing (1994) Fitting model and
Zapata et al(2000) empiricamodel

THE HYDRAULIC CONDUC TIVITY

For unsaturated soil condition$etconductivity isnot a constanas it is for saturated state,

but depends dramatically dhe watercontent andn the configuration othe water inthe

soil pores The wide range of the hydraulic conductivity has prawebe a major obstacle in
analyzing seepage problems principally in view of its extremely high experimental costs
(Fredlund, 1999).
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Experimental  Study

Circulation ofwater inresponséo a suction gradient, obeys theneralised Darclaw asit
hasbeen @monstrated by several auth@Bsickingham 1907 Ri chardods,

Vig = Kgrad( y # (6)
Vi, - Debitin cn? by effective sectioren? / s

y : suction or capillary potential of watém)
z: elevation ofpoint (orrather of section) witlhespecto datum
k: hydraulicconductivity cm/s.

The experimental device used to measure the hydraulic conductivity in unsaturated
conditions is essentially a permeameter with a constant height adapted for measuring the
hydraulc conductivity under depression. A schematization of the device is presented in
Figure 6. The soil sampis placed between two porous stones in contact with water, which
play the role of gates to air bubbles, transmitting at the same time, the appliessaspto

the water within the soil sample. Two different depressions are applied at both sides of the
sample, using two vacuum regulatog®eéirq 1965)

Tests are carried out on samples of length of 2 and 5 cm and abouf B0Os&otion.Two
metallicrings were embedded into the sample for measuring the electrical resistance of the
humid sand. The measurement of the resistance permits to follow the evolution of the water
content in the material during the test. Besides, the suction gradient devefigotisiety

within the sample is measured directly using two tensiomer@es.value of the hydraulic
conductivity is determined, once the steady water regime is reached, by direct application of
equation (6).

Tests start by submitting the saturated saratessively to a suction increase steps, and
measuring the conductivity for every suction ramp. When thdlemutbecomes negligible,

which corresponds to a suction between 15 to 20 kPa, the suction is lowered, by progressive
wetting, until finally the samlp becomes finally saturated. The conductivity at saturation is
determined in an ordinary permeameter, it is found to be around 2r@/$0

1931
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Figure 6: General schematization of modified permeameter for measur
unsaturated hydraulic conductivit$deiro,1965.

The experimental conductivity data are presented in Figure 7, expressed in terms of soll
suction given along with the Gardnerbs (1958) fi

Curves for unsaturated hydraulic conductivity fetifaccording to whether soil evolves in
drying or wetting, presenting lower conductivity values on wetting @étthe soil saturated

state the hydraulic conductivity is around 2218/s, than after falls rapidly with suction
increases, reaching, forsaiction equal$o 10 kPa, a value of 6.1 ¥0n/s on drying path,

and 5.68 18° m/s on wetting path. For suction over 20 kPa the dune sand becomes
practically impervious. The correspondence between the SWCC and hydraulic conductivity
puts forward that thgeometry of space pores plays a determining role in the transfers of the
retained water.
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Figure 7: Unsaturated hydraulic conductivity of the Dune Sand on drying and
wetting paths fitted with Garneroés (109

MODELS PREDICTIONS

The unsaturated hydraulic conductivity is conventionally predicted using the saturated
conductivity, k. and the soiwater characteristic curve (SWCC). Three different types of

models are available to predict these properties. Theke&laempirical, macroscopic, and

statistical models. Empirical models are developed using the results of laboratory tests.

Several researchers have summarized and normalized the data into a curve or a function

(Ri char dés, 1952, G amodels are analytical=e@jessiondthat tales c opi ¢
into account many variables, which influence the flow of water through the soil (Brooks &

Corey, 1964, Mualem 1986).

Models derived by statisticalapproachesare generally used to predidhe hydraulic
conductvity relation k@& ). This approachuses the physial properties of the soll
represented by theoil-water characteristiccurve and the soil saturated conductivity
parameterlt is based on the fact thdterelation k& ), is governedmainly by theporesize
distributionin the soil massMacroscopic and statistical models are advantageous over the
empirical models since they bear a theoretical ground and hence they are more convenient
for practical use (Mualem, 1986).

Mualem -van Genuchten model (1980)

Many analyticalexpressiongor predictng the unsaturatedhydraulic conductivityhavebeen
proposed. For example Brooks and Corey (1964) use an aabifjression based on the
theory of Burdine (1953). Mualem (1976grired a new model to predict the hydiiau
conductivity using the soil-water characteristic curve artbe saturated soitonductivity.
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The derivation of Mualem leads to a simple integration formula for the relative hydraulic
conductivity krfrom whichan analytial expressiorcan be obtainedf a desiredequation
for thesoil-water characteristic curve available.

K o 1 11 %
k =— = 0g dx/ dx | (7)
K My o

sat

wherey is suction, andl is the normalized water content defined as

Q= 1k ®)
gs- G

To solve equation (7) an expression relating the normalized water conterhe suction is
required. An attractive class of functions, is the van Genuchten (1980) equabtipn (2.
rewritten below as:

o e 1 L] o
- e u
gl + (a,h" g

Using this expressigrandintegrating Mualem equatiowan-Genuchten X980)derivedan
analytial expression for the relative hydraulic conductivity ikr term of normalizedvater
contentU:

(@ = 64 1 g ® (10

The two parameters gand rq are related by the following condition.

mg=1-1/nget0<my<1

The relative hydraulic conductivity can al so be
. 2
€ nvg-lé nv‘énvgu
:,1'(%33 'él +(E\'79 )ng 3
k(y) = 72 (11)

g+ (a. 9" §
The Fredlund etal. model (1994)

Childs and ColligGeorge (1950) proposed a modebrderto predict therelative hydraulic
conductivitybased orthe randonvariation ofthe pore size. This model has been improved
by Marshall (1958) and modified then by Kunek al(1968). Fredlund and al. (1994)
modified slightly the equation proposebly Kunzeet al.,while using the matrix suction in
the soil insteadf the pressurénead



Ll
.
L vol. 13, Bund. B 13

The relation between volumetric water content and suction (i.e SWCC) is divided in M

equal increments of water conterthe hy dr aul i ¢ c oah & gpecificwatert y k ( d)
c 0 n t iésmgiven by thesummationover suction values that correspondsatater contents

equal or less thanz i. The factor (ksc / ksat) based on the saturated coefiti of

permeability, isintroducedto ensurea bettercorrelation. The following expression for the

hydraulic conductivity is proposed

_ ke Tar 98X o0 "
K@) =5 %gzo i} 1)+ 7 (12)

sat
k () dhydraulic conductivity foi" interval;

ksc: computed saturated coefficiavitpermeability;

ksst: measured saturated coefficient of permeability;

Ts: water surface tensign

Jw : water volumetric mass;

ew : absolute viscosity;

p : constant, which take in account the interaction of different pores;

M : total number of interals;

yj : suction for thg™ interval.

In term ofrelative conductivitykr, equation (2) can be written in integral form:

K, (q) T’quz (')’(‘) dx / :ﬁ;T;(X)dx (13)

To use the equation $Lfor computingtherelativeconductivity, it is convenient to integta
over the suction| . Since the equation adjusts tbgperimentaldata on a large range of
suction, the integratiocanbep e r f o r metd 10fkPaofon allytypes of so# (Fredlund
et al, 19949. In orderto avoid numerial difficulties during integation it is preferable to
integrateon alogarithmic scale, equation3Lbecomeghen

K, (q) :ﬁn(loﬁ)q(ey)'(C” y,(py) dy/ In(ﬁ)(és --( g) dy (14)

M(y) e In( Y e

With y, dummy variable which represents the logarithm of suction.
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The Vanapalli Empirical  Model (2005)

Vanapalli et al(2005) poposed a simple expression to estimate the unsaturated hydraulic
conductivity of coars@rained soils. The technique is proposed using a relationship between
the relative conductivitk. and the normalized degree of saturation, which is referred as the
adusted degree of saturationp.STo estimate the unsaturated hydraulic conductivity the
grain size distribution, the porosity, the degree of saturation (or water content), the saturated
permeability of the soil, are requirehe mathematical relationshiilg expressed as a
normalized function:

k, =5% = @ (15)
A relationship between the fitting parameter, :
porosity, and the fine content is proposed. The expression is:
g 00111 clayp [+sitd @2 (16)

Wheren is the porosity of the soil

From the above and using the grain size distribution (clay @ and silt% = 1.8) the
parameteo o bt ai ned f or 0dQl6 bence aubstitutimgs | ar egquat i on (15)
gives the relative conductivity exgssion for dune sand :

kr — 8'3.17264 — 6726 (17)

RESULTS AND DISCUSSI ON

Figures 8 and 9 illustrate the variation of relative conductivity as a function of soil suction
on drying and wetting paths respectively. From the first sight we can centlatMualem

van Genuchten (1980) model overestimated the unsaturated hydraulic conductivity for dune
sand even with the fulfillment of the condition on fitting parameter (mi=11In =0.608).

While the model of Fredlund et al. (1994) gives better resaligpared to experimental data
points. Surprisingly enough, Vanapalli et al. (2005) empirical model gives results, which
identical to that predicted by Fredlund et al. (1994) model on drying path.
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Figure 8: Relative hydrauliconductivityk; on dryingpath
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Figure 9: Relativehydraulic conductivity kr on wetting path.

Hydraulic conductivity results given in Figures 8, and 9 are grouped in Figure 10 but
presented in terms of volumetric water caontén the same figure, it is presented the result



