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The soil water characteristic curve (SWCC), also known as soil water retention curve (SWRC), describes the
relationship between water content and soil suction in unsaturated soils. Water content and suction affect
the permeability, shear strength, volume change and deformability of unsaturated soils. This paper presents
results of the laboratory determination of the SWCC for soil samples obtained from the riverbank of the
Lower Roanoke River in North Carolina. Six different testing methods were used to establish the SWCC
including the filter paper, dewpoint potentiameter, vapor equilibrium, pressure plate, Tempe cell and
osmotic methods. It is concluded that each suction measurement technique provides different measurable
ranges of suction values, and the combined results from the different tests provide continuous SWCCs. Three
widely available models were also shown to adequately fit the experimental SWCC data, particularly for
matric suction values under 1500kPa. These results will be valuable to practitioners in deciding which
methods to use to establish the SWCC, and which empirical relationship to use for modeling the SWCC of
riverbank soils.
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1. Introduction

The soil water characteristic curve (SWCC) defines the relationship
between water content and suction in unsaturated soils. Soil suction
and water content are important parameters that control many
geotechnical properties of unsaturated soils including permeability,
volume change, deformability and shear strength (Barbour, 1998).
Due to its importance, several test methods have been developed to
establish the SWCC in Soil Science and Geotechnical Engineering. At
the same time, several models have been developed to analytically
describe the SWCC. The most well-known and widely used model
is that of van Genuchten (1980) and its several modifications and
extensions.

From a practical perspective, methods for establishing the SWCC
should be simple, easy to perform, inexpensive, quick and reliable.
Since soil suction can vary tremendously depending on the soil type,
with a theoretical maximum value of up to 106kPa, several test
methods have been developed to establish the SWCC (Lu and Likos,
2004). The different methods have different ranges of applicability,
and only the use of electrical resistance and capacitance sensors
appears to be capable of determining the full range of potential
suction values. Test procedures vary in terms of complexity, accuracy,
repeatability, and more importantly, cost and required duration of
testing. Most methods require much longer testing periods compared
to other soil tests. Thus, it is essential to select the most appropriate
methods to establish the SWCC.

There have been numerous studies on the different laboratory
testing techniques to establish the SWCC. At the same time, newer
techniques and testing equipment are continuously being developed
and introduced. It is not possible to evaluate all the different available
techniques and procedures, and, thus, this paper focuses on some of
themost commonly usedmethods. There have also been a few studies
that were specifically performed to compare the different methods.
For instance, Agus and Schanz (2007) compared four methods
(noncontact filter paper method, psychrometer technique, relative
humidity (RH) sensor, and chilled-mirror hygrometer technique) in
determining the suction of a bentonite–sand mixture. Patrick et al.
(2007) compared chilled-mirror and filter paper measurements of
total soil suction. Most of the available studies show comparable
suction data from the different test procedures provided the tests are
conducted under careful and controlled conditions.

While studies have been performed to evaluate and compare
different testing methods, these studies appear to have used single
soil types and a subset of the currently available techniques. Typically,
granular soils ranging from sands to silts, or artificial soil mixtures are
used to study the performance of testing procedures. Relatively fewer
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Fig. 1. Typical elements of soil water characteristic curves (modified from Sillers et al.
(2001)).
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data are available for natural clayey soils. This is primarily due to the
relative difficulty of establishing the SWCC for clayey materials in
comparison to granular soils. This paper deals with the SWCC of
natural riverbank soils and the applicability of different commonly
used SWCC testing methods for typical materials found in riverbanks,
which range from sandy and silty to clayey soils. Changes in water
content and suction affect the shear strength of the riverbank soils and
seepage in riverbanks due to changes in river water level and rainfall.
The seepage forces and the variation in soil shear strength due to
changing soil suction affect soil erosion and bank stability, and are
critical parameters controlling the stability of riverbanks. The
mechanisms responsible for riverbank erosion and instability and
the development of methodologies for studying them have received
wide attention recently (e.g., Simon et al., 2002; Dapporto et al., 2003;
Rinaldi et al., 2004; Piegay et al., 2005). All these studies point to the
importance of unsaturated soil behavior in the understanding of
riverbank erosion and instability.

In summary, the objectives of the research described in this paper
are to: 1) compare the results of six widely used laboratory methods
of establishing the desorption SWCC for natural riverbank soils,
2) compare the validity of the most widely used SWCC models against
the experimental data, and 3) provide SWCC data for typical natural
riverbank soils. The study used undisturbed and disturbed soil samples
obtained from the riverbank of the Lower Roanoke River near Scotland
Neck, North Carolina. The desorption SWCCswere established using the
filter paper, dewpoint potentiameter, vapor equilibrium, pressure plate,
Tempe cell and osmotic methods. The results were then modeled using
SWCCequationsproposed byvanGenuchten (1980), Fredlund andXing
(1994), and Houston et al. (2006).

2. Background

2.1. Soil suction

Water in soil is represented by both the amount of water present
and by its energy state. The energy is typically assumed to be in the
form of kinetic and potential energies. Generally, kinetic energy due to
water flow in soil is neglected in geotechnical engineering due to slow
fluid velocities. Thus, potential energy is the primary component that
determines the water condition in soil. As shown below, the potential
energy is the algebraic sum of the component potentials: matric
potential, osmotic potential, pressure potential, and gravitational
potential (Campbell, 1988; Or and Wraith, 1999).

ψT = ψM + ψO + ψP + ψZ ð1Þ

where ψT = total potential, ψM = matric potential, ψO = osmotic po-
tential, ψP = pressure potential, and ψZ = gravitational potential.

Matric potential is often the largest component of the total potential
in unsaturated soils, resulting from combined effects of capillarity and
adsorptive forces within the soil matrix. The capillarity effect can be
explained by surface tension forces at the air–water–soil interface and
the adsorptive forces arise mainly from electrical and van der Waals
force fields. Osmotic potential is due to the solutes in soil water, and
pressure potential is the hydrostatic pressure exerted by water above a
point. Gravitational potential is determined by the elevation of a point
relative to a reference point. Typically in unsaturated soils, pressure
potential is zero, and gravitational potential is also assumed zero as it is a
relative value from an arbitrary reference level (Or and Wraith, 1999).
Thus, the total potential primarily consists of two components, matric
potential and osmotic potential. The term “suction” is also widely used
instead of “potential.” The individual components are generally
expressed in terms of pressure and given by the equation below.

ψT = ψM + ψO ð2Þ
Based on the thermodynamic relationship between the total suc-
tion ψT (in kPa) and the partial pressure of the pore water vapor, the
total suction can be written as follows (Fredlund and Rahardjo, 1993;
Miller and Nelson, 1993):

ψT = − RT
v0ωωv

ln
uv

uv0

� �
ð3Þ

where R = universal gas constant (J/(molK)), T = absolute tem-
perature (°K), v0ω = specific volume of water (m3/kg), which is the
inverse of the density of water, ωv = molecular mass of water vapor
(g/mol), uv = partial pressure of pore-water vapor (kPa), and uv0 =
saturation pressure of water vapor (kPa). The ratio uv/uv0 is equal to
the relative humidity (RH). For constant temperature at T=20°C,
Eq. (3) becomes a simple logarithmic equation with relative humidity
as shown in Eq. (4):

ψT = −135;055 lnðRHÞ ð4Þ

Fig. 1 shows the main elements of a typical SWCC obtained from a
continuous curve fit through experimental data points. The horizontal
axis can be expressed as gravimetric water contentw, volumetric water
content θ, degree of saturation S, or normalized water content Θn. The
gravimetric water content is the ratio of the mass of water to mass of
soil, and the volumetricwater content is the ratio of the volume ofwater
to the total volume. One measure can be converted to the others using
the soil void ratio and specific gravity. The normalized water content is
the ratio of the difference of a water content and residual water content
to the difference of saturated and residual water contents, and can be in
either gravimetric or volumetric form.

There is a hysteresis in the SWCC due to the non-coincidence of the
sorption and desorption curves. Basic quantities required to establish
the SWCC include: 1) the residual volumetric water content θr, 2) the
saturation volumetric water content θs, and 3) the air entry value ψa.
The residual water content θr is the water content where a large
suction change is required to remove additional water or the amount
of water for which continuity of the liquid phase is lost. The air entry
value ψa is the matric suction where air starts to enter the largest
pores in the soil (Fredlund and Xing, 1994). Typically, soils with finer
particles have higher air entry value and saturation water content.
Depending on the magnitude of suction, there are three zones of the
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SWCC corresponding to: 1) the capillary suction zone for suction less
than the air entry pressure, 2) the desaturation zone for suction above
air entry pressure and water content below residual value, and 3) the
residual saturation zone for water contents above residual value.

The complete SWCC consists of sorption and desorption curves
(Fig. 1). In general, soil samples from the field are in between sorption
and desorption conditions. When the samples are saturated for
laboratory tests, the samples follow the sorption curve until it is fully
saturated. After a test starts, water content changes are measured as
air pressure increases, and the relationship is plotted as the
desorption curve. Most laboratory tests for the SWCC measure the
desorption curve, including the results reported here. However, it
should be noted that the magnitude of soil suction at the same water
content may differ as much as 10 to 1000kPa between sorption and
desorption (Fredlund, 2002).

A variety of experimental methods are available to determine the
SWCC. A tensiometer is a classic and widely used method for field
measurements of soil suction, but typically measures suction up to
100 kPa due to cavitation (Lu and Likos, 2004). Recently high capacity
tensiometers have been developed to enable suction measurements
above 100 kPa (Ridley and Burland, 1993; Toker, 1999; Delage et al.,
2008). However, these high capacity tensiometers are still mostly
used in research and not yet widely used in routine SWCC de-
termination. The axis translation technique is a commonly used
laboratory method with a typical suction range of 0 to 1500 kPa.
Controlling and measuring relative humidity and temperature can
provide total suction information for any value of soil suction. Osmotic
suction needs to be considered in arid and near-shore areas where
soluble salt content is expected to be high. Depending on the suction
type and range of suction values, the proper tests should be carefully
selected.

2.2. Models for soil water characteristic curves (SWCC)

Along with the development of experimental methods to
determine the SWCC, numerous models have been proposed for
fitting analytical functions through experimental results. Many of
these models are derived from the pore-size distribution through
micromechanical relationships between effective pore size and soil
suction (Sillers et al., 2001). One of the most frequently used models
was proposed by van Genuchten (1980). The model is based on the
same basic relationships for predicting hydraulic conductivity of
unsaturated soil proposed by Mualem (1976):

S =
1

½1 + ðψ=aÞn�m ð5Þ

where S = degree of saturation, ψ = soil suction, and a, n and m =
curve-fitting parameters. van Genuchten derived the equation as a
particular case of the original equations of Mualem (1976) and Burdine
(1953), assuming m=(1−1/n) and m=(1−2/n). For curve fitting
purposes, a simpler two-parameter equation can be derived, although
the three parameter models provides more flexibility than the two
parameter model (Sillers et al., 2001).

Fredlund and Xing (1994) also proposed a similar three-parameter
equation, which requires fewer iterations for convergence of the curve
fitting parameters than the van Genuchten model (Sillers, 1997). The
equation is given as:

S =
1

½ln ½e + ðψ=aÞn��m ð6Þ

Fredlund and Xing (1994) presumed from previous experimental
results that the maximum soil suction reaches 106kPa at zero water
content. It is also thermodynamically supported from Eq. (4) that the
suction value approaches 106kPa if the relative humidity is as low as
0.01% (Leong and Rahardjo, 1997). The result is the following modi-
fied equation with a correction function factor applied to Eq. (6):

S = CðψÞ 1
½ln ½e + ðψ=aÞn��m ð7Þ

where C(ψ) is a correction factor equal to:

CðψÞ = 1− lnð1 + ψ=ψrÞ
ln ð1 + 106 =ψrÞ

ð8Þ

and ψr = suction corresponding to the residual water content.
The last model considered in this study was proposed by Houston

et al. (2006). This model extends the original equation of Fredlund
and Xing (1994) by using fitting parameters for both plastic and non-
plastic soils based only on particle gradation and soil plasticity. The
SWCC equation is the same as Eq. (7). For non-plastic soils, empirical
relations are provided to determine the model parameters a, m and n
from D10, D20, D30, D60 and D90, where D% is the soil particle diameter
in mm related to the percentage of soil passing the corresponding
sieve size. For plastic soils, the model parameters a, m and n can be
obtained empirically from the weighed plasticity index wPI, the
plasticity index PI and P200 = percent passing the #200 (75 μm) sieve
(expressed as decimal). Details of the equations to determine the
model parameters from soil index properties are available in Houston
et al. (2006) and are not repeated here.

In all the four models, the parameter a is a suction value related to
the inflection point on the SWCC, which is also related to the air entry
value. The parameter n affects the slope of the SWCC in the desaturation
zone, and the parameter m is related to the asymmetry of the curve
about the inflection point (Sillers et al., 2001). Further details are
available in Sillers et al. (2001), and Leong and Rahardjo (1997), and
each provides examples of the influence of the parameters in each
model.

3. Experiments

3.1. Soil samples and properties

Soil sampleswere obtained fromthe riverbankof the LowerRoanoke
River near Scotland Neck, North Carolina in the eastern United States.
The site where the soil sampleswere obtained has undergone extensive
levels of riverbank erosion and failure (Hupp et al., 2009). Fig. 2 shows
the extent of riverbank erosion and failure at a typical site along this
river. The photograph clearly shows that the riverbank is actively
undergoing failure close to the toe. The site shown in the figure is one of
the locations where undisturbed soil samples were obtained using
Shelby tubes. Disturbed soil samples were also collected and tested for
grain size distribution, Atterberg limits, and specific gravity, and
classified by the United Soil Classification System (USCS). A represen-
tative soil profile of the riverbank along the river consists of silty sand
SM (0–0.6 m), low plasticity clay CL (0.6–2.5 m), high plasticity silt MH
(2.5–3.8 m), and low plasticity clay CL (3.8–4.5 m). The soil samples
obtained were mostly silt and clay except those taken from near the
surface on the top of the bank which were mainly silty sand.
Representative grain size distribution curves and the Atterberg limits
of soil samples are shown in Figs. 3 and 4, respectively. Table 1 sum-
marizes the properties of the soil samples used in the study.

3.2. Testing methods

Soil suction can be obtained either by direct or indirect methods.
The direct method measures the negative pore water pressure due to
suction directly, whereas the indirect method requires the measure-
ment of other parameters such as relative humidity, resistivity,
conductivity or water content and then relate the results to the



Fig. 2. A segment of the riverbank along the Lower Roanoke River in North Carolina that
has undergone extensive erosion and bank instability. Soil samples from this site were
used in the present study.

Fig. 4. PI vs. LL values of the tested soil samples in the plasticity chart.
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suction through calibration (Agus and Schanz, 2007; Ridley andWray,
1995). The direct method typically requires good contact between the
suction sensor and the soil, and measures only matric suction. The
indirect method can measure both total and matric suctions, and
requires isothermal equilibrium between the sensor, soil and the
vapor space around the sample (Ridley et al., 2003; Agus and Schanz,
2005). Direct methods include tensiometers and the axis translations
technique. Examples of the indirect methods are filter paper
technique, thermal conductivity sensor technique, chilled-mirror
hygrometer technique, and use of capacitance sensors that measure
water content.

3.2.1. Filter paper method
Due to its simple testing setup, procedures and data analysis, the

filter paper method has been widely used to evaluate soil suction.
The filter paper method uses a filter paper to reach vapor equilibrium
with the soil. Typically, one filter paper is in contact with the soil
sample and another is placed at a small distance above the sample.
Water from the soil sample migrates to the filter paper in contact
with the soil by capillary flow due to imbalance in matric suction.
Water is transferred to the filter paper above the sample by vapor
Fig. 3. Representative grain size distributions of the tested soil samples.
transfer, measuring total suction. The most commonly used filter
papers are the Whatman No. 42, and the Schleicher and Schuell
No. 589 papers, both of which have known ASTM calibration curves
(ASTM D 5298, 2003). A minimum of seven days is required to reach
equilibrium.

One of the major drawbacks of the filter paper method is that one
test is required to generate one data point in the SWCC, which means
that a lot of time and effort are required to construct the entire SWCC.
Also, when a soil sample is dry, with a suction value typically higher
than 500 kPa, it becomes very difficult to establish good contact
between the soil and the filter paper which causes errors (Bulut et al.,
2001; Leong et al., 2002; Bulut and Wray, 2005). The current study
followed testing procedures from the ASTM standard D5298 and
calibration curves for the Whatman No. 42 filter paper. Both mea-
surements for the total and matric suction of the undisturbed soil
samples were performed. The differences between the total and
matric suction values are compared below with the osmotic suctions
estimated by the electrical conductivity measurement.

3.2.2. Axis translation technique (pressure plate method and Tempe cell
method)

The pressure plate test and Tempe cell test are based on the axis
translation technique, which directly controls matric suction by
increasing air pressure while maintaining pore water pressure equal
to atmospheric pressure. It prevents cavitation in the water, but still
can create higher matric suction conditions. Typically, this technique
uses high air entry (HAE) ceramic discs, and a matric suction of up to
1500 kPa can be generated. It has been widely adapted in conjunction
with conventional soil testing equipment since the HAE ceramic disc
can easily substitute for the porous stone in the equipment as long as
pressurized conditions are maintained.

The HAE ceramic disc is placed in the pressure chamber. The
bottom of the HAE ceramic disc is sealed with rubber and connected
to the outside, which provides atmospheric pressure for pore water. A
pressure chamber can handle several soil samples simultaneously.
Water contents are measured after each test, and new soil samples
Table 1
Properties of the riverbank soil samples used in the study.

Location USCS
soil
type

Soil composition (%) LL PI Specific
gravity

Number
of samples

Sand Silt Clay

0–0.6 m SM 68–71 20–24 8–9 NP 2.69 2
0.6–2.5 m CL 4–24 28–58 30–48 39–52 16–20 2.72 7
2.5–3.8 m MH 5–14 41–48 42–50 50–57 18–24 2.73 6
3.8–4.5 m CL 4–18 50–66 23–43 37–43 15–20 2.72 6
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are saturated and used for different pressures. The limitation of the
applicable suction depends on the maximum bubbling pressure of the
HAE ceramic disc, and it can be increased by using special cellulose
membranes instead of the HAE ceramic disc.

The Tempe cell is typically smaller than the pressure plate appa-
ratus and one soil sample is placed in one cell. Although one Tempe
cell can hold one soil sample per test, testing can typically be
performed continuously from lower to higher matric suction by
measuring the water expelled from the sample. The change in water
draining from the soil samples is recorded. When the sample reaches
equilibrium, the test proceeds to the next pressure level continuously.
Once the air pressure reaches themaximum, the final water content of
the soil sample is measured and used for back calculation of water
content for each matric suction measurement.

The soil samples for the tests were extruded from Shelby tubes.
The samples for the pressure plate test were prepared by using copper
retaining rings similar to the one used for direct shear tests but
smaller. The samples with the copper rings were placed on the HAE
ceramic disc in the pressure plate test chamber. The soil samples for
the Tempe cell test were also prepared with an acrylic retaining ring
and pushed into the retaining cells. The pressure plate tests were
performed under matric suction between 10 and 1500 kPa and the
Tempe cell tests were limited to between 10 and 300 kPa, due to the
strength of the acrylic retaining ring. Stress state changes during the
sampling, saturating, and testing were assumed to be negligible.

3.2.3. Dewpoint potentiameter method
Axis translation is limited by the applicable suction due to the

bubbling pressure of the HAE ceramic disc. The typical limit of the
method is 1500 kPa, and suction above this value must be measured
using another method. As shown in Eq. (3), total suction can be
derived from relative humidity thermodynamically. Although the
relative humidity method is very sensitive to temperature changes,
representing a major drawback, it is still preferable because of its
simplicity and relatively short testing duration. The dewpoint
potentiameter, also known as a chilled-mirror hygrometer, measures
dewpoint and temperature very accurately in a closed space above the
soil sample. The sealed chamber has a mirror and condensation
detector with precise temperature control. At equilibrium, the relative
humidity of the air in the chamber is the same as the relative humidity
of the soil sample. When the first condensation appears on the mirror,
the vapor pressure is measured and total suction can be calculated
(Leong et al., 2002; Decagon Devices Inc., 2003; Petry and Jiang, 2003;
Thakur et al., 2006; Patrick et al., 2007).

The WP4-T dewpoint potentiameter manufactured by Decagon
Device Inc. was used in this research. It has an internal temperature
control function to minimize the effects of changes in temperature.
However, the temperature of the soil samples must be maintained
close to that of the equipment to minimize the fluctuation of readings.
The typical accuracy of the equipment is ±0.1 MPa for suction from 0
to −10 MPa, and ±1% for values from −10 to −300 MPa. However,
due to the accuracy of the equipment and the rapid suction increase
with decreasing relative humidity at low suctions, a significant
increase in data scatter data can be observed below about 1000 kPa
(Lu and Likos, 2004). Thus, the typical operational range for dewpoint
potentiameter seems to be above 1000kPa. Recent research demon-
strated successful use of the equipment for total suctionmeasurement
when compared with other suction measurement methods, and
recommended factors to be considered during testing (Decagon
Devices Inc., 2003; Petry and Jiang, 2003; Thakur et al., 2005; Shah
et al., 2006; Sreedeep and Singh, 2006a,b; Thakur et al., 2006, 2007;
Bulut and Leong, 2008).

TheWP4-T dewpoint potentiameter was calibrated with 0.5 M KCl
standard solution before the tests, and the testing procedures
provided in the WP4-T manual and ASTM D6836 were followed. A
single undisturbed soil sample was prepared and placed into a sample
container, and the initial water content of the soil sample was
measured. The container was covered and sealed with a cap and left
for 24 h in a constant temperature environment to achieve water
vapor equilibrium. Then the sample was placed in the equipment for
measurement. Several readings were taken to confirm equilibrium in
the chamber. Once the suction was recorded, the sample weight was
measured and left with the cover opened. When a certain weight
change was observed, the sample container was covered and left for
equilibrium. After 1h, the sample was then placed into the equipment
for another measurement. This procedure was repeated several times.
After the final reading, the final water content was measured and the
water contents for each step were back calculated with the measured
weight changes. As temperature affects relative humidity, it is
important to maintain a constant temperature and wait for equilib-
rium to reduce errors.

3.2.4. Vapor equilibrium and osmotic techniques
The vapor equilibrium technique uses a chemical solution, and

constant total suction conditions can be created in a closed space. The
osmotic potential of the chemical solution forces the closed space and
soil samples to reach equilibrium. Typically there are two different
types of chemical solutions for the constant suction environment:
saturated salt solutions and unsaturated acid solutions. The advantage
of using the saturated salt solutions is the consistency of the con-
centration of the osmotic solution during the equilibrium period.
However, the controlled suction is influenced by the specific salt type,
and the purity of the chemicals and water (Blatz et al., 2008). The
typical range of the suction is also limited to as low as 0 to 10 MPa. The
unsaturated acid solutions can create and control much higher
suctions. However, unlike the saturated salt solutions, water
exchanges which cause changes in osmotic solution concentrations
occur during equilibrium. The test does not require any special
equipment and is very easy to set up. However, long periods of
equilibrium time and strict temperature control are required (Blatz
et al., 2008).

Unlike the vapor equilibrium method, water transfer in the
osmotic technique is created by the process of osmosis. Since the
water transfer takes place in the liquid phase and ion transfer is also
allowed through the semi-permeable membrane, the osmotic
technique controls the matric suction of a soil (Blatz et al., 2008).
The soil samples are placed inside a semi-permeable membrane, then
the soil sample andmembrane are submerged in a polyethyleneglycol
(PEG) solution, which is a polymeric substance made up of large sized
molecules (Delage and Cui, 2008). The benefits of using the osmotic
technique are that it is simple, safe, and inexpensive, since no air
pressure is required. Similar to the vapor equilibrium technique, the
suction is generated under null stress. However, good contact is also
required between the sample and the membrane, and an equilibrium
period is required. The fragility of the membrane is also a consid-
eration in the osmotic technique (Blatz et al., 2008).

The vapor equilibrium test and osmotic technique test were
performed using undisturbed soil samples of the CL soil from 0.6 to
2.5 m at Ecole Nationale des Ponts et Chaussées. Each soil sample was
kept in a closed, temperature controlled space under different
suctions for 13 days to reach equilibrium. Each suction level was
controlled by the concentration of the PEG and water solution. A
magnetic stirrer is used tomix the solution to ensure uniform solution
concentration. To calculate the porosity of each sample at each step,
the weight of the sample was measured to three decimal places and
the volume was measured from the dimensions of the cylindrical
sample using a caliper.

3.2.5. Osmotic suction measurements
When total suction is measured, matric suction can be calculated

by subtracting osmotic suction from the total suction. As the osmotic
suction in soils is due to the presence of soluble salt in the pore water,
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quantifying the amount of soluble salt is required. Ions of the soluble
salts carry electric current, which is measured in terms of electrical
conductivity (EC). The EC is measured from the soil water, which
requires extraction of the soluble salt using dilution or saturation,
leaching, centrifuging, gas extraction or mechanical squeezing (Iyer,
1990). One of the commonmethods in soil science is to use dilution or
saturation of soil with water. Air dried soil is mixed with a certain
amount of de-ionized water, and the soil water is extracted by
filtering with a low vacuum.

Two equations are used to convert the osmotic suction from the EC
of the saturated soil paste. The first equation is from the United States
Salinity Laboratory (1954) and uses the units of atm for ψO andmS/cm
for EC:

ψO = 0:36EC ð9Þ

The second equation is from Romero (1999), cited in Peroni and
Tarantino (2003), and uses the units of kPa for ψO and μS/cm for EC:

ψO = 0:0240EC1:065 ð10Þ

In the tests, the soil samples were prepared as a saturated paste,
and the pore water of the soil samples was extracted by vacuum
suction method using a Buchner funnel. The EC was measured with
a Cole-Parmer Instrument Co. conductivity meter 1481-60. Results
using both Eqs. (9) and (10) indicate minimal values of osmotic
suction.
Fig. 5. SWCCs from the axis translation technique for disturbed sam
4. Test results and discussions

The results of the experiments described above are compared by
soil type and test method. In addition, the experimental results were
compared with the different SWCC models presented above. Fig. 5
presents the matric suctions measured by the axis translation
technique using disturbed and undisturbed soil samples. As the
porosities of the disturbed samples were not available, the results
were compared using gravimetric water content. For the SM and CL
soils, suction values for disturbed samples are consistently much
lower than those for undisturbed soil samples. The experimental
results shown in Fig. 5 for disturbed and undisturbed samples strongly
suggest that suction is dependent on the soil structure. However, at
higher suction values the soil suction is less sensitive to the structure
of soil as observed by Romero et al. (1999), and Peroni and Tarantino
(2003). For the silty sand (SM) soil, the water content of the
undisturbed soil was higher than that of the disturbed soil when the
applied suction was the same, which makes the measured suction
points move laterally depending on the degree of soil disturbance. For
silt and clay, the results for the disturbed soils show a linear increase
of matric suction with water content with a logarithmic y-axis,
whereas those of the undisturbed soils show a bilinear or steeper
increase in suction as the water content decreases. The higher water
content of the disturbed soil samples at lower matric suction also
indicates that loosened and disturbed soils have more pores filled
with water. The disturbed soils lost water as matric suction increased.
This also indicates that disturbed soil has a lower air entry value than
the undisturbed soil samples.
ples (open symbols) and undisturbed samples (solid symbols).



Fig. 6. SWCCs for undisturbed soil samples from different testing methods. Open symbols are for matric suction, and solid symbols are for total suction.
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The SWCC of each soil type and testing method are presented in
Fig. 6. As expected, silt and clay have much higher air entry values
and suction than the sandy soil. In turn, the CL soils show higher
values of suction than the MH soil. For the CL soil at 0.6–2.5 m, and
the MH soil, the matric suction values appear to be slightly lower
than the total suction. Although the results from the six different
tests do not show perfect agreement for different suctions and
degree of saturation, the results appear to be comparable and the
scatter in the results appears to be within the range expected from
the sample variability. The calibrated van Genuchten's models for the
SWCC are also shown and appear to provide good fit with the
experimental results, which also supports the validity of the different
Table 2
Model parameters and best-fit R2 values according to model type for all soil types.

Model Parameters

SM (0–0.6 m) CL (0.6–2.5 m)

van Genuchten (1980) a=17.2, m=0.27, n=1.12,
R2=0.93

a=3439.1, m=0.79
R2=0.86

Fredlund and Xing (1994) a=29.4, m=1.00, n=0.94,
R2=0.93

a=2663.8, m=1.80
R2=0.86

Fredlund and Xing (1994)
with correction

a=22.1, m=0.81, n=1.04,
ψr=105, R2=0.93

a=3375.7, m=1.90
ψr=105, R2=0.87

Houston et al. (2006) D10=0.003, D20=0.023, D30=0.08,
D60=0.13, D90=0.23 a=9.1,
m=2.78, n=0.39, R2=0.75

PI=19.7%, % passing
wPI=17.7%, ψr=50
m=0.57, n=0.09, R

The units used are kPa for S and a, and water content is in decimal numbers.
tests results. Table 2 summarizes the best-fit van Genuchten model
parameters for each soil type.

Typically, the direct methods can measure suction up to 1500 kPa,
although in many cases the total suction may need to be measured
above that. In this study, the axis translation technique provided
results up to 1500 kPa, and the osmotic technique gave suction values
of up to 2150 kPa. The total suction above 1500kPa was measured
using the dewpoint potentiameter and the vapor equilibrium
methods. It is shown in Fig. 6 that both osmotic and axis translation
methods produced very similar results, although the suctions from
the dewpoint potentiameter and axis translation technique were
slightly lower than the osmotic and vapor pressure techniques. This
MH (2.5–3.8 m) CL (3.8–4.5 m)

, n=0.65, a=1978.4, m=0.57, n=0.85,
R2=0.97

a=3684.3, m=0.95, n=0.74,
R2=0.95

, n=0.65, a=2332.6, m=1.63, n=0.82,
R2=0.97

a=3112.7, m=2.22, n=0.75,
R2=0.95

, n=0.60, a=2393.8, m=1.55, n=0.76,
ψr=105, R2=0.98

a=3709.5, m=2.40, n=0.72,
ψr=105, R2=0.95

200=0.90,
0, a=126.9
2=0.75

PI=21.6%, % passing 200=0.88,
wPI=19.0%, ψr=500, a=129.1,
m=0.56, n=0.08, R2=0.91

PI=16.6%, % passing 200=0.92,
wPI=15.2%, ψr=500, a=121.9,
m=0.60, n=0.13, R2=0.83



Fig. 7. SWCCs for different soils at suction values above and below 1500kPa.
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seems to be due to the volume change measurement during the
tests. Although the volume change is an important factor in suction
calculations, the porosity of the samples in the axis translation
technique was not recorded during testing, and assumed to be
constant and equal to the initial porosity, whereas the porosity in
the vapor and osmotic techniques was monitored and found to
decrease during the equilibrium period especially at higher suction. As
the y-axis of the SWCC uses a logarithmic scale, the actual suction
differences by not accounting for volume changes may not be small
enough to be negligible. However, considering possible errors from
the test procedures and equipment, and from natural sample
variability and quality, the results appear to be in comparable ranges.

The filter paper method may not be practical in constructing the
SWCC due to long equilibrium periods, as well as the size and number
of the sample required. However, it has the benefit that the total and
matric suctions can be measured at the same time in a single test. The
filter paper results show that the method provides good data for the
SWCC construction. The results are also relatively consistent with the
other total suction data. Even though the data for the silty sand soil
seems to be far from the predicted curve, the actual difference
between the total and matric suctions is smaller than for other soils
due to the logarithmic scale. However, the osmotic suctions calculated
by subtracting the matric suctions from total suctions obtained from
the filter paper tests do not agree to those estimated from the EC
measurement. The EC measurement estimated that the osmotic
suctions are only 5 to 10 kPa, whereas the osmotic suction calculated
from the filter paper results varied from 60 to 380 kPa. No significant
reasons were found, but one possible reason is that the EC was
measured using the water extracted from the saturated paste, which
has a water content much higher than the natural water content.
Krahn and Fredlund (1972) measured the osmotic suctions of a low
and a high plasticity clays by the ECmeasurement using the squeezing
technique, and found that the measured osmotic suctions from the
squeezing technique closely agree with suction values calculated from
the total and matric suctions measured by a psychrometer and axis
translation technique, respectively, whereas the suctions measured
from the saturated paste differed significantly. EC measurements
for osmotic suction performed at the natural water content are
expected to be larger than the measured values using the saturated
paste. Another reason could be the measurement sensitivity associ-
ated with filter paper method. As the method requires a weight
measurement resolution of 0.0001 g, any factor that can affect the
balance or the weight of filter paper can cause error. Using inap-
propriate calibration curves for the filter paper method could also be a
source of the differences.

Fig. 7 shows the results of all soils for suction values above and
below 1500kPa. Both results show no significant differences between
each soil type except for the silty sand, and the range of data can again
be due to sample variability. The similarity in the SWCCs of the CL
(from 0.6 to 2.5 m), MH and CL (from 3.8 to 4.5 m) soils can be due to
the similarity in the grain size distribution curves and the Atterberg
limits of the different soils.

The models with fitting parameters proposed by van Genuchten
(1980), and Fredlund and Xing (1994) with and without a correction
factor, and themodifiedmodel fromHouston et al. (2006) are compared
with experimental data in Fig. 8 for the four soil types. Both the van
Genuchten, and Fredlund and Xingmodels use three parameters (i.e., a,
n, and m). The Houston et al. model uses the same parameters but
determines them not by data fitting but by correlations using plasticity
index, gradation information, and water content. Table 2 presents the
parameters and R2 values for the four models for all four soil types. The
parameters for the vanGenuchten, and Fredlund and Xing (1994) (with
andwithout correction)modelswere obtained by nonlinear regression,
while the parameters for the Houston et al. model were taken directly
from the results of the soil index tests. The van Genuchten, and the
uncorrected and corrected Fredlund and Xing model are fitted
adequately over the entire range of available experimental data. The
van Genuchten, and Fredlund and Xingmodels predict almost identical
SWCCs, and differences can only be observed at high suction values. For
the SM soil, the uncorrected Fredlund and Xing model significantly
deviates from the other models for saturation values less than 20%. The
differences between the three models are less significant for the other
three soil types.

The model of Houston et al. gives reasonable results for matric
suction values below 1500 kPa, and generally deviates from the
experimental data for suction values above 1500 kPa. In general, the
Houston et al. model provide worse fit of the experimental than the
other three models as can be seen in Fig. 8 and the R2 values from
Table 2. For the SM soil type, the Houston et al. model yield lower
suction values than the three models for suction values above
1500 kPa. For the other three soil types, the Houston et al. model
shows linear relationship between the logarithm of suction and water
content, and higher suction values than the data from the experi-
ments and the other three models, for suction values above 1500kPa.
The original family of desorption curves from Houston et al. have very
mild curvatures, with no significant inflections after the air entry
value, when the wPIb5. Perera et al. (2005) state that the SWCCs in
Houston et al. were constructed using pressure plate tests, which are
limited to suction values under 1500 kPa. This may explain the
relatively reduced performance of the Houston et al. model for suction
values over 1500 kPa. Nevertheless, the Houston et al. model for
establishing the SWCC appears to be suitable for the lower suction



Fig. 8. Comparisons of SWCC models against experimental data for all soil types and test procedures.
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range, and it has the convenience of requiring parameters that are
easy to determine to establish the SWCC.

5. Conclusions

The desorption branch of the SWCCs of natural soils from the
riverbank of the Lower Roanoke River in North Carolina were
established using six different methods. The tested soil samples
represent a typical soil profile along the riverbank of the Lower Roanoke
River in North Carolina, and consisted of silty sand, low plasticity clay,
high plasticity silt, and another layer of low plasticity clay. For total
suction measurement, the dewpoint potentiameter, filter paper, and
vapor equilibriummethodswere used. For direct suctionmeasurement,
the pressure plate, Tempe cell, and the osmoticmethodswere used. The
osmotic suction was indirectly estimated by measuring electrical
conductivity of the pore water, and was found to be negligible for the
tested soil samples. Except for silty sand, the differences in SWCCs
between the soil sampleswerenot significantdue to the similar physical
properties of the soils (i.e., grain size distribution and Atterberg Limits).
The results indicate that the six different measuring techniques used in
the studyprovide comparable results. The differences in results fromthe
different test methods appear to be less significant than the expected
scatter from soil sample variability.

The filter paper test is the only test that could provide both matric
and total suction at the same time. It is simple and low cost testing
method, and does not require special equipment. However, it is sen-
sitive to small differences in weight, and there are still controversies
related to the calibration method and the length of the required
equilibrium period. The dewpoint potentiameter also provides a wide
range of suction measurement, but it yields larger variation for low
suction values. Vapor pressure and osmotic techniques generally
require long equilibrium periods, but they are relatively easier and
safer to use for high suctions. Axis translation technique is one of the
most common methods and the procedure is simple. However, it
requires long equilibrium period and is applicable only to narrow
range of suction values.

It is recommended that separate techniques be employed for
determining total and matric suction. The dewpoint potentiameter
method is recommended for total suction measurement. The method
is simple and required the shortest time among the six tests that were
evaluated. The suction is measured continuously with a single soil
sample and the results can be monitored instantaneously. For matric
suction, either the axis translation technique or osmotic technique is
recommended. The axis translation technique has been widely used,
has proven accurate and reliable, and the required equipment is
readily available. However, when the equipment is not accessible, the
osmotic technique could be an alternative, which can be easily setup
and performed. The most favorable attribute of the osmotic technique
is that it can generate higher suction than the axis translation
technique. It is also safe as it does not require high air pressure. If none
of these methods are available, the filter paper technique is still an
option.
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The experimental datawere compared to themathematicalmodels
proposed by van Genuchten (1980), Fredlund and Xing (1994), and
Houston et al. (2006). The comparison confirmed that the Fredlund
and Xing, and van Genuchten models, which are both based on pore-
size distribution functions and use three fitting parameters, provide
almost identical results, except at high suction values, and yield good
fits with the experimental data. The model by Houston et al., using
parameters based only on particle gradation and soil plasticity,
showed good agreement only for suction below 1500 kPa. At suction
values higher than 1500 kPa, the Houston et al. model deviated
significantly from experimental data and showed a linear change in
the logarithmic value of suction as function of water saturation. Model
parameters for the four different tested soils types, and the SWCC
models were presented, which can be used as representative param-
eters for the riverbank soils in the study.
Acknowledgements

The authors would like to acknowledge the financial support of
Dominion and the United States Army Corps of Engineers. The tests
described in the paper were conducted at Virginia Tech, CERMES of
École Nationale des Ponts et Chaussées, and Colorado School of Mines.
References

Agus, S.S., Schanz, T., 2005. Comparison of four methods for measuring total suction.
Vadose Zone Journal 4 (4), 1087–1095.

Agus, S.S., Schanz, T., 2007. Errors in total suction measurements. Experimental
Unsaturated Soil Mechanics, pp. 59–70.

Barbour, S.L., 1998. Nineteenth Canadian geotechnical colloquium: the soil–water
characteristic curve: a historical perspective. Canadian Geotechnical Journal 35 (5),
873–894.

Blatz, J.A., Cui, Y.-J., Oldecop, L., 2008. Vapour equilibrium and osmotic technique for
suction control. Geotechnical and Geological Engineering 26 (6), 661–673.

Bulut, R., Leong, E., 2008. Indirect measurement of suction. Geotechnical and Geological
Engineering 26 (6), 633–644.

Bulut, R., Lytton, R.L., Wray, W.K., 2001. Soil suction measurements by filter paper.
Expansive Clay Soils and Vegetative Influence on Shallow Foundations. American
Society of Civil Engineers, Houston, TX, United States, pp. 243–261.

Bulut, R., Wray, W.K., 2005. Free energy of water-suction-in filter papers. Geotechnical
Testing Journal 28 (4), 355–364.

Burdine, N.T., 1953. Relative permeability calculations from pore size distribution data.
Journal of Petroleum Technology 5 (3), 71–78.

Campbell, G.S., 1988. Soil water potential measurement: an overview. Irrigation Science
9 (4), 265–273.

Dapporto, S., Rinaldi, M., Casagli, N., Vannocci, P., 2003. Mechanisms of riverbank failure
along the Arno River, central Italy. Earth Surface Processes and Landforms 28 (12),
1303–1323.

Decagon Devices Inc., 2003. WP4 Dewpoint PotentiaMeter Operator's Manual Version
4, Pullman, WA, USA.

Delage, P., Cui, Y.J., 2008. An evaluation of the osmotic method of controlling suction.
Geomechanics and Geoengineering 3 (1), 1–11.

Delage, P., Romero, E., Tarantino, A., 2008. Recent developments in the techniques of
controlling andmeasuring suction in unsaturated soils. In: Toll, C.E.A.D.G., Gallipoli,
D., Wheeler, S.J. (Eds.), Proceedings of the 1st European Conference on Unsaturated
Soils, Unsaturated Soils. Advanced in Geo-Engineering. Taylor & Francis Group,
London, Durham, UK, pp. 33–52.

Fredlund, D.G., 2002. Use of soil–water characteristic curves in the implementation of
unsaturated soil mechanics. In: Juca, J.F.T., de Campos, T.M.P., Marinho, F.A.M.
(Eds.), Proceedings of the Third International Conference of Unsaturated Soils. A.A.
Balkema Publishers, Recife, Brazil, pp. 887–902.

Fredlund, D.G., Rahardjo, H., 1993. Soil Mechanics for Unsaturated Soils. Wiley, New York.
xxiv, 517 pp.

Fredlund, D.G., Xing, A., 1994. Equations for the soil–water characteristic curve.
Canadian Geotechnical Journal 31 (4), 521–532.

Houston, W.N., Dye, H.B., Zapata, C.E., Perera, Y.Y., Harraz, A., 2006. Determination of
SWCC using one point suction measurement and standard curves. Geotechnical
Special Publication. American Society of Civil Engineers, Reston, VA 20191-4400,
United States, Carefree, AZ, United States, pp. 1482–1493.
Hupp, C.R., Schenk, E.R., Richter, J.M., Peet, R.K., Townsend, P.A., 2009. Bank Erosion
Along the Dam-regulated Lower Roanoke River, North Carolina. The Geological
Society of America. Special Paper No. 451.

Iyer, B., 1990. Pore water extraction. Comparison of saturation extract and high-
pressure squeezing. ASTM Special Technical Publication. ASTM, Philadelphia, PA,
USA, St. Louis, MO, USA, pp. 159–170.

Krahn, J., Fredlund, D.G., 1972. On total, matric and osmotic suction. Soil Science 114
(5), 339–348.

Leong, E.C., He, L., Rahardjo, H., 2002. Factors affecting the filter paper method for total
and matric suction measurements. Geotechnical Testing Journal 25 (3), 322–333.

Leong, E.C., Rahardjo, H., 1997. Review of soil–water characteristic curve equations.
Journal of Geotechnical and Geoenvironmental Engineering 123 (12), 1106–1117.

Lu, N., Likos, W.J., 2004. Unsaturated Soil Mechanics. John-Wiley, Hoboken, N.J. 556 pp.
Miller, D.J., Nelson, J.D., 1993. Osmotic Suction as a Valid Stress State Variable in

Unsaturated Soil Mechanics. ASCE, New York, NY, USA, Dallas, TX, USA. pp. 64–76.
Mualem, Y., 1976. A newmodel for predicting the hydraulic conductivity of unsaturated

porous media. Water Resources Research 12 (3), 513–522.
Or, D.,Wraith, J.M., 1999. Soilwater content andwater potential relationships. In: Sumner,

M.E. (Ed.), Handbook of Soil Science. CRC Press, Boca Raton, FL, pp. A53–A85.
Patrick, P., Olsen, H., Higgins, J., 2007. Comparison of chilled-mirror measurements and

filter paper estimates of total soil suction. Geotechnical Testing Journal 30 (5), 1–8.
Perera, Y.Y., Zapata, C.E., Houston,W.N., Houston, S.L., 2005. Prediction of the soil–water

characteristic curve based on grain-size-distribution and index properties.
Geotechnical Special Publication. American Society of Civil Engineers, Reston, VA,
pp. 49–60. 20191-4400, United States, Austin, TX, United States.

Peroni, N., Tarantino, A., 2003. Measurement of osmotic suction using the squeezing
technique. In: Schanz, T. (Ed.), From Experimental Evidence towards Numerical
Modeling of Unsaturated Soils. Springer, Weimar, Germany, pp. 159–168.

Petry, T.M., Jiang, C.P., 2003. Evaluation and Utilization of the WP4 Dewpoint
PotentiaMeter Phase I and II, United States.

Piegay, H., Darby, S.E., Mosselman, E., Surian, N., 2005. A review of techniques available
for delimiting the erodible river corridor: a sustainable approach to managing bank
erosion. River Research and Applications 21, 773–789.

Ridley, A.M., Burland, J.B., 1993. A new instrument for themeasurement of soil moisture
suction. Géotechnique 43 (2), 321–324.

Ridley, A.M., Dineen, K., Burland, J.B., Vaughan, P.R., 2003. Soil matrix suction: some
examples of its measurement and application in geotechnical engineering. Geotech-
nique 53 (2), 241–253.

Ridley, A.M., Wray, W.K., 1995. Suction measurement: a review of current theory and
practices. In: Alonso, E.E., Delage, P. (Eds.), Proceedings of the First International
Conference on Unsaturated Soils. Balkema, Paris, France, pp. 1293–1322.

Rinaldi, M., Casagli, N., Dapporto, S., Gargini, A., 2004. Monitoring andmodelling of pore
water pressure changes and riverbank stability during flow events. Earth Surface
Processes and Landforms 29 (2), 237–254.

Romero, E., Gens, A., Lloret, A., 1999. Water permeability, water retention and
microstructure of unsaturated compacted Boom clay. Engineering Geology 54 (1–2),
117–127.

Shah, P.H., Sreedeep, S., Singh, D.N., 2006. Evaluation of methodologies used for
establishing soil–water characteristic curve. Journal of ASTM International 3 (6).

Sillers, W.S., 1997. The Mathematical Representation of the Soil–Water Characteristic
Curve. University of Saskatchewan, Saskatoon, Canada.

Sillers, W.S., Fredlund, D.G., Zakerzadeh, N., 2001. Mathematical attributes of some soil–
water characteristic curvemodels. Geotechnical and Geological Engineering 19 (3–4),
243–283.

Simon, A., Thomas, R.E., Curini, A., Shields Jr, F.D., 2002. Case study: channel stability of
the Missouri River, eastern Montana. Journal of Hydraulic Engineering 128 (10),
880–890.

Sreedeep, S., Singh, D.N., 2006a. Methodology for determination of osmotic suction of
soils. Geotechnical and Geological Engineering 24 (5), 1469–1479.

Sreedeep, S., Singh, D.N., 2006b. Nonlinear curve-fitting procedures for developing soil–
water characteristic curves. Geotechnical Testing Journal 29 (5), 409–418.

Thakur, V.K.S., Sreedeep, S., Singh, D.N., 2005. Parameters affecting soil–water
characteristics curves of fine-grained soils. Journal of Geotechnical and Geoenvir-
onmental Engineering 131 (4), 521–524.

Thakur, V.K.S., Sreedeep, S., Singh, D.N., 2006. Laboratory investigations on extremely high
suctionmeasurements forfine-grained soils. Geotechnical andGeological Engineering
24 (3), 565–578.

Thakur, V.K.S., Sreedeep, S., Singh, D.N., 2007. Evaluation of various pedo-transfer
functions for developing soil–water characteristic curve of a silty soil. Geotechnical
Testing Journal 30 (1), 25–30.

Toker, N.K., 1999. Improvements and Reliability of MIT Tensiometers and Studies on
Soil Moisture Characteristic Curves. MIT, Boston, MA.

United States Salinity Laboratory, 1954. Diagnosis and Improvement of Saline and Alkali
Soils. Agricultural Handbook No. 60. United States Department of Agriculture,
Washington.

van Genuchten, M.T., 1980. Closed-form equation for predicting the hydraulic
conductivity of unsaturated soils. Soil Science Society of America Journal 44 (5),
892–898.


	Comparison of testing techniques and models for establishing the SWCC of riverbank soils
	Introduction
	Background
	Soil suction
	Models for soil water characteristic curves (SWCC)

	Experiments
	Soil samples and properties
	Testing methods
	Filter paper method
	Axis translation technique (pressure plate method and Tempe cell method)
	Dewpoint potentiameter method
	Vapor equilibrium and osmotic techniques
	Osmotic suction measurements


	Test results and discussions
	Conclusions
	Acknowledgements
	References




