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ABSTRACT: The soil-water characteristic curve, SWCC, is commonly used for the estimation of unsaturated soil property functions, USPF,
in geotechnical engineering practice. The indiscriminate usage of the SWCC during the estimation of unsaturated soil property functions can
lead to erroneous analytical results and poor engineering judgment. Essentially all the existed estimation procedures for unsaturated soil property functions, USPFs, are based on the assumption that the soil will not undergo volume change as soil suction is increased. Such an assumption places a limitation on the application of the current USPFs to high volume change soils, where volume changes cannot be neglected. The
evaluation of the correct air-entry value has a significant effect on the estimation of subsequent USPFs. This paper describes how the SWCC
laboratory results can be properly interpreted with the assistance of a shrinkage curve. Laboratory data sets are then used to illustrate how the
test data should be interpreted for high volume change soils.

1 INTRODUCTION
The soil-water characteristic curve, SWCC, provides vital information for applying unsaturated soil mechanics in engineering practice. Much of the information regarding the use of SWCC originated in soil physics and agriculture-related disciplines. With time,
information regarding the use of the SWCC has been embraced for
geotechnical engineering applications (Fredlund, 2002; Fredlund
and Rahardjo, 1993).
Some of the concepts and measurement procedures for determining the relationship between the amount of water in a soil and
soil suction (i.e., SWCC) are now being re-evaluated to assess the
acceptability of the estimation procedures for geotechnical engineering applications. Some differences between the goals to be
achieved in agriculture-related disciplines and the goals of geotechnical engineering have been observed. Agriculture-related disciplines are mainly interested in water storage while geotechnical engineers are mainly interested in the use of the SWCC for the
estimation of water permeability. Geotechnical engineers are now
faced with the need to assess in greater detail various aspects of the
application of the SWCC. One of the areas requiring further study
for geotechnical engineering is highlighted in this paper; namely,
the effect of volume change during soil suction increase, on the estimation of the permeability function. This paper illustrates how
shrinkage curves can be used to more properly interpret the
SWCCs, thus more reliably estimating the permeability function for
a soil.
A common situation where large volume changes occur in the
soil as soil suction is increased, involves the drying of initially wet
or slurry materials. Sludge material and slurry material may be deposited at water contents above the liquid limit of the material. The
material is deposited in ponds and allowed to dry in order to increase its shear strength. The geotechnical engineer may be called
upon to undertake numerical modelling simulations of the drying
process.
2 SIGMOIDAL EQUATIONS FOR SWCCS
There are several sigmoidal type equations that have been proposed
to mathematically describe the relationship between water content
and soil suction relationship (e.g., van Genuchten, 1980; Fredlund
and Xing, 1994). The S-shaped sigmoidal equations have the appearance of being able to fit SWCC data regardless of the measure
that is used to represent the amount of water in the soil (e.g., gravimetric water content, volumetric water content, or degree of saturation). The sigmoidal equations have a limitation in the extremely
low suction range and the extremely high suction range. Although
the shortcomings of the sigmoidal equations, their usage has nevertheless become prevalent in unsaturated soil mechanics.

The Fredlund and Xing, (FX), (1994) SWCC equation can be
used to illustrate the usage of a sigmoidal equation for various designations of water content. The FX (1994) equation uses a correction factor that allows all SWCCs to go to zero water content as soil
suction goes to 1,000,000 kPa. Laboratory measured SWCC data
can be plotted as a relationship between gravimetric water content
and soil suction. The Fredlund and Xing (1994) equation is first
written in terms of gravimetric water content and can then be used
to best-fit the SWCC.
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where: w(ψ) = gravimetric water content at any specified suction, ψ;
ws = saturated gravimetric water content; hr = residual soil suction;
af, nf, and mf = the fitting parameters for the SWCC equation. Then,
the gravimetric water content SWCC can be used in conjunction
with a shrinkage curve to compute the degree of saturation versus
soil suction SWCC and the volumetric water content versus soil
suction SWCC, thus more accurately interpreting the parameters required for the estimation of unsaturated soil property functions.
The volumetric water content versus soil suction SWCC is required to obtain the water storage coefficient for the soil. The volumetric water content must be related to the instantaneous overall
volume of the soil mass in order to obtain the correct value for numerical modelling purposes. Volume change of the overall soil
specimen can be taken into consideration if a “shrinkage curve” is
measured. The shrinkage curve is generally measured under conditions of zero net normal stress.
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USE OF A SHRINKAGE CURVE

The shrinkage limit of a soil has been one of the classification
properties in soil mechanics (ASTM D427). The shrinkage limit is
defined as the water content corresponding to a saturated specimen
at the void ratio achieved (minimum volume) upon drying to zero
water content. The entire shrinkage curve, (i.e., the plot of total volume (or void ratio) versus gravimetric water content), from an initially saturated soil condition to completely oven-dry conditions is
of value for the interpretation of SWCC data.
As saturated clay soil dries, a point is reached where the soil
starts to desaturate. This point is called the air-entry value and is
generally near the plastic limit of the soil. Upon further drying, another point is reached where the soil dries without significant further change in overall volume. The corresponding gravimetric water
content appears to be close to residual water content.

The shrinkage curve can be experimentally measured from initially high water content conditions to completely dry conditions. A
digital micrometer can be used for the measurement of the volume
at various stages of drying as shown in Figure 1. Brass rings can be
machined to contain the soil specimens (i.e., the rings have no bottom). The rings with the soil are placed onto wax paper and dried
through evaporation. The dimensions of the soil specimens are appropriately selected such that cracking of the soil is unlikely to occur during the drying process. The initial dimensions selected for
the shrinkage curve specimens used in this study were a diameter of
3.7 cm and a thickness of 1.2 cm.
The mass and volume of each soil specimen can be measured
once or twice per day. Four to six measurements of the diameter
and thickness of the specimen were made at differing locations on
the specimens. It has been observed that as the specimen diameter
begins to decrease, with the specimen pulling away from the brass
ring and the rate of evaporation increases.
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The gravimetric water content is a function of soil suction as the
gravimetric water content SWCC
depicts. The degree of
saturation can also be written as a function of soil suction with the
fitting parameters for both the gravimetric water content SWCC and
the shrinkage curve by substituting Eq. (1) into Eq. (4), as follows.
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4.2 Volumetric Water Content (Instantaneous Volume)
It is the instantaneous volumetric water content versus soil suction
SWCC that is required to obtain the correct water storage coefficient for the soil for numerical modelling purposes. The instantaneous volumetric water content can be computed as follows.

!=

Figure 1. Digital micrometer used for the measurement of the diameter and
thickness of shrinkage specimens.
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where: ash = the minimum void ratio (emin), bsh = slope of the line
of tangency, (e.g., = e / w when drying from saturated conditions),
csh = curvature of the shrink-age curve, w = gravimetric water
content, Gs = specific gravity and S = degree of saturation.
Once the minimum void ratio of the soil is known, it is possible
to estimate the remaining parameters required for the designation of
the shrinkage curve. The minimum void ratio the soil can attain is
defined by the variable, ash. The bsh parameter provides the remaining shape of the shrinkage curve. The curvature of the shrinkage
curve commences around the point of desaturation is controlled by
the csh parameter.
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OTHER DESIGNATIONS OF SWCC

4.1 Degree of saturation
The basic volume-mass relationship relates the degree of saturation,
gravimetric water content and void ratio, shown as:
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4.3 Volumetric Water Content (Initial Volume)
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By combining Eqs. (2), (3) and (6), the volumetric water content
can be written in terms of gravimetric water content with fitting parameters for corresponding shrinkage curve, which is indeed a function of soil suction.
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The “shrinkage curve” can be best-fit using the hyperbolic
curve proposed by Fredlund et al., (1996, 2002). The equation has
parameters with physical meaning and is of the following form:
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As the shrinkage curve indicates, the void ratio is a function of
gravimetric water content. Therefore, the degree of saturation can
be further written as a function of gravimetric water content by substituting Eq. (2) into Eq. (3). We have

It is possible to write the volumetric water content referenced to the
initial volume of the soil; however, it should be noted that this designation has little or no value in unsaturated soil mechanics. Only
under conditions of no volume change during suction change does
the equation become equal to the instantaneous volumetric water
content SWCC.
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5 RESULTS ON REGINA CLAY
The effect of volume change on the interpretation of SWCCs was
studied for Regina clay. The laboratory test results are presented
and show the significant effect of overall volume change on the interpretation of the SWCC.
Regina clay had a liquid limit of 75%, a plastic limit of 25%
and contained 50% clay size particles. The material was prepared as
slurry and then subjected to various consolidation pressures under
one-dimensional loading. After the applied load was removed, the
soil specimens were subjected to various applied matric suction
values. High suction values were applied through equalization in a
constant relative humidity environment.
The experimental results demonstrated that the break in curvature, as soil suction increases, determined from the degree of saturation SWCC remained a constant value for a soil pre-consolidated
under different pressures. Such a constant break determined from

the degree of saturation SWCC can be defined as the correct airentry value, AEV, for a soil. The AEV for Regina clay remained
constant around 2500 kPa. An empirical construction procedure involving the intersection of two straight lines on a semi-log plot was
used to determine a single number associated with the break in curvature (Vanapalli et al, 1999).
The breaks on the SWCCs of the other water content designations for a soil change as the pre-consolidation pressure changes.
The “w Break” on the gravimetric water content SWCCs were then
compared to the air-entry value for the soil. The ratio of AEV to
w Break was used as a measure of the effect of volume change on
the interpretation of the correct air-entry value for the soil.
Shrinkage curves and soil-water characteristic curves were
measured on Regina clay. Slurry Regina clay was prepared at a
gravimetric water content slightly above its liquid limit. The shrinkage curve results are presented in Figure 2. The void ratio of Regina
clay decreases as water evaporates from the soil surface. The clay
begins to desaturate near its plastic limit. The best-fit parameters for
the shrinkage curve are ash = 0.48, bsh = 0.17, and csh = 3.30. The
specific gravity of the soil was 2.73.

Figure 6 shows the gravimetric water content versus soil suction
plot for a soil preconsolidated to 49.0 kPa. The Fredlund and Xing
(1994) fitting parameters are af = 90.0 kPa, nf = 1.10, mf = 0.70 and
hr = 2000 kPa. Figure 7 shows the gravimetric water content versus
soil suction plot for Regina clay preconsolidated to the highest pressure of 392 kPa. The Fredlund and Xing (1994) fitting parameters
are af = 120.0 kPa, nf = 0.84, mf = 0.70 and hr = 2000 kPa.
The measured SWCCs for Regina clay show that the measurement of the gravimetric water content SWCC and the shrinkage
curve for a soil are all that is required to obtain an approximation of
the volume-mass versus soil suction relationships when the applied
net normal stress is zero. The procedure that should be used for the
interpretation of the laboratory data has also been described.
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INTERPRETATION OF THE REGINA CLAY RESULTS

The difference between the break in the gravimetric water content
SWCC and the true AEV for Regina clay is expressed as
[AEV/(Break in curvature on w SWCC)]. The volume change of the
soil is once again expressed as the change in void ratio, Δe, divided
by (1 + e0), where e0 is the minimum void ratio the soil will achieve
as the soil is oven-dried, and all void ratio values are determined
from the shrinkage curve.
The horizontal axis of Figure 8 shows that the Regina clay soil
specimens changed in volume by 65% to 150% as soil suction was
increased to residual suction conditions. At 70% volume change,
the true AEV is 60 times larger than the break in curvature indicated
by the gravimetric water content SWCC. Also at 120% volume
change, the true AEV is 129 times larger than the break in curvature
indicated by the gravimetric water content SWCC. The laboratory
test results clearly indicate the significant influence that volume
change as soil suction increases has on the interpretation of the data.

Figure 2. Shrinkage curve for several samples of Regina clay.

Figure 3 shows the gravimetric water content, w, plotted versus
soil suction for Regina clay was preloaded at 196 kPa. Its initial water content was 53.5%. The high water content specimen showed
that a gradual break or change in curvature around 50 kPa. The curvature is not distinct and does not represent the true air-entry value
of the material. The gravimetric water content SWCC was best-fit
with the Fredlund and Xing (1994) equation and yielded the following parameters; that is, af = 140 kPa, nf = 0.87, and mf = 0.72. Residual suction was estimated to be around 200,000 kPa. It is necessary to use the shrinkage curve to calculate other volume-mass soil
properties and properly interpret the SWCC results for the true
AEV.
The best-fit shrinkage curve equation can be combined with the
Fredlund and Xing (1994) equation to obtain the SWCCs of other
water content designations. The resulting plot of degree of saturation, S, versus soil suction is shown in Figure 4. The results show
that there is a distinct air-entry value for Regina clay that is about
2,500 kPa. The true air-entry value was also found to be the same
for all Regina clay samples preconsolidated at differing pressure
values. It is more correct to use the degree of saturation SWCCs for
the estimation of the AEV of the soil and subsequently the calculation of the unsaturated hydraulic conductivity function. The degree
of saturation also indicates that residual condition can be more
clearly identified as being at a suction of about 200,000 kPa and a
residual degree of saturation of about 20 percent.
Several other SWCC tests were performed on the Regina clay;
each test starting with soil that had been preconsolidated from slurry
to differing applied pressures. Figure 5 shows the gravimetric water
content versus soil suction plot for a soil preconsolidated to 6.125
kPa. The Fredlund and Xing (1994) fitting parameters are af = 18.0
kPa, nf = 0.88, mf = 0.76 and hr = 800 kPa. The degree of saturation
SWCC is the same as shown in Figure 4.

Figure 3. Gravimetric water content versus soil suction for Regina clay
preconsolidated to 196 kPa.

Figure 4. Degree of saturation versus soil suction for Regina clay
preconsolidated to 196 kPa.

The laboratory SWCC test results on Regina clay illustrate the
need to separate gravimetric water content SWCC into two components. Part of the change in water content is due to a change in volume while the soil remains saturated. The other part of the change
in water content is associated with a change in degree of saturation.
The proposed estimation procedure based on the SWCC and the
saturated hydraulic conductivity makes the assumption that the reduction in hydraulic conductivity with suction is due to desaturation
of the soil (Fredlund et al. 1994). In other words, it is primarily the
increase in tortuosity upon desaturation of the soil that causes the
reduction in permeability. Therefore, it is the degree of saturation
SWCC that should be used to estimate the reduction in hydraulic
conductivity as suction is increased beyond the air entry value,
AEV, of the soil.

to a suction change prior to the AEV needs to be visualized as the
result of a change in void ratio. Taylor (1948) suggested that the coefficient of permeability of a sand was proportional to [e3/(1 + e)]
where e is void ratio. While the proportionality was proposed and
verified for sands, there has also been evidence that it might also be
a reasonable approximation for silt and clay soils. Therefore,
changes in the hydraulic conductivity (due to volume change), prior
to the AEV of a soil, should be approximated in terms of a change
in void ratio.
The estimation of the permeability function with respect to a
change in suction can now be considered as having two components; one component due to a change in void ratio and the other
component due to a change in the degree of saturation. Further research should be undertaken to verify that the unsaturated soil property functions can indeed be estimated for all types of material by
using the interpretation procedure suggested in this paper.
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CONCLUSIONS AND RECOMMENDATIONS

Changes in the volume of the soil specimens as soil suction is increased can significantly affect the unsaturated soil properties. The
effects of volume change are shown to be significant, resulting in
erroneous calculations of the permeability function for a soil. Therefore, the way of the interpretation of the SWCC should be adjusted
to get correct information from the SWCCs. This paper presents a
procedure that can be used to independently consider the effects of
volume change (where the soil remains saturated) from the desaturation of the soil specimen.
Figure 5. Gravimetric water content versus soil suction for Regina clay
preconsolidated to 6.125 kPa.

Figure 8. Difference between the break in the gravimetric water content
SWCC and the Air-Entry Value for Regina clay.
Figure 6. Gravimetric water content versus soil suction for Regina clay
preconsolidated to 49 kPa.

Figure 7. Gravimetric water content versus soil suction for Regina clay
preconsolidated to 392 kPa.

Prior to reaching the AEV of the soil, volume change due to an
increase in suction needs to be accommodated in an independent
manner. In other words, a change in gravimetric water content due
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