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ABSTRACT
The soil-water characteristic curves are used to investigate the fundamental behaviors of unsaturated soils such as pore size distribution, permeability, and strength. In order to suggest a generalized procedure to estimate the soil-water characteristic curves of natural
soils, a new pressure cell extractor was developed for deformable soils and experimental tests were carried out on the specimens of
various void ratios. During experimental tests, the residual soils used in this study showed a significant volume change due to matric
suction. The results highlight the importance of correction for volume change. The normalized constituent parameters of soil-water
characteristic curves exhibit a linear relationship with the normalized void ratio, indicating the validity of the reference state approach
in estimating the soil-water characteristic curves of natural soils. An empirical procedure was provided for the estimation of generalized soil-water characteristic curves using liquid limit state as a reference state.
RÉSUMÉ
Les sol-eau courbes caractéristiques sont utilisées pour éxaminer les comportements fondamentaux de sols insaturés tels que distribution de taille de pore, la perméabilité, et la force. Afin de suggérer une procédure généralisée pour estimer les sol-eau courbes caractéristiques de sols naturels, un novel extracteur de pression cellues a été développé pour les sols deformable et des tests expérimentaux ont été effectués sur les spécimens de l'indice des vides. Pendant les tests expérimentaux, les sols résiduels utilisés dans cette
étude ont montré un changement de volume significatif en rasion de la succion matricielle. Les résultats soulignent l'importance de
correction pour le changement de volume.Les paramètres normalisés de sol-eau courbes caractéristiques exposent une realtion linéaire
avec le ratio de vide normalisée, indiquant la validité de l'approche de l'état de référence dans estimer les sol-eau courbes caractéristiques de sols naturels. Une procédure empirique a été pourvu à l'évaluation de sol-eau courbes caractéristiques généralisées en utilisant la limite liquide comme un état de reference.
1 INTRODUCTION
In unsaturated soils, the matric suction due to capillarity creates
an additional interparticle force into the soil system, generally
resulting in the increase of strength and stiffness (Fredlund and
Rahardjo, 1993; Cho and Santamarina, 2001). The variation of
matric suction in a soil specimen can be expressed in terms of
water content (or degree of saturation). This relationship is
known as a soil-water characteristic curve (or a soil-water retention curve). This curve is a fundamental soil property used to
investigate the behavior of unsaturated soils such as pore size
distribution (e.g., Simms and Yanful, 2002), permeability (e.g.,
Millington and Quirk, 1961; Mualem 1976), and strength (e.g.,
Vanapalli et al., 1996).
A number of experimental investigations show that different
fine-grained soils at liquid limit are associated with a narrow
range of shear strengths of about 1.7-2.8 kPa (Casagrande,
1932; Russel and Mickle, 1970; Wroth and Wood, 1978;
Whyte, 1982) and hydraulic conductivity (Nagaraj et al., 1991;
1993). These results imply that soils at liquid limit state have
similar characteristics. For unsaturated soils, Reddi and Poduri
(1997) suggested the use of liquid limit state as a reference state
to estimate water retention properties of fine-grained soils at
other states. However, this preliminary reference state approach
was restricted to artificial mixtures of sands and clays rather
than natural soils and the low range of matric suction. Furthermore, the volume change of deformable soils was not measured
during experiments.
In this study, the reference state approach suggested by
Reddi and Poduri (1997) is further extended to natural soils at
high suctions using an appropriate empirical equation of soilwater characteristic curve. Experiments are performed to identify underlying physical processes and to recognize inherent

limitations in test procedures. The experimental data are then
used for regression analyses. Finally, an empirical procedure is
provided for the estimation of generalized soil-water characteristic curves using liquid limit state.
2 EMPIRICAL EQUATIONS FOR SOIL-WATER
CHARACTERISTIC CURVES
Over the past several decades, several empirical expressions
have been suggested to describe the soil-water characteristic
curve (e.g., Gardner, 1958; Brooks and Corey, 1964; Van
Genuchten, 1980; Williams et al., 1983; McKee and Bumb,
1987; Fredlund and Xing, 1994; Agus et al., 2001; Simms and
Yanful, 2002). Among others, an empirical equation suggested
by Fredlund and Xing (1994) describes the sigmoid shape of
soil-water characteristic curves over a wide range of matric suction and provides a practical method applicable to most natural
soils (Leong and Rahardjo, 1997; Sillers and Fredlund, 2001):
θ=

(1)

θs
�� � � ψ � n � ��
�ln �e + � � � �
�� � � a � � ��

m

where � = volumetric water content, θs = volumetric water content at saturation, ψ = matric suction, and a, n, and m are the fitting parameters. The three parameters, a, n, m, can be estimated
by curve-fitting experimental data, or calculated from the
graphical method using four constituent parameters (ψi, ψp, θs,
θi) as shown in Fig. 1. The graphical method is considered in
this study. Referring to Fig. 1, the three parameters can be
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expressed in terms of constituent parameters (ψi, ψp, θs, θi) as
follows (Fredlund and Xing, 1994):

a =ψ i
m +1

1.31
3.72 s ψ i
m θs

n=

�θ
m = 3.67 ln �� s
� θi

(2a)

(2c)

s=

�
��
�

(2b)

θi

(2d)

ψ p −ψ i

where ψp = intercept of the tangent line on the matric suction
axis in arithmetic scale, ψi and θi = matric suction and the
volumetric water content at the inflection point of the soil-water
characteristic curve respectively, and θs = volumetric water content of a saturated soil at zero matric suction.
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Figure 1. An example plot for the graphical solution of the three parameters (a, n, m) (after Fredlund and Xing, 1994)
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Figure 2. The grain size distribution of Sujungdong soils

3.2

Test Equipment

A new pressure cell extractor was developed to obtain soilwater characteristic curves of slurry-like soils (i.e., deformable
soils). The new pressure cell extractor was composed of a porous cap, a specimen cell, a base plate, screw locks and nuts,
screwed bars, drainage line and high air-entry disk. The high
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Specimen Preparation and Experimental Test Procedure

Each soil was mixed with water, so that the mixture had water
contents greater than liquid limit. Specimens were reconstructed
in the pressure cell by placing and compressing the mixture to
have a predetermined void ratio. The void ratios of specimens
tested were 50%, 60%, 80% and 100% of the void ratios at liquid limit (eLL) for each soil.
After measuring the weight of the cell, the cell was placed in
the pressure chamber, and the drainage tube of the cell bottom
was connected to the outgoing drainage line of the chamber. A
specific air pressure was then applied and the amount of water
expelled through the drainage line was monitored. As two experimental procedures in the compression and unsaturation
stages can be performed in succession using the same cell, the
effect of specimen disturbance can be avoided. When water
stops draining out (i.e., at the pressure equilibrium), the test was
terminated and the chamber was dismantled. After measuring
the final weight of the cell, a technique similar to mercury displacement used for the shrinkage test was adopted to obtain the
volume change of the soil specimen during the test. Mercury
was poured into the cell until it overflowed and the volume of
mercury held in the container was measured. These results were
used for volume correction.
4 RESULTS AND ANALYSES
Soil-Water Characteristic Curves for Deformable Soils

Conventionally, soil-water characteristic curves for non-plastic
soils or sandy soils of low plasticity are determined on the basis
of the assumption that no significant volume change occurs during the test. High plastic soils (e.g., clay) and slurry-like soils
(e.g., soils at liquid limit state), however, are associated with a
noticeable volume change during drying process due to matric
suction and a corresponding change in pore size distribution
(Fredlund and Rahardjo, 1993; Fleureau et al., 1993; Simms and
Yanful, 2002). Thus, the effect of volume change on the soilwater characteristic curve should be considered in data analyses.
�� �

���� ������� �������������������� �����
�

Granite-weathered residual soils, which are commonly found in
Korea, were taken from three different sites near to Sujungdong
in Busan city and were used for laboratory testing. The soils
were oven-dried at 95°C for 48 hours, pulverized with a rubber
mallet, and sieved to remove soil particles greater than 2 mm
(No. 10 sieve). The grain size distribution of the soils is shown
in Fig. 2. The soil A, B, and C are classified as clay with high
plasticity (CH), clayey sand (SC), and silty sand (SM), respectively.
Gravel

3.3

4.1

3 EXPERIMENTAL STUDY
3.1

air-entry disk of 1500 kPa was fixed on the bottom of the cell
with epoxy.
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Figure 3. Void ratio or water content versus matric suction relationship
for the soil A

The soils used in this study show measurable volume
changes depending on the initial void ratio of specimens. Fig. 3
shows the relationship of water content (w·Gs) or void ratio (e)
to matric suction for the soil A (Similar results are observed for
the soils B and C as well). The specimens with initial void ratios
of eLL show significant volume change in the range of matric

suction less than 30 kPa, compared to the specimens at othervoid ratios. This is because the applied suction has the same effect of increasing the confining pressure and the specimens at
liquid limit state act as slurries due to their high water content.
The pre-consolidated dense specimens showed no noticeable
volume decrease.
Fig. 4 shows the soil-water characteristic curves with and
without consideration of volume change for the soil A where
the y-axis is the volumetric water content normalized with the
volumetric water content at saturation (Similar results are observed for the soil B and C as well). The corrected curves (i.e.,
curves with consideration of volume change; refer to the previous section for volume measurement) have higher air entry values and flatter slopes. Furthermore, the curves without volume
correction show wider gap among themselves while the corrected ones have narrower gap, which is more clearly seen in
the soil A with high clay fraction. These results highlight the
importance of volume change correction when soil-water characteristic curves are obtained for deformable soils.

Equation (1) is used to estimate generalized soil-water characteristic curves. The constituent parameters (ψi, ψp, θs, θi) of
soil-water characteristic curves were obtained by Equation (2).
The constituent parameters normalized with corresponding
quantities at liquid limit state (ψiLL, ψpLL, θsLL, θiLL) are plotted
against normalized void ratio in Fig. 6. It is obvious that the
normalized parameters have a linear relationship with the normalized void ratio.
For a practical application, there are two ways to determine
constituent parameters (ψiLL, ψpLL, θsLL, θiLL) at liquid limit state:
one is a direct measurement from experimental tests performed
on soil specimens of liquid limit state as suggested hitherto; the
other is an indirect estimation from empirical relationships between the constituent parameters versus any soil index property
as discussed hereafter. The latter method can be used for preliminary investigation. Fig. 7 shows the linear relationships between parameters, θiLL/θsLL, ψpLL/ψiLL, ψiLL and P200, where
P200 is the percentage passing No. 200 sieve. As θsLL is obtained without difficulty from the volume-mass relationships of

Estimation of Generalized Soil-Water Characteristic
Curves

4.2

�� �

�� �

�

�� �

�� �

�� �

�� �
�� �

���

�

�� �

�

��� ��

�� �

�� �

ψ �� ψ ���

ψ �� ψ ���

�

�� �

�������� �

�������� �

�������� �

�������� �

�������� �

�������� �

�� �

�

��

�

�
�

(c)
���

�

�
�

�

�

(d)

�
���

���

���

���

���

����

�

��� ��

��� ��

���

Figure 6. Relationships between (a) θs/θsLL, (b) θi/θiLL, (c) ψp/ψpLL, and
(d) ψi/ψiLL versus the normalized void ratio, e/eLL
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The air-entry values (�a) normalized with the air entry value
corresponding to the liquid limit state (�aLL) are plotted against
the normalized void ratio (e/eLL) in Fig. 5. The results show
good correlation between the normalized air-entry value and the
normalized void ratio, suggesting that the reference state approach documented in Reddi and Poduri (1997) is also valid for
natural soils.
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Figure 4. Comparison of soil-water characteristic curves for the soil A
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Figure 5. Relationship between the normalized air entry value, �a/�aLL
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Figure 7. Relationships between (a) θiLL/θsLL, (b) ψpLL/ψiLL, and (c) /ψiLL
versus P200
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a given soil, other constituent parameters can be easily determined using the relationships shown in Fig. 7. Since this empirical approach is based on a limited dataset, further verification is needed.
Once the constituent parameters at liquid limit state (ψiLL,
ψpLL, θsLL, θiLL) are known from either direct measurement or
indirect estimation, the constituent parameters (ψi, ψp, θs, θi) can
be determined using the linear regression equations in Fig. 6.
Then, the fitting parameters (a, n, m) can be calculated substituting the constituent parameters in Equations (2). Finally, the
generalized soil-water characteristic curve of a given soil can be
plotted using the fitting parameters and Equation (1). Nonetheless, this procedure may not be applicable to the wetting soilwater characteristic curves because of hysteresis.
5 SUMMARY AND CONCLUSIONS
In order to suggest a procedure to estimate the generalized soilwater characteristic curves of natural soils, modified pressure
cell extractor tests were carried out on soil specimens at various
void ratios, which were compressed from liquid limit state. The
main conclusions from this study are summarized below:
• The modified pressure cell extractor allows determination of
the soil-water characteristic curves of deformable soils. The
compression and unsaturation processes can be performed in
succession using the same cell, so specimen disturbance can
be avoided. The volume change of deformable soils can be
measured directly.
• The residual soils used in this study showed significant volume change due to matric suction. The soil-water characteristic curves corrected for volume change have higher airentry values, flatter slopes, better correlation, and narrower
gap among themselves, compared to the uncorrected curves.
These results highlight the importance of volume change
correction when soil-water characteristic curves are obtained
in deformable soils.
• For the residual soils used in this study, the normalized constituent parameters of soil-water characteristic curves have a
linear relationship with the normalized void ratio, showing
the validity of the reference state approach in estimating soilwater characteristic curves for natural soils. Finally, an empirical procedure was provided for the estimation of generalized soil-water characteristic curves using liquid limit state
as a reference state.
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