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ABSTRACT

The International Conference on Soll Mechanics and
Foundation Englineering in 1936 wvas perhaps the first
international forum which brought unsaturated soll problenms
to the attention of geotechnical engineers. 8ince then, the
understanding of unsaturated soll behaviour has been
improved considerably. The theory for the volume change and
shear strength behaviour of unsaturated soils has now
developed to the point of potential application in geotech-
nical practice. A complete understanding of the volume
change behaviour of an unsaturated soil requires a knowledge
of volumetric deformation moduli on four state planes.

These modulil must be determined in elther a direct or
indizrect manner in order to solve practical pfoblems
involving volume change, moisture movement, bearing
capaclity and slope stabiilty analysis. The measurement of
these modull generally requires modification to conventional
laboratory equipment. The solution of unsaturated soll
problems would be greatly facilitated if the relationships
between the various aoduli were known. Then it would be
possible for all moduli to be determined by a few
~established conventional soil tests.

The main objective of this dissertation is to

develop and measure the relationships between the various
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volume change moduli. The study began with a literature
reviev on the volume change constitutive relations for the
soll structure and vater phase of an unsaturated soll.
Attempts were made to gather information pertinent to the
relationships between dlfferent moduli. The theory chapter
started with an examination of the most acceptable form for
the so0il structure and vater phase constitutive surfaces on
both arithmetic and semi-logarithmic scales. Approximate
semi-logarithmic constitutive surfaces were then proposed.
The geometry of the approximate semi~logarithmic
constitutive surfaces is used to relate the moduli
assoclated with a particular phase (i.e., the soil structure
or wvater phase).

When a soll is saturated, the soll structure and
.water phase moduli with respect to the loéarithn of net
total stress are related by the relative density, Gs' of the
soil. The inter-relationship of the three remaining moduli
was then studied. A laboratory test program was designed
to obtain experimental data shoving the characteristic form
of the semi-logarithmic constitutive surfaces on the net
total stress and matric suction planes. Two solls, a
uniform-silt and a glacial tlli wvere tested. Specimens vere
formed by static compaction at half standard Proctor
compaction effort with either dry of optimum or at optimum
initial wvater contents. The investigation included

specimens being loaded and unloaded under Ko and isotropic
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conditions. The results were analyzed and used to evaiuate
the relationships between the modull.

The knowledge of four moduli is needed to
complgtely describe the volume change behaviour of an
unsaturated soil in a monotonic Qolume change process.
Speclal tests are required to determine these four moduli
in the laboratory. For instance, the one-dimensional or
isotropic compression test, the suctlon and unconfined
shrinkage tests are necessary for solving settlement
problems.

The use of an approximate semi-logarithmic
constitutive surface as a means to relate moduli for the
same phase appears to be viable only for the soll structure.
The geometry of the approximate soll structure constitutive
surfaces is identifiable by two characteristic stress states
namely the;corrected swelling pressure (i.e., Pé) and the
initial stress state translated to the matric suction plane
following a constant volume stress path (i.e., (ua - uv):}.
Relationships between soll structure moduli can be written
in terms of log P; and qu(ua- uwlf. The experimental data
has revealed empirical relationships between moduli for the
vater phase. As a whole, six relationships for the eight
moduli assoclated with monotonic volume decrease and
increase are suggested. The compressive and swvelling
indices with respect to the net total stress (i.e., ct and

Cts respectively) can be measured using conventional



oedometer or triaxial equipment. These two are regarded as

"basic™ moduli. The remaining moduli can be estimated from

the proposed relationships with the knowledge of the basic

moduli and the characteristic stress states, P; and

e
(ua— uw)l'
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CHAPTER I

INTRODUCTION

1.1 Generzal

The development of unsaturated soll mechanics
consists of several primary areas bf study, namely, volume
change, moisture movement and shear strength behaviour.
Theory and technology developed in these areas form the
basis for geotechnical engineering practice invelving volume
change, seepage, bearing capacity and slope stabllity
analysis. The volume change theory is relevant when solving
these practlical problems. Volume change for an unsaturated
s80il 1s described in terms of constitutive relations. The
nﬁterial properties in such relations can be called
volumetric deformation modull.

The prediction of volume change ln an unsaturated
saoil becomes a direct application of the volume change
constitutive relations in conjunction with the constraint of
various boundary conditions. The flow laws and volume
change constitutive relations provide the necessary physical
relations for formulations related to seepage problems.

Both bearing capacity and glope stability analysis involve
the shear strength equation for unsaturated soils. The
shear strength equation relates shear strength to stress

state varlables such as the net total stress (l.e.,
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{oc - ua)) and matric suction (i.e., (ua - uw)} (Fredlund,

Morgenstern and Widgexr, 1978). The pore-air, u_, and

a
and pore-water, U’ pressure are stress components of the
stress state variables. A change in the boundary conditions
causes the pore-air and pore-water pressure to change.

This, in turn, leads to a change in the shear strength. The
change in pore-air and pore-vater pressure due to
environmental changes can be described by the transient flow
equations for the air and water phases. The transient £low
equations are written in terms of the volume change
constitutive relations and the air and wvater flov laws.
Pore-air and pore-vater pressure changes for undrained
loading conditions are descrxibed using pore pressure
parameters. The pore pressure parameters can be written in
terms of the volume change constitutive relations and the
density and compressibility equations for air-water
mixtures. _

A knowledge of four independent moduli is required
in order to completely describe the volume change behaviour
of an unsaturated soil in a monotonic volume change process.
The development of the relationships between the modulli is

regarded as an area of much needed research to enhance the

volume change theory for unsaturated soils.




1.2 Scope of The Thesis

The main objective of this dissertation is the
development of relationshiés between the various volumetric
deformation moduli. Attempts are made to find relationships
between the modull in order that all required moduli can be
determined from a few basic conventional soil tests. An
experimental program is used to gather Aata to test the
proposed relationships. The methodology used in the study
is as follows.

Chapter 1I provides a summary of existing
information on the volume change behaviour of unsaturated
soils. Pertinent literature on the volume change
constitutive relations for the soil structure and water
phase is presented and criticized. An attempt is made to
gather information pertaining to the relationships between
the different moduli. Theory surrounding possible
relationships between the moduli is developed in Chapter
IIT. The form of the scil structure and water phase
constitutive surfaces is examined on both an arithmetic and
a semi-logarithmic scale. Approximate semi-logarithmic
constitutive surfaces are proposed. The geometry of the
approximate constitutive surfaces is used to relate the
various moduli. A brief discussion is presented on the
adaptation of the proposed theory for unsaturated collapsing
so0ils. However, a complete consideration of collapsing

s0ils is outside the scope of this thesis.
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Chapter 1V describes the test program used to
experimentally verify the form of the constitutive surfaces
for Ko and 1sotropic loading and unloading conditions. The
results from the test program are presented in Chapter V.
The analysis of the experimental results and an evaluation
of the proposed relationships between the moduli arxe
provided in Chapter VI. Final conclusions and

recommendations of the study are presented in Chapter VII.




CHAPTER II

LITERATURE REVIEW

2.1 Introduction

This chapter presents existing information on the
volume change behaviour of unsaturated soils. Literature on
the constitutive relations for volume change in the soil
structure and water phase is reviewed. The form of the
constitutive surfaces is discussed, Attempts are made to
gather information pertaining to the relationships between
the different volumetric deformation moduli. There are
three sections in this chapter. Section 2.1 describes the
layout of the chapter. Section 2.2 reviews literature on
the constitutive relations for volume change in unsaturated
soils. Section 2.3 presents and discusses previous research

done on the relatjonships between the different volumetric

deformation modull. -

2.2 Constitutive Relations for Volume Change in Unsaturated
Soils
A volume change constitutive relation relates the
stress and strain variables of a continuum through materiél

constants known as volumetric deformation moduli. The same
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mathematical equations can be represented graphically as a
constitutive surface in three dimensional plots.

An unsaturated soll consists of four phases ~ the
soil solids, pore-water, pore~air and contractile skin (i.e.
alr-vater interphase) (Fredlund, 1979). Aséumlnq the soil
sollids are incompressible and the volume change of the
contractile skin is internal to the soil element, the
continuity requirement (l.e. consexvation of mass) can be

expressed as follows (Fredlund, 1973).

€ = Bw + ea (Zfl)
wvhere
E = av s the volumetric strain of the soil
structure

AVV .

ew = —— , the volumetric strain of the pore-
Vv - water
ava

ea = —X , the volumetric strain of the pore-
v air

Vv = total volume of an unsaturated soil element

AV__ = change in volume of water in the soil element

AV_ = change in volume of air in the so0il element
It follows that any two of the three constitutive relations
~are required for complete description of volume changes
sustained by an unsaturated soil undergoing stress changes.
These relations pertain to the volume change of the soll
structure and pore-wvater in terms of the total stress, o,
pore-air, ﬁa and pore-vater pressure, .

Section 2.2.1 and 2.2.2 present volume change




g
constitutive relations of the so0il structure and pore-wvater

respectively.

2.2.1 Constitutive relation for the soil structure

In 1941, Biot presented volume change constltutive
relations for an unsaturated scil. The deformation of the
soil structure wvas mathematically related to the stress
variables, (o - uv) and u,- The soil structure was assumed
to hehave as a linear, reversible, isotropic and elastic
material. Provision was made for soils "not completely
saturated with wvater and containing air bubbles™. The

proposed constitutive relations are as follovs.

€, = igx;-gxl - % (oy+ o - 2u ) + ;ﬁ . (2.2a)

€, = ‘—a‘%—u—‘-’- -8 (ot o~ 20 + ;ﬁ (2.0

e, = -‘E%-i“l -Btot 0~ 20 + ;-g- (2.2¢)

Exy = I%Z (2.24)

Eyz = I%E (2.2e)

€py = IEE (2.2¢£)
vhere

€ = sgtrain

o = total stress




T = shear stress
u, = pore-watexr pressure
E = elastic modulus with respect to a change in

(¢ - u.)

v
i = Poisson's ratio
= material parameter, physical constant
E

6 = =————— , shear modulus

2(1 + R)
The soll coefficlent, 1/H wvas interpreted as "a measure of

the compressibility of the soil for a change in wvater
pressure, uw“. No experimental verification was presented.
The choice of the stress and strain variables was not
justified or discussed. However, the proposed constitutive
relations are similar to those suggested some thirty years
later (Fredlund and Morgenstern, 1976). In 1976, the
following equations wvere presented by Fredlund and
Morgenstern as the constitutive relations for volume change
of the soil structure in an unsaturated soil element (i.e.,
with a confinuous alr phase) which behaves as a linear,

elastic, isotropic material.

(o~ u.) (u_~- u )
ex=—53§—3—--§(a+a-2u)+ 5 (2.3a)
(o~ u.) 8 {(u_ - uw.)
€, = —JL—!-E -~ g (O, 0= 2u,) ¢+ -—a—-’—n, (2.3b)
(o_- u.) " (u_- u.)
€, = __zE__!_ =g (O, t 0 2u)) + —'a;;—!— (2.3c)
vhere




%
H = an elastic modulus with respect to a change
in (u - u.)

A comparison between the two sets of equations
(i.e., equation set (2.2) and (2.3)) indicates that the
cholce of stress variables used in forming the equations 1s
the main difference between these two formulations.
Fredlund and Morgenstern (1977) showed by the principle of
superimposition of colncident equililbrium stress fields that
any two of the three stress variables, (o -~ ua), (o0 - uw)
and (ua- uw) can completely define the stress state of an
unsaturated soil. For soils with interconnected air voids
open to atmospheric pressure, the stress state variable,
(ua- uw) equals the pore-water stress component, -u, . The

w
Biot (1941) equations wezre given little heed until the mid

1970's.

In 1936, Terzaghi presented the effective stress
concept., The success of using a single stress variable,
(o - uwl in describing the mechanical behaviour of saturated
solls lead researchers to seek for a similar formulatioﬁ for
unsaturated solls. In 1959, Bishop proposed his effective

stress equation for an unsaturated soil.

o' =¢ - [Xu,6 + (1 - x)ual (2.4)
or = (0 = uy) + A(ug - uy)
vhere
a! = effective stress
u_ = pore-air pressure
u -

W = pore-wvater pressure
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(ua- uw) = matric suction

x = a soil parameter related to the degree of
saturation

In the 1960 Research Conference on "Pore Pressure
and Suction in Soil" at London, Bishop's effective stress
vas widely accepted. However, in 1962, Jennings and Burland
used experimental results to qualitatively illustrate the
shortcomings of considering Bishop's effective stress as the
stress variable fully accountable for the volume change
characteristics of unsaturated soils. A series of oedometerz
and isotropic compression tests were carried out on
unsaturated and saturated soils ranging from silty sands to
silty clays. It was shown that the soll structure of silts
and silty sands'would collapse when being saturated. 1In
order to maintain a constant volume of the specimens upon
saturation, a decrease in the stress varlable, (o - uw) was
required. Such findings contradicted Bishop's suggestion of
a single valued stress state varlable. This conclusion led
to a search for other more appropriate stress state
variables that better describe the volume change behaviour
of unsaturated soils.

In the same year, 1962, Coleman separated the
components of Bishop's effective stress equation and
proposed a constitutive relation for soll structure volume
change as follows.

av _ _ - - au -
v = C21(duw dua) + czztda dua) + 023(601 do

3}
(2.5)
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wvhere

av = the change in the overall volume of the
s0il structure

v = current overall volume of a soil element

C21,022,023 = g0il parameters depend solely upon the current
values of (uw - ua), (¢ - ua) and (al - 03)

and the stress history of the soil.
Coleman (1962) did not present details of the formulation
for the proposed constitutive relation or explain how the
stress varlables, {uw - ua), {0 - ua} and (al - 03) vere
selected. No experimental verification was presented.

In 1963, Bishop and Blight acknowledged the
problems of using one stress variable to describe the volume
change behaviour of unsaturated soils. The authors wrote,
"A change in value of the term, (ua- uw) does not
correspond directly to a change in neutral stress since the
term represents a pressure difference due to surface tension
acting in general over only a part of the surface area of
the soll particles. A change in the value of (ua - uw) is
almost invariably accompanied by a significant change in the
value of ¥X. Furthermore, the presence of large surface
tension forces within the soil leads to differences in soll
structure in samples following apparently similar effective
stress paths. These differences have pr&ved to be of
barticular significance with regard to volume change ... ",
Bishop and Blight (1963) proposed that, "... results of any
test measuring volume change under all round pressure may be

expressed as a path in space with the axes being the void
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ratio, e, stress difference, (o - ua) and (ua - uw) ces "
(Figure 2.1). This was perhaps the first time the
suggestion was made that the constitutive relation could be
graphically represented as a constitutive surface. However,
no experimental verification was presented.

In 1968, Matyas and Radhakrishna used the concepts
of state and state parameters from continuum mechanics in
studying the volume change behaviour of unsaturated soils.
Attempts were made to establish the "stress point functions”
and "state surfaces" which are.the constitutive relations

and surfaces, respectively. The stress variables, (o - ua)

and (ua - uw) vere chosen as the "state parameters" whereas

the void ratio, e and degree of saturation, S vere selected
as "stress dependent guantities". Experimental data
illustrating the constitutive surface of the soil structure
were presented (Figure 2.2). Statically compacted specimens
prepared from a mixture of 80% grounded guartz and 20%
kaolln were used. A predominantly collapsing behaviour was
observed.

In an attempt to establish a systematic approach
to foundatlion deslgn on desiccated clays, Altchison and
Woodburn (1%69) advocated the idea of separate consideration
of each component of Bishop's effective stress (i.e.
equation 2.4). The total stress, ¢ and matric suction,

(u_ - uw) were used as stress varlables in describing ground

a
movements. It was proposed that modified oedometer tests
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YOID RATIO €
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\

Figure 2.1 Volume Changes under Equal All-Round Pressure
Plotted in Vold Ratlo-Stress State Space (Bishop
and Blight, 1963)
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15
with Independent control of suction and applied load be run
in accordance with the anticipated fleld stress path. The
resulting volume change curves were proposed to be used for
predicting ground movement. Volume change curves of an
expansive black earth from Adelaide in south Australia were
presented (Figure 2.3). The presented experimental data
illustrates the diminishing effect of increasing suction to
reduce the volume of a soil and a near linear semi-
logarithm relation between suction and strain in the
unloading phase.

Barden, Madedor and Sldes (1969) conducted a test
program to experimentally lnvestigate the volume change
behaviour of unsaturated soils under Ko conditions.
Coleman's (1962) proposed constitutive relation for studying
s0il structure volume change under one-dimensional

compression was used in the study.

Ev = cld(a - ua) + czd(ua- uw) (2.6)
where
ev = volumetric strain of the so0il structure
Cl, 02 = compressibility moduli with respect to
(¢ - u_) and (u_ - u )} respectively
a a v
(v - ua) = net total axial stress

(ua- uw) = matric suction
Compacted, low to high plasticity illite specimens were
tested. These specimens were subjected to suction and total
stress changes of 80 and 450 kPa respectively (Figure 2.4).

Specimens in Group 2,3,4,5 underwent monotonic increases in
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degree of saturation and decreases in strain. The test
results indicated a unique constitutive surface for soil
structure volume change under KO conditions (Figure 2.5).
Specimens in Group 6 and 7 underwent a monotonic increase in
the degree of saturation but strain revezsals; The test
results showed hysteresis in volume changes (Figure 2.6).
Group 11 specimens were subjected to both degree of
saturation énd strain reversals. The test results showed
significant stress path dependence in the soil structure
deformation (Figure 2.7). The authors reported a gradual
decrease in the compressibility modulus, c1 as the matric
suction, (ua - uw) increased (Table 2.1). This finding
agrees with the "typical family" of soil structure volume
change curves (Figure 2.8) presented by Aitchison and
Woodburn (1969). Fredlund (1979) later suggested a
constitutive model which possessed a similar feature.

In 1971, Brackley used Bishop's effective stress
(i.e., equation 2.4) to study unsaturated soil vclume change
behaviour. Oedometer and triaxial tests on compacted
expansive South African clay specimens were performed. The
observed collapsing behaviour upon saturation was 'used to
illustrate soil structure volume change behaviour that was
inconsistent with Bishop's effective stress equation {(Figure
2.9)., No definite mathematical equation was proposed for

the s0il structure volume change constitutive relation.
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Table 2,1 Effect of Suction Pressure on Compressibility
(Barden et. al., 1969)

Suction, in Ci, in
Group number Streaa path pounds per aquare inches,
aquare inch per pound
(n 2) {3) (4)
AC 12 2.38 x 1074
2 DE & 2.67
FH 0 5.00
] AC 12 2,64 x 1074
4 DE 8 2.83
FH 0 2.89
AC 12 6.26 x 1074
] DE L] 7.34
FH 0 13.17
a AC 12 4,89 x 107
FH 0 8.60
wX 18 2.80 x 107
n VY 0 4.36
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IN THIS REGION Y AXIS MAY BE PLOTTED IN TERMS
— OF VOID RATIO
(VOLUME CHANGE IS UNI-DIMENSIONAL)

AB/¥H,

q
_Ua=u, =CONST=0
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}
1
i APPLIED LOAD (kPa)

IN SHADED ZONE Y AXIS CANNOT BE PLOTTED IN TERMS
OF VOID RATIO
(SAMPLE IS CRACKED AND VOLUME CHANGE IS INDETERMINATELY
THREE-DIMENSIONAL)

Figure 2.8 Typical Consolidation Curves Throughout the
Suction Range (Aitchison and Woodburn, 1969)
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During the Third International Conference on
Expansive Soils at Haifa in 1973, Aitchison and his co-
workers presented a series of papers on the "quantitive
description of the stress-deformation behaviour of expansive
soils", An effective stress equation'(nitchison, 1965)

similar in form to that of Bishop's (1959) was presented.

' = -
o o + xm(ua uw) + xsm (2.7)
where
ol = effective stress
o = total stress
(ua - uw) = matric suction
n = solute suction
xm,xs = gsoll parameters within the range 0 to 1 anad

are stress path dependent
Altchison (1973) reported that "... it is rarely possible to
quantify the operative effective stress (although each
stress component may be known) and one must be content with
a gquantitative so0il response to a quantitative changé in one
or more of the components of effective stress". It was
suggested that "stress path studies be adopted in studying
the volume change behaviour of unsaturated soils. It was
proposed that "... stress path studies give rise to sets of
'behavioral laws' in which the soll response is guantified
against a single stress variablé with each other stress
components remaining constant ... to define sets of simple
1awsrgoverning relationships betweén soil propexties and

individual stress components ...". The following
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constitutive relations were suggested for the soil structure

volume change of an unsaturated soil (Aitchison et.al.,

1973).
= ] -
€y cc (loga2 logal) (2.8)
€y, = Im' Nm .(2.9)
€, = I,. N (2.10)
vhere
€y = s0il structure volumetric strain due to changes
in the total stress component, o
Cé = compression index at specified values of matric,
(u. - u_ ) and solute, n suction
a v r
Oyy 04 = total stress
€, = s0il structure volumetric strain due to changes
in the matric suction, (ua- u, } component
Im = matric instability index at Specified values of
total stress, ¢ and solute suction, =«
N = matric suction envirenmental control,
n [log(u_- u_ ), -~ logiu_- u ),]
EAL w'2 a w'l
€y = s80il structure volumetric strain due to changes
in the solute suction, n component
Is = solute instability index at specified values of
total stress, o and matrie suction, (ua - uw)
Ns = gsolute suction envirenmental control,

[log ", - log ull

A linear variation between the so0il structure volumetric
strain and the logarithm of the stress variables, o,

(ua- uw) and ©t wvas assumed. The soil compression and
instability indices are basically volume change moduli with
respect to the different stress variables. Combining
equation (2.8), (2.9) and (2.10) gives an overall

constitutive relation for soil structure volume change as
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.follows.
o (u_~ u ) x
g_ =.C' log(-l) + I log[—-gj'—!—gl + I log{—zl
s c oy m (ua “w)l 5 LY
{(2.11)
where

€, = overall volumetric strain of the soil structure
Such an equation is similar in form (but extended) to the
conventional constitutive relation for volume change in

saturated soils (Terzaghl and Peck, 1967)

c ol
= —G -2
€5 = Tve log(c.) (2.12)
o 1
vhere
Cc = compression index
ey = initial void ratio

Graphically, the proposed‘constltutive relation (equation
2.11) represents a family of parallel planar constitutive
surfaces using the logarithm of the stress variables, o,
(ua - uw) and = as abscissas and contouring variables

in the thirzrd dimension respectively. Experimental data
demonstrating the form of the composite constitutive surface
was presented by Altchison and Martin (1973) (Figure 2.10).
The proposed soil structure volume change constitutive
relation resembles that presented by Fredlund and
Morgenstern (1976) when the pore-air pressure, u, is
atmospheric and there is a constant solute suction
environnent.

Up to the mid 1970's, considerable experimental

work had been conducted to study the soll structure volume
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change characteristics but there was little agreement on how
best to formulate the constitutive relation. There was
experimental evidence that the independent stress variables,
o ua) and (ua— uw) together are more appropriate than a
single-valued "effective stress", o' for descrlbing the
volume change behaviour (Jennings and Burland, 1962)
(Coleman, 1962) (Bishop and Blight, 1963} (Matyas and
Radhakrishna, 1968) (Aitchison and Woodburn, 1969) ( Barden
et.al., 1969) (Brackley, 1971) (aAitchison, 1973). There
vere suggestions that two volume change constitutive
relations, one for the soil structure and one for the pore-
wvater were required to define the volumetric behaviour of an
unsaturated soil (Biot, 1941) (Coleman, 1962} (Matyas and
Radhakrishna, 1968). Little further explanation was
presented. 1t was apparent that research progress in this
area was avalting a better understanding of the fundamental
physical behaviour (Aitchison, 1973).

In 1973, Fredlund 1dent1fied the governing
independent stress (i.e., (o - ua), (o - uw) and (ua— uw))
and deformaticen (i.e., €, ew and Ga) state variables for an
unsaturated soil. Semi-empirically formulated volume change
constltutive relations linking the independent stress and
deformation state variables were proposed fér the soil
stfucture, pore-water and pore-alr phases (Fredlund and
Morgenstern, 1976). These constitutive relations were also -

presented graphically as constitutive surfaces in three
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dimensional plots wilth the stress state variables as
abscissas (Figure 2.11). Any two of these three
constltutive relations were shown to be required for a
complete description of volume change. The volume change
constitutive relation of the soil structure was presented as

follows.

R R S

= _ d(u_- u_)
v 3o - ua) v a(ua uw) a v

(2.13)
wvhere
L __ 3V ___ . ms volume chan i
& = ’ ge coefficient of the soil
V2o - u) 1

structure when d(ua - uw) is zero

LW 8 volume chan i
- = . ge coefficlent of the soil
v a(ua u,) 2

wvhen d(o - ua) is zero
The above relation was presented in a different format to
retain consistency with conventional saturated soil
mechanics analyses (Fredlund, 1979).

de = atd(c - ua) + amd(ua - uw) (2.14)
where

de

change in void ratlilo

——de : <1s .
a, = d(og < uy * coefficient of compressibility with
a respect to the net total stress,
(0 - u,)

- _de
m d(ua - uw)

a

¢ Coefficient of compressibility with
respect to matric suction, (ua- uw)

It was suggested that the constitutive surface could be
linearized over a wider range of stress changes using the

logarithm of the stress state variables.
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(0 - u_) (u. - w_}
-— a'f - a_ _v'f
e = e - C log = - C log _ {2.18)
o t (o ua)o m (ua uw)o

where

Ct = compressive index with respect to the net total
stress,
+ Ae
109(0 _ ua,i
(o - “a)o

C_ = compressive index with respect to matric
suction,
t+ _Ae
(u .- u
a
log =
(ua

w)f
uw)o

Laboratory results demonstrating the validity and uniqueness
of the proposed constitutive relations near a stress point,
for isotropic and Ko loading conditions, with monotonic
deformation were presented. It should be noted that the
proposed constitutive relations are similar in form to those
suggested by Coleman in 1962. A linear variation between
the stress variables on the horizontal planes (i.e., the e
= constant, planes) is suggested (Figure 2.12 and 2.13)
(Fredlund, 1979 and 1980). The semi-logarithmic
constitutive surface is presented as a planar surface.

Chen (1975) performed series of one-dimensiocnal
free swell tests on claystone shale specimens. The effect of
surcharge pressure, initial specimen thickness, water
content, degree of saturation and dry density on swelling
pressure was investigated. The test results (Figure 2.14

and 2.15) indicate the swelling pressure is independent of
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the surcharge pressure, initial specimen thickness, water
content and degree of saturation. There exists a linear
relation between the swelling pressure and dry density in a
semi-log scale (Fiqure 2.16). The relation is expcnential
in an arithmetic plot (Figure 2.16). This experimental data
illustrates some of fhe characteristics of the soil
structure volume change constitutive curve with respect to
total stress.

Llorett and Alonso (1980) used a cubic spline
interpolation technique (Burden, Faires and Reynolds, 1978)
to approximate the volume change constitutive surfaces of
the different phases of an unsaturated soil from discrete
experimental data points. The volume change constitutive
surface of the so0il structure was approximated using the
soll parameter, porosity, n, as the dependent variable and
the étress variables, (o - ua) and (ua - uw) as independent
variables. Smooth constitutive curves with respect to
either one of the stress variables were defined by third

degree polynomlals satisfying the following conditions.

1) n5+1(xj+1) = ni(xj+1) for.each j=0,1,2...,n-2.
2’4”;+1(xj+1) = n;(xj+l) for each 3 = 0,1,2...,n-2.
where
X = (0 - ua) or (u, - uw)

Experimental results from one-dimensional and isotropic
compression tests presented by Matyas and Radhakrishna

(1968) were used in approximating the soll structure volume
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change constitutive surface illustrated in Figure 2.17. The
approximated constitutive surface indicates two contlinuous
concave constitutive curves on the twe principal planes of
(o - ua) and (ua* uw) versus the porosity, n. The
mathematical functions representing these curves were not
shown. The presented constitutive surface shows a reverse
in the direction of deformation with respect.to changes in
suction, as the total stress increases. This anomaly was
not explained. Nevertheless, the paper tends to add more
evidence for a unigue soil structure constltutive surface
with respect to the stress varlables, (o - ua) and (ua -
uw).

In 1984, Richards, Peter and Martin studied the
effect of suction on the soll structure volume change of
unsaturated soils under one-dimensional loading conditions.
Soil suction was suggested to be composed of two components

with the “true so0il suction", S defined as follows.

S = (ua - uw) + R (2.16)
where
(ua - uw) = matric suction
t = solute suction

Specimens of a Pleistocene clay and a Black Earth from
Australia were tested in suction controlled consolidometerxs
and conventional pressure membrane apparatuses. The
vertical strain of the specimens under different vertical

total stress, matric and solute suction was measured (Figure
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2.18 and 2.19). The presented test data shows the geometry
of the so0il structure volume change constitutive curves with
respect to suction. There exists a "8" shape relation
between the so0il structure vertical strain and the logarithm
of increasing matric suction (Figure 2.18). The curvatures
.of these "s" shape curves are found to be diminishing to
near linear with increasing total vertical stress. The same
observation can be made for the constitutive curves of the
soil structure with respect to the logarithm of decreasing
solute suction (Figure 2.19}).

Michell and Avalle (1984) presented the results of
another study on soil structure volume change with respect
to suction. The one-dimensional soil structure volume

change constitutive relation was described as follows.

Evert = IptauT (2.17)
vhere
Evert = vertical strain
Ipt = "total® instability index, a soil constant
aut = change in total soil suction, A{{ua- uw)+n]

The "total" instability index is a volume change modulus
with respect to total suction. The authors suggested that
the instability index, Ipt be determined experimentally by
dimensional measurements on undisturbed soil cores exposed
to surface evaporation. The "core shrinkage test" was

introduced. It involved measuring the linear strain versus

eve;t

e and the "moisture character-~

vater content ratio,
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istics", :ﬁ— of unconfined undisturbed specimens dried from
t

a vater content above the shrinkage limit. Thermocouple

psychrometers were used to measure the so0il suction of the

specimens. The "total" instability index was determined as

follows.
£ € aAv
= -vext _  _vert
Ine au, (w2 ¢ ““t) (2.18)

Test results for a highly plastic O'Halloran Hill clay were
presented (Figure 2.208). The procedure was used for heave
calculations to predict the field behaviour. Comparisons
were made between the predicted and observed amount of
heave. The instability index obtained by the method of core
shrinkage were shown to be applicable for both shrinkihg and
swelling analyses. Cross-plotting the presented data gives .
the constitutive curve the soil structure with increasing
suction (Figure 2.21). On an arlthmetic scale, the data
shows the vertical strain at the shrinkage limit to be the
lover asymptotic boundary of the constitutive curve. On a
semi-logarithmic scale, the relatlon 1ls essentially bi-
linear.

Lloret and Alonso (1985) sought analytical
expressions to describe the volume change constitutive
surfaces of unsaturated soils subjected to confined or
isotroplic compression, through optimization techniques.
Mathematical functions (Table 2.2) including those published

in the literature as proposed volume change constitutive




45

a) Water Content Versus Vertical Strain

0'Halloran Hill, 1.5 - 3.3m
LL = 1192
20 i Pl = 95%
— LS = 27%
Z s
and
E’ 10¢ 0.5
£
£ s
("] ,
t 1 | 1 1 1 t
S 10 15 20 25 30 35 40
Water Content, MC (%)
b) Water Content Versus Total Suction
AMC _ 40.7 _
“:: 6¢0 - /3‘6_ = 2.84" = ]4.3
=
s 551
[
'g -
€ S-0LI1 . = AL/L  AMC
2 Pt WC X 3w
= 4.5¢ = 0.5 x 14.3
3 = 7.2%
E 4.0 |- oL
Q
- 1 1 1 1 lL_ 1 1 L

5 10 15 20 25 30 35 40

Water Content, MC (%)

Core Shrinkage Test Results for an O'Halloran

Figqure 2.20
Hill Clay (Mitchell and Avalle, 1984)
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Figure 2.21 Constitutive Curve of the O'Halloran Hill

Clay with respect to Total Suction (Mitchell
and Avalle, 1984)
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relations were analyzed. Theoretical predictions using
these analytical functions were compared with the test
results on different soll types (Table 2.3). An analysls of
the applicability of the different expressions vas made and
the optimum functions were selected on the basis of minimum
fitting errors. The following conclusions were drawn for
the soil structure volume change constitutive relation.
(a) "For a limited variation range of total external
stress, a sultable analytical expression for the
state surface of void ratio is,

e = a + b(a—ua) + C log(ua— uw) + d(a—ua}log(ua—uw)
(2.19)

(b) If the range of significant stress variatlon is
larger a more suitable state function for void ratio
is given by,

e=a+b log(aﬁua) + C log(uaw “w) +
d log(a-ua)log(ua-uw) {(2.20)

where a,b,c and d are all soil constants".
These two eguations are of the same form being,

Z =a + bx + cy + dxy (2.21)
where
z = the void ratio, e

x = the net total stress, (o - ua) for equation
(2.19); the logarithm of the net total stress,
(o0 - ua) for equation (2.20)

and y = the logarithm of matric suction, (ua~ uw) for
both equations (2.19) and (2.20)




Table 2.3 Test Progras for The Verification of The Various Constitutive Fuactions (Lloret and Alonso, 1985)

Typn of Soil 'L ilp
(Reference)

4] m
1. Bilty Clay 564 21,2
{Jeanings and
Burland, 1362)
2. Kaolia by e}
(Matyas and
Radhakrishnz,
1468}
3. West Water .} 3
Clay (Barden
et.al., 1969
4. Xaolin L) )
(Lloret,
1982
$. *Pinolen* 2.2 185
Clayey sand
Yest Typeof Type of
series test soil

(Table above)

~d B RN e B NS
e 00 3= G 3= 85
£ad ma B3 N AR A P

Kotest a) A: One-disensional deforsation
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Characteristics of Sofls Analyzed

!, [ R4 Unified § Lomposition Sasple Preparation
$#200  Classification
(44}
/2 A (& 2.75 BOX quart site  Foramed in moulds
201 Syoning and brought to
bentonite equilibriua
4 ] M 2,63  80L flint povder Statically
201 Peerless Clay coapacted
4 i0 L 266 Ilite Half Proctor
cospacted
12 4 n 2.65 Kaolinm Statically
coapacted
3.7 3 5 2,72 mmmee—- Kneading
toapacted
Characteristics of Test Series Analyzed
Initial Jaitial  Suction Range of  No. of points te
void degres of  range Applind Load define state surface
ratio saturation (105 ".2) ms W '2) elir
0.934  0.517 0 -1 .05~ 8 #73%
0.9 0517 9.2 - 1§ -2 s
0474 0.433 ¢ -1 0.05- 8 2523
0.825  0.67% 4 - L0 oS- &2 3113
9,963 0.491 0 - 064 024~ 0.27 2/
.83  0.504 0 ~-3.02 41 -30.6 21/
0475 0.400 0.02 - 0.82 0.4~ 4.5 13/~

Bs Isotropic campression
b) C: Loading under constant sucticn altersating with suction decrease vith suction decrease
03 Loading under constant suction

Type of
stress path

THhER T M
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A schematic illustration of the constitutive
surface representing the optimum state function for wide
stress range (i.e., equation 2.20) is presented in Figure
2.22. The constitutive curves on the net total stress and
matric suction planes are essentially linear on a semi-
logarithmic scale. One a semi-logarithmic plot of net total
stress and matric suction versus vold ratio, the |
constitutive surface resembles a quarter section of the
convex surface of a vertical cone.

After the mid 1970's, there was experimental
evidence that there exists a unique soll structuze volume
change constitutive surface with respect to the stress
variables, (o - u_) and (u,~ u ) (Fredlund and Morgenstern,
1976) (Llorett and Alonso, 1980). If the volume change
process involves changes in ion concentration of the soil
wvater, the solute suction, n was suggested to be considered
as a component of the changing stress state (Richard, Peter
and Martin, 1984).

There were test results indicating that the soil
structure volume change constitutive curve with respect to
the logarithm of increasing suction is bi-linear and
becoming asymptotic towards the void ratio at the shrinkage
limit (Mitchell and Avalle, 1984). On a semi~logarithmic
scale, the soll structure constitutive surface was suggested
to be planar (Fredlund, 1979). There were indlcations that

the same surface could be curved (Llorett and Alonso, 1985).




S0il Structure Optimum Constitutive Relation,

e =a+ b log(g - ua) + cC Iog(ua- u

"

"

+ d log(o”- ua) log(ua -u

with a and a > 0O

(Lloret and Alonso,1985)

band c ¢ O

Constant void ratio contours
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3 ‘0IlVY qIOA

Flgure 2.22 Schematic Represéntétlon of The Optimum Soil S8tructure Volune
Change Constitutive Relation for Unsaturated Soils
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2,2.2 Constitutive relation for the water phase

Biot (1941) presented a mathematical formula as

the water phase volume change constitutive relation for a

s0il "not completely saturated with water and containing air

bubbles".
(o, + o + 0_ - 3u) u
v X y 2 v v,
e, = 3H1 + TR (2.22)
vhere
t
ew = increment of water volume per unit volume of
soil
x
H1 and R = so0il parameters, physical constants

The coefficients, H

1
1

and %* vere identified as measures of

the changes in net volume of pore-water in a soil element

for a glven change in the mean effective stress and water

pressure, respectively. No experimental verification wvas

presented,

This formulation is of interest although it was

not derived for soils with a continuous air phase. Fredlund

and Morgenstexrn {1977) showed that any two of the three

stress variables, (o

- ua}, (o - uw) and (ua- uw) are

sufficient to completely define the stress state of an

unsaturated soil.

For soils with interconnected air voids

at atmospheric pressure, (ua— uw) equals the pore-water

pressure,

. The Biot (1941) formulation is nevertheless

a legitimate water phase volume change constitutive relation

for soils with a continuous air phase at atmospheric

pressure.
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In 1954, Croney and Coleman studied the suction
versus water content relation. A wide variety of soils
ranging from heavy clays to sands were tested. The suction
versus water content curves of these so0ils under increasing
and decreasing suction were presented (Figure 2.23 to 2.27).
These are basically water phase volume change constitutive
curves on the matric suction principal plane. No
constitutive relation was proposed based on the experimental
data. Nevertheless, the results lllustrate the character-
isfics of the water phase volume change constitutive curve
with respect to suction.

Coleman (1962) suggested a constitutive relation

for the net water volume change 1In an unsaturated soil.

av
_— - - _
-7 = Cll(duw dua) + Clz(dd dua) + Cl3tdo'1 da3)
or (2.23)
dvv
-y = -cll(duw— dua) + Clztdu - dua) + 013(601- da3)
{2.24)
where
de = the change In the volume of water held in the
soil
v = gurrent overall veclume of a soll element

Cll’c12’c13= 30il parameters depend upon the current values
0f (u_-u_ ), (o-u,) and (0;-0,) and the stress

history of the soil
Experimental verification was not presented. However, for an

isotropic elastic soil under one-dimensional or isotropic
stress conditions, the proposed constitutive

relatlion becones,
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Figure 2.23 Relationships between Suction and Water
Content for Samples of Hard and Soft Chalk
(Croney and Coleman, 1954)
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o :
100 X
\\ Water [plaster
L~ rqﬂo' ;7:20
%0 ] (y_weight)
Lo ] \\
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\\ Water [ plaster

R

tatio=15:20

L~ (b weight)

SUCTION (centimetres of mercury)

o
\\* Water [plaster

30

0 10 0 30 40 50 50

WATER CONTENT (%)

Figure 2.24 Relationships between Suction and wWater
Content for Three Mixes of Plaster of Paris:
drying condition (Croney and Coleman, 1954}
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~ Low dry density

|~ High dry density

e
N

1 AN

SUCTION (pF)
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N

WATER CONTENT (%)

Figure 2.25 Relationships between Suction and Water
Content for a Silty Sand at Two Densities
(Croney and Coleman, 1954)
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av
-—X_.c d(u - u,) + € d(0 - u) (2.25)

v 11
A similar relation was later proposed by Fredlund and
Morgenstern (1976).

In 1968, Matyas and Radhakrishna used the state and
state parameter concept from continuum mechanics in
describing the volume change behaviour of unsaturated soils.
Series of one-dimensional and isotroplc compression tests
vexre performed on statically compacted soil specimens of a
mixture of quartz and kaolin. Test results in terms of the
degree of saturation, S, and the stress variables, (o - ua)
and (ua- uw) wvere presented. If the degree of saturation, S
is considered as a measure of net water volume change, the
results indicate a unique constitutive surface for the water
phase under monotonic deformation (Figure 2.28). No
mathematical constitutive relation was presented. However,
the water volume change tonstitutive surface appears to
compose of two families of congruent constitutive curves for
the stress range indicated.

Barden, Madedorland Sides (1969) studied the
volume change behaviour of an unsaturated soil under K,
conditions. Compacted illite specimens wvere subjected to
suction and total stress changes of 80 and 450 kPa
respectively (see Figure 2.4), The water phase volume
change of the specimens in one group of the tests was
monltored using the degree of saturation as the stress

dependent soil parameter (Figure 2.29). The results
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a) Isotropic Compression
S.% Initial Condition of
t

imecummsz
4 = 89.2+0.2 1b/cu.ft.

w = 21.5+0.1 %
S, = 67.640.1 %
(ua- uw) = 4.6+0.2 psi

--—---ﬂ

b) K, Compression ' _
15c¢% Tnitial Condition of

Specimens:
l’ = 83.6+40.2 1b/cu.ft.
18.0+0.1 %

S, = 49.140.1 %

(ua— “w) = 9.6+0.2 psi

w

Figure 2.28 Plots Showing the Variation of Degree of
Saturation in (5., &~ u, u, - u v Space

for a Quartz and Kaolin Mixture (Matyas and
Radhakrishna, 1968)
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DEGREE OF SATURATION DURING GROUP 2 TESTS

Figure 2.29 Degree of Saturation Change Curves for Illite
Spacimens with Monotonic Increases in Degree
of Saturation and Decreases in Strain (Barden
et.al., 1969)
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indicate a unique water phase volume change constitutive
surface with near parallel constitutive curves with respect
to the stress variables, (o - ua) and (ua- uw).

Fredlund (1973) identified the governing stress and
deformation state variables for unsaturated soils. The
constitutlve relation for water volume change of an
unsaturated soil was formulated as follows (Fredlund and
Morgenstern, 1976).

1 avv 1 av

- - - -
vy = Vv (0 - u) d(o ua) *y A(u_- uw) d(ua uw)
a a (2.26)
where
1 av

v o - u_) = m: » volume change coefficient of the wvater
a

phase vhen d(ua- uw) is zero

13

PN, SN
vV 3u_- u) m, , volume change coefficient of the water

phase vhen d(oc - ua) is zerxo
An alternate form consistent with conventional saturated
soil mechanics was presented (Fredlund, 1979).
dw = btd(c - ua) + bmd(ua- uw) (2.27)
vhere
dwv = change in gravimetric water content
=dw . .
b, = d(o - u ¢ coefficient of water content with
a respect to net total stress,
(ua- uw}

b = 9Y __  coefficient of water content vith

m o dlu,-uy) U pespect to matric suction, (u_- u,)
It was suggested that thg nonlinear constitutive curves of

vater content versus the stress state variables could be
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llnea?ized on a logarithm scale over a limlted stress range.
A linearized form of the wvater phase volume change
constitutive relation was presented as follovws.

(u_-u )
- D log
m (ua

{(og-u )f

(2.20)
(u—ua)o

w=w_ - Dlog -
o t ul,
where

D, = water content index with respect to net total
stress,

Aw

(cr--ua)g

(o'--ua)o

log

D = water content index with respect to matric
suction,

—AW
log(ua-uw)f

(ua—uw)O

These constitutive relations were also presented graphically
as constitutive surfaces composed of families of congruent
constitutive curves (Figure 2.30 and 2.31). Experimental
verification for the uniqueness of the proposed form of
vater phase constitutive surface was presented. The
suggestion that the constitutive surface is planar in a
logarithmic plot offers a convenient way to relate the
volume change moduli through the characteristic curves on
the principal planes with respect to the individual stress
state variables.

In 1979, McWhorter and Nelson studied an empirical
function between pore-wvater pressure head and volumetric
wvater content for unsaturated soils presented by Brooks and

Corey (1966}.




64

(6L6T ‘punipaid) saldejzep 93e3s sSsS3135 SNSISA

juajuc) I9jes Jo uojjeluasaig a139uyltIv 0€°'Z aanb1g

SSFUIS TYLOL
e
(- )

NOLIONS OIULVW

M

("n -"n)




65

(6L6T ‘punipaij) saygegiea
8je3ls ssa13§ Jo wyjlireboq] sSnsIap JUIJUOD I33EeM TE°Z Inbrg

SSTILS TVLOL

(n- )01

NOLLONS OIULYW '

AN
B ® .
(n oot 1°0 /\\\ A

(% 8)

I 4




o, = (n - er)(ﬂg)'* +6_; hshy (2.29)
wvhere
8, = volume?zic wvater content, volume of water
per unit total volume of porous medium
n = porosity

8_ = volumetzric residual water content below
which the volumetric water content is "very
difficult" to be reduced by mechanical means

=3
it

pore-water pressure head

hd = displacement pressure head, pore-water pressure
head below which (i.e. more negative) air will
become continuous in an unsaturated soil

A = pore size distribution index, a recommended
value of 2 for most scils

Experimental data for two different sands were presented as
verification (Figure 2.32). An empirically correlated
expression was proposed for the evaluation of the displace-
ment pressure head, hd based on published test results in

the literature (McWhorter and Nelson, 19890}

- _9.66(_3____)-0-401
n - Br

hs

, (cnm of water) (2.30)
where

k = saturated hydraulic conductivity {cm/sec)
A common name for the displacement pressure head, hd is the
air entry value of a soll. If the air voids within a soil
is continuous and open to the atmosphere, the pore-water
pressure, u equals the stress state variable, {ua— uw).

Accordlngly, the presented pore-water pressure . versus
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Figure 2.32 Relation Between Pore-Water Pressure Head and
Volumetric Water Content for Two Sands
(McWhorter and Nelson, 1979)




68

volumetric water content curves are volume change
constitutive curves of the water phase with respect to
matric suction, (u - u,). The presented empirical function
(i.e., equation 2.29) is a constitutive relation for the
water phase when the total stress 1s zero. It should noted
that another empirically formulated water phase volume
change constiltutive relation of similar form was later
presented by Seker (1983).

In 1983, Seker presented a volume change
constitutive relation for the water phase with respect to

matric suction, (ua— uw) as follows.

) 4
F _ 1-8."1
p = VO( 3 ) (2.31)
vhere
F
P = log H, (2.32)
(u,- u.)
H = —2———¥_ {2.33)
c b
'
n = 4V°V1 ' (2.34)
H, = capillary rise (cm)
Yy = unit of water
8 = degree of saturatlion
m = the slope of the pF versus S curve of the soil
at 8 equals 50%
To = a so0ll parameter, the pF value at S equals 50%
on the pF versus 8 curve of the soil
Vl = a soil parameter, L d(oF) at 8§ = 50%

4?0 ds
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This rélation vas based on the correlation of published test
data on a wide variety of soils ranging from clay to sand
(Figure 2.33). It is a mathematical description of the
vater volume change constitutive curve on the matric suction
principal plane. Based on the presented information, the
proposed relation shows promise in modelling the water
volume change constitutive curve with respect to métric
suction.

Mitchell and Avalle (1984) presented a summary of
vater content versus soil suction characteristic curves for
a number of Australian soils (Figure 2.34). The slope of

these "moisture characteristic curves" were defined as,

= AW __
c alog uy (2.35)
where
C = "moisture characteristic™
Av = change in water content
Alog u, = change in total suction, [(ua- uw) + n)

in a logarithmic scale.
The "moisture characterlistic®” defined by the authors is the
water volume change modulus with respect to total suction
over a wide stress range. The "moisture characteristic
curves" are linear approximation of the generally "S" shape
water volume change constitutive curves on the total suction
plane. The authors reported that a value of total
suction at zero water content can be taken as pF 6.8 (l.e.,

6

6.2x10° kPa) for practical purposes. The same conclusion
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Nos v, v, Auteurs

1 | 1.680 | 0.100 | NARASIMHAN et Al. (1973

2 | 1.660 | 0.166 | vacHauD et A2.  (1974)

3 | 3.200 | 0.180 | vEReRUGGE (1974)
"" 4 | 4,449 | 0.240 | ESSAIS (1SRF) 11983)
74
6 cL

1-s.\*
5 o pr ] ".
sr

Ge =4 Yoty
4 ML égquation (14}

SH

0 T 17 I S |

| — -

10 20 30 40 SO 60 70 80 <90 100 sy (3

Figure 2.33 The Degree of Saturation Versus Matric Suction

Relation (Seker, 1983)
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Figqure 2.34 VWater Content Versus Total Suction Relations
for Australian Soils (Mitchell and Avalle,
1984)
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vas presented by Arnold (1983). This finding is valuable in
providing a lower boundary for approximating water volume
change constitutive curves with respect to suction.

Lloret and Alonso (1985) studied different
analytical expresslons to ldentify the approprlate types of
functions for describing the volume change constitutive
surfaces of the different phases of an unsaturated soil.
Published test results were used in the optimization process
based on minimum fitting errors. The degree of'saturation,
S was chosen as the soil parameter describing the water
volume change. Two Eunctlons were presehted as optimum

vater phase volume change constitutive relations.

8§ =a - Tanh{b{ua- uwlI[c + d{(oc - ua)] (2.36a{
eb(ua- uw) ) e-b(ua- uw)
or =a - g Bl = uy 16t ale - uy)]
e a L AP a "]
(2.36b)
-b(ua- uw)
and 8 =3 - {1 - e Ilc + d{oc - ua)l (2.37)
where

a,b,c,d = soil constants
A schematic illustration of the constitutive
surface representing equation 2.36 is presented in Figure
2.35. The constitutive curves on the net total stress
planes are essentially linear whereas the constitutive
curves on the matric suction planes are generally

exponential. On an arithmetic plot of net total stress and
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Water Phase Optimum Constitutive Relation,
S=a- tanh{b(ua- uw)][c + d(e - ua)]
(Lloret and Alonso,1985)

DEGREE OF SATURATION, S

$
gl

Figure 2.35 S8chematic Representation of The Optimum Water
_Phase Constitutlive Relatlon for Unsaturated
Soils
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matric suction versus the degree of saturation, the
constitutive surface is a continuous warping concave
surface.

There are suggestions in the literature for the
formulation of the volume change constitutive relation for
the water phase of an unsaturated soil. The volume change
behaviour of the water phase was suggested to be best
described by considering changes in the stress variables,
(¢ - ua) and (ua— uw) (Coleman, 1962) (Matyas and
Radhakerishna, 1968) (Barden et. al., 1969) (Fredlund, 1973
and 1979) (Fredlund and Morgenstern, 1976) (Llorett and
Alonso, 1985). Both water content and degree of saturation
were proposed to be used to describe the water volume
change. The use of graphical representation of the
constitutive relation as a three-dimensional surface is
common (Matyas and Radhakrishna, 1968) (Fredlund and
Morgenstern, 1976) (llorett and Alonso, 1985). Empirical
functions have been suggested for describing the
constitutive curve with respect to matric suction (McWhorter
and Nelson, 1979) (Seker, 19%83)., There is experimental
evidence that the water phase constitutive surface is unigue
(Matyas and Radhakrishna, 1968} (Barden et.al.,1969)
(Fredlund and Morgenstern, 1976} (Lloret and Alonso, 1985).
On a seml-logarithmic plot of net total stress and matric

suction versus the water content, the constitutlve surface




75
was suggested to be planar (Fredlund, 1979). On an
arithmetic plot of net total stress and matric suction
versus the degree of saturation, the constitutive surface
wvas suggested to be a continuous concave surface (Lloret and

Alonso, 1985).

2.3 Relationships betwveen Volumetric Deformation Moduli of
Unsaturated Soils

Limited information is available in the literature
on the relationships between the various volumetric
deformation moduli of unsaturated soils. There are
published test results on the shrinkage and swelling
behaviour of different soils. Section 2.3.1 discusses the
importance of this data toc developing the relationship
between the soil structure and water phase moduli with
respect to matric suction. Section 2.3.2 reviews literatures
with relevant information for establishing the other

relationships between the different moduli.

2.3.1 Importance of the shrinkage and swelling tests‘
At the beginning of the nineteenth century,
agricultural researchers studied the soil volume change

behaviour assocliated with water content changes. Attempts
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were made to understand the soil water interaction in order
to estimate the water retention capacity of soils for
agricultural purposes (Hardy, 1923). Haines (1323)
conducted a comprehensive study on a wide variety of soils
(Table 2.4). Soil prisms of the size 6x1xl cm were
prepared from samples at liguid 1limits. The investigation
involved measuring the volume changes which the so0il prisms
experienced during a slow Grying and wetting process. Volume
measurements were made by displacement of mercury from a
constant volume bottle. The shrinkage and swelling curves
in terms of the so0il and water volume were presented (Figure
2.36). Results of this type of tests give the relative
variation in volume of the soil structure to the water phase
per unit matric suction change. This experimental data can
be re-analyzed to provide the relationship between the
volumetric deformation modull of the soll structure and
water phase with respect to matric suction changes (See
Chapter III). There are several publications with this type
of test results in the literature.

In 1954, Wooltorton attempted to develop a
qualitative theory for the swelling and shrinking behaviour
of unsaturated soils. Effort was made to establish
empirical equations to estimate the maximum swvelling and
shrinking of a so0il based on the Atterberg limits.

Conceptual diagrams of the swelling and shrinking phenomena
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vere presented (Figure 2.37). The amount of entrapped air
and the resistance of the scil structure to slaking were
suggested to be the two governing factors affecting the
swvelling and shrinking behaviour of a soil. Shrinkége
curves for initially saturated and unsaturated remoulded and
undisturbed solils were hypofhesized {Filgure 2.38 and 2.39).
The amount of entrapped air in the soll was suggested to be
the reason for the deviation of the shrinkage curves away
from the saturation line. Hypothesized swelling and
shrinkage curves of initially saturated remoulded and
desiccated compacted solls were also presented (Figure 2.40
and 2.41). It was suggested that a soll with stable
structure highly resistant against slaking would possess a
"zigmoid" type of swelling curve (Figure 2.41). Soils
susceptible to slaking were sald to héve "lunar" type of
swelling curves. Experimental "éensity change curves" of
four different soils were presented as verification for the
hypotheses (Figure 2.42). The author appears to have
unintentionally conducted perhaps the first comprehensive
study on the relationship between the volumetric deformation
moduli of the so0il structure and vater phase with respect to
matric suction changes.

Popescu (1980) studied expansive solls with a
crumb structure to define the "interrelationship" between

the "principal variables" controlling the water retention
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Fa True shrinksge limh
FamEngmeeting s o

OF mNat vol, of 30l partitles
%-sm’k Qravity v = w

'—C?g z=Apparent demsity of dry seil

S5.L= DFm DEm Vol. of voids in
dry sample

VOLUME IN c.c¢. PER 100 gm. DRY SOIL

m
N

PG, vol. of antrapped
air {small)
ABCD, fully seturaced
remoulded thrinkage
curva (contalmng no

f L))

F ’ 'C' ¢ (near bayic
4 /2 ” Ag
¢ WL s

Figure 2.38

WATER CONTENT, % DRY WEIGHT

Hypothetical Shrinkage Curves for Remoulded
Soils (Wooltorton, 1954)
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A= Modified FMET

ABCD = Fuly tatureted
shrinkage curve when
Ao 4lr W prasant

VOLUME IN c.c. PER 100 gm. DRY SOIL

o]
WATER OCONTENT, % DRY WEIGHT

For disgustion on this
tngle see puras. (5) and (1)

Basic shrinksge curve

2 {xere st content)

ARTU = Fully ssturced sheinkage curve
for vadisturbed solt

(zere air content)

&'ty =mShrinkege curve for
entrepped sirm PQ

PQ = 00 =Entrapped ol
(permanent and of small vol.)
DY w ocduded st

E {of & mara temparary naturs)

VOLUME IN c.c. PER 100 gm. DRY SOIL

WATER CONTENT, % DRY WEIGHT

Figure 2.39 Hypothetical shrinkage Curves for Undisturbed
Soils (Wooltorton, 1954)
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Fully saturated drying
curve {no entrapped
air)
Q N A, some function of
b N F F.M.E. ?
K
E

WATER CONTENT, % DRY WEIGHT

Drying and Rewetting Curves for Remoulded Soils when
no Air is Entrapped. (Not to scale)

Figure 2.40 Hypothetical Shrinkage and Swelling Curves for

Saturated Remoulded Soils (Wooltorton, 1954}
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Temp. occluded air

o
o
H

Perm. entrapped
air range

VOLUME IN c.c. PER 100 gm. DRY SOIL

WATER CONTENT, % DRY WEIGHT

Drying and Rewetting Curves for Undisturbed Desiccated
Soils. (Not be scale)

Figure 2.41 .Hypothetical Shrinkage and Swelling Curves for
Desiccated Compacted Soils (Wooltorton, 1954)
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and shrinkage-swvell phenomena. An active South Romania clay

loam was tested. Shrinkage curves for soil specimens with

different crumb size fraction were presented (Figure 2.43).
The slopes of these shrinkage curves are the ratios between
the s0il structure and water volume change moduli with
respect to increasing matric suction.

Beal (1984) proposed a test method for direct
determination of the water content and linear dimensional
changes of a goil specimen under applied vertical loads,
The general arrangement of the test apparatus was presented
(Figure 2.44), The test involved wvetting or drying a soil
specimen under different applied vertical loads. The
vertical straln and change in wvater content of the specimen
wvere monitored during the test. The specimen was wrapped
laterally by polythene sheets and tissue paper wick.
Consequently, the lateral confining stresses applied during
the test wvere indeterminate. Test results of remoulded and
undisturbed specimens of a clay from Dalby, Queensland were
presented (Figure 2.45). The slopes of these swelling and
shrinkage curves are ratios between the soll structure and

water volume change modull with respect to matric suction.
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Index properties of the investigated active clay

Characteristic specification Experimental Active clay range according

range to Romainian Standard
9262 - 73
Clay content < 2x (%) 23 - 27 18 - 35
Plasticity index (%) 32 - 36 25 -~ 40
Free swell in a 100 ‘
cc graduate (%) 90 - 110 75 - 100
Shrinkage limit {s6) 8- 10 12 - 10
Moistening heat  (cal/qg) 8- 9 6- 8
Moisture content at
15 bar suction CA) 3- 4 5~ 10
ME o T 0 T } mﬁ K - v Y
S S 1,0-2.0 mm crumb size {al) - 0.5-1.0 mm crumb size (p)
o fraction ' o fraction -~
B = /‘:- a /
ol | o
[
8 o , 1 f () o t
R = A I t o= 7 I
o " ' ! | B 2 _-./.ﬁ‘ f t
S i 1 i — ‘ 1 [}
R L DL ; S Bp—tmtr .
| I | ! : | t
g 2 2" e =’°= a:",': % . a:“{ =" :'“{ ?'c:
g 8 ' 1 1 N " g 8 [ 1 1 t
< 1
: i @ -t T T
@ N Y %‘i 8 1y (a2) “1 < 0.5 mn crumb size . /()
< -F : VEIN %: fraction /
ol twd 186 = © ///
81| \4
% ' ] 1
Q "

N
AN

VOLUME OF 100 g OF DRY SOIL (cm’)

WATER CONTENT (%) o ; : :

. ' R |1

Initial bulk degsity for all " ‘d? a:

samples 15 kN/m g B B

(before saturation) of 1 gl 1
0 10 20 30 40

WATER CONTENT (%) -

Figure 2.43 Shrinkage Curves of a Romania Clay with
Different Crumb Size Fractions (Popescu, 1980)
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2.3.2 Other research

In 1963, Gilchrist performed series of one-
dimensional constant volume and free swell tests on
statically compacted Regina clay specimens. Conventional
lever type consolidometers were used. Classification test
results on the clay sample wvere presented (Table 2.5).
There were sequences of constant volume and free svell tests
on pairs of specimens of near identical initjal states
{Table 2.6). Test results from these seduences of tests
{Figure 2.46, 2.47 and Table 2.7) can be re-analyzed to give
the relationship betwveen the soil structure volume change

modull with respect to decreasing total stress and suction.

Richards (1967) reported that soils at seventeen road
sites in Australia remained saturated to over 9800 kPa
of suction. Consequently, based on the general volume-mass
relation for solls, Se = wGs, a mathematical relation was
derived to relate the soil volume and water content changes

per unit change in matric suction.

AV _ (wz - wl) Gi
(100 + w

(2.38)
1Gs)

[~
- |
il

change in volume of the soil structure

initial volume of the soil structure

<3
0

initial water content

%
]
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Table 2.5 Classification Test Results for Regina Clay
{Gilchrist, 1963}

Atterberg Limits Undried Alr Dried
Liquid Limit (L.L) 88% | 76%
Plastic Limit (P.L.) 33% . 30%
Shrinkage Limit (S.L.) 14% 15%
Plastic Index (P.I.) ' 55% 467

Specific Gravity (Gs) 2.83 2.83




92

53593 (Sd) ‘11oms @9a3 woay paulelqo vIeq - (SI)

§3593 (AD) ‘9UN|OA JURISUOD WO PpauTwlIqo ®IBQ - (AD)

£86°0 Z60°1 1°8¢ (S3)-V9-Al

€66°0 980°1 °8¢ (AD)-0I-A1

26670 €%6°0 0-¢¢ (83)-v8-1I1

%66°0 {2670 6°¢ct (AD)=02-111
(%) (2)

‘uor3eanyes
jo 29a3sp 1ETITUI

ojIel
PToA TETITUIL

Juajuod
a33BM TRIITUI

(€96T ‘3s12Y2719)

Ke1o evuthay uo sS3sa] [ToA§ 931J pue dUNTOA
juelsuo) 3o saoduanbag pejdatres 8yl ul PaIIsIL
gsordues oYy 3o saj3xadoxg Tej3lTul 2yl 30 Aaewung 9°7 9Iqel

L] oz
a21dwes




93

Table 2.7 Summary of Free Swell Test Results on Compacted
Regina Clay (€Gilchrist, 1963)

Sample No. Initial void Final void Final water
ratio ratio content,
%
: (%)
III'SA‘(FS) 00 943 1-232 43-5
| IV-4A-(FS) 1.092 1.262 44.6
* is calculated according to the general volume-weight

relation, Se = wGs with S = 1001 and Gs = 2.83 for

Regina clay
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w2 = final water content

Assuming equal volume changes in the vertical and horizontal
directionsa, the fractional height change was suggested to be
as follovs,

AH AV (wz - w]) Gs
= = To - = (2.39)
H, 3v1 (100 + wlcs)

where

AH = change in height of the so0il element

Hl = initial helght of the soil element
The presented equation is a relationship between the so0il
structure and water phase deformatlion moduli with respect to
matric suction.

In 1979, Fredlund.presented a qualitative discussion on
the relationships between the various deformation modull.
The moduli wvere suggested to be "different for increases and
decreases of the stress state variables™ and converging
"towvards one value for a saturated soil™. The general soil
volume-mass relation was suggested to be the continuity
requirement for volume changes among the various phases of
an unsaturated soil. It was reported that "little or no
information is available on the relative effects of the two
stress state variables, (o - ua) and (ua - uv) on the volume
change behaviour of the various phases in an unsaturated
s0il". Such a problem was posed as an area of much needed
research.

Justo, Delgodo and Rulz (1984) studied the
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influence of stress path to the collapsing and swelling
behaviour of soils under no lateral strain conditions.
Compacted El-Arahal clay specimens wvere tested. Both common
and suctlon controlled oedometers were used. Amongst the
presented test results, there were swelling curves for
specimens under different total stress and matric suction
(Figure 2.48). This test data can be re-analyzed to provide
the relationship betwveen the soil structure moduli‘with
respect to total stress and matric suction wvhen the stress
variables are decreasing.

In 1985, Lloret and Alonso sugqgested analytical
expressions as optimum functions to be used as volume change
constitutive relations for the so0il structure and wvater
phase of unsaturated soils subjected to confined or
isotropic compression. The relationships between the
different moduli under the specified conditions can be
-derived from these functions. However, such an undertaking
involves complicated and hypothetical equations.

Information in the literature on the relationships
between the different moduli is scarce and incomplete.

There are published swelling and shrinking test results
vhich can be re-analyzed to give the relationship between
the s0il structure and vater volume change moduli with
respect to matric suction (Haines, 1923) (Wooltorton, 1954)
(Popescu, 198C) (Beal, 1984). Limited experimental data is

available to be analyzed to show the relationship between
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the s0il structure moduli with respect to decreasing total
stress and matric suction (Gilchrist, 1963) {(Justo, Delgado
and Ruiz, 1984). The general soil volume-mass relation
(i.e., Se = wGs), was suggested to be the volume change
continulty requirement among the various phase (Richards,
1967) (Fredlund and Morgenstern, 1976). There are
analytical expressions which can be devéloped to give
relationships betveen moduli of the same phase with respect
to different stress variables (Llorett and Alonso, 1985).
However, such undertaking involves complicated mathematics.
The resulting relationships are also limited to Ko and
isotropic compressionlconditions. There is no
comprehensive study on the relationships between the moduli
for both compression and expansion conditions. The lack of
knovledge on this subject has prompted the research

described in this dissertation.
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CHAPTER III

THEORY

3.1 Introduction .

This chapter presents the theory of possible
relationships between the various moduli. The form of the
s0il structure and wvater phase constitutive surfaces is
examined on both an arithmetic and a semi-logarithmic scale.
Approximate semi-logarithmic constitutive surfaces are
proposed. The geometry of the approximate constitutive
surfaces is used as a basis for developing relationships
between the modull.

The chapter is divided into six sections. Section
3.1 descrlibes the layout of the chapter. Section 3.2
presents the form of the soil structure and water phase
constitutive surfaces based on published experimental
evidence. The form on an arithmetic scale and its alternate
on a seml-logarithmic scale are both discussed. Section 3.3
explains the theory development for the relationships
hetween the varlous moduli. Approximate semi-logarithmic
constitutive surfaces with planar suctions are proposed.

The methodology of mathematically relating the modull
through the geometry of the approximate constitutive
surfaces is discussed. Section 3.4 identifles the soil

structure and water phase volume change constitutive
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relations adapted@ to approximate the curved constitutive
surfaces. The geometrical characteristic of the assocciated
planar, semi-logarithmic constitutive surfaces are shown.
Section 3.5 develops and presents proposed relationships
betwveen the moduli based on the geometry of the approximated
constitutive surfaces. Section 3.6 discusses how the
proposed theory can be adapted for unsaturated collapsing
soils. However, a complete consideration of collapsing soil

is outside the scope of this thesis.

3.2 Characteristic Forms for The Soil Structure and Water
Phase Constitutive Surfaces Based on Published
Experimental Evidence

The continuity requirement (i.e., equation 2.1)
justifies that the so0il structure and water phase
constitutive relations are sufficient to completely describe
all volume change properties of an unsaturated soil (see

Section 2.2). This section attempts to identify the nature

of these relations based on published experimental evidence.

The form of the soil structure constitutive surface is

discussed first, followed by the form of the water phases

constitutive surface.
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Soi}) Structure Co i ive rface

In 1956, Holtz and Glbbs presented results of
#load-expansion tests" on undisfurbed expansive Arizona clay
specimens. Each specimen was tested by measuring the load
required to restrain the specimen during saturation and
measuring the expansion produced by reducing the locad
increments to approximately one pound per square inch.
Results of four specimens with different initlal conditions
vere presented (Figure 3.1). A linear vertical strain
versus the logarithm of decreasing effective stress relation
wvas observed. A free swell test was performed on a specimen
with initial conditions similar to one of the s?ecimens used
for the "load expansion tests"™. The vertical strain versus
the logarithm of decreasing effective stress and matric
suction lines are found to be converging. This limited data
illustrates that the soil structure constitutive surface for
the unloading mode is unigue.

In 1963, CGilchrist presented results of one-
dimensional constant volume and free swell tests on near
identical statically compacted Reglna clay specimens.
Results of two serles of tests on two groups of specimens
with different initial void ratios and water contents are
re-analyzed. The rebound curve obtained from the constant
volume compression test is assumed to be the same as the
effective stress unloading curve from the corrected swelling

pressure, P; (Fredlund, 1983). The void ratio versus the
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logarithm of decreasing effective stress and matric suction
lines are found to be converging (Figure 3.2). This
illustrates the soil structure constitutive surface for the
unloading mode is unique.

In 1966, Noble presented results of constant load
svelling tests on undisturbed and remoulded Regina clay
specimens. These tests were part of the test program
conducted by Gilchrist in 1963. Each specimen was subjected
to a constant leocad and was then given free access to water
and alloved to swell. The time between the application of
the load and the completion of the flooding was maintained
near thirty seconds with "zero"™ time for volume change
phenomena gonsidered to be when the addition of water was
completed. Results for five groups of remoulded specimens
with similar initial conditions are re-analyzed and
presented (Figure 3.3). The amount of swelling is plotted
against the logarithm of the applied lcad. The volume
change versus the logarithm of decreasing effective stress
relations are shown to be essentially linear. The swelling
moduli with respect to decreasing effective stress (i.e.,
cts) for group III, IV and V are found to be 0.099; 0.090
and 0.100 respectively. The rebound moduli or swell indices
(i.e., Cs) of the same soils wvere determined by Gilchrist
(1963) to be 0.101, 0.092 and 0.101 respectively. The close
agreement illustrates the rebound or unloading curves are

approximately parallel to one another.
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In 1969, Aitchison and Woodburn performed modified
oedometer tests on Adelaide Black Earth specimens. Volume
change curves under controlled matric suction and surcharge
load were presented. The vertical strain versus the
logarithm of increasing and decreasing matric suction
relations are found to be closely linear (See Figure 2.3).

1969, Escario presented results of free swelling
and "swvelling pressure" tests on remoulded Madrid clay
specimens. Free swelling test results for three specimens
of different initial conditions are re-analyzed. The
vertical strain versus the logarithm of matric suction
relations for these specimens are approximately billnear
(Figure 3.4). The constant volume stress paths of three
other different specimens during the "swelling pressure
tests" are presented (Figure 3.%). In a "swelling pressure"
test, the swelling of the specimen was prevented by
increasing and measuring the applied effective stress while
vater at atmospheric pressure was fed to the so0il., These
constant volume lines are found to be essentially linear on
an arithmetic scale. The same lines are asymptotic cuxves
on a logarithmic scale. The shape of these constant volume
stress paths illustrates the form of the soil structure
constitutive surfaces 1ln a three-dimensional plot using the
stress state variables as the abscissas.

In 1970} Lidgren presented results of one-

dimensional constant volume and free swell tests on near
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identical compacted glacial till specimens. The results of
three series of tests on three groups of specimens with
different initial void ratios and water contents are re-
analyzed and presented. The void ratio versus the logarithm
of decreasing effective stress and matric suction lines are
found to be converging (Figure 3.6). It should be noted
that it is necessary to correct the swelling pressure for
sample disturbance to get the rebound curve to converge with
the matric suction unloading curve. This illustrates the
uniqueness of the so0il structure constitutive surface for
the unloading mode.

In 1973, Aitchison and his co-workers reported a
linear relation between the s0il structure volumetric strain
and the logAIithm of the total stress (ji.e., o), matric
suction (i.e., (ua - uw)) and solute suction ({i.e., m).
Modified oedometer test results on an Adelaide clay were
presented (Aitchison and Martin, 1973). For monotonic
volume increases, the vertical strain versus total stress
and matric suction curves are shown to converge towards a
single point on the vertical strain axis when both the total
stress and matric suction approach zero (see Figure 2.10).
The vertical strain versus the logarithm of decreasing
matric suction relation appears to be bilinear (Figure 3.7).
The vertical strain versus the iogarithm of increasing
matric suction relation is found to be essentially linear

(Figure 3.8).
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In 1975, Chen presented results of "controlled
swelling" tests on remoulded Denvgr claystone shale
specimens. Results from a group of five near identical
specimens are re-analyzed and presented. Water was added to
each specimen under constant volume conditions at different
stress levels. The specimen was then allowed to swell under
constant applied stress. A linear vertical strain versus
the logarithm of decreasing effective stress relation is
evident when the soil structure undergoes monotonic volume
increases (Flgure 3.9). Unfortunately data was not
available on the slope of the rebound curve from constant
volume loading and unloading tests.

In 1984, Mitchell and Avalle presented "core
shrinkage test" results of undisturbed O0'Halloran Hill clay
specimens. The volume change data of one specimen under

increasing total suction is re-analyzed., The vertical
| strain versus the logarithm of increasing total suction wvas
found to be somewhat bilinear, the slope becoming flatter at
suction bheyond 60,000 kPa (Figure 3.10).

In 1984, Richards, Peter and Martin presented
results of "suction controlled consolidometer tests" on
undisturbed Athelstone Park clay specimens. The matric
suction of the specimen was increased and then decreased
under constant applied total stress. One set of test data
is re-analyzed and presented. The results demonstrate

linear vertlical straln versus the logarithm of matric
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suction relations for monotonic volume changes under
constant total stress (Flgure 3.11).

In 1985, Lloret and Alonso presented an optimum
soil structure volume change constitutive relatlon for
significant stress variation. A graphical presentation of
the proposed constitutive relation was shown in Figure 2.22.
On a semi-logarithmic plot of net total stress and matric
suction versus voild ratio, the constitutive surface
resembles a quarter section of the convex surface of a
vertical cone.

In addition to the discussed literature, the form
of the effective stress versus void ratio relation is well
established when matric suction is zero. The compression of
a saturated soll consists of two distinct stages, the
recompression and virgin compression (Terzaghi and Peck,
1967). The virgin compression curve is exponential on an
arithmetlic scale and can be linearlized on a semi-
logarithmic plot. The rebound curves are approximately
parallel to one another and can be linearlized on a semi-
logarithalc scale (Lambe and Whitman, 1969). The effective
stress equals the net total stress (i.e., o - u,} vhen a
s0il is saturated and the pore-wvater pressure is zero
{(Fredlund, 1973). Similarly, soils can be over-consolidated
by desiccation and rebound due to suction decrease. The
compression consists of recompressjion and virgin
compression. The virgin compression branch and rebound

curves are essentially linear on a semi-logérithmic scale
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(Fredlund, 1964).

Based on the aone studies, the following key
observations can be made concerning the form of the soil
structure constitutive surfaces for monotonic volume
changes.

a) The constitutive curves on the matric suction or
net total stress planes are essentially linear on a
semi-logarithmic scale. The matric suction and net total
stress planes are state planes on which the net total
stress and matric suction are at a nominal value
respectively. The same curves are therefore exponential
on arithmetic plots. There are pressure limits which
must be observed. For example, in the suction range of
0 to 60,000 kPa, the above relations will often be
linear over a significant portion of this range.

b} A constant volume stress path (i.e., constant void
ratio) on the constitutive surface is essentially a
straight line on an arithmetic plot. The same path
becomes an asymptotic curve on a logarithmic scale.

On an arithmetic plot of void ratio, net total stress and

matric suction, the soil structure constitutive surface is a

concave, wvarped surface. The same surface becomes a guarter

section of the convex surface of a vertical cone on a void
ratio versus the logarithm of net total stress and matric
suction plot.‘ A schematic diagram of the soll structure

constitutive surfaces for monotonic volume changes is shown
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(Figure 3.12). There are four modull (l.e., a,, a,., a,,

ams) assoclated with the arithmetic representation. These
moduli are defined as follows,

a, , a, = coefficlent of compressibllity and coefficient
of swelling with respect to the net total stress
for monotonic volume decrease and increase
respectively

)

~

[
[}

coefficient of compressibility and coefficient

of swelling with respect to matric suction for

monotonic volume decrease and increase

respectively

There are four moduli (i.e., ct, cts' Cm, cms) associated

vith the semi-logarithmic representation. These moduli are

defined as follows,

ct ’ Cts = compressive and swelling index with respect to
the net total stress for monotonic volume
decrease and Increase respectively

c , C = compressive and swelling index with respect to

n ms matric suction for monotonic volume decrease and
increase respectively

hase C v

There is limited information on the form of the
water phase volume change constitutive surface. The
following 1s an attempt to identify its characteristic form
based on data from research literature..

In 1954, Croney and Coleman presented the suction
versus vater content curves for a varlety of soils ranging
from heavy clays to sands (See Figures 2.23 to 2.27). The
vater content versus increasing and decreasing matric

suction relations are approximately linear or gradually
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curving on a semi-logarithmic plot. The same relations are
approximately exponential on an arithmetic scale. Figure
3.13 shows data which is considered to be characteristic of
water content versus matric suction data. The projected
matric suction at zero water content f£rom the linear
portions of both the drying and wetting curves is
approximately equal to 300,000 kPa.

In 1967, Fredlund presented matric suction and one-
dimensional consolidation test results on remoulded, slurry
Regina clay specimens. The water content versus the
logarithm of effective stress and matric suction relations
are shown to be essentially linear once the virgin
compression branches are reached (Figure 3.14).

In 1979, McWhorter and Nelson presented matric
suction versus volumetric water content curves for two
sands. The water content versus the logarithm of increasing
matric suction relaticns for both sands are found to be
bilinear (Figure 3.15).
| Arnold (1983) reported that "a value of total
suction at zero water content can be taken as pF 6.8 (i.e.,

6.2 x 105

kPa) for practical purposes". 1In 1984, Mitchell
and Avalle presented six water content versus total suction
curves for O'Halloran Hill clay specimens of different
initial states to support the same conclusion. The data is

re-analyzed to shov linear water content versus the

logarithm of total suction relations converging towards a
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limiting value of 6.2 x 105 kPa at zero water content

(Flgure 3.16). Previously, Croney and Coleman (1954)
reported@ the total suction at zero water content for sands,
light and heavy clay soils to be pf 4.5 (i.e., 3.1 x 103kPa)
and pF 7.0 (i.e., 9.8 x 10° kPa) respectively. In 1964,
Fredlund presented the total suction at zero water content
for a remoulded Regina clay to be 8.8 x 105 kPa. One the
basis of the above data, it can be concluded that all soils
have essentially the same total suction at zero vater
content., The preferred value appears to be 6.2 x 105 kPa.
This provides a fixed poilnt vhen establishing the water
content versus suction relation.

. The water content and void ratio constitutive
relations are related to eqch other by the relative density
vhen a soil is saturated. The form of the effective stress
versus vold ratio constitutive relation is well established
and discussed previously in thls section. Conclusions
arrived at also pertain to the water phaﬁe constitutive
relation on the net total stress plane,

There is insufficlent information in the literature
to completely define the form of the water phase volume
change constitutive surface. There is evidence that the
constitutive curves on the matric suction or net total
stress equals to zero planes are essentially linear on a
semi~logarithmic scale. There are pressure limits within

vhich the linearity is observed. The same curves are
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therefore approximately exponential on arithmetic plots.
There islno experimental information available on the shape
of a constant wvater content stress path on the constitutive
surface. When a soil approaches saturation, a change in net
total stress is as effective as a change in matric suction
in changing the water content. A constant wvater content
stress path must therefore approach a forty-five degree line
towards the matric suction equals to zero plane. This angle
forms an upper limit. A constant water content stress path
on the water phase constitutive surface must be assumed to
be a straight line on an arithnmetic plot of water content
versus net total stresas and matric suction. The angle can
be less than fqrty-five degree. The resulting water phase
constitutive surface is a concave surfaée when wvater content
is increased or decreased. The linear constant water
content stress path becomes an asymptotic curve on a
logarithmic net total stress and matric suction plot. The
resulting water phase constitutive surface therefore
resembles a quarter section of the convex surface of a
vertical cone on a-vater content versus the logarithm of net
total stress and matric suction plot. A schematic diagram
of the water phase constitutive surfaces for monotonic
volume changes is presented (Figure 3.17). There are four
moduli (i.e., b

b b

m’ bms’ associated with the

t’ “ts’
arithmetic representation. These moduli are defined as

follovws,
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o
[

ts coefficient of water content and rebound
coefficient of water content with respect to the
net total stress for monotonic water content
decrease and increase respectively

b , b = coefficient of water content and rebound
coefficient of water content with respect to
matric suction for monotonic water content
decrease and increase respectively

There are four moduli (i.e., Dt' Dts' Dm and Dms) associated

with the semi-logarithmic representation. These moduli are

-defined as follows,

Dt . Dts = water content and rebound water content index
with respect to the net total stress for
monotonic water content decrease and increase
respectively

D , D = water content and rebound water content index
with respect to matric suction for monotonic
vater content decrease and increase respectively

3.3 Theoretical Development Pertinent to The Use of
Semi-logarithmic Constitutive Surfaces

Section 3.2 identifies characteristic forms for the
soil structure and water phase volume change constitutive
surfaces in terms of vold ratlo, water content, the net
total stress and matric suction. This section describes a
methodology of formulating relationships between the various
moduli through geometric considerations of the semi-

logarithmic constitutive surfaces. The case of the so0il
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structure undergoing monotonic volume decrease is used as an
example to explain the proposed theory in the following
discussion. Similar logic can be applied to other modes of
volume change.

The so0il structure volume change constitutive
surface is a convex surface on a void ratio versus the
logarithm of net total stress and matric suction plot
(Figure 3.18). The curved surface resembles a quarter
surface section of a vertical cone with an ellipsoid base.
The tip of the cone is a projected point of convergence, EL
on the void ratio axis. Point EL is assumed to be the point
where the two linear void ratio versus the logarithm of net
total stress and matric suction constitutive lines meet,
Point EL represents the void ratioc of a soil under a nominal
stress of net total stress and matric suction.

It is proposed that this curved surface can be
approximated by three planar surface sections (i.e., planes
I, ITI and III) (Figure 3.18). The boundaries of these
planar sections are defined by four stress points (i.e.,
points u, v, v and x) and point EL which is the projected

point of convergence of the constitutive surface. The point

‘u is commonly referred to as the corrected swelling pressure

{i.e., Pé) (Fredlund, 1983). Point x represents the matric
suction of a soil after being unloaded at constant volume

{i.e., (ua - uw)?). Points v and w are the Intersections of

plane II with planes I and III (Figure 3.18). A graphical
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procedure is suggested to locate points v and w in the next
paragraph.

The constant volume stress path is essentially a
straight line on an arithmetic plot of net total stress
versus matric suction. The slope of this line is defined by
the corrected swelling pressure {(i.e., P'S or stress point
u} and the corresponding matric suction of a soil after
being unloaded at constant volume (i.e., (ua -~ uw)i or
sfress point x) (Figure 3.19). The same constant volume
stress path becomes an asymptotic curve on a logarithmic
plot of net total stress versus matric suction. It is
proposed that this asymptotic stress path can be
approximated by three linear segments (i.e., uv, vw and wx).
A graphical procedure to locate point v and v is as follows
(see Figure 3.19),

log P! ,
S and

1) drav a line AB with a slope of .
log{u_ - uw)i
tangential to the asymptotic curve;

e
[ o]
—t

draw a line parallel to the log(ua - uw) axis through u
to intersect line AB, the point of intersection is v;

1ii) dxaw a line parallel to the log(oc - ua) axis through x

to intersect line AB, the point of intersection is w.
{ ik, X comrhnals)

If the abscissa of stress point v 1s denoted by "“log a"“, the
log a log Pé

ordinate of stress point w would be " ", The

e
log(ua - uw)i
numerical value of "a" can be found through the graphical
procedure discussed. The term, "log a" can also be written

mathematically as,
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Figure 3.19a Constant Volume Stress Path on An Arithmetic
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log Pé p!
log a = logl —1 - logl 2——1) + log P}
log(u, = u,ly (u, - uyly
e
(u_, - u ), log P!
- (1 + —2——Y¥d) 10g[1 + S—— (3.1)
P; log(ua - uw)i
Actual and approximated constant volume stress paths
Pl
_for various = ratios are presented (Figure 3.20
{u, - u ).
a w'i

to 3.22). The proximitf of the approximated stress path to
the actual stress path is illustrated.

Plane I and II1I are referred to as the‘orthogonal
planes. The boundaries of plane I are line uv and the
prxojections of lines ELu and ELv (Fiqure 3.23). Plane I is
orthogonal to the void ratio versus the logarithm of the net
total stress plane. The slope of plane I is equal to the
compressive index with respect to the net total stress
{i.e., ct) (see section 2.2.1) Plane I defines a stress
space within which any volume change is defined by one
modulus. Plane III is bounded by line wx and the
projections of lines ELw and ELx (Figure 3.23). Plane III
is orthogonal to the void ratio versus the logarithm of
matric suction plane. The slope of plane III is egqual to
the compressive index with respect to matric suction (i.e.,
Cm) (see section 2.2.1). One modulus is needed to define
volume change resulting from any stress change within the
stress space defined by plane III. |

Plane 1I is a transition between planes I and III.

Plane II is assumed to be a part of the trianqular plane
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Figure 3.23a Geometry of The Orthogonal Planes T and III
Approximating The Soil Structure Constitutive
Surface for Monotonic Volume Decrease
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Figure 3.23b Geometry of The Transition Plane II Approximating
The Soil Structure Constitutive Surface for
Monotonic Volume Decrease
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defined by line ELv and ELw (Figure 3.23). The void ratio
ordinate is assumed to locate at an intersection of the
abscissas‘where the net total stress is equal to the matric
suction. Plane II is bounded by line vw and the projections
of line ELv and ELw. Liné vw %s constructed such that the
slope of the line is 108 s = * Line vw is parallel to

log(u, - u )y
line ux, if the logarithm of the stress variables are both

equal to zero at the intersections of the abscissas. Planes
uELx and vELwW are therefore converging planes towards a
common point EL on the ﬁrdinate. The projected@ point of
convergence, EL and stress points u, v, v and x define a
degenerated pyramid. Gradients on plane II with respect to
the logarithm of the net total stress and matric suvction can
be written in terms of the slopes of line ELu and ELx by
geometry of the pyramid. The slopes of lines ELu and ELx
are the compressive indices with respect to the net total
stress (i.e., Ct) and matric suction (i.e., Cm)
respectively. Plane I1 therefore represents a stress space
within which any volume change is defined by two moduli
which can be written in terms of the compressive indices.
The same two compressive indices are related to each other
by geometry through the assumed form of the constitutive
surface.

The preceding dlscussion presents an approximate
form of the constitutive surface for monotonlic volume

change. The approximated form is composed of three planar
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sections. These planes are assumed to converge towards a.
single point on the ordinate. Two of these planes are
orthogonal planes. A horizontal line on the third
transition plane is assumed to have a slope defined by the
ratio of the logarithm of the corrected swelling pressure
and the corresponding matric suction of a soil after being
unloaded at constant volume. This transition plane can be
defined by the two moduli with respect to the logarithm of
the stress variables of the abscissas. The same two moduli
can be related mathematically by geometry of the approxi-

mated constitutive surface.

3.4 The Adopted Semi-logarithmic Volume Change Constitutive

Relations for The Soil Structure and Water Phase

In section 3.3, geometric surfaces of three planar

sections are proposed to approximate the curved soil
structure and vater phase constitutive surfaces. Each
proposed geometric surface is composed of two orthogonal and
one transition planes. This section presents constitutive
relations which represent these planes. The proposed
constitutive relations are presented first numerically and

then graphically.
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3.4.1 Numerical presentation of the adopted semi-
logarithmic constitutive relations

This section derives the equations for the planar
sections of the approximated soll structure and water phase
constitutive surfaces. The case of the soil strugtuze
undergoing monotonic volume decrease is used as an example
to shov the mathematical derivation. The constitutive
relation representing the transition plane is discussed
first, followed by the constitutive relations representing
the orthogonal planes.

An illustration of the geometrical characteristics
of the approximated soil structure constitutive surface for
monotonic volume decrease is presented (Figure 3.24). The
void ratlo ordipate is assumed to locate at an intersection
of the abscissas where the net total stress is equal to
matric suction. The projected point of convergence, EL of
the constitutive surface represents the void ratio of a soil
under a nominal stress. The numerical value of the net
total stress and matxic suction at this projected state is

assumed to be unity.

e e E o e

The compressive indices with respect to the net
total stress and matric suction (i.e., C, and C,) can be
- zelated through the geometry of the approximate constitutive

surface (Figure 3.24). The two right angle triangles, AELugQ
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and AELxQ share a common vertiéal side, ELQ.

Mathematically, it follows,

* ,
e =e, + ct log Pé (3.22a)

or
* e

e =e, ¢+ Cm 109(ua - uw)i (3.2b)

Vectors ELV and BL® lay on the transition plane (II) (i.e.,

plane ELv'w') be written as,

ELV = {log pé1§’+ {log al3’+ (- c,logp!1k” | (3.3)
log a log P!

==y _ > - e3>, (. =

ELV = | elx + Elog(ua uw)i]j +[ ctlogPélk

log(u_ - u_}.
a wi (3.4)

A vector normal to the transition plane (II} can be written

as,
n’= ELG x ELv
> > =5
= nli + n,3J + n3k | (3.5a)
wvhere
- 4 - e_
n, = ct logPs [log(ua uw)i log al (3.5b)
2 e
_ Ct tlogPé) [log(ua - uw)i- log al
n, = e {3.5c)
e e
. logPélloq(ua - “w)i_ log al[log(uQ - u!)i+ log al
3 e
log(ua - uw)i

(3.54)
Let P be a point on the transition plane (II). The vector
EEB can be written as,
== _ _ T> - ->
ELB = [logl(o ua)ll + [log(ua uw}lj

>
+ [e - (e°+ ctlogP;)]k (3.6)
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Since vector EEB lays on the transition plane (II),
therefore

ELB . n =0 (3.7a)
it follows, —

nllog(c - uw) + n 1og(ua-uw) + n3{e - (e°+ CtlogPé)] =0

(3.7b)

2
or
n n
- 1 - _ =2 -
e - (eo + ctlogPé) n, log(o ua) n, log(ua uw)
(3.7¢)
Combining equations (3.5b),(3.5c),{(3.5d4) and (3.7c) gives,
C,log(u_ - u 'S
loge!) - [—F a__vi 4y 5g(0-u)
e a
log{ua - uw)i+ log a

e = (e°+ Ct

]
C,log PS

t
log(ua - uw)?+ log a

- { | 1og(ua- uw)

(3.8)
The same equation can be written in terms of the initial and
final void ratio (i.e., e, and e } of a soil before and

after a volume decrease.

e
c.1 - -
S gloglu, ugli ] 1og£;§—:—§§%i
log(ua - uw)1+ log a
C,log P! (u )¢
___é_uﬁ_ﬂ._
- L & p ] logl (u — ) ]
1og(ua - uw)i+ log a \

(3.9}
The same mathematical procedure can be repeated to derive an
equation describing a water content change on the transition
plane of the approximated water phase constitutlive surface

for monotonlc water content decrease.
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v
D,log(u_ - u) (o - u_)
ve = v, - - a : 1 P loglir—= 7.1
1og(ua - uw)i+ log b a’'i
D, log P_ (u, - u l,
-1 ” ] log[(u ~ g ) }
log(ua - uw)i+ log b a w'i
(3.10)
The term, PG is the net total stress of a soil after being
saturated at constant water content. The ternm, (ua - uw):

represents the matric suction of a soll after being unloaded
at constant vater content. The term, log b is the abscissa
value of the stress point, v used to approximate the
asymptotic constant water content stress path. The
numerical value of "b" can be found through the graphical
procedure discussed in Section 3.3.

Similar equations can be written for a volume or
water content change on the transition planes of the
approximated soil structure and water phase constitutive

surfaces for monotonic volume increase.

e
eg = e, + AL :",1 ] log(%;';“gé%ll
log(ua - uw)i+ log a a'f
b (—ts28 Ps ) log—a i
log(u, - uw)§+ log a (u, - v )¢

(3.11)

and

ve = v, 4+ tggﬁ;og(ua ¥ :;’Y ] 109{%;“;-55%11
log(ua - uw’i+ log b a'f

b (—xs P;w ' 1 logl :gﬂ - :w;il (3.12)
log(ua - uw)i+ lag b a w £
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Constitutive Relations for The Orthogonal Planes

The mathematical derivation for an equation
describing a volume change on the transition plane of the
approximated soil structurelconstitutive surface for
monotonic volume decrease was presented. Similar
mathematical procedures can be repeated to derive equations
des&ribing a volume change on the two crthogonal planes
(i.e., plane I-uvu'v' and plane III-wxw'x') of the same
constitutive surface (See Figure 3.24).

Plane I (i.e., plane uvu'v'} is perpendicular to
the void ratio versus the logarithm of the net total stress
plane. Plane I defines a stress space within which any
volume change is defined by the compressive index with
respect to the net total stress.- An equation describing a

volume change on plane I can be written as,

(o0 - u )f

] {3.13)
ua)i

ee = e; - ctloq[(a q

Plane III (i1.e., plane wxw'x') is perpendicular to the void
ratio versus the logarithm of matric suction plane. It
defines a stress space within which any voelume change is
defined by the compressive index with respect to matric
suction. An equation describing a volume change on plane

IIT can be written as,

{u_- u )}
- _ ~a  wf
e, = e, leogl(ua_ uw)i] (3.14)

Ssimilarly, equations describing a volume change on
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the orthogonal planes of the approximated water phase

constitutive surface for monotonlc wvater content decrease

can be written as,

Ve

and

Ve

(oo ~ u_ )
- _—_—af
vy Dtlog[(a = 2) ] (3.15)
a’l
{(ua_- u )
v, - D logl - ] (3.16)
1 m (ua uwl1

Similar equations can be written for a volume or

vater content change on the orthogonal planes of the

appzoxlhated soll structure and water phase constitutive

aurfaces for monotonic volume increase,

and

Ve

(c - u_)
e, + C__logl7— 1 (3.17)
i ts (o ua)f‘
(u_~ v_)
—a w i
e, + C__log{ - }
i ns (ua “w’E
(0 - u_)
— a2l
v, + Dtslog[(c ) ]
a’' £
(u .- v )
—t e w i
v, + Dnslog[(ua- “w)fl (3.20)

The sign convention adopted for the presented

constitutive relatlions (l.e., equation (3.9), (3.10),

{(3.11),

(3.12), (3.13}), (3.14), (3.15), (3.16), (3,17),

(3.18), (3.19), and (3.20)) is shown in Table 3.1.

(3.18)

(3.19)
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3.4.2 Graphical presentation of the adopted semi-
logarithmic constitutive relations

This section presents graphically the approximate
soil structure and water phase constitutive surfaces (Figure
3.25 and 3.26). The void ratio and vater content ordinates
are assumed to be located at the intersection of the stress
variable abscissas wvhere the net total stress is equal to
matric suction. The approximate constitutive surfaces for
monotonic volume increase are assumed to have polnfs of
convergence on the void ratio (i.e., point EU) and water
content ordinates (i.e., point WU). Similarly, the
approximate constitutive surfaces for monotonic volume
decrease are assumed to have projected points of convergence
on the void.ratio and water content ordinates as well (i.e.,
peints EL and WL respectively). These points of convergence
of the constitutive surfaces represent the void ratio and
wvater content of a so0oil under a nominal stress. The
numerical value of the net total stress and matric suction
at this nominal stress state is assumed to be one. The use
of a logarithmic scale for the abscissas makes the
specification of units for therstress variables unnecessary.
A so0il is seldom at a stress free state in nature. The
assumption of a nominal stress condition as a limiting

stress state 1s therefore considered reasonable. The void

_ ratio and water content of a soil after being unioaded to a

nominal stress state is defined as the free swelling void
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ratio and vater content respectively (i.e., €re and wfs).
These approximated constitutive surfaces are used as a basis
for developing the relationships between the various soil
structure and water phase moduli.
The geometry of the approximated constitutive
surfaces is identifiable by four characteristic stress

states represented by the variables, Pé ’ (ua - uwjf ’

P,
and (ug - uw)g.

The variable, Pé represents the initial stress
state of a s0il translated to the net total stress plane
following a constant volume stress path (Figure 3.25). It
is referred to as the corrected swelling pressure (Fredlund,
1983). The word "corrected" is used to distinguish this
stress state from the conventionally determined swelling
pressure which normally falls below the corrected value due
to sample disturbance (Fredlund, 1983). The corrected
swelling pressure 1s equal to the initial net total stress,
(o0 — ua)i plus the initial matric suction, (ua - uw)i
translated onto the net total stress plane. The magnitude
of the translated matric suction is smaller than the initial
matric suction. The difference is because the net total
stress is more effective in deforming the soll structure
than matric suction.

The stress state, (ua - uw)i represents the 1hit1a1

stress state translated to the matric suction plane

following a constant volume stress path (Figure 3.25)., It
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is equal to the initial matric suction plus the initial net
total stress translated onto the matric suction plane. The
magnitude of the translated net total stress is larger than
the initial net total stress because matric suction is less
effective in deforming the soil structure than net total
stress. |

The stress state, P; represents the initial stress
state of a soil translated to the net total stress plane
following a constant water content stress path (Figure
3.26). It is equal to the initial net total stress plus the
initial matric suction translated onto the net total stress
plane. The magnitude of the translated matric suction is
larger than the initial matric suction because matric
suction is more effective in changing the water content than
net total stress,

The stress state, (ua - uw)¥ represents the initial
stress state translated to the matric suction plane
following a constant water content stress path (Figure
3.26). It is equal to the initial matric suction plus the
initial net total stress translated onto the matric suction
plane, The magnitude of the translated net total stress is
smaller than the initial net total stress because a change
In net total stress is less effective in changing the vater
content than a same amount of change in the matric suction.

The magnitudes of the four characteristic stress

: _ e ' _ v .
states (i.e., P;, (uy uw}i’ Ps and (ua uw)i) are unigue




155
for a soil. A saturated soil with an overburden acting on
it has a corrected swvelling pressure, Pé equal to that of
P;. The magnitudes of the stress states, (ua - uwii and

(ua - uw)r, of an unconfined unsaturated soil are the same

as the initial matric suction of the soil.

3.5 Relationships between The Moduli

There are six volumetric deformation moduli
assoclated with the soil structure, pore-water and pore-air
phases in an unsaturated so0il. Only four are independent
and reference will be made to the soll structure and water
phase constitutive relations. Differentiating the basic
volume-mass relation (li.e., Se = wGs) with respect to the

logarithm of the net total stress gives,
de - g de - e dsg
dlog{oc - ua) a dlogl{oc - ua) dlog(c - ua)

dw
s dlog(o - ua)

= G (3.21)

Differentiating the same volume-mass xelation with respect

to the logarithm of matric suction gives,

das
de -g —de 4
dlog(ua- uw) a dlog(ua- uw) dlog(ua— uw)
dw _
s dlog(ua uw)
vhere
5, = 100% - 8
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S = degree of saturation, (%)
The above two equations are fixed relationships between

modulil of the soil structure, pore-wvater and pore-air

phases.

3.5.1 Relationships between moduli of the same phase with
respect to different constitutive relations
using different paris of stress state variables
Constitutive relations can be formulated by using
any two of the three independent stress state variables
{i.e., (o - ua), (o0 - uw) and (u, - uw)). Three equivalent
constitutive relations In incremental form can be written to
desczibe a vélume change process for any one phase of an

unsaturated soil.

de (or dw) = Aldlog(a - ua) + Azdlog(ua - uw) ‘3.23a)
or = Aadlog(a - uw) + A4dlog(ua - uw) {3.23b)
or = Asdlog(a - uw) + Asdlog(c - ua) (3.23¢)
where

A, B, , Ay, A, , By, A
= volumetric deformation moduli with‘respect to the
specified increasing or decreasing (i.e. loading or
unloading) reference stress state variable
Consider a volume change process with the pore-air,
u_s and pore-water pressure, u, being kept constant while

total stress, o is changed by do. The resulting volume

change can be represented by any one of the above three
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constitutive relations (i.e., eguation 3.23a, 3.23b and
3.23c)}. Comparing 3.23a to 3.23b shows that,

A, = A

1 (3.24)

3
Consider a volume change process with the total
‘stress and pore-air pressure being kept constant while the
pore-water pressure is changed by duw. A comparison between
equations 3.23a and 3.23c illustrates,
A

= A (3.25)

2 5
Similarly, for a volume change process with the total
stress and pore-vater pressure being kept constant while the
pre-air pressure is changed by dua, a comparison between
equations 3.23b and 3.23¢ shows,

Ay, = - Ag (3.26)

Since equations 3.23a, 3.23b and 3.23c are equivalent

constitutive relations describing the same volume change,
they are mathematically equal to one another. Conmbining

egquations 3.23a , 3.23b and 3.24 glves,

1 7 A4 (3.27)

Combining equations 3.23a, 3.23¢ and 3.25 gives,

A, = A

Al = A5 - AG (3.28)
Combining equations 3.23b, 3.23c and 3.26 gives,
A3 = = A4 + A5 (3.29})

Four of the six established relationships (i.e.
equation 3.24 to 3.29) between the six moduli (i.e. Al te
As) defined by the three eguivalent constitutive relations

(1.e. equation 3.23a to 3.23c) are independent. It follows
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that only two of these six moduli (i.e. Al to As} are
independent variables. Once the moduli with respect to any
pair of the three independent stress variables (i.e. (o =
ua), (0 - u,) and (ua - uw)) are determined experimentally
for any one phase, moduli of the same phase with respect to
other possible pairs of stress variables can be found by

using the above theoretical relationships (i.e. egquation

3.24 to 3.29).

3.5.2 Relationships between moduli of the same phase
Section 3.4.2 presented the approximated soil

structure and water phase constitutive surfaces. The

deformation moduli af the soil structure (i.e., Ct and Cm,

Cts and cms) and those of water phase (i.e., D_ and Dm’ D

t ts

and Dms) can be related mathematically to the characteristic
stress states (see Section 3.4.2) according to the geometry

of the approximated constitutive surfaces (Figure 3.27}.

Consider the pyramids, OEUux or OWUux and OELux or

O¥Lux in Figure 3.27,

C_ _ €
OEU = pAe = Ctslog P; = Cmslog(ua uw)i (3.30)
or
v
OWU = jpw = Dtslog P; = pmslog(ua uw’i (3.31)
and
e
OEL = Ae = Ct log P; = Cm log(ua - uw)i (3.32)
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or
= = = - hd
OWL = aw D, log P; D log(ua LI by (3.33)
It follows,
c L]
A3 oy m_ 109 Py (3.34)
Ct Ct  1ogq(u. - u )¢ A ]
s g a w'li
and
A"
D °r - log P! (3.35)
ns m W

A change in net total stress is more effective in
deforming the soil structure than a change in matric
suction. The reverse is true when induc¢ing water content

change is considered (Fredlund, 1973). As a result,

cts 2 cms (3.36)
C, 2C, (3.37)
Dog Z Dy (3.38)
Dm 2 Dt | (3.39)

Combining equations 3.34 to 3.39 shows the moduli ratios,

C c D D

Egi, Eﬂ, Eti and EL should be less than one.

ts t ms n

3.5.3 Relationshi?s between moduli of the soil structure
and water phase with respect to the same stress
variable change

This section discusses the relationships between
moduli of the soil structure and vater phase with respect to

the same stress state variable change. Modull with respect
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to the logarithm of net total stress (i.e., C and D C

ts ts? Tt

and D,) are related by the soil volume-mass relation (i.e.,

Se = wGs). Relationships between moduli with respect to the
logarithm of matric suction (i.e., cmsand Dms’ Cm and Dm)

are derived from the relationships previously discussed.

3.5.3.1 Relationships between moduli of the soil structure
and water phase with respect to logl(o - ua)
When the degree of saturation of a soil is 100
percent, the so0il volume-mass relation states,
e = wGs (3.40)

it follows,

de = =000
=G dw

dlog(o - u_ ) s dlog(o - u_) (3.41)
a a
and
C c
B-ts- or —Di = G_ (3.42)
ts t

In other words, the relative density (i.e., Gs) is a fixed
link between the s0il structure and water phase moduli with
respect to the logarithm of the net total stress when a soil

approaches saturation.

3.5.3.2 Relationships betveen moduli of the so0il structure

and water phase vith respect to log(ua ~ uw)

Equation 3.34 describes the relationships between
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moduli, cts and Cms or ct and Cm vhereas equation 3.35

describes the relationships between moduli, D ,and D or D

t t
and Dm as follows (see Section 3.5.2),
Cms Cm log Pé
c,_°%c¢c ~ e
ts t log(ua - uw)i
D D log(u. -~ u )Y
£s ,, -t _ 3 % w_i
14
Dms Dm log Pw
Equation 3.42 describes the relationships between moduli cts
and Dts or Ct and Dt as follows,
Sts St
p,_ °* b, ~ G
ts t

Combining these relationships (i.e., equations (3.34),
{3.35) and (3.42)) gives the telationships between moduli of
the so0il structure and the water phase with respect to the

logarithm of matric suction.

v
C Cn B G5 log Pé log(ua "w)i
Emg or 7% = p (3.43)
ns m log(ua - uw)i log P;

When a soll is saturated (i.e., the degree of
saturation equals 100 percent), equation 3.40 describes the
relative change in void ratio and water content of a soil

subjected to a stress change. It follows,

de dw
— = G - {3.44)

dlog(ua uw) s 4 log(ua uw}
and

“cm C

RS or B _ c (3.45)
D D s

ms m
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Unconfined shrinking and swelling tests measure the
relative volume change of the soil structure and pore-water
phase of a soll subjected to matric suction changes while
the total stress is constant. The so0il specimen is
'generally dried or wetted under unconfined conditions. The
net total stress acting on the specimen would therefore be
constant and equal to the self weight at a nominal value.
The test results are commonly presented as void ratio versus

vater content plots. The slope of these shrinking and

Cc Cc
swelling curves are therefore the 5m§ and sm moduli
®S m

ratios respectively.

In 1923, Haines presented unconfined shrinking and
swelling curves of slurry Durham clay specimens. The re-
analyzed data is presented (Figure 3.28). A bilinear
relation between water content and void ratio is apparent.
The slopes of the initial sections of the drying curves and
the end sections of the wetting curves are approximately the
same as the relative density of the soil when the so0il
approaches saturation.

In 1954, Wooltorton presented unconfined shrinking
and swelling curves of compacted sandy loam, sandy clay and
plastic clay specimens (see Figure 2.42). Two identical
specimens were prepared for each compaction state. One
specimen wvas dried and the other wetted. Results for six
pairs of specimens were presented. The data for the

compacted clay specimens are re-analyzed (Figure 3.29). A
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bi~linear relation between water content and void ratio is
apparent. The slopes of the initial sections of the wetting

C

curves (i.e., Emi ) are approximately the same as the slopes
ms c

of the initial sections of the drying curves (i.e., = ).

Dm

However, the slopes of the end sectlons of the wetting
curves are.found to be decreasing rather than approaching
unity. This would appear to be a rather unusual soil
behaviour. 1In the original literature, Wooltorton (1954)
did not provide any information on how the specimen volunmes
vere measured. If the volumes of the specimens were
determined by direct measurements, the resulting vold ratio
values could have been under-estimated especially when the
specimens were wet (see Section 5.4). This could have led

to the exhlibited unnatural phenomenon.

3.5.4 Summary

Section 3.4 presents approximated soil structure
and water phase éonstitutlve surfaces for monotonic volume
changes. The assumed geometry of these approximated
constitutive surfaces is used as a basis to relate the
various soll structure and water phase moduli.

Section 3.5,2 shows the proposed relationships
between moduli, cmsand c

ts’
based on the assumed geometry of the approximated

Cm and Ct, Dtsand Dms’ Dt and Dm

constitutive surfaces. The relationshlps are written in
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terms of the characteristic stress states ldentifiable to
the approximated constitutive surfaces.. Section 3.5.3
discusses the relationships between moduli, cts and Dts’ Ct
and Dt based on the soil volume-mass relation., The
betveen moduli, Cms and Dms' Cm and Dm are subsequently
derived in terms of the established preceding relationships.

The relationships between moduli of the soil
structure and those between moduli of the water phase can be
presented graphically. The case of a soil undergoing
monotonic volume decrease is used as an example to explain
the method.

Conslder a soll undexr a stress condition of

(o - ua)i and (ua ~u ). {Figure 3.30). The initial void

w'i
ratio and water content of the soll are represented by
e, and v, respectively. The corrected swelling pressure, Pé
and the slope of the virgin compression branch (i.e., Ct)
can be established by conventional saturated soil testing
techniques (Lambe, 1951). 2An extension of the virgin
compression branch through the corrected swelling pressure
gives the projected point of convergence of the approximated
constitutive surface on the void ratio ordinate (i.e., point
EL). A line extending from this projected point of conver-
gence glves the matric suctlon of the soll after being un-
loaded at constant volume (l.e., (u, - uw)f) or the modulus

Cm if either one 1s known. The modulus, ct is equal to

‘ Dth wvhen a soil is saturated (see equation (3.42)). The
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intersection of the virgin compression branch and a
horizontal line from the void ratio ordinate at "1Gs gives
the 1initial stress state of the soll translated to the net
total stress plane following a constant water content stress
path (i.e., P} ) (see Figure 3.26). The virgin compression
branch of the water phase is therefore established. Similar
graphical steps described previously can be followed to
locate the projected point of convergence of the approximate
water phase constitutive surface. The modulus, Dm or the
initial stress state of the soil translated te the matric
suction plane following a constant water content stress path
(i.e., (ua - uw)g) (see Figure 3.26) can be found sub-
sequently if either one is known. The graphical procedure
is similar to that desﬁribed for the soil structure earlier.

‘The approximated constitutive surfaces involve the
assumption of a nominal stress state as a limiting stress
condition (see Section 3.4.2). The numerical value of the
net total stress and matric suction at this nominal stress
state is assumed to be one. This assumption does not impose
a problem when the approximated constitutive surfaces are
used as means to evaluate moncotonic volume change. The case
for insitu swelling of a soil due to saturation is used as
an example to illustrate this point. '

Consider a soll under an initial stress condition
of (o - ua)i and (ua - uw)i (i.e., stress point A) (Figure

3.31). The stress path AB represents the insitu swelling of
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the so0il when it is saturated. The actual stress change is
reducing the initial matric suction of the soil to zero at
constant net total stress. Zero matric suction is undefined
on a8 logarithmic scale. The soil structure constitutive
surfaces for monotonic volume change are unigue (Fredlund,
1979). Therefore, following an alternate stress path AvuB
should end at the same final state as stress path AB. The
resulted insitu swelling can be readily evaluated by knowing
the corrected swelling pressure (i.e., Pé) and the
swelling index with respect to the net total stress (i.e.,
cts)'

The proposed theory in this section is limited for
monotonic volume changes. Stress changes involving non-
monotonic volume changes can be resolved into steps of
stress changes producing monotonic volume change only. The

discussed concepts can therefore be applied accordingly.

3.6 Conceptual Adaptation for Collapsing Soils

A collapsing soil is generally referred to as an
unsatu;ated soil which exhibits volume decrease upon
satuzration under a constant applied load. Limited
information is available in the literature on the volume
change constitutive relation for collapsing solls. The.

following is a suggestion on how the relationships between
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the various moduli of a collapsing soll may be formulated.

The following properties are videly observed for

collapsing soils,

&) A decrease in the net total stress is required to
maintain a constant volume of a specimen upon saturation
(Jennings and Burland, 1962).

b) A collapsing soil becomes normally consolidated
following soaking (Burland, 1985).

The volume change constitutive surfaces for a collapsing

s0il are hypothesized based on these observations.

thile is known about the form of the constant
volume stress path of a collapsing soil when it is being
wetfed. The soll structure constitutive surface for
monotonic volume decrease 1is hypothesized by assuming the
stress path (l.e., stress path AM) is a straight line

(Figure 3.32). On an arithmetic plot, the constitutive

surface ié a combination of two concave surfaces, I and II.

The two concave surfaces ére separated by a ridge defined

by the virgin compression éurve on the matric suction equals

to the initial matric suction (i.e., (ua - uw)i) plane.

The same constitutive surface becomes a composite of a

planar and a convex curved surface on a semi-logarithmic

plot. The collapsing curve (i.e., the void ratio versus
decreasing matric suction relation at constant net total
stress) is assumed to be linear on a semi-logarithmic scale.

It 1s suggested that this composlte surface can be
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Figure 3.32a The Soil Structure Constitutive Surface of A
Collapsing Soil for Monotonic Volume Decrease
on An Arithmetic Scale
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Figure 3.32b The Soil Structure Constitutive Surface of A

Collapsing Soill for Monotonic Volume Decrease
on A Semi-Logarithmic Scale
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approximated by two planar surfaces (Figure 3.33). Planar
surface I is defined by the linearlized virgin compression
and collapsing curves. Planar surface II is defined by the
linearlized virgin compression and void ratio versus
increasing matric suction curves. Three moduli are required
to define this approximated constitutive surface. The
moduli are the compression indices with respect to the net
total stress and matric suction (i.e., Ct and cm), as well
as the collapse index (i.e., th). The collapse index is
defined as the voild ratio change per the logarithm of matric
suction decrease. The compression index with respect to the
net total stress can be related to the collapée index by

geonetry,
log(o ~ u_)

a i
t log(ua - uw’i

C C

™ (3.46)

Other relatlionships involving the compression index with
‘respect to matric suction may be formulated pending on a
better understanding of the form of the constitutive
surface.

It is observed that the less swelling that a soil
exhibits, the smaller the évelllng pressure (Maswoswe,
1985). Under K, condition vhen the net total stress is
small, soaking alone seldom causes a soil to collapse. The
constitutlive surface for monotonic volume increase can,
therefore, be visualized as a sequence of diminishing
surfaces as a soll becomes less swelling (Figure 3.34). The

limiting case would be that of a collapsing soll under no
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net total stress. The constitutive surface should become a
horizontal line on the void ratio versus the logarithm of
matric suction plane. There is, therefore, a smoocth
transition between the constitutive surface of a swelling
soil to that of a collapsing soil. However, the formulation
of relationships between moduli of a collapsing soil awaits
further research in order to completely identify the form of

the volume change constitutive surfaces.
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CHAPTER 1V

TEST PROGRAM

4.1 General

The main objective of the test program is to
experimentally verify the form of the constitutive surfaces
for various loading conditions. The two loading conditions
can be described as i) vertical loading with no lateral
expansion and ii) isotropic loading. The form of the
constitutive surface will provide an understanding of the

relationships between relevant moduli.

4.2 Soils

Two soils, a uniform silt and a glacial till, were
selected. The silt is from the Pilot Butte area (SwW-14-18-
18-%2) in Saskatchewan. It was selected for its relatlvely
high permeability. The till is from the Indian Head area
(NE-11-18-14~W2) in Saskatchewan. Its volume change
behaviour has been documented by Lidgren (1970). The index
properties and grain size distribution curves for these
s0ils are presented in Table 4.1, Figure 4.1 and 4.2
respectively. Results of salinity analyses on these soils

are given in Table 4.2.
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Table 4.1 Index Properties of the Silt and Glacial

Till Used in the Test Program

Liquid Limit
Plastic Limit
Plasticity Index
Percent Sand Sizes
- Percent Silt Sizes
Percent Clay Sizes

Relative Density of
Solids

26.7%
14.9%
11.8%
25.0%
52.0%
23.0%
2.719

33.2%
13.0%
20.2%
32.0%
39.0%
29.0%

2,764




-

182

I1TS 203 8AIND UOI3INQIIISTQ IZTS UTRID Ty 2anbig

SIYLIWINTNW — 3ZIS ~ NIVHD

o1

02

of

ov

0%

09

oL

08

06

00l

10000 1000 100 ro ol ol oot
o
i er
= - .,a(/
X
K,
l!rl..lllll.
| 1 1 ] 1 | 1 ] 1 t+ L Lt
003 OOl O OV 08 L] L 4 1 *.*.un
]
SIZIS IAIS
4 | w | 9 4 1 wnl 92
$3ZIS AY1D 53718 0I5 S3775— GRS $3Z1S 13AVYO

NYHL M3Nid LIN3J¥3d




183

IT14 1eIoeTD 203 8AIND UOTINGTIISIA 9ZT§ UfeID Z'p 9INBIJ

QOO0 co0

SAULIMWNMIIN - 3ZIS  NivHd
o1

100

ro

ol

001

ol

014

Og

ov

0¢

09

oL

o))

06

(o 0])

|
[ [
t

mtel
-0

S3218

3als

$37IS AV

3 ] w i

J

4 | -w |

2

§3Z1S LS

S3ZIS ONVS

S3ZIS T13AVYO

NYHL d3NId LIN3JY3d




184

Table 4.2 Results® of the Salinity Analyses on Silt
and Till Samples

Test Result 811t Glacial Till
Water content of saturation 413% 43%
extract
pPH 7.5 7.9
Conductivity (mS/cm)b i.6 0.9
Ions incsaturation extract
{(rg/ml)
Nat 96 75
catt 207 23
Mgt 43 66
k? 49 18
c1” 43 75
sod= 390 65
Sodium Adsorption Ratio ffmgﬁ&a 1.6 1.8 _
_;@i__1 SAR R 1| ES¥ Qnﬁmyuﬂ{armw#.u;
@#ﬁhﬁ EP72H, dd x|

Note : a) Tests were performed by the Saskatchewvan Soil
Testing Laboratory, University of
Saskatchewan; Saskatoon.

b) "mS/cn"™ means milli-Siemens per centimeter.

t) "ig/ml" means micro-grams per milli-litre.
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4.2.1 8Soil preparation

Prepared specimens with near identical initial
conditions were desired. Remoulded samples of each soll
vere compacted at various water contents to different
initlal dry densities.

S0il used in this study was first air dried for
approximately two days. It was then pulverized using a
rubber mallet. Only material passing the No. 10 sieve was
used in the testing program. The soil was oven-dried for 24
houfs and hand mixed with a precalculated quantity of
distilled water. The wet so0il was placed in a sealed bag
consisting of alternate layers of polystyrene bag and
aluminum foil and left to cure for about 7 days in a
constant humidity and temperature room. The water content
of the soil was measured after the curing period. An
attempt was made to have a water content control of +0.5%
betwveen batches of the soil,

Specimens were formed by static compaction at half
standard Proctor compaction effort to ensure that
significant volume changes in response to stress changes
would occur. Figure 4.3 and 4.4 shov the compaction
characteristics of the silt and till, respectively. Two
sizes of compaction moulds were used as shown in figure 4.5
and 4.6. Each specimen was statically compressed to a
predetermined volume defined by the mould and the caps. The

applied load was maintained for at least 48 hours in a
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constant humidity and temperature room. The specimens were
then extruded and tested. Precaution was taken to avoid
moisture loss from the specimens during their preparation.
The silt and till samples were prepared at either

approximately 3% dry of optimum or at optimum water content.

4.3 Testing Equipment

Conventional so0il testing equipment was used in the
test program whenever possible. However, for some stress
paths, it was necessary to develop special equipment. This
section will present the unique features of the equipment

used in this test program.

4.3.1 Modified Anteus consclidometer

A conventional Anteus consolidometer was modified
for the study of one-dimensional volume change behaviour of
unsaturated soils (Figure 4.7). Some of the modifications
are the same as those used by Pufahl (1970). A high air
entry dise was installed in the base pedestal of the
consolidometer. This allowed the axis-translation technique
(Hi11f, 1956) to control the matric suction in the specimen.
An axial load was applied using ag water pressure actuated

rubber diaphragm attached to the loading piston. A diail
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gauge with the plunger resting on top of the loading piston
vas used toc measure vertical displacement of the speéimen.
The space inside the consolidometer was controlled at a
constant air pressure. A coarse porous'stone wvas placed
between the loéding piston and the specimen. This allowed
the control of the pore-air pressure in the specimen. Two
drainage lines were connected to the basal compartment
beneath the high air entry disc. One drainage line wvas
connected to a water supply tank for the control of the
pore-vater pressure. The second drainage line was used when
flushing diffused air from underneath the high air entry
disc (Fredlund, 1975).

The permeability of the high alr entry disc is
extremely low. Therefore, water moving to the specimen
through the base pedestal requires long periods of time (Ho
and Fredlund, 1982). The loading cap of the modified Anteus
consolidometer was redesigned to enable a more efficient
addition of water to the specimen. A composite loading cap
was built consisting of an aluminum top and two layers of
porous alundum stones. Three l7-gauge (i.e., 1.47 mm O0.D.
and 1.04 mm I.D.) hypodermic needles were installed thrbugh
the loading cap (Figure 4.8). The presence of the coarse
alundum stones allowed the pore-air pressure of the specimen
in the air chamber to be regulated. A polyvinyl chloride
(PVC) tube serving as the vater injection line was joined to

the loading cap through the cell wall (Figure 4.9) to a
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Figure 4.8a Loading Cap Complex for the Modified Anteus
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Figure 4.8b Loading Cap Complex for the Modified Anteus
Consolidometer - Top View
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Figure 4.9 Schematic Layout of the Modified Anteus
Consolidometer
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pressurlzed wvater tank via a double burette volume change
indicator (Figure 4.10). A two-way valve was installed in
the water injection line between the consolidometer and the
double burette volume change indicator. This line could be
closed when the hypodermic water injection system was not
being used. Water movemént in or out of the specimen was
then restricted to the drainage line through the high air
entry disc. The wvater injection system allowved water to be
added to the specimen under any applied total, pore-air and
pore-water pressure condition.

A linear variable differential transformer (LVDT)
vas used to measure the vertical displacement of the
specimen. Signals from the LVDT and other pressure
transducers monitoring the axial load, cell pressure and
pore-vater pressure of the specimen were fed to a data
acquisition system. Processing of the data was conducted as
the test progressed. A double burette volume change
indicator vas used to monitor the water passing into or out
0f the specimen. One of the bottom drainage lines wvas
connected to a diffuse air volume indicator (Figure 4.11)
(Fredlund, 1975). The volume of diffused air passing
through the ceramic high alr entry disc was monitored from
time to time. The volume of diffused air measured by
flushing the basal compartment was applied as a correction
to the measured change in the volume of water of the

specimen.
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4.3.2. Stress controlled isotropic cell

A Wykeham Farrance triaxial cell was modified to
study isotropic volume Ehange. The design was a
modification of that used by Fredlund (1973) (Figure 4.12).
A brief description of the equipment designed by Fredlund is
as follows. The pore-air and pore-water pressure were
independently controlled using the axis-translation
technique. A high air entry disc was installed in the base
pedestal of the cell. The vertical displacement of the
specimen was measured using a LVDT with the plunger resting
on the top loading cap. The lateral displacement was
measured using an LVDT attached to a modified Ko lateral
displacement indicator (Figure 4.13}). The cell was filled
with air and the s0il specimen was surrounded with a
composite rubber and aluminum foil membrane.

There are two undesirable features of this modified
triaxial cell used by Fredlund (1973). The first deals with
wvater movement in the specimen. The pore-water line at the
base of the triaxial cell is the only means to pass water
into the specimen. However, the‘high alr entry disc greatly
impedes the water movement (Ho and Fredlund, 1982).
Secondly, the Ko lateral displacement indicator used by
Fredlund (1973) is not sufficiently accurate.

The stress controlled isotropic cell developed for
the present study followed the basic design principles of

Fredlund's (1973) modified triaxial cell (Figure 4.14 to
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4.17). A 5 bar high air entry disc, 0.635 cm thick, wvas
installed in the base pedestal of the cell (Figure. 4.14).
The pore-alr pressure was controlled by a line connected to
the top of the composite loading cap (Figure 4.18). The
pore-wvater pressure vas controlled by a line connected to
the base pedestal of the cell (Figure 4.17). The cell was
filled with air and regulated by the cell pressure line
connected to the base of the cell {(Figure 4.17). The pore-
vater pressure line was connected to a pressurized water
tank through a double burette volume change indicator
(Fredlund, 1970). A second line was attached to the basal
compartment (Fiqure 4.17) to facilitate the flushing of
diffused air from below the high air entry disc. The line
vas connected to a diffused air volume indicator (Figure
4.11; Fredlund 1975).

The 4 inch (i.e., 101.6 mm) diameter composite
loading cap (Figure 4.18) was equipped with a hypodermic
water injection system as described in Section 4.3.1 so that
water could be added to the specimen under any imposed
stress conditions. A PVC tube was connected from the
composite loading cap to the base plate (Figure 4.17). The
water injection line was connected to a pressurized wvater
tank througﬁ a@ double burette volume change indicator
(Fredlund, 1970). The water injection line could be closed
using a two-wvay valve attached to the base plate. Further

water movement in or out of the specimen would then be
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forced through the high air entry disc.

The vertical displacement of the specimen was
measured using a LVDT with the plunger resting on the
loading cap (Figure 4.14). The lateral strain of the
specimen was measured using a "Non-Contacting Displacement
Measuring System" manufactured by the Kaman Sciences
Corporation at Colorado Springs, Colorado. Two types of
sensors, KD2300-2S and KD2310-6U were used corresponding to
different displacement ranges (i.e., 2.5 mm and 6.0 mm).

Two sensors were located across the diameter of the specimen
{Figure 4.19). Two aluminum targets (i.e., 25.4 mm by 38.1
nm) were attached to the specimen surface opposite the
sensors. The aluminum targets were made from four folds of
heavy duty commercial aluminum f£oil, 8x10 > mm thick. The
measuring system operates on the eddy-current loss principle
between the conductive surfaces of the aluminum targets and
the electronic transducers. As the conductive surface moves
closer to the transducer, more eddy currents are generated
and the losses within the bridge circuit of the gscillator
demodulator become greater. When the conductive surface
moves away from the transducer, the losses become less.
These impedance variations are converted to a DC voltage.
The lateral displacement measurements were combined with the
vertical displacements so that the total volume of the

specimen coﬁld be monitored continuously.
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4.3.3 Plumbing layout and data collecting systenm

A board of plumbing was required to support the
operation of both the modified Anteus consolidometer and the
stress controlled isotropic cell (Fiqure 4.20). The pore-
vater pressure was controlled through an air-wvater
reservoir, whereas the total stress and the pore-air
pressures wvere regulated directly from an air pressure line.
The plumbing allowed for the independent regqulation of the
total stress, the air and water pressures as well as the
back pressure that was applied to the diffused air volume
indicator. The hypodermic water injection'system operated
on a separate pressurized ailr-water reservolir system with an
independent double burette water volume change indicatorx
(Figure 4.21). 1In addition to mechanical gauges, pressure
transducers were used to continuously monitor the dell,
pore-air and pore-water pressures.

An electronic data analogue system was used for
data collection and processing.* The signals from the
transducers were converted to pressures and displacements
with the assistance of a modified version of the standard

Basic B8082A/Pet/C64 software package that accompanied the

L L — S — T — oty —— - — T — il . T i ——— ———————— . ————— . — A —

* Model BU0B2A electronic measuring system, manufactured by

Sciemetric Instzruments, Division of Sheaff and Assoclates

Engineering Inc., P.0O. Box 1048, Manotick, Ontario.
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8082A electzonic measuring system. Listings of the programs
for sensor calibrations and data processing are shown in
Appendix A. Details concerning the 8082A electronic
measuring system can be found in the "Model 8082A Electronic
Measurement System Application Notes™ published by the

manufacturer in 1986.

4.4 Program

The test program was directed towards establishing
the form of the constitutive surfaces. Two sub-programs
vere performed to achieve this purpose. Sub-program I
tested soils under stress changes involving no lateral
expansion. The term "no lateral expansion", indicates KO
loading conditions as long as there is a tendency for
lateral expansion. Since lateral shrinkage can also occur,
under this condition, Ko conditions are not always
satlisfled, Sub-program II tested soils under isotropic
changes of total stress and matric suction. 1In this
section, each of the two sub-programs are separately
presented. The objective, procedure and analysis of each

type of test are highlighted.
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4.4.1 Zero lateral expansion loading and unloading
conditions
A layout of the sub-program I is shown in Table 4.3.
The tests lnvolved in the program are as follovs.
1) Null pressure plate test (PPT)

The null pressure plate test was used to establish
the initial matric suction, (ua - uw)i of a specimen. The
pressure plate apparatus is shown in Figure 4.22. The
initlal matric suction of a specimen was obtained using the
null, axis-translation technique (Hilf, 1956). The testing
procedure and method of data analysis are in accordance with
those presented by Fredlund (1969); Bocking and Fredlund
(1980).

2) Suction test (sT)

The suction test was used to obtain the loading
curve of water content versus matric suction. The stzesé
path adhered to in the test is shown in Figure 4.23. The
test was conducted in two stages. A 507 kPa multi-layered,
pressure plated apparatus (Figure 4.24) was used for the
first stage while a 1520 kPa pressure membrane apparatus
(Figure 4.25) was used for the second stage. The test
procedure is as follows.

a) The specimen was welghed and set onto the 507 kPa
pressure plate.
b) The initial matric suction, (ua - uw)i' determined

prevlously using the null pressure plate test was
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Initial Stress State

i

Figure -4.23 stress Path of the Suction Test, ST 1n Terms
of the Water Content, v
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applied to the specimen which was left to egualize. The
equilibrium time zequired between matric suction changes
was estimated to be 2 and 23 hours for silt and till
specimens respectively. A uniform 48 hour equalization
period was used. Details are presented in Appendix B-2.
¢} Starting from the initial matric suction, (ua - uw)i'
the specimen was desaturated by increasing the suction,
(ua - uw) in increments. When the 507 kPa capacity of
the pressure plate apparatus was reached, the specimen
vas transferred to the 1520 kPa pressure membrane
apparatus and the desaturation process was continued.
Under each new suction, the equilibrium water content
vas measured. The oven-dried weight of the specimen was
then measured.
The water content versus matric suction loading
curve is plotted for the specimen (Figure 4.23). As a

result, the modulus, bm or Dm with respect to water content

can be computed.
3} Unconfined shrinkage test (SLT)

The unconfined shrinkage test was used to establish
the water content versus void ratio curve for a soil
undergoing unconfined shrinkage (see Section 3.5.3.2). The
standard ASTM procedure and equipment was used. The mercury
submerslion procedure used to measure the volume of the
specimen was checked by using an independent, direct

measurement technigue and a resin-coating submersion
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procedure (Hamberg, 1985). The direct measurement technique

involves measuring the specimen diameter using a micrometer,

and measuring the thickness of the thin specimen using a

dial gauge. Attempts were made to develop a practical

aiternative to the mercury submersion technique for
measuring the volume of a specimen. The test procedure is
as followvs.

a} A specimen of known initial water content was weighed.
The initial volume of the specimen was first determined
using one or a combination of the volume measuring
technique. The results wvere recorded.

b) The specimen was then left to air-dry.

c) At regular time intervals, the mass of the specimen wvas
determined as well as fhe sgecimen volume. One or a
combination of the volume measuring technigques was used.

d) When the air dry process appeared to be ineffective in
further reducing the wvater content, a desiccator was
used to further dry the specimen. Once again the
specimen was weighed and its volume was measured at
reqular time intervals.

e) When the desiccator was ineffective in further drying
the specimen, the specimen was oven-dried at 125 °c for
48 hours. The oven-dried mass of the specimen and the
corresponding sample volume was determined using one or
a combination of the volume measuring techniques.

The water content versus void ratio curve for the




223
specimen can then be plotted from the test data. The slope

a C

of the curve, g%', gives the moduli ratio, Bm (¢34 Em , of
m m

the soil as the matric suction of the soil increases.

Combining this information with the loading curve for the

vater content versus matric suction, gives the loading curve

for the soil structure or the void ratio versus matric
suction. In other words, the variation of the modulus,

a, or cm with increasing suction and decreasing veoid ratio

'can be plotted.

4) Constant volume loading and unloading test, CVT

This test is commonly referred to as the "constant
volume cedometer test" (Fredlund, 1969). Conventional
oedometers were used. The stress paths of the test in terms
of void ratio, e, and water content, w, are shown in Figure

4.26. The test procedure is as follovs.

a) The specimen was prepared with a known initial water
content, v, and void ratio, e, The specimen was
placed in the cedometer.

b) The initial matric suction (ua - uw)1 of the specimen
was reduced by immersinglthe specimen in water. At the
same time, load was applied to the specimen in order to
maintain a constant volume.

€) When the specimen exhibited no further tendency to
swell, the "uncorrected" swelling pressure had been
reached (Fredlund, 1983). The specimen was furthez

loaded to give the loading curve for the soil structure
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and wvater phase in terxms of void ratio, e, and water

content, w, versus the stress state variable, (o - u ).
d) When the specimen was loaded to the capacity of the

oedometer, the specimen was unloaded in decrements to a

nominal stress.

The corrected swelling pressure, Pé and the

characteristic stress State, PG of the specihen can then be
established from the fest data (Figure 4.26). The variation

of the moduli, a, and b, or C_ and D

t t t
and water content w, can also be computed. Unloading curves

with veoild ratio, e,

with respect to the stress gtate variable, (o - ua) are
approximately parallel to one another on the saturation
plane (Lambe and Whitman, 1969). Therefore, the unloading
curve established at the ené of the loading sequence, can
also be taken as the unloading curve of the specimen from

its initlal state (Figure 4.26). The free swell void ratio,

e._, and vater content, w_._ , can be obtained along with
fs £s

the variation of the moduli, a

and bts or C and D

ts
with respect to void ratio and water content.

ts ts’

5} One dimensional free swell test, FST

A modified Anteus consolidometer was used to
perform the one dimensional free swell test. The stress
paths of the test in terms of void ratio and water content
are illustrated in Figure 4.27. The modified Anteus

consolidometer allows the simulation of Ko conditions (i.e.,

no lateral expansion) when the soil swells. The test
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procedure is as follows.

a)

b}

c)

The specimen was placed into a modified Anteus
consolidometer. The initial matric suction, (ua - uw)i
of the specimen was pre-determined by running a null
pressure plate test on a similar specimen. The specimen
wvas left to come to equilibrium under a zero total
stress and its initial matric suction.

The matric suction of the specimen was gradually reduced
by adding wvater through the hypodermic water injection
system.

The saturation process was continued until the matric
suction was reduced to a nominal value of approximately
5 kPa. During the test, changes in the pore;water
pressures, L pore-air pressure, u_ . specimen volume,
and the amount of water entering or leaving the specimen
wvere monitored. The volume of diffused air was measured
tvice daily and applied as a correction to the water
volume changes.

The test data provide the unloading curves for void

ratio and water content, versus matric suction. The

variation of the moduli, amsand bms’ (s} 4 Cms and Dms with

respect to void ratio and wvater content, respectively, can

be computed. 1In addition, the free swell void ratio, e

fs’

and free swell water content, We., Can also be obtained

(Figure 4.27).

Sub-program I as described in the preceding pages
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establishes the characteristic stress states, P;, P; and

{(u_ - uw)i the loading and unloading curves of the soil

a
structure and the water phase on the.net total stress,

(o - ua) and matric suction, (ua - “w) planes. All tests
correspond to zero lateral expansion conditions. The test
data will allow the constitutive surfaces of the soil under
monotonic loading and monotonic unloading to be defined.

Subsequently, the results will establish the variation of

the moduli with changing states of stress.

4.4.2 1Isotropic loading and unloading conditlons

Sub-program II wvas designed to obtaln experimental
results indicating the relationships between the various
modull under isotropic loading and unloading conditions. A
description of the program is provided in Table 4.4. Three
of the five tests in sub-program II are the same as those
described in sub-program I. Details concerning the null
pressure plate test, PPT, suctlion test, ST and the
unconfined shrinkage test, SLT are described in Section
4.4.1. Other tests involved in the sub-program II are as
follows.
1) 1Isotropic constant volume loading and unloading test,

TCVT

A specially equipped stress controlled isotropic

cell (see Section 4.3.2) was needed to perform the test.

The cell must be capable of accurately measuring the total
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Table 4.4  Layout of The Sub-Prograa il

Coapiacted Specisens

|

Approxinztely 8,35 ce in Dianeter and

1.1 to 2,35 cn in Height

) I

Approzisately 10.16 ca in Didseter and

3.91 ¢a in Height

Initial Loading Unloading
Condition Hode Bode
]
| |
PPT ST suT oV TFST
- - T ¢
mi u")! v v, (l. u") 2 vs, ues, Ps' Fu . G Voo Gt Vot
and h. Vo 'SL and e vs. (r -na) evs, (¢~ u‘l e ¥s. (ua- u')
or 3 C and a, and a2, , and a_,
2 (] t ts as
:n:’;: toglu = u ) il-l' or i; v vs5. {reu) v, () Vs, (u=~u)
[ and llt, and h“, and bns'
or or or
e vs, !og(r-u‘) e vs, Iog(t-ua) € s, log(ua- u)
and L, mct. and C.. v
v vs, logie-a il vvs, fog(c-ull ¥ Vs, fog(ui-u )
and D and 0 and v
t ts [
Legend Description
PPT Null pressure plate test perforsed vith a 507 kPa pressure plate apparatus
sT Suction test perforaed vith first a 507 kPa pressure plate apparatus and then a 1520 kPa pressure sesbrane
inparatas
Ly Unconfined shrinkage test
TovT Isobropic constant volyss loading and unloading test performed with a stress controlled isctropic ceil
TFST Isotropic free svell test perforsed with a stress controlled isobropic call

subscript, Specific soil paraseter at the shrinkage lisit

.a.
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volume change of the specimen under different applied stress
conditions. 1In order to shorten the flow path for vater, a
specimen 3.8l cm high was used. The stress paths of the
test are the same as those shown for the one-dimensional
constant volume loading and unloading test, CVT (Figure
4.26) (see Section 4.4.1). The test procedure is briefly
outlined as follows.

a) A specimen vas prepared vwith a known initial void ratio,
s water content, vy and matric suction, (ua - u.)

w'i’
The specimen was placed into the stress controlled

isotropic cell.

b) The amount of water required to saturate the specimen
vas determined from the volume-mass relations for the
soil. The initial matric suction, (ua - uw)i of the
specimen was gradually reduced by injecting water into
the specimen through the hypodermic water injection
system. The water injection process was performed in
increments with a simultaneous reduction in the pore-air
and pore-water pressures. At the same time, the cell
pressure, o was increased to maintain the specimen at a
constant volume.

€) When the specimen exhibited no further tendency to
svell, the “"uncorrected” syelling pressure, Ps was
reached (Fredlund, 1983), The specimen was further

loaded isotropically in increments to define the loading

curve.
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d)} When the specimen was loaded to the capaclity of the
stress-controlled isotropic cell, the specimen wvas
unloaded in decrements to a nominal total stress of 5 to
10 kpa. |

e) During the test, the change in volume of the specimen
and the amount of water entering or leaving the specimen
wvere monjitored. The basal compartment of the stress
controlled isotropic cell was flushed twice a day.
Diffused air that accumulated underneath the high air
entry disc was measured using the diffuse air volume
change indicator (see Section 4.3.1).

The corrected swelling pressure, P; s and the
characteristic stress state, P; , Of the specimen can be
obtained from the test data.  Variations of the modull, a,
or Ct and bt or Dt with changing vold ratio and wvatex
content can then be computed. The free swelling void ratio,
er.s and water content, Veos CAN be established along with
variation of the moduli, a, . or cts and bts or Dts’ from
the unloading portlon of the test. The interpretation of
the data involves the assumption that the unloading curves
on the net total stress plane are approximately parallel to
one another (Lambe and Whitman, 1969). Subsequently, the
unloading curve established at thé end of the loading
sequence can be taken as the unloading curve of the specimen
from its Initial state (Figure 4.26) (see Section 4.4.1).

2} 1Isotroplic free swell test, TFST
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The isotropic free swvell test was used to determine
the unloading curves for the soil structure and the water
phase on the wmatric suction plane. The stress paths are
essentially the same as those described for the one-
dimensional free swell test, FST (Figure 4.27) (see Section
4.4.1). The stress controlled isotropic cell équipped (see
Section 4.3.2) with the lateral strain monitoring system and
the hypodermic water injection device was used for this
test. The test procedure is as follows.
a) A specimen of approximately 101.6 mm in diameter and
38.1 mm in height with a known initial void ratio,
water content and matric suction was prepared and place
into a stress controlled isotropic cell.
b} The initial applied stresses on the specimen were set to
produce the initial stress state of the specimen (i.e.,
(ua - uw) = (ua - uw)i and (o - ua) = 0). The specimen
vas allowed to reach eguilibrium under the applied
stresses,
¢} The amount of water required to saturate the specimen
was estimated from the volume mass properties of the
soil. The suction in the specimen was reduced in three
decrements durlng the saturation process. The volume of
wvater required by the specimen for each decrement was
estimated form the total amount of water reguired to
saturate the specimen. At each of the suction reduction

stages, the applied cell pressure, air and water
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pressures wvere decreased. The estimated amount of water
required to bring the specimen to eguilibrium at the new
imposed stress state wvas then added through the
hypodermic wvater injection device. The specimen vas
then alloved to come to equilibrium.

d} Step (c) was repeated until the specimen was saturated.
The specimen volume and the volume of water entering or
leaving the specimen were continuously monitored. The
volume of diffused air was measured twice daily.
Corrections vere made to the measure water volume change
of the specimen.

From the test data, the free swell void ratio,
eeor and wvater content, Vegs Can be obtalned. The variation
of the moduli, a . or cms and bns or Dms with changing voiad
ratio and vater content can then be established for
isotropic free swelling of the soil.

Sub-program II provides test data on the
characteristic stress states, Pé ’ P; and (ua - “v’i' the
loading and unloading curves for the soll structure and the
vater phase on both the net total stress and matric suction

planes. This data is for isotropic stress conditions.
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CHAPTER V

PRESENTATION OF TEST RESULTS

5.i Introduction

This chapter presents experimental results from
tests performed under the test program (Section 4.4).
Description of the equipment setup and operation, and
results of individual tests are briefly described in this
chapter. There is a one to one correspondence between the
format for the information presented in this chapter and the
outline of the program presented in chapter 4. Details are

presented in the appendices as specified.

5.2 Tests to Evaluate the Initial Suction of the Specimens

The null pressure plate test was used to determine
the initial matric suction of the soil. The pressure plate
apparatuses and accessories used were prepared and tested in
accordance to procedures suggested by Fredlund in 1973. The
setup of the equipment, the procedures and the results are
presented in Appendix B-1.

Three null pressure plate tests (i.e., PP1DS, PP2DS
and PP3DS) were performed on silt specimens with water

contents dry of optimum, at approximately 15.65%. Test
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PP1DS was abandoned shortly after the test started when the
data acquisition system failed. A leak through the epoxy
seal at the base pedestal was observed during test PP2DS and
as a result it was abandoned. Data collected for test PP3DS
are presented in Figure 5.1. During the test, diffused air
accumulated underneath the high air entry disc continued to
increase the pore-water pressure measured at the basal
compartment of the pressure plate apparatus. The base was
flushed regularly to obtain pore-water measurements repre-
senting the stress state of the specimen. The initial
matric suction of the specimen is taken as the applied air
pressure which produces a zero water pressure measured at
the basal compartment. The initial matric suction of the
specimen in test PP3DS is 117.5 kPa.

Two null pressure plate tests (i.e., PPl0S and
PP20S) were carried out on silt specimens with an optimum
initial vater contents of approximately 19.0%. Shortly
after test PP1l0S started, a leak through the fitting
attached to the flush-port was found. The test was aban-
doned. Data collected for test PP20S5 are shown in Fiqure
" 5.2. The initial matric suction of the specimen is con-
sidered to be 100 kPa.

The initial matric suction of the glacial till
specimens was determined from published water content versus
suction curves (Krahn and Fredlund, 1972). Details of the

deternination are discussed in Chapter VI.
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5.3 Test to Establish the Water Content versus Increasing
Matric Suction Relation

Suction tests were used to establish the wvater
content versus increasing matric suction relation. The
multi-layered pressure plate and pressure membrane
apparatuses used were prepared as discussed in Eppendix B-
2a. The equalization time required for each matric suction
change was estimated to be 2 and 23 hours for the silt and
the glaclal till specimens, respectively (see Appendix B-
2b}. A uniform 48 hour equalization pericd was used for all
tests.

A total of 23 suction tests were performed. A
summary of the test results is given in Table 5.la and 5.1b.
Five suction tests {i.e., STl1l, ST2, ST3, ST4 and ST5) were
conducted on silt specimens with an initial water content
dry of optimum, at approximately 15.6%. Tests ST1 and ST2
wvere trial tests. It was during these tests when it wvas
decided to record the dimensional changes (i.e., changes in
diametezr and thickness) of the specimen in addition to water
content changes. Test specimen ST3 was accidentally
disturbed when it was being transferred from the pressure
plate to the pressure membrane apparatus. The test was
abandoned.

Nine suction tests (i.e., 8T6, ST7, ST8, ST9, STiO0,
ST11,ST12, ST13 and ST14) were performed on silt specimens

with an initial water content at optimum, at approximately
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Table 5.1a Susaary of Suction Test Results on the Water Content Changes

SOIL  TEST INITIAL  INITAL vB sAT (ua - qu
TYPE NG, e "iﬁs 304 kPa 307kPa 1014 kPa 1520 kPa
05 ST ¥ 0.4245 0.3825 0.3769  0.3167  0.3031
b§ 872 t 0.4205  0.351! L 0.3263 0.313!
) 1 513 0.7037  0.4214  0.394%  0.3820 1 |
0§ 814 0.6965  0.4236  0.3958  0.3817 0,345  0.3094
1) 575 0.h964  0.,4243 0.2950 0.2845 0.3340  (.3108
0s ST6 0.6163  0.5117  0.4626  0.4338 % $
85 817 0.6140  0.5139  0.4805  0.4509 $ %
0s 578 0.6131  0.5161  0.4641  0.4587 t )
s 819 t X ABORTED # $ H
o5 8TiO 0.6220 0.5172  0.468F  0.4627  0.4253 ]
08 sTil 0.6313  0.5116  0.4460  0,4299 0.3%80 0.2373
0s 8712 0.6200  0.5171  0.46%98 | 0.3982 0.3547
0s ST13 0.8230  0.5164  0.4777 £ 0.4144  0,3633
os STi4 0.633%  0,5183  0.4895  0,4566  0.4000  0.3485
s ST15 9.6832 ¢0.4373 H ABORTED t %
a5 sT16 0.6682  0.4364 # ABORTED t ¥
0s 517 0.6719  0.428¢ # ABORTED f #
bT STISR  0.673¢  0.4291  0.4243  0.4204  0.3839  0.3630
o7 STIER  0.8713  0.4325  0.4247  0.4202 00,3906  0.3672
or STI7R  0.6880  0.4306  0.4206  0.4140  0.3709  0.3330
or STia 0.6135 0.5165 0.4830  0.4752  0.4176  0.3%85
or 5719 0.5997  0.3226  0.4853  0.4764  0.4287  0.4215
ar 5120 0.6082 0.5303 0.4896  (.481¢ # £

Rote : DS - silt dry of optinua vater content

5 - silt at optinus vater content

OT - till dry of optinus vater content

OT - till at optinua vater content
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Table §.1b Susmiry of Suction Test Results on Dinenéional Chnages

S0IL TEST  INITIAL  INITAL DIMENSIONS AT (ua -1 a OvEN
TYPE N,  THICKNESS DIAMETER __ 304 kPa 507kPa 1014 kPa 1520 kPa BRIED
{ca) fen)  tlca) dlem)  tlca) dlewd  tlca) dlend tfca) dlem) tlca) dica)
B sn $ ¥ ] #  1.7180 £.3259 1.7069 6.3157 1.7005 £.3068 1.6996 &.287]
s sm t £ $ #  1.7308 6.3094 1.7238 6.2030 {.710% 6.2967 1.T7119 6.2762
b5 ST3  1.7600 6.3481 1,7609 6.3360 1.7680 6.3310 % 8 ¥ ] ¥ L
DS STd  1.7132 6.3481 1.7138 6.3386 1.7182 6.3303 1.7178 £.3081 1.6904 6.3017 1.8901 6.2831
DS 513 1.7255 6.3386  1.7269 £.3265 1.7297 6.3170 1.7172 6.3068 1.6906 B.2992 1.6863 6.2816
05 STE  1.7389 6.3417 1.7646 6.3106 1.7655 6.3005 ] $ ] ] ¥ H
05 S17 1.7091 6.3456 1.7149 £.3062 1.7174 6.2973 : ¥ * t s ¢
05 ST8  1.7209 6.3379 17266 6.3003 1.7284 £.2916 t 3 ' # $ ]
0 S99  0.9727 6.3%0 # $ ¥ $ ABORTED t t ¥ t
05 ST0 10743 6.2414 1.0792 6.3043 1.0787 £.2350 1.0798 6.2621 1.0833 £.1762 1.0802 6.1722
05 STif 1.1252 6.2428 1.1274 5.3002 1.1279 6.2808 1.1279 5.25R0 1.12B2 6.2103 1.1270 6.1900
05 STIZ 1.0728 6.3458 1.0744 6,3170 X ¥ 1.0823 6.2598 1.0823 5.2360 1.0d38 6.1904
05 ST13 11,0998 6.3297 1.0983 6.3099 # ¢ 1,1008 6,2395 1.1005 6.2090 1.1019 6.1337
05 STI4 1,125 6.3481 1.1269 6.3151 1.1278 6.3011 1.1304 6.2421 1.1376 6.2160 [.1337 6.1773
0S5 SIS L1246 6.3441 ] ] # L] ABORTED # ¥ ' #
DS 5TI6  1.0735 6.3487 £ ¥ # ] ABORTED ¥ t ’ t
0S5 ST17 1.0906 4.324] ¥ t 2 £ ABORTED § t & &
0T STISR 1.0921 6.3360 1.0339 6.3341 1.0944 6.3284 1.0976 6.2934 1.098f 6.2386 1.0950 6.1938
DT STIBR 1.0741 6.3487 1.0753 6.3462 1.0767 6,398 1.0789 6.3100 1.0829 6.3214 1.0696 6.2103 -
BT STI7R 1.1260 &.3481 1.1294 6.3450 1.1306 6.3348 1.1275 6.2835 1.1290 £.2433 1.1302 6.1957
ar ST 1.1236 E.3468 1,125 £.2354 1.1234 6.2875 {.1180 6.2052 1.1192 6.1770 1.1047 £.0814
Y ST19  1.0703 6.3458 1.0714 6.2935 1.0720 6.2839 1.0697 6.2122 1.0718 6.1389 1.0538 6.0744
0T ST20 1.0915 6.3310 11,0898 6.2630 1.0892 6.255¢ 3 H ] £ 10745 6.0141
Note : DS - silt dry of optinue vater content

05 - silt at optinua vater content

BT ~ till dry of optinua vater content

Or - till at optinus water content
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19.0%. The cover of the pressure membrane apparatus was
over-tightened during tests 8T6, ST7 and ST8 and the
specimens were disturbed. The tests were abandoned. After
test ST9 was completed, it was discovered that an erxror in
veighing was made during specimen preparation. The specimen
vas not compacted to the same initial conditions as the
other specimens in the same serjies of tests. These test
results wvere excluded. At the end of the 304 kPa matrxic
suction increment for test ST12 and ST13, the air pressure
supply to the pressure plate apparatus failed. The
specimens were than transferred to the pressure membrane
apparatus. The 507 kPa matric suction Increment was
therefore omitted.

Six suction tests (i.e., ST15, 8T16, ST17, ST15R,
ST16R and ST17R)} were carried out on gqlacial till specimens
with initial water contents dry of optimum at approximately
15.6%. After specimens of 8T15, ST16 and ST17 wvere placed
inside the pressure plate apparatus, water accidentally came
in contact with the specimens. These test data were
therefore abandoned.

Three suction tests (i.e. ST18 to 8T20) were
performed on glaclal till specimens with an inittal wate;
content at optimum, at approximately 18.9%. At the end of
the 1014 kPa matric suction increment for test ST20, a hole
vas found on the cellulose membrane on top of which the

specimen sat. The test wvas abandoned.
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5.4 Unconfined Shrinkage Tests

Unconfined shrinkage tests were used to establish
the water content versus void ratio curves for specimens
under increasing matric suction. Three different methods
vere tried to measure the specimen volume during the test.
The three methods were: mercury submersion, resin-coating
submersion and direct measurement of dimensions.

Eleven unconfined shrinkage tests were performed on
silt specimens with initial water contents dry of optimum.
Three tests (i;e., SLTM1DS, SLTM2DS and SLTM3DS) used the
mercury submersion method to measure specimen volumes. Test
SLTM1DS was a trial test. The specimen was badly damaged
during the test due to inexperience in handling the mercury
bath. The test results were ignored. The results of tests
SLTM2DS and SLTM3DS are presented in Figure 5.3. Three
tests (i.e., SLTR1DS, SLTR2DS and SLTR3DS) were carried out
using a resin-coating submersion technigque. Test SLTR1DS
was abandoned when the resin coating on the specimen was
found to be leaking water during the first volume
measurement. Test SLTRZDS was stopped part way through the
test when leakage was detected. The results of tests
SLTR2DS and SLTR3DS are shown in Figure 5.4. Serious
leaking problems were encountered with the resin coating
during this series of tests. It.was subsequently decided
against performing further volume measurement using the

resin-coating submersion technique. Five tests (i.e
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SLTD1DS, SLTD2DS, SLTD3DS, SLTD4DS and SLTDSDS) were run
using the direct measurement method for volume measurements.
The specimen wvas placed on a stationary surface and a dial
gauge was carefully lowvered onto the specimen surface to
measure its thickness. The tip of the dial gauge was found
to indent the specimen surface slightly before coming to
equilibrium and giving a stable thlckness reading. The
thickness readings for specimens SLTD1DS, SLTD2DS and
SLTD3DS were taken with the Llndentation. Dual sets of
thickness readings were taken for specimens of tests SLTD4DS
and SLTD5DS; one with and one without allowing the
indentatlion. The results are shown in Figure 5.5, 5.6 and
5.7.

Six unconfined shrinkage tests were performed on
silt specimens with initial water contents close to optimum.
Five tests (i.e. SLTD10S, SLTD20S, SLTD30S, SLTD408 and
SLID508) were performed using the direct measurement method
to determine the specimen volumes., The thickness readings
of specimens SLTD10S, STLD20S and SLTD30S were taken
alloving indentation of the dial gauge tip. Two sets of
thickness measurements were taken for speclimens SLTD408 and
SLTD508, one with and one without indentation. Two methods
vere used to measure the volume for specimen SLTDM10S. The
specimen volume was first determined by the direct
measurement method without allowing the dial gauge tip to

indent the specimen surface. The specimen volume was then
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re-measured using the mercury submersion method. The
resulted shrinkage curves for all the above tests are
presented in Figure 5.8 to 5.11.

Two unconfined Shtlnkage tests vere carried out on
glacial tlll specimens with drxy of optimum initial water
contents. Test SLTD1DT vas run using the direct measurement
method to determine specimen volumes. Both direct measure-
ment and mercury submersion methods were used for test
SLTDM1IDT. Thickness readings for the specimens of both
tests (l.e. SLTD1OT and SLTDM10T) were taken without
allowing the tip of the dial gauge to indent the specimen
surface. The resulted shrinkage cuxves are presented in
Figure 5.12.

Two unconfined shrinkage tests were performed on
glacial till specimens with initial wvater contents close to
optimum. Both direct measurement and mercury submersion
methods vere used for volume measurements for both tests.
Thickness readings vere taken by dial gauge without allowing
indentation of the specimen surfaces. Specimen SLTDM10T was
found to be too soft to support the wire prongs attached to
the glass plate used to press the specimen into the mercury
bath. The test was abandoned. The wire prongs were
replaced by plastic studs with diameters approximately 0.5
cm. The change allowed test SLTDM20T to be completed
successfully. The plot of sz versus vold ratio for test

SLTDM20T 1s presented in Figure 5.13.
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Calibration tests were performed to check the
accuracy of the direct measurement method for volume., The
thickness and diameter of a stainless steel plug vas first
measured using a micrometer. The same measurements were
taken again using dial gauge and caliper as used in the
direct measurement method. A comparison was made of the two
techniques and the results are summarized in Table 5.2,
Specimen dimensions determined using the direct measurement
technique with a dial gauge and a caliper in the test
program wvere adjusted accordingly.

Nine sets of volume measurements on oven dried silt
specimens using first the direct measurement method and then
the mercury submersion technigque were made. Four of these
specimens were initially compacted at water contents dry of
optimum., Five specimens had initial water contents close to

optimum. The results are presented in Figure 5.14,

5.5 One-Dimensional Constant Volume Loading and Unloading

Tests
The one-dimensional constant volume loading and
unloading tests were performed to establish the void ratio
and vater content versus net total stress relations. The
oedometers were prepared as discussed in Appendix B-3.

Six one-dimensional constant volume loading and
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Table 5.2 Calibration Checks for the Direct Measureseat Nethod Using a Stainless

Steel Plug
. ¥ 3 £
Thickness Maseter Voluse

fen) {cs} (cgi)
Birect Beasureaent 1.6955+0.001372 6.316740,002165  53.032640.06178
Hethod (use dial gauge)  ({use caliper)
Control Meausureseat 1.6915+0.001256 6.3071+0.001550  52,0471#0,0480

{use microseter)  {use sicroseter)

1 Differsace w.r.t. 0.2363 0.05708 0.3510
Control Measurements {over-estinate) {over-estinaate) {over-estinata)

# average of 20 seasureaents
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unloading tests (i.e., tests CVT1DS, CVT2DS, CVT3DS, CVT4DS,
CVT5DS and CVT6DS) were performed on silt specimens with
initial water contents dry of optimum. Tests CVTIDS and
CVT2DS were trial tests. The specimens were loaded to a
'pressure of approximately 9000 kPa and the tests were
stopped. Specimens for tests CVT3DS, CVT4DS and CVTS5DS vere
loaded to the same stress level and unloaded to a pressure
of approximately 90 kPa. The specimen for test CVTEDS was
loaded to a maximum stress of 15000 kPa and unloaded to a
token stress of 18 kPa. fhe resulting void ratio versus
{c - ua) curves are presented in Figuzre 5.15.

Four one—-dimensional constant volume loading and
unloading tests (i.e., tests, CVT10S, CVT20S, CVT30S and
CVT40S) were pexformed on silt specimens with initial water
contents close to optimum} The air pressure gauge on the
oedometer used for test CVT10S failed when the specimen wvas
loaded to a pressure of 500 kPa. The test was abandoned.
Specimens for test CVT20S and CVT30S were loaded to a
pressure of 9000 kPa and unloaded to stresses of 12.5 kPa
and 73 kPa respectively. The specimen for test CVT40S was
loaded to a maximum stress of 15000 kPa and unloaded to a
pressure of 100 kPa. Figure 5.16 shows the resulting void
ratio versus net total stress {o =~ ua) curves.

Three one-dimensional constant volume loading and
unloading tests (i.e., tests CVTIDT, CVT2DT and CVT3DT) were

carried out on glacial till specimens with initial water
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contents dry of optimum. Specimens for tests CVTIDT and
CVT2DT were loaded to a pressure of 9000 kPa and then
unloaded to a pressure of approximately 110 kPa. The
specimen for test CVT3DT was loaded to a maximum stress of
15000 kPa before it was unloaded to a pressure of 64 kPa.
The resulting void ratio versus net total stress cur§es are
presented in Figure 5.17.

Three one-dimensional constant volume loading and
unloading tests (i.e., tests CVT10T, CVT20T and CVT30T) were
performed on glacial till specimens with initial water
contents close to optimum. specimens for tests CVT1OT and
CVT20T vwere loaded to a pressure of 9000 kPa and then
unloaded to stresses of 240 kPa and 195 kPa respectively.
The specimen for test CVT30T was loaded to a maximum stress
of 1500 kPa and unloaded to a token load of 33 kPa. Figure

5.18 presents the resulting void ratio versus net total

stress curves.

5.6 One-Dimensional Free Swell Tests

The one-dimensional free swell test was used to
establish the vo;d ratio and water content versus decreasing
matric suction relations when the net total stress wvas equal
to zero. The modified Anteus consolidometer were prepared

as discussed in Appendix B-4.
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Four one-dimensional free swell tests (i.e. tests
FST1DS, FST2DS, FST3DS and FST4DS) were performed on silt
specimens with initial water contents dry of optimunm.
Shortly after test FST1DS started, water was found to be
leaking through the strain gauge attachment at the top of
the modified Anteus consolidometer from the water chamber
above the rubber diaphragm attached to the loading piston
(see Figure 4.7). The test was abandoned. Approximately
ten houfs after test FST2DS began, water was found to be
leaking from the pore-water line connector attached to the
bottom of the modified Anteus consolidation. Attempt to
mend the leakage failed. The test was stopped. The matric
suction for specimens FST3DS and FST4DS was reduced in three
stages. Specimen and water volume equilibrium curves for
test FST3DS are presented in Figures 5.19 to 5.21. These
equilibrium curves are found to be typical for both silt and
till specimens. For test FST3DS, there was an immediate
increase and subseqguent decrease in specimen volume when air
pressure, u_ and total stress, o , were changed at the
beginning of stage II and III (Figure 5.20 and 5.21). It is
postulated that the air pressure inside the cell chamber was
momentarily higher than the load pressure above the rubber
diaphragm attached to the loading piston (see Figure 4.7)
during the stress adjustment. The loading piston therefore
lifted slightly and then settled to equilibrium. 1In

general, both the specimen and water volume changes were
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small and immediate . For test FST4DS, there was a slight
decrease in both the specimen and water volume at the end of
Stage I. These decreases could be due to the fact that the
applied matric suction was slightly higher than the initial
matric suction of the specimen. Figure 5.22 and 5.23
present the resulted matric suction versus void ratio and
vater content curves. A summary of the test data is shown
in Table 5.3.

One one-dimensional free swell test (i.e., test
FST10S) was carried out on a silt specimen with its initial
water content close to optimum. The matzric suction of the
specimen was reduced in three stages. At the end of the
stage I testing, both the specimen and water volume wvere
found to have decreased. These volume decreases were the
result of a increase in the matric suction. A summary of
the test data is shown in Table 5.3. The resulting matric
suction versus void ratio and water content relations are
presented in Figure 5.24. |

The one-dimensional free swell test, FST1DT was
performed on a glacial till specimen with its initial water
content dry of optimum. The matric suctlion of the specimen
was reduced to 10 kPa in four stages. There were decreases
in both the specimen and water volume at the end of the
stage I of testing. These decreases could be due to the
fact that the applied matric suction was actually higher

than the initlal matric suction of the specimen. A summary
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of the test data is given in Table 5.3. The resulting
matric suction versus void ratio and water content relations
are presented in Figure 5.25.

Test FST10T was the only one-dimensional free swell
test carried out on a glacial till specimen with its initial
vater content close to optimum. The matric suction of the
specimen was reduced in three stages to 6.2 kPa. The
specimen was initially conditioned to a matric suction of
270 kPa during the state I of testing. Both the specimen
and water volume were decreased as a result. It appears the
applied matric suction was higher than the initial matric
suction of the specimen. The test data are summarized in
Table 5.3. The resulting matric suction versus void ratio

and water content relations are shown in Figure 5.26.

5.7 Isotropic Constant Volume Loading and Unloading Tests

An isotropic constant volume loading and unloading
test was used to establish the net total stress, (o - u,)
versus void ratio and water content relations ﬁnder
isotropic conditions. Specially equipped stress controlled
isotropic cells were used to perform the tests. Details of
the equipment set up are discussed in Appendix B-5.

Four isotropic constant volume loading and
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unloading tests (i.e., tests TCYT1DS, TCVT2DS, TCVT3DS and
TCVT4DS) were performed on silt specimens with initial water
contents dry of optimum. TCVTIDS was a trial test to
establish the test procedure. At the beginning of the stage
I testing,stresses were applied to the specimen as follows.
First, the pore-air pressure was applied, then the cell
pressure were applied and finally the pore-wvater pressure
vere applied. This procedure was used in order to avoid
compressing the specimen unintentionally. The loading cap
vas found being lifted out of position. The test was
abandoned. For test TCVT2DS, the cell pressure was applied
to the specimen first. About two seconds later, the pore-
alr pressure was applied. Howvever, the loading cap was
again found to be lifte& out of position. The test was
abandoned. It was realized that the cell chamber would
require a longer time period to pressurize because of this
large volume. The stress application sequence was again
revised. The cell and pore-water pressure was applied to
the specimen first. About fifteen seconds later, the pore-
air pressure was then appliéd to the specimen. The revised
stress application procedure prevented the loading cap from
being lifted-off. However, the subsequent specimens wvere
found to be compressed by the cell pressure prior to the
application of the pore-air and pore-wvater pressure. The
specimen of TCVT3IDS was loaded to a maximum net total stress

of 605.5 kPa under a nominal matric suction of approximately
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1 kPa. The cell pressure regulator failed and the test wvas
abandoned. The specimen for test TCVT4DS was loaded to
maximum (o - ua) stress of 543 kPa and unloaded to 9.1 kPa
under a constant matric suction of 10 kPa. The resulted
void ratio versus net total stress curves are presented in
Figure 5.27.

Two isotropic constant volume loading and unloading
tests (i.e., TCVT10S and TCVT20S) were carried out on silt
specimens with initial water contents close to optimum.
During the TCVT10S test, the air pressure valve, attached to
the stress controlled isotropic cell, was unintentionally
closed. This error made the stress condition of the
specimen during the test indeterminate. The test data are
therefore disregarded. The specimen for TCVT20S was loaded
to a maximum net total stress of 571 kPa and then unloaded
to 10 kPa under a constant matriec suction of 10 kPa. The
resulting void ratio versus net total stress (o - ua) curve

is presented in Figure 5.28.

5.8 Isotropic Free Swell Tests

The isotroplc free swell test was used to establish
the void ratio and water content versus decreasing matric
suction relations when net total stress, (o - ua) equals to

zero and under isotropic strain conditions. The stress
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controlled isotropic cell used was prepared prior to
performing the tests as discussed in Appendix B-5,

Two isotropic free swell tests (i.e., TFST1DS and
TFST2DS) were carried out on silt specimens with initial
water contents dry of optimum. The air pressure regulator
failed shortly after test TFSTIDS started. The test was
abandoned. The matric suction of the specimen for test
TFST2DS was reduced to 8 kPa in three stages under a token
net total stress of 3 kPa. A summary of the test data is
shown in Table 5.4. Both the specimen and wvater volume vere
found to have decreased at the end of the stage I testing.
These decreases could be due to the fact that the applied
matric suction was higher than the initial matric suction of
the specimen. At the end of the stage IV testing, the data
showed that the specimen had reached a degree of saturation
of over 100%. This anomaly could have been caused by adding
excessive water to the specimen. The extra wvater could have
been held within the porous stone above the specimen. The
last water content measurement in the test wvas therefore
dismissed as erzoneous. The void ratio is equal to the
vater content multiplied by the zrelative densify when a soil
approaches saturation. The last void ratio measurement in
the test was then used as a control point in defining the
vater content versus decreasing matric suction curve. The
resulting void ratio and water content versus matric suction

relations are shown in Fiqure 5.29.
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Twvo isotropic free swell tests (i.e. TFST10S and
TFST208) were performed on silt specimens with initial water
contents close to optimum. 2 summary of the test data is
presented in Table 5.4. For both tests, the specimen and
vater volume were found to have decreased at the end of the
stage I testing. These decreases could be caused by the
applied matric suction being higher than the initial matric
suction of the specimen. At the end of the stage II testing
for test TFST10S, the pressure supply of the system falled.
The test was stopped. The resulting void ratio and water
content versus matric suction curves for both tests are

shown in Figure 5.30.

5.9 Sunrmary

Seven different types of tests were performed in
the test program. A total of ninety five tests wvere
attempted angd seventy-sik wvere successful. A summary ls

provided in Table 5.5.
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Table 5.5 A Summary of All Tests Performed

286

TEST SILT TILL TOTAL
NO.
TYPE DRY DRY
OF AT oF AT
OPT. OPT. OPT. OPT.
Null Pressure Plate 3(1) 3(1) 6(2)
Tests, PP
Suction Tests, ST 5(5) 9(9) 6(3) 6(3) 23(20)
Unconfined Shrinkage
Tests, SLT
- mercury submersion, 3(2) 3(2)
SLTM
- resin-coating, SLTR 3(2) 3(2)
- direct measurement, 5(5) 5(5) 1(1) 11{11)
SLTD '
- combined SLTM and (L) 1(1) 2(1) 4(3)
SLTD
- control tests, 4(4) 5(5) 9(9)
SLTM-SLTD
- control tests using 3(3)
STEEL plug,
SLTM-SLTD
One Dimensional 6{(6) 4(4) 3(3) 3(3) 16(1le6)
Constant Volume Loading
and Unloading Tests,CVT
One Dimensional Free 4(2) 1(1) 1(1) 1(1) 7(5)
Swell Tests, FST
Isotropic Constant 4(2) 2(1) 6(3)
Velume Loading and
Unloading Tests, TCVT
Isotropic Free Swell 2(1) 2(2) 4(3)

Tests, TFST

Total

33(30) 32(29) 12(9)

12(8) 95(76)

*Note: numbers in ( ) are the numbers of successful tests
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CHAPTER VI
ANALYSIS AND DISCUSSION OF RESULTS

6.1 Introduction

This chapter analyses, discusses and interprets
experimental results from the test program. Test results
are combined to show the form of the semi-logarithmic soil
structure and water phase constitutive surfaces. Section

3.5 developed and presented relationships between moduli

based on the geometry of an approximated planar constitutive
surfaces. These proposed relationships are examined in the

latter portion of this chapter.

6.2 Analysis of Results from The Test Program

This section analyzes and discusses results from
tests undexr the test program headings of Sub-program I and
IT presented in Section 4.4. Sub-program I tested soils
under stress changes 1lnvolving no lateral expansion. Sub-
program II tested solils under isotroplc changes of total
stress and matric suction. Results from the same type of
tests on specimens of similar initial conditions are
c0mb1nqd and averaged. The average test results are

interpreted in Section 6.3 and 6.4 to examine the proposed
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relationships between the wvarious moduli.

6.2.1 Tests to evaluate the initlal matric suction

Null pressure plate tests were used to determine
the initial matric suction of silt specimens compacted dry
of optimum and at optimum initial water contents. Test data
vere shown in Figure 5.1 and 5.2. The applied air pressure
under which a specimen shows no tendency to either absorb or
displace water is taken as the matric suction of the
specimen, The tendency of water movement was measured by
the water pressure at the basal compartment underneath the
high air entry disc of the pressure plate apparatus (See
Figure 4.22). A summary of the test results is given in
Table 6.1. The matric suction of silt specimens compacted
dry of optimum and at optimum initial wvater contents are
taken as 117.5 kPa and 100.0 kPa respectively.

In 1970, Krahn presented suction versus water
content curves for different compacted soils. The glacial
till used in this test program was one of the soils tested.
It wvas found that a variation in dry density has little
effect on the matric suction of remoulded compacted soils.
The relation between suction and water content was concluded
to be a fairly unique function, quite independent of the dry
density of a soll. A similar conclusion was drawn by other
researchers (Olson and Langfelder, 1965) (Sauer, 1967). 1In

view of such findings, the suction versus water content
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Table 6.1 A summary of Results from Null Pressure Plate
Tests on Slilt Specimens

Soll Test Initial Initial Initial Measured
Type No. Void Water Degree Matric
Ratio, Content, of Suctlon,
e° wi(%) gat?iﬁtion (ua- uw)
i {kPa)
ps® pep3DS 0.6991 15.52 60.35 117.5
os® pp20s 0.6060  18.98 85.15 100.0

Note: a) "DS" stands for silt at dry of optimum initial
water content.
b} "08" stands for silt at optimum initilal wvater
content.
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curve for glacial till (Figure 6.1) as presented by Krahn
{(1970) is used to determine the matric suction of the
glacial till specimens. In the test program, the averaged
vatexr contents for till specimens at dry of optimum and at
optimun conditions were 15.43 % and 18.65 % respectively.
The averaged matric suction for till specimens at dry of
optimum ana at optimum initial water contents are found to

be 315.0 kPa and 64.0 kPa accordingly.

6.2.2 Tests to establish the water content versus
increasing matric suction relation

The suction tests were used to establish the water
content versus increasing matric suction relation. Results
from suction tests on silt and till specimens at dry of
optimum and at optimum initial water contents are given in
Table 5.1. Published information on the characteristic
shape of the water content versus increasing matric suction
curves is incorporated with the test results to define the
vater phase loading curve. The projected matric suction at
zero vater content from the linear portion of the water
content versus increasing matric suction curve is set to be
300,000 kPa (Croney and Coleman, 1954) (See Section 3.2).
The matric suction at zero water content is assumed to be at
6.2 x 10° kPa (arnold, 1983) (See Section 3.2).

Flve suction tests were performed on sllt specimens
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Figure 6.1 Matrle Suctlion Versus Water Content Curve for
Glacial Till (Krahn, 1970}
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at dry of optimum initial water contents. The test results
are combined with the result from the null pressure plate
test (i.e., PP3DS) to define an average water content versus
increasing matric suction curve (Figure 6.2). S8Similazly,
results from the eight suction tests on silt specimens with
optimum initial water contents are combined with the result
from the null pressure plate test (i.e., PP20S) to £ind an
average water content versus increasing matric suction curve
{(Figure 6.3).

In 1970, Krahn performed pressure plate tests on
glacial till specimens similar to those used in this test
program. The test results are shown in Figure 6.1. 1In
1984, Lee and Fredlund presented water content versus matric
suction curves for the same glacial till (Figure 6.4). Heat
dissipation sensors vere used to measure the matric suction
of the till specimens. These published water content versus
matric suction curves are used to determine the initial
matric suction of the till specimens in this test program.
The so determined initial matric suction values are combined
vith the results from suction tests. The average water
content versus lncreasing matric suction curves for till
specimens at dry of optimum and at optimum initial water
contents are showvwn in Figure 6.5 and 6.6. The slope of a
water content versus increasing matric suction curve is
equal to the water content index with respect to matric

suction (i.e., Dm). A summary of the moduli determined
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DESORPTION CYCLE
~-O—=—0— "Soturated Sensor 8 Dry Hole

Stondard Compaction
ABSORPTION CYCLE
Dry Sensor & Dry Hole
Stondard Compoction
c—re e Dry Sensor 8 Wet Hole
- o Stondord Compoction
O Dry Sensor 8 Dry Hole

L A Modified Compoction

e —vwe— PRESSURE PLATE RESULTS
o (after KRAHN 8 FREDLUND,
! 1972)

~=h— «e-hA= TENSIOMETER RESWLTS

10

Figure 6.4

12 4 16 18 20 22 24 26
WATER CONTENT (% Ory Weight)

Matric 8uction Versus Water Content for Glacial
Till with Various Installation Methods (Lee and
Fredlund, 1984)
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from the suction test zesultg is given in Table 6.2,

In 1936, Casagrande presented a qraphical procedure
to estimate the preconsolidation pressure of a soil. The
same procedure is used to determine the corrected initial
matric suction of the specimens correcting for the effect of
sample disturbance. The corrected initial matric suction
for the silt specimens compacted dry of optimum and at
optimum initial wvater contents are found to be 225.0 and
185.0 kPa respectively. The corrected initial matric
suction for the till specimens compacted dry of optimum and
at optimum initlal water contents are found to be 580.0 and

430.0 kPa, respectively.

6.2.3 Unconfined shrinkage tests

The unconfined shrinkage test was used to establish
the vater content versus void ratio curve of a specimen
under increasing matric suction. Three different methods
vere used to measure the specimen volume during the test.
The three methods were the resin-coating submersion, mercury
submersion and direct measurement technique. The resin-
coating submexsion method was abandoned after serious
leaking problems with the resin coating were encountered
(See Section 5.4). Volume measurements were made by the
direct measurement techniqué vith and without allowing the

dial gauge tip to indent the specimen surface. A comparison
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Table 6.2 A Summary of The Moduli Determined from The
dverage Water Content Versus Increasing Matric

Soil

Suction Curves

-Number of e v.G 8, (%)
a o) i"s 1

Type ST Tests (ave.) (ave.) (ave,)

ps® 5 0.6989 0.4229 60.51

o0s® 8 0.6241 0.5153 82.57

prd 3 0.6760 0.4307 63.71

or® 3 0.6068 0.5231 86.21
Note: a) "ST" stands for suctlon

b} "DS" stands for silt at
water content

c) "0OS" stands for silt at
content

d) "DT" stands for till at
water content

e) YOT" stands for till at
content

test

0.1241

0.1584
0.1588
0.1713

dry of optimum initial

optimum initial vater

dry of optimum initial

optimum initial water
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between void ratios determined from volume measurements with
and wvithout allowing the dial gauge tip to indent the
- specimen surface is shown in Figure 6.7. The percentage
differeqce is small, less than three percent. The
difference diminishes as the water content decreases. A
comparison between water content versus void ratio curves
from direct volume measurements with and without allowing
the dial gauge tip to indent the specimen surface can be
seen in Flgure 5.6, 5.7, 5.9 and 5.10. The slope of the
water content versus void ratio curve based on volume
measurements allowing the dial gauge tip to indent the
specimen surface is found to be less than that based on
volume measurements not allowing the dial gauge tip to
indent the specimen surface. The difference is
insignificant for silt specimens lnitially compacted dry of
optimum. Measurements of the volume of specimens were taken
using both mercury submersion and the direct measurement
technigque. Direct volunme measuzements‘were made without
allowing the dial gauge tip to indent the specimen surface.
A comparison between void ratios determined by the two ]
methods of measurement 1ls presented (Flgure 6.8). Void
ratios determined by direct volume measurements are
génerally larger than those based on volumes determined by
mercury submersion. The percentage difference is calculated
as the difference between the void ratio determined by the

direct volume measurement technique and that determined by
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3.0

Legend
~— —= 8ilt Dry of Optimum

B e SLTD 4DS .
© SLID 5DS X

_ Silt at Optimum x
x SLID 40S i

™
o
!

@ SLTD 50S ®

-
o
1

DIRECT MEASUREMENTS WITHOUT INDENTATION, %
J

PERCENT DIFFERENCE IN VOID RATIO WITH RESPECT TO

0.0 0.1 0.2 0.3 0.4 0.5 0.6
WATER CONTENT X SPECIFIC GRAVITY, wGg

Figure 6.7 A Comparison between Void Ratlos Detérmlned by
Direct Volume Measurements With and Without
Surface Indentation
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16.0
14.0

13.0
12.0
11.0
10.0
9.0
8.0
7.00
8.0
5.0
4.0
3.0

20| 04t ot Optimum (Ge=2.719) © .

u=-==x Till Dry of Optimum =
1.0 o~ -0 Till at Optimum ](G3—2'764) 1

PERCENT DIFFERENCE IN VOID RATIO WITH RESPECT TO
THE MERCURY SUBMERSION MEASUREMENTS

0.0 l 1 1 I !
0.0 0.1 0.2 0.3 0.4 0.5 0.8
AVERAGE WATER CONTENT X SPECIFIC GRAVITY, wGg
BETWEEN MERCURY SUBMERSION AND DIRECT
MEASUREMENTS

Figure 6.8 A Comparison between Void Ratios Determined by
Mercury Submersion and Direct Measurements
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the mercury submersion technique with the latter as the
reference. The difference lncreases with decreasing vater
content, ranging from three to fifteen percents. This
difference makes the slope of the water content versus void
xatlo curve determined by the direct measurement technique
smaller than that determined by the mercury submersion
method (See Figure 5.11, 5.12 and 5.13). Specimen volumes
determined by the direct measurement method assume a
perfectly intact specimen cylindrical in shape. The
assumption over-estimates the specimen volume when the
-specimen surface is uneven. The unevenness may be caused by
chipping due to handling. Specimen volume determined by the
mercury submersion method and the resulting water content
versus void ratio curve are therefore considered to be more
reljable. Water content versus void ratio curves based on
specimen volumes determined by the mercury submersion method

are used 1in Section 6.3 to calculate the Cm/Dm moduli

ratios.

6.2.4 One-dimensional constant volume loading and unloading
tests
The one-dimensional constant volume loading and
unloading test was used to establish the vold ratie and
wvater content versus net total stress relations. Test

results obtained from specimens with similar initial
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conditions are combined to define an average loading and
unloading curve. The average loading and unloading curves
for silt and till specimens compacted dry of optimum and at
optimum Initial water contents arxe shown in Figure 6.9,
6.10, 6.11 and 6.12. The slopes of the void ratio loading
and unloading curves arxe the compressive and swelling
indices with respect to the net total stress (i.e., ct and
cts) respectively. The modull, Ct and ctsare equal to Dtcs
and D, G, When a soll 1s saturated (See Section 3.5.3). A
summary of the modulil determined from the linear portions of
the average loading and unloading curves is given in Table
6.3.

The loading curve of a remoulded compacted soil is
characterized by the corrected swelling pressure (i.e.,
Pé). The average corrected swelling pressure is determined
by the Casagrande (1936} graphical procedure from the
average loading curve. The average corrected swvelling
pressure for silt specimens compacted dry of optimum and at
optimum are found to be 120.0 and 140.0 kPa. The average
corrected swvelling pressure for till specimens compacted dry

of optimum and at optimum are found to be 90.0 and 145.0 kPa

respectively.

6.2.5 One-dimensional free sﬁell tests

The one-dimensional free svell test wvas used to
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Table 6.3 A Summary of The Moduli Determined from The
Linear Portions of The Average One-Dimensional
Loading and Unloading Cuves

Soll Number e, wiGs Si(%) ct or Dth Ctsor DtsGs
Type °fa {ave.) {ave.) (ave.)

Tests
ps® 6 0.7198 0.4408 61.24  0.1956 0.1256
0s® 4 0.6241 0.5373 86.09  0.1766 0.07593
p19 3 0.6848 0.4535 66.22  0.2063 0.08384
or® 3 0.6089 0.5350 88.52  0.1794 0.05671

Note: a) "CVT" stands for one-dimensional constant volume

lpading and unloading test.

b) "p8" stands for silt at dry of optimum initial
water content.

c} "0s" stands for silt at optimum initial wvater
content.

d} "DT" stands for till at dry of optimum initial
wvater content.

e) "OT" stands for till at optimum initial wvater
content. ' .
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establish the vold ratio and wvater content versus decreasing
matric suction relations wvhen the net total stress is
nominal. Results from the two one-dimensional free swell
tests on silt specimens at dry of optimum initial water
contents (l.e., tests FST3D5 and FST4DS) are combined to
obtain average void ratlio and vater content unloading curves
vith respect to matric suction (Figure 6.13). Only one one-
dimensional free swell test (i.e., FST103) was performed on
a silt specimen at the optimum initial water content. The
test results wvere presented 1in Flgure 5.24. 8Single tests
vere performed on tlll s=pecimens at dry of optimum and at
optimum initial water contents. The resulting void ratio
and water content versus decreasing matric suction curves
vere showvn in Figure 5.25 and 5.26 . The slopes of the void
ratio and water content versus deéreasing matric suction
curves are egual to the swelling index and rebound wvater
content index with respect to matric suction (i.e., cmsand
Dps) respectively. A summary of the moduli determined

from the one-dimensional free swell test results is given in

Table 6.4.

6.2.6 Isotropic constant volume loading and unloading tests
The isotroplc constant volume loading and unloading
test wvas used to establish the net total stress versus void

ratlo and vater content relations under isotropic
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Table 6.4 A Summary of The Modulil Determined from The
One-Dimensional Free Swell Test Results

5011 Number e v,G 8.(%) C D @G
Type of o is i ms mns s
Tests
psP 2 0.7024% 0.4192% 59.68% 0.03322® 0.26332
os® 1 0.6156 0.5165 83.91 0.05250 0.1008
pr° 1 0.6926 0.4359 62.93 0.05299 0.1211
or® 1 0.5709 0.5229 91.59 0.02407 0.06032
Note: a) Average values

b)
c)
d)

e)

"DS* stands for silt
water content

*"0sY stands for silt
content

*DT* stands for tili
water content

"or* stands for till
content

at dry of optimum 1lnitial
at optimum initial water
at dry of optimum initial

at optimum initial water
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conditions. Two isotropic constant volume loading and
unloading tests (i.e., Tests TCVT3DS and TCVTADS) wvere
successfully performed on silt specimens at dry of optimum
initlal wvater contents. One isotropic constant volume
loading and unloading test (i.e., Test TCVT1DS) was carried
out on a silt specimen at optimum initial water content.
The resulting void ratio isotropic loading and unloading
curves were presented in Figure 5.27 and 5.28. The slopes
of the void ratio isotropic loading and unloading curves are
the compressive and swelling indices with réspect to the net

total stress under isctropic conditions (i.e., C_ and C

ts)'
wvhen a

t

The moduli, ct and cts are equal to D Gs and D

t tsGs
soll is saturated (See Section 3.5.3). A summary of the
moduli determined from the is&tropic constant volume loading
and unloading test results 1s presented in Table 6.5. The
linear portions of the loading and unloading curves are used
to calculate the various moduli.

The Casagrande (1936) graphical procedure is used
to determine the corrected swelling pressure from the
loading curve. The average corrected isotropic swelling
pressure for silt specimens compacted dry of optimum is
found to be 112.5 kPa. The average corrected isotropic

swvelling pressure for sllt specimens compacted at optinmum

water content is found to be 170.0 kPa.
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Table 6.5 A Summary of The Moduli Determined from The

Isotropic Constant Volume Loading and unloading
Test Results

Soil Numberx e v,C S$,(%) ¢C_or D,G cC..orD_ G
Type °£a o i~7s i Tt t's ts ts's
TCVT
Tests
ps 2 0.7004P 0.4408P 60.51° p.2298P 0.02436
osd 1 0.6085 0.5111 83.99 0.1865 0.03979

Note: a) "TCVT" stands for one-dimensional constant volume

loading and unloading test.

b) Average value.

c) "DS"™ stands for silt at dry of optimum initial
vater content.

d) "08* stands for silt at optimum initial water
content. ’

d) "DT" stands for till at dry of optimum initial
wvater content.

e) "OT" stands for till at optimum initial water
content. )
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6.2.7 Isotropic free swell tests

The isotropic free swell test was used to establish
the void ratio and water content versus decreasing matric
suction relations when the net total stress.ls nominal and
the so0ll is under isotroplie strain conditions. One test was
performed on a silt specimen at dry of optimum initial water
content (i.e., test TFST2DS). Two tests were performed on
8ilt specimens at optimum initial water contents (i.e., test
TFST108 and iFSTZOS). The resulting vold ratlio and water
content versus decreasing matric suction curves were
presented in Figure 5.29 and 5.30.

The slope of the void ratio and water content
versus decreasing matric suction curves are the swelling
index and rebound water content index with respect to matric
suction (l.e., cmsand Dms) respectively. The wvater volunme
change data for test TST2DS indicates the specimen reached a
degree of saturation over a hundred percent in the last
stage (l.e,, Stage IV) of testing (See Section 5.8). The
last water content measurement in the test 1s not used in
calculating the rebound water content index with respect to
matric suction for the specimen. The void ratlo is equal to
the water content multiplied by the relative density when a
soll approaches saturation. The last void ratio measurement
in the test is then used as a control point in defining the
vater content versus déceasing matric suction curve for the

test (See Figure 5.2%). The rebound water content index
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with respect to matric suction is calculated based on the
change in matric suction and wvater content between the
initial and final state of the specimen in the test. 3
summary of the moduli determined from the isotropic free

svell test results is presented in Table 6.6.

6.3 The Forms of The Semi-Logarlthmic Soil Structure
and Water Phase Constitutive Surfaces

Section 3.4.2 presented the approximated semi-
logarithmic soil structure and water phase constitutive
surfaces. Section 3.5.2 developed and presented
relationships between the deformation moduli of the soil
structure (i.e., Ce and cm . cts and cms) and between those
of the water phase (i.e., Dt and Dm . Dts and Dms)' These
proposed relationships are written in terms of the
characteristic stress states (l.e., Pé ’ P; ’ (ua - uw)i
and (ua - uw)Y s S5ee Section 3.4.2) according to the
geometry of the approximate constitutive surfaces. Results
from the test program are combined to show the form of the
semi-logarithmic soil structure and vater phase constitutive
surfaces in this sectlon. Observations made are used to
examine the proposed relationships between moduli in Section

6.4.
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Table 6.6 A Summary of The Modull Determined from The
Isotropic Free Swell Test Results

Soil Number e viG
Type of
Tests

Si(%) c D

5 ms msGs

ps? 1 0.6991 0.4208 60.20 0.02046 0.1936
oS 2 0.6161 0.5106 82.87 0.02236 0.04983

Note: a) "DS" stands for silt at dry of optimum initial
wvater content
b) %"03" stands for silt at optimum initial water
content
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6.3.1 The form of the semi-logarithmic soil structure and
vater phase constitutive surfaces for loading
conditions
Average vold ratlo and wvater content loading curves
are combined to show the characteristic form of the semi-
logarithmic soil structure and vater phase constitutive
surfaces for monotonic volume decrease. The void ratio
versus net total stress loading curve is obtained from the
constant volume loading and unloading test results. 1In
1974, Rieke and Chilincarian presented a comprehensive study
on the "interrelationships among dénsity, porosity,
remaining moisture content, pressure and depth" for soils.
The authors reported that the vold ratio of most soil would
be reduced to zero at a pressure of approximately 5x105 psi
(1.e., 3.5x10% kPa). This information is used as a control
to define the vold ratioc versus net total stress loading
curve at high pressure range. The vold ratio versus net
total stress curve is equivalent to the water content times
relative density versus net total stress curve when a soil
is saturated. The water content versus matric suction
loading curve is obtained from suction test results.
Unconfined shrinkage test results provide the wvater content
versus void ratio curve of a soll under increasing matric
suction. Cross-plotting the vater content versus matric
suction loading curve with the water content versus void

ratio curve gives the void ratlio versus matric suction
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loading curve. The mercury submersion method is considered
to be the most reliable volume measuring technique (See
Section 6.2.3). Only water content versus void ratio curves
determined by the mercury submersion method are therefore
used in this analysis.

The average void ratio and wvater content loading
curves for silt and till compacted dry of optimum and at
optimum initial vater contents, under one-dimensional
loading condltions, are presented in Figure 6.14, 6.15, 6.16
and 6.17. Direct volume measurement over-estimates the void
ratio of a soil (See Section 6.2.3). The initial void ratio
of the combined void ratio loading curves is therefore
assumed to be the vold ratio deternined'By the mercury
submersion technique in fhe unconfined shrinkage test.

The water content versus matric suction loading
curves are the same for both one-dimensional and isotropic
conditions. The void ratio versus net total stress loading
curve for isotropic conditions is obtained from the
isotropic constant volume loading and unloading test
results. A comparison between the one-dimensional and
1sotropic-void ratio versus net total stress loading and
unloading curves is presented in Figure 6.18 and 6.19,

Table 6.7 1s a summary of moduli determined from the average
loading curves for silt and till.

The characteristic stress states (i.e., Pé, P!

w '’

e w
(ua - uw)1 and (ua - uw)1 ) are determined using the
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Table 6.7 A summary of Modull Determined from The Average
Loading Curves for Silt and Till

Strain . One-Dimenslional Isotropic
Condition

a b c d a b

Soil Type DS 0s DT oT DS oS

C, or DG, 0.1956 0.1766 0.2063 0.1794 0.2298 0.1865

Cm 0.03041 0.08229 0.08943 0.1059 0.03041 0.,08229
DmGs 0.1241 0.1584 0.1588 0.1713 0.1241 0.1584

Note: a) "DS" stands for silt at dry of optimum initial
wvater content
b) "08" stands for silt at optimum initial water
content
¢} "DT" stands for till at dry of optimum initial
wvater content
d} "OT" stands for till at optimum initial water
content
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average vold ratio and wvater content loading cuxves. The
Casagrande (1936) graphical procedure is used to determine
the corrected swelling pressure and initial matric suction
of a soll from the void ratio and vater content loading
curves respectively (See Section 6.2.2 and 6.2.4). The
initial stress state of a soil, translated to the net total
stress plane following a constant water content stress path
(i.e., P;} is determined from the average void ratio versus
net total stress loading curve (See Section 3.5.4). The
stress states, (ua - uw)i and (ua - uw)Y are equal to the
initial matric suction for an unconfined unsaturated soil
{See Section 3.4.2). Table 6.8 is a summary of the
characteristic stress states for silt and till compacted dry
of optimum and at optimum initial water contents.

The average vold ratio and water content loading
curves and the characteristic stress states are combined to
study the characteristic from of the semi-logarithmic so0il
structure and vater phase constitutive surfaces for

ronotonic volume decrease as follows.

Form of The Semi-Logarithmic Soil Structure Constitutive
Surface for Monotonjc Volume Decease

The approximate semi-logarithmic soil structure
constitutive surface for monotonic volume decrease is
assumed to have a projected point of convergence on the void

ratlo axis (i.e., point EL on Figure 3.25b). This projected
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Table 6.8 A Summary of The Characteristic Stress States
for S8ilt and Till

Strain Soll p! (u_- u )e or (u_- u )v p!
Condition Type S a ‘vl a ‘wii v
(kPa) (kPa) {kPa)
one- ps® 120 225 ' 3000
dimensional OSb 140 185 415
pT® 90 580 960
ot 145 430 240
isotropic DS 112.5 225 : 1050
0s 170 185 370

Note: a) "DsS" stands for slillt at dry of optimum initial

water content

b} "08" stands for silt at optimum initial wvater
content

c) "DT" stands for till at dry of optimum initial
vater content ‘

d "oT" stands for till at optimum inlitial water
content '
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point of convergence is assumed to be the point where the
projections of the two linear vold ratio versus the
loéarlthm of net total stress and matrlc suction loading
curves meet (See Sectlion 3.3). The numerical value of the
net total stress and matric suction at this projected point
of convergence is assumed to be unity (See Section 3.4).

A graphical procedure is used to determine the net
total stress and matric suction at the projected point of
convergence for the silt and till specimens in the test
program. The linear portions of the void ratio versus the
logarithm of net total stress and matric suction loading
curves are assumed to originate from the characteristic

stress states,P; and (ua - u ): respectively. The

w
intersection of the projections of these loading curves
gives the net total stress and matric suction at the
projected point of convergence. The analysis for silt at
dry of optimum initlal water content and under isotropic
strain conditions 1s presented as an illustration (Figure
6.20). Table 6.9 is a summary of the net total stress and
matric suction at the projected points of convergence of the
s0il structure constitutive surfaces for silt and till under
monotonlc volume decrease. The net total stress and matric -
suction at the projected point of convergence are found to
be in the range of 100.0 to 150.0 kPa for silt. For till,

the net total stress and matric suction at the projected

point of convergence are found to be in the range of 20.0 to
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Table 6.9 A Summary of The Net Total Stress and Matric
Suction at The Projected Points of Convergence
of The Silt and Till Soil Structure
Constitutive Surfaces for Monotonic Volume

Decrease
Strain Cne-Dimensional Isotropic
Condition
Soill Type ps? OSb pT¢ OTd ps 0s
e
ppr—cnv 106 110 22 30 101 159
{kPa)

Note: a) "DS8S" stands for silt
water content.
b} "08" stands for silt
content.
c) "DT" stands for till
vater content.
d) "OT" stands for till
content.

e) "Ppr-cnv" stands for

at dry of optimum initial
at optimum initial water
at dry of optimum initial
at optimum initial wvater

the net total stress and

matric suction suction at the projected point of

convergence.
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30.0 kPa.
Form of The Semi-Logarithmic Water Phase Constitutive
Surface for Monotonic Water Content Decrease

The approximated semi-logarithmic wvater phase
constitutive surface for monotonic water content decrease is
assumed to have a projected point of convergence on the
vater content axis (i.e., point WL on Figure 3.26b). This
projected éoint of convergence is assumed to be where the
projections of the two linear water content versus the
logarithm of net total stress and matric suction loading
curves meet (See Section 3.4). The water content index with
respect to matric suction (l.e., Dm) is assumed to be larger
than the water content index with respect to the net total
stress (i.e., Dt) (See Section 3.5.2). A summary of the
water content indices with respect to net total stress and ‘
matric suction for silt and till was presented in Table 6.7._”{&J ‘
The watexr content indices with respect to net total stress
are found to be larger than the water content indices with
respect to matric suction. The projections of the water
content versus the logarithm ¢of net total stress and matric
suction loading curves are found to be lines diverging from
each other. The case for silt at dry of optimum initial
vater content and under one-dimensional loading is presented
as an illustration (Figure 6.21). The observation that the

vater content loading curves are divergent lines contradicts
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the assumed form of the semi-logarithmic vater phase
constitutive surface for monotonic wvater content decrease.

This apparent contradiction 1s further addressed in Section
6.4.1.

6.3.2 The form of the semi-logarithmic soill structure

and vater phase constitutive surfaces for unloading

conditions

Average vold ratio and water content unloading

curves are comblned to verify the assumed characteristic
form of the semi-logarithmic soil structure and wvater phase
constitutive surfaces for monotonic volume increase. The
average one-dimensional void ratio versus net'total stress
unloading curve is obtained from one-dimensional constant
volume loading and unloading test results. The average
three-dimensional void ratio versus net total stress
unloading curve 1s obtained from isotropic constant volume
loading and unloading test results. Void ratio is equal to
vater content multiplied by the relative density when a soil
is saturated. The water content versus net total stress
unloading curves are derived from the void ratio unloading
curves accordingly. One-dimensional free swvell test results
give the one-dimensional void ratlo and wvater content Versus‘
matric suctlion unloading curves. Isotropic free swell test

results provide the three- dimensional vold ratlio and wvater

O e e —
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content versus matric suction unloading curves. Average
void ratio and water content unloadinglcurves vere presented
in Section 6.2.4, 6.2.5, 6.2.6 and 6.2.7. Void ratio and
water content unloading moduli (i.e., cts' Cms, Dts and Dms’
determined from the average unloading curves were summarized
in Table 6.3, 6.4, 6.5 and 6.6. Unloading curves with
respect to net total stress are approximately parallel to
one another (Lambe and Whitman, 1969). Therefore, the
initial void ratio and watezr content of the combined
unloading curves are assumed to be the average initial void
ratio and wvater content of the free swell test specimens.
Specimens with near identical initial conditions were used
in the test program. The characteristic stress states
(L.e., Pé ’ P; P (ua - uwli and (ua - uw)Y ) determined
based on the average vold ratio and wvater content loading
curves are assumed to be the same for the unloading case. A
summary of the characteristic stress states for silt and
till at dry of optimum and at optimum initial water contents
vas presented in Table 6.8. The average void ratio and
wvater content unloading curves and the characteristic stress
states are combined to study the characteristic form of the
semi-logarithmic soll structure and water phase constitutive -

surfaces for monotonic volume increase as follovs.
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Semj- hm oil S cture Con tutiv
Surface for Monotonic Volume Increase

The approximated semli-logarithmic soil structure
constitutive surface for monotonic volume increase is
assumed to converge towards a point on the vold ratlo axis
(1.e., point EU on Fiqure 3.25a). This point of convergence
is assumed to be where the void ratio versus the logarithm
of net total stress and matric suction unloading curves
meet. The numerical value of the net total stress and
matrlc suction at this point of convergence is assumed to be
unity (See Section 3.4).

A graphical procedure is used to determine the net
total stress and matrlc suction at the point of convergence
for silt and till in the test program. The average void
ratio versus the logarithm of net total stress and matric
suction unloading curves are assume to originate from the
characteristic stress states, P} and (u_ - uw)i
respectively. The intersection of these unloading curves
gives the net total stress and matric suction at the point
of convergence of the constitutive surface. An average
swvelling index with respect to the net total stress (i.e.,
Cts’ is determined between the void ratio at the corrected
swvelling pressure (l.e., P;) and the void ratio at the
point of convergence. This average svelling index with
respect to the net total stress is used to examine the

proposed relationships betwveen moduli in Section 6.4.1. The
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analyses for silt and till at dry of optimum and at optimum
initial water contents are presented in Figure 6.22 to 6.27.
Table 6.10 is a summary of the average swvelling indices with
respect to the net total stress and the net total stress and
matrlc suctlon at the polnts of convergence of the soil
structure constitutive surfaces for silt and till under
monokonic volunme iﬁcrease. .The net total stress and matric
suction at the points of convergence are found to be in the

range of 0.05 to 20.0 kPa.

o o he S ~Logarithmic Wate e n ve
Surface forx Monotonic Water Content Increase
The approximated semi-logarithmic water phase

constitutive surface for monotonic water content increase is
assumed to converge towards a point on the water content
axis (i.e., point WU on Figure 3.26a). This point of
convergence ls assumed to be where the water content versus
the logarithm of net total stress and matric suction
unloading curves meet (See Section 3.4). The rebound water
content index with respect to matric suction (i.e., Dms) is
assumed to be larger than the rebound water content index
vith respect to the net total stress (i.e., Dts" The
characteristic stress state, P; is assumed to be larger than
the characteristic stress state, {u_ - uw): (See Section
3.4.2 and 3.5.2). A summary of the characteristic stress

states for silt and till was presented in Table 6.8. The
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Table 6.10 A summary of The Average Swelling Indices with
Respect to The Net Total Stress and Matric
Suction at The Points of Convergence of The Silt
and Till Soil Structure Constitutive Surfaces
for Monotonic Volume Increase

Strain One-Dimensional Isotropic

Condition

Soil Type Ds® osP pr® or9 DS 0s

e )

Pcnv(kPa) 5.8 0.5 0.054 20 1.2 17

Average C,__ 0.04028 0.05476 0.06592 0.03739 0.02383 0.0240

ts

Average Cm 0.03322 0.05250 0.05299% 0.02407 0.02046 0.02236

Note: a)
b)
c}
d)

e)

=3

"Ds* stands for silt at dry of optimum initial
water content,

"0S" stands for silt at optimum initial water
content.

"DT" stands for till at drxry of optimum initial
water content.

"OT" stands for till at optimum initial wvater
content,

"Pcnv" stands for the net total stress and matric

suction suction at the peoint of convergence.
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stress state, P; is found to be smaller than the stress
state, (ua - uv)Y for €111 at optimum initial water
content. A review of the problem indicates the assumption

that the stress state, P& is larger than the stress state,

(ua - uw)g is not always true. The void ratio of an
initially unconfined unsaturated soil decreases when the
soil undergoes a constant water content saturation process
(Figure 6.28). There are ranges of initial wvater contents
vithin which the stress state P; can be smaller than, egual
to or larger than the stress state, (ua - uw)g. The water
content versus the logarithm of net total stress and matric
suction unloading curves are divergent lines when the stress
state, P! is smaller than the stress state, (u_ - uw)‘;'.

The case for till at optimum initial water content under
ocne~dimensional unlcading 1s presented as an example (Figure
6.29). The observation that the water content unloading
curves may be divergent lines contradicts the assumed form
of the semi-logarithmic water phase constitutive surface for
monotonic water content increase. This apparent
contradiction is addressed in further detail in Section

6.4.2.

6.4 Relationships between The Modull

There are four independent modull assoclated with
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the soil structure and vater phase for monotonic volume
cthange. The four moduli are ct, Cps D¢ and Dm for monotonic
volume decrease and cts' cms, Dyo and D, for monotonic
volume increase. The prime objective of this dissertation
is finding relationships betveen these moduli so that all
can be determined if a basic few is established by
conventional soil testing techniques. The moduli Ct and Cts
are equal to the relative density multiplied by the moduli
Dt and Dts respectively when a soil is saturated (See
Section 3.5.3.1). The moduli, Ct and Cts are the slopes of
the virgin compression branch and rebound curve which can be
found by conventional saturated soil tests. Approximate
semi-logarithmic soll structure and water phase constitutive
surfaces were presented in Chapter III. The deformation
moduli, Ct, Dt' Cts and Dts are related to the moduli Conr
Dm’ cms and DIns respectively in terms of the characteristic
stress states, P;, P;, (ua - uw)? and (ua - uw):. The
proposed relationships are based on the geometry of the
approximate semi-logarithmic constitutive surfaces. The
proposed relationships are examined in this section
according to.the experimental results obtained from the test

program.

6.4.1 Relationships between modull of the same phase under

loading conditions
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The proposed relationships between ct'and cm' Dt
and Dm are examined in this section. The relationship
between moduli of the soil structure undergoing monotonic
volume decrease (l.e., relationship between ct and Cm)'is
discussed first, followed by the relationship between moduli

of the water phase undergoing monotonic water content

decrease (i.e., relationship between Dt and Dm).

£ w i
ume e
The approximate semi-logarithmic soil structure

constitutive surface for monotonic volume decrease is
assumed to have a projected point of convergence on the void
ratio axls (i.e., point EL on‘Figure 3.25b). The numerical
value of the net total stress and matric suction at the
projected point of convergence is assumed to be unity.
Based on this assumed geometry, the compressive index with
respect to the net total stress (i.e., ct) and the
compressive index with respect to matric suctlon (i.e., Cm)
can be related as follows (see equation 3.34 in Section

3.5.2),

Eﬂ

[}
log Ps

Cy loq(ua - u )y

If the numerical value of the net total stress and matric

suction at the projected point of convergence is not unity,
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the relationship becomes,
c log P! - log P
“m_ s pr-cnv (6.1)

e
t log(ua uw)1 - log Ppr—cnv

where

Ppr-cnv = net total stress or matric suctlon at the
projected point of convergence

The ct and cm moduli determined from average
loading curves of silt and till wvere summarized in Table
6.7. A summary of the characteristic stress states
determined for the same soils was presented in Table 6.8,
The net total stress and matric suction at the projected
points of convergence of the soil structure constitutive
surfaces for silt and till were presented in Table 6.9.
Table 6.11 presents a comparison between Fhe measured moduli -
ratio, cm/_ct and those predicted on the basis of the
proposed relationships. The first predicted moduli ratio
(i.e., (cm/ct)I) ls calculated according to the proposed
relationshlp assuming the numerical value of the net total
stress and matric suction is unity at the projected point of
convergence. The predicted values overestimate the measured
values by over 200% in average. The second predicted moduli
ratio {(i.e., {Cm/CtJII) is based on the same geometry of
the approximated semi-logarithmic constitutive surface with
the recognition that the net total stress and matric suction
at the projected point of convergence may be some value,

other than unity. The resulting predictions are

pr-cnv

approxiﬁately within a 1 % difference of the measured values
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in average. The second proposed relationship (i.e.,
equation Gfi) is evidently a better approximation of the
moduli ratio, Cn/Cy than the first proposed relationship

(i.e., equation 3.34).

atio between Moduli of The Wate age Undergoin
Monotonic Water Contepnt Decrease

The approximated semi-logarithmic water phase
constitutive surface for monotonic water content decrease is
assumed to have a projected point of convergence on the
vater content axis (l1.e., point WL on Figure 3.26b). This
projected point of convergence is assumed to be where the
projections of the logarithmic water cohtent loading curves
meet. The hypothesis follows the assumption that the water
content index with respect to matric suction (i.e., Dm) is
larger than the water content index with respect to the net
total stress (i.e., Dt). A relationship between the meoduli,
DIn and Dt was proposed based on the described geometry of
the approximated water phase constitutive surface for
monotonic water content decrease (See equatlon 3.35 in
Section 3.5.2).

A summary of the experimentally measured water
content indices for silt and till was presented in Table
6.7. The water content indices with respect to the net
total stress are found to be larger than the water content

indices with respect to matric suction. As a result, the
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projections of the water content versus the logarithm of net
total stress and matric suction loading curves are found to
be lines diverging from each other (See Section 6.3.1).
These findings contradict the assumed form of the semi-
logarithmic water phase constitutive surface fﬁr monotonic
vater content decrease. Consequently, the proposed
relationship between the water content indices becomes
meaningless.

A change in matric suction is more effective in
changing the water content of a soil than a change in net
total stress (Fredlund, 1973). It is based on this concept
that the water content index with respect to matric suction
1s assumed to be larger than the water content index with
respect to the net total stress. The water content index
with respect to the het total stress measures the
effectiveness of decreasing the water content by an increase
in net total stress when a soil is saturated. The water
content index with respect to matric suctlon measures the
effectiveness of decreasing the water content by an increase
in matric suction when a soil is unsaturated. The
difference in the degree of saturation between the two cases
makes a direct comparison between the two water content
indices improper. A better comparison is suggested to be
between the water content index with respect to the net
total stress and a proportioned wvater content index wvwith

respect to matric suction, D;. The proportioned water
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content index with respect to matrié suction is a fictitious
measure of the effectiveness of decreasing the water content
by an increase in matric suction if the soil is saturated.

A mathematical expression for the proportioned water content

index with respect to matric suction is as follows,

p¥ - On
n Sy (6.2)
wvhere

S1 = the degree of saturation of the soll

A comparison between the measured water content
index with respect to the net total stress and the
proportioned wvater céntent index with respect to matric
suction for silt and till is presented in Table 6.12. As an
average, there is less than a 4% difference between the two
moduli (i.e., Dt and D:). The net total stress acts on the
scil structure vhereas matric suction acts on the water
phase. When a soil 1s saturated, the void space is
completely filled with water. A volume change in the soil
structure would result an equal amount of volume change in
the water phase. A change in the net total stress therefore
should be as effective as a change in matric suction in
changing the water content. The close agreement between the
proportioned vater content index with respect to matric
suction and the water content index wvith respect to the net
total stress may be an illustration of the same concept.

Nevertheless, the relationship that,




Table 6.12 A Comparlson betwsen The Measured Water Content

Strain Soil
condition Type

One~ DSa

Dimensional OSb

pr®

OTd
Isotropic Ds

0s

Note:

355

Index with Respect to Net Total Stress and The
Proportioned Water Content Index with Respect to
Matric Suction

0.6933
0.6060
0.6422
0.5666

0.7004

0.6085

f
UiGS

0.4203
0.5160
0.4265
0.515¢
0.4238

0.5111

a) "ps" stands for silt at dry of optimum initial
wvater content

b) "OS* stands for sSilt at optimum Initial vater

content

€) "DT" stands for till at dry of optimum initial
water content

d) "OT* stands for till at optimum initial wvater

" content

e} Average value determined by the mercury submezsion

method for one-dimenslonal conditlons; average

value from isotropic censtant volume loading and

unloading test results for isotropic conditions

f) Average value from suction test, unconfined
shrinkage test and constant volume loadlng and
unloading test results

q}

g p*¢® »p'c. - DG
5% Dy Cg DS w®s _mos__ t°s
(%) DG,
60.10 0.1956 0.1241 0.2065 + 5.573
85.15 0.1766 0.1584 0.1860 + 5.323
66.41 0.2063 0.1588 0.2391 + 15.90
90.97 ©0.1794 ©0.1713 0.1883 + 4.961
60.51 0.2298 0.1241 0.2051 - 10.75
83.99 0.1865 0.1584 0.1886 + 1.126

& =+ 3.689%
ave

{N)
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0
t S1

appears to be a reliable means to estimate the water content

(6.3)

index with respect to matric suction when the degree of

saturation and the water content index with respect to net

total stress are knowvn.

6.4.2 Relationships between moduli of the same phase under

unloading conditions

The proposed relationships between Cts and cms’ Dts
and Dms are examined in this section. The relationship
betwveen moduli of the soil structure undergoing monotonic
‘volume increase (l.e., relationship between cts and cms) is
discussed first, followed by the relationship between moduli

of the water phase undergoing monotonic water content

increase (i.e., relationship between Dts and Dms}'

i t M 1i of Th tructure Unde in
o] Volume Ingrease

The approximate semi-logarithmic soil structure
constitutive surface for monotonic volume increase is
assumed to converge tovards a point on the void ratio axis
(i.e., point EU on Figure 3.25a). The numerical value of
the net total stress and matric suction at this point of
convergence is assumed to be unity. Based on this assumed

geometry, the swelling index with respect to the net total
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stress (i.e., CtS) and the swelling index with respect to
matric suction (i.e., cms) are related as follows (See

equation 3.34 in Section 3.5.2),

C s _ log Pé
c _ e
ts log(ua uw’i

If the numerical value of the net total stress and matric
suction at the point of convergence is not unity, the

relationship becomes,

LI,
Cc s ) log ?g. log Pcnv (6.4)
C e .
ts log(ua uw)i log Pcnv
vhere
Pcnv = net total stress or matric suction at the

point of convergence
Values of.swelling indices (i.e., Cts and Cms)
determined from average unloading curves of silt and till
were summarized in Table 6.4, 6.6 and 6.10. A summary of
the characteristic stress states of silt and till was given
in Table 6.8. The net total stress and matric suction at
the points of convergence of the soil structure constitutive
éurﬁaces for silt and till undergoing monoctonic volume
increase were presented in Table 6.10. Table 6.13 presents
a comparison between the measured moduli ratio, Cms/cts and
those predicted according to the proposed relationships
(1.e., equation 3.34 and 6.4). The first predicted moduli
ratio, (cms/cts)I is calculated according to the proposed

relationship assuming the numerical value of the net total
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¥
Tatle 5.13 A Cospirison betveen The Measured Moduli Ratio, ﬁ and Those Predicted According to The Proposed Relationships
ts

12 - L

g:;;::im Soil P t, “v)l cts € Pm c‘_s_s_) _l: Cs E.'_s. Cs
_ Pa)  (xPa) wa ¢ oce TGV G G0
f:— tc.sjl < ts ts s - is

ts ts 1y as

(c—-} (E—)

is ts

m t

D‘.il 120 225 0.0402 0.03322 5.8  0.9247 0.BE +1.178 0.8282 04244

One- II? 140 185 0.05476  0.05250 0.5  0.9588 0.94%% “1.212 0.9529 ~0.6154
Heeasional O 90 580 0.06592 0.05299 0.054 0.8038 0,7072 ~12,02 0.7¢%2 ~0.5538
ﬂl‘I 145 430 0.03739  0.02407 20 0.5438 0.8027 +24.68 0.6457 40,2951

DS' 1128 25 0.,02383 602046 5.2 9.5584 0.8720 +1.584 0.85675 +1.060

Isotropic

us" 170 185 0.02400 0.0223%% 17 8.9317 0,9628 +5.592 0.9646 43,531
l“!wl.m: :m-w.sa'm

Note: a) "DS" stands for silt at dry of cptimua {nitial

vater content

b) “05" stands for silt at optimua initial vater
content

¢} "DY* stands for till at dry of optisus initial
vater content

d) "07" stands for till at optimum initial water
content

et log P;

‘Eﬁ’l' loglu_ -4 )"
oale, U0y

ts
f} ‘C_'a, . leg ;’ - loz I"“
C“ 1 logtu‘ - “Gji = log Pﬂw
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stress and matric suction is unity at the point of
convergence of the constitutive surface. The predicted
values are within a 5% difference of the measured moduli
ratios, in average. The second predicted moduli ratio,
(cmslcts)II is based on the same geometry of the
approximate semi-logarithmic constitutive surface with the
recognition that the net total stress and matric suction at
the point of convergence may be some value, Pcnv other than
unity. There is less thah a 1l % difference between the
measured and predicted values, in average. 1In general, both
proposed relationshlps (1.e., equation 3.34 and 6.4) appear
to give reasonable approximation of the moduli ratio,

Cms/cts'

la shi tween Moduli of The Water Phase Undergoin
o Wa tent Crease
The approximate semi-logarithmic water phase
constitutive surface for monotonic water content increase is
assumed to converge towvards a single point on the water
content axis (i.e., point WU on Figure 3.26a). This point
of convergence is assumed to be where the water content
versus the logarithm of net total stress and matric suction
unloading curves meet. The hypothesis follows the
assumption that the characteristic stress state, P; is
larger than the characteristic stress state, (uy - u Y. At

wiif
the same time, the rebound water content index with respect
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to matric suction (i.e., Dms’ is assﬁmed to be larger than
the rebound water content index with respect to the net
total stress (i.e., Dts’ (See Section 3.4.2 and 3.5.2). A
relationship between the rebound water content indices
(i.e., between D o and Dig) vas proposed based on the
described geometry'of the approximate water phase
constitutive surface for monotonic water content increase
(See equation 3.35 in Section 3.5.2).

A summary of the characteristic stress states for
silt and till was presented in Table 6.8. The
characteristic stress state, P& is found to be smaller than
the characteristic stress state, (ua -1 )Y for till at
optimum initial water content. A review of the problem
indicates there are conditions under which the stress state,
Py 1s smaller than the stress state, (u, - u )} (see
Section 6.3.2). As a result, the wvater content versus the
logarithm of net total stress and matric suction unloading
curves would become divergent lines. The possibility that
the water content unloading curves may be divergent lines
contradicts the assumed form of the semi-logarithmic water
phase constitutive surface for monotonic water content
increase. As a result, the proposed relationship between
the rebound water content indices (i.e., D,s @nd D

ts)
becomes meaningless.

A change in matric suction is more effective in

changing the water content of a soil than a change in net
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total stress (Fredlund, 1973). It is based on this concept
that the rebound water content index with respect to matric
suction (i.e., Dms) is assumed to be larger than the rebound
water content index with respect to the net total stress
(i.e., Dts" The rebound wvater content index with respect
to the net total stress measures the effectiveness of
increasing the water content by a decrease in the net total
stress when a soil is saturated. A decrease in net total
stress allows the soil structure to rebound and increase in
volume. If the soil is saturated and has free access to
water, the volume increase in the soil structure would
result an equal volume increase in the water phase. The
rebound water content index with respect to matric suction
measures the effective of increasing the water content of a
soll by a decrease of matric suction when a soil is
unsaturated. A decrease In matric suction allows the soil
structure to rebound and increase in volume. If the soil
has free access to wvater, the volume change in the soil
structure would become available to be water £illed. 1In an
unsaturated soll, only part of the void space is filled with
water. Therefore, the alr void within the so0il before the
matric suction decrease is also available to the incoming
vater. As a result, it is not surprising to £ind the
rebound water content index with respect to matrie suction
to be larger than the rebound water content index with

respect to net total stress. However, a direct comparison
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between the two rebound wvater content indices is improper
because of the difference in degree of saturation betveen
the two cases. A better comparison is suggested to be
between the rebound water content index with respect to the
net total stress and a reduced rebound water content index
wvith respect to matric suction, D*

ns
wvater content index with respect to matric suction is a

. The reduced rebound

fictitious measure of the effectiveness of increasing the
vater content by a decrease of matric suction in a soil
disregarding the air voids within the soil. A mathematical
expression for the reduced rebound water content index with

respect to matric suction is as follows,

ms ns i (6.5)

A comparison betwveen the measured rebound water
content index with respect to the net total stress and the
reduced rebound wvater content index with respect to matric
suction for silt and till is presented in Table 6.14. As an
average, there is approximately a 6% difference between the
tvo moduli (i.e., D,  and D._ ). The test results for silt
at dry of optimum initial water content and under isotropic
straln conditions show a 380% difference. This plece of data
is considered to be an "outliner" and therefore not included
in calculating the average percent of difference in the
comparison.

The net total stress acts on the soil structure

vhereas matric suctlion acts on the water phase. If a soil
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is saturated and has free access to water, a volume

increase in the so0il structure should result an equal volume
increase in the water phase. A decrease in the net total
stress therefore should be as effective as a decrease in
matric suction in increasing the water content of a soil.
The close agreement between the reduced rebound water
content index with respect to matric suction and the rebound
vater content index with respect to the net total stress may

be just a demonstration of the sawme concept. However, the
experimental finding that,

D¢s™ Pns- 53 (6.6)
appears to be a viable relationship between the rebound
vater content indices. Based on such a relationship, the
" rebound water content index with respect to matric suction
can be estimated when the degree of saturation and the

rebound vater content index with respect to the net total

stress of a soil are known.

6.4.3 Summary

The knowledge of four independent moduli is
required to completely describe the behaviour of an
unsaturated soil in a monotonic volume changé process. A
sumﬁary of the tests needed to determine the necessary
moduli to describe the various types of monotonic volume

changes 1s presented in Table 6.15. The tests involved are
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Table 6.15 A Summary of Tests Needed to Determine the

Necessary Moduli to Describe the Volume Change
Behaviour of An Unsaturated Soil

Volume Change Moduli Tests Needed
Process Required
Monotonic Ct' cm 1) One-dimensional or isotropic
Volume D D constant volume loading test
decrease t’ “m - Ct and Dt
2) Suction test
-Dm
3) Unconfined shrinkage test
- cm/Dm
Monotonic Cts, cms 1) One-~dimensional or isotropic
Volume D D constant volume unloading test
increase ts’ “ms - cts and Dts

2} One-dimensional or isotropic
free svell test
- Cms and Dms
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generally sophisticated and require special equipment to
run. The main objective of this study is the development of
relationships between the moduli in order that all required
moduli can be determined from a fev basic conventional soil
tests.

Relationships are proposed for the four independent

moduli associated with the soil structure and wvater phase

£ and Dm

or Cior Cpov D, and Dps!+ The moduli C, and Ceg 3re equal

undergoing monotonic volume change (i.e., Ct v cm, D

to the relative density multiplied by the moduli, Dy and Dys

respectively. Both moduli, Ct and Cts can be found by

conventional saturated soill tests. The following

C

relationships are proposed to relate moduli cm and Ct, ns

and cts' Dm and Dt' Dms and Dts'

.
Sm = log Ps log por-cnv
C e
t log(ua uw)i - log Ppr-cnv
]
C _ log Ps
C e
ts log(ua uw)i
Dm
D =
t S5
and
D g,

ts~ Pms-5i

As a result, moduli cm ¢+ D cC and Dms can be estimated

n’ “ms
from the proposed relationships with the knowledge of the
two basic modull, Ct and Cts and the characteristic stress

e
states, Pé and (ua uw)i.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Eight independent volume change moduli are required
to describe the volume change behaviour of an unsaturated
soll, four for monotonic volume increase and four for
monotonic volume decrease. Sophisticated tests are needed
to determine these moduli. The one-dimensional or isotropic
constant volume compression test, the suction and unconfined
shrinkage tests are required to determine moduli necessary
foxr solving settiement problems. The one-dimensional or
isotropic constant volume unloading test and the one-
dimensional or isotropic free swell test are required to
determine moduli necessary for solving swelling problems,

The main objective of this investigation was to
measure and develop relationships between volume change
moduli of an unsaturated soil. The form of the semi~
logarithmic so0il structure and water phase constitutive
surfaces was studied from Information avalilable in the
research literature. Approximate planar semi-logarithmic
constitutive surfaces were proposed. Relationships between
moduli associated with a particular phase were developed
based on the geometry bf the approximate semi-logarithmic

constitutive surfaces. These relationships were tested
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using the results of an experimental program on compacted
silt and till specimens. The conclusions arrived at are
based on the theoretical and experimental studies conducted
as part of this dissertation, as well as previous studies.

1) Four independent moduli associated with the soil
structure and water phase can be used to define monotonic
volume change. The four moduli are ct, Cm, bt and Dm for
monotonic volume decrease and C

C Dts and Dms for

ts’ “ms’
monotonic volume increase. These are all "index" type
properties measured on a semi-logarithmic scale. It is
possible to measure all these moduli experimentally. The

tests required are as follows:

i) One-dimensional or isotropic constant

volume loading test to determine C_ and D,_.

t t

ii) Suction test to determine Dm'

iii) Unconfined shrinkage test to determine the
moduli ratio, cm/Dm.

iv) One-dimensional or isotropic constant

volume unloading test to determine C and

ts
Dts°
v} One-dimensional or isotropic free swell

test to determine Cms and Dms.

2) The moduli, Ct and Cts, are the sleopes on the

compression branch and rebound curves which can be found
using conventional saturated soil tests (i.e., the

application of a total stress with the specimens saturated).




369 -
3) When the soil is saturated, the soil structure

moduli, Ct and cts are equal to the relative density (i.e.,

Gs) multiplied by the water phase moduli Dy and Dts

respectively.

4) An approximate semi-logarithmic soil structure
constitutive surface for monotonic volume increase is
proposed. The approximate constitutive surface is assumed
to converge towards a single point on the void ratio axis.
The numerical value of the net total stress and matric
suction at the point of convergence was assumed to be unity.
The use of a logarithmic scale for the abscissas makes the
specification of units for the stress variables unnecessary,

A relationship between the moduli, cts and cms’ is proposed.

C s _ log Pé
e
cts log(ua - uw)i

The proposed relationship was found to predict the moduli
ratio, Efg to within an average of 5% difference of the
measured ialues for silt and till. The proposed equation is
more accurate 1f the point of convergence is known for the

soil. In that case, the proposed zelationship becomes,

f -
C . log Ps log Pcnv
e
Ces log(ua - uw)i log Penv
The term, Pcnv is the net total stress or matric suction at

the point of convergence. This refined relationship was
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c
found to predict the moduli ratio, Bz

C
ts
of 1 % difference of the measured values for silt and till.

to within an average

5) An approximate semi-logarithmic soil structure
constitutive surface for monotonic volume decrease is
proposed. The approximate constitutive surface is assumed
to have a projected point of convergence on the void ratio

axis. The relationship between the moduli, cm angd Ct is

suggested to be as follows,

.
log Ps . log Pnz-cnv

Sn
e
Ct log(ua - uw)i - log sz-cnv

The net total stress and matric suction at the projected

point of convergence {i.e., Ppr-cnv) were found to be in the
range of 100 to 150 kPa for the silt and 20 to 30 kPa for
the till. The proposed relationship was found to predict

Cc

the moduli ratio, Em to within an average of 1 % difference
t

of the measured values for silt and till.
6) A relationship between the water phase moduli,
Dms and Dts is proposed in accordance with the experimental
data from the test program. The suggested relationship is
as follows.
Dts = Dmssi
Measured Dms and Dts moduli values for silt and till were

found to be within a 6% difference of the proposed

relationship.
7) Based on experimental evidence from the

laboratory test data, the following relationship between the
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vater phase moduli, Dm and Dt is proposed.

m
D, = %
t N

Measured Dm and Dt moduli values for silt and till wvere

found to be within a 4 % difference of the proposed

relationship.

7.2 Recommendations

The prime objective of this thesis was to develop
relationships between the volumetric deformatien moduli for
unsaturated soils. Future research is needed to corroborate
the observations and conclusions presented in this

dissertation. A number of suggestions are made.

1) Relationships are proposed for the four
independent moduli associated with the soil structure and
vater phase undergoing monotonic volume change (i.e., Ct,
Cm, Dt and Dm; Cts, cms’ Dts and Dms)' The moduli, Ct and
Cpg are regarded as "basic" moduli which can be found using
conventional saturated soil testing equipment. The proposed
relatjonships can then be used to estimate the values of the
other moduli, Dt' Dts' Cm, Dms' Dm and Dms' once there is
a knowledge of the two basic moduli and the characteristic
stress states, Pé and (ua - uw’?' More documented data for

different soils should be collected to further examine and

test the proposed relationships.
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2) Approximate semi-logarithmic soil structure
constitutive surfaces are presented for monotonic volume
changes. These approximate constitutive surfaces, along
with the knowledge of the moduli, can be used to solve
unsaturated soil volume change problems. - Further studies
should be carried ouf to verify the form of soil structure
constitutive surfaces for different unsaturated soils.

3) The approximate semi-logarithmic constitutive
surface for the soil structure undergoing monotonic volume
decrease is assumed to have a projected point of convergence
on the void ratio axis. The net total stress and matric
suction at the projected points of convergence are found to
be different for silt and till. Further research is needed
to study factors affecting the net total stress and matric
suction value at the projected point of convergence.

4) Little information is available about the form
cf the water phase constitutive surfaces. Such information
is useful when solving unsaturated soil volume change
problems involving water content changes. Knowledge about
the form of the water phase constitutive surfaces is
required in ordexr to completely understand the volume
change behaviour of unsaturated soils.

5) Limited information is available in the research
literature on the volume change constitutive relations for
collapsing soils. More research is required in order to

establish the form of the constitutive surfaces for
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collapsing soils. The idea of approximating a curved
constitutive surface by a composite planar constitutive
surface may be a viable means to relate the moduli of a

collapsing soil. Further studies on collapsing soils,

within this context, could prove fruitful.
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APPENDIX A

Listings of The Programs for
a) 8ensor Calibrations

b) Data Processing
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REMIRCEASREEARL R BRI E R4 LA TSR i NARLES
fEMxs THIS IS A MODIFIED VERSION %
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=024 F(RA=3)THENFORZZ s@70400 i MNEATZZ :REM FIMLI LOOP

S83%50 GOSURSSO10IM=FNB( VOXRAL RAI/EBSB) tPOREBA+L LAZX:POKEBA, (PEEK(B&)HNDEQQ)
sp26€ IF(MKOITHENER =6 GOSUESA808

59270 RETURN

DA~ R LW~

Figure A-1-1 Listing of The Program, C1-DH8082A for Sensor
Callibrations




50399
se399
S0420
Seqe10
se4q20
52430
Jos9s
sBTes
Seco0
sogi10
50612
s0520
50638
72540
S0s350
So589
S0s70
‘seged
seves
se793
Sesns
snnes
seete
52329
CLEE
s0098
s1800
S1010
S102¢
s1183
%1193
s1200
s12t0
CALEL
S1399
51299
s1409
=1ate
s142e
Simon
51599
xienz
Tiete
uITes
1296
T1000
Ba010
sq014
e4e15
s4018
sa02%
%4030
s4033
. Begav

sq040

54042

S49e44

S4p48

34948

54033

. .
REM AUTCOHMS :

RN=g

RA=RA~11605USS03CR: IF{ RAL | )THENSB430

IF{ MK =1 . 9TsRACRA-1 ) Y THENSQ4 10

RETURN

[]

REM HERTZ

MeQ!Z | %=Q 1 FPx 1000825 I1C= INT(C, tBF a3
IFCCC{@IOR(CIEI I ITHENER=VIERS* "+ C* 1 GGSUBS450R 1 G0TUSE80
FOKEBA+3 (8 IFCPEERCBA+3 24 ;0 THENER: 1 1 GOSUBSABUY 13O TOSPESE
POKEBA+2, 191 1POKEBA+3 ESSSPOKEBﬁ#l,\ISEURC)lPOKEBﬂfll,(PEEK(BﬂOII)DRaE4)
POKEBA ,( PEEVL BA)AND2DY) : HOKEBH+4,ZxAlPOKE&&*S,E!PQKEBH*B.ESS
POKEDA+3, 235 1POKEBA, PEEKC BAJORS21ZZ «T L1 2Xe55536 42 4¢ Z 148 ) /FP 260
IFCCPEEKCEA+13)ANDIEIC 16 2600C ¢ T1~22 3¢ 2% 3 THENSABS5E
!FttTl-z:))ZM)DR((PEEK(Bﬂ#lS)ﬂNDGE)-3E)THEN&OSH&

M*FNCCFP/{ 65536 ~-2564PEERC BA+9 2 ~PEZ i BA+8) )/ 282 14+4))

RETURN

I

REM LEVEL

IF{(CCOIORICH LS I ITHENER =T : ERS$=" 1C " 1 GOSUBS4BER 1 LU TOSEE2D
SU=CIZZniBL IF2KITTHENZ XN =ZN-B:i2 =9

M=D1 IF{ {PEERCBA+22Z2 YANDC 212X ) 2 =V) THEMNI= 1

RETURN

t

REM THERMOCOUPLE
GDSUBS!EGG!GUSIVC=K0<?T)+RE:(K!\Tt)+RE:(K2(TTJ+REIK3(TY)JJKGDSUBSOBBO
V=M$!980+VCRM=CO(TT16V¢(Cl(TY)+Vi(;£(TY)OVtCS(TY)&)

RETURN

1

REM REFTEMP

2Z=TI-RTI0C%=C1 IFZZCOTHENZ: =22 +5189080
!F((ZZ}RD)DﬂtRE=B))THENQGHau:C“tﬂ%EGUSUEblanIRE-MSRT-TIlCHUBZIGlDGZ
RETURN

4

PROC THERMISTOR
RA=21GOSI3TA329: [F 1K s ) THENER <5 . UJSUES43E0 130TOS 1420

2Z=LO0CH IMa i CADCZZ ML AL AT L MEVZZTAI ) ; 7273, 15

RETLRMN

T

REM ADSSO

O= {1 GOSUSSORAB I MR, DIV G )My :E5-269 .94

RETURN ’

1

REM INITIALIZATION

BA=23842 tREM 8082A BASE ACGORESS

PRINTY,...CHECKING 9982A RS LSTERS®
BOSUBSA60AL IF( ER=8) THENSJB&S

PRINT*8082A REGISTERS FAILEuU: "} ERS

FPRINT"(CHECK POLER/CASLES/SWITLHES/BHSE ADDRESS) “1STOP

BOSUB 54710

1 - e

REM......aaaaa PARAMETERS - SERIAL MNJMEER 5 SHNMNN. . cccencnnorenas
PRINT®....:INITIALIZING 8832Aa CONSTANTS®

AZ¥%=A IREM SHORTED CHANNEL (AYTIY ZERD)

CR%»33 1REM REFERENCE TEMP CHARMEL

VR=28421REM 8082A REFERENCE VULTHGE VALUE (M’

ROx12¢A1REM REF TEMP UFOHTE FREQUENLY liv 1,60'S UF A SEC
ZT#»189901REM AUTOZERD UPORTE FREQUENLY IMN 1/760'S UF A SEC
G(D>=1.02010C 1)=10.d2718( &/ =idd . 509150 ) 2403, 421

T ST REC TV IO 2 UTRACE ) = L J030. 01 RAL /632 100 RZe 1082, 1

S1083
4934
- X f-i~i

1
REM. ... .FUNCTIONS
BFs( 0?"‘JDLT’S' 1F% l)&'HNPS"lBl‘ﬂE)ﬂ"DHMS'lBrﬂa)-'HERTZ"

Figure A-1-1 (continued)




rensg
saoee
54969
san7o
da071
sap72
sae7n
mapTy
=107
s407S
sac77?
s4p0?
=aiee
sat10
sat12
=q12m
s4139
sa132
sq12w
s4140
84143
=41%0
s4isn
s4180
sq1s=
84170
sq17s
54180
sa1as
=4190
=419
saxg7
sag90
54603
sag:e
s4e1S
sacze
sas2s
=438
4537
s4642
sqg=a
s43=s
=qcas
sq70e
=4710
=470
sevom
54797
s479€
=1220
sa3:0
saz23n
=4q2an
s1gse
=qcee
=q3sg

t
REM. ... .ERROR MESSAGES

DIM ERSCT) '

ERS(B)=“ND ERRORS DETECTED"

ER L)a"yIa NCFERATIVE?

ER®( 2)=*A/D CONVERTER IMNOPERATIVE®

ERS ) ="TIGNAL T OF RAMGE™

ERE(4)Y="A D CONVERTER TilED ouT

ERES)e"F,D DIGLITAL FRLaD FRODLESN -

ERS. E)="RESISTANCE ¢ & IR&uk*

ERS(7>2"BAD CHANNEL CR RANGE FikEsE iER®

1

REM. ... .ROUNDOFF FUNCTION GEFINITiONS

DEFFNAC I = INTC R+ . S)IDEFFHNBL Ko = [N 1090+.95). 18

DEFFMNCAR=IHTC 100X +.5) /182 1DEFFNGC X 7w 1NTC 10098 8X+ . 3171004

t

REM. ....TRANSDUCER EGURTION COZFFICIENTS

REM. ..¥31 44805 THERMISTLIR

A= (4O3E-2:A1=2, 3TEE -4 iAZ=~-3. 163E -EtRTI<] , QEGL=7 ‘

REM. . . THERMOCOUPLES-~V=F{ 1) K*S; FOR Taf{¥} C'S; TYsYYPE
REM...TYFE T THERMOICOUPLES +«TY*8) -
KO(@;2-0,.001191K1(0)=0.B38E 191 KEC Brnd , J6SBE~SIRI( D) n-2,057 1E=-B
CocD)=-,P099ICI(B)I=EN.058TiCAAI/v=- . BY6AEICH V2. 02613

REM, .. TYPE E THERMOCOUPLEE <17vs3)

K¢ (202, 3377E-45K1C 1 )=, 050554K2¢ 1 )ad U2 14BE~S1KIC 1 Yu-3,B384E -8
CA 1)=-0.026361CIC 1 I=;T7.B7668:C2¢ 1 )m -, 23002:C3¢ [ )=, 00338

REM. . . TYPE J THERMOCOQUPLES ¢ Tvy=2)

KO(2)=8,39340E~qtKI( )2 . 8537 IN2( 2R 8B 7 ISE-SIKI( 2 2-8, 7353E -8
Ce2)e=,031C171CIC2)n]13.349161C3 2)a~. 2 1026ICHK 2) =6, S6589E~3
RETURN

]

REM RES-TEST

EZ%e " 122 2EA+SIERE="DDE "tGOSUBSISS5IZ2=BA+3:ERS="DDA *1603UB54650
POKEDA+D 2S5 ¢FOKERA +3 , 255

Z2ZoBEA+11IERS"ACR “150SUSTSAGHA I L2 =B I+ ERSU'PCR "1 B05UBS465a
POKEBR+11,90:FDREBA+1Z,0

22=BAIERSa"FB "1GOSUB3465012Z2=BA+1IEXS="PA “I1505UBS4550
ER$=£281 IFER=OTHENER$=""

RETURM

4

REM SITLOOF .
FOREX=QATOPIE K2 EX I POKEZZ ,2n i [FIFEERM 22 28 2uR)THENEL SuEZS+ERSIERe L IEX=E
NEXTEXIRETURN

1

REM VIA-INIT

POKEBA+2,DIFOKEBA+I ;04 PONELFY L |, 0 FURIENY 12,8049 IFUKEBA+14, 128
POKEBA+2, 191 :FOKEBA+3,25%

RETURN

REM ERROR

IFTP =2 THEMS43%2

IFER=ITHEIFORZA=ITUS :GOSUB547 10 NEA T 2U

M=-299B31EZL=EF MBI ¢" 1IN FECA{BATLIAILILIZ i r6a

IFCINC OB Y THENEZ $aELS~" [ACTURLL Y i "R cXoe "]
ERT=EZF+ERSCERI4ERS+” (CHa"«STRM FLEN BArIJANUGII+*) TIMEL*+TIS
PRIMNTERS$!ERS« " “2ER=Z ’

RETURN

Figure A-1-1 (continued)




24997
sa328
ss210
3020

z0z20
su225
ssede
e5e%n
szean
ssare
sT08
ss990
55189
s=onn
CLL ST
Tegi0n
=as20
=s53n
LEETT]

. ®35%8
s3sca
s3570
sasee
53599
sscoae
ss51e

ssondah s

H

REM ATODD1

ER=QIPOKEBA+12,204:Ca T U 1B inlis o3 s BF = INTCBF }
IF(CBFCAIORCBF ) ) THENCR® 18R $n " 1BE "¢ GOUSUBLSYEYD 1501055100
IFC{CCBI0RCEIBI I ITHENER=? 1ER SR * 1 C* 1 BOSUBS4EB2 1 GO THSS 160
IFCCGLDIOR{G I ) YTHENER =7 :ERb=" 1 G IGOSUES4E6021GOTOAS 100
Z2Z=T1=ZL1 IFCKEM PTIOR: BFaZ) ITHENSSE 7D

OGX=GtPOKEBA+1 ,AZXtFORG=OTCS IPIKESHA,C ¢ FEERL BA /ANDEAD ) +G )
GOSUB BSS101AZCGIaVOINEXTS: B=06412L =1}

FOKEEA+1 ,(844BF+C) 1 IF¢ ZRC »2) THENSYS t0o

IFCBF =R)THENPDLREBR , ( PEERL BAYAINISS2 ) 1GOSLESYS 181 60TOSS 108
POXEBA (. PEEKCBA) »AMLIGC) 4G5 1GLSLLSSA 161 VOaVO ~AZ( G
POKEEA+1 ,AZ: 1 RETURN

1

fEM ATOD2

IFCPRERCBA+1224 )P4 I THEIER » L3 GIBUL G43061G0TOYLS 10
POKEDRA+12,206:: POKEBA+ 12,204

ZZaTI+ 1S IFZ22)0S1840CATHENZZ o222 - 1 34699

IFCCTIC=ZZ )ANDC PEEK( BA+ 13 XEMDE )€ 2 ) THENSS548

IFCTIXZ2 yTHENERu4: GOSUB S4832: 60 TUS3E 16

VLA=PEEKC BA+16) IVHY.=PEEKI SA+L7?)

IF(C VLYK YPEEK(EBA IS ) YORC VHIX »PEEK(BA+1 7; ) YTHENER =33 Gosue 54900 1GO0TOSSG 10
IFCCVHZAND G = 1B THENER *31GUSUD 5980616010555 10

VO =236 £¢ VHZXAND 15) +VLXE TFC VHLARG 2 ) =23 THENVO ==Y

2ZaPEEKS BA+1) 1 IFCCPEEKC BA+13)ANDR ) =& Y THENER »2 1GOSUS 54800
RETURN

Figure A-1-1 (continued)




A-5

REM 82428 f et sttt ssusssissrsncisannstannsesnsnsss -
REMttlltl“ttttta!lattttttttllit‘ttit
REMsx THIS 1S A MODIFIED VERSION GFxw
REM2t THE STANDARD BASIC 0052A/PET/ %4
REM2s C64 SOFTWARE FOR COLLECTING #x
PEMEs DATA IN THE TRIAX1AL TEST xs
REMts PROGRAM OF O.HD'S PH.D THES1Sss
PEMzs AUGUST, 1996 2
REMELRELIESLOBRERE A RNE KL SRR ENEE N A LS
GOSUBS4008:REM INITIALIZE VARIARSLES./3d42h
19 1

11 REM¢2 FROM 11 TO 49€¢ INCLUSIVE 1Ssx
12 PEM:x THE DECLARATION SUBROUTLIE 3%
PO PEM 2,4

30 DI DATCDYD

48 DIM AGC 30)

8¢ DY SEcae:

497 WHMes FROM S23 TO €90 LELUBIVE o=
49€ REM#3 1S THE IINFUT SUBROUTINE ry
23 INPUT *DATE=*;DT :

=10 INPUT "TIME= ") Tis

SZ0 INPUT*PT-CHNL RANGE FOR A~"JP1x%,P2%
=30 INFUT FPH-CHNL RANGE FCR A= X1X,Kex
249 !MNPUT"NO, OF LYDT CHML FOR Ar"iLAX
550 IMPUTPT-CHML RAMGE FOR Be":;G 1% ,Ga%
SE@ INFUT"PH-CHNL RANGE FOR 3= )Yk, Y2
570 INFUT®MNG. OF LVDT CHML FOR B=")LB%x
=88 !NPUT*INITIAL DIA.OF A (CMY=9;AR0
530 INPUT®INITIAL HT. OF A (CMI=*;H|
€3¢ !NPUT*INITIAL DIA.OF B (CM)=*:ED
610 INPUT®INITIAL HT. OF 8 (CiM)=";H2
€91 REMas FROM 702 TO 1290 [NCLUSIVE ==
692 REMfse IS THE INITIAL PROXIMETER &xs
€23 REMs# LVDOT'S SCREENING SUBROUTINE xx%
700 FOR Ys¥13% TO X2

718 C=Y

720 G=0

Tie GOSUB Soooa

743 AGCYI=M

750 PEXNT Y

Tee C=LAY

772 Gep

788 GOSUE 500020

750 Lis=M

8O0 FOR J=Y1¥% TO Ya¥%

918 CnJy

829 G=0

220 GOSUB Se008

s4e BOC JI=M

g8 NEXT J

860 C=1.B%

B70 BxB

8F0 CNSU3 S00a0

299 WoeM

988 PRINT"INITIAL RODG.FOR PAAI®":AQl 43,
217 PRINTHZ, "INIT.ROB.FOR FRA:=*JAGC i3
920 PRINT® INITIAL ROG.FOR FXA2=*5atn 142
930 PRINTH2,"INIT.ROG.FCR PMASw43ni i4 )
94® TRINT"THE I[NITIAL LVLT-tr FOG.=5;L¢
%0 PRIMTEZ,"INIT.ROG.FOR LYDT-fA="iL:
ace ORINT"INITIAL ROG.FCR PHT12";2Q5 19;
873 PRUITHS, "INIT.RDG,.FOR FABLs"3Ba 157
93¢ PRINTTINITIAL RDG.FOR PHB3»*1BO(22)
Q90 PRINTHZ,"INIT.RODG,.FOR PHB2="]1Da\ 20)
1022 SRINT"THE INITIAL LVDT-2 RDG.=*3.2

DO~NTA LW -=O

Filgure A-1-2 Listing of The Program, R9-DH80822 for Data
Processing




A-6

1910 PRINTN2,"INIT,RCG.FOR LVDT-837;L2
1920 VA=((ADSD.5) 123 33.14163H1

1038 PRINT IMIT.VOL.OF A <CHi32+"IVA
1040 PRINTHZ,"INIT.VOL.OF A(CM*Z)="3;VA
1950 VBSC(OD#A. B 12723, 14168HE

1968 FRINT*INIT.VOL.OF B CCMt3)=*,vb
1O0LRINTHE, "INIT.VOL.OF B (CHtu,=*;VE
1291 REMe*FROM 1108 TO 1450 INCLUSIVEas
1902 REM$21S THE TIME SCREENING SLS- #»
93 REMsz-REUTINE ks
1100 LET F=B

1125 LET B=0

1112 PRIMT"TIME INTERVAL CHOICE:-"

t*!%s PRINT"® 1-=={ MIN. INTERYAL®

1120 PRINT®  2e==:@ MIM. INTERVAL®
1128 INPUT*TIME INTERVAL?®*?Th

1470 GOTD 1125

1128 IF Tir1 GOTO 1145

1190 1" T%=2 GOTO 1210

1147 GOTO 11%@ o

1OnE AXVALCMION TIS, 5,25

1ES D=VALLTIS)

180 IF D«F GOTO 1175

1165 IF D=238953 THEN DT=0T+i

1178 LET F=D

117% CET PSS .

1169 IF PS$=*S" THEN 1110

118% IF A=B GOTO 1145

1190 IF A=INTCA/S92:53 GOTO 15ee

119% GET PS$

"12e@ IF PS$="S" THEN 1130

1293 GOTO 1143 .

1212 6ITD 1219

1213 A=VALIMIDS T1%,3,2))

1220 D=valLCT1S)

1225 IF D=F GOTO 1249

122¢ IF D=23%959 THEN DT=0T+l

123% LET F=D

12499 GET PSS$

1245 IF PE$»"S* THEN 1110

1750 IF A=B GOTD 1219

1255 IF A®INT(A/18)%18 GOTO 1560

1260 GET PS$

t263 IF PS$+°S* THEN 1110

1278 GOTO 1218 . -
1451 REM#x FROM 1599 TO 2452 INCLU- ==
14%2 REM%% SIVE 1S THE CHANNEL SCREE-¥#
1453 REM=xs NING SUSROUTINE s
1%02 FOR X=P1¥% TO P2X%

1510 C=X

152Q G=2

1%20 SOSUB S0000

{540 DATC XY aM

1738 MNEXT X

1602 FOR YeX1¥% TO X2%

1618 CaY

1620 o=

1622 GOSUB Tnaee

1640 DATC Y3 =M

1§50 NENT

(Zeo_c=Lpa.

Figure A-1-2 (continued)



1718 Ge9

70 LOSUR Seeoe

1739 24

1808 FOR I=QR1¥ TO Q2%
i81a C» -
182C€ G5=2

{938 GOSUB Sedea

19403 DAT(1)=M

18950 MNEXT 1

1988 FOR J=Y¥Y1X TO Yva%
1919 CxJ

1930 G=0

1939 GOsSUB Joeea

1340 DAT( ) =I14

1950 MEXT J

2eat C=LBx -
enie Gz=g

220 GOoSUB Soces

29030 KaM .

2431 REMtx FROM 258@ TO 53990 x¥

2422 REM#x INCLUSIVE 1S THE DaTh %
2492 REM»* REDUCTION & PRINTOUT %
2494 REMed SUSRGUTINE e
2900 PRINT DATE=":;DTI *TINME="JTIa
251¢ PRINTEZ, *DATE=*; DT “TIME=  ; TI%
£TEQ FOR ¥eFPiM TO P2%

2530 IF ¥=10 GOTO 2560

2540 IF X={1 GOTO 2620

259 IF N=1Z 50TQ 2680

2360 WA= T3385.96XDATCK) I -2.857S

2RTA PRIMTCHNLN1O=";DATC XD

2780 PRINTHZ, *CHNLRL@=";DAT(X)

2%90 PRINT'PWP OF CECL"ACKPA)=";uA
2820 PRINTH2,"PWP OF CELL ACKPA)o*ii
2619 GOTC 2740

2829 AA=( 54233.854DATIX)I ) +3.8272

2638 PRINT-CHNL¥11=2";DAT( X)

2640 PRINTH2,"CHNLW11="3DATCX?

2630 PRINT*FAP OF CELL ACKPAI=":AA
26860 PRINTH2,*PAP OF CELL ACKPA)="JAR
2672 GOTD 2740

2EED LA S3970.282DATCX?)-3.0049

2620 PRINT'CHNL#I2="3DATCX) o
2790 PRINTHN2, "CHHLH1I2=";DATC <}

2710 PRINTCELL P.OF CELL m<KPaAJ=';GA
2787 PRINTHZ2,*CELL P.OF ACSPRI=":CA
2730 GOTO 2740

2740 NENT X

£ROM FOR YsMi1¥% TO MN2¥%

2a10 IF Y=12 3070 2632

2820 IF Y=14 GOTO 2870

2630 PRINT CHNL®II=";DATCY:

284¢ PRIMTNZ, "CHNLH#13=";TATV Y

29%0 RIS(FQC IBI-DATE 132020.97 14

P82 GOTO £31C

2070 PRINTIINLN14=";DATC Y)Y

£rE0 FRIMTHZ, "CHILH L4 " JOAT(Y)

fannt Ra=<AD: t4)-DATC 143183571

2ens GOTO 2510

297 MEXT Y

2970 AFSANH(IRI+R2)$0.1)

2230 PRINT*CHNLNIS=";Z

2rae FRIMTH2,"CHNLN133"32Z

2988 CHa(Z~L1)%1,.5639

298¢ HATH1+(CHD.1)

2970 VIwC(AF10.51224+2, 1416HM

Figure A-1-2 (continued)



A-8

2980 Vasyi-vA -
2990 PRINT"WOL.CHANGE IN A(CM133«™192
3020 PRINTSZ,*VOL,.CHG. IN ACCHIS ansyv2
2c!'d FOR [=Q1¥ TO Q2%

o920 IF I=15 GOTO Z0%@

2020 IF Is=17 BOTO 5119

ande IF Is18 GOTO 317@

2089 WB=(353993.90+DAT¢ [7;~3. 7652

2058 PRINT"CHNL#16="3DAT( 1)

3078 PRINTH#2,"CHNL#1E="J0AT 1)

3020 PRINT*PUP OF CELL B(KPAI=*juE
3090 PRINTH2,*FLE OF CELL B(KPA)="rLid
3182 30TO JI220

2110 AB=( 53853, 78+0ATC 1)) +3.5021

2120 PRINT*CHMLNI7a*10ATC L)

2130 PRINT#2, "CHNLR172";DATC 1)

7198 PRINT*PAP OF CELL BCKPARY=")HB
2150 PRINTNZ,*PAP OF CELL BCKPA}==jaB
aiee BOTO 3220

2170 CO=( 53940.3%4DATC 1) -14.2972
3180 PRINT CHNL#18="2DAT( [

3190 PRINTHZ,"CHNLWI1G=";DATC 1)

3200 PRINT®CELL P.OF CELL BCKRAY=*3;CEB
3210 PRINTHZ,*CL.P.OF CELL E.XFA:=*)C&
3220 GOTO 3232

2239 NEXT 1

3203 FOR J=Y1¥% T Y24

3210 1F-J=19 GOTO 333¢

A2 IF J=ZO GOTO 3370

2228 PRINTCHNLE19=%JDATC IS

32490 PRIMTHZ, "CHNLM19=";DA Y J )

[0SO S1=1BOC 190-DATI 19I 42,5427

23€@ GOTO 3478

2770 PRINT*CHNLH2O="IDATCI)

3200 PRINTHZ, "CHMLIZO=* OATCJ) .

700 S2=(BOC 20)=DAT(20) )42 .6667

2400 GOTO 3410

2412 NEXT J

24729 BF=BDM(F1+52)10.1)>

3430 PRINTTCHMLHZ213%;K

3940 PRINTHZ, "CHMLES 189 2K

24%8 CHw(K-L2.x1.5331

2467 HB*H2I1CCHRD, 13

2470 V3Ar((BF*8.5) 125 %5, 131622

3490 \'4evI-VE

7499 PRINT*VOL.CHANGE OF BCCM?3)=*;Vv4
NNAG PRINTNZ, "VOL.CHE.OF BCCMT3)=3vd

091 REMax FROM 400@ TO 4306@ L]
o0ON2 REMxzx INCLUSIVE IS THE ROUE-LP w2
26893 REMx+ SUBROUTINE ia

4002 LET B=A
402 GET PS%®
1029 IF PS®=*S" THEN 1i1&
403¢ G0TO 1130
19990 END
. 19287 1
49998 REM VOLTS
S0ced POKEBRA,(PEER(EAIAND243 > BF=2:GOSUS3SI I IM=VOG(G)s1000)>
0012 RETURN
eeas 1
®Ne92 REM AUTRVOLTS
32199 G=-1
TO0119 S=G+1160SUBIDANAT IF(G=3, THENSE 130
SO120 IF(AES(MIL(4.039G/G{S+!27)THENSG 1.0
SA13¢ RETURN
Set|e

Figure A-1-2 (continued)




so-9s
rozae
=210
L LELT)
50299
=0300
%0310
so32e
s@33e
s9348
sn3%e
=a360
2370
=933g
=2399
s9400
snq18
53420
50430
59%98
50599
secee
s2610
2351%
res20
s2c3e
s@can
spded
racse
an?e
spsc0
=n798
89799
sA990
=9709
LT
nap2g
segge
=098
si1000
s10i8
=1080
s1198
s1t99
s1209
=120
st2z0
51398
51299
1400
S1410
s1428
%1338
31399
si1s0e
L2031
=299%
53996
=sa0e
T4010
14914
®sp15
seais
sq025
sea3n
xne3%

A-9
REM AMPS
BF =1 160SURSSA13: May0/< & 0. #is£ld00 .,
RETURN
]
REM OHMS
C=INTCUIIRA=INT(RA)
IFCCCCBIORCC)IBI) ) THENER a7 FERS=" 1 C * 1 BOSUSDISOD1GOTOSBI70

IFCCRAC 1DORCRADS ) JTHENER 7 1ERS$= - 1RA* 1 GUSUNS4800 1 GUTOSO378
POKEEA ,CCPEEKC BAIANDZ 187+ 2RA D A FOREBR+1 , 120 +C ) BF a2
IFCRA*3)THENFOR22 =@ TO400 ! HEXTZ Z IREM 1 IMING LOOP

O0SUBSS0 18I MaFNBC VO#RAC KA 272048  t POKEBA+ 1 ,AZX1 POKEER , ¢ PEEKS BAYRAND248 )
IFCM(B) THENER =6 1 GOSUBS480

RETURN

?

REM AUTOOHMS Tt

RA=4 .

RA=RA-~11GOSUBSA3@A1 IF¢ KA® 1) FTHENSd«. 32

IFCMC = 1.9 2RACRA -1 ITHENSD4G 19

RETURN

]

REM MERTZ

Me@IZ 1= 1FP 2100802 SICINT. C) 1 BE =
IFCCCCBIDRCCIGSI ITHENER =7 ERS: $5 7 5 LUSUBD48UYS o0 1 US0588
POXKEBA+3,01 IF{ PEEK( SBHYIIC,8)THE . s § 1 BUSURD4E0R T GU MU50648
POKEBA+2, 191 tFOXKEBA +3 20T IFONEEM L, ¢ 19EUNC ) 1PUAEGH+1 1 ,( PEEK(BA+1 1 YOR224
POKEBA ¢ PETKS BRIANDIZUT i POREDH 4 0 4503 FUREBA 45,01 FOKEBA +5 , 255
POKEBA +S, 295 1POKEER, FELAL BHIORDz 124 31 1 12X 569536820 £ 14+2)/FP360
TF{CPEEKCBA4 13DAND 15 5< Y 1S 26M0K ¢ T) =22 7¢ 2% ) THENSUES S

L TI-22) 2R )I0RICPEEKS 85 135 M1 L322 =32 ¥ THENDOLEY
MaFMNCCFPACBSSAG-258nPcaal BRAE? -PELN Bhrar s 3Z L Vi)

RETURN

]

REM LEVEL

TR(CCLRIORIC Y 1T) ITHENERSTIERS " 1L V1 JOSLE S50 : LUTOSOB2E
ZX*C1ZZmLE1 [FZXIPTHEAND Koz -5 22w is

Medt IFC(PEEKS BA+ZZ ;" iIND: 292X, ; *u ) THENR= 1

RETURM

[}

REM THERMOCOUPLE

GOSUBS IZ0 1 Gn3 1 VCaKB! T +REXCK Iy 102 +REXC K2 V) +RE #K3¢ TY) 3 ) 1GOSUBSE008
VeMEiDOB+VCEM=CRLTY; tVA(C LU TY s v e Lt Y2 #VaL3(TY) )5

RETURN

]

REM REFTEMP

EZ2TI-RTIOCY2CI IFZZ<ATHENZ Z-2Z+5.84000

IFC¢ZZ ORDIORS RE=D ) 3 THENDG =G 4 C wCRY: GOSUBS 140Y IRE=MIR T T1 1 Ca0CH 1 G206
RETURM

PROC THERMISTOR
RA=21G0SUBSO30D1 IF( M1 «d ) THENLR=S . GOSUESA8810: GOTOS 1420

ZZLOGIED MR LA D422 1 AL 122 HE 22 #AD I . I 273 .13

RETURN

REM ADSO®

Gx 1 1G0SUBSO2001 M=, 0I825< 57 *ME IEB-269, 44

RETURN

[}

REM INITIALIZATION

BA*3%E401REM B0E2A BASE ADOKESS

PRINT"....CHECK IMNG 80320 REGIis 2ERsSF
GOSUDS460@1 IF( ER =0 ) THENS €23

PRINT*0062A REGISTERS FHILIG:',ER$

PRINT"(CHEEK POWER/CFASLES SW!T i S Bl MUORESS S 16 U

sOSUB S471

]

REM. 1.« .B88820 PARAMETERS -~ ZEAIdh CLi&eER ; ARNAGN. . couetirenseae

Figure A-1-2 (continued)
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54073
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54079
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54077
sqeee
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34110
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54135
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4130
T4155
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%4175
=4 100
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4120
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nag12
T461S
s4820
AE2S
rag3®
24637
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=1630
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PRIMNT®..... INITIALIZING £0J2n CONSTHNTS*

AZX=0 :REM SHORTED CHAMEL (AsTC 2LRO2

CR¥=t :REIY" REFEREHCE TZPE? SHIINNEL

VR=2C431REM 3982A REFERINCE VILTAGE VALULL (V)
RD={EABIREM REF TEMF UPJATS FREQUINGTY IN i,68°S OF A SEC
ZT=1ATAIREM AUTOZERD UPSATE FREQUENLY IN L/68°S OF A SEC
G(@)=1.000:G 1221P.D27:GLEr=:20. 32316 32503, 32
RACII=1I0B:RAC) = 120031 XA ¥ ) =63 LOOD : RZ= 108H

1 .

REM. ., . .FUNCTIOMS

BFE B2 "VOLTES*sSF$ i, 2 "AMFS* 1859 £2= "UHMS " 1MF & 3)="HERTZ *

1

REM. ....ERROR MESSAGES

OIM ER&?) ‘

ERKA)I="NI ERRORS OLTECTED®

ER 1)="VIA INCPERATIVE*

ER®2)="A/D CONVERTER INOFERATIVE®

EREI3)="SIGNAL DUT OF RANGE*

ER® 4)="A,D CONVERTER TIMED OUT"

ER#. 3)="A/D DIGITAL READ PROBLEM*®

ERE="RESISTANCE < € ERROR"

ER® 7)="BAD CHANNEL OR KANGE PARAFETER® .
t

REM. .. ..ROUNDOFF FUNCTIDN DEFINITIONS

DEFFNACKI = INTCH4 .S 1DEFFNBL X = [N 10ax+.3)/10

DEFFNCC X INTC 10044+, 5 /106 SEFFNICX I = ANC 10003X+.55/1000

]

REM.....TRANSDUCER EGUATICIY COEFF ICIENTS

RIM...¥YSI 44223 THERMISTOR
nNe=1.403E-3tA1=2 . 97T ~{1AEs~3. IGEE-81A3=] .0OBE~7

REM. . . THERMOCOUPLES--V3F( 1) K'S3 FUGR T=F(V) C'S: TYsTYPE

REM. .. TYPE T THERMOCIUFLES <(Tizé)
KeCa)=2-0,08113:K1(0)23,0335615.:KEV0)=4,3636E-SIKH PI=-2, 067 1E-8

COB)=- 202930 1(G5+55.682 lCE(B)--.BSBQSSC3(B)=.GEBIS

REM...TYPE E THERMOCOUFLES <Try=1)
K@(I)lz.u577E-4=K1\1)4.35355=K¢(A)*‘-B:lﬂbE‘SSKS(l)--3.a384E-G
Ca1)==0.02636:C1C 12217 .Q70EEIL2( 1 )n= EZ30821C3¢ 1) », 00538

REM...TYPE J THERMOCOUFLES <« Tr=2)

Ke{2)=38.39343E -4 1K I{2)+. 30037 1K /=& ,83713E-5IhK 2)=~5,7363E-8

CH2r»=,B3I6I7ICI(Ei=]3.80431G:CE(E0=-,212261C3(2)=8.96989E~3
RETURN

]

PEM REG-TEST °

EZ#=""i2223A+2 1 ERS«"DDE " i{33SJ3LquDRILi=BA+SIERE="0DA ":1605UB3463@
POREBN+2,253:POKEBA+3,2358

2Z22BA+LITERS®"ACE *160SUBLAEEA 122 =BAY I1ZIERS="PCR “I150SUBT4652
POKEBAFIL D1 POKEBA+1LIE.E

ZZz=BAIERS2"PE *:GOSUBSHESG .2 -H+1IER$"FH *:50SUB34659

ERL=E7%: IFER=ATHEMERS: '~

RETURMN

RZM BITLOOP

FOREX=0TO7:1ZH=S1EN IPUKEZZ , 2K II\PEEK(ZZ)(JZX)THEhEZSIElStERSIER-IIEK-S
NEXTEXIRETURN

H

REM VIA-INIT .
POKEBA+2,01POKEEA+3,PtPOKEEA111,0:PCREBAYIE,2041P0KEBA+14, 128
POKEBA+2, 191 1POKEBRA +3,2355

RETURN

Figure A-1-2 (continued)
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]

REM ERROR

IFER*OTHENT49%58

ITERFITHENFQRZA= 1 TOZ L SUE3ST 1@ iENRTOW

Mz =22ITIEZLAEFH(BF )+” "1k = FEEKCBA*1)AND 192 ),/64

TFCZMI PEF ITHENEZ S=E2 94 ° LACTUMLLY ) ' +BFS( LK)+ ] '
ERSAFZFHERDIC ER I +ER®1 ® ( CH=" & Toi FEEK I winv 2 2ANEL3o+' ) TIME: “+T1$
PRINTERE:LR$=""1ER=D

RETURM

t

REM ATQO1
ER=Q1POKEBA+12,204:C=INTKL 132 InTu G 16ra INTL &F )
IFCCBFIQICRCBFI22 A THEIER 27 18RS 1 1HF * 1 pUSUSS4608 1G0TOSS5 1080
IFL{C{DIORCCIBI I THENER 27 . ERB** 1 C * 1 6USUBS48001 GO TOSS 108
IFCCGICI0R(G >3 S THENER *7 1 ER$= " 4 6 * : GOSUBS48001GOTOSS 100
22=TI-ZLIIF(CZA{2TIOR EF =22 ) THENSSB 70

0G%20:POKEBA+1 ,AZXIFORG=BTOS I POKERRA L ¢ FEEKC BAYANDZ48 ) +G)
GOSYJE S53101AZLG6) sVOINEXRTG: G-C6XI ZLnT]
POKEBA+1.,(S43BF+CH 1 IF( ZR¢ DI THEMNSS 100

IF( BF #2) THENPOKESA ,{ PEEKC BAYANDRS2 ) 1 GOSUBSSS 10160105 100
POKEBA,( { L PEEKS BA) ANDZ40 ) +G ) + GGSUBSSS 181 VORVG-nZ( G)
POKEBA+1 ,AZY:RETURN

]

REM ATOD2

IFCPEEKCBA+123< >204 ) THENER =1 1605Ud S4BDBIGDTUSSE 18
POKEEBR+ 12,206 :POKEDA+1E 204

2ZaTI+153 IFZZ>SIBIPQRTHENZ2Z 222 -5 184008

IFCCTIC =22 XANDC PEERS BA v 13 3ANDE )< 22) THENSS34Q
IF¢TI>Z2>THENER =4 GUSUB S5«B8001GDTUBSS18

VLASPEEKCBA+168) tVHX=PEEKC EA+17)

IFCCVLYKC SPEEKRC BR+ 16 ) )OR: VALK OPEERC 8A+17) ) S THENER=31605UB 54800i1G6JTOS56168

IFCCVHZAND 167 = 16) THEMER 238 G0SUS S480@16LTOSSE 1@
VO ea38#C VHVRND 15 ) +VL s IR VHIAND32 ) nZ THENVO S ~V0
2Z2=PEEK(BA+1 ) IFCCPEEKC BA+ LVANHDZ » 22 ) VAENER #2 1GUSUD 54800
RETURN . .

Figure A-1-2 (contlinued)
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APPENDIX B-1 Equipment Preparation for The Null Pressure
Plate Tests

The high air entry disc installed at the base
pedestal of the pressure plate apparatus was saturated. The
saturated permeability of the disc was measured and compared
to published value. The comparison was used to reveal the
presence of cracks in the disc. The procedure is briefly
.described as follows.

a}) The chamber of the pressure plate was filled with
deaired water.

b) The water inside the chamber was subjected to a pressure
of 550 kPa (i.e. 80 psl). Water was allowed to flow
through the high air entry disc. The volume of water
passing through was monitored to check the saturated
coefficlent of permeabllity of the disc. A back
pressure of 70 kPa (i.e. 10 psi) was applied during the
process which continued for several hours.

c} Diffused air collected underneath the disc was flushed
out through the flush-port by the applied back
pressure.

d) The values at the base of the pressure plate ﬁas closed
for about an hour. During which time, water underneath
the disc was under a pressure of 480 kPa (i.e. 70 psi)
vhich would dissolve any air within the disc..

e) Water was then allowed to flow through the disc for




about 10 minutes.

f) The basal compartment underneath the disc was flushed
again,.

g) Procedure from (b) onward was repeated for at least six
times to ensure the high air entry disc was saturated.

Suggested saturated coefficients of permeability for ceramic

discs of different high air entry values are presented in

Table B(1).1 (Fredlund, 1973). Table B(l1l).2 presents the

results of one permeability check on the 15 bar high air

entry disc of the pressure plate apparatus used for the null
pressure plate tests.

A double burette volume charge indicator was used
to measure the water wvolume change. The unit was checked
for leakage by a procedure described as follows.

a} A back pressure of 345 kPa (i.e., 50 psi) was applied to
the double burette volume change indicator unit. Volume
'change readings were taken every few hours for two days
0r more.

b) The flow direction valves of the unit were reversed and
the check repeated. Fredlund (1973) suggested that the
recorded volume change "should not be more than a few
hundredths of a cubic centimetre over a two day periocd".
Table B(1).3 presents the results of the leakage check
on the double burette volume change indicator used for

the pressure platé apparatus.

Valves attached to the base plate of the pressure




Table B(1).1 Physical Properties of The High Air Entry
Discs®(Fredlund, 1973)

Air Entry Value Porosity Saturated Bubbling
Permeability Pressure
{bars) (kPa) {%) (cm/sec) {kPa)
3 304 36 1.73x107 7 > 317
5 507 34 1.21x10" 7 > 552
15 1520 32 2.60x10”° > 1517
Note: a)

The high air entry ceramic discs used in this

thesis are manufactured by Soilmoisture Equipment
Corporation, Santa Barbara, California




Table B{(1).2 Test Results of The Permeability Check for
The Pressure Plate Apparatus

Chamber pressure : 550 kPa (i.e., 80 psi)

Back Pressure : 69 kPa (i.e., 10 psi)

Diameter of the 1520 kPa (i.e., 15 bar)
high air entry disc : 6.23 cm

Thickness of the 1520 kpa (i.e., 15 bar)
high air entry disc : 0.635 cm

Elpsed Time ' Measured qb Measured ksatc
(min.) (cm ? (cm3/sec) {cm/sec)
34 2.05 0.0010050 4.25%x10°°
43 2.05 0.0007945 3.36x107°
63 3.00 0.0007936 3.36x10°
79 3.25 0.0006856 2.90x10 2
93 4.10 = 0.0007347 3.11x107°
123 5.70 0.0007723 3.27x10°2
164 7.85 0.0007977 3.38x107°
342 15.80 0.0007699 3.26x107°

Note: a) Vw
b) g
c) k

volume of water passed through
measured flow rate

measured saturated coefficient of
permeability

nn

sat
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Table B(1l).3 Test Results of The Leakage Check for The
Double Burette Volume Change Indicator, VCI
unit §#3

Double burette volume change indicator, VCI : unit #3

Capacity of the unit : 25 cm3
Back pressure : 345 kPa (i.e., 50 psi)
Elpsed time Direction of the Measured Volume
Flow Valves ) Change3
(days) {cm™)
2 === 0.00
3 —-———> 0.00
1 (——— 0-40
2 -——> 1.25

* Replaced all the O-rings and the base block of the double
burette volume change indicator (unit #3)

2 === 0.00

7 —-—=> : 0.00
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plate apparatus were checked for leakage. The test

procedure is as followvs.

a) The chamber was filled with de-aired water.

b) The double burette volume change indicator was connected
to the outlet of each valve.

¢} A back pressure of 69 kPa (i.e., 10 psi) vas applied to
the volume change indicator while the chamber pressure
was kept at 550 kPa (i.e., 80 psi).

d) The volume change indicator was monitored for leakage

for a one day period.
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APPENDIX B~-2a Equipment Preparation for The Suction Tests

A 30.48 cm diameter 507 kPa (i.e., 5 bar) high air
entry disc was placed at the top compartment of the multi-
layered pressure plate apparatus. Prior to running the

test, the disc was saturated. The saturated permeability of

the disc was measured (Table B(2).1}) and compared to

published value (Table B{(1l).l) to check for cracks in the

disc. The procedures are as follows.

a) A £ilm of distilled de-aired water (approximate 300 cm3)
was left on the surface of the high air entry disc.

b) A chamber pressure of 138 kPa (i.e., 20 psi) wvas
applied.

c) Water passed through the disc over a 15 minute time
period was collected and measured.‘

d} Steps (a) to (c) were repeated 6§ times to ensure the
high air entry disc was saturated.

The pressure membrane apparatus was checked for
leakage before it was used. The procedures are as follows.
a) A cellulose membrane with a high air entry value of 1520

kPa (i.e., 15 bar})} was thoroughly soaked in de-aired
distilled water.
b) The cellulose membrane was placed inside the pressure

membrane apparatus.

c) An air pressure of 1520 kPa (i.e., 15 bar) was applied




Table B(2).1 Test Results of The Permeability Check for
The Multi-Layered Pressure Plate Apparatus

Chamber pressure : 138 kPa (i.e., 20 psi)

Diameter of the 507 kPa (i.e., 5 bar)
high air entry disc : 30.48 cm

Thickness of the 507 kpa (i.e., 5 bar)
high air entry disc : 0.635 cm

Elpsed Time Ve Measured qb Measured k ¢
{min.) (cms) (cm3/sec) (cm/sece;at

15 160 0.1777 1.10x10""7

15 263 0.2924 1.81x107

15 270 0.2989 1.85x10™ "

15 266 0.2956 1.83x107

15 267 0.2972 1.84x107

15 276 0.3069 1.90x10"7

Note: a) Vw
b) g
c) k

volume of water passed through
measured flow rate

measured saturated coefficient of
permeability

K nH

sat
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to the chamber for approximately 4 hours. Air leakage

through the membrane to the bottom exit of the apparatus

was checked.
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APPENDIX B-2b Estimation of the Equalization Time for

Suction Tests

The 500 kPa high air entry disc of the pressure
.plate apparatus impedes water drainage from the soil
specimens after each matric suction increment. The
equalization time required for 90% of pore-water pressure
dissipation within the specimens was estimated according to

the theoretical model presented by Ho and Fredlund (1982).

2
tg = wh (B1)
n cv(1~Uf)

tf = equalization time required

h = thickness of the specimen

Q
H

£ average degree of dissipation of the induced pore-
water pressure

c: = coefficient of consolidation with respect to the
water phase {;w gmdmr“%”vwﬁm kb=.if“?ﬂ_;
.75 : : T
n = (1 2 ;/*) for one way dralinage
k. h
N i S
k h
w d
kd = coefficient of permeability of the high air entry
disc
kw = coefficient of permeability of the specimen with

respect to the water phase

hd = thickness of the high air entry disc

Table B(2).2 summarizes the input data for the estimation of

the equalization time. Saturated soil parameters available

at the time of preparing for the suction tests were used in
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Table B(2).2 Input data for the Estiaation of The Equalization Tiae Required Between Matric

Seil
Type

silt

till

Note: a)

suction Changes for Suction Tests

v

bou o k, L, ho " '

{ca) (cnzlsec) {ce/sec)  (ca/sec) (ca) {hour)
b

£70 0.9 5080 raio” im0l o so2ete™t saxieY nes
-4 g

.70 0.9 sxt0? naxte” meae? 0835 40.5 0.698 2.9

Averaged saturated coefficient of consolidation from one-dimensional consolidation tesis
on specimens at dry of optisua initial water contents

Averaged saturated coefficient of permeability cbtained from one-dimensional consolidation
tests on specimens at dry of optimum initial vater contents
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the calculations. The amount of equalization time required
between matric suction changes was estimated to be 1.84 and
22.9 hours for 1.70 cm thick silt and glacial till specimens
respectively. A 48 hour equalization period was used to
account for the uncertainties of the soll parameters used in
the estimation. Part way through the suction tests, the
specimen thickness was further reduced to 1.0 cm to reduce
the equalization time needed.

The same 48 hour equalization period was used when
the specimens were placed inside the pressure membrane
apparatus. The readiness of the cellulose membrane to allow

vater flow provided free drainage to the specimens. The 48

hour equalization time was therefore considered to be

adequate.
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APPENDIX B-3 Equipment Preparation for The One-Dimensional

Constant Volume Loading and Unloading Tests

Three Conbel pneumaztic oedometers were used to
perform the one-dimensional constant volume loading and
unloading tests. The pressure gauges on each oedometer were
callbrated against proving rings for accuracy. The
compressibility of each apparatus was determined by
proceeding through the loading and unloading cycles with a
stainless steel plug in the consolidometer pot. Two cycles
vere run on each apparatus to check the reproducibility of
compression of the apparatus. There is little variation
between cycles for each apparatus. Figure B-3-1, B-3-2 and
B-3-3 present the average compressibility curves for the
three oedometers used in the test program. the

compressibility of the apparatus vas subtracted form the

measured compression of the specimen in the data analysis.
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APPENDIX B-4 Equipment Preparation for The One-Dimensional

Free Swell Tests

Two modified Anteus consolidometers vere used to
perform the one-dimensional free swell tests. The high air
entry disc installed at the base pedestal of each modified
Anteus consolidometer was saturated prior to being used.

The saturated permeability of the dis¢ was measured and
compared to published@ value (see Table B{(l).l1}). the
comparison was used to reveal the presence of cracks in the
disc. The procedure for the permeability check is similar
to that described in Appendix B-1. A summary of the results
of the permeability checks for the modified anteus
consolidometers is presented in Table B(4).1 and B(4).2.

The measured Saturated coefficients permeability of both
high air entry discs are an ordex of magnitude larger than
the published value for a 1520 kPa (i.e, 15 bar) high air
entry disc. The manufacturer of the high air entry disks
suggested the saturated permeability of the disks may vary
from one batch of products to another. The high air entry
disc was installed to separately control the air and vater
pressure within a specimen. In the test program, the
maximum air water pressure differential applied to a
specimen was approximately equal to 600 kxPa. Each saturated
high air entry disc was subjected to an air-water pressure

differential of 690 kPa for twenty-four hours. No sign of

ot et g i Al sl i Aot bl o




Table B(4).1 Test Results of The Permeability Check for
The Modified Anteus Consolidometer Unit No. 1

Chamber pressure : 413.7 kPa (i.e., 60 psi)
Back Pressure : 69 kPa (i.e., 10 psi)

Diameter of the 1520 kPa (i.e., 15 bar)
high air entry disc : 6.35 cm

Thickness of the 1520 kpa (i.e., 15 bar)
high air entry disc : 0.635 cm

. a b c
Elpsed Time Vw Measured g Measured ksat
(min.)} (cm3l (cm3/sec) {cm/sec)
11 2.10 0.003182 1.82x10°°
30 6.45 0.003583 2.04x10" 8
60 13.31 0.003698 2.11x10"8
120 26.50 0.003681 2.10x10 2
240 54.26 0.003768 2.15x10°8
360 80.26 0.003716 2.12x10"°
Note: a) Vw = volume of wvater passed through
by gq = measured flow rate
c) ksat = measured saturated coefficient of

permeability




Table B(4).2 Test Results of The Permeability check for
The Modified Anteus Consolidometer Unit No.

Chamber pressure

Back Pressure

-

413.7 kPa (i.e., 60 psi)

69 kPa (i.e., 10 psi)

Diameter of the 1520 kPa (i.e., 15 bar)

high air entry disc

: 6.35 cm

Thickness of the 1520 kpa (i.e., 15 bar)

high air entry disc

Elpsed Time Vwa

.(min.) (C% )

8 3.60

19 8.13

60 25.81

120 52.12

240 | 103.73

360 155.22
Note: g; ;w :
c) ksat =

: 0.635 cm

Measured qb
(cm3/sec)
0.007500
0.007132
0.007168
0.007239
0.007203

0.c07186

Measured k ¢

(cm/sec)
4.28x10°
4.07x10"
4.09x10°
4.13x10°
4.11x10

4.10x10

volume of water passed through
neasured flow rate
measured saturated coefficient of
permeability

8
8
8
8
8

8
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air leaking through the disc was detected. The disks were

therefore assumed to be functionally capable.

~

A double burette volume change indicator was used
to measure the water volume change in the specimen during
the test. The two double burette volume change indicators
used for the two modified Anteus consclidometer units were
checked for leakage prior to performing the tests. The
procedure used was previously described in Appendix B-1. A
summarf of the results of the leakage checks for the double
burette volume change indicators is presented in Table
B(4).3 and B(4).4.

Valves attached to the based plate of each modified
Anteus consolidometer unit were checked for leakage prior to

being used. The test procedure was described in Appendix B-

1.

 ——
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Table B(4).3 Test Results of The Leakage Check for The

Double Burette Volume Change Indicator, VCI
unit #1

Double burette volume change3indicator, VCI : unit #1

Capacity of the unit : 10 cm

Back pressure : 345 kPa (i.e., 50 psi}

Elpsed time Direction of the Measured Volume

Flow Valves Change
{days) (cm3)

1 r== 0.00
3 —_—— 0-00
3 _—> 0.01
5 o 0-00
6 —_—— 0«00
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Table B(4).4 Test Results of The Leakage Check for The
Double Burette Volume Change Indicator, VCI
unit #2

Double burette volume chanqe3indicator, VCI : unit #2
Capacity of the unit : 10 cm
Back pressure : 345 kPa (i.e., 50 psi)

Elpsed time Direction of the Measured Volume
Flow Valves Change
{days) (cm3)
1 == 0.00
2 Cm—— 0.02
3 -——— 0.00
4 -—> 0.00
5 - 0.00
1 —_——y 0-00
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APPENDIX B-5 Equipment Preparation for The Isotropic Free
Swell and Constant Volume Loading and

Unloading Tests

Two stress controlled isotropic cells wvere used to
perform the isotropic free swell and constant volume loading
and unloading tests. The compressiblility of each appafatus
was determined by proceeding through the loading and
unloading cycles with a stainless steel plug in place of a‘
scll specimen. The volume change was measured by a
combination of radial and vertical defeormation measurements.
Radial deformation measurements were made by using a "None-
Contacting Displacement Measuring System™ described in
section 4.3.2. The vertical deformation was measured by a
linear variable differential transformer (i.e., LVDTf. Two
cycles were run on each apparatus to check the
reproducibility of compression of the apparatus. There lis
little variation betwveen cycles for each apparatus. Figure
B-5-1 presents the average compressibility curves for the
tvo stress controlled isotropic cells used in the test
program. The compressibility of the apparatus was
subtracted from the measured compression of the specimen in
the data analysis.

The high air entry disc installed at the base

pedestal of each stress controlled isotropic cell was

saturated prior to being used. The saturated permeability
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of the disc was measured and compared to published value
{(see Table B{1).1l). The comparison was used to detect the
presence of cracks in the disc. The procedure of the
permeability check is similar to that described in Appendix
B-1. A summary of the results of the permeability checks
for the stress controlled isotropic cells is presented in
Table B(5).1 and B(S5).2.

Two double burette volume change indicators were
used in conjunction with the stress controlled isotropic
cells to measure the water volume change in the specimens
during the tests. These double burette volume change
indicators were checked for leakage prior to being used.
The same two double burette volume change indicators were
used for the modified Anteus consolidometers and the stress
controlled isotzoﬁic cells. The procedure and results of
the leakage checks for these volume change indicators wexe
presented previously in Appendix B-4.

Valves attached to the base plate of each stress
controlled isotroplc cell were checked for leakage prior to
performing the tests. The test procedure wvas similar to
that described in Appendix B-1. all faulty valves wvere

elther repaired or replaced prior to the tests.




Table B(5).1 Test Results of The Permeability Check for

The Stress Controlled Isotropic Cell Unit
No. 1

Chamber pressure : 551.6 kPa (i.e., 80 psi)
Back Pressure : 69 kPa (i.e., 10 psi)

Diameter of the 1520 kPa (i.e., 15 bar)
high air entry disc : 10.16 cm

Thickness of the 1520 kpa (i.e., 15 bar)
high air entry disc : 0.635 cm

Elpsed Time Vwa Measured qb ' Measured ksatc

(min.) (cm3) (cm3/sec) {cm/sec)

11 2.39 0.003621 5.76x107°

30 6.22 0.003455 5.50x10 2

60 12.32 0.003423 5.45x10"7
120 25.33 0.003518 5.60x10°
240 49.48 0.003436 5.47x10"°
360 74.62 0.003455 5.50x10 >

Note: a} Vw
k) g
c) k

volume of water passed through
measured flow rate

measured saturated coefficient of
permeability

sat

[ &
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Table B(5).2 Test Results for The Permeability Check on
The Stress Controlled Isotropic Cell Unit
No. 2

Chamber pressure : 344.8 kPa (i.e., 50 psi)

Back Pressure : 69 kPa (i.e., 10 psi)

Diameter of the 507 kPa (i.e., 5 bar)
high air entry disc : 10.16 cn

Thickness of the 507 kpa (i.e., 5 bar)
high air entry disc : 0.635 cm

Elpsed Tinme Vwa Measured qb Measured gat
(min.) (cm3) (cms/sec) {tem/sec)

1 3.55 0.05917 1.70x1077

15 53.95 0.05994 1.67x10”7

30 109.19 0.06066 1.69x1077

60 220.97 0.06138 1.71x10" 7

120 434.18 0.06030 1.68x10”7

% restart the test *

2 7.10 0.05917 1.65x10"7
120 436.77 0.06066 1.69x10"7
Note: a) Vw = volume of water passed through
b) g = measured flow rate
c) ksat = measured saturated coefficient of

permeability
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