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ABSTRACT-Hysteresis  has  been widely  recosmzed  mo (he soil water
relationship. [n this paper. o detaiked review of hvsteresis was perlonmed m
relation Gy its modeds, Sofioe, ditferent medels have been soggested 1o duseribe
hysterenin in the water retention cueve (WRCY thae conld he categurized uto two
main geoups! cemcepradt and empiricod models. The models m the first group are
based wn the doman theory of capillaey hysteresis o thase i the secand proup
rely on the analysis of observed WRO shape and properties. Coscepie! models
include the iudependear and depradvn domedn thearies and e Foeles
s, while conpivicad modets consist ol W wderperdation, fineor. Stope ail
Seading  dovn wwdels. Ditterent cesults of studws ciorrad it by several
pesegirehers shwsved that the Sarfonee madel that uses the comcept ol rational

extrapolation, was the host model ra predict hvsteresis of the WRC,
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INTRODUCTION

The deseription and prediction of water flow through unsaturated soils imply an
understanding ub unsatlurated soil propertics. Fhe main unsatirated sl propertes
used I engineering calculations are the refationships belween suction (or water
pressurenys o reme of water v klPad and volumelne wator content f . (ondem' ) as
well as that between suction and hydraulic conductivity, AL Fhese two relutionships
comprise the witer refeption corve CWRET and permeability function. respectively,
e o e commlex mature ot the lgud-phase conhgueation o an ansaturiled poraues
medinm, the relationship between woter pressure and waler contett 5 oot unigue and
presents hysterests effects (e 140 40 52 and S0 As shwwas 1o Ligere 1. a0 sal
tvpically shows o volumetric water cantent that s bess for a selling provess csieh s
i filtrationt than tor a dreing process Gueh as evaporaleont or dramage) at a given

walel pressare,
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The hysteresis effect can be attributed to 4 main causes {e.g. 18 and 37): a)
pcometric nonuniformity ol individual pores, resulting trom the so called “lnk
Bottle™ cffeet. by different spatial connectrvity ol pores durmg dryving or welling
processes. ¢) vuriation in the ligquid-solid contact angle. where the contact angle and
the radius ol curvature are greater in the case of an advancing meniscus than the case
of a receding one. A given water content will, therclore. tend 1o exhibit greuter
suction in desorption than sorption. and d} air entrapment, which lurther reduces the
water comlent of newly wetted soil, Failure to attain true equilibrium (though not,
strictly spoaking. true hysteresis) can aecentuate the hysteresis effect.

The two complete characteristic curves, trom saturation to dryness and vice
versi, are the main branches of the hysterctic soil moisture characteristics. When a
partially wetted soil commences to drain, or when a parlially desorbed soil s
rewetted. the relation ot suction to motsture content folows a numbcer of intermediale
curves as ik moves [rom one main branch (o the other. Such intermediate spurs are
called scunning curves.

In the past, hysteresis was gencrably disrcgarded in the practice of soll
physics, This may be justifiable in the treatment of processes involving moenotonic
wetling (g, nfiltration) or monotonke dryving (e evaporation). Nevertheless,
hysteresis may be important in cases ol composite processes where wetting and
drying occur simultancously or sequentiatly in various parts of the soil profile (e.g.,
redistributon). Two sotl layers of dentical texture and structure may be at
cquilibrium with cach other (e, at identical cncrgy states) and vet may differ in
wetness if their sorbing-desarbing  historics have been different. Furthermore,
hysieresis can allect dynamic, as well as static properties of the sotl {t.e.. hydraulic
conductivity and lTow phenomenal.
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Fir. |. Schematic representation of
water retention ¢urves with hvsteresis
eftects

Becuuse of the important e flects of hysteresis on most soils. especially coarse-
textured soils (ERY, difTerent models have been developed to describe different
hysteresis curves (nmain, primary and sccondary curves) of the WRC over the last 40
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found that the simplified model leads to betler results than the models based on
independent domain model theories for soils having a major portion ol their
hysteresis loop in the range of air entry value. However, the belter performance of
Mode! {IT was achieved at the expense of using more measured data (it requires a
primary drying scanning curve in addition to the main hysteresis locp for calibration)
and detraction from the simplicity of the model.

Mualem (31) modified the dependent domain theory. The modified model
corrects the moisture content changes calculated on the basis of the independent
domain {Af;) by multiplying these changes with a correction factor £,(8):

Pi0) = bl ®

where @' is the potential for which 8,(')=8 . For a wetting curve of order n the
correction factor is £,(8(y, ).y, being the pressure head of the n-tk reversal point.

For a drying curve the facter is £,(8{y)), where i is the current pressure head for
which the moisture content is being calculated. This implics that for a drying curve
P, is to be caleulated iteratively, hence the implicit character of the model.
Computed primary and secondary scamning curves derived by this model showed
good agreement with measured data. The results are compared with computed curves
based on Model 1 of Mualem (29). The new mode] seems to agree with observation
much better that Mode! £f, which uses the same amount of data for calibralion.

Parlange’s model

Parlange (39) developed a conceprual model which requires knowledge of one
boundary instcad of two boundaries, as in Mualem’s case (31). In this model
Parlange {39) assumed that the distribution function is only the [unction of y, :

J‘( wu'? wu‘, = .t‘ll{w”‘) (QJ

Furthermore, Parlange (39) pointed out that in the determination of the
maoisture relention characteristics the actual wetting boundary curve is seldom
obtained. This implies that only uneven order drying and cven order wetting
scanning curves can be measured.

To understand the principle of Parlunge's model {39}, consider a drying
scanning curve slarting at potential ¥, on the wetting boundary of the curve. Then:

0,(v.v) =00+ [y, [ . w)dy, (10)
Which correspond to the domain of integration shown in Fig. 2. where |l;{,, IR
reasonable maximum suction. If £is a function of y,, only, then:
o, =" [ rwod, an
and
_ 8
Oy v ) =0, (7)) — (W - N——=), {12)
dy
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Fig. 2. Domains of inlegration for the function f in Eq. (11) and (14), ax given by crosshaiched
rectangles Tor the drying (lefO) and wetting (right) scanning curves. The triangle {w) is the

domain of integration of f defining 0, in Fq. (32§, If an opening hecomes empty during the
drying process (Jeft), ie, for -y <y, < -y, then the attached pore is also emptied, since the

openings arc smaller than the pores. 1t the suction decreases during wetting (rightl. all
correspanding pores are fHled, since their smaller openings are automatically filled; in addition,
pores of any size that have openings so small that the latter were never dried, ie,

for 4, = w., remain filled

Similarly, a wetling scanning curve slarting at potential y, on the drying
boundary of the loop ts given by:

wa lp" IP-,'_) = Gw{w)‘i- .fdu!"‘ f 'f‘('y-:.'" ww ..)dlp'.l' {13)

which corresponds to the domain ol integration shown in Fig. 1. where |u.r_l,| 15 a
reasonable mintmum suction, normally close to zero. or when {'is a function of i,

only,

| | o6
By, ) =B, () -y -y, ), (14}
dy ™

ff the drying boundary is given by (13) with w, =y, . then 8 (w,w.} in(14)
together with the boundary condition €, w., w,) =8, { w., v, ) can be used in (12)
instead of @ ( w). This result is easily verified by dircet substitution,

Comparison with cxperiments has showed that if the shape of the drying
scanning curves varies smoothly. then the drying boundary of the loop was indeed
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was applied to describe the hysteresis effects in the water retention curve by (0’ Kane
¢t al. {37), using the concept of a continuous analog ol a finite paralicl connection of
relays. The Haverkamp et al. (17) modcl, based on geometric scaling, was recently
modified and simplified (12). Another hysteresis empirical model was developed for
sandy soils ustng the basic concept of shape similarity between the WRC and the
cumulative particle-size distribution function (16). In this case, the hysteresis is
predicted from the basic properties of the soil, not from a WRC.

Summary and Comparison of models

Two main group of hysteresis models were reviewed in connection to their theories.
These models were categorized into concepiual and empirical models. The first
group is based on the domain theory of capillary hysteresis and the sceond group
relics on the analysis of observed WRC shape and propettics. Conceprual models
included the fndependent and dependent domain thearies and Parfanpe's modef.
while enmpirical models consisted of the imterpolation. linear; Stope and Scafing
down models. Several authors have compared these different models. Viacnc et al,
(54}, lollowing a statistical analysis of hysteresis models, concluded that the hest 2
branch models were conceptual models (Mualem Ib and 1V). while the Parlange
model was selected as the best choice lor hysieresis prediction using a single branch.
The same conclusion was reached by Si and Kachanoski (49) ubout one branch
models. However, Jaynes' comparison (21 and 22) led to the conclusion that none of
the methods were consistently better than the others, even for the more complex
models with more than two branches, Jaynes also concluded that the lincar model
(cmpitical 1ype of model) appears to be the best approach to predict hysteresis.
Magsoud et al. {27) indicated that the Universal Mualem model did not predict the
WRC adequately. However, the two versions of the Parlange model (22 and 33 allow
lor good predictions of the main drying curves. More recently. different studies (3
and 17) suggested that the Parlange model, that uses the concept of rational
extrapolation. was (he best model to prediet hysteresis of the WRC. Bradoek et al. (3)
proposed u new formulation of the Parlange model using the Van Genuchten (53)
equation instead of Brooks and Corey’s (4). Tlowever, this version of the Parlange
mode] should be examined in most texture soiis.
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