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5.1 Introduction

Early theoretical soil mechanics dealt mainly
with saturated soil from below the ground-
water table, i.e. positive porewater pres-
sures (see Chapter 2). The soil above the
groundwater table has negative porewater
pressures and is known as the vadose zone.
Recent theories for unsaturated soil behav-
ior have taken on the form of extensions of
classical (saturated) soil mechanics theories.
While parallels and similarities between satu-
rated and unsaturated soil mechanics are
present, variations exist that make the prac-
tice of unsaturated soil mechanics somewhat
different in character from saturated soil me-
chanics. Differences lie primarily in the as-
sessment of appropriate soil properties and
soil property functions, and in the flux bound-
ary condition between the soil and the atmo-
sphere. This chapter presents the fundamental
theories of unsaturated soil mechanics, and
emphasizes those elements of unsaturated soil
mechanics that differ from saturated soil me-
chanics. Unsaturated soil mechanics can be
categorized into three classical areas of study:
seepage, shear strength and volume change.
Paradigm shifts in analysis associated with the
assessment of soil properties become an im-

portant factor when moving from theory to
practice of unsaturated soil mechanics.

The term unsaturated soil mechanics is
used in the sense that the theories and formu-
lations apply to all soils with negative pore-
water pressures; namely, soils commonly
found in the vadose zone. Figure 5.1 illus-
trates that soils may have a continuous air
phase, an occluded air phase, or even be satu-
rated. There is a smooth transition from the
unsaturated soil mechanics to saturated soil
mechanics. Saturated soils are a special case
of the more general unsaturated soils. Unsat-
urated soil mechanics is relevant to many
practical problems such as:

e Damage induced to structures on unsatu-
rated, expansive soils

¢ Contaminant migration in the vadose zone

¢ Design of covers for waste disposal facili-
ties and mining rehabilitation schemes

e Slope failures after periods of high precipi-
tation

e Stability of loosely compacted fills

e Stability of cuts or trenches in the vadose zone

e Cohesive backfills in earth-retaining struc-
tures

e Bearing capacity of foundations in the va-
dose zone

¢ Roads, railway and airfield performance
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FIGURE 5.1. Classification of the regions within a saturated—unsaturated soil profile.
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FIGURE 5.3. Example problem illustrating the role of the unsaturated soil property functions in per-
forming a combined seepage-and slope stability analysis.

The major focus of a typical geotechnical en-
gineering project involves the assessment of
the soil properties. All theoretical, predictive
engineering tools have constitutive relation-
ships that contain soil properties embedded
within their mathematical models. For unsat-
urated soil, the soil properties tend to be
highly non-linear and are generally repre-
sented in terms of the unsaturated soil prop-
erty functions. These functions must either
be measured, indirectly computed or esti-
mated in a cost-effective manner (Fredlund
1995). Figure 5.2 illustrates the types of ap-
proaches that can be used in the assessment
of unsaturated soil property functions. Each
of the suggested procedures is further devel-
oped in this chapter.

Appropriate boundary conditions, particu-
larly at the ground surface, are also an impor-
tant component in the analysis of unsaturated
soils. Varying the soil properties and the
boundary conditions allows the engineer to
address a range of questions related to: what
will happen under variable conditions that
may occur at sometime in the future?

Consider the example of a slope stability
study in order to focus on the role of soil

property functions and boundary conditions.
Figure 5.3 shows a typical slope along with
an outline of the information required in or-
der to perform an analytical study. A relevant
question might be: under what rainfall condi-
tions, i.e. intensity and duration, is the slope
likely to fail? The problem can be reduced to
a saturated—unsaturated seepage study and a
soil-atmosphere interactive study, which
provide information for a limit equilibrium

slope stability study.

5.1.1 BASIC CONCEPTS IN
UNSATURATED SOIL MECHANICS

The description of the stress state for an un-
saturated soil becomes a fundamental build-
ing block for unsaturated soil mechanics. In
the early 1960s, researchers began to recog-
nize the need for two independent stress
state variables for unsaturated soil (Bishop &
Blight 1963). In the early 1970s, a theoretical
basis and justification for the use of two inde-
pendent stress state variables was provided
(Fredlund & Morgenstern 1977). The justi-
fication for two independent stress state vari-
ables was based on the superposition of equi-
librium stress fields for each phase of a
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multiphase system. Figure 5.4 illustrates the
stress state variables for saturated and unsat-
urated soils.

Three possible combinations of indepen-
dent stress state variables can be justified
from theoretical continuum mechanics. The
three combinations are net normal stress (¢
— u,), matric suction (u, — u,,), and effective
stress (0 — u,); where 6 = total normal
stress, u,, = porewater pressure, and u, =
pore-air pressure. Net normal stress (G — u,),
embraces the activities of man, which are
dominated by applying and removing total
stress, i.e., fills, applied loads and excavations.
Matric suction (4, — u,), embraces the im-
pact of the climatic environment above the
ground surface.

Total suction y, is comprised of matric suc-
tion (u, — u,), and osmotic suction, m:

v = (u, —u,) +m (5.1)

Matric suction is closely related to the sur-
rounding environment and is known to vary
with time due to environmental changes. Os-
motic suction is related to the salt content in

the porewater present in the soil. Changes in
osmotic suction may effect the mechanical
behavior, overall volume change and shear
strength of a soil. Many of the engineering
problems involving unsaturated soils are a re-
sult of changes in the surrounding environ-
ment. For example, a slope may become un-
stable due to the reduction of matric suction
caused by an increase in porewater pressure
from water infiltrating into the soil.

The change in osmotic suction is generally
less significant than the change in matric suc-
tion. Laboratory data have shown that a
change in total suction is essentially equiva-
lent to a change in matric suction during
changes in water content (Krahn & Fredlund
1972). However, the effect of osmotic suction
may be significant in cases where chemical
contamination of the soil alters the salt con-
tent of the porewater, or construction occurs
in saline soils or marine conditions. The
change in osmotic suction must be taken into
account in theses types of problem analysis.
In the remainder of this chapter, it is as-
sumed that the effects of osmotic suction are
negligible and total suction and matric suc-
tion are equivalent, i.e. T = 0.

5.2 Soil-Water
Characteristic Curve

The soil-water characteristic curve, also re-
ferred to as the water retention curve, has
played a dominant role in understanding the
behavior of unsaturated soils in disciplines
such as soil science, soil physics, agronomy
and agriculture. As a consequence of the long
history associated with the use of the soil-
water characteristic curve, large amounts of
information and experimental data are avail-
able from these disciplines. The soil-water
characteristic curve is now recognized as one
part of the water phase constitutive relation-
ship in geotechnical engineering. The soil-
water characteristic curve is of greatest value
in predicting unsaturated soil property func-

4
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tions. As a result, it is essential that the nature
and theory behind the soil-water characteris-
tic curve be well understood when imple-
menting unsaturated soil mechanics.

The soil-water characteristic curve is a re-
lationship between the amount of water in
the soil and the soil suction, or stress, on the
soil. The water content of the soil is plotted
as a function of matric suction. Suction is usu-
ally plotted on a logarithmic scale to accom-
modate the large range of suctions, approxi-
mately six orders of magnitude. Negative
values cannot be plotted on a logarithmic
scale, and as a result, suction is plotted as a
positive value. Remember that suction repre-
sents a negative porewater pressure in the
soil. The amount of water in the soil, plotted
arithmetically, is generally quantified in
terms of volumetric water content, 6; but can
also be expressed as gravimetric water con-
tent, w, or degree of saturation, S (see Chap-
ter 2 for definitions of 6, w and S). Figure
5.5 defines the typical features of a soil-water
characteristic curve.

Volumetric water content, 0, is defined as
the ratio of the volume of water to the total
volume of soil. Relationships can be written
between the various volume-~mass designa-
tions for water content. The relationship be-

tween volumetric water content, 0, and other
variables is:

6= Se = Sn
1 +e

(5.2)

where e = void ratio, S = degree of satura-
tion, and n = porosity. The relationship be-
tween volumetric water content, 8, and gravi-
metric water content, w, can be written as:

0 = wpy/Pw (5.3)
where py = dry density of the soil, p,, = density

of water, and w = gravimetric water content.

5.2.1 STAGES OF THE SOIL-WATER
CHARACTERISTIC CURVE

An initially saturated soil specimen desatur-
ates when it is subjected to an increase in soil
suction. Different saturation stages can be
identified as desaturation takes place. Figure
5.5 shows the desaturation stages along the
desorption, or drying, branch of a soil-water
characteristic curve. Similar stages apply to
the adsorption, or wetting, branch of the
soil-water characteristic curve. Figure 5.6 il-
lustrates both the desorption and adsorption
curves and the definitions associated with the
soil-water characteristic curve. The follow-
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FIGURE 5.5. A soil-water characteristic curve showing the different stages of desaturation (modified

from White et al. 1970).
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FIGURE 5.6. Definition of variables associated with the soil-water characteristic curve.

ing definitions and descriptions of the soil-
water characteristic curve are made using the
desorption, or drying, curve. There are three
identifiable stages of desaturation: the
boundary effect stage, transition stage and re-
sidual stage of saturation (Fig. 5.5).

Figure 5.7 illustrates the variation of wet-
ted area of contact for different stages of the
soil-water characteristic curve (Vanapalli
1994). The boundary effect stage ranges from
full saturation of the soil to the air entry value
(Fig. 5.5). The soil is essentially saturated in
this stage. The air entry value of the soil (u,
— U)p, i a soil suction value at which the
largest pores in the soil begin to drain and air
enters the pores in the soil. The air entry
value is sometimes referred to as the “bub-
bling pressure.” The air entry value is seen
on the graph by the change in slope on the
curve. The slope of the curve in the boundary
effect stage is not horizontal (zero slope), as
there is a slight change of water content from
zero suction to the air entry value as a result
of compression of the soil. If the curve is ex-
tended back into the negative suction range,
i.e. positive porewater pressures, the slope of
the curve would represent the coefficient of
volume change, m,, for a saturated soil.

In the boundary effect stage, flow takes

place through the voids in a manner similar
to that for a saturated soil. The unsaturated
hydraulic conductivity, k,, -, ), is equal to the
saturated hydraulic conductivity, k, up to the
air entry value of the soil. The shear strength
contribution due to soil suction is primarily

- Soil
] particle

a) Boundary effect stage b) Primary transition stage

c¢) Secondary transition stage

d) Residual stage of
unsaturation

FIGURE 5.7. The variation of wetted area of con-
tact area for different stages of desaturation along
the soil-water characteristic curve (after Vana-
palli 1994, reproduced with permission): (a)
boundary effect stage; (b) primary transition
stage; (¢) secondary transition stage; and (d) resid-
ual stage of unsaturation.
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through the wetted interaggregate contact
area points. As there is little change in the
water content of the soil at suctions below the
air entry value, the shear strength contribu-
tion due to suction, represented by ¢°, is equal
to the effective angle of internal friction, ¢’, up
to the air entry value of the soil.

The soil desaturates in the transition stage.
The flow of water in the pores of the soil re-
mains in the liquid phase as the applied suc-
tion increases. The water content in the soil
declines significantly with increasing suction.
When the soil desaturates in this stage, the
soil properties are no longer constant, as for
the boundary effect stage. The soil properties
are a function of the suction, or stress, in the
soil, and are called the unsaturated soil prop-
erty functions. Flow occurs through progres-
sively smaller size pores as the soil suction in-
creases. The connectivity of the pores, or
voids, continues to reduce with increasing
values of suction, as the pathways for flow are
reduced. Thus, the unsaturated hydraulic
conductivity, k, ), drops as the soil suction
increases. The wetted area of contact at the
interaggregate contacts reduces as desatura-
tion continues (Fig. 5.7). The contribution of
shear strength due to the suction decreases
with the desaturation of the soil in this stage.
As a result, there is a non-linear variation in
the shear strength of the soil with respect to
soil suction beyond the air entry value of the
soil.

Eventually, large increases in suction lead
to relatively small changes in water content.
This stage is referred to as the “residual stage
of saturation.” There is a fraction of relatively
immobile water in the pores of the soil at this
stage, which has little or no contribution to
the flow in the pores (Huang 1994). Water
movement in this stage is primarily through
vapor transport. The water content of the soil
at the beginning of the residual stage is called
the “residual water content.” The wetted
area of contact is significantly reduced, com-
pared to the saturated state, and soil suction
is not significantly effective in contributing

towards the shear strength of the soil. The
various stages along the soil-water character-
istic curve provide a physical model for under-
standing the unsaturated soil property func-
tions. There is a close relationship between
both the hydraulic conductivity and the soil-
water characteristic curve to the shear strength
behavior of an unsaturated soil.

5.2.2 RESIDUAL CONDITIONS

FOR A SOIL

The “residual water content”, and its corre-
sponding soil suction, have been defined in a
number of ways in the literature. However,
consistent use of these terms is lacking. Some
researchers suggest that a water content cor-
responding to a suction of approximately
1500 kPa may be used to define the residual
water content-{van Genuchten 1980). This
value of suction corresponds to the wilting
point of many plants.

Residual conditions for a soil will be de-
fined as the point where water movement in
the liquid phase ceases, or the point where
vapor phase transport becomes the primary
mechanism for moisture movement in the
soil. Desaturation beyond residual conditions
appears to occur primarily as a result of vapor
movement up to the point where the soil wa-
ter content is in equilibrium with the vapor
pressure in the surrounding environment.
The arbitrary value of 1500 kPa may, or may
not, correspond to the residual conditions for
a given soil. Residual conditions for a soil will
depend on the soil type and the pore size dis-
tribution within the soil. Graphically, the re-
sidual state can be seen on the soil-water
characteristic curve at the second break in
curvature at high suction values (Fig. 5.6).

The following graphical construction is
suggested for defining the residual state of a
soil (Fig. 5.6, dashed lines). First, in the tran-
sition stage of the soil-water characteristic
curve, draw a line tangent through the in-
flection point on the straight-line portion of
the curve. Second, in the residual stage of the
soil-water characteristic curve, extend a
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straight line back from the portion of the
curve passing through 1 000 000 kPa. The re-
sidual state of the soil, soil suction and corre-
sponding water content, is defined as the
point where the line extended from 1 000 000
kPa intersects the previous tangent line.
The residual state, or residual stress state,
for gravel, sand, silt and their mixtures is well-
defined and generally occurs at relatively low
values of suction, i.e. between zero and 500
kPa suction range. For clays with low plastic-
ity, the residual stress will generally be in the
range 5001500 kPa. However, for interme-
diate to highly plastic soil the residual state
can be greater than 1500 kPa. In some cases,
such as highly plastic, intact clays, it is diffi-
cult to define the residual break in the curve.
There is a common value of total suction,
i.e. the sum of matric suction and osmotic suc-
tion, where all types of soil approach a zero
water content. The total suction value corre-
sponds to approximately 1 000 000 kPa. Ex-
perimental results of Croneyet al. (1958), Rus-
sam (1958), Fredlund (1964), and Vanapalli
(1994) on various soils support this value. This
experimentally observed behavior is also sup-
ported using thermodynamic principles (Rich-
ards 1965). Engineers are generally interested
in the performance of geotechnical structures
in the relatively low suction range of 0-500

I. BASIC BEHAVIOR AND SITE CHARACTERIZATION

kPa. Suction values approaching 1 000 000
kPa, and the corresponding low water con-
tents, are useful when defining flux boundary
conditions for use in coupled soil-atmosphere
modeling. Therefore, it is of value to mathe-
matically define the soil-water characteristic
curve over the entire range of suctions.

Typical desorption branches of soil-water
characteristic curves for different soils are
shown in Fig. 5.8. A coarse-grained soil, such
as gravel or sand, has large interconnected
pores and shows a tendency to desaturate
rapidly with increasing values of suction. The
rate of desaturation decreases with an in-
crease of fines in a soil. The water holding
capacity, or storage capacity, of a soil corre-
sponding to a particular value of suction is
higher for a soil with a higher percentage of
fines. The air entry value (u, — 1)y, and the
residual suction value, y,, can be expected to
be higher for soils that have more fines.

5.2.3 MATHEMATICAL FORM FOR THE
SOIL-WATER CHARACTERISTIC CURVE

Analysis of geotechnical problems involving
unsaturated soils is complex and is carried out
using computers. Defining the soil-water
characteristic curve mathematically is re-
quired, since the soil-water characteristic
curve is used to predict the unsaturated soil
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FIGURE 5.8. Typical soil-water characteristic curves for four soils from Saskatchewan, Canada.
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property functions. Several equations have
been proposed for the soil-water characteris-
tic curve and are summarized in Table 5.1.

Many of the equations in Table 5.1 do not
properly model the entire suction range. Most
of the equations are asymptotic to horizontal
lines in both the low and high suction ranges,
in the boundary effect stage and residual stage,
respectively. In the boundary effect stage, the
equations produce a curve that is horizontal at
the maximum water content from zero suction
to the air entry value. If this line is extended
back into the negative suction range (positive
porewater pressures), it would yield a zero
value for coefficient of volume change, m,. In
the residual stage, the equations produce a
curve that does not pass through zero water
content at a suction of 1 000 000 kPa.

The equation proposed by Fredlund &
Xing (1994) provides a mathematically based
function defining the soil-water characteris-
tic curve over the entire range of suctions
form zero to 1 000 000 kPa. The relationship
is empirical, but is derived using the assump-
tion that the soil consists of a set of intercon-
nected pores that are randomly distributed.
The equation, written in terms of volumetric
water content, 0, is:

3]
0=C 3 54
W) [{ln[e n (\v/a)"]}'"] (54

where 8 = volumetric water content; 0, =
saturated volumetric water content, ¢ = a

suction value corresponding to the inflection
point on the curve, which has physical mean-
ing in its relationship to the air entry value of
the soil; n = soil parameter related to the
slope of the soil-water characteristic curve in
the transition stage, y = soil suction, i.e. ma-
tric suction at low suctions and total suction
at high suctions; m = parameter related to
the residual water content; 6, = volumetric
water content at residual conditions; e = nat-
ural number, 2.71828 . . .; and C(y) = correc-
tion function that forces the soil-water char-
acteristic curve through a suction of
1 000 000 kPa at zero water content.

The correction factor is defined as:

In[1 + (1 000 000/ys,) '

Cly) = {1 -

where Yy, = suction value corresponding to
residual water content, 0,.

Equation 5.4 can be written in a dimen-
sionless form by dividing both sides of the
equation by the saturated volumetric water
content so that for an incompressible soil:

_g= 1
®=S5 C(\u){ln[e " (Wa)n]} . (56)

Equation 5.5 can be used to best fit the de-
sorption or adsorption branches of soil-water
characteristic curve data over the entire
range of suctions. The fitting parameters, i.e.
a, n, and m values, can be determined using

TABLE 5.1. Summary of some mathematical equations

proposed for the soil-water characteristic curve

Soil parameter® Equation Reference

ag, n, 0, = 6,/[1 + (y/ay)™] Gardner (1958)

Avg, Mg, My 0., = 0/[1 + (y/a,) =™ van Genutchen (1980)
Ay, Ny, My, 0, = 6/[1 + (y/ay)=]™ Mualem (1976)

where m,, = 1 — (1/n,)

@y, 1y, My, 0., = 6,/[1 + (y/ay)™]™

where m, = 1 — (2/n,,)
ag, ng, meand .,

0., = C(y)6,/{ln[e + (y/ag)]}™

Burdine (1953)

Fredlund & Xing (1994)

* See section 5.2.3 for definition of term.
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a non-linear regression procedure such as the
one proposed by Fredlund & Xing (1994).

The soil parameters (@, m, and n) associ-
ated with each equation in Table 5.1 have a
similar meaning to the soil parameters de-
scribed for the Fredlund & Xing equation.
The a parameter bears a relationship to the
air entry value, while the n parameter is the
slope of the straight-line portion of the soil—
water characteristic curve.

5.2.4 LABORATORY MEASUREMENT

OF THE SOIL-WATER

CHARACTERISTIC CURVE

The soil-water characteristic curve is rela-

tively easy to measure in the laboratory.

However, the required test equipment has

not found its way into all soil laboratories.

The cost of performing the soil-water char-

acteristic curve test is generally less than per-

forming a one-dimensional oedometer test.
The experimental determination of the

soil-water characteristic curve is divided into

two parts. In the low suction range, where

[. BASIC BEHAVIOR AND SITE CHARACTERIZATION

suctions are less than 1500 kPa, a pressure
plate apparatus (Fig. 5.9) is used. Suctions
greater than 1500 kPa are established using
an osmotic desiccator. The Tempe cell is an
acrylic pressure plate device with a 100 kPa
(1 bar) ceramic high air entry disk. The soil
specimen is placed inside the acrylic chamber
in contact with the ceramic disk. In geotech-
nical engineering, the soil specimens are ini-
tially in an undisturbed state and water is
added to saturate the specimen at the start
of the test. Air pressure is applied to the
chamber and water is forced out through the
high air entry disk. Time is allowed for the
soil to reach an equilibrium. Once an equilib-
rium is reached, the air supply is discon-
nected and the Tempe cell with the soil spec-
imen is weighed. The air supplyis reconnected
to the Tempe cell and an increased pressure is
applied. This process is repeated until 100 kPa
(1 atm) of suction is reached. At this point, the
soil specimen is removed from the Tempe cell
and the volume and water content of the soil
are measured.
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FIGURE 5.9. Tempe cell, pressure plate apparatus for measuring water content versus matric suction

in the low suction range.
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Other commercially available pressure
plate devices allow tests to be performed up
to 1500 kPa. These devices were designed for
use in areas other than geotechnical engi-
neering, and each device has certain limita-
tions. Several attempts have been made to
develop an apparatus more suitable for
geotechnical engineering. A single specimen,
pressure plate device that allows a nominal
surcharge pressure to be applied to a soil speci-
men and permits a more realistic total stress
situation to be examined is shown in Fig. 5.10.
The pressure range is limited to 500 kPa, and
it is not possible to measure changes in the
volume of the specimen. Other equipment
for measuring the soil-water characteristic
curve is at the experimental stages (Leong &
Rahardjo 1997a, 1997b) of development.

At suction values greater than 1500 kPa, an
osmotic dessicator is used to determine the
water contents. A salt solution, selected to
provide a fixed relative humidity environ-
ment, is placed in the bottom of the osmotic
dessicator. Examples of salt solutions are
given in Table 5.2. The soil specimen can be
prepared such that the soil either dries to
equilibrium or wets to the equilibrium condi-
tion. A slight hysteresis will be observed de-
pending on the stress path. The soil samples
are approximately 1 g in size.

5.2.5 ESTIMATION OF THE SOIL-WATER
CHARACTERISTIC CURVE

There are several approaches that can be
used to estimate an approximate soil-water
characteristic curve (Figs 5.2 and 5.11). Some

Quick
connector

Winged nut

Washer

Top cap

Center
casing
O-Ring

Porous
ceramic stone
in ring

Bolts
(5req)

O-Ring

Bottom cap

Fittings

O-Ring

Upper spring
seat

'Spring

Spring base

Spacers

Sintered
porous
brass stone

Consolidation
ring

FIGURE 5.10. Single specimen, pressure plate cell.

\



118

I. BASIC BEHAVIOR AND SITE CHARACTERIZATION

TABLE 5.2. Salt solutions that provide stable relative humidity environments

Total suction g NaCl-1000 g KCI1-1000
(kPa) RH ml™! H,0O ml™! H,O?
98.0 0.999 27 1.3 1.2

310.0 0.997 74 3.8 53

980.0 0.992 78 13.1 17.0
3100.0 0.977 64 39.0 52.7
9800.0 0.930 08 122.5 165.0
* At 20 °C.

attempts have been made to correlate fitting
parameters for a soil-water characteristic
curve with the plasticity and grain size dis-
tribution classification properties of a soil
(Ahuja et al. 1985, Pessaran 1995). Presently,
these correlations are approximate and based
on limited data. Further studies may prove
these relationships to be applicable to engi-
neering practice.

The use of operations research techniques
on a large database holds promise due to the
large volumes of data on soil-water char-
acteristic curves available from other disci-
plines. The database can be used in con-
junction with a knowledge-based system to
determine the most reasonable soil-water
characteristic curve, or the grain-size curves
can be matched in order to estimate soil—

USE OF A KNOWLEDGE-BASED SYSTEM
TO ESTIMATE SOIL-WATER CHARACTERISTIC
CURVES FOR COMPUTING UNSATURATED
SOIL PROPERTY FUNCTIONS

Match soil-water Match soil classification Match grain size
characteristic curves or other factors distribution
N
I i
Compute Select . .
: p Select soil-water Compute soil-water
plrlg;;s:tr’ltjyrafz?ldcﬁsgr':s pl:g;ggjyr?tu%dmgggs characteristic curves characteristic curves
l
L ! Co uted
Compute the Select mpare computed curves
unsaturated soil || unsaturated soil dv:g?ailt:‘rl:gtri ?gx‘;e{n
property functions | | property functions data base then select
Compute the
unsaturated soil
property functions

FIGURE 5.11. Approaches that can be used to estimate soil-water characteristic curves for the determi-
nation of unsaturated soil property functions when using classification tests and a database.
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water characteristic curves (Fredlund et al.
1997a). Three different approaches could be
adopted, as shown in Fig. 5.11. Engineering
judgment is involved to determine if the soil—
water characteristic curves and unsaturated
soil property functions are reasonable.

The first approach involves matching mea-
sured soil-water characteristic curves with
soil-water characteristic curves already in a
database. The measured soil-water charac-
teristic curves can be used either to compute
the unsaturated soil property functions or to
select unsaturated soil property functions al-
ready in the database.

The second approach involves matching
measured classification properties, such as
grain-size curves, with classification proper-
ties in the database. Once one or more similar
soils have been found in the database, corre-
sponding soil-water characteristic curves can
be retrieved. As in the first approach, the
soil-water characteristic curve data can then
be used either to compute the unsaturated
soil property functions or to select unsatu-
rated soil property functions already in the
database.

The third approach uses the measured
grain-size distribution curve to directly com-
pute the soil-water characteristic curve. The
mathematical equation that is used to de-
scribe the soil-water characteristic curve can
also be used for fitting the grain-size dis-
tribution curve. The Fredlund & Xing
(1994) form of the equation, given below,
is suggested for the grain-size distribution
curve since the equation can independently

characterize the two extremes of the func-
tion:

100
{Inle + (d/a,)™]}™

P =CWd,) (5.7)

where P = grain-size per cent passing; 100
= 100% passing; e = 2.718.. . . ; d = diameter
of the particles in mm; a, = parameter corre-

sponding to the inflection point on the grain-
size curve, related to the largest particles in
the distribution; n, = parameter related to
the uniformity of the particle size distribution
and having a character similar to the unifor-
mity coefficient, C,; m, = parameter related
to residual particle sizes; and C(d,) = correc-
tion factor to ensure that the function goes
through a lower limit particle diameter, e.g.
0.000 01 mm.

The grain-size distribution curve param-
eters, i.e. a,, n, and m, are obtained by per-
forming a best-fit regression analysis on parti-
cle size data from an existing database. The
grain-size curve parameters allow the grain-
size distribution curve of a soil to be repre-
sented as a continuous mathematical function
that can be further analyzed. The grain-size
distribution curve forms the basis for a theory
to estimate the pore-size distribution in the
soil. This is true only to a degree, and the vol-
ume—mass properties must also be taken into
consideration in the form of a “packing fac-
tor” (Fredlund et al. 1997a). Several attempts
have been made to characterize the pore-size
distribution from the grain-size distribution
(Gupta & Larson 1979; Ghosh 1980; Arya &
Paris 1981; Ahuja et al. 1985; Haverkamp
& Parlange 1986). Information from the
pore-size distribution can be used for the
estimation of the soil-water characteristic
curve.

Fredlund et al. (1997a,b) showed that it is
possible to estimate the soil-water character-
istic curve from a grain-size distribution
curve provided the procedure is “trained”
with the assistance of a knowledge base. Fig-
ure 5.12a shows a best-fit of the grain-size
curve for a sand sample. The soil-water char-
acteristic curve predicted from the grain-size
distribution curve is compared with experi-
mental data in Fig. 5.12b. The results are en-
couraging for sands and silts, but further re-
search is required when using this procedure
for clayey soils.
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FIGURE 5.12. (a) Grain-size distribution curve fit for sand, and (b) comparison between experimental
and predicted soil-water characteristic curves for sand (after Fredlund et al. 1997a, reproduced with

permission).

5.3 Stress State Variables
of Unsaturated Soils

Three sets of possible stress states exist for
an unsaturated soil, net normal stress (¢ —
u,), matric suction (u, — u,,), and effective
stress (6 — u,,), where ¢ = total normal
stress, u,, = porewater pressure, and u, =
pore-air pressure (see Section 5.1.1). Al-
though three sets of stress state variables ex-
ist, only two sets are independent. Fredlund
and Morgenstern (1977) found that the stress

state for an unsaturated soil could be defined
by the two independent stress state sets. The
stress tensors associated with the stress state
variables are given below.

Stress state set No. 1:
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Stress state set No. 2:

(0, — u) Ty T,
Ty (0, — uy) Ty (5.8b)
T T, (6. — uy)
Stress state set No. 3:
(U, — uy) 0 0
0 (ua - uw) 0 (58C)
0 0 (u, — uy)

In the special case of a saturated soil, the air
pressure, u,, is equal to the water pressure,
u,,, and the three stress tensors reduce to one
single stress tensor. The stress state variables
most often used in the formulations of unsat-
urated soils problems are sets 1 and 3.

Research has found that it is convenient to
combine the stress state variables in the form
of stress points. A system of stress point des-
ignations has emerged within critical state
soil mechanics (see Chapter 2) for an unsatu-
rated soil (Wheeler & Sivakumar 1992).
Stress point designation can be written in
terms of net mean normal stress, p, a deviator
stress, q, and matric suction, r, for an unsatu-
rated soil:

p = (————“1 ki ‘:’; ha 63) —u,  (5.9)

= {1/2[(6s — 03)?
q = {1/2[(c; — ©3) (5.9b)
+ (05 — 0, + (0, — 6]}

(5.9¢)

r = (u, — uy).

5.3.1 MEASUREMENT OF SOIL SUCTION:
MATRIC, OSMOTIC AND TOTAL SUCTION

The measurement of soil suction is key to the
practical implementation of unsaturated soil
mechanics theory. The direct measurement
of matric suction values, in situ and in the

laboratory, from zero to several atmospheres
of pressure has proven to be a great chal-
lenge. The pressure plate apparatus and axis-
translation technique was the earliest proce-
dure used in the laboratory to measure matric
suction. The increase in air pressure in the
chamber surrounding the specimen kept the
porewater pressure positive and prevented
cavitation in the chamber above the pressure
transducer. The first in situ direct measure-
ments of matric suction were made with the
use of tensiometers. The “Quick Draw” ten-
siometer (manufactured by Soilmoisture Inc.)
has proven satisfactory for some geotechnical
engineering applications.

Conventional tensiometers have two major
drawbacks; the inability to measure suctions
greater than 1 atm, and the need for daily ser-
vicing in the field. Recent developments on
tensiometers that can go beyond the limit of
1-atm suction limit provide hope that direct
measurement of matric suction may become
part of engineering practice (Ridley 1993;
Ridley & Burland 1993; Guan & Fredlund
1997). The key to being able to take direct
measurements in the high suction range ap-
pears to lie with the care in the manufactur-
ing of the sensor and the conditioning of the
water used in the sensor.

Indirect measurement can also be made
using a thermal conductivity sensor to obtain
the matric suction in a soil. The thermal con-
ductivity sensor is placed in contact with the
soil, and the water content in the porous ce-
ramic tip is allowed to come to equilibrium
with the water content of the soil. To mea-
sure the matric suction in the soil, the sensor
is heated and the rate of cooling is measured
and used to determine the water content of
the ceramic sensor tip.

The indirect measurement of matric suc-
tion using thermal conductivity sensors has
several advantages. Measurements in the
high suction (low water content) range are
possible. The sensors do not need daily ser-
vicing, and are almost maintenance free once
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