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This paper describes a study into the effects of hysteresis on the hydraulic behaviour of unsaturated soil
covers. The Richards equation is coupled with the hysteretic soil water characteristic curves (SWCCs), to
describe water flow in unsaturated soils. A linear scanning curve on semi-logarithmic scales is used to
describe the hydraulic behaviour within the main hysteretic loop in unsaturated seepage problems.
The proposed approach is implemented for one-dimensional flow problems using the finite difference
method. A comparison of predictions of the proposed hysteretic model with those of the traditional
non-hysteretic model is carried out first. For the assumed scenario of a compacted clay cover, the non-
hysteretic model using the main drying SWCC leads to significantly different results than the hysteretic
model, further demonstrating the necessity of accounting for hysteresis in unsaturated seepage analysis.
Moreover, three infiltration tests on layered soil columns are simulated with the proposed hysteretic
model. Results show that hysteresis plays an important role in the seepage analysis of unsaturated soils
subjected to cyclic drying and wetting. The hysteretic model is suggested for use in the design and eval-
uation of the hydraulic performance of soil covers.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Various types of soil cover systems such as compacted covers
(e.g., [31,3]), capillary covers (e.g., [41,45,24,5,6]), geosynthetic
clay liner covers [29,30], and multilayer soil covers (e.g.,
[52,37,44]), have been implemented in projects involving landfills
and mining tailings disposal to minimise their potential risk to sur-
rounding environments. In the last two decades or so many labora-
tory experimental studies (e.g., [53]), field monitoring (e.g., [32])
and numerical modelling studies (e.g., [38,34,33,14]) have been
conducted on the performance of soil covers. However, due to
the diversity of variables like soil types, climatic issues, plant spe-
cies and topographic features, the design of effective and economic
soil covers still remains a great challenge. Among the complicated
boundary conditions that will be considered, cyclic wetting and
drying induced by precipitation and evapotranspiration is one of
the most common exterior actions on the soil covers. This paper
is dedicated to studying the hysteretic effects of the soil water
characteristic curves (SWCCs) on the hydraulic behaviour of soil
covers subjected to cyclic climatic drying and wetting processes.
All rights reserved.

+61 2 49216991.
(C. Yang), daichao.sheng@
e.edu.au (J.P. Carter).
To assess the hysteretic hydraulic behaviour of soil covers, the
h-based Richards equation [39,8,15] is employed, which requires
knowledge of both the SWCC function (the soil water potential,
w, and the volumetric water content, h) and the hydraulic conduc-
tivity function (the hydraulic conductivity, k versus h or w). Mean-
while, hydraulic hysteresis, known to be characteristic in SWCCs of
unsaturated soils, generally refers to the non-unique relationship
between the soil water potential and the water content, whereby
considerable variation in the water content can occur under the
same soil water potential depending on the preceding sequence
of drying and wetting [19]. In the literature, hydraulic hysteresis
is usually described by the main drying–wetting bounding curves
and the interior scanning curves.

The main drying–wetting bounding curves are usually con-
structed using SWCC equations such as those widely used in the
literature (e.g., [48,16]). On the other hand, the interior scanning
curves are usually scaled from the main drying–wetting loop with
various kinds of scaling approaches, for instance, the point method
[12], the slope method [23], the linear method [20], the domain
method [36] and the bounding surface method [27]. The differ-
ences in those different scanning models are not always significant
in practical applications. Jaynes [23] compared the first four meth-
ods listed above and concluded that all these four methods have
the same degree of accuracy in simulating scanning curves in wet-
ting–drying cycles in soils. However, due to the implementation
complexity or possible numerical problems (such as the false
pumping effects and convergence problems) associated with these
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methods, the linear method on the semi-logarithmic scales, will be
used to scan the hysteretic w – h relation within the main drying–
wetting loop. This scanning method is found to be simple to use,
requires relatively little data storage, and still provides reasonable
accuracy.

The hydraulic conductivity of an unsaturated soil is more chal-
lenging to quantify, as it can span over multiple orders of magni-
tude [13]. It is commonly believed that the pore-size distribution
determines the distribution of pore water in the soil matrix at a gi-
ven soil water potential. Meanwhile, as the water only flows
through the water phase in the porous medium, the dependency
of water flow on the pore water distribution becomes apparent.
In other words, with a constant pore-size distribution, a unique
relationship between the hydraulic conductivity and the water
content should be maintained [28]. This unique relationship has
also been validated by Fredlund et al. [17] for Guelph loam and
Meerdink et al. [31] for Wenatchee silty clay.

Similar to SWCCs, various hydraulic conductivity functions for
unsaturated soils have been proposed, either based on empirical
curve fitting or statistical methods. In the empirical methods, the
hydraulic conductivity is usually expressed as a closed-form func-
tion of matric suction [4,18] or water content [2,7]. By contrast,
the statistical methods are primarily based on the fact that both
the hydraulic conductivity and the SWCCs are determined by the
pore-size distribution and the characteristic drying and wetting
water radii distribution [9,35]. Even though the statistical models
probably have the highest accuracy in predicting scanning curves
for different porous media, they are more difficult to use in calcula-
tion and design. At the same time, empirical hydraulic conductivity
functions in terms of suction are not unique due to hydraulic hyster-
esis. However, as stated by Fredlund and Rahadjo [15], the hydraulic
conductivity shows essentially no hysteresis when cross-plotted
against the volumetric water content. Moreover, this uniqueness
between the hydraulic conductivity in unsaturated soils and the
water content further simplifies the numerical implementation of
the seepage analysis. Thus the hydraulic conductivity will be de-
fined in terms of the volumetric water content in this paper.

Besides the theoretical research mentioned above, a large num-
ber of laboratory and on-site experiments have been carried out to
study the hydraulic behaviour of unsaturated soil covers. Meerdink
et al. [31] investigated the hydraulic conductivity of compacted
Wenatchee silty clay and found a significant hysteretic relationship
between the hydraulic conductivity and suction. Stormont and
Anderson [46], Yang et al. [54], and Indrawan et al. [22] used the
infiltration column apparatus to study the transient hydraulic
behaviour of two-layer soil columns, whereas Tami et al. [47] con-
ducted infiltration column tests to study the steady-state behav-
iour of unsaturated slopes. These experiments all confirmed that
hydraulic hysteresis can affect the seepage in unsaturated soils.

For unsaturated soil covers, there have been very few numerical
studies that take into account the effects of hydraulic hysteresis on
seepage. Tami et al. [47] and Indrawan et al. [22] modelled their
own experiments. Yanful et al. [51] numerically assessed the influ-
ence of several cover properties and the hydrogeological parame-
ters on the cover performance. Adu-wusu et al. [1] also
simulated the field performance of two soil covers. In all these
analyses, hydraulic hysteresis was either ignored or was manually
added to the software so that the drying or wetting processes occur
simultaneously over the entire soil domain. However, all these
authors pointed out that hysteretic effects can significantly affect
the accuracy of numerical simulation of soil covers, and suggested
that hydraulic hysteresis should be considered in assessing soil
cover performance.

Because it is seldom true that the entire soil domain simulta-
neously experiences drying or wetting in a synchronised manner,
it is usually not sufficient merely to adjust the soil water relationship
according to the boundary conditions. Imposing a sudden change in
the relationship between the soil water potential and water content
(and hydraulic conductivity) may also lead to convergence problems
when solving the seepage equation. In reality, it is common that
some parts of the soil domain will experience drying whereas other
parts will simultaneously experience wetting. In other words, the
change of drying and wetting conditions at a given point in the soil
is part of the solution of the seepage equation and may not be syn-
chronous with the boundary conditions. Therefore, a more realistic
and robust method to solve this problem is to integrate hydraulic
hysteresis into the seepage equation and treat it as a type of material
non-linearity.

A study of the effect of hydraulic hysteresis on seepage in unsat-
urated soils is carried out in this paper. The hysteretic soil water
characteristic curve equation is incorporated into Richards’ equation
for seepage in unsaturated soils. Comparisons between the proposed
hysteretic model (HM) and the traditionally non-hysteretic model
(NHM) are then carried out on soils with significant hysteresis (i.e.,
compacted clay covers). The performance of the HM is further com-
pared with three experimental infiltration tests on two-layer capil-
lary soil columns to demonstrate the validity of the approach.

2. Formulation

2.1. Richards’ equation

In this paper, the h-based Richards equation [8,15] is used to
evaluate the seepage in unsaturated soils. For simplicity, the va-
pour conductivity is not considered here, and thus the Richards
equation in one-dimensional space can be expressed as follows:

@

@y
ky �

@h
@y

� �
¼ cw �mw

2 �
dh
dt

ð1Þ

where ky is the hydraulic conductivity in the vertical direction, y;
mw

2 is the coefficient of water storage consistent with the slope of
the SWCCs; and h is the total hydraulic head, defined as the sum
of the capillary pressure head and the elevation head. cw is the unit
weight of water. Note that constant soil volume is assumed in the
seepage analysis presented in this paper.

Considering the intrinsic correlation between the hydraulic
conductivity and the pore-size distribution and the assumption
that the volume change along drying or wetting paths is negligible,
it is preferable to formulate the hydraulic conductivity in terms of
the normalised volumetric water content. Averjanov [2] proposed
such an equation and this equation is slightly modified here:

krðhÞ ¼ ck � ðHÞkk ð2Þ

where krðhÞ is the normalised hydraulic conductivity, krðhÞ ¼ kðhÞ
ks

,
with k(h) and ks being the hydraulic conductivities in unsaturated
and saturated states, respectively; kk is an empirical constant highly
dependent on the pore size distribution or soil porosity alterna-
tively; and ck is a correction coefficient introduced in this paper
which can be determined from experimental data. It has been found
that kk tends to increase with increasing soil density [40] and has
quite a wide range of values from 2.57 to 52.12 [26,40]. In this pa-
per, an initial value of 3.5 proposed by Averjanov [2] is first adopted
in the comparative studies between the hysteretic model and the
non-hysteretic model, but the value of kk is then adjusted in the val-
idation analyses according to the specific soils involved.

Parameter H is the normalised volumetric water content and is
written as follows:

H ¼ hðwÞ � hr

hs � hr
ð3Þ

where h(w) is the volumetric water content which is a function of
the soil water potential (w); hs and hr are the saturated and residual
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volumetric water contents, respectively. Chiu and Shackelford [10]
suggested that the maximum volumetric water content after stea-
dy-state flow, hm, should be used instead of hs, but this suggestion
is not considered any further in this work.

The normalised volumetric water content can also be expressed
in terms of degree of saturation:

H ¼ SrðwÞ � Sres

1� Sres
¼ Se ð4Þ

where Sres is the relative residual degree of saturation, and Se is also
called the normalised or effective degree of saturation. From the
above equation, it can be seen that the normalised volumetric water
content is equivalent to the effective degree of saturation when the
volume remains constant during seepage.

2.2. Soil water characteristic curve (SWCC)

Dye et al. [13] found that the uncertainty associated with the
choice of SWCC models is insignificant and within the range of ex-
pected empirical data scatter. In this study, the van Genuchten [48]
equation is used for convenience:

H ¼ Se ¼
1

1þ ðawÞn
� �m

ð5Þ

where a, n, m are fitting parameters. In order to keep the model
simple, m can be obtained according to van Genuchten [48]:

m ¼ 1� 1
n

ð6Þ

In more general cases where there is enough information about
the soil water characteristic behaviour, it is better to leave the
parameters n and m as independent quantities, as pointed out by
Fredlund and Xing [16]. Besides, a�1 is usually considered to be re-
lated to the so-called air entry potential value for low ratios of m/n,
while for high values of m/n it is roughly equal to the potential at
the inflection point of the soil water characteristic curve [49]. This
observation will help in the determination of parameters in the fu-
ture modelling.

Parameters n, m, hr and hs are assumed to be the same for both
the main drying and main wetting curves. The parameter a is re-
lated to the air entry value and is used to differentiate the main
drying curve from the main wetting curve. Following the proposal
of Kool and Parker [25], the hysteretic ratio, n, defined as:

n ¼ aw

ad
ð7Þ

is adopted as an indication of the degree of hydraulic hysteresis in
an unsaturated soil.

2.3. Scanning curves

Considering the simplicity and efficiency of linear scanning
curves, the following incremental expression is adopted:

dSr

dðlog wÞ ¼ �j ð8Þ

where js is the slope of the scanning curve in semi-logarithmic
coordinates.

However, it should be noted that the scanning curve may not
intersect with the expected main drying or wetting curve, espe-
cially near fully saturated and extremely dry conditions. Fig. 1
shows such a case where the slope of the scanning curve (js0 at
Point A) is relatively large and as such leads to the wrong intersec-
tion with the main curve (Point B). In order to ensure a proper
scanning within the main drying and wetting curves, the slope of
the scanning curve should be restrained. In this study, the follow-
ing constraint is imposed on the slope of the scanning curves:
js ¼ rjsjs0 < rjskw=d ð9Þ

where js0 is an initial user-defined value of js in the scanning pro-
cess, kw/d is the slope of the main wetting or drying curve at the
transition point between wetting and drying, and rjs is a positive
constant between 0 and 1, and the subscripts w, d and s represent
the wetting, drying and scanning processes, respectively.

With the above constraint, a more reasonable scanning curve
starting from A can be constructed (Fig. 1), which results in a prop-
er intersection with the main wetting curve at C. The same ap-
proach can also be used to deal with extremely dry conditions
(A0 in Fig. 1). The slope of the main drying and wetting curves
(kw/d) is usually a function of soil water potential (Fig. 2), which
is important to determine the proper values of both js0 and rjs.
Iteration may be required to achieve proper and accurate values
for js0 and rjs.

The soil water characteristic model mentioned above is as-
sumed to be independent of the volumetric change during the cyc-
lic drying and wetting processes. This is a coarse assumption.
However, as this paper is only concerned with seepage in unsatu-
rated soils, the dependency of SWCCs on stress and deformation is
less significant here. A coupled formulation that incorporates
mechanical and hydraulic behaviour of unsaturated soils may be
required if the voids ratio of the soil changes significantly [42,43].

2.4. Definition of matric suction

In order to maintain accuracy, stability and convergence of the
numerical solution of Richards’ equation near fully saturated and



Table 1
Values of parameters for the conceptual scenario.

Symbol Unit Assumed clay

Saturated volumetric water content hs – 0.380
Residual volumetric water content hr – 3.800 � 10�3

Hydraulic conductivity
Saturated hydraulic conductivity ks m/d 8.640 � 10�4

Parameters ck – 1.000
kk – 3.500

Drying curve
Fitting parameters ad kPa�1 0.010

nd – 1.226

Wetting curve
Fitting parameters aw kPa�1 0.014

nw – 1.226

Scanning curve
Scanning slope js kPa�1 4.600 � 10�2

rjs – 0.200
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extremely dry states, the matric suction is assumed to be equiva-
lent to the soil water potential. By assuming the pore air is con-
nected to the atmosphere in engineered soil covers, the matric
suction is defined as the negative pore water pressure, and ex-
pressed as:

w ¼
�pw0; pw � pw0

�pw; pwmin � pw < pw0

�pwmin; pw > pwmin

8><
>: ð10Þ

where pw0 is denoted as the maximum negative pore water pres-
sure, which can take a value between �1 kPa and �0.1 kPa [50],
pwmin is the minimum negative pore water pressure when the water
content is below the residual value [11]. In this paper, pw0 and pwmin

are given values of �0.001 and �999,999 kPa, respectively.

3. Finite difference model

The finite difference method is used to solve the seepage equa-
tion that incorporates the hysteretic soil water behaviour. A back-
ward time stepping scheme is used to solve the non-linear
discretised system of equations. Only one-dimensional seepage is
considered in this paper. The soil column is either uniform or has
a layered soil profile. The uniform soil column has a height of
1.50 m, an initial mesh spacing of 0.10 m and a time step of
0.001 days, and is used in the comparative study of seepage with
and without hydraulic hysteresis.

3.1. Boundary and initial conditions

The Neumann boundary condition is employed to simulate pre-
cipitation and evaporation at the top surface of the soil column. For
simplicity, the precipitation and evaporation are considered as a
prescribed water flux into and out of the soil column, thereby
inducing cyclic wetting and drying processes in the soil. Once the
top surface soil is fully saturated, a run-off mechanism is activated
so that the boundary flux stops until the soil becomes unsaturated
again. To simulate a well-functioning soil cover, an impermeable
boundary condition is applied at the bottom surface of the soil col-
umn. It is worth noting that although there is no flux across the
bottom boundary, internal readjustment of the moisture content
in the cover, including at the bottom boundary, is entirely possible.
This will be illustrated in the next section. In addition, no horizon-
tal flow is considered here.

An initial matric suction (w0 = 600 kPa) is assumed throughout
the soil column, and the hydraulic heads in the soil can be obtained
correspondingly. A cyclic drying–wetting process with an equal
absolute flux of 10 mm/day is imposed on the top surface of the
soil column. Each drying or wetting lasts for a period of 2 days,
and a series of such cyclic actions are simulated. Because of the
abrupt change of the top boundary condition between any two
adjacent drying and wetting events, a smaller time step
(0.0001 days) is used to ensure the convergence of the simulation.
The values of various parameters used in the numerical analysis
are listed in Table 1.

3.2. Hydraulic state in hysteretic loop

To control the hydraulic path transferring between the main
SWCC loop and the scanning curve, the method depicted in Fig. 3
is introduced, together with the change of hydraulic head (Dh).
With the starting point known, the scanning curve can be located
according to Eq. (8), for instance, the wetting scanning curve A–
A0 in Fig. 3. During the wetting process (Dh > 0), the degrees of sat-
uration (SrBd

; SrBw ; and SrBs ) on these three curves, namely the
main drying, main wetting and scanning curves, can be obtained
for any given suction. Consequently, for the wetting path A–B–C–
D, the following criterion can be used to determine the hydraulic
state:

Sr ¼
SrB; SrBw < SrB < SrBd

ðWetting scanningÞ
SrC; SrCs < SrC < SrCd

ðMain wettingÞ

�
ð11Þ

Similarly, for the drying process (Dh < 0) D–E–F in Fig. 3, the
corresponding criterion is:

Sr ¼
SrE; SrEw < SrE < SrEd

ðDrying scanningÞ
SrF; SrFd

< SrF < SrFs ðMain dryingÞ

�
ð12Þ

It should be noted that the scanning curve is updated according
to the starting point, such as A or D. Due to space limit, more de-
tailed description about the hydraulic state transition and other
specific numerical techniques employed can be referred to Yang
et al. [55].
4. Modelling results and discussion

The proposed hysteretic model, HM, is first compared with the
traditional non-hysteretic model, NHM, which employs only one
drying (or wetting) SWCC. The hysteretic model is further com-
pared with experimental data.

4.1. Comparison between HM and NHM

The assumed scenario is a compacted clay cover, with high air
entry value (ad = 0.01). The comparative study is mainly focused
on three major properties, namely, the suction, the degree of satu-
ration and the hydraulic conductivity. The flux velocity and the
change of water storage are also taken into account to help under-
stand the mechanism behind the complex hydraulic behaviour of
unsaturated soils.

The hydraulic paths (the relationship between the degree of sat-
uration and the suction) at different elevations of the soil column
studied are shown in Fig. 4. At the top surface (y = 1.5 m), the HM
and NHM exhibit totally different hydraulic paths (Fig. 4a), though
subjected to the same exterior actions. It can be seen that the suction
predicted by the HM covers a wider range of values than that by the
NHM. This is considered to be attributable to the scanning process in
the HM, which produces a rapid change in suction with respect to
the water content. As shown in Fig. 4a, upon the first drying process
in the HM, the hydraulic state initially at Point A moves along the
main drying curve to Point B. In the subsequent wetting, the hydrau-
lic state at y = 1.5 m departs from the main drying curve (Point B),



Main wetting curve 

S r
 

logψ

Main drying curve

A
A' 

D 

D'

B

C 
E 

F
Bw

Bd

Cs

Cd

Ed

Ew

Fs

Fw

Fig. 3. Determination of hydraulic state in hysteretic SWCC loops.

40 C. Yang et al. / Computers and Geotechnics 41 (2012) 36–56
moves along the scanning curve (B–C), and then reaches the main
wetting curve (Point C), and finally moves along the main wetting
curve to Point D. In the next drying cycle, the hydraulic state starts
from the main wetting curve (Point D), traverses the scanning zone
(D–E), and then follows the main drying curve to Point F. Similar
hydraulic paths are predicted by the HM in the following wetting
(F–G–H, J–K–L) and drying (H–I–J, L–M–N) processes. Similar con-
clusions can also be achieved at other elevations of the soil column,
e.g., y = 0.5, 0.0 m (Fig. 4b and c). In addition, it is worth noting that
at the bottom surface of the soil column (y = 0.0 m), the hydraulic
path does not make an enclosed loop after the series of cyclic dry-
ing–wetting (Fig. 4c). On the other hand, the NHM only simulates
the hydraulic paths along the main drying curve, and leads to smal-
ler variations in suction but larger variations in water content,
which becomes more obvious with increasing depth. This difference
is attributed to the inclusion of hysteresis in the seepage analysis of
unsaturated soils.

Results of the hydraulic conductivity at y = 1.5 m predicted by
both the HM and NHM are given in Fig. 5. From the combination
of the prescribed hydraulic conductivity function (Eq. (2)) and
the adopted SWCC (Eq. (5)), the variation of hydraulic conductivity
with matric suction can be deduced. As shown in Fig. 5, the devel-
opment of hydraulic conductivity under the cyclic drying and wet-
ting processes resembles the hydraulic paths discussed above.

However, with only the hydraulic paths obtained above it
would be difficult to track the hydraulic state in an unsaturated soil
subjected to different initial and boundary conditions. Therefore,
the evolution with time of suction and degree of saturation is pre-
sented in Figs. 6 and 7, respectively. It can be observed that the HM
predicts a relatively larger variation in suction (Fig. 6), but a more
gradual variation in degree of saturation (Fig. 7), when compared
with the NHM under the same initial and boundary conditions.
This difference between the HM and NHM becomes more signifi-
cant with increasing depth, which is further corroborated in
Fig. 8. In addition, the transition points between the main SWCC
loop and the scanning curve can be clearly observed in Figs. 6
and 7, which are denoted by the dashed encircled points.

The response delay in depth with respect to the imposed top
boundary condition (y = 1.5 m) is presented in Fig. 8 for the first
drying cycle. The response delay predicted by both the HM and
NHM increases with depth, consistent with the travelling time of
water to the target elevation. The HM predicts a much shorter re-
sponse delay than the NHM, and the difference increases rapidly
with depth, consistent with the conclusion obtained above
(Fig. 4). In other words, soils with more apparent hydraulic hyster-
esis are more sensitive to exterior actions. On the other hand, it can
be concluded that the HM is liable to predict a higher average flux
velocity than the NHM. This conclusion is further verified in Fig. 9,
by comparing the flux velocities at the bottom surface of the soil
column predicted by the HM and NHM, both of which respond
synchronically to the variation of hydraulic state in the upper part
of the soil column. Since the NHM tends to predict a lower flux
velocity and a longer water infiltration time, caution should be
exercised when using the traditional non-hysteretic model to de-
sign and evaluate the efficiency of soil covers subjected to frequent
drying and wetting cycles.
5. Experimental validation

In the previous section, predictions of the proposed hysteretic
model (HM) have been compared with those of the traditional
non-hysteretic model (NHM). It was noted that different hydraulic
behaviours are predicted by these two models. In this section, the
proposed hysteretic approach is validated against the results of
laboratory experiments. Due to the difficulty in conducting seep-
age experiments in compacted clay covers, very limited data is
available for this type of soil to validate the proposed hysteretic
model (HM). However, seepage experiments in covers composed
of sands are not rare, and although the hydraulic hysteresis inher-
ent in these granular materials is not as pronounced as in finer-
grained soils, relatively complete information can be collected
and employed as a first step to test the validity of the HM model.
In the following, three infiltration tests on two-layer capillary soil
columns are simulated with the HM.

The capillary cover, usually composed of a fine-over-coarse soil
layer sequence, has been proposed as a possible alternative to the
compacted soil covers often used for solid waste-disposal systems.
Due to the large contrast in hydraulic conductivities between these
two layers, the mechanism of capillary tension limits water’s
downward movement temporarily and further prevents the forma-
tion of acid rock drainage in mine tailings. Stormont and Anderson
[46] reported that the more uniform and coarse the lower layer is,
the more effective the capillary barrier. With in situ experiments,
Bussiere et al. [6] further confirmed the capillary barrier effect is
capable of maintaining a high degree of saturation in the upper fi-
ner layer and thus limiting the migration of oxygen and water into
the bottom mining waste layer.

Stormont and Anderson [46], Yang et al. [54], and Indrawan
et al. [22] independently carried out laboratory infiltration column
tests on unsaturated soils and provided high quality data for vali-
dation of numerical analysis. The proposed hysteretic model will
be validated against these test data.

Considering the mechanism of capillary barrier covers as indi-
cated by Stormont and Anderson [46], the following hypothesis is
incorporated into the proposed hysteretic model. Water break-
through is controlled by the breakthrough suction of the lower layer,
ww. When the suction at the upper side of the capillary interface de-
creases to or below ww, a continuous network of pore water is estab-
lished throughout the two-layer soil column. The barrier then fails
and water flows into the lower layer. Furthermore, when the infil-
tration stops or evaporation dominates at the top surface, the initi-
ated breakthrough will cease and the capillary barrier is restored at
the capillary interface. Thus, a restoration suction, wd, is defined in
the capillary barrier restoration process. However, due to hysteresis
in the SWCCs of the coarser layer, the restoration suction is different
from the breakthrough suction, and it is generally true that wd > ww.
5.1. Case 1: Soil column of silty sand over pea gravel [46]

Stormont and Anderson [46] carried out infiltration tests on soil
columns of silty sand over pea gravel (SP), concrete sand over pea
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gravel (CP), and silty sand over concrete sand (SC) to investigate
the capillary effects of an underlying coarser layer. In this paper,
only the silty sand over pea gravel column (SP) is used to validate
the proposed hysteretic model. The soil column SP consisted of a
700 mm thick layer of finer silty sand overlying a 100 mm thick
coarser pea gravel layer. Suction changes were monitored using
tensiometers in the upper silty sand layer. The detailed experimen-
tal procedure can be found in Stormont and Anderson [46].

The soil column SP was first left to equalise for 5 days after
construction. Rainfall with an intensity of 2.51 � 10�3 m/d was
imposed for 21.6 days, and by that time the wetting front had
reached the finer–coarser soil interface. A suction of about
7.00 kPa was achieved throughout the upper finer layer. According
to the known experimental results, the starting time of the normal
rainfall test with the same intensity, designated as D-0 in this paper,
was set to the original Day 26.6. The rainfall stopped on D-31 (origi-
nal Day 57.7), and then the soil column was kept static to allow
moisture redistribution until D-40 (original Day 66.6).

The initial condition for the rainfall event was set according to
the above experimental results. Accordingly, constant suctions of
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6.86 kPa and 0.80 kPa were imposed on the upper finer and lower
coarser layers, respectively. Both layers were assumed to stay ini-
tially on the main wetting curve. As indicated by Stormont and
Anderson [46], the breakthrough and restoration heads essentially
depend only on the lower coarser layer, not on the infiltration rate
and the overlying finer soil properties. For the pea gravel used as
the lower coarser layer, Stormont and Anderson [46] observed that
the breakthrough suction remained between 0.15 kPa and
0.30 kPa, and the restoration suction between 0.64 kPa and
0.94 kPa. In this simulation, considering the SWCCs for pea gravel,
suctions of 0.30 kPa and 0.80 kPa were used in the model as the
breakthrough and restoration suctions, respectively. In addition,
in order to improve the efficiency and convergence of the numer-
ical analysis, the lower coarser layer was assumed to be 0.30 m
thick (instead of its actual thickness of 0.10 m), which makes the
total height of the entire soil column analysed to be 1.00 m. The
mesh size in both layers was 0.05 m. An initial time step of
0.001 days was used in the numerical analysis. The parameter val-
ues used in this simulation are listed in Table 2. The SWCCs for the
silty sand and pea gravel are depicted in Fig. 10.

The performance of the hysteretic model in simulating this infil-
tration test is compared with the experimental results in Figs.
11–13. Fig. 11 shows the profiles of suction, degree of saturation
and hydraulic conductivity in the soil column. It indicates that
the model simulates the suction development during the infiltra-
tion fairly well in the upper silty sand layer (Fig. 11a). At D-7,
the discrepancy between the measured and predicted suctions at
y = 0.9 m might be attributed to the inaccurate description of the
initial state. With continuous infiltration, the suctions in the upper
layer first decrease, and then increase during the following mois-
ture redistribution process. The non-static hydro-equilibrium dur-
ing the entire test is well captured, corroborated by a series of
suction profiles with unit slope. Meanwhile, the water content in-
creases gradually with infiltration (Fig. 11b). In Fig. 11c, the pre-
dicted hydraulic conductivity illustrates similar changes as the
degree of saturation. In addition, it should be noted that data for
suctions at y = 1.0 m are extrapolated from those actually mea-
sured in the lower part of the soil column.

The evolution of hydraulic properties at or near the finer–
coarser interface can be found in Fig. 12. It can be seen that the suc-
tion at the interface (y = 0.30 m) decreases continuously (Fig. 12a)
when the corresponding water content increases with the infiltra-
tion (Fig. 12b). On D-24, the suction at the upper side of the inter-
face decreases below the breakthrough suction, 0.30 kPa. In the
meantime, the respective water content approaches saturation
(Fig. 12b). Hence, a continuous network of pore water is bridged
between the finer and coarser layers and percolation into the lower
layer occurs. Upon this percolation, the suction at the lower side of
the interface (y = 0.25 m) drops abruptly (Fig. 12a). The loss of
water from the finer side of the interface leads to a large increase
in suction at y = 0.30 m. Once the suction at y = 0.30 m exceeds
the restoration threshold, the assumed capillary mechanism is
activated again. So the downward flux ceases at the interface and
then the capillary barrier is completely recovered. As time elapses,
soils near the interface reach a relatively stable state. Stormont and
Anderson [46] observed that the breakthrough lasts for about
10 days in the soil column, which is not well captured by the mod-
el. Some numerical oscillation also exists during the breakthrough
process. These problems might be attributed to the large contrast
in the hydraulic properties between the upper and lower layers
combined with the use of a finite difference scheme for solution
of the governing differential equation.

To further illustrate the capacity of the proposed hysteretic
model, the hydraulic paths experienced by soils at different eleva-
tions (y = 1.00, 0.65, 0.30 and 0.25 m) are presented in Fig. 13. It is
interesting to note that the soil matrix at the top surface
(y = 1.00 m) experiences an initial drying during the rainfall period,
as found in Fig. 13a. Departing from the main wetting curve (Point
A), the silty sand at y = 1.00 m moves along the scanning curve (A–
B) towards and then on the main drying curve (B–C). This can be
explained by the net outflow of water from this point, since the
infiltration rate (2.51 � 10�3 m/d) is far less than the correspond-
ing hydraulic conductivity of silty sand (3.16 � 10�2 m/d). Accord-
ing to the non-static equilibrium stated by Stormont and Anderson
[46], extrapolated data from the measured results at y = 1.00 m can
corroborate the above analysis (Fig. 11a). Following the first drying
at y = 1.00 m, the hydraulic conductivity at the top of the soil col-
umn decreases and eventually produces a flux balance at this
point. Afterwards, the rainfall starts to wet the soil matrix at the
top, leading to a hydraulic path first along the scanning curve
(C–D) and then along the main wetting curve (D–E). Once the infil-
tration is stopped, drying at y = 1.00 m is reactivated and drives the
hydraulic path onto the scanning curve (E–F) again. Clearly, with
the known hydraulic path, the behaviour of the unsaturated soil
under infiltration can be better understood.

For soil at y = 0.65 m (Fig. 13b), a similar hydraulic path to that
at y = 1.00 m is observed. The only difference is that soil at
y = 0.65 m never reach the main drying curve, which can be attrib-
uted to the quicker achievement of water flow balance from the
first drying. For the soil at the upper side of the finer–coarser
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interface (y = 0.3 m), its hydraulic state always stays on the main
wetting curve until the breakthrough occurs (Fig. 13c). After the
breakthrough, the hydraulic state crosses the scanning zone and
reaches the main drying curve. The soil at the lower side of the
interface (y = 0.25 m) experiences a quick wetting upon the break-
through (Fig. 13d). Due to the numerical method used, the accu-
racy of the numerical results is compromised by some observed
oscillation. Therefore, further numerical elaboration should be
undertaken to deal with the large contrast in the hydraulic proper-
ties on both sides of the interface of the two-layer soil column.
5.2. Case 2: Infiltration test on soil column of fine sand over medium
sand [54]

Yang et al. [54] investigated the capillary effects by conducting
infiltration tests on three soil columns of fine sand over medium
sand (FM), medium sand over gravelly sand (MG), and fine sand
over gravelly sand (FG). In this simulation, the experimental results
for the FM column were employed to validate the hysteretic
hydraulic model for unsaturated soils. The FM soil column had a
thickness of 0.50 m for each layer, namely the upper fine sand
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and the lower medium sand. Some basic parameters for the stud-
ied materials are presented in Table 3. Rainfall with an intensity
of 1.10 � 10�5 m/s was applied at the top of the column for 1 h
and then the test specimen was kept in a sealed environment for
63 days, while a constant water level remained at the bottom
boundary (test FM-R2 in [54]). The initial state of the FM column
was achieved by first an infiltration and then a redistribution pro-
cess (test FM-R1). The detailed procedure for this experiment can
be found in Yang et al. [54].
With the least square method, the soil water characteristic
curve was calibrated by Zhang et al. [56] using the van Genuchten
[48] equation according to the experimentally fitted Fredlund and
Xing [16] parameters [54]. Zhang et al. [56] suggested that the
main drying curve scaled from the main wetting curve should give
better results for the observed data. Optimal values of the hyster-
etic ratio (n) for the fine and medium sands were reported as 1.86
and 2.85, respectively. The breakthrough head of the lower med-
ium sand is 0.32 m when water from the upper layer starts to
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Table 2
Hydraulic properties of silty sand and pea gravel.

Symbol Unit Pea gravel Silty sand

Saturated volumetric water content hs – 0.330 0.380
Residual volumetric water content hr – 0.030 0.070

Hydraulic conductivity
Saturated hydraulic conductivity ks m/d 1.123 � 103 2.592 � 10�1

Parameters ck – 1.000 1.000
kk – 4.000 2.500

Drying curve
Restoration suction wd kPa 0.800 –
Fitting parameters ad kPa�1 18.667 0.200

nd – 2.5 2.020

Wetting curve
Breakthrough suction ww kPa 0.300 –
Fitting parameters aw kPa�1 28.000 0.300

nw – 2.500 2.020

Scanning curve
Scanning slope js kPa�1 6.29 � 10�3 6.29 � 10�2

rjs – 0.200 0.200
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percolate into the lower layer. As suggested by Hillel [21], the res-
toration of a capillary barrier in soil covers may occur at about the
same water content as the breakthrough. Thus the breakthrough
and restoration suctions for the FM soil column can be deduced
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as 3.10 kPa and 8.00 kPa. Other parameters used in this analysis are
listed in Table 3. The SWCCs for both the fine and medium sands
are shown in Fig. 14. It is worth noting that the residual degree
of saturation in the medium sand is even larger than that of the
fine sand, which seems hard to explain depending solely on the
information given by Yang et al. [54]. Nevertheless, in this paper,
the original data are still used to fit the van Genuchten [48]
equation.

The initial hydraulic condition directly determines the evolu-
tion of the hydraulic state in the unsaturated soil column. There-
fore, in order to evaluate the capacity of the proposed hysteretic
model, the most accurate description of the initial condition for
test FM-R2 is necessary. Unfortunately, with only the suction pro-
file provided at the end of test FM-R1 [54], it is difficult to describe
accurately the initial condition. As a coarse estimation, the initial
condition for test FM-R2 is assumed according to the results from
the test FM-R1. Since in test FM-R1 the studied soil column expe-
rienced an initial intermittent infiltration and redistribution pro-
cess of 20 days, wetting and drying mechanisms had been
activated in the soil column with respect to the infiltration and
moisture redistribution processes. Consequently, it is logical to as-
sume proper hydraulic states for soils at different elevations as the
initial condition for test FR-R2. In this modelling, the upper finer
sand layer is approximately divided into three independent initial
zones along the depth, namely, the main drying zone with eleva-
tion y > 0.80 m, the scanning zone with 0.7 m 6 y 6 0.8 m, and
the main wetting zone with y < 0.70 m. Further, to determine the
initial scanning state within the main curves, an arithmetic average
of the degrees of saturation on the main drying and wetting curves
with respect to the same suction is adopted. A main wetting state
is assumed throughout the lower medium sand layer, after consid-
eration of the continuous downward movement of water from the
upper layer in test FR-R1.

With the proposed hysteretic model, the numerical simulation
of test FM-R2 was carried out and the results are presented
Figs. 15–18. Fig. 15 shows the evolution with time of the hydraulic
state at different elevations of the soil column in terms of suction
and degree of saturation. Fairly good agreement can be observed
between the numerical predictions and the experimental results.
The hydraulic response of the soils studied is generally well cap-
tured by the hysteretic approach. For instance, during the first hour
of infiltration, a significant amount of water enters the top layer,
leading to a surge in the degree of saturation (Fig. 15b) and corre-
spondingly a decrease in suction (Fig. 15a) in the near surface zone
of the soil column. At the end of the rainfall (t = 1 h), the wetting
front reaches an elevation of about 0.70 m (see Fig. 16). The infil-
trated water continues to move downwards and finally at about
t = 3 h it arrives at the interface between the upper and lower lay-
ers (see Fig. 15). Meanwhile, drying has started from the top of the
soil column and gradually extends downwards as time elapses.
This indicates that drying and wetting can coexist in the soil col-
umn, though at different elevations. In addition, the capillary bar-
rier effect is able to be modelled by HM, as shown in Fig. 15. The
water is temporarily held back at the capillary interface of the
two-layer soil column (y = 0.5 m, Fig. 15b), inducing the suction de-
crease at the bottom of the upper finer sand layer (Fig. 15a). Mean-
while, consistent with the experimental data, almost no change
occurs in the lower medium sand layer.

HM is capable of accurately describing the water breakthrough
at the capillary interface in the soil column. Yang et al. [54] ob-
served that the breakthrough starts in the period between 4 h
and 6 h. As illustrated by Fig. 15, HM predicts the breakthrough
at about t = 4.93 h, indicated by the abrupt drop in the suction va-
lue at the lower side of the capillary interface (y = 0.45 m). While
water percolates into the medium sand, the suction gradually de-
creases and the medium sand becomes increasingly conductive,
thereby progressively annulling the capillary barrier. With contin-
uous drainage from the upper layer, the net flux at the upper side
of the interface becomes negative. Thus the suction at the bottom
of the fine sand layer (y = 0.50 m) starts to increase (Fig. 15a), indi-
cating the initiation of a drying mechanism during this dynamic
hydraulic state. Eventually if the restoration suction is reached,
water will cease to move into the lower layer and the capillary bar-
rier will be restored. But this restoration was not achieved in the
experiment, and neither was it in the numerical prediction
(Fig. 15).

The suction and water content profiles at different stages of test
FM-R2 are depicted in Figs. 16 and 17. Comparisons with experi-
mental data indicate that the proposed hysteretic model has the
capability to predict the infiltration and redistribution in the soil
column very well. The imposed water infiltrates into the soil col-
umn step by step, and wetting and drying occurs simultaneously
at different elevations, which would be very difficult to model with
conventional non-hysteretic models. Moreover, a significant de-
crease in suction and increase in the water content are observed
between t = 4 h and t = 6 h at the capillary interface (y = 0.50 m),
which corresponds to the occurrence of percolation of water into
the lower layer and failure of the capillary barrier. Although the
predicted water content cannot be corroborated by experimental
data, this proposed model is believed to be able to offer more accu-
rate results if the exact initial condition is known.

The hydraulic paths experienced by soils at different elevations
of the soil column are shown in Fig. 18. At y = 0.95 m (Fig. 18a), the
sand, which experiences drying initially (Point A) when subjected
to the rainfall, moves along the scanning curve (A–B) towards
the main wetting SWCC. When the hydraulic state reaches the
main wetting curve (Point B), it continues to move along the main
wetting curve (B–C) until the rainfall ceases (t = 1 h). Afterwards,
the net outflow of water at y = 0.95 m is induced by the downward
hydraulic gradient. Hence, drying at y = 0.95 m is reactivated,
resulting in the hydraulic path back on the scanning curve (C–D),
but this time towards the main drying SWCC. Fig. 18a illustrates
that continuous drying in the moisture redistribution process
causes the hydraulic state at y = 0.95 m to move along the main
drying curve (D–E) until the final steady state (Point E) is obtained
in the upper fine sand layer.

At y = 0.75 m (Fig. 18b), a similar hydraulic path to that at
y = 0.95 m is observed. The only difference is that the initial
hydraulic state lies in the scanning zone (Point A) at this elevation.
Moreover, Fig. 18c and d shows similar hydraulic paths at
y = 0.50 m and y = 0.45 m, even though the soils at these two eleva-
tions exhibit a huge contrast in their hydraulic properties. Drying
at y = 0.50 m and wetting at y = 0.45 m are actually coupled during
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Fig. 11. Simulation of infiltration test on silty sand over pea gravel [46]: (a) suction profiles; (b) degree of saturation profiles and (c) hydraulic conductivity profiles.
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breakthrough. When the breakthrough occurs, the soil at
y = 0.50 m follows the drying scanning curve B–C in Fig. 18c, but
the soil at 0.45 m follows the main wetting curve A–B in
Fig. 18d. Therefore, with the hydraulic paths derived along the soil
column, the hydraulic behaviour of the soil column can be under-
stood more comprehensively.

5.3. Case 3: Infiltration test on soil column of fine over gravelly sand
[22]

Indrawan et al. [22] conducted similar laboratory infiltration
tests as Yang et al. [54] on a two-layer soil column. The two-layer
soil column was packed with a 0.50 m thick upper finer layer over-
lying a 0.50 m thick lower coarser layer. The upper soil was a mix-
ture of 50% reddish brown residual soil and 50% light grey to white
gravelly sand, based on dry mass. The lower soil was a commercial
gravelly sand. Experimental data on the soil water relationship of
the two soils were fitted by the least-squares method to the van
Genuchten [48] equation, as depicted in Fig. 19. It should be men-
tioned that in order to obtain closed hysteretic loops, the residual
degree of saturation for the gravelly sand was not set purposely to
zero. The reasonableness of this measure can also be inferred from
Indrawan et al. [22]. The corresponding hydraulic parameters for
the soil mixture and the gravelly sand are listed in Table 4. As
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Fig. 12. Evolution of (a) suction and (b) degree of saturation in the infiltration test on silty sand over pea gravel column [46].

Fig. 13. Predicted hydraulic paths in the infiltration test on silty sand over pea gravel [46]: (a) y = 1.00 m; (b) y = 0.65 m, (c) y = 0.30 m and (d) y = 0.25 m.
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Table 3
Hydraulic properties of fine sand and medium sand.

Symbol Unit Medium sand Fine sand

Saturated volumetric water content hs – 0.350 0.411
Residual volumetric water content hr – 6.260 � 10�2 3.450 � 10�2

Hydraulic conductivity
Saturated hydraulic conductivity ks m/h 0.720 0.972
Parameters ck – 1.000 0.100

kk – 3.000 2.400

Drying curve
Restoration suction wd kPa 8.000 –
Fitting parameters ad kPa�1 0.720 0.403

nd – 2.380 3.364

Wetting curve
Breakthrough suction ww kPa 3.100 –
Fitting parameters aw kPa�1 2.052 0.750

nw – 2.380 3.364

Scanning curve
Scanning slope js kPa�1 0.368 0.368

rjs – 0.200 0.200
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suggested by Indrawan et al. [22], different values of kk in the
hydraulic conductivity function (Eq. (2)) are used for the drying
and wetting processes. In this paper, different values of kk at differ-
ent hydraulic stages are further adopted to simulate the experi-
mental results, as presented in Table 5.

Different types of infiltration tests were conducted by Indrawan
et al. [22], including the upward infiltration test, a rapid drawndown
test and a rainfall test. The upward infiltration test was first carried
out to saturate the soil column and to derive the saturated hydraulic
conductivity of each layer. The rapid drawdown test was then con-
ducted to obtain a static equilibrium condition in the soil mixture
layer and a static non-equilibrium condition in the gravelly sand
layer. A rainfall test was finally activated on the top of the soil col-
umn for a certain duration and then the soil column was left for en-
ough time to permit the moisture redistribution process.

Indrawan et al. [22] also carried out numerical modelling of the
experimental soil column, and suggested that the main wetting
curve should be used in the simulation of the wetting process
while the main drying curve was appropriate for the drying pro-
cess. Such an approach artificially split the rainfall and the subse-
quent moisture redistribution phases into two independent
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Fig. 14. SWCCs for soils used in the soil column infiltration test by Yang et
processes for the soil column, which implies that the whole soil
column undergoes wetting and drying separately. In reality, as
concluded in Case 1 presented previously, some drying may even
occur in the soil during the rainfall phase, and some wetting is also
possible during the moisture redistribution, particularly in the
lower suction zone of the soil column, as evidenced in Case 2. Thus,
drying and wetting mechanisms may coexist in the same soil col-
umn as moisture redistribution occurs. In this paper, the hysteretic
model has been used to simulate the infiltration test conducted by
Indrawan et al. [22].

Simulation of the final rainfall and redistribution process is pre-
sented in Figs. 20–24. The final state of the previous drawdown test
was used as the initial condition for the rainfall tests. According to
the static equilibrium condition observed in the experiment, a linear
hydraulic head profile with a slope value of �1 was adopted as the
initial condition for the upper soil mixture. The upper layer was as-
sumed to lie initially on the main drying curve, except for soil at the
elevation y = 0.85 m, which was assumed to be on the main wetting
curve considering its unusually low initial volumetric water con-
tent, as reported by Indrawan et al. [22]. For the lower gravelly sand,
a fitted hydraulic head with respect to the experimental data was
10 100 1000

a)
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al. [54]. Note: Fine sand is abbreviated as fs, and medium sand as ms.



Fig. 15. Evolution of (a) suction and (b) degree of saturation with time in the infiltration test on the soil column of fine sand over medium sand (FM-R2 from Yang et al. [54]).
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Fig. 16. Suction profiles in the infiltration test on the soil column of fine sand over medium sand (FM-R2 from Yang et al. [54]).
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used as the initial condition and the whole layer was assumed to be
on the main drying curve. To simulate the static non-equilibrium
condition of the gravelly sand, an extremely low hydraulic conduc-
tivity was maintained by a proper choice of kk values.

In accordance with the experimental procedure, the boundary
condition at the bottom of the soil column was set to a constant
water table (h = 0 m) throughout the rainfall test. As for the bound-
ary condition on the top of soil column, a rainfall with an intensity
of 9 mm/h and 2 h duration was imposed and then zero-flux was
maintained throughout the rest of the test. Evaporation was
avoided by placing an acrylic plate cover on the top of the soil
column.
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Fig. 17. Degree of saturation profiles in the infiltration test on the soil column of fine sand over medium sand (FM-R2 from Yang et al. [54]).

Fig. 18. Hydraulic paths in the infiltration test on the soil column of fine sand over medium sand (FM-R2 from Yang et al. [54]): (a) y = 0.90 m, (b) y = 0.75 m, (c) y = 0.50 m,
and (d) y = 0.45 m.
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Fig. 20 shows a comparison between the suction profiles ob-
tained from the hysteretic model and the laboratory experiments.
Good agreement between the two is achieved. In the rainfall phase,
from t = 0 h to t = 2 h (Fig. 20a), water infiltrated into the soil col-
umn from the top and flowed gradually downward, thereby lead-
ing to a gradual decrease in suction with depth. The
breakthrough at the fine-over-coarse interface is predicted to hap-
pen between t = 1 h and t = 2 h (Fig. 20a), slightly earlier than the
experimental observation which is in the period between t = 2 h
and t = 3 h. The decrease of suction in the gravelly sand after the
water percolation is also captured by the model.

When the rainfall stopped at t = 2 h, the suction profiles of the
soil column developed as shown in Fig. 20b. In the soil mixture
layer, drying was induced in the region defined by y > 0.60 m due
to the net downward flux of water. Meanwhile, wetting continued
in the zone defined by 0.60 P y P 0.50 m, as water still infiltrated
from above. As time elapsed, the soil mixture layer approached the
static equilibrium state gradually. In the lower gravelly sand layer,
drying started as soon as the percolation stopped. As the perco-
lated water flowed out, suction increased uniformly throughout
the lower layer, but only to a small extent. The static non-equilib-
rium state was maintained finally, due to the extremely low
hydraulic conductivity in the gravelly sand.

Fig. 21 shows the degree of saturation profiles of the soil col-
umn during the infiltration test. It can be seen that, corresponding
to the suction profiles (Fig. 20), the degree of saturation increased
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Fig. 19. SWCCs for soils used in the soil column infiltration test by Indrawan et al. [22]. Note: Soil mixture is abbreviated as sm, and gravelly sand as gs.
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Fig. 20. Suction profiles in the infiltration test on the soil column of soil mixture over gravelly sand [22]: (a) t 6 2 h and (b) t P 2 h.
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Table 4
Hydraulic properties of soil mixture and gravelly sand.

Symbol Unit Gravelly
sand

Soil mixture

Saturated volumetric
water content

hs – 0.382 0.339

Residual volumetric water
content

hr – 1.470 � 10�2 8.530 � 10�2

Hydraulic conductivity
Saturated hydraulic

conductivity
ks m/h 2.736 � 102 7.560 � 10�1

Correction coefficient for
k(h)

ck – 1.000 0.100

Drying curve
Restoration suction wd kPa 0.250 –
Fitting parameters ad kPa�1 13.481 3.078

nd – 2.286 1.256

Wetting curve
Breakthrough suction ww kPa 0.205 3.061
Fitting parameters aw kPa�1 19.396 6.627

nw – 2.469 1.366

Scanning curve
Scanning slope js kPa�1 0.023 0.035

rjs – 0.200 0.200

Table 5
Optimization of kk values according to the infiltration results.

Period (h) SWCC Gravelly sand Soil mixture

t 6 1 Drying 6.00 6.00
Wetting 4.90 5.00

t 6 2 Drying 6.00 6.00
Wetting 4.90 5.00

t > 2 Drying 13.00 6.40
Wetting 6.80 5.10
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in the upper part of the soil mixture when the rainfall proceeded
and decreased when the rainfall stoped. The predicted degrees of
saturation generally agree with the experimental data throughout
the soil column, except at y = 0.85 m. As reported by Indrawan
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 0.1 0.2 0.3 0.4 0.5

S r 

D
ep

th
 (m

)

(a) 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 0.1 0.2 0.3 0.4 0.5

S r 

D
ep

th
 (m

)

(b)  

Fig. 21. Degree of saturation profiles in the infiltration test on the soil co
et al. [22], the unusually low volumetric water content at
y = 0.85 m was most likely caused by error in the TDR reading at
this elevation. If verification of the TDR measurement by the oven
drying method is considered (Fig. 22), the predicted degree of sat-
uration is fairly reasonable at y = 0.85 m. However, limited by the
available data from the oven drying method, data obtained by
the TDR were used to validate the proposed hysteretic model.

To illustrate further the capacity of the proposed hysteretic
model, the evolution with time of both suction and the degree of
saturation are compared with experimental results, as depicted
in Fig. 23. In general, the proposed model predicts well the hydrau-
lic behaviour of the soil column. The predictions could be further
improved if more accurate descriptions of the initial condition
and the hydraulic properties of the soil column were available.

The hydraulic paths experienced by soils at different elevations
in the soil column are illustrated in Fig. 24. Regardless of the initial
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lumn of soil mixture over gravelly sand [22]: (a) t 6 4 h and t P 6 h.
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Fig. 23. Evolution of (a) suction and (b) water content at different elevations of soil column during the rainfall test.
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states, soils throughout the soil column experience a first wetting
and a subsequent drying process. It is worth noting that a hyster-
etic loop is clearly observed at the elevations given by y = 0.85 and
y = 0.45 m in the experimental data (Fig. 24c and d), though some
discrepancies exist among the experimental data themselves.
Again, the hysteretic model is capable of capturing this phenome-
non properly.

The numerical analyses described here indicate that drying and
wetting, as two different hydraulic processes, can generally coexist
in the same soil column, which necessitates the use of the hyster-
etic model in analysing soil covers. However, these three cases
have not allowed the full advantages of the hysteretic model over
the non-hysteretic model to be demonstrated, due to the tested
soil samples displaying relatively minor hysteresis. Nevertheless,
the essential differences between the two models, HM and NHM,
have been clearly demonstrated.

It is planned to conduct seepage experiments in compacted clay
columns in the future to deepen the understanding of the hysteretic



Fig. 24. Hydraulic paths at different elevations of the soil column during the infiltration test: (a) y = 0.95 m, (b) y = 0.85 m, (c) y = 0.50 m and (d) y = 0.45 m.
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effects. The hysteretic model itself requires further elaboration in at
least two important aspects: a more accurate description of the ba-
sic hydraulic behaviour and the numerical implementation tech-
niques adopted to solve the governing equation. Convergence and
oscillation problems at the fine-over-coarse interface were again
encountered in Case 3, as indicated in Fig. 23a. In addition, the
importance of a proper description of the initial conditions should
also be highlighted in numerical seepage analysis. This factor is
equally important for both hysteretic and non-hysteretic models.
6. Conclusions

The effects of hydraulic hysteresis on the hydraulic behaviour of
unsaturated soils have been investigated. The hysteretic soil water
characteristic curve and hydraulic conductivity were incorporated
into the h-based Richards equation to analyse transient seepage in
unsaturated soils subjected to cyclic drying and wetting. The finite
difference method was used to solve the seepage problem under
various boundary conditions. Predictions of the hysteretic model
(HM) were compared with those of the traditional non-hysteretic
model (NHM) for a one-dimensional compacted clay column sub-
jected to cyclic drying and wetting. It was found that compared
with the NHM, the HM leads to a wider range of variation in suc-
tion and a relatively larger average percolation velocity in the soil
column, especially in soils with significant hysteresis. This differ-
ence highlights that caution should be exercised when the non-
hysteretic model is applied to analyse the hydraulic performance
of engineered soil covers, especially of those composed of highly
hysteretic materials.

Further predictions of the hysteretic model were compared
against laboratory experiments. Three infiltration tests on one-
dimensional capillary columns were employed as benchmark data.
The mechanism of capillary tension was incorporated in the hys-
teretic model to simulate the capillary barrier effect in two-layer
soil columns. Both the experiments and numerical simulations
demonstrate that drying and wetting can simultaneously occur in
different parts of the soil, which further motivates an integrated
treatment of hydraulic hysteresis in seepage analysis. The hyster-
etic model was generally successful in reproducing the experimen-
tal data. In addition, the HM can clearly predict the hydraulic state
in the soil column, which is important for the performance evalu-
ation of soil covers.

Some further work is required to elaborate the model. The
description of hydraulic conductivity of unsaturated soils adopted
in this paper is still relatively crude, and could be replaced by more
accurate models. Numerical convergence and stability problems
still exist in the hysteretic model when using the finite difference
method to solve the governing equations, which calls for more ad-
vanced numerical techniques for solving these highly non-linear
partial differential equations. More seepage experiments in soil
covers displaying more pronounced hydraulic hysteresis, e.g., com-
pacted clay, should be conducted to further test the applicability
and efficiency of the proposed hysteretic model.
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