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TECHNICAL NOTE

Modelling the effect of density on the unimodal soil-water
characteristic curve
M. WIJAYA  and E. C. LEONG†

Research has shown that the soil-water characteristic curve (SWCC) is dependent on the density of the
soil; therefore, using a single SWCC based on one density is insufficient to describe the SWCC of soil in
the field, which may have significant density variation. In order to take into account the effect of density
on the SWCC, soils of different densities need to be tested, and this is impractical. In this note, an
equation which can account for the effect of density on a unimodal SWCC plotted in terms of
gravimetric water content by determining only one SWCC is proposed. The proposed equation was
verified using data from this study as well as other published data.
KEYWORDS: clays; laboratory tests; sands; silts; suction

Each SWCC equation has its own advantages. For
example, the Gitirana & Fredlund (2004) equation is able
to curve fit both unimodal and bimodal SWCCs by using
empirical parameters. However, the Gitirana & Fredlund
(2004) equation is only valid for SWCC-S, where the slope of
the first segment of the SWCC-S is assumed to be zero, as
degree of saturation is 1 from zero matric suction up to the
air-entry value. However, the slope of the first segment for
SWCC-w is not zero. A more thorough discussion on each
SWCC equation is provided in Wijaya & Leong (2016).
The soil dry density, which can be represented by the
saturated water content wsat, void ratio e, or relative density
Dr, affects the SWCC. Therefore, it is not appropriate to use a
single SWCC for soils with various dry densities. The effect
of soil dry density on the SWCC also depends on whether the
SWCC is plotted based on gravimetric water content
(Jotisankasa et al., 2007; Salager et al., 2010, 2011) or
degree of saturation (Huang et al., 1998; Gallipoli et al.,
2003; Jotisankasa et al., 2007; Nuth & Laloui, 2008;
Tarantino, 2009; Sheng & Zhou, 2011; Zhou et al., 2014).
Salager et al. (2010) found that a decrease in initial dry soil
density causes a decrease in saturated gravimetric water
content and therefore affects only the initial segment of the
SWCC-w. However, the SWCC-w of the same soil at various
initial dry densities merges into the virgin drying line and
residual line, as shown in Fig. 1(a). For SWCC-S, a decrease
in the initial dry density causes the AEV to increase from
AEV0 to AEVf, such that the SWCC-S shifts to the right, as
shown in Fig. 1(b). Therefore, a higher matric suction is
required to reach the same degree of saturation (Huang et al.,
1998; Gallipoli et al., 2003; Tarantino & Tombolato, 2005;
Jotisankasa et al., 2007; Nuth & Laloui, 2008; Tarantino,
2009; Sheng & Zhou, 2011; Zhou et al., 2014).
Both water content and void ratio change with matric
suction independently and are unique for different soils
(Wijaya et al., 2015). As a result, modelling the effect of
density on SWCC-S requires both the SWCC-w and the
shrinkage curve, which makes SWCC-S different for different
initial dry densities, as shown in Fig. 1(b). It is important to
note that s2 in SWCC-w is not AEV in SWCC-S, as AEV can
only be determined from SWCC-S (Wijaya et al., 2015).
Thus, modelling the effect of density on SWCC-w is easier,
as the unknown is only located prior to the virgin drying line

INTRODUCTION
The soil-water characteristic curve (SWCC) describes the
relationship between matric suction and water content
(Williams, 1982; Fredlund & Rahardjo, 1993) and has been
heavily utilised to characterise the behaviour of unsaturated
soils (Wijaya et al., 2015). The water content in the SWCC
can be represented by either gravimetric water content, w,
volumetric water content, θw, or degree of saturation, Sr.
An SWCC can be either unimodal or bimodal, with the
former being more common. A typical unimodal SWCC
when plotted with gravimetric water content (SWCC-w),
the subject of this note, is given in Fig. 1(a). In Fig. 1(a), the
SWCC-w is divided into three linear segments: the initial
drying line, virgin drying line and residual drying line. When
SWCC is plotted with degree of saturation (SWCC-S), the
three linear segments are called the saturation line, virgin
desaturation line and residual desaturation line, as shown in
Fig. 1(b).
A number of equations have been proposed to fit the
unimodal SWCC. The parameters of the equations were
obtained by curve fitting. Efforts have also been made to
correlate these empirical parameters with other soil properties (e.g. Chin et al., 2010). For bimodal SWCCs, three
approaches are commonly used to curve fit the bimodal
SWCC (Wijaya & Leong, 2016), namely, the piecewise
approach (Smettem & Kirkby, 1990; Wilson et al., 1992;
Burger & Shackelford, 2001), fraction of total volume
approach (Othmer et al., 1991; Ross & Smettem, 1993;
Durner, 1994; Mallants et al., 1997; Zhang & Chen, 2005)
and the unique parameter approach (Gitirana & Fredlund,
2004; Li, 2009; Satyanaga et al., 2013; Li et al., 2014; Wijaya
& Leong, 2016).
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where mi is the slope of the linear segment i; si is the matric
suction at the intersection between segment i and segment
i  1; ki is the curvature parameter between segment i and
segment i  1; ws is the saturated gravimetric water content;
m1 is the slope of the initial drying line; and s1 is the matric
suction at ws. For unimodal SWCC, n = 3, whereas for
bimodal SWCC, n = 5. The equation for unimodal SWCC-w
in expanded form is given as
s
wðsÞ ¼ws  m1 log  T2 ðlog s; log s1 ; log s2 ; m2 ; m1 ; k2 Þ
s1
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where m2 is the slope of the virgin drying line; m3 is the slope
of residual drying line; k2 is the curvature parameter between
segments 1 and 2; k3 is the curvature parameter between
segments 2 and 3; s2 is the matric suction at the intersection
between the virgin drying line and the initial drying line; and
s3 is the residual matric suction (Fig. 1(a)). In this study, the
Wijaya & Leong (2016) equation was extended to show how
density can be accounted for in the SWCC-w by only
determining one SWCC-w to obtain the parameters.
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Fig. 1. SWCC and definition of parameters: (a) SWCC-w under
different density; (b) SWCC-S under different density

(Fig. 1(a)). However, for soil which does not change in
volume due to an increase in matric suction, SWCC-S can be
directly obtained from SWCC-w, as the initial void ratio e0
remains unchanged. Thus, the focus of this note is to develop
a method to estimate SWCC-w by using only one SWCC test.
When the effect of initial dry density on the shrinkage curve
can be established, the proposed model can be easily
extended to estimate SWCC-S.
Several equations have been proposed to account for the
effect of density on the SWCC-w and SWCC-S, as shown in
Table 1. The Zhou et al. (2014) equation uses initial porosity
n0 to directly describe the effect of density on the SWCC-S
and therefore has a significant advantage compared to the
other equations in Table 1 as it requires only one test to
obtain all of the parameters. Tarantino (2009) proposed an
equation to determine the SWCC-S where all of the
parameters can be determined from one test, but it requires
the instantaneous void ratio data, which at times are not
available in the SWCC-w measurement. The Gallipoli et al.
(2003), Zhou et al. (2012) and Salager et al. (2010) equations
can take account of the effect of density on the SWCC but
this requires an additional test and thus can be considered as
less advantageous compared to the Zhou et al. (2014) and
Tarantino (2009) equations.
Wijaya & Leong (2016) developed an equation that can
conveniently model both unimodal and bimodal SWCCs by
using transition functions, Ti. The equation parameters
can be graphically obtained. The Wijaya & Leong (2016)
equation in compact form is given as follows
Ti ðx; x1 ; xi ; mi ; mi1 ; ki Þ



1
1
cosh½ki ðx  xi Þ
¼ ðmi  mi1 Þ ðx  x1 Þ þ ln
2
ki
cosh½ki ðxi  x1 Þ
ð1Þ

EXPERIMENTAL PROCEDURE AND RESULTS
Two types of soils were prepared. The first type of soil is a
sand sample (100% sand fraction) from a reclamation site.
The properties of the sand are shown in Table 2. The SWCCs
of the sand specimens were obtained by using Tempe cell
following ASTM-D6836-02 (ASTM, 2008) standard procedure method C.
A summary of the SWCC tests on sand specimens is given
in Table 3. Based on Fig. 2, the higher the relative density of
the sand specimen, the higher the value of s2. However, once
the matric suction exceeds the s2, the curve merges into the
virgin drying line. The matric suction s3 and the slope of the
residual line m3 appear to be unaffected by the difference in
relative densities.
The second type of soil is a kaolin sample, which was
prepared from a slurry. Kaolin was mixed with water into a
slurry and then consolidated under a consolidation pressure
of 150 kPa. The kaolin has a specific gravity Gs of 2·66. The
consolidated kaolin sample has a water content wsat of 61·2%.
Two kaolin specimens were prepared. The kaolin specimens
were first obtained from the kaolin sample using a cutting
ring with an internal diameter of 6·3 cm. One of the kaolin
specimens was loaded in an oedometer up to 2035 kPa and
then unloaded. The resulting kaolin specimen (specimen 2)
has wsat of 44·3%. The SWCC-w of the kaolin specimens were
obtained by using the pressure plate apparatus following
ASTM-D6836-02 (ASTM, 2008) standard procedure
method C. For completeness of the SWCC-w, chilled-mirror
dew-point test were conducted following ASTM-D6836-02
(ASTM, 2008) standard procedure method D to obtain the
SWCC data points with matric suction higher than
1000 kPa.
A similar observation of the SWCC-w for the sand
specimens was obtained for the kaolin specimens where the
SWCC-w merged at the virgin drying line. The chilled-mirror
dew-point test results indicate that even a kaolin specimen
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Table 1. Models of SWCC
Author

Equation

Parameters

Gallipoli et al. (2003) –
modified Van
Genuchten (1980)
equation
Tarantino (2009) – Van
Genuchten (1980)
equation
Salager et al. (2010) –
modified Fredlund &
Xing (1994) equation

mg
1
n
1 þ ½sϕðeÞψ  g
ϕ and Ψ require additional SWCCs to be determined
" 
#ng )Bt =ng
(
e 1=Bt
Sr ¼ 1 þ
s
At
(
)
wsat
ln½1 þ ðs=sr Þ


w¼
1

m
fln½expð1Þ þ ðs=af Þnf g f
ln 1 þ 106 =sr
*
(
)+
wsat
ln½1 þ ðaf =sr Þ

 1


mf ¼ 367 ln
m2 ln sp =af
ln 1 þ 106 =sr



Sr ¼

1  31mf þ1


mf 1  ln½1 þ ðaf =sr Þ= ln 1 þ 106 =sr
(
)
m2
af



wsat 1  31mf ðaf þ sr Þ ln 1 þ 106 =sr

nf ¼ 372

af ¼ AS eB0 S
Zhou et al. (2012)

Zhou et al. (2014) –
modified Fredlund &
Xing (1994) equation

As and Bs require additional SWCCs to be determined
ð
Se
Se ¼ 
ð1  Se Þζ dei
ei
Se is determined from other SWCC equation. Solution based
on Simpson’s rule is given as



 
ef Se;f  Se;0 
Se;0 þ Se;f
f Se;0 þ 4f
þ f Se;f
ln 
ei
6
2
1
f ðxÞ ¼
xð1  xÞζ
ζ requires additional SWCCs to be determined
(
)
1
ln½1 þ ðs=sr Þ


Sr ¼
1

n m
fln½expð1Þ þ ðsn0 =af Þn0 nf g 0 f
ln 1 þ 106 =sr
(
)
e
ln½1 þ ðs=sr Þ


w¼
1
n m
Gs fln½expð1Þ þ ðsn0 =af Þn0 nf g 0 f
ln 1 þ 106 =sr

MODELLING THE EFFECT OF DENSITY
ON THE SWCC
The density of a soil can be represented as a function of e0,
ws or Dr. The behaviour of sand is commonly related to its Dr.
Equation (3) implicitly describes the density of soil using
parameter ws. When e0 is used to describe the density of the
soil, equation (3) becomes

Table 2. Properties of sand
Parameter

Value

Gs
ρdry-minimum: t/m3
ρdry-maximum: t/m3
emin
emax

2·64
1·352
1·736
0·518
0·949

w = gravimetric water content
wsat = saturated gravimetric
water content
Sr = degree of saturation
n0 = initial porosity
e = void ratio
e0 = initial void ratio
s = matric suction
sr = residual matric suction
sp = matric suction of virgin
drying line at 0 water
content
m2 = slope of virgin drying
line
af, nf, mf = Fredlund &
Xing
(1994) curve-fitting
parameters
ng, mg = Van Genuchten
(1980) curve-fitting
parameters
As, Bs = Salager et al. (2010)
curve-fitting parameters
ϕ, ψ = Gallipoli et al. (2003)
curve-fitting parameters
At, Bt = Tarantino (2009)
curve-fitting parameters
ζ = Zhou et al. (2012)
curve-fitting parameters

f1 ¼

Table 3. Summary of SWCC tests on sand specimens
Name

wf: %

w0

e0

Dr: %

S1
S2
S3
S4
S5

1·74
1·82
1·68
1·79
1·95

20·40
26·13
24·69
25·97
24·13

0·538
0·689
0·651
0·685
0·636

95·50
60·43
69·25
61·37
72·67

Sr e0
s
 m1 log
Gs
s1

ð5Þ

Equation (5) can be easily modified to model the effect of
relative density on the SWCC of sand. The relative density of
the sand specimen is given as follows
emax  e
ð6Þ
Dr ¼
emax  emin
By using equation (6), it is possible to describe e in terms of
emax, emin and Dr as follows
e ¼ emax ð1  Dr Þ þ emin Dr

ð7Þ

The saturated water content of the sand specimen ws can be
described in term of Dr using
which was broken into smaller pieces for the chilled-mirror
dew-point test has an SWCC-w with a unique virgin drying
line.

ws ¼

Sr
½emax ð1  Dr Þ þ emin Dr 
Gs
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Fig. 2. Results of proposed equation in estimating SWCC-w for specimens S2, S3, S4 and S5 by using data from specimen S1: (a) calibrated
SWCC-w; (b) proposed equation; (c) Zhou et al. (2014) equation; (d) Tarantino (2009) equation

Substituting ws in equation (8) into equation (3) will give
f1 ¼

Sr
s
½emax ð1  Dr Þ þ emin Dr   m1 log
Gs
s1

ð9Þ

Equation (9) accounts for the effect of Dr on the ws of the
sand specimen. However, it does not account for the changes
in the s2 that will also change due to the change in Dr. The
effect of Dr on s2 is described in Fig. 1(a). Increasing Dr will
decrease ws from ws,0 to ws,f. The slopes, m1 and m2 are
assumed to be constant. Using Fig. 1, it is possible to relate
s2,f with s2,0, ws,0, ws,f and m2 as follows
s2;f ¼ s2;0

 10ðws;0 ws;f Þ=ðm2 m1 Þ

ð10Þ

Modification of equation (4) can therefore be done
by replacing f1 in equation (2) with f1 in equation (9),
and substituting s2 = s2,f in equation (10) into equation (2)
to give

wðsÞ ¼

account the effect of initial void ratio on the SWCC
is given as
Sr
s
wðsÞ ¼ e0  m1 log
s1
Gs
n
o
 T2 log s; log s1 ; log s2;0  10½ws;0 ðSr e0 =GS Þ=ðm2 m1 Þ ;

 m2 ; m1 ; k2  T3 ðlog s; log s1 ; log s3 ; m3 ; m2 ; k3 Þ
ð12Þ
In equations (11) and (12), k2 and k3 are assumed to be
constant regardless of the difference in Dr or e.

VERIFICATION OF THE PROPOSED EQUATION
In order to estimate the SWCC-w of sand specimens
S2 to S5, only the SWCC-w of sand specimen S1 is

Sr
s
½emax ð1  Dr Þ þ emin Dr   m1 log  T2 log s; log s1 ; log s2
Gs
s1
n
o

¼ log s2;0  10ws;0 ðSr =GS Þ½emax ð1Dr Þþemin Dr =ðm2 m1 Þ ; m2 ; m1 ; k2  T3 ðlog s; log s1 ; log s3 ; m3 ; m2 ; k3 Þ

When Dr is not available, equation (5) can be used to
replace f1 in equation (2). Substituting equations (5) and (10)
into equation (2), the SWCC equation which takes into

ð11Þ

required. In Fig. 2(a), m1, m2, m3, k2, k3, s1, s2 = s2,0
and s3 were determined from the SWCC-w of sand
specimen S1. Equation (11) was then used to estimate the
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SWCC-w of the sand specimens S2 to S5 as shown in
Fig. 2(b).
The estimated SWCC-w in Fig. 2(b) shows that equation
(11) works very well. The Zhou et al. (2014) and Tarantino
(2009) equations shown in Table 1 can also be used to
estimate SWCC-w of sand specimens S2 to S5 by using only
the SWCC-w of sand specimen S1 to obtain the parameters
as shown in Figs 2(a), 2(c) and 2(d).
Therefore, the Zhou et al. (2014) and Tarantino (2009)
equations were compared with the proposed equation. As
both of the equations used degree of saturation, the
gravimetric water content for both equations was obtained
following the basic soil properties relationship between w, e
and specific gravity Gs. For the Tarantino (2009) equations,
the instantaneous void ratio is replaced with initial void ratio.
Figures 2(c) and 2(d) show the estimated SWCC-w by using
the Zhou et al. (2014) and Tarantino (2009) equations. Two
noticeable weaknesses can be seen from both equations. The
estimated SWCC-w from the Zhou et al. (2014) equation
does not merge into the virgin drying line, while the
Tarantino (2009) equations are unable to match the residual
drying line for the sand specimen.
Another verification of the proposed equation was carried
out for the kaolin specimens (specimen 1 and specimen 2) as
shown in Fig. 3. Specimen 1 was used to obtain the
parameters in the proposed equation. The SWCC-w of
specimen 2 was estimated. It is shown in Fig. 3 that the
Zhou et al. (2014) and Tarantino (2009) equations manage to
estimate the SWCC-w of specimen 2 very well, but merge into
the virgin drying line at very high matric suction (near to the
residual matric suction). In contrast, the estimated SWCC-w
from the proposed equation merges into the virgin drying line
near the intersection between the initial drying line and the
virgin drying line.
The verification of the proposed equation was also carried
out using data from Salager et al. (2010), Nishimura et al.
(2011), Romero et al. (1999) and Gallage et al. (2013).
Salager et al. (2010) tested a clayey silty sand which consisted
of 72% sand, 18% silts and 10% clay and Gs = 2·65 to
investigate the effect of density on SWCC. The specimens
were compacted into five different densities with initial void
ratios of 1·01, 0·86, 0·68, 0·55 and 0·44. Nishimura et al.
(2011) investigated the SWCC of Toyoura sand with
Gs = 2·64, ρdry-max = 1·645 g/cm3 and ρdry-min = 1·335 g/cm3.
The Toyoura sand was compacted into five different relative
densities (0·39, 11·6, 54·9, 63 and 73·3). Table 4 shows
that the values of saturated volumetric water content θs
which were measured by Nishimura et al. (2011) are not
consistent with the reported relative density. Therefore, θs was
recalculated by using the relative density of the specimens,
and the subsequent volumetric water content at different
matric suction θw was calculated based on the change in
volumetric water content. Romero et al. (1999) investigated
statically compacted natural Boom clay powder, with a
liquid limit of 56%, plastic limit of 29% and 50% of the
particles less than 2 μm. The SWCC-w of the Boom clay was
obtained under two initial dry densities of 13·7 kN/m3
(S13·7) and 16·7 kN/m3 (S16·7). The last two soils from
Gallage et al. (2013) are Edosaki sand (E12·2 and E13·5)
with Gs = 2·75 and Chiba soil (C12·2 and C13·5) with
Gs = 2·72, which were compacted into two different densities
of 12·2 kN/m3 (E12·2 and C12·2) and 13·5 kN/m3 (E13·5
and C13·5).
Using the above-mentioned soils, the proposed
equation, Zhou et al. (2014) equation and Tarantino (2009)
equation were compared. The SWCC-w of the clayey silty
sand specimen with initial void ratio = 1·01, Toyoura sand
specimen with Dr = 0·39, Boom clay with dry density
13·7 kN/m3 (S13·7), Edosaki sand and Chiba soil with
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Fig. 3. SWCC-w of kaolin specimens: (a) proposed equation;
(b) Zhou et al. (2014) equation; (c) Tarantino (2009) equation

Table 4. Toyoura sand properties
Dr: %
0·39
11·6
54·9
63
73·3

θs-measured

θs-calculated

40·6
41·6
37·6
39·5
40

49·39
48·30
43·60
42·62
41·33

dry density 12·2 kN/m3 (E12·2 and C13·5) were used to
determine the parameters and the other SWCCs were
estimated.
Only the SWCC-w curves for the clayey silty sand and the
Boom clay are plotted in Fig. 4 for illustration purposes.
The comparisons between the proposed equation and the
other two equations for all of the soils are shown in Fig. 5.
Table 5 gives a quantitative evaluation between the three
equations by using the root-mean-square error (RMSE)
between the measured water content and the estimated
water content from both the calibrated and the estimated
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Fig. 4. Estimation of SWCC-w for clayey silty sand and Boom clay: (a) clayey silty sand (proposed equation); (b) Boom clay (proposed equation);
(c) clayey silty sand (Zhou et al. (2014) equation); (d) Boom clay (Zhou et al. (2014) equation); (e) clayey silty sand (Tarantino (2009) equation);
(f) Boom clay (Tarantino (2009) equation)

curve. The RMSE is defined as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
2
i¼1 ðwmeasured-i  westimated-i Þ
RMSE ¼
n

ð13Þ

where i is the ith data point, n is the number of data points
for all the SWCC (calibrated and estimated), wmeasured-i is the
measured water content at the ith data point, westimated-i
is the estimated water content at the ith data point. The
smaller the value of RMSE, the better the agreement
between estimated and measured data. Figure 5 shows that
the proposed equation performed better in most of the cases
except for clayey silty sand and kaolin, where the Tarantino
(2009) equation performed better. For the kaolin, the
difference in RMSE between the Tarantino (2009) equation
and the proposed equation is very small. However, the
Tarantino (2009) equation causes the estimated SWCC-w to
merge into the virgin drying line at a higher matric suction.

Based on this evaluation, it appears that the Tarantino (2009)
equation is good at estimating the SWCC-w of fine-grained
soils where there is a smooth transition between two
segments. However, when there is an abrupt change in
slope between two segments (which is common in coarsegrained soils), the Tarantino (2009) equation tends to give an
incorrect estimate and seems unable to give a good prediction
for the low water content range. The Zhou et al. (2014)
equation gives the worst performance for all soils evaluated
and thus is not recommended to be used in estimating
SWCC-w. Overall, the proposed equation gave the best
performance and is thus suitable for any type of soil.
The slopes and intersection points of the SWCC-w are
related to the compressibility and stress history of the soil
(Pham & Fredlund, 2008). Thus, it is possible to correlate the
slopes and the intersection points of the SWCC-w with
unloading–reloading index, compression index and preconsolidation pressure. However, to correlate the SWCC-w with
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Fig. 5. Comparison of proposed equation with other equations: (a) sand specimen; (b) clayey silty sand (Salager et al., 2010); (c) Toyoura sand
(Nishimura et al., 2011); (d) Boom clay (Romero et al., 1999); (e) Edosaki sand (Gallage et al., 2013); (f) Chiba soil (Gallage et al., 2013)

Table 5. Comparison of proposed equation with other equations
Specimen

Sand ( present study)
Kaolin ( present study)
Clayey silty sand (Salager et al., 2010)
Toyoura sand (Nishimura et al., 2011)
Boom clay (Romero et al., 1999)
Edosaki sand (Gallage et al., 2013)
Chiba soil (Gallage et al., 2013)

RMSE
Zhou et al. (2014)

Tarantino (2009)

Proposed equation

1·830
1·682
1·893
4·047
1·839
2·012
2·991

0·957
1·328
1·118
2·393
1·288
1·908
1·645

0·500
1·342
1·515
1·797
0·944
1·302
0·965
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the compressibility and the stress history of the soil requires
compression tests to be performed on specimens identical to
those used to obtain the SWCC-w. This is outside the scope
of the present study.

CONCLUSION
The density of soil only affects the initial portion of the
gravimetric based soil-water characteristic curve (SWCC-w).
In this note, a new equation to account for the effect of
density on SWCC-w by using only one SWCC-w was
proposed. It was evaluated using experimental data and
showed a good performance compared to the other equations
available. The proposed equation will be extended to bimodal
SWCC-w in future.
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NOTATION
AEVf
AEV0
Dr
e
emax
emin
e0
Gs
ki
mi
m1
m2
m3
n
n0
Sr
s
si
s1
s2
s3
Ti
w
ws,0
ws,f
wsat or ws
θs
θw

air-entry value after changes in density
air-entry value prior to change in density
relative density
void ratio
maximum void ratio of coarse-grained soils
minimum void ratio of coarse-grained soils
initial void ratio
specific gravity
curvature parameter between segment i and segment
i1
slope of segment i
slope of initial drying line
slope of virgin drying line
slope of residual drying line
number of segments in soil-water characteristic curve
initial porosity
degree of saturation
matric suction
matric suction at intersection between segment i and
segment i  1
matric suction at saturated gravimetric water content
matric suction at intersection between initial drying line
and virgin drying line
matric suction at intersection between virgin drying line
and residual drying line
transition function which represent linear segment i
gravimetric water content
saturated gravimetric water content prior to change in
density
saturated gravimetric water content after changes in
density
saturated gravimetric water content
saturated volumetric water content
volumetric water content
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