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Unsaturated Soil Testing
At Alliance we provide unsaturated soil mechanics testing in the specialist testing
laboratory. Our soil and rock technical manager has solid knowledge and practice
backgrounds in the theory, research and experiment in the unsaturated soil
mechanics. With the state-of-art suction controlled triaxial equipment, we can
provide unsaturated soil testing including the soil water characteristic curve (SWCC)
tests, unsaturated consolidation tests and unsaturated drained triaxial tests.

SWCC Tests
(Soil Water Characteristic Curves Test)
The SWCC of a soil describes the relationship between its moisture conditions and the suction
values existing in the soil. It is the most fundamental constitutive relationship in the unsaturated soil
mechanism. Scientists and engineers are able to predict some of the most commonly used unsaturated
soil properties using the SWCC, e.g., the unsaturated permeability, unsaturated shear strength, etc.
At Alliance we use the axis-translation technique and the filter paper method ( ASTM D5298-16) to
measure matric or total suctions in the soil.
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Unsaturated Soil Testing
Unsaturated Consolidation Tests & Unsaturated Drained
Triaxial Tests
Using the high air entry porous disk (HAEPD) and the advanced air pressure/volume controller
in the triaxial setup, the consolidation characteristics and the drained shear strength of a soil at
a controlled suction value (i.e., a
controlled unsaturated condition)
can be determined. Furthermore, if
a series of unsaturated consolidation
tests are conducted at different
saturation stages, the equilibrium
void ratio obtained at each stage can
be used to analysis the soil volume
change properties upon drying
and wetting, which have been used
in unsaturated soil mathematical
models such as Barcelona Basic
Model or Unsaturated Cambridge
Model.
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An Introduction in Soil Suctions and Soil Water Characteristic
Curves in Unsaturated Soils
by Bowei Yu PhD, MEng, BEng
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Introduction

Soil is regarded as porous material that consists of three major phases, i.e., solid phase (soil skeleton), liquid phase (pore
water), and gas phase (pore air). The strength and hydraulic characteristics of soils are controlled by the interactions
between these three phases in the system.
However, most of the time, whether it is in a university lecture room or a geotechnical laboratory, only the solid and liquid
phases are considered in the soil matrix. In another word, the soils are normally studied in their saturated conditions.
However, for soils that are near the ground surface and above the water table, they will naturally be unsaturated (Fig.1).
A negative pore pressure (also referred as suction) will be found in the unsaturated soil, due to the interactions between
liquid-gas interactions in the soils.
This negative pore pressure becomes a key component on
soil engineering behaviours, such as stiffness,
compressibility, permeability, compressive strength, shear
strength, and even tensile strength. Differences between a
saturated and unsaturated soils can be picked up easily in
daily geotechnical work. For example, one may find a stiff
dry clay quickly losses its strength once wet up by
rainwater. Meanwhile, some soils experience great
deformation and cracks develop when exposed to summer
weather.
This introduction provides a basic theory background in the
unsaturated soil mechanism, particularly on the Soil-Water
Characteristic Curve (SWCC) and its application on
predicting permeability and strength behaviours in
unsaturated soils. Readers will also be introduced with the
most often adopted technics on SWCC testing.
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Fig. 1 Most of soil near the ground surface is unsaturated
soil

Suctions in Unsaturated Soils

When asking a geotechnical engineer what the most fundamental theory in soil mechanics is, the answer you get will
probably be “effective stress principle”. The change of effective stress alters all the mechanical behaviours in saturated
soils, e.g., volume variations and shear strength increase/decrease. In saturated soils, the effective stress (σ’) is the
pressure that actually applies on the soil skeletons, which is the difference between the total stress (σ) and the porewater
pressure (pw):
𝜎 ′ = 𝜎 − 𝑝𝑤

Equation 1

Similarly, the effective stress principle also works in unsaturated soil mechanics (Bishop in 1959). On top of equation 1, a
third part is included:
𝜎 ′ = (𝜎 − 𝑝𝑤 ) + 𝜒(𝑝𝑎 − 𝑝𝑤 )

Equation 2

where pa is the pore air pressure in the unsaturated soil. 𝜒 is a soil parameter that relates to the degree of saturation of
soil. The difference between pore air pressure and pore water pressure (pa-pw) is also known as matric suction.
Note that in an unsaturated soil, the total suction (ψ) consists of two primary components, namely matric suction (papw) and osmotic suction (π). Thus, the mathematical relationship between the components of soil suction is shown below:
𝜓 = (𝑝𝑎 − 𝑝𝑤 ) + 𝜋
Geotechnical & Environmental Solutions

Equation 3
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The matric suction can be understood as the pressure differences between the air and water across the surface in a
capillary tube formed by the soil pores. The osmotic suction, on the other hand, can be understood as the decrease in
relative humidity due to the presence of dissolved salts in the soil porewater.
For soils that contain high dissolved salts in their porewater, such as clays or soils saturated by brines or other
contaminated liquids, the osmotic suctions can contribute a notable fraction in the total suctions as well as the unsaturated
soil characteristics. Meanwhile, for those sandy soils that saturated with clean water, e.g., tap water, the osmotic suction
may be neglected.

What is SWCC?
In a saturated soil, i.e., 100% degree of saturation, the
suction is zero. As the soil is drying out, the porewater
retreats and pore air enters, and the suction in soil starts
to build up. The nonlinear relationship between the suction
(ψ or pa-pw) and the degree of saturation (Sr) (water
content in gravimetric or volumetric forms may also be
used) is termed as the Soil Water Characteristic Curve
(SWCC).
The shape of SWCCs contains various useful information
to further identify soils’ unsaturated characters, including
their unsaturated permeability, unsaturated strengths, and
unsaturated deformability. Meanwhile, SWCC of a soil is
also affected by certain soil parameters and environmental
factors. For example, alterations of SWCC happens when
the void ratio of soil changes (Yu 2020). SWCC also has
hysteresis, meaning that whether the soil is experiencing
drying or wetting changes the shape of SWCC, thus further
affects soil’s unsaturated behaviours.
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Fig. 2 A diagram shows typical SWCC curves for sand, silt
and clay.

Measuring the SWCC of Unsaturated Soil

To establish the SWCC of the unsaturated soil, one will need to know a suite of suction values of the partially saturated
soil at different degrees of saturation. Different test methods may be preferred when different type of suctions (e.g., total
suction or matric suction) or samples at different saturation degrees (e.g., very wet sample or very dry sample) are of the
interests.
Two major technics are commonly used in the measurement of soil suctions, namely (a) axis-translation technic to measure
the matric suction (pa-pw), and (b) vapour equilibrium technic to measure the total suction (ψ).

(a) Matric suction measurement
The axis-translation method is commonly used when
measuring the matric suctions of unsaturated soils. In this
method, parts of sample are subjected to air pressures (pa)
while one side of the sample is contacted with a high airentry (HAE) ceramic plate, which allows water to penetrate
through (therefore provide a porewater pressure pw). In the
test, user can set a set of pa and pw in the system and then
wait for sample comes to a moisture equilibrium. A suite of
suction values is set up and therefore a SWCC curve can
be established. The GDS unsaturated triaxial testing
system (Fig.3) is such an example using the axistranslation technic to introduce suction in the tests of
unsaturated soil.

Geotechnical & Environmental Solutions

Fig. 3 A typical axis-translation type of unsaturated testing
system set up (Copyright GDS)
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The highest limit of the suction that the axis-translation system can go depends on the air-entry value of the porous ceramic
disk. If an air pressure higher than the air-entry value of the disk is applied (i.e., pa>AEV), the air will go into the porewater
pressure control & measurement circular and that will interfere with the pw measurement.
ASTM test method D5298 (ASTM 2016) also provides a contact filter paper methodology to measure the matric suctions
of the unsaturated soil. However, the method has certain limitations. For example, when sample reaches to the very dry
end, it will be impossible to keep a good contact between the filter paper and the specimen.
(b) Total suction measurement
The basic idea of the vapor-translation method is that when
a sample is put into an air-tight system, the vaporization will
continue until the system reaches to a stage that the relative
humidity (RH) in air stops changing. The suction value in
the air-tight system (including the soil sample) is a function
of the RH and therefore can be calculated. Using this
method, suctions as high as 100 MPa can be measured,
which normally exists in dry clays. The non-contact filter
paper method instructed in the ASTM Test Method D5298
“Standard test method for measurement of soil potential
(suction) using filter paper” (ASTM, 2016) is an example
that uses this technic. Another example is the chilled mirror
water potential meter (WP4-C, Decagon Device Inc.). The
vapor pressure above the soil specimen in the chamber and
the saturated vapor pressure at the same temperature are
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computed using the dewpoint and specimen temperatures,
respectively (Fig.4). Kelvin’s equation is then used to
calculate the total suction of the soil specimen.

Fig. 4 A diagram of the WP4-C chilled mirror water potential
meter (Copyright Decagon Device Inc.)

Empirical Fitting Models for SWCC

When a suite of total suctions or matric suctions have been measured for the unsaturated soils at different water contents,
the data points revealing the water content-soil suction relationship can be fitted using a number of SWCC modelling
equations. The most used three models are proposed by Brooks and Corey (1964), van Genuchten (1980) and Fredlund
and Xing (1994). A table that concludes the three models are shown below. Note that in the table the gravimetric water
content (w) is used in the expressions, which can be replaced with either volumetric water content (θ) or degree of
saturation (Sr).
Table 1 Models used to fit measured SWCC data
Reference
Brooks and Corey (1964)

Equations for the model
𝑤(𝜓) = 𝑤𝑠
𝑤(𝜓) =

𝑤ℎ𝑒𝑛 𝜓 ≤ 𝜓𝑎𝑒𝑣

𝑤𝑠 − 𝑤𝑟
𝜓

(𝜓

𝑎𝑒𝑣

van Genuchten (1980)

𝑤(𝜓) =

Parameter

)𝜆𝑏𝑐

+ 𝑤𝑟

𝑤ℎ𝑒𝑛 𝜓 > 𝜓𝑎𝑒𝑣

𝑤𝑠 − 𝑤𝑟
+ 𝑤𝑟
[1 + (𝑎𝑣𝑔 𝜓)𝑛𝑣𝑔 )𝑚𝑣𝑔

ψaev = air-entry value of soil
λbc = pore size distribution index
wr = residual water content located through
trial-and-error process that yields straight line
on semi log plot of degree of saturation versus
suction
avg = fitting parameters primarily related to
inverse of air-entry value (units equal to
1/kPa).
nvg = fitting parameters primarily related to
rate of water extraction from soil once airentry value has been exceeded.
mvg= fitting parameters that are primarily
related to residual water content conditions.
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Fredlund and Xing (1994)

𝑤(𝜓) = 𝐶(𝜓)

𝑤𝑠
{ln [𝑒 + (𝜓/𝑎𝑓 )𝑛𝑓 ]}𝑚𝑓

𝐶(𝜓) = 1 −

ln (1 + 𝜓/𝜓𝑟 )
ln [1 + (106 /𝜓𝑟 )]

af = fitting parameter which is primarily a
function of air-entry
value of soil.
nf = fitting parameter which is primarily a
function of rate of water extraction from soil
once air-entry value has been exceeded.
mf = fitting parameter which is primarily a
function of residual water content.
C(ψ) = correction factor which is primarily a
function of suction corresponding to residual
water content.

Fig. 5 A typical SWCC for silt soils (adopted from Fredlund et al. 2012)

By fitting the SWCC using those empirical equations, it is possible to generate the curves that shear similar shapes as
shown the one shown in Fig. 5. The model parameters are closely related to the shapes of the curve. For example, air
entry value, residual water content or suction values, and the rate of water absorption or desorption, are among
the features represented by or related to the parameters determined through these models. Those features are also
essential to understand the wetting or drying process of an unsaturated soil. For example, the slope of the SWCC reveals
the rate of water loss/gain when suction increases/decreases beyond the air entry value, respectively.
It is important to note that the interpretation of the SWCC on a clay soil can be very different from the interpretation of the
SWCC on a sand. For example, it is OK to use either gravimetric water content or volumetric water content or degree of
saturation to interpretate SWCC of a sand. However, when it comes to clay, it is strongly recommended that only the
degree of saturation is used, as significant volume change is expected when a clay experiences drying or wetting.
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Using SWCC to Estimate Unsaturated Soil Properties

It is very often that people use SWCC to indirectly estimate some of the most used unsaturated soil properties, due to the
difficulties and cost issues of doing direct measurement. Those properties may include but not limit to unsaturated
permeability, unsaturated shear strength, volume change of unsaturated soils, etc.
(a) Estimation on Unsaturated Permeability of Soil
In unsaturated soils, the present of air in soil pores decreases the permeability of the soil. Although the unsaturated
permeability (kunsat) can be measured directly using the suction control technique, it is, however, usually not realistic to do
so due to the equipment requirements and the extremely long testing time. Therefore, a more realistic way to evaluate the
unsaturated permeability of a soil is to use SWCC curve and its parameters to predict the kunsat of the soil, on the basis of
the saturated soil permeability (ks). For example, in Brooks and Corey equation (Brooks and Corey, 1964), the kunsat can
be expressed using a function of suction and ks as shown below:
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{𝑘

𝑘𝑢𝑛𝑠𝑎𝑡 = 𝑘𝑠 ,
𝑢𝑛𝑠𝑎𝑡

= 𝑘𝑠 ×

𝐴𝐸𝑉
(𝑝 −𝑝 )2+3𝜆
𝑎
𝑤

𝑝𝑎 − 𝑝𝑤 ≤ 𝐴𝐸𝑉
𝑝𝑎 − 𝑝𝑤 ≥ 𝐴𝐸𝑉

Equation 4

It suggests that when soil suction is below the air entry value (AEV), permeability of the unsaturated soil (kunsat) will remain
the same as the saturated permeability (ks). As soil is further dried, the kunsat starts to decrease as the suction increases.
Note the matric suction (pa-pw) in the equation 4 may also be substituted by total suction of the soil (ψ), especially for clay
materials (Yu 2020). A typical unsaturated soil permeability variation is shown in Fig.6, for sand and clayey silt.

Fig. 6 Typical relationship between SWCCs and estimated permeability for sand and clayey silt (adopted from Fredlund et al.
2012)

(b) Estimation on Unsaturated Soil Shear Strength
A higher shear strength is expected when the suctions of a soil increase (i.e., the soil becomes drier). The relationship
between shear strength and soil suction is generally non-linear, i.e., the shear strength increases rapidly in low-suction
range and then slowly stabilizes or even decreases at high suctions (see Fig.7).

Fig. 7 Relationships between shear strength and suctions of different types of soils

D. G. Fredlund et al. (1996) proposed an estimation equation on the unsaturated soil’s shear strength that extends to the
high suction ends (where the non-linear nature of the relationships in Fig. 7 becomes dominant):
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𝜃 𝜅

tan 𝜙𝑏 = (𝜃 ) tan 𝜙 ′ = Θ𝜅𝑑 tan 𝜙 ′ = (𝑆)𝜅 tan 𝜙 ′
𝑠

𝜃 𝜅

Equation 5

𝜏𝑠 = (𝑝𝑎 − 𝑝𝑤 ) (𝜃 ) tan 𝜙′

Equation 6

𝜏 = 𝑐 ′ + (𝜎 − 𝑝𝑎 ) tan 𝜙 ′ + 𝜏𝑠

Equation 7

𝑠

where φ’ is the effective angel of internal friction for the saturated soil; c’ is the effective cohesion intercept; φb is the
contribution to the shear strength due to soil suction (it can be matric suction or total suction); (σ-pa) is the net normal stress
on the failure plane; τs is the shear strength contributed by the soil suction; κ is fitting parameter.
Therefore, say one knows the SWCC of a soil, i.e., the relationship between the moisture content and suctions, it will be
capable of estimating the unsaturated shear strength of this soil at a certain water content, by estimating the contribution
of the shear strength by the suction (i.e., τs).
A proposed empirical relationship between the fitting parameter κ and the plasticity index of the soil, PI, has been provided
in Garven and Vanapalli (2006), which is written as:
𝜅 = −0.016(PI)2 + 0.0975(PI) + 1

Equation 8

Apart from the basic hydraulic and strength characters, the SWCC curves are also essential to solve more complicated
geotechnical or geo-hydraulic coupled problems that involve unsaturated soil mechanisms. For example, they are used in
the Darcy equations (or so-called Richard’s equations when it’s unsaturated) to solve unsaturated flow problems. It also
provides the constitutive parameters when the deformations of unsaturated soils under various stress conditions are
studied using non-linear elastic models or elasto-plastic models (e.g., Barcelona Basic Model).
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Conclusions

The suctions in the unsaturated soils will play important roles that determine their hydraulic, strength and deformation
characteristics and performances. The soil water characteristic curve not only depicts the constitutive relationships
between soil’s moisture and its suction values, e.g.,
a.

Residual water content in its nature dry condition.

b.

Ability to restrain water inside the soil pores reflected by air entry value.

c.

Rate of losing water when suction increases beyond the air entry value.

But it also provides an economic way for engineers to obtain basic engineering properties of unsaturated soils that can be
used as design parameters, e.g.,
a.

Estimate the decrease of permeability of a soil when it becomes drier.

b.

Estimate the increase of shear strength of a soil when it becomes drier.
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