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Abstract

This thesis presents the design details of an automated modified ring shear apparatus for the testing of
unsaturated soils using the axis translation technique. The system is fully automated and it can be used
for conducting Constant Load and constant Suction (CLS) shear tests, Constant Volume and constant
Suction (CVS) shear tests, Constant Load and constant Water content (CLW) shear tests as well as
Constant Volume and constant Water content (CVW) shear tests. In addition to shear tests, the
soil-water retention curve (SWRC) can also be generated for the same specimen in the same testing
device. The principal advantages of the device include its ability to shear unsaturated soils to very large
deformations as well as conducting tests under constant volume conditions. Analysis of the
experimental data using these characteristics suggests that the volumetric changes of the sheared
specimen are not the only factor affecting the changes of its water content under constant matric
suction conditions. In addition, the experimental evidence suggests that shear deformations much
greater than those typically used in the testing of unsaturated soils are required if an ultimate water
content equilibrium condition is to be reached. Such an equilibrium condition is required if critical state

data is to be determined for unsaturated soils.

The thesis also presents the design and use of additional equipment utilised for testing unsaturated
soils. This includes the use of an electronic balance to measure the change in water volume of the
specimen, and provides details on how the readings of the balance can be stabilized to remove the noise
caused by the connection of the tubes to the overflow jar. A simple technique relying solely on the
measurement of the water volume change to determine the volume of diffused air removed by the
flushing operations is also presented. The other pieces of equipment described include a volume
gauge/air trap that can be used to measure the water volume changes of unsaturated soil specimens, and

a simple, robust, and precise pressure gauge.



Résumé

Cette thése présente les détails de conception d'un appareil de cisaillement annulaire modifié pour
I'étude des sols non-saturés, utilisant la technique de translation de l'axe. Le systéme est entiérement
automatisé et peut étre utilisé pour effectuer des essais de cisaillement a Charge et a Succion
Constantes (CSC), des essais de cisaillement 2 Volume et & Succion Constants (VSC), des essais de
cisaillement a Charge et a teneur en Eau Constantes (CEC), ainsi que des essais de cisaillement a
Volume et a teneur en Eau Constants (VEC). De plus, la courbe de rétention d'eau (CRE) d'un sol
non-saturé peut étre déterminée dans le méme appareil. Parmi les principaux avantages de 'appareil se
trouvent la possibilité de soumettre un échantillon de sol non-saturé a de trés grandes déformations de
cisaillement, ainsi qu'a la possibilité¢ d'effectuer des essais dans des conditions de volume constant.
L'analyse de résultats expérimentaux tirant profit de ces caractéristiques suggére que les changements
volumétriques des échantillons soumis a un effort de cisaillement ne sont pas seuls responsables du
changement de la teneur en eau de I'échantillon dans des conditions de succion constante. Les résultats
suggérent également que des déformations de cisaillement bien supérieures aux valeur normalement
atteintes peuvent s'avérer nécessaires afin d'atteindre un état d'équilibre de la teneur en eau lors du
cisaillement. Il est nécessaire d'atteindre un tel état d'équilibre pour étudier 1'état limite des sols

non-saturés.

La thése présente aussi les détails de conception et d'utilisation de pieces d'équipement utilisées lors de
la recherche. Celles-ci comprennent l'utilisation d'une balance électronique pour mesurer le
changement de volume d'eau du spécimen. La procédure de stabilisation des données rendue nécessaire
par le raccordement de tubes au récipient de mesure est aussi décrite en détail. Une technique n'utilisant
que la mesure du volume d'eau pour déterminer le volume d'air dissout est également présentée. Les
autres piéces d'équipement comprennent une jauge de volume/trappe & bulles d'air pouvant €tre utilisée
pour mesurer le changement de volume d'eau d'un spécimen non-saturé, ainsi qu'une jauge de pression

d'air robuste, précise, et de fabrication simple.
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Chapter 1: Introduction

1 Introduction

1.1 Background

Shear strength and volume change form important engineering properties in the design of geotechnical
and geo-environmental structures such as earth dams, retaining walls, pavements, soil liners, and soil
covers. Many of these soil structures are typically in a state of unsaturated condition and often do not

attain fully saturated conditions during their design life period.

The shear strength of an unsaturated soil can be determined using modified direct shear or modified
triaxial shear testing devices [Escario (1980), Escario and Jucd (1989), Gan et al. (1988), Vanapalli et
al. (1996), Caruso and Tarantino (2004)]. Experimental studies related to determination of the shear

strength of unsaturated soils are time consuming and require extensive laboratory facilities.

In recent years, several semi-empirical procedures were proposed to predict the shear strength of
unsaturated soils [Vanapalli et al. (1996), Fredlund et al. (1996), Khalili and Khabbaz (1997), Oberg
and Sillfors (1997), Bao et al. (1998), Xu and Sun (2001), Tekinsoy et al. (2004)]. These procedures
use the effective shear strength parameters (c’, ¢) along with the soil-water retention curve (SWRC)
data to predict the shear strength of unsaturated soils. The SWRC defines the relationship between the
soil suction and gravimetric or volumetric water content, or the degree of saturation. The prediction
procedures use the SWRC as a tool as there is a strong relationship between water content and the shear
strength of a soil. The information of the geometry and distribution of the water in the liquid phase and
the stress within the pore water is derived from the SWRC and used in the prediction of the shear

strength unsaturated soils [Barbour (1998)].
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The soil-water retention curves are conventionally measured using Tempe cell or the pressure plate
apparatus on specimen that are typically 50 mm in diameter and 20 mm in height. The volume change
of the soil specimen is not commonly measured while determining the soil-water retention curves. In
several cases, the shear strength of an unsaturated soil is predicted using the soil-water retention curve
measured without the application of any loading (i.e., conventional SWRC). In other words, the soil-
water retention curve is measured without taking into account the influence of loading and the resulting
volume change. The volume change with respect to soil suction is also ignored assuming it to be
relatively small. From a practical perspective, the soil will be subjected to some loading and there will

be volume change both during the loading and as well as the shearing stage.

None of the procedures available in the literature have addressed the influence of the volume change
behaviour on the prediction of the shear strength of unsaturated soils. Analysis of available data
suggests significant differences are possible in the SWRC obtained from sheared and unsheared
specimens [Infante Sedano et al. (2002), Vanapalli et al. (2003)]. This in turn can affect appreciably
the predicted shear strength of the soil, and the error in shear strength values increases with the matric

suction.

1.2 Scope of Research

Through this thesis an attempt is made to understand the strengths and weaknesses of using the SWRC
aé tool in the determination of the shear strength of unsaturated soils. For example, the shear strength of
compacted soils is predicted using the SWRC measured on a compacted specimen. The influence of
stress history and volumetric changes are commonly not considered in the prediction of the shear
strength of unsaturated soils. Therefore, there can be significant differences between the measured and
predicted values of shear strength if the appropriate SWRC is not used. For this reason, the rationale for
the choice of the SWRC should therefore be explored for better understanding the limitations of the

presently used prediction procedures.

More recently, several investigators [Alonso et al (1990), Wheeler & Sivakumar (1995), Cut & Delage

(1996), Rampino et al. (2000)] have developed critical state models for unsaturated soils. For
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development of such models high quality experimental data of soils in unsaturated conditions is
required. This is only possible with the use of modified equipment triaxial or direct shear test devices.
Such devices, however, allow for limited deformations, and may not always be adequate for the study
of the critical state behaviour of unsaturated soils, which can sometimes require very large

deformations to be achieved.

In addition, it is also important to collect all the data of volume change and shear strength precisely
with the application of corrections with respect to diffusion, absorption and evaporation. Many of the
commercially available equipment do not have the capabilities to gather the above data. Through this
thesis, a conventional ring shear apparatus is modified for the purpose of testing the shear strength of

unsaturated soils applying all these corrects.

Conventionally, the SWRC are developed using Tempe cells or pressure plate apparatus are not
particularly convenient for applying pressures in the low suction range. Simple and economical

equipment for the measurement of SWRC both for coarse and as well as fine-grained soils is required.

1.3 Research Objectives

The research program undertaken aims to modify a ring shear device to perform tests on unsaturated
soils. This device would be uniquely suited for investigating the hydro-mechanical properties of
unsaturated soils. It will allow for very large shear deformations to be applied, under controlled load or

controlled volume conditions under either controlled suction or controlled water content conditions.

The study also aims to verify the shear strength envelope at large deformations with respect to matric
suction. There currently exists only limited data in the literature on the critical state conditions for
unsaturated states. In particular, the test data should provide measurements of the water content
changes of the specimen, together with its stress state and volumetric changes to allow for a complete

analysis.
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As such, this research also aims to study the changes in water content occurring in specimen sheared
under constant volume conditions and its implication regarding the SWRC of the specimen. This
change in SWRC is also important in determining the true relationship between water content and shear

strength of the unsaturated soil.

Finally, it will be necessary to examine the validity of some predictive methods for predicting the shear

strength of unsaturated soils based on the SWRC properties of the soil.
The research program undertaken involves the following key objectives:

® To design and test a modified ring shear apparatus for determining shear strength of unsaturated
soils under different loading conditions with volume change measurements applying various

corrections.

¢ To conduct a series of controlled load and controlled suction (CLS) tests to investigate the influence
of the volume changes during the shearing stage on the SWRC and its influence on the shear

strength of an unsaturated soil.

* To conduct a series controlled volume and controlled suction tests (CVS) to assess the influence of

the non-volumetric effects of the shearing process on the SWRC.

¢ To develop simple and precise measuring techniques for the determination of the matric suction and

water content of unsaturated soil specimens.

¢ To examine the use of the SWRC as a tool in the prediction of the critical state strength of an

unsaturated soil.

1.4 OQutline of Thesis

Chapter 2 presents a review of the literature of the shear strength of unsaturated soils. The focus
was mainly directed towards the testing techniques for the measurement of shear

strength, critical-state frameworks for interpreting unsaturated soil behaviour and
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summarizing some of methods used for predicting the shear strength of unsaturated soils
using the SWRC.

Chapter 3 describes the design details of the modified ring shear apparatus. The modifications to
the body of the cell, as well as the attached components are presented.

Chapter 4 describes the development of equipment which include simple and precise measuring
techniques for the determination of the matric suction and water content of unsaturated
soil specimens.

Chapter 5 presents the shear strength results and analysis obtained from the modified ring shear
tests. It also describes the correction methods, and corresponding analysis of data,
applied to the water content change readings.

Chapter 6 presents a rigorous approach to the determination of shear strength of unsaturated soils
using the SWRC.

Chapter 7 presents the conclusions of the study and recommendations for further research and
development.

Appendix A presents drawings of the various components of the modified ring shear test device.

Appendix B presents a computer program for the generation of pressure gauge scales.

Appendix C describes the comparative analysis technique of shear strength data from the triaxial and

direct shear tests.
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2 Literature Review

2.1 Introduction

Several investigators studied the shear strength behaviour of unsaturated soils since 1960 [Bishop and
Donald (1961), Blight (1967), Satija (1978), Fredlund et al. (1978), Escario and Siez (1986), Wheeler
(1988), Alonso et al. (1990), Toll (1990), de Campos and Carrillo (1995), Maatouk et al. (1995),
Vanapalli et al. (1996), Oberg and Sillfors (1997), Rassam and Williams (1999), Herkal et al., (1999),
Murray (2002), Blatz and Graham (2003), Chiu and Ng (2003), Yin (2003), Tarantino and Tombolato
(2005)]. However, there are few studies reported in the literature where both the mechanical and flow
behaviour results were reported in an integrated approach to better understand the engineering
behaviour of unsaturated soils. There is still little experimental evidence of the effect of hydro-

mechanical coupling on the shear strength of unsaturated soils [Tarantino and Tombolato (2005)].

2.2 Modelling the Shear Strength of Unsaturated Soils

Modelling of the shear strength of unsaturated soils requires a good understanding of the several factors
that influence the shear strength. The main factor affecting the shear strength of the unsaturated soils,
other than the applied net normal stress (which is defined as the difference of the net normal stress o,
and the pore air pressure, u,, (G,-1,)), is the stress state variable matric suction, (u, — u,,). This variable

is defined as the difference between the pore air pressure, u,, and the pore water pressure, u,,

2.2.1 Single stress-state variable approach

Several investigators have attempted to extend the use of a single stress state variable of saturated soils
introduced by Terzaghi to study the shear strength of unsaturated soils [Aitchison and Donald (1956),
Bishop and Donald (1961), Bishop and Blight (1963), Burland (1965)].
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Bishop (1959) expressed the shear strength of unsaturated soil in terms of a modified effective stress

variable that integrated both the matric suction, (u, — u,,) and the net normal stress, (0 — u,).

o'=(c—u)+X(u,—u,) [2.1]
where:
o = total normal stress
U, = pOre air pressure
u, = pore water pressure
x = empirical parameter

Jennings and Burland (1962) expressed reservations about the use of the modified effective stress
principle. Although the modified effective stress equation appeared to explain the shear strength
behaviour of unsaturated soils, it could not explain simultaneously the shear strength and volume
change behaviour (i.e., mechanical behaviour). Morgenstern (1979) commented that the equation
would have little impact in practice due to the fact that y was different when determined for volume

change in comparison to shear strength.

2.2.2 Two stress-state variable approach

Further studies eventually led to the use of the two stress-state variables. This approach permits the
formulation of constitutive equations to describe separately the shear strength and volume change
behaviour of unsaturated soils without having to find a single-valued effective stress equation

[Fredlund and Rahardjo (1993)].

Fredlund and Morgenstern (1977) proposed that any pair of the following stress fields could be con-

sidered:
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(60— u,) and (u, — u,)
(G_ uw) and (ua - uw)
or

(0—u,) and (0— u,)

The choice of using as the two stress state variables, the matric suction (u, — u,) and the excess of total
stress above the air pressure, (0 — u,), or net normal stress has special advantage as calculating the
stress state of typical field conditions where pore-air pressure, u, is assumed to be atmospheric (i.e., 0)
is equal to the total normal stress. The net normal stress variable is therefore readily calculated as the

total overburden stress.

Fredlund et al. (1978) proposed an extension to the Mohr-Coulomb failure criterion which incorporated
both stress state variables and a new friction angle ¢ relating the changes in shear strength to the

changes in matric suction (u, — u,,) .
T=c'+(0—u,)tanp '+ (u,—u,)tan ¢ [2.2]
where ¢’ and ¢' are the saturated effective stress parameters.

Based on limited data, this friction angle, ¢ was originally assumed to be constant thus describing a
failure plane in tri-dimensional space. It was later demonstrated from increased experimental evidence

that the failure envelope was nonlinear with respect to matric suction [Escario & Sédez (1986), Fredlund

et al. (1987)].

2.2.3 Shear strength prediction methods

The single stress state variable approach proposed by Bishop (1959) had the limitation to couple
together matric suction and net normal stress using a soil parameter, %. This relationship was useful to
highlight the influence of degree of saturation and the contribution of the matric suction to the shear

strength of unsaturated soils.
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Different methods have been investigated in recent years for the prediction of unsaturated shear

strength based on parameters readily obtained from common tests.

Vanapalli et al. (1996) proposed a general, non-linear function for predicting the shear strength of an
unsaturated soil using the soil-water retention curve and the saturated shear strength parameters (i.e., ¢’

and ¢). The shear strength function is given below:

T=c¢'+(0—u,)tanp'+ O (u,—u )tan ¢’ [2.3]
where:
® = L
6,
(7] = volumetric water content
6, = volumetric water content at saturation
K = fitting parameter.

An equation similar in form was also proposed by Fredlund et al. (1996), based on theoretical studies
proppsed by Vanapalli (1994). This is based on the Fredlund et al. (1978) equation; however, the term
tan ¢ is replaced by a composite term @ tan ¢. The value of @ is equal to the degree of saturation.
This method is conceptually different from Bishop’s method which combines net normal stress and
matric suction into a single effective stress state variable. In this approach both the stress state variables
are kept rigorously separated. However, mathematically, they take a similar form, where the
expression O replaces the parameter y. Studies have shown that x parameter can be expressed as a

function of plasticity index Vanapalli and Fredlund (2000) (Figure 2.1).

The parameter k is equal to 1 for non-plastic soils but becomes larger as the plasticity of the soil

increases. This relationship makes the shear strength function (Equation 2.3) all the more useful as a

10
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prediction tool since the plasticity index is a parameter readily available from any geotechnical

investigation.

Vanapalli et al. (1996) also presented an alternate equation for the prediction of shear strength as given

below:

=c'+(0—u)tang '+
T=c'+(0~u,)tan ¢ 5—p

5 r

0—0,
)(ua—uw)tamb' [2.4]

where 6, represents a residual volumetric water content SWRC.

Oberg & Sillfors (1997), extended the original expression of shear strength used by Bishop (1959).
‘r=c'+((cr—-ua)+x(ua—uw))tan¢' [2.5]

with X=§

where S is the degree of saturation. The rationale for setting } equal to the degree of saturation was the
same as in the case of Vanapalli et al. (1996). In this equation, however, the value is expressed as the
relative ratio of pore space occupied by water to that of air, thus reducing the influence of the suction

with decreased degree of saturation.

Khalili & Khabbaz (1998) avoided the use of the degree of saturation altogether. Their formulation is
also based on the Bishop equation, but in this case the expression for y is expressed simply as a
function of the matric suction. Their interpretation of the experimental data suggested that when the
matric suction was normalized with the bubbling pressure (i.e., air-entry value) of the soil, a unique
relationship could be established for all the compacted soils studied. This relationship takes the form
of:

X= [2.6]

(ua_uw)b

(ua—uw) ]-—OASS

11
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Rassam and Cook (2002) proposed an equation which is based on a power additive function that is used
to describe the tri-dimensional shear strength envelope of saturated-unsaturated sands and silts only

[Rassam and Williams (1999)].

T,=a+otand '+ytanp'—(p—y )\ (y +A0) [2.7]
where:
T = the shear strength
o = net normal stress
774 = matric suction
Y. = air entry value
0 = effective stress friction angle for saturated conditions.

a, B, ¥, A are fitting parameters

Rearranging the expression, Rassam and Cook expressed the contribution of matric suction to the shear

strength of the soil as:
T=T—otand ' —a=¢tand —p(p—y,) [2.8]

where 7, is the contribution of matric suction to the shear strength of the soil, and ¢ replaces the term (¥

+ A0) since o is assumed constant. A visual description of the terms of the equation is provided in

Figure 2.2.

The values of ¢ and B can be obtained from the following relationships:

ll}’ tan ¢ '—TST

2.9
(w,—y.) (2]

12
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_tand’(y,—y,)

h= W, tand'—T, [2.10]
where:
778 = residual suction
Tor = contribution of matric suction to shear strength at residual state.

Thus, only one unsaturated shear strength test need be undertaken to obtain the shear strength
parameters. It is still necessary to know the air entry value and residual suction, and therefore the

SWRC must also be determined.

2.2.4 Critical state.

Casagrande (1936), working with sands, suggested that the ultimate strength and density of a soil were
independent of its initial condition. Furthermore, the ultimate conditions remain unchanged during
continued shearing. The density at which this condition was achieved was called the critical density.
Further research in this field led to the development of the Critical State Framework [Roscoe et al,

(1958)]. They provided the following definition for critical state:

In a drained test, the critical void ratio state can be defined as that ultimate state of a sample at
which any arbitrary further increment of shear distortion will not result in any change of voids
ratio. In any series of drained tests the set of critical void ratio points so defined can be expected

to lie in or near a line on the drained yield surface.

In an undrained test, the sample remains at a constant void ratio, but the effective stress will
alter to bring the sample into an ultimate state such that the particular void ratio, at which it is
compelled to remain, during shear, becomes a critical void ratio. In any series of undrained
tests the set of critical void ratio points so defined can be expected to lie in or near a line on the

undrained shear surface.

13
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Castro and Poulos (1977) defined the steady state of deformation as the state in which a soil will flow
under constant shear stress at constant effective minor principal stress and at a constant volume. Poulos

(1981) added the requirement for constant velocity.

Poorooshab (1989) indicated that the critical state as originally intended and the term steady state of
deformation are identical. He also recommended that the term Ultimate State might be used instead

since all specimens sheared far enough would tend to this terminal or ultimate state.

The implication of the critical state framework is that regardless of the stress history and soil structure
of the soil, its ultimate condition during shearing tends towards a unique line which is formed by the
intersection of two yield surfaces through which the stress path cannot pass. It can be used to couple

the strength and volumetric change behaviour of the soil.

The critical state framework has originally been applied only to saturated soils, but attempts have been
made to adapt it to the requirements of the mechanics of unsaturated soils. Ridley (1995) studies show
that at any particular level of matric suction, a well defined and linear set of ultimate states exist. The
slope and zero total stress intercept of the ultimate relationship are, however, both non-linear functions
of the soil suction. Some studies were also undertaken by Croney and Coleman (1954) prior to the
studies of Ridley (1995). These studies showed that clay specimens would reach an ultimate suction
state when sheared at a constant moisture content. They called this line the continuously disturbed line.

Furthermore, the continuously disturbed line was independent of the initial fabric of the soil.

Ridley (1995) conducted a series of unconfined compression tests on kaolin. The unconfined
compression test is a constant water content test and it was therefore possible to study the suction at
failure. From the test results obtained (Figure 2.3), it was found that the continuously disturbed line

was parallel to the critical state line with respect to matric suction, but that it lied below that line.

2.2.5 Critical state frameworks

During the last fifteen years, more emphasis has been placed on the modelling of the critical state

conditions in an unsaturated soil. Critical state concepts allow for the determination of ultimate failure

14
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criterion for soils. As such they are useful in establishing lower bound shear strength values for soils,
but most importantly in developing comprehensive models of the shear strength behaviour of soils from
initial loading conditions to its ultimate state. A few of the developments in this field are presented in
the current section to underscore the need for the generation of quality critical state data for the

calibration and validation of such models.

Alonso et al. (1990) presented a constitutive model coupling both the strength and volumetric
deformation of unsaturated soils. Their model was based on a critical line with slope M (in p, q space).
As a first hypothesis, the cohesion intercept of this line was set to increase with suction in a linear
manner (Figure 2.4 and Figure 2.5). Based on Figure 2.4, the intercept of the CSL at suction, s would

be equal to M-k-s. The critical state framework presented resulted in the following equations:

qg=M -p+M-k-s [2.11]
v=N(s)-A(s)In(p/p,) [2.12]

where:

P = average net normal stress

Pa = atmospheric pressure.

q = deviatoric stress

M = slope of critical state line.

k = constant (Figure 2.4)

N(s) and A(s) are functions of the matric suction.

Toll (1990) also presented a critical state framework, where the critical state was represented by the

following equations:

15
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g=M_(p—u)+M (u,—u,) [2.13]
v=r_=A,In(p—u)—A In(u,—~u,) [2.14]

where M,, M,,, I, A, and A, are functions of the degree saturation and soil fabric. It was also assumed

that:

-1
r,=1+—— [2.15]
S,
where:
I = intercept of the critical state line at saturation
S, = degree of saturation

Wheeler (1991), based on the data presented by Toll (1990) pointed out that there was no simple
critical state relationship linking the specific volume, v, to the stress state variables (p-u,) and (u, — u,,).

It was proposed instead to use the specific water volume, v,, which can be expressed as:
v,=eS,+1=(v—1)S +1 [2.16]

If the soil fabric consists of saturated packets separated by large air-filled voids, then v, can be thought

of as being the specific volume of the packets [Wheeler (1991)].

Murray (2002), proposed using a coupling stress, p’, for the analysis of critical state data for

unsaturated soils. This coupling stress, is expressed as:

p'.=(p=u,)+a(n,+n)(u,~u,) [2.17]
where:
n, = air porosity (Va/V)

16
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n, = water porosity (Vw/V)

n = volume of soils/ total volume (V/V)

(n,+ny) = represents the total volume of the saturated packets per unit volume of soil.
o = is a dimensionless parameter

The value of aris equal to 1 for dry and saturated soils, and is smaller than 1 for intermediate degrees of
saturation. It can however be assumed to remain equal to 1 with a small error which decreases with

increasing matric suction, (i, — u,,) value [Murray (2002)].

The analysis of data reported by Toll (1990) and Wheeler and Sivakumar (1991), using p’. as the
controlling stress appears to provide a more consistent and logical trends [Murray (2002)] (Figure 2.6).
Murray also remarks that normalizing g and p’. with respect to s=(u,-u,) helps in an understanding of

volumetric influence on soil strength.

More recently, Gallipoli et al. (2003) proposed an elasto-plastic model using Bishop's effective stress
equation (Equation 2.1). The parameter J was considered to be equal to the degree of saturation, S. In
other words, this variable is equivalent to the average stress acting in the soil skeleton. This
incorporates the irreversible reduction of specific volume occurring during drying of an unsaturated soil
and corresponding increase in suction, but not irreversible compression due to the wetting of the soil or

the increase of the preconsolidation pressure with an increase in matric suction.

Gallipoli et al. (2003) also introduced a new state parameter, & that would represent the stabilizing
effect of the normal force exerted at the inter-particle contact by meniscus lenses of water at negative
pressures (Equation 2.18). This parameter should allow the consideration of the bonding and de-
bonding effect due to the formation and vanishing of the menisci that cannot be considered exclusively

on the basis of the average skeleton stresses.

E=f(s)(1-5) [2.18]
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where:

S, = degree of saturation of water
a-s)= degree of saturation of air
fi(s) = the function of suction

The factor (1 — S,) accounts for the fraction of water menisci per unit volume of the solid fraction. The
assumption of a unique relationship for (1 — §,) is rigorously true only for the case of a rigid soil where
the dimension and shape of the voids does not change with particle rearrangement. The explicit
relationship between the number of water menisci and (1 —S,) was not specifically defined in this

model since it is implicit in the function e/e, to the bonding parameter &.

f—-=1—a[1—exp(b-§)] [2.19]

)

where a and b are fitting parameters.

The function f{s) varies monotonically between 1 and 1.5 for suction values in the range of zero and
infinity. It represents the ratio of the stabilizing force at a given suction with respect to a suction of
zero for the ideal case of a water meniscus located at the contact between two identical spheres
[Gallipoli et al. (2003)]. The specific shape of the function depends on the size of the spheres. The
authors used a value 1 um to represent the kaolin that was used in the analysis (Figure 2.7). The
relationship between the bonding factor and the ratio e/e, was found to be in good agreement both for
the isotropic virgin loading and the critical state. The main limitation of the method is that the function

f(s) has been developed strictly for a soil composed of spheres of equal size.

Tarantino and Tombolato (2005), noted that the ultimate strength of Speswhite Kaolin could be

modelled considering only the effect of the average skeleton stress, without invoking the contribution
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of the water menisci. This suggests that the contribution of the water menisci to the ultimate shear

strength is small compared with the contribution of the average skeleton stress.

2.3 Determining the Shear Strength of Unsaturated Soils

The laboratory testing of unsaturated soils requires several modifications to the testing equipment as
compared to conventional testing procedures used for saturated soils. The main requirement is in the
measurement or control of the matric suction since it is a state variable that influences the unsaturated

soils behaviour.

Problems associated with the measurement of water tension in unsaturated soils are alleviated through
use of the axis-translation technique [Hilf (1956)]. In this technique, a positive air pressure is applied
to the specimen such that the difference between the pore-air and pore-water pressures achieves the
desired value of (u, — u,). The total confining pressures must be modified accordingly so that (o — u,)

corresponds to the desired net normal stress.

2.3.1 Modified triaxial tests

The triaxial tests are versatile and allow the measurement, or control of confining stresses, deviator

stresses, pore water pressures and matric suction

In a typical shear test of an unsaturated soil, the pore air pressure is applied to the top of the specimen
while the water is allowed to drain at the bottom of the specimen. An important consideration in the
triaxial testing of unsaturated soils is the accurate measurement of the volume and water content change
of the specimen since both of these parameters are used to calculate the degree of saturation of the
specimen, which itself controls the contribution of the matric suction to the shear strength of

unsaturated soils.

An instinctive approach is to measure the volume of water entering and leaving the triaxial cell while
taking into account the change in volume due to the immersion of the ram shaft to calculate the volume

change of the specimen. Such an approach was used by Satija (1978) when testing Dhanauri clay. A
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major concern using this approach is the expansion of triaxial cell under the application of the net
normal stress. While this expansion can be calibrated, it can be substantial with respect to the volume
changes of the specimen thus raising concerns about the errors in measurement. This consideration
prompted Satija to brace the cell wall with metallic strips to reduce the expansion of the acrylic and

conduct the tests.

This concern about the expansion of the triaxial cell prompted the development of triaxial cells with
dual chambers. The idea behind the approach of using two chambers in triaxial cell is to maintain an
equal pressure on the outside and inside of the chamber containing the specimen to eliminate the
stretching of the wall due to the pressure differential. Any volume change due to the compression of

the acrylic under pressure would be much smaller and cause a minor error.

One such application of a dual chamber approach was developed by Bishop and Donald (1961) is
shown in Figure 2.8. In their device, the inner cell contents were not separated from the outer cell, but
instead connected by an opening at the top. The inner cell was filled with mercury which completely
surrounded the specimen. A steel ball floating on the mercury was used as a reference point to detect

the changes in volume of the specimen.

Another triaxial cell based on a similar principle has been developed by Ng et al. (2002). Here again the
inner cell is not sealed but opened to the outer cell. Much like in the cell by Bishop and Donald (1961),
this design depends on the movement of the interface between two fluids. Instead of using water and
mercury, however, this system depends on the interface between water and air. A precise differential
pressure transducer, connected to the water of the inner cell and a reference water column is used to

measure any movement of the water surface in the inner cell (Figure 2.9).

Another approach, which has been more widely used in the triaxial testing of unsaturated soils is the
dual chamber technique developed by Wheeler (1988) (Figure 2.10). Despite the double chamber
layout to counteract the applied pressure and prevent expansion of the cells, it was still necessary to

calibrate for the remaining small sources of volume change, namely compression of water in the cell,
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expansion of the short lengths of connecting tubes, and a slight flexure of the top and bottom cell
plates. It was also necessary to calibrate for the absorption of water by the acrylic cylinder. Strict
temperature control was also required for the entire duration of the tests. To avoid leaks between the
cell and the air at atmospheric pressure at the entry point of the loading ram, a rolling diaphragm was

used to seal the ram.

Similar designs have been used in recent years to adapt triaxial cell to the needs of unsaturated soil
testing. Yin (2003), suggested improvements to the design by Wheeler (1988). In this design, the inner
chamber is fully enclosed within the outer chamber, rather than sharing a common top plate. A result
of this approach is that a large pressure differential at the entry point of the ram is avoided, and leaks

are therefore less likely.

All the cells previously described were based on designs using the axis translation technique to apply
controlled matric suction. The design by Blatz and Graham (2003) relies on a vapour equilibrium

system to apply the matric suction and measure the same using psychrometers.

The use of vapour equilibrium systems to control the suction can be useful in the laboratory since the
axis translation technique only allows the application of suction around 1500 kPa, after which water
movement occurs predominantly in the gaseous phase. A similar but fully automated system was used
by Likos and Lu (2003), to control the suction applied to a specimen for the determination of the
SWRC. Although the use of different salts is commonly used technique in the laboratory in the
measurement of the SWRC, such a use of a computer controlled system of controlling suctions

osmotically makes it possible to conduct other types of tests at high controlled suctions.

2.3.2 Modified direct shear tests

The modified direct shear test has the distinct advantage of simplicity and can be used to obtain the
shear strength characteristics of unsaturated soils [Escario and Saez (1986), Gan and Fredlund (1988),

de Campos and Carrillo (1995)].
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The net normal stress on the plane of failure is always controlled and hence a failure envelope at a
given net normal stress can easily be generated. In contrast, typical tests in triaxial devices allow
control of the net confining pressure (63 — u,). This produces failure envelopes with respect to suction
that are not perpendicular to the 7 vs (0 — u,) plane but instead cross it diagonally. This makes it
necessary, when comparing test results from triaxial tests, to compare only the contribution of the shear
strength due to suction. Controlling the net normal stress on the plane of failure in triaxial tests is
possible with stress path controlled devices, but it is more easily achieved in the modified direct shear

box.

Most modified shear devices use the axis-translation technique to apply controlled suctions on the
specimen. Like other axis-translation devices, the specimen must be contained within a pressurized
enclosure. Because shear box is divided in two equal halves, the entire box must be enclosed, with the
specimen inside. The bottom platen on which the specimen is placed comprises a high air entry value
ceramic disc to prevent the movement of free air into the measurement system. Below the disc, a spiral
groove connects the water phase to a volume gauge in order to measure the water movement to and
from the specimen. The water content of the specimen can therefore be computed throughout the test.

Samples of such modified direct shear devices are shown in Figures 2.11, and 2.12.

Caruso and Tarantino (2004) have presented another type of modified direct shear box. Rather than
applying the axis-translation technique, the matric suction is measured directly using high-suction
tensiometers. These devices, similar to the device used by Ridley (1993) (Figure 2.13) make use of the
tensile strength of water to measure matric suctions of up to 1500 kPa (15 bar). An advantage of this
approach is that the direct shear box does not require to be contained in a pressurized enclosure. The
modifications made to the testing equipment therefore need not be as cambersome (Figure 2.13). This
approach to testing of unsaturated soils could make it more easily applicable in conventional

geotechnical laboratories.
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2.4 Water Content Measurement and Air Diffusion

It is common practice in geotechnical laboratories to measure the water volume changes within a
specimen using a twin burette system. The advantage of a twin burette arrangement over a single
burette is that the valve may be setup in different configurations allowing the water coming from the
specimen to flow in one direction, then in the other when the limit has been reached in the original
direction (Figure 2.14). The effective capacity of the system can therefore be increased indefinitely

without loss of precision by simply changing the valve configuration.

When used for measuring the movement of water to and from unsaturated specimens, the conventional
twin burette device must be modified to provide the greater accuracy that is required due to the small
water volume changes associated with unsaturated soils [Fredlund and Rahardjo (1993)]. The
modification consists in using a burette with a smaller inner diameter and accordingly smaller capacity.
The twin burette systems commonly used in unsaturated soils laboratories have a nominal capacity of

10 ml with a precision of 0.01 ml.

When testing unsaturated soils, although a high air entry ceramic disc is placed between the soil
specimen and the measuring system to resist the passage of air, some air will still diffuse through the
water in the disc [Bishop and Donald (1961)]. The accumulation of air bubbles below the discs may
break the continuity of the water column resulting in an incorrect evaluation of the pore water pressure.
Even before the continuity of the water phase is broken, however, the continuous accumulation of air
will result in incorrect measurements of water volume changes within the specimen. The air bubbles
that form and grow below the ceramic disc occupy a finite volume which would otherwise have been
filled solely by water. The water displaced by the formation and growth of the air bubbles is therefore

measured and incorrectly interpreted as water expelled from the specimen.

For the accurate measurement of the pore water pressure and the water volume changes, it is necessary
to flush the air bubbles that accumulate under the ceramic discs and to provide a means of quantifying
their impact on the measurement of the water volume changes. This makes it possible to correct the

water volume change readings accordingly.
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All flushing systems require that a groove with openings at both extremities be provided below the
ceramic disc. The groove should cover as much of the surface area of the disc as possible. Most
frequently, the groove is given a spiral shape to achieve this. Water is made to flow from one end of
the groove to the other by creating a pressure gradient between them. The groove as well as the tubing
used in the system must be sufficiently narrow for the water flow to force the air bubbles to move
along. If the conduit is too wide, water will flow around the air bubbles which will adhere to the solid

surfaces.

Somewhere within the closed circuit a vertical tube, or chamber, with a wider diameter will be used as
an air trap. The diameter of this chamber must be sufficiently large to allow the air bubbles to float
freely to the surface of the water and accumulate at the apex of the air trap. In many systems the air
trap is in line with the measurement system. This is how the diffused air is taken account using pressure

plate extractors (Figure 2.15).

This was also the case in the flushing system with diffused air indicator presented by Bishop and
Donald (1961). Figure 2.16 (a) shows a view of this system where the two lines connected to the
groove under the ceramic disc are connect to the air trap. A gradient is caused between the two ends of
the lines by tilting the pressure gauge is shown in Figure 2.16 (b). The air bubbles accumulate in the
air trap which has a capacity of 5 ml. The air trap allows the measurement of the diffused air after each
flushing. The volume indicated by the water volume gauge is not affected since the air remains in the
system. The water volume readings must therefore later be adjusted to take into account the effect of

the accumulation of the dissolved air.

Fredlund (1975) used a different type of diffused air volume indicator (DAVI). This one is kept
isolated from the volume measuring system during the volume measurement phase. It is only
connected when a flushing operation is performed. Figure 2.17 shows a schematic layout of the device.
The diffused air volume indicator consists of a 10 cm® graduated burette and an acrylic (Lucite) exit

tube placed inside a 80 mm acrylic cylinder. A vent at the top of the burette is opened when filling the
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burette with water. It must remain closed, however during operation of the device. Both the burette

and exit tube are sealed inside the acrylic cylinder.

A U tube 1s used to connect the exit tube to the burette. The other extremity of the exit tube is exposed
to the air pressure inside the acrylic cylinder. This air pressure is set at a constant value to establish a
pressure gradient relative to the controlled water pressure below the ceramic disc of the testing device.
When measuring the volume of the diffused air it is necessary to take into account the air pressure

existing inside the acrylic cylinder as well as the pressure in the base plate (Figure 2.18).
Using Boyle's law for gases, under isothermal conditions the diffused air volume, V,,, is given by:

(u, hyy—=u,hy,)A

V== [2:20]
where:
Ug; = absolute initial air pressure in the burette (i.€., Uy = Ugm + Uap + (Har — d)Pug)
ha = initial reading of the water level in the burette
ha = final reading of the water level in the burette
Up = absolute diffused air pressure in the base plate (i.e., Uy = Ugm + Uc)
A = cross-sectional area of the burette
Uym = atmospheric pressure (i.e. 101.3 kpa)
Uep = applied gauge air pressure in the acrylic cylinder
d = height difference between the burette and the exit tube
P = density of water
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g = acceleration due to gravity

water gauge pressure in the base plate

Uc

Using the data from the DAV], it is possible to then correct the water change readings by subtracting
the rate of air diffusion. Romero (1999, 2001) discussed in depth the physical aspects of the air
diffusion, as well as the evaporation phenomena. He also suggested a procedure to detect and correct
their effects on the water volume change measurements of the specimen. This procedure is based on
the consideration of the steady state water flow regime at the end of each step of the wetting or drying
paths. As the volumetric changes induced by a change of matric suction decrease with time toward an
horizontal plateau, the change in water volume will tend towards an asymptote. If the asymptote is not
horizontal it represents the combined effect of external factors such as air diffusion and evaporation.
Aird Farulla and Ferrani (2005), applied this technique to correct for both the air diffusion and the
evaporation simultaneously. Since the air diffusion occurs at a constant rate, then both effects combine

linearly. Subtracting this final rate from the original data results in the corrected curve (Figure 2.19).

2.5 Concluding Remarks

The mechanics related to the engineering behaviour of unsaturated soils are still in their infant stages
and still have to make their way into practice. To achieve this goal, a number of approaches have been
developed during the recent years, . From the early Bishop equation where stress states and volumetric
behaviour were coupled into the ) parameter, to the following era of the strict separation of the stress
state and material parameter, new models are emerging with the goal of unifying the concepts of
strength and volumetric behaviour in the same way it has been done for saturated soils. Many recent
models require the use of a stress state parameter representing the coupling of the strength and
volumetric behaviour, such as the coupling stress, p., used by Murray (2002) or the average skeleton
stress used by Gallipoli et al. (2003). These trends show the strong dependence of the shear strength
behaviour of unsaturated soils on their fabric and therefore on the volume change behaviour. A
specimen that is being sheared will undergo volume changes and structure rearrangements that will in

turn affect the stresses that it is subjected to, and its shear strength .
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2.6 Figures
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Figure 2.1 Relationship between the fitting parameter x and the plasticity index of a soil [from
Vanapalli and Fredlund (2000)].
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Figure 2.2 Graphical representation of Eq. 2.7 [from Rassam and Cook (2002)].
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Figure 2.4 Yield surfaces in (p,q,s) space [from Alonso et. Al (1990)].
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Figure 2.5 Three-dimensional view of the yield surfaces in (p, q, s) stress space [from Alonso et. al
(1990)]
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Figure 2.6 Plots of q versus p'. at critical states from the data of Wheeler and Sivakumar (1995)
[from Murray (2002)]
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Figure 2.7 Ratio between inter-particle forces at suction s and at null suction due to a water
meniscus located at the contact between two identical spheres [from Gallipoli et al.
2003].
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Figure 2.12

Direct shear test apparatus used by de Campos and Carrillo (1995).
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Figure 2.14  Direction of water movement in a twin burette system with the three-way valves opened
to the left, (a), and to the right, (b) [from Fredlund and Rahardjo (1993)].
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Figure 2.16  Bubble pump an air trap [from Bishop and Donald (1961)].
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Farulla and Ferrari (2005)].
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3 Axis Translation Equipment

3.1 Introduction

The laboratory testing of unsaturated soils requires specialized equipment. Several practical
considerations typically limit the quality of the data generated. One such limitations is the direct
application of negative water pressure beyond the range of about 90 kPa. As a negative water pressure
of one atmosphere 1s approached, cavitation occurs, causing a discontinuity in the water column which
prevents accurate measurement or control of the matric suction. To overcome this limitation, the axis
translation technique (Hilf, 1956) was developed, whereby a positive air pressure is applied, while the
pore water remains at a gauge pressure of 0 kPa. Since the matric suction is defined as the difference
between pore air pressure, u,, and pore water pressure, u,, the matric suction, (u,-u,) is equivalent

whether the pore air pressure is increased or the pore water pressure decreased.

The present chapter presents new laboratory devices that can be used in axis translation equipment to
measure SWRC or conduct shear strength or consolidation tests under controlled suction conditions.
These new devices have several advantages over the presently used equipment in testing unsaturated

soils.
3.2 Compressible air Column Pressure Gauge.

This section presents a simple, economical, robust and accurate pressure gauge for the measurement of
pressures in 0-700 kPa range. Its operational characteristics make it especially well-suited to testing
unsaturated soils where greater precision is required in the low pressure range while maintaining the
ability to measure pressures in the 0-700 kPa range. This gauge is therefore ideal for use in an axis
translation technique for the determination of soil water retention curve or for testing shear strength of

unsaturated soils. There are several pressure measurement devices that are commercially available;
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however, most are expensive and many require auxiliary read out devices, or they do not have the
required sensitivity to measure reliably the low pressures while simultaneously covering the range of

pressures of interest.

It is important to measure or control suction with a high degree of precision for the reliable
determination of the SWRCs. This is particularly true for coarse-grained soils such as sands which
desaturate at a relatively faster rate over a small suction range (typically in the range of 0 to 20 kPa). In
some cases, it may be necessary to measure the SWRC in a low suction range of only 0 to 5 kPa, with a
sensitivity of measurements of 0.1 kPa, or better. Also, in several situations, the SWRC behaviour of
fine-grained soils is sensitive in the low matric suction range and it may be difficult to reliably
determine the air-entry value (AEV) of such soils. As air-entry value (AEV) is one of the key
parameters of the SWRC, it should be reliably determined.

The working principle of this instrument is based on the principle of Boyle's law for gases.

3.2.1 Theoretical Concept

The pressure gauge consists of an air column trapped inside a closed tube, referred to as the gauge tube
(Figure 3.1). A column of water in the open part of the tube separates the trapped air column from the

atmosphere. An unknown pressure that has to be measured may be applied to the water column.

The pressure inside the air column before any external pressure is applied is indicated by P, and is
equal to the atmospheric pressure. The initial gauge length of the trapped air column is L, (Figure 3.1)
when the air inside the tube is at atmospheric pressure, P,. On applying a pressure increment, AP to the
column of water, the water level will rise in the gauge tube by a distance AH corresponding to the
applied gauge pressure, AP. Equilibrium is reached when the sum of the air pressure in the gauge tube,
P, and the pressure of the water column (AH - %,, where %, is the density of water) is equal to the sum
of the gauge pressure AP and the atmospheric pressure, P,. This relationship can be represented using

the equation below:

AP+P=P, +y AH [3.1]
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Using this equation, pressure increment in the gauge can be measured as

AP=P +y -AH-P, [3.2]
The difference in water head in is turn equal to:

AH=L,—L, [3.3]

where: L, = original length of air column at atmospheric conditions.

L, = length of air column at gauge pressure AH.

Boyle's law states that at a constant temperature, the product of the pressure and the volume of a fixed

amount of gas remains constant.

P,-V,=P,V, [3.4]
In a tube of constant diameter of length L, the volume is expressed by:

V=L-A [3.5]
where: A = cross-sectional area of the tube.

For the range of pressures considered, which is typically from 0 to 700 kPa, it may be assumed that the

cross-sectional area of the tube remains constant. Equation [3.4] may therefore be rewritten as:
PyLyA=P, L -A [3.6]
which simplifies to:

PyLy=P,L, [3.71

By substituting Equations [3.3] and [3.7] into Equation [3.2], the following relationship is obtained:
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AP= 00 + AH-P, 3.8
lo 3H YW 0 [']

or
P= o + AH 3.9

Using Equation [3.8], it is possible to determine the pressure using a linear graduated scale attached to
the tube. The scale can be used to read AH linearly. Alternatively, a customised scale can be developed
that shows the gauge pressure directly. It should be noted that Equation [3.8] is to be used strictly with
a vertical gauge tube. In a horizontal tube, the contribution of the water column to the pressure reading

is eliminated and the equation below should be applied:

P,AH

P=m=——— .
A L,—AH [3.10]

A more general equation that can be used for any angle of inclination in the tube would be:

P,yAH

P=————+y -AH-sin(0 3.11

where: @1is the angle from the horizontal of the gauge tube.

AH is then given by:

Apld P+P,+y,Lysin0)—V(AP+P,+y, L,sin0)’—4y APL,sin0 [3.12]
2y, sin@ '

This assumes that the rate of air dissolution in water and air diffusion through the water are negligible.
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3.22 Application

Figure 3.1 shows one such gauge using a 435 mm long trapped air length. The core of the apparatus
consists of two plastic bottles that are able to withstand the full range of pressures to be applied. The
plastic bottles are generally rated for a pressure of 700 kPa (100 psi). These bottles are readily available

and can be purchased as off-the-shelf items.

The first bottle contains air at the pressure to be measured. It is connected to the second bottle (the
Mariotte bottle) into which air flows at a known reference level located below the surface of the water.
This reference level provides the datum from which the head of water in the pressure gauge is

measured.

The pressure in the first bottle 1s P, which is equal to the gauge pressure AP, (of interest) plus the
atmospheric pressure. This pressure, P is transmitted to the air column. The “zero” of the gauge tube
should be at the same level as the discharge point of the air in the Mariotte bottle. This ensures a
common reference between the scale and the pressure to be measured, so that the reading on the scale
accurately represents the gauge pressure, AP. Since there is some head of water above the discharge
point tube in the Mariotte bottle, the air pressure in this bottle is P, which is lower than P by %, h
(Figure 3.3).

As the water level in the Mariotte bottle drops because of the movement of water into the gauge tube,
the pressure differential between P and P, is also reduced since the head of water, & is reduced. In
addition, as the water level in the Mariotte bottle decreases as it flows into the gauge tube, the displaced

volume is occupied by air from the first bottle.

A reflux tube also links both bottles. A check valve is placed in this tube to ensure that the air will only
flow backward towards the first bottle if the applied air pressure in the first bottle is reduced. Without
this provision, the water in the Mariotte bottle would flow towards the first bottle every time the

pressure in the latter was reduced.
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A simple check valve was fabricated with readily available 1 cc capacity syringe, without the needle
(Figure 3.4). The plunger shaft of a standard 1 cc syringe (Figure 3.4 a) was cut leaving a third of its
length (Figure 3.4 b), but leaving the syringes tube intact. Furthermore, the rims of the original rubber
seal were shaved in order to permit air flow around it (Figure 3.4 c). This rubber “seal” will now
function as a seal only when the plunger is pressed firmly against the end of the syringe. Next, a S mm
outer diameter clear plastic tube is pressure fitted in the syringe shaft to maintain a seal. In order to
ensure good contact between the plastic tube and the cut-off plunger shaft, a small spring is inserted
between the two (Figure 3.4 d). The dimensions of the spring should be such that it does not enter the
plastic tube. The type of spring commonly found in mechanical pencils has been found to be

satisfactory for this purpose.

Figure 3.5 shows the operation of the syringe check valve. In the normal operation mode, P is greater
than P,, and the check valve will remain closed (Figure 3.5 a). When the pressure in the Mariotte
bottle, P,, is larger than that in the first bottle, the check valve will open, and the spring will compress
(Figure 3.5 b). On equalising the pressures in the two bottles, the check valve will close since the spring

will extend to activate the seal (Figure 3.5 c).

3.2.3 Graduated gauge scale

In practice, one could use a linear scale to calculate the air pressure from the measurement of the length
of the air column in the gauge tube. However, a customised scale that would directly read the gauge
pressure can also be provided. Such a scale uses Equation [3.12] which requires the length of the
trapped air column, the barometric (atmospheric) pressure at the laboratory, and the angle of the air
column with respect to the horizontal as input parameters. Figure 3.6 shows a plot of Equation [3.12]
for two gauge length of air columns, namely 300 and 600 mm. Clearly, the scale generated is dependent
on the length of tube used. The longer the value of L,, the flatter is the resulting curve, which provides
a greater spacing between the graduation lines. This feature demonstrates a key property of this
apparatus, namely that the precision of measurements can be significantly increased, mainly in the low

pressure range, by simply increasing the length of the gauge tube.

51



Chapter 3: Axis Translation Equipment

A macro program was written to generate such scales automatically in OpenOffice.org. The source
code to the macro is provided in Appendix B. A screenshot of the macro interface is shown in
Figure 3.7. A sample scale generated as mentioned above is shown in Figure 3.8. This output shows
two scales: one for a horizontal gauge tube (Figure 3.8 a), and the other for a vertical tube
(Figure 3.8 b), on which both a linear scale, in mm, for the length of the air column and a modified
scale in kPa, for direct readout of the gauge pressure are shown. The sample scales shown in Figure 3.8

were generated for an atmospheric pressure of 101.3 kPa, and a trapped air length of 300 mm.

3.2.4 Calibration

In theory, it is possible to directly measure the length of the air column and to deduce the gauge
pressure. However, this may introduce some inaccuracy because it can be difficult to measure
accurately the length L, (Figure 3.1). This length may be influenced by the type of fitting used to
provide the closed end of the gauge tube. In particular, the ferrule inserted into the plastic tube to
provide a good bite to the outer ferrule assuring the seal, may cause an apparent shortening of the tube
by reducing the diameter of the tube over its length. Therefore, it is advisable to calibrate the length of
the trapped air column versus known gauge pressures, AP for both loading and unloading stages. With
a non-linear fitting algorithm and using Equation [3.11], it is possible to fit for the trapped air length L,.
An actual calibration curve for a gauge with a trapped air column is shown in Figure 3.9. The
calibration was conducted under an ambient pressure of 100.1 kPa, and yielded a trapped air length of
428.78 mm. The best measurement that could be obtained when measuring was 435 mm, which, as it

is apparent in Figure 3.1, does not accurately match the measured data.

3.2.5 Effect of Atmospheric Pressure

Equation [3.12] shows that the gauge pressure is a function of the atmospheric (barometric) pressure. If
a pre-generated scale for direct readout of gauge pressure is to be used, then it is necessary to evaluate
the impact of the daily fluctuation of atmospheric pressure on the accuracy of the deduced gauge
pressure. Figure 3.10 shows the fluctuations of the atmospheric pressure sampled randomly at Ottawa,

Canada, during a period ranging from February to May, 2005. The solid line represents the average
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pressure, 101.34 kPa, during that period and the dotted lines represent one standard deviation

boundaries, +0.87 kPa.

Figure 3.11 shows the influence of the measured barometric pressures during the four month period on
the deduced value of the gauge pressure. The effect of the daily variation of the barometric pressure is

insignificant for the gauge length utilised.

The influence of the variation in atmospheric pressure as a function of the measured gauge pressure for
different gauge tube lengths is shown in Figure 3.12. The results are expressed in terms of relative error
which is defined as:

AP A P std. dev.

— average— 3. 1 3
€ AP [3.13]

average

where:

AP,...c = the gauge pressure measured using a gauge scale generated using the average atmospheric

pressure as P,.

AP 4. = the gauge pressure measured using a gauge scale generated using a standard deviation offset

from the average for the atmospheric pressure Po.

Figure 3.12 shows that the relative error decreases as the gauge length increases. At lower gauge
pressures, the relative error is even lower than at higher pressures, and confirms that the variation of

barometric fluctuation is negligible.

3.2.6 Limitations of the air pressure gauge

The main limitation of this instrument is the slow solution of the air into the water. At a constant gauge
pressure, the height of the water column in the closed tube, AH, will increase. The apparatus therefore
cannot be used for continuous monitoring of a pressurized system. It can only be used for spot

readings. Before taking any measurements, it is necessary that the system be reset by introducing
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atmospheric pressure in the gauge tube and in the first bottle. This can be conveniently carried out by
modifying the arrangement of valves as shown in Figure 3.8. For the purpose of equalising
atmospheric pressure, valves A and B are open to atmosphere while valve C is closed. For spot

measurement of gauge pressure, valves A and B are closed and valve C is opened.

The effect of the diffusion can be minimized by reducing the contact area between the air and water
phases. This can be accomplished by using a buoyant material, such as floating plastic ball in the
gauge tube. In a vertical tube, it will float on the water at the interface, and thus minimize the contact
area between the gas and liquid phases. This is only practical in large diameter tubes where the
capillary effect between the plastic ball and the sidewall is negligible. For the apparatus used, with an
internal diameter of 3.18 mm, the use of the plastic ball would be inappropriate. Investigation on
minimising diffusion effect has not been undertaken. It is emphasised that diffusion effect is not a
factor for spot measurements of the gauge pressure since the device is reset immediately before taking a
reading. Similarly, while temperature variations would be a major concern during extended monitoring

of the pressure, it is not a factor for spot measurements of the gauge pressure.

3.2.7 Typical Result

The nature of the instrument which shows a higher precision at lower pressures, suits it for use in
geotechnical laboratories for the application of the axis translation technique to unsaturated soils.
Coarse grained soils which are particularly sensitive to small changes at low suction values, and yet
must be subjected to the full range of suctions for the generation of the SWRC are well served by this
device. This is illustrated in Figure 3.7 which shows the SWRC generated for three different sands
using this device. The tested sands are a silty sand, Barahona sand (a fine sand) and a washed concrete
sand. The same device can also be used for fine grained soils such as silts and clay since the device can
sustain the full range of air pressures up to 700 kPa. The air entry value for the sands lies in the range
of 1 to 10 kPa. It would have been difficult to obtain precise measurements in this low pressure range

without resorting to either a water column device or an expensive transducer.
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3.3 Integrated Volume Gauge and Air Trap

The testing of unsaturated soils requires both precise measurement of the water movement to and from
the specimen, as well as a means of removing the air bubbles that accumulate beneath the ceramic discs
after having crossed the air-impervious barrier by diffusing through the water. It is also necessary to
quantify the volume of air that diffuses through the stone if the measurements of the water volume are

to be relevant.

It is common practice in the geotechnical laboratories to measure the volume of water with a twin
burette system. For the testing of unsaturated soils, such devices should have a precision in the order of
0.01 ml. Such burettes generally have a capacity of 10 ml, yet this can be increased indefinitely by

reversing the direction of the flow within the twin burette system.

In addition to the twin burette volume gauge, a flushing system and air trap, with diffused air volume
indicator (DAVI) should be used. The air trap and DAVI may be included in a closed circuit with the
tube and groove system collecting bubble under the discs, and the twin burette volume gauge, such as
that proposed by Bishop and Donald (1961). Alternatively, it may be external to the system, such as
the one proposed by Fredlund (1975). In the latter case, the volume gauge must be isolated during the
flushing operations so that the volume readings remain unchanged. Because of the need for the air trap
to have a diameter sufficiently large to allow for the free movement of the air bubbles, the precision of
the readings of the air volume indicator will likely be lower than the precision of the readings of the

water volume gauge.

The current section presents a device (Figure 3.6) integrating the volume gauge burette and the air trap
into a single tube with a high precision of the readings and large capacity. This device eliminates the
need to keep a separate volume gauge and a DAVI, thus significantly simplifying the layout of tests for
unsaturated soils testing. Furthermore, the diffused air volume is inferred from the corrections applied
to the volume measurement curve, allowing for air volume estimations with the same precision as the

water volume measurements.
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The main components of the gauge system are illustrated in Figure 3.5. It consists of an outer glass
tube of a 14.61 mm (0.575") inner diameter inside of which is inserted a small bore glass tube of
5.72 mm (0.225") outer diameter, and 3.18 mm (0.125") inner diameter. These tubes form both the air
trap and volume gauge. A mirror is placed behind the glass tubes to provide parallax correction when

measuring the water level in the inner tube.

In addition, the system includes a pump, for the purpose of flushing the air bubbles from below the
ceramic disk of the axis-translation cell, a water reservoir for filling the system with water, and two
water chambers used to isolate the accumulated air and thus avoiding moisture exchange with the
external environment. The system, however, allows air to exit and enter as the diffused air is collected
or when the inner tube is inserted and retracted. A set of valves numbered 1 through 3 shown in Figure

3.5, are also used to isolate sections of the system, as required.

3.3.1 Operation of the Device

Before beginning the test, it is necessary to saturate the system. Valve number 3 is opened to supply
the system with water. When enough water has entered the system, including the grooves below the
ceramic disc of the pressurized cell, and some water in the outer tube of the integrated burette, valve

number 3 is closed. A flushing operation is required to get rid of any air trapped in the lines.

The flushing operation is illustrated in Figure 3.4 (a), where the pump is used to circulate the water
below the ceramic disc of the pressurized cell through the whole system. The air bubbles are collected
into the outer tube, acting as an air trap, where the inner tube has been lifted to leave a space between

the bottom of the inner tube and the water surface in the outer tube.

Once air bubbles are no longer collected in the outer tube, the inner tube is lowered until the end
stopper contacts the spacers at the top of the outer tube (Figure 3.4 (b). The water level inside the inner
tube can be read on the external graduated scale. One millimetre on the scale is equal to a 0.007 ml
volumetric change. The difference in the reading taken before the flushing operation and after it

corresponds to the volume of water removed during flushing.

56



Chapter 3: Axis Translation Equipment

At this precision, the entire range of the graduated scale (about 600 mm) could only read up to a total
volumetric change of 4.2 ml. This may be insufficient to accommodate the water content changes
occurring in the specimen, and therefore the number of spacers can be adjusted to accommodate a
greater volume change. The level of water in the inner tube drops to a new reading by the addition of
spacers. This is illustrated in Figure 3.3. The new reading is used as a new reference level, from which
volume is calculated by adding the new volume increments to the cumulative volume accumulated

before the addition of the spacer.

Calibration of the graduated scale is done by carefully measuring the mass of water that results in a
given increase in the water column. A manual pump which consists of a syringe a T junction and a
valve at each end of the T is used for this purpose (Figure 3.2). First, with the syringe in a fully closed
state, valve (1) is closed while valve (2) is opened. The syringe plunger is then pulled back, drawing in
water from a deaired water reservoir sitting on top of a precise electronic balance. Valve 2 is then
closed and valve 1 is then opened and the plunger is fully pushed in, thus expelling the water from the
syringe into the apparatus. The water level in the inner tube rises and can be read off the graduated
scale. The operation is repeated to generate a calibration curve for the whole range of the scale. Proper

conversion of the mass of water to volume requires a knowledge of the current room temperature.

3.3.2 AirPhase Isolators

The air phase isolators are two water filled containers used to separate the air phase inside the gauge
system from the external air. Whenever the inner tube is lowered, or the water level is increasing
because of water expelled from the tested specimen, air must be allowed to exit the system, or the air
pressure could increase within it. At the same time, it is not desirable that the air phase be directly in
contact with the external air since this could cause a loss of moisture from the air in the tube, which is
close to saturation, and the outside air phase which is usually at a significantly lower moisture content.

Similarly when the level of water goes down, or the inner tube is lifted, air must be allowed in.

The operation of the system is illustrated in . When air needs to be expelled from the system, it does so

through the left isolator, where the outflow tube is situated below a small head of water. This head of
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water is smaller than the head that would be required in the right chamber to lift enough water up to the

top air intake tube.

Similarly, when there is a need for air to enter the system, it will be easier for it to enter from the right
isolator, where the air phase is directly connected to the air phase of the glass tube, while in the left
chamber there is water barrier. The air enters the right isolator from atmosphere through a tube under
some head of water. This allows some humidification of the air from the water in the chamber.
Extended contact time in the isolator between the air and the free water further ensures that the air in

the isolator is at the same degree of saturation as the air in the glass tubes.

3.4 Conclusion

This chapter has presented two simple devices that can be used in the laboratory testing of soils using
the axis-translation technique. These provide high precision measurements that are required for testing

of unsaturated soils.

The pressure gauge offers a variable precision that is well suited to the application of the
axis-translation technique. It is simple and inexpensive to build, and is very robust. Furthermore, it is

easy to upgrade to a greater precision if the need arises with the substitution of a longer gauge tube.

On the other hand, the integrated volume gauge and air trap offers the high volumetric precision
required for testing unsaturated soils, while maintaining the capability of accommodating large
volumes of water through the used of spacers and a large diameter outer tube. Because the volume of
air is deduced from the volume of water, the precision of the measurement of the volume of air is of the
same order as that of the volume of water. This device has the added advantage of simplifying the

layout of testing unsaturated soils, by integrating two instruments into one.
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3.5 Figures
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Figure 3.1 Conceptual model of the pressure gauge.

59



Chapter 3: Axis Translation Equipment

Figure 3.2 Pressure gauge designed with the aid of Mariotte bottle and a 343 mm long scale.
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Figure 3.3 Schematic of pressure reading system
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Figure 3.4. Design of a check valve using a 1 ccsyringe and a small spring.
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Figure 3.5 The operation of the syringe check valve.
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Figure 3.6 Hlustration of the generation of a pressure scale for a number of predetermined gauge

pressure values AP.
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Figure 3.7

Interface to the macro program to generate a custom graduated pressure scale.
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Figure 3.9 Calibration of a 430 mm long horizontal gauge tube, with both increasing and
decreasing pressures.
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Figure 3.10 Random samples of the atmospheric pressure taken in Ottawa, Canada, during a period
of almost 4 months. Data from Environment Canada.

68



Chapter 3: Axis Translation Equipment

500 3 : ? v ' ,
Po=107T34kPa ——| | |
400 p-{ Standard Deviation - oo fmemennes
©w 300
o
<
S5 200
100
0

0 50 100 150 200 250 300 350
AH (mm)

Figure 3.11  Variations of the pressure reading for a gauge of 430 mm trapped air length using either
an average atmospheric pressure P, of 101.3 kPa or * 1 standard deviation (0.87 kPa).
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Figure 3.13 Two valves to atmosphere can be added to facilitate resetting of the pressure gauge.
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Figure 3.15  View of the flushing system/volumetric gauge apparatus connected to a tempe cell for
axis translation technique.
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Figure 3.16  Schematic view of the flushing/gauge system.
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Figure 3.17  Inner tube is raised for flushing (a), and lowered for taking readings (b).
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Figure 3.18  Adding spacers to increase range of readings.
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Figure 3.19  Calibration of the volume gauge.

Valve closed to isolate reservoir.
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Air Outflow Air Inflow

Figure 3.20  Air outflow (during lowering of inner tube or rise in water level), and inflow (during
raising of the inner tube, or decrease of water level).
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4 Modified Ring Shear Cell

4.1 Introduction

The axis translation technique introduced by Hilf (1956) has been used as a conventional tool in the
determination of the shear strength of unsaturated soils. In this technique, a positive air pressure is
applied to control suction in the soil specimen, thus avoiding the problem of cavitation in the apparatus
for suction values greater than 101.3 kPa. During the last few decades, conventional testing equipment
such as direct shear, triaxial and unconfined compression testing apparatus used for saturated soils
testing have been modified and extensively used in the determination of the shear strength of
unsaturated soils in the suction range of 0 to 500 kPa [Bishop and Donald (1961), Ho and Fredlund
(1982), Gan and Fredlund (1988), Escario and Juca (1989), Hettiaratchi et al. (1992), Ridley (1995) de
Campos and Carrillo (1995), Vanapalli et al. (1996), Caruso and Tarantino (2004)]. The modified
direct shear tests are particularly convenient for the determination of the shear strength of fine-grained
soils [Fredlund and Rahardjo (1993)]. These tests offer an advantage over the triaxial tests because the
drainage path in the soil specimens is relatively much shorter. The time required to reach equilibrium
conditions under different values of applied matric suction is relatively much lower. However, shear
strength and deformation behaviour of unsaturated soils can be studied only over a limited range of
displacement. Due to this limitation, the critical state shear strength behaviour of some unsaturated

soils cannot be determined using modified direct shear test

A conventional ring shear device used for determining the shear strength of saturated soils has been
modified for the specific purpose of testing the shear strength and volume change behaviour of
unsaturated soils using the axis translation technique. The modified ring shear equipment incorporates
an automated data acquisition and control system which allows independent control of the pore-air

pressure, u, and the net normal stress, (G - u,).

Both the peak and critical shear strength behaviour of unsaturated soils can be determined in single

stage tests using the modified ring shear apparatus. This is possible because the shearing deformations

79



Chapter 4: Modified Ring Shear Cell

follow the annular shape of the specimen, and as such the geometry of the shear surface is not affected
by the shearing process. In addition, multistage tests can be carried out on the same specimen without
any restriction of shear displacements. The current design of the modified ring shear test apparatus
allows for the measurement and/or control of the specimen volume, water content and matric suction.
In other words, this apparatus can also facilitate the measurement of soil-water retention characteristics

of the specimen in the ring shear device.

In most ring shear test devices, the shear box is made of two halves with a gap separation introduced
before shearing. This is similar to the direct shear box, and favours the formation of a horizontal plane
of failure at the location of the separation. This method of testing is simple and provides a well defined
shearing plane, but raises concerns with respect to the nature and magnitude of the stress concentration

at the boundaries of the specimen.

The current cell design of the modified ring shear equipment is based on the apparatus previously
developed by Garga and Infante Sedano (2002). In this apparatus, the confining cell walls of the
annular specimen are made of stacks of 2 mm thick rings. These rings can easily slide over each other
so that they can independently move with the soil at their respective depths. This technique reduces the
stress concentrations which are typical of conventional ring shear tests. In addition, the introduction of
a predetermined horizontal plane of failure is avoided using this apparatus. While the specimen is
allowed to fail along its natural weaker plane, tests conducted on sand using the original unmodified
prototype of the constant volume ring shear device have shown that there was still a localized zone of
failure within the specimen and that the shearing was not uniform [Garga and Infante Sedano (2002)].
No systematic investigation on the nature of the failure zone has yet been conducted on the modified

device while testing unsaturated soils.

4.2 The Cell

Figure 4.1 shows the modified ring shear cell with the different components. The modifications

include the addition of a cell cover to allow the application of a positive air pressure, as well as the

80



Chapter 4: Modified Ring Shear Cell

provision of a number of high air entry discs in the base, and a base groove for drainage. The principal

modifications are described in later sections.

4.2.1 Cell base

The cell base is made from an aluminium cylinder, in which an annular space (Figure 4.1 and 4.2) has
been machined. This ring cavity is 40 mm wide and 30 mm deep to accommodate two stacks of
ten 2 mm thick lateral confining rings and the soil specimen (Figure 4.3). The cell must be deep
enough to accommodate the specimen thickness of 18 mm to 20 mm as well as the 8.9 mm thickness of

the bottom platen (Figure 4.1).

A meandering groove provision at the bottom of annular space facilitates de-airing of the specimen
(Figure 4.4). This groove is connected at each end to an orifice leading to a connector at the base of the
cell. This arrangement is useful to collect any diffused air bubbles that collect below the ceramic and
to flush them intermittently with water. The meanders of the groove correspond to the position of the

ceramic discs of the base platen such that 63% of the disc area is covered by the groove.

4.2.2 End platens

The lateral confinement of the tested specimen is achieved through the use of confining ring stacks.
The vertical confinement is provided by the end platens. The top platen is a brass ring, with a
roughened surface, placed under the top cap (Figure 4.1). The function of the top cap is to transmit the
normal load and provide a shearing resistance at the interface with the specimen that is higher than the

angle of internal friction, ¢’ of the soil.

The bottom platen was designed to incorporate high air entry ceramic discs such that the axis
translation technique can be used. The role of these high air entry ceramic discs is to act as a barrier to
air flow from the pressurized cell. These are required to be permeable such that the water in the
specimen, ceramic discs, and external reservoir remain interconnected. In this manner, a differential
pressure can be established between the pore-air, u,, and the pore-water pressure, u,. The difference

between the pore-air and pore-water pressures is the matric suction, (u, - u,,).
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The ceramic disc area covers about 80% of the specimen area. Handling and machining considerations
steered the design towards the use of a number of small circular ceramic discs encased in a brass ring

(Figure 4.5), rather than the use of a single annular disc.

The thickness of the ceramic discs is slightly smaller than the brass ring. The discs therefore are
recessed, leaving a lip of 2 mm depth to the surface of the brass ring. The recesses significantly
increase the friction between the soil and the bottom platen, which in turn favours the formation of a

shearing plane within the specimen, rather than at the interface with the bottom platen.

An epoxy was used to provide both bonding of the ceramic to the brass ring and seal against the air
pressure. The epoxy was applied in three layers to ensure a good bonding and minimize leaks. A trial
and error investigation undertaken at the University of Ottawa has shown that the use of multiple layers
improves the control of the application of the epoxy and avoids the formation of interconnecting
bubbles which can result in air leaks. A time interval of 24 hours is necessary for the epoxy to harden

between successive layers.

4.2.3 Cell Cover

An aluminium cell cover, with a wall thickness of 6.4 mm, (Figure 4.1) was designed to be fitted onto
the base of the cell to provide a pressurized environment. The cover is secured into place using twelve
5 mm diameter screws. The pressurized cell was sealed from the external environment by inserting an

O-ring in the cell base, at the interface between the cell base and the cell cover.

424 Torque Arm

The use of the cell cover to provide a pressurized environment for the specimen resulted in the need to
extend the torque arm. The extension rod of the torque arm projects out of the cap through the cell
cover and is fastened to the torque arm. A bushing (Figure 4.6) keeps the pressurized chamber sealed.
The bushing also facilitates the vertical alignment of the torque arm which keeps the top platen sitting

horizontally on top of the specimen. The free end of the rod was machined to provide four plane faces
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which allow four screws to lock the torque arm to it. Dismantling the torque arm is simple due to the

addition of this feature.

4.3 Flushing System and Water Volume Measurement

Although free air cannot cross the high air entry discs placed between the soil and the measuring
system, some air can cross this barrier through the water phase. Below the disc air can come out of
solution and form air bubbles. It is therefore a recommended practice in unsaturated soil testing to
provide a mechanism for removing the air bubbles that form under the ceramic disc when using the
axis-translation technique. This procedure maintains the continuity of the water phase. It also provides
the necessary data to apply the correction to the water content measurement, through the measurement
of the volume of air that collects into an air trap. Without such a correction, the air bubbles forming
under the ceramic discs would be interpreted as an increase of water coming out of the specimen, or a

reduction of the water going into the specimen.

A flushing system has the additional advantage that it can correct any small air leaks which may occur
due to cracks in the ceramic discs or to defective bonding of the epoxy. However, bubbles formed as a
result of such small leaks cannot be distinguished from the diffused air coming out of solution. In some
cases, air intrusion from small leaks may be the dominant cause for the presence of air bubbles below
the ceramic discs. The exact source of the air bears no impact on the final results as long as the air can

be removed and its volume determined.

Figure 4.7 shows an idealized schematic of the flushing system used in conjunction with the modified
ring shear cell. It incorporates the de-airing groove in the cell base, an air trap for collection of air
bubbles, and a displaced water measurement gauge. A gear pump is used to circulate water through the
groove and flush out air bubbles. Gear pumps are displacement pumps which use the meshing of gears
to circulate the water (Figure 4.8). The micro pump used for the current system provides a flow of

2100 to 2200 ml/min under an approximate head of 20 kPa using a 12 V power supply.
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The pump draws water from the air trap and directs it into the de-airing groove of the ring shear cell.
The water and any air bubbles thus collected flow back to the air trap, to complete the circuit (Figure
4.7). All air bubbles accumulate at the top of the air trap. The collected air can be removed using a
syringe connected to the valve at the top of the air trap. A small diameter, 1 ml capacity syringe
(Figure 4.9) with a precision of 0.01 ml, permits the volume measurement of the collected air, when
resetting the water level in the air trap to a fixed reference level. All water volume measurements are
taken using this reference level. This small diameter syringe can serve as a diffused air volume
indicator since the volume of air in the syringe once the water level is at its reference mark can be
measured directly. The main measurement system, however, is the indirect measurement by the sudden
drop in the recorded volume of water after each flushing operation. Since the measurement of the
water volume is done with an instrument of higher precision, the indirect method provides a more

accurate air volume measurement.

Any water expelled from the specimen pushes water into the air trap, and the displaced water moves
through the capillary overflow tube. The volume of water displaced can be measured through the use
of an overflow tube which is attached either to a calibrated scale or a volume gauge. In this research,
the overflow tube is connected to a closed jar (shown as overflow jar, in Figure 4.7) placed on a precise
electronic balance. The mass of the jar is measured to a precision of 0.001 g (over a maximum range of
500 g). The use of an electronic balance permits the automation of the water content change
measurements. It also permits readings over a much broader range than most electronic sensors of

equivalent precision.

Special attention must be paid to the connection of the tubes and the overflow jar when using a precise
balance and an overflow jar to measure the changes in water content. It should be noted that even a
tiniest moment build-up at the junction between the overflow tube and the jar causes continuous
changes in the measured readings. In such conditions, it is impossible to maintain a stable reading even
in a closed system. This type of system can also be sensitive to any ambient changes and air

movements that are transmitted to the jar through the overflow tube.
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Ideally, a simple connection that ensures no transmission of moment from the tube to the jar is required
to eliminate any instabilities associated with the readings. In practice it is difficult to completely
remove these instabilities in the measurements. Several attempts were made to overcome this physical
limitation and stabilize the system. These included replacing overflow tube by one made of a more
flexible material in the hope that a less rigid system would reduce the transmission of moments to the

overflow jar. This proved insufficient and the problem persisted.

In an attempt to minimize the contribution of external factors to the changes in readings, the overflow
tube leading to the overflow jar was fixed at two points to the glass inside of the case enclosure of the
balance. Once again, although some improvement was observed, it was insufficient to obtain reliable

readings.

This problem was finally resolved when a mass of sealing gum was pasted to the flexible tube segment
in the last segment of tube (Figure 4.10). This dampening mass was added to the lowest point of the
tube, before it looped back up to the overflow jar. This allowed maximizing the inertia of the tube
against rotation. On initial installation of the mass, several minutes were required for the system to

reach a state of equilibrium.

The resulting system was so effective at reducing the influence of the external environmental effects
that the readings remain stable even if the overflow tube is knuckled outside the balance enclosure.
Intentionally lifting the balance caused only temporarily change in the readings by a few thousandths of
a gram, before the readings reverted to the initial value in a few seconds. The electronic balance was
used for measurements only after it was verified that this level of reading stabilization could be

achieved.

4.4 Automation

The apparatus has been extensively automated to allow a greater flexibility in the types of tests that can
be performed. Indeed, although strictly not necessary for constant load tests, where the data could

easily be collected manually, automation proves to be helpful for constant volume or constant water
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content tests which require continuous monitoring of the volume and water content changes in order to
adjust the applied load or air pressure. Automation results in a smoother operation and more reliable

testing.

4.4.1 Instrumentation

The array of sensors used to monitor the state of the specimen during test consists of the following

components (Figure 4.11):
1. One LVDT to measure the vertical deformations.

2. Two load cells for the measurement of the torque. The distance separating the point of
application of the resisting forces measured by the two load cells is 152.4 mm (6”). The shear
resistance of the specimen is calculated from the torque measured by these load cells, and the

cross-sectional area of the specimen on the shear plane.
3. One pressure transducer to monitor the pressure of the air phase, and therefore the matric suction.

4. One rotational potentiometer to measure the angular displacement of the cell with respect to the
top platen. This device combined with the data acquisition system has a resolution of 0.3 degree

over the full range of 360 degrees.

5. One load cell connected to the loading arm of the ring shear device. The normal load acting on

the specimen is increased by a lever factor of 10:1 due to the moment arm.

6. One precise electronic balance (resolution of 0.001 g) to measure the water over flow from the

air trap, and thus facilitate the measurement of water content change of the specimen.

4.42 Pneumatic Control Systems

Two pneumatic systems are used to control both the applied air pressure corresponding to the matric

suction and the vertical net normal load acting on the specimen. The main components of the system
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are two computer controlled pressure regulators (Figure 4.12). In the case of the matric suction, the
pressure regulator directly controls the air pressure applied to the specimen. The air provided to the
specimen is first bubbled through water, after having passed through the regulator, to increase its
humidity such that it will not cause the desiccation of the specimen. A pressure transducer in the cell

cover measures the pressure actually applied to the specimen.

The second pressure regulator controls the air pressure that is supplied to a pneumatic actuator (Figure
4.13) that provides the normal load during shear. This actuator, with an internal piston diameter of
35 mm pulls on a rod connected to a lever arm, with a ratio of 10:1. It should be noted that the load
applied by the piston is measured by a load cell as it pulls on the lever arm. It is not calculated from
the applied air pressure. Also, because the applied cell pressure causes a net upward force on the top
cap, a correction to the applied normal force must be applied that corresponds to the cell pressure times

the cross-sectional area of the torque rod (Figure 4.1).

4.5 Compaction
4.5.1 Compaction Equipment

The production of compacted specimen for the ring shear apparatus has required the development of
specialized tools to ensure uniformity of the compaction over the entire span of the specimen. This
section provides the key details of this equipment. The first component of the compaction equipment is
the ring stack alignment ring (Figure 4.14). This thick aluminium ring is normally used to provide
alignment for the confining rings when placing them in the ring so that they will be perfectly centred.
It therefore has the same geometrical characteristics as a soil specimen, and can be used to compact the

soil.

In order to apply the compaction stress on the specimen, a compactor block was built that would fit
exactly on the alignment ring (Figure 4.15). The diameter of the block is 136.27 mm. The middle part
of the block is raised by a few millimetres in a circular area of 95.25 mm diameter (Figure 4.16) that

fits exactly inside the inner area of the compaction ring. This ensures that the compaction block is
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perfectly centred when applying the load to the compaction ring, and therefore the load will be

uniformly distributed over the specimen.

A rod of a diameter of 31.75 mm is attached to the compaction block, and goes through two alignment
beams tied to a triaxial loading frame, before connecting to a proving ring or a load cell at the other end
(Figure 4.17). The setup allows for measurement of the applied stress as well as ensuring proper

alignment of loading forces, so that a uniform compaction stress may be applied.

4.5.2 Specimen compaction procedure

The ring shear specimen is prepared in several layers by compacting each one to the desired
compaction stress. Care is taken to weigh the specimen before and after each layer has been compacted
so that any loss of water during the time interval of the compaction sequence can be taken into account.

The compaction load is applied until a stable load reading can be achieved with few corrections.

In order to ensure the proper alignment of the cell and the loading rod, the centre of the wide foot is
raised by a few millimetres with respect to the surface (Figure 4.16). This raised portion fits inside the
alignment ring's central hole, and centres the cell and specimen with respect to the loading rod. This

ensures that the load is applied on the specimen both vertically and without any eccentricity.

4.6 Types of Tests

The instrumentation and pneumatic control systems can be used in conjunction with a computer to run
four basic types of shear tests. These tests involve the measurement of the applied normal load and the
resulting volumetric changes and shear stresses as the specimen is sheared, as well as the applied air
pressure and the resulting water content changes. Two servo motor activated air pressure regulators
described above are used to automatically adjust the applied air phase pressure and net normal stress

acting on the specimen.
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4.6.1 Constant Load with Constant Suction (CLS) Tests.

In this type of test, both the net normal stress and the matric suction (i.e., the applied air pressure) are
maintained constant. Computer control is not necessarily required in this case since both pressure
regulators can be set at a constant predetermined value. This test corresponds to the conventional

consolidated drained (CD) tests.

The specimen volume changes are monitored on a continuous basis so that the density and void ratio of
the specimen can be determined accurately at any stage of the test. The water content of the specimen
can change during the shearing process in this test. It is therefore necessary to provide for precise

volume measurements to monitor the volume of water displaced to and from the specimen.

4.6.2 Constant Volume with Constant Suction (CVS) Tests.

In this test, the applied air pressure is maintained constant, but the normal load is modified on a

continuous basis so that the volume of the specimen remains constant.

Since the matric suction is maintained constant, the volume of water entering or leaving the specimen
must be continuously monitored to establish the relationship between matric suction and water content
of the specimen. As the volume of the specimen remains constant, the degree of saturation will be a

direct function of the water content.

4.6.3 Constant Load with Constant Water content (CLW) Tests.

In this test, both the applied normal stress and the water content of the specimen are maintained
constant throughout the shearing process. There is no restriction on the drainage of the air phase.
Since it is required to measure the applied matric suction, the drainage conduits remain open and the
constant water content is maintained using the null point technique. In this technique, any tendency of
the water to leave or enter the specimen is countered by changing the applied air pressure such that the
water content remains the same. A volume gauge must be attached to the overflow tube of the

flushing system to measure these volume change tendencies. The applied air pressure must be changed
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on a continuous basis to keep the specimen water content constant. The initial matric suction of the

specimen is also determined in this way before the shear test begins.

The normal load applied on the specimen must also be modified so that the net normal stress remains
unchanged. This is to accommodate the effect of unbalanced air pressure that acts as an upward force
on the cross-sectional area of the torque arm extension. In other words, the applied load should be

compensated to accommodate the change of air pressure in the specimen chamber.

During this type of test, the volume change of the specimen is monitored on a continuous basis. This

information is useful to determine the density and void ratio of the specimen at any time during the test.

4.6.4 Constant Volume with Constant Water Content (CVW) Tests.

In this test, both the applied air pressure and normal load must be modified on a continuous basis so
that neither the volume nor the water content of the specimen is allowed to change. In other words, the

degree of saturation and the water content of the specimen will be constant throughout the test.

The continuous control of both the air pressure and the normal load requires the constant monitoring of
the vertical deformation of the specimen to detect any tendency of the specimen to change volume.
Again, the water content change is monitored through the use of a volume gauge while an LVDT is
used to monitor the vertical deformations so that the volume may be measured and maintained at a

constant value.

4.6.5 Soil-Water Retention Curve (SWRC)

The ring shear test device can be used to determine the soil-water retention curve (SWRC) of a soil
specimen. An unsaturated soil specimen in the ring shear apparatus can be saturated by applying a
back pressure to the water phase. Once saturation of the specimen has been verified, the top platen and
cell cover are placed on top of the specimen. The matric suction is then increased at chosen intervals
and the water content is allowed to reach equilibrium before the next increment of matric suction is

applied. The amount of water leaving the specimen is carefully monitored at different values of matric
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suction at equilibrium conditions. The volume gauge connected to the flushing system can then be

used to monitor water content changes.

It is also possible to determine the SWRC while maintaining a normal load applied on the specimen to
investigate the effect of the applied stress on the SWRC. The ring shear device can also be used as an

instrument to determine the soil-water retention characteristics at any stage of the shearing process.

4.7 Summary

The modified ring simple shear device presented in this chapter is a useful and versatile one for the
study of the shear strength behaviour of unsaturated soils. It permits the determination of both the peak
and critical state shear strength envelopes, with respect to both the net normal stress and the matric

suction.

The constant volume tests for their part are also useful to study the changes in the SWRC that occur
during the shearing process. Indeed, since the SWRC is a function of the void ratio and fabric, the
ability to maintain a constant volume allows an understanding of the influence of the shearing process

on the relationship between water content and matric suction when the void ratio remains unchanged.

Shear tests have successfully been conducted under CLS and CVS conditions, and the device is also
capable of subjecting specimens to CLW and CVW conditions. The SWRC can also be obtained for a
single specimen under various conditions. Such conditions include subjecting the specimen to a
constant volume, or a constant net normal load. This can be done for specimens whether or not they
have been subjected to shear. Furthermore, a single specimen can be subjected to a multistage shearing
sequence and the SWRC obtained represents the end condition of each shearing stage. By using a
single specimen, the relationship between the degree of saturation and the matric suction represents the
SWRC of that single specimen after undergoing shear. The uniqueness of the specimen used to

generate a SWRC does not need to be assumed from test results on several specimens.
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In the following chapter, a procedure is described to correct the water content readings from the
acquired data by observing the breaks in the curve, to quantify the rate of air infiltration by the
combined effect of air diffusion and leakage. The corrections discussed, also include the identification
of the rate of moisture exchange between the specimen and the air in the cell through evaporation or

condensation.
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4.8 Figures
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Figure 4.1 Cross-section of the modified ring shear cell.
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Modified Ring Shear Celi

Figure 4.2

Base of the ring shear cell showing details of the flushing system.
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Figure 4.3 Base of the unsaturated ring shear cell with ce

ramic discs and inner confining ring stacks
in place.
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Figure 4.4 Dearing groove disposition under the ceramic discs.
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Figure 4.5 ~ Bottom platen of the modified ring shear test apparatus.
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Figure 4.6 Torque arm extension.
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Figure 4.7 Idealized schematic of the de-airing system, including the groove found below the
ceramic discs, and the tubes leading to the pump, and the air trap.
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Inflow

Figure 4.8 Schematic view of a simple gear pump.
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Figure 4.9 1 ml syringe used to reset the water level in the air trap, and provide confirmation reading
on the volume of removed air.
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Dampening
Mass

Figure 4.10  Close up view showing the dampening mass added to the lower part of the last segment
of the overflow tube.
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Figure 4.11 Instrumentation of the modified Ring Shear Test apparatus.
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Figure 4.12 Pressure regulators used to control the normal stress and applied air pressure.
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Figure 4.13  Actuator converting the air pressure into a normal force.
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Figure 4.14 Alignment ring.
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Figure 4.15 Compactor loading block and ring shear cell.
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Figure 4.16 View showing the uplifted central portion of the loading foot used to align the specimen
with the loading rod.
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Figure 4.17  Static compaction loading frame of a specimen.
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5 Experimental Results

5.1 Introduction

Several studies are reported in the literature for predicting the shear strength of unsaturated soils using
soil-water retention curve (SWRC) as a tool. However, recent studies have shown that water content
versus suction relationship during shearing stage can be significantly different from the SWRC
behaviour determined from conventional testing procedures [Vanapalli et al. (2003)]. This has an effect
on the equations that depend on the SWRC for the prediction of the shear strength of unsaturated soils
for these make no provisions for the changes to which the SWRC may be subjected during the loading
and shearing stages. This hydro-mechanical coupling also has an impact on the elasto-plastic models
that are developed to model the behaviour of unsaturated soils. In recent years models have been
proposed that include provisions for hydro-mechanical coupling [Vaunat et al. (2000), Gallipoli et al.
(2003), Wheeler et al. (2003), Chiu and Ng (2003)].

The experimental program presented in this thesis focussed on investigating the influence of the hydro-
mechanical coupling behaviour of unsaturated soils. There are only a few experimental studies that are
reported in the literature that provide evidence about the effect of hydro-mechanical coupling on the
shear strength behaviour of unsaturated soils [Tarantino and Tombolato (2005)]. In the present
program, a modified ring shear test apparatus equipped with accessories to precisely measure the
changes associated with the water content as well as the volumetric changes was used. The data of
water content and volume change along with stress state variables are required in providing the
necessary information towards better understanding the hydro-mechanical behaviour of unsaturated

soils. The modified ring shear apparatus also permits to subject the specimens to large deformations
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and hence suitable to determine the peak and ultimate shear strength of unsaturated soils. The
information collected using the modified ring shear apparatus in the present study should be useful in

providing new insights into the relationship between hydro-mechanical behaviour of unsaturated soils.

5.2 Soil Characterization

The soil used during the current investigation is Indian Head till. This is a glacial till obtained from the

province of Saskatchewan.

5.2.1 Conventional soil properties

The physical characteristics of the till as measured in the laboratory are as follows:

Liquid limit, w;: 32.5%
Plastic limit, w,: 17.%
Plasticity index, /p: 15.5%
Specific Gravity, G;: 2.71
Angle of Internal Friction, ¢" 26.3°
Effective cohesion, c" 10.61 kPa
Max unit weight (from Proctor’s curve): 18.0 kN/m®
Optimum moisture content: 14.40%

Figure 5.1 shows the grain size distribution of the soil studied in this research program (ASTM D422-
63). The particle size distribution above 0.075 mm (standard sieve #200) were determined using the
mass collected on a series of sieves. The particle distribution below 0.075 mm was determined using
the hydrometer test which uses the time required for the particles to settle at the bottom of a
sedimentation tube and a hydrometer (measuring the density of the water) to determine the particle size
distribution. The liquid limit and plastic limit values were obtained using the standard methods
described in ASTM D4318-05. Figure 5.2 shows the standard Proctor compaction curve developed
using the conventional procedure (ASTM D698). Also shown in the figure are the static compaction
curves obtained on the same soils specimens using static compaction stresses of 750 kPa and 375 kPa

respectively.
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5.2.2 Static Compaction

Static compaction tests were conducted on specimens at various water contents. The soil was prepared
by thoroughly mixing soil with an appropriate amount of water. The prepared soil was then placed into
sealed double bags and stored inside a humid chamber, to allow moisture to reach equilibrium
conditions over a period of no less than 24 hours. Twenty four hours before any specimen preparation,
the uniformity of the moisture content within the bag was verified by taking samples from different

location

Statically compacted specimens were prepared by placing the soil loosely in a compaction cylinder.
This compaction cylinder is a brass block with a cylindrical hole of 50 mm diameter. The bottom
segment of the compaction cylinder is made of the stainless steel oedometer ring, also of 50 mm
diameter, which contains the compacted specimen. The brass block is split vertically and the two
halves have a provision to be split open to release the oedometer ring. A set of four screws keeps the

two halves together during the process of compaction.

The soil is placed loosely into the compaction cylinder, filling it well over the height of the oedometer
ring. Then, a compaction ram is inserted into the cylinder, and a drill press is used to compact the
specimen (Figure 5.3). After completion of the compaction process, the compaction cylinder is opened
and the oedometer ring containing the specimen is retrieved. A straight edge is used to remove the
small amount of soil that may protrude from the oedometer ring. Using the mass of the specimen and

ring, the density can be computed by volume mass relationships.

Figure 5.4 shows the relationship between the applied load and vertical deformation. This relationship
was determined by using a load cell to measure the force transmitted to the soil specimen using the drill
press and a linear potentiometer to measure the vertical displacement of the ram. The area below the
force/deformation curve is equal to the work accomplished due to the process of static compaction on
the specimen. The applied stress of 375 kPa on the soil specimen at a water content of 15%
corresponds to a compaction energy of approximately 60 kJ/m’. This value was determined by

integrating the area under the curve. The maximum unit weight of the soil specimen was found to be
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approximately equal to 17 kN/m* under the applied static force (Figure 5.5). This is the peak unit
weight attained due the application of this compaction force. Some amount of rebound would be
observed on releasing the load. Typical compacted specimen unit weight was in the order of
16.2 kN/m’. The compaction stress of 375 kPa was maintained for 1 minute for all the specimens (i.e.,
in the preparation of testing the shear strength parameters both under saturated and unsaturated shear

conditions and the SWRC) in this research program.

5.2.3 Saturated shear strength

The modified ring shear apparatus has been used for determining both the saturated shear strength
parameters as well as for testing the soil under unsaturated conditions. The saturated shear strength
parameters were determined on specimens that have been compacted at a water content, w,, of 19%
under a static compaction stress of 375 kPa. Vanapalli et al. (1996), had observed when conducting
direct shear tests on the same soil that the saturated shear strength parameters showed essentially no

variation based on the compaction water contents.

After compaction, the specimen was allowed to imbibe water for a period of 24 hrs. Once saturated, as
verified by volume and mass relationships, the specimen was consolidated under a normal load of
150 kPa. Figure 5.6 shows a plot of the shear strength versus normal effective stress for a saturated
Indian Head till specimen tested under consolidated drained conditions in the modified ring shear cell,
at a deformation rate of 0.048 mm/min. For the tests results where a peak shear strength could be
expected under saturated conditions (initial stage of saturated tests or multistage unsaturated CLS
tests), the specimen shows no notable difference between the peak and residual shear strengths. It does
show, however a ¢’ parameter consistent with overconsolidation. The specimen should therefore be
considered slightly overconsolidated. Extensive testing of the contribution to the measured shear
resistance by friction from the confining ring systems have shown that their contribution is negligible

[Infante Sedano (1998)].
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5.2.4 SWRC

The SWRC of statically compacted specimens were determined at two different initial compaction
water contents, namely 15% and 19% as shown on Figure 5.2. The 50 mm diameter specimens were
compacted using the same method detailed in section 5.2.2. Figure 5.7 shows the SWRCs determined
on statically compacted specimens at two different initial water contents using a pressure plate
extractor. Each point shown on this curve is an average of three specimens. The SWRC curves have
been generated using two sets of specimen compacted at a water content of 15%, and one set of
specimens compacted at a water content of 19%. All specimens were then saturated by placing them
on filter paper and soaking in a water bath which allowed imbibation of water. A load of
approximately 2 kg was placed on top of the oedometer ring. This was to prevent the specimen from
swelling out of the oedometer ring during saturation. Full saturation conditions were ensured from
volume and mass relationships. Studies have show a time period of 48 hours sufficient for saturating

the specimens.

In total three sets of three specimens were prepared. One set was compacted with a water content of
19%, and the other two at a water content of 15%. The SWRC was determined immediately after
saturation for the specimens compacted at 19% water content, and for one set of specimens compacted
at a water content of 15%. The remainder set of specimens compacted with a water content of 15%
was subjected to a consolidation stress of 150 kPa after the saturation phase and prior to the initiation
of the SWRC test. This consolidation, which lasted 24 hrs and is similar to the stress history of the

specimens used in the modified ring shear apparatus prior to the shearing operation.

Figure 5.7 compares the three SWRC obtained from these tests. Each point on the graph represents the
average of the three specimens. Comparing the two SWRC curves obtained by conventional means,
without consolidation after compaction, it is apparent that the specimen compacted at a water content of
15% (dry of optimum) has a lower air entry value than the specimen compacted at a water content of
19% (wet of optimum). This is consistent with a flocculated structure that is to be expected of a

specimen compacted dry of optimum and the lower densities achieved for those specimens. After
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subjecting the specimens compacted at 15% to a consolidation stress equal to 150 kPa (while
saturated), the SWRC changes significantly. The resultant SWRC curve has a significantly higher air

entry value, and the curve lies higher than the curve from the specimens compacted wet of optimum.

5.3 Testing Program

The modified ring shear apparatus can be used for conducting four different types of shear strength
tests on unsaturated soils as discussed in the chapter 4. The different shear strength tests conducted and

are summarized below:
1) Constant Load and constant Suction (CLS)
2) Constant Volume and constant Suction (CVS)
3) Constant Load and constant Water content (CLW)
4) Constant Volume and constant Water content (CVW)

Air leakage is a significant parameter that must be taken into account when designing a device for
testing unsaturated soils behaviour [Wang and Benson (2003)]. Several trial studies were undertaken
to arrive at an optimal technique to reduce both the air and as well as water leakage in the design
modified ring shear apparatus. Much time was required to design, test and modify the equipment after
conducting several preliminary testing runs. A more ambitious research program that was originally
planned had to be shortened due to the loss of a significant amount of time in the development of the
equipment. For this reason, the testing program was limited to the tests summarized in Table 1. A
shear deformation of 20 mm was chosen as representative of the large deformations. This shear
deformation range is comparable to the large deformation ranges obtained in other devices such as the
triaxial device or the direct shear box with multiple reversals. A single stage CVS test was also

completed to verify the validity of using such shear rates.
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Table 1 Testing program

Test Id Test Conditions Shear Rate w, (u,-u,) (kPa)
(mm/min)
CLS-19-150-E3 Const. Load & 0.048 0,25,50,100,200,350
Const. Suction 19%
CVS-19-150-E3 Const. Volume & 0.048 0,25,50,100,200,250
Const. Suction 19%
CLS-15-150-E3 Const. Load & 0.048 0,25,50,100,150,250,400
Const. Suction 15%
CVS-15-150-E3 Const. Volume & 0.048 0,25,50,100,150,250,400
Const. Suction 15%
CVS-15-150-150-E5 Const. Volume & 0.022
Const. Suction 15% 150
(6-u,) (kPa)
CD-19-000-E3 Consolidated 0.048 25,50,150,200
Drained
(saturated) 19%

All constant load and constant suction, CLS, tests were conducted at a net normal stress, (G,— u,) of
150 kPa. The constant volume and constant suction, CVS, tests were consolidated in saturated
conditions under an applied normal stress of 150 kPa. The consolidated drained, CD, tests were
consolidated under an applied normal stress of 150 kPa, and conducted in saturated conditions. Table 1
provides a list of the test series conducted, the shear rate, the compaction water content, as well as the
various matric suction stages at which the specimen were tested. Conducting all CLS tests under the
same net normal stress, and consolidating all specimens to the same value of net normal stress allowed
to limit the number of independent factors affecting the measured shear strength, as well as volume and

water content changes.
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54 Specimen Preparation

All ring shear specimens were compacted in six layers. The thickness of each layer after compaction
was approximately equal to 3 mm. The soil was deposited in the annular chamber of the ring shear
device with a spoon, taking great care to make it as evenly distributed as possible. After initial
placement of each layer, the compaction ring was placed on top of the loose soil. This compactor ring
has similar dimensions to those of the specimen. It is used to transmit the load from the compactor ram
to the soil. The cell was then placed in the compactor frame which was used to apply a normal stress

of 375 kPa. The stress of 375 kPa was maintained for a duration of 1 minute for each layer.

After the compaction of each layer, the compaction stress was released, and the modified ring shear cell
removed from the compactor frame. The compactor ring, which rested on the specimen, was lifted, and
the surface of the specimen layer was thoroughly scarified. The next layer was deposited on top of the
scarified material and the compaction process repeated until the last layer was in place. The surface of

the final layer was not scarified.

Following the specimen preparation, the top platen was placed on the specimen, which was allowed to
draw water permeating through the ceramic discs of the bottom platen. For this purpose, a pressure of
about 20 kPa was applied to the water below the ceramic discs to accelerate the saturation process.
From preliminary studies it was observed that the surface of the specimen was thoroughly wet after an
interval of approximately 24 hours assuring the specimen was fully saturated. Volume/mass
relationships showed that the degree of saturation was unity after the saturation phase. The same
procedure had been used on the specimens used for conventional SWRC tests confirming that indeed
saturation was achieved. The dry unit weight of the soil specimen after saturation was approximately

equal to 16.2 kKN/m’.

5.5 Consolidation Phase

Once the specimen was saturated, the ring shear cell was placed onto the ring shear frame for the

consolidation stage. The soil specimens were then consolidated under a net normal stress of 150 kPa in
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both the CLS and CVS test series. Typically, the specimen was consolidated for a period no shorter
than 24 hrs. The unit weight of the specimens after the consolidation stage was approximately equal to

17.3 kN/m’.

5.6 Suction Increment Stage

Most of the tests conducted in the current experimental study are multi-stage tests conducted at various
matric suction values, (u, — u,), on the same specimen. The procedures detailed in Fredlund and
Rahardjo (1993) were followed for conducting these tests. The multistage tests were conducted by first
increasing the matric suction to a pre-determined value, then allowing the specimen to reach
equilibrium conditions under the applied suction value for a period of 24 hrs. The shearing of the
specimen was conducted at a rate of 0.048 mm/min for all specimens. After completion of the shearing
phase, the matric suction was increased once more and allowed to reach equilibrium conditions.
Several trial runs showed that a period of 24 hours was sufficient to reach equilibrium conditions after
an increase in matric suction value. Similar multistage testing had previously been conducted on
glacial till by researchers using the modified direct shear apparatus [Gan and Fredlund (1988),
Vanapalli et al. (1996)].

The CLS tests were conducted at a net normal stress, (6 — u,), of 150 kPa. The CVS tests were initially
consolidated under a normal stress of 150 kPa. An additional set of CD tests was conducted under
saturated conditions and sheared at various net normal stresses ranging from 25 kPa to 250 kPa (see
Table 1.1). This stress range encompassed the net normal stress used as the consolidation stress for all

unsaturated CVS and CLS tests.

5.6.1 Correcting for air infiltration.

In conventional testing of unsaturated soils, an instrument such as the diffused air indicator (DAVI)
presented by Fredlund (1975), is commonly used if the volume of diffused air is to be monitored. This
device allows the removal of air, but requires the prior isolation of the volume gauge from the

measurement system. The volume readings are therefore not affected by the flushing operation. The
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current experimental study also used a flushing system to remove diffused air bubbles from beneath the
ceramic discs. However, unlike conventional layouts, the current setup does not require a DAVI since

the volume of diffused air is determined from the changes in the readings of the water volume.

Typical water mass readings of such a suction increment phase are shown in Figure 5.8. These
readings were recorded automatically by a precise electronic balance with, a resolution of 0.001 g,
connected to the computer controlling the experiment. The characteristic features of the curve are the
sharp breaks at different time intervals. These breaks in the curve are caused by the removal of the air

bubbles.

During normal operation of the device, water expelled from the specimen flows through an overflow
tube into an overflow jar which rests on the balance as described in the chapter 4, on the Modified Ring
Shear Apparatus. A gear pump is used to periodically flush water beneath the ceramic stones on the
base platen of the cell. The flushing operation causes the air that was trapped beneath the ceramic discs
of the modified ring shear to collect at the apex of the air trap. The valve at the upper extremity of the
air trap is then opened, and the syringe connected to it is then used to remove the infiltrated air, and re-

establish the water level in the air trap to a fixed reference mark.

The removal of the accumulated air in this way results in a drop in the mass of water in the overflow
jar, and causes the drop in the water mass readings. The change in the reading of the water mass (and
corresponding volume) is equal to the volume of air removed from the system since water was drawn to
fill in the volume previously occupied by air. The rate of air infiltration in terms of mass of water (in
grams) displaced per unit time increment is obtained from the drop of the mass reading, AW (i.e., for
the time interval between two consecutive flushings) (Figure 5.9). The conversion of mass of water
into volume is based on a density of water of 0.9994 g/cm’ at the controlled laboratory temperature of
21°C. For the calculation of the gravimetric water content of the specimen, however, the volume

conversion is not necessary.
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An independent verification of the measured air volume is also obtained manually using the 1 ml
syringe that is used to draw the air from the air trap. Although the main purpose of this syringe is to
permit the readjustment of the water level in the air trap to a fixed reference level, the position of the
plunger can be used as a simple DAVI to obtain a volumetric reading from the syringe graduations
themselves. Although these volume readings are in the order of 0.01 ml (as compared to the 0.001 g
precision of the balance) they provide a direct measurement to verify the volume of infiltrated air that
was removed during the flushing operation. It should be noted, however, that a precision of 0.01 ml is
commonly used in conventional DAVI systems. All syringe and balance readings were compared and

found to be compatible within the accuracy of the syringe readings (0.01 ml).

Once the air infiltration rate is known, it is possible to correct the water content measurements. The
infiltration rate can be assumed to be constant during the time interval between successive flushings.
This assumption seems valid from the observation that once steady state has been reached, the
calculated rate of air infiltration tends to remain constant between successive flushing stages. The
assumption may not be valid shortly after the application of the higher air pressure (i.e. at the beginning
of the suction equilibrium stage) when relatively larger amounts of water flow across the ceramic discs
of the modified ring shear apparatus. This error is mitigated by the fact that larger volumes of water are
involved earlier in the suction increment stage, and therefore the relative magnitude of air infiltration

will be smaller.

Before applying any correction for air infiltration, the various broken segments caused by the flushing
operation are adjusted to produce a single continuous (i.e., unbroken) curve. This continuous readings
curve (Figure 5.10), represents the readings that would have been possible if no flushing were
performed, or if a diffused air indicator arrangement similar to the ones used by Bishop and Donald

(1961) or Fredlund (1975) had been used.

The generation of the continuous readings curve may be automated on a spreadsheet (Table 2) by
computing the rate of volume change between successive readings. The rate of water flow into the

overflow jar tends decrease to a low positive value when approaching equilibrium conditions after

120



Chapter 5: Experimental results

increasing the matric suction applied to a specimen. When flushing is performed, however, there is a
sudden drop in the water mass readings. This mechanism translates into a sudden drop in the rate of
water mass change, which becomes highly negative for the space of one reading and returns to earlier
values on subsequent readings. The rate of water mass change is compared to a threshold value using a
simple logical comparison formula. If the measured rate is more negative than this value, then the last
known “valid” rate is used as a substitute. This is equivalent to performing a linear extrapolation from

the last known mass reading value to the time of the reading following the flushing operation.

Table 2 Spreadsheet table for automated generation of the Continuous Readings Curve.
Time Since Beginning of Rate of Water  Adjusted Rate of Water Mass
Suction Stage Mass Change Change
(hr) (g/day) (g/day)
14:44 0.830 0.830
15:24 0.790 0.790

16:06 0.780 0.780

17:13 0.660 0.660

17:50 0.620 0.620
18:30 0.660 0.660
19:10 0.600 0.600
19:51 0.620 0.620
20:32 0.200 0.200

22:17 0.570 0.570
22:48 0.640 0.640

Figure 5.11 shows the rate of water mass changes as a function of time. The flushing phases are clearly

visible as two sharp downward spikes. These spikes correspond to the rows highlighted in grey in
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(Table 2). The corrected values are shown as data points which are more in agreement with the

neighbouring values.

The rate of mass of water change was computed by dividing the difference of two consecutive mass
readings by the difference of the corresponding time values (Amass/Atime). Another spreadsheet
column multiplies the corrected rate by the time interval to obtain the mass increment for a time
interval. The summation of the mass increments is equivalent to integrating the corrected rate column
and generates the continuous readings curve automatically. Visual inspection of the resulting
continuous readings curve confirms that the automatic corrections are satisfactory. From the
continuous readings curve, the air infiltration rate may be subtracted, as a linear function of time
between successive flushing stages (Figure 5.12). The specific rate computed at each flushing should
be used to correct the continuous readings curve for the time interval between two flushing’s since the

rate of air infiltration may vary between successive flushings.

5.6.2 Correcting for evaporation/condensation.

A non-horizontal slope may still be expected even after the correction for air diffusion. The slope may
present a downward trend as in Figure 5.13(a) or an upward trend as in Figure 5.13(a). The expected
outcome, however, is that the water mass readings would converge to a horizontal asymptote
corresponding to the readings after equilibrium has been reached at a new applied matric suction value.
A downward slope indicates that water is being removed from the closed system. Alternatively, the
curve can show an upward slope if water is added to the system. Water removal from the system is
attributed to evaporation. There are two potential sources of evaporation: the water loss to the air in the
pressurized chamber, and water lost to the air phase in the overflow jar. Romero (1999, 2001), and
Airo Farulla and Ferrari (2005), used a similar technique to correct for both the air diffusion and the
evaporation simultancously. Since the air diffusion occurs at a constant rate then both effects combine

linearly.

In early tests, evaporation in the pressurized cell was a predominant factor. This behaviour can be

attributed to limitations in the plugs used to close three holes left in the cell from earlier design
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requirements. This is supported by the observation of very slow continuous bubbling in the humidity
chamber during the tests. The humidity chamber is a sealed bottle partially filled with water through
which air is made to flow before entering the ring shear cell. The purpose of this chamber is to
humidify the incoming air and reduce the losses associated with evaporation. In later tests, attempts
were made to improve the quality of the plugs by sealing the three holes of the ring shear cell. Initially
plugs each using 2 O-rings were used to close the holes, but had proven inadequate to properly seal
them. When they were replaced with soft rubber conical plugs, evaporation rates dropped from 0.8
g/day to values below 0.1 g/day and bubbling was no longer observed in the humidity chamber. On

such instances, where a net condensation was observed, it was in the order of 0.05 g/day.

5.7 CLS Test Resuits

Figures 5.14 and 5.15 show the failure envelopes obtained for CLS tests conducted on specimens
compacted at water contents, w., of 15% and 19% respectively, and under a net normal stress of
150 kPa. These results were obtained using multistage testing procedures. As such, the results of shear
strength for matric suctions, greater than zero had already been previously sheared. Nonetheless, a
peak failure envelope diverging from the ultimate state envelope was formed (Figure 5.16). The peak
strength failure envelope shown in this figure is not the true peak since it was a multistage test. As
such the difference between peak and residual strength cannot be attributed to the destruction of the
fabric resulting from the compaction process. Such a destruction would have occurred in any of the
previous shearing stages, and indeed, under saturated conditions, when a true peak could be achieved,

the difference between peak strength and residual strength was negligible.

Figure 5.17 shows a typical stress versus deformation curve for a CLS test on Indian Head till under a
net normal stress of 150 kPa. Both the applied air pressure, u,, equal to the matric suction, (u,- u,),
when the water is maintained at atmospheric pressure, and the net normal stress, (G,— u,), are controlled
and maintained constant throughout the test. The plots show that the system adequately maintained
these two stress state variables at their intended values with minimal fluctuations throughout the testing

period.
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Figures 5.18 and 5.19 show two stress versus deformation curve relationships for specimens compacted
at water contents of 15% and 19% respectively. In all cases, the shear strength curves show that an
ultimate shear strength value has been reached and sustained for an extended range of shear
deformations. The maximum shear deformation for these tests was approximately equal to 20 mm for

each stage.

Critical state is defined as the state of a specimen which under continued shearing exhibits no further
change both with respect to shear strength and volume change behaviour. Figure 5.20 indicates that
this has largely been achieved in most cases after a shear deformation approaching 20 mm. A larger
shear deformation was required to reach critical state for the same specimen when sheared under lower
matric suctions. The specimen showed dilatant behaviour in the early stages of all shear tests for matric

suctions in excess of 50 kPa (Figure 5.20).

The soil behaviour was similar to that of normally consolidated clay at low suction values. However,
the soil behaviour is typical to that of an overconsolidated clay at higher suction values. This
behaviour suggests that contribution of matric suction to shear strength decreases during the shearing

stage. This suggests that a change in the SWRC relationship occurs during shearing stage.

Figure 5.21 shows a plot of the water mass readings as a function of time. The time range covered
includes the matric suction increment stage (from 25 to 50 kPa) and the shear stage. The two vertical
lines indicate the shearing period. The onset of shearing is clearly visible from this plot. This also
indicates that the shearing deformations have a distinct influence on the relationship between the water
content of the specimen and the matric suction. The plot of the rate of water mass readings rate change
as shown in Figure 5.22 provides a clear indication of the onset of the shearing process. This confirms
the influence of the shearing process on the SWRC, and can serve as an explanation of the
overconsolidated behaviour of the unsaturated soil specimen. If the matric suction contribution to the
average particle stress is transmitted through the water, then the degree of saturation of the specimen
will have an effect on the magnitude of this contribution. If the degree of saturation decreases at a

given suction, then the contribution of matric suction would correspondingly be reduced. As the water
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content is reduced during shearing stage, the degree of saturation would decrease unless the specimen
compresses sufficiently to cancel the influence of the change in water content, or even cause an

increase in the degree of saturation.

Figures 5.23 and 5.24 show plots of the water content, w, as a function of shear deformation, 9, for
specimens tested at various matric suctions. Figures 5.25 and 5.26 show the same data in terms of
water ratio, e,= w-G,= e-S. Within the shear deformation range of the test, most specimens exhibit an
apparent linear relationship between the deformation and the changes in water content. Such a
behaviour was however not noticed in the specimen tested at a matric suction of 25 kPa (Figure 5.23).
In this case, the initial slope is similar to that obtained at other matric suctions. However, after a shear
deformation of 3 mm, the slope becomes steeper. This is attributed to the combined effect of the
relatively low matric suction (and correspondingly higher initial degree of saturation) and the large
volumetric strains involved when shearing the specimen at that suction value. This combined effect
causes the specimen to approach saturation conditions. This increases the amount of water that must be
expelled and also causes volumetric strains resulting in water expulsion. Tarantino and Tombolato
(2005), also observed that Speswhite kaolin sheared at lower matric suction tended to approach

saturation during shearing.

It must be noted that the rate of water movement from the specimen remained apparently linear in all
other cases. This indicates that the critical state condition was not reached at the shear deformations

that were imposed.

This also implies that it is not sufficient to observe the shear strength and volumetric changes to
determine critical state in an unsaturated soil. Since the rate of water movement was apparently still
linear for different matric suction values tested, it can be assumed that still there is a significant amount
of water to be expelled at the end of the test. For this reason, to obtain a full understanding of the
conditions of the specimen at critical state, it must be ensured that all parameters that have an influence
on the critical state conditions such as the net normal stress, void ratio, matric suction and degree of

saturation should attain constant conditions. All these parameters are interdependent. The fraction of

125



Chapter 5: Experimental results

the matric suction that is transmitted to the soil particles depends on the degree of saturation which in
turn is a function of the water content and the void ratio. The void ratio at critical state itself depends
on the normal stresses acting on the soil particles, which is composed of the net normal stress and the
fraction of the matric suction transmitted to the particles, and therefore the degree of saturation.
Therefore, a complete expression of the critical state in unsaturated soils must be the state for which
under continued shear deformations, further increments in shear distortions will not result in any

change of void ratio, degree of saturation, net normal stress or matric suction.

Figure 5.27 provides a closer look in the phenomenon by plotting the change in water content from the
water content at the beginning of each shear test, Aw = w — w;,,. This helps to normalize the data by
having all curves have the same origin point, which allows the scale to be magnified so that the smaller
changes are more readily visible. While not entirely parallel, the curves at matric suctions greater than
25 kPa, do show slopes that vary within a relatively narrow band of values. Other than the curve at a
matric suction of 25 kPa there is no apparent dependence of the slope of the curve (i.e., rate) on the
matric suction. As it has already been observed, the dewatering rate was much greater at 25 kPa after a
shear deformation of 3 mm. This closely corresponds to the volumetric deformations shown in Figure
5.20 It confirms that the volumetric strain are the primary cause of the water movement at this low

matric suction value.

Figure 5.28 shows the relationship of the degree of saturation, S, with respect to shear deformation, 8.
These curves do not appear as linear as the plots of the gravimetric water content or water ratio. This is
to be expected however, since the degree of saturation, §, is a function of the void ratio, e, which

changes during the constant load shearing process, as illustrated in Figure 5.29.

The total water content change during the shearing stage is approximately in the range of 0.15% to
0.30% for CLS tests over a shear deformation range of 20 mm. These numbers are comparable in
magnitude to the absolute change in water content due to a matric suction increment which is typically

in the range from 0.3% to 1.3% for the suction increment stages reported in Table 1.
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5.8 CVS Test Results

Figures 5.30 and 5.31 show the failure envelopes obtained from CVS test results. Since these are
constant volume tests, the net normal stress is not constant. In other words, the net normal stress will be
continuously changing throughout the shearing process. Therefore, it is not possible to analyze the data
considering the full shear strength, since it does not represent a projection on a plane perpendicular to
the 7vs. (0,-u,) plane. For this reason, only the contribution of matric suction to the shear strength has

therefore been shown in these figures.

The principal objective of the constant volume tests is to examine the changes that occur during the
shearing process on the SWRC. If both the volume and the matric suction are maintained constant, any
change of the water content reflects a change of the SWRC for the relationship between the degree of
saturation and the matric suction is changing while the void ratio is not. If only the change in void ratio
affect the SWRC, then shearing at a constant void ratio would not be expected to cause changes in the
water content of the specimen. This would not be the case if the shearing process affects the SWRC
other than by global volumetric changes. In that case, even constant volume change would cause
distinctive changes in the relationship of water content and matric suction. The changes during CVS
tests, however, would be expected to be of a lower magnitude than those of the CLS tests since the
volume change would also contribute to the changes in SWRC. A series of constant volume ring shear
tests were therefore conducted to examine the effect of shearing on the SWRC when volumetric strains

are limited, therefore eliminating the effect of the volumetric changes.

Figure 5.32 shows the stress versus deformation relationship for specimens compacted at a water
content, w,, of 15% and consolidated under a net normal stress of 150 kPa under saturated conditions.
Unlike the curves generated for CLS tests, these are not generated under a constant net normal stress.
Figure 5.33 illustrates how the applied net normal stress is modified in order to maintain the volume
constant. Because the net normal stress is adjusted to maintain constant volume conditions, the shear

strength shown in these figures does not correspond directly to the shear strength shown in Figure 5.31.
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Figure 5.34 shows the vertical deformation as a function of shear deformation for CVS tests. The vast
majority of the data points fall within a narrow band of 0.001 mm in either direction of the initial
specimen height. This is shown as horizontal lines when the void ratio is plotted against the shear
deformation (Figure 5.35). These result§ suggest that the designed system was capable of maintaining

a constant volume during the tests.

Figure 5.36 shows a typical water mass reading as a function of time curve generated during a CVS
test. The onset of shear is marked by a sudden increase in the rate of water expelled from the specimen.
The onset of shear is equally well defined for CVS tests as it is for CLS tests. However, the rate of
water movement is not as large as it is in the case of the CLS tests. The initial void ratio of the CLS
test varied from 0.540 to 0.485, decreasing with increased matric suction, while the initial void ratio of
the CVS tests fluctuated between 0.505 and 0.495. When CLS and CVS test results are compared
(Figure 5.37) it can be seen that the CVS curves form a band with a slope roughly a third of the slope
from by the curves from the CLS tests. However, as in the case of CLS tests, all the curves remain
fairly linear throughout the shearing stage up to the maximum shear deformation value of 20 mm.
These results support the hypothesis that there is still a substantial amount of water to be expelled from
the specimen even once a shear deformation of 20 mm has been achieved, even without any change in

matric suction.

Given the larger volumetric deformations taking place in CLS tests, it was expected that the water
content changes should typically have higher values. This is indeed the case; however, the rates
observed in the CVS tests are still in the same order of magnitudes as those obtained in CLS tests.
Although the total amount of water expelled for any given deformation is smaller than in CLS tests, it
can still represent a significant fraction of the water expelled from the specimen due to the matric
suction increment alone. The dewatering curves of neither the CLS or the CVS test results show any
tendency towards horizontal asymptote. This behaviour suggests that a comparatively significant
amount of water could still be expected to be expelled from the specimen under shear, even without any

change in the matric suction.
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Although the dewatering rates appear generally linear, it is clear that they must eventually tend towards
a horizontal asymptote as the specimen contains only a finite amount of water. An additional CVS was
conducted at a deformation rate of 0.022 mm/sec and a shear deformation of 95 mm to verify the range
of shear deformations that would be required to achieve true critical state for an unsaturated Indian
Head till. Figure 5.38 shows how this test compares to another CVS tests conducted at the same matric
suction of 150 kPa. The time rate of water movement is lower in the case of the specimen tested at a
shear deformation rate of 0.022 mm/min. This is in accordance with previous observations that the
amount of water expelled from the specimen was linearly related to the shear deformation. When
comparing the same data in terms of water mass readings changes as a function of the shear
deformation (Figure 5.39), the results from this test are in good agreement with the other CVS test

results. The difference in shear rate did not cause measurable differences in the rate of dewatering.

The results from this CVS test also appear quasi linear within the range of shear deformations to which
previous CVS test had been subjected. This suggests that critical state has not been reached and that a
comparatively substantial amount of water must still be expelled from the specimen. Figure 5.40
shows that the curve does begin to curve visibly at larger deformations. Despite this, after
approximately 95 mm of shear deformations, still more water can be expected to be expelled from the
specimen. The amount of water expelled from the specimen due to the shearing process is comparable
to the water expelled between matric suction increments beyond a matric suction of 100 kPa. Since
shearing causes water movements comparable to the matric suction increments, potentially large errors
in the evaluation of the degree of saturation can be expected if the shear deformations imposed are not

sufficient to reach critical state.

5.9 Critical State

The critical state is used to uniquely relate the void ratio, and shear strength to the normal effective

stress for soils in saturated conditions. The critical state line can then be used as a tool for the
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prediction of the ultimate strength and void ratio of a soil at critical state if the normal effective stress is

known.

In unsaturated soils, however, two stress state variables must be taken into account: the net normal
stress, (0, — u,), and the matric suction, (i, — u,). Each of these stresses contributes towards the shear
strength of unsaturated soils. Figures 5.41 and 5.42 show that there is no unique relationship that

relates the ultimate shear strength to either the net normal stress or the matric suction alone.

Upon examination, the vertical alignment of points in Figure 5.41 is a result of the CLS test series.
Since the net normal stress is 150 kPa for all CLS tests, then all points are aligned vertically. In other
words, the contribution of the net normal stress is the same for all CLS data points. The matric suction
is different for each test stage, however, and since it does contribute to the shear strength of the soil, a
vertical line is formed. For these tests, the vertical distance of the shear strength from the shear
strength under saturated conditions (i.e. the lowest points on the vertical line) represents the
contribution of the matric suction to the shear strength. This contribution from matric suction can be
seen in Figure 5.42 where the shear strength of the CLS tests increases with an increase of matric

suction.

The relationship between the void ratio and the net normal stress is shown in Figures 5.43 and 5.44.
While there is no apparent relationship between the void ratio and the net normal stress, the plot of the
void ratio and the matric suction seems to provide a well defined linear relationship. This, however,
may be attributed in part to the limitations of testing program. Indeed, closer inspection reveals that the
CLS tests (the solid shapes) are responsible for the trend observed, while the open shapes representing
the CVS tests are scattered. Since the CLS tests were performed at a constant net normal stress, it is
reasonable to expect that for both series of tests, the matric suction would independently control the
void ratio. Interestingly, the two CLS series of tests overlap, suggesting that the initial compaction
water content had no significant influence on the ultimate global void ratio during the shearing stage.

This is in agreement with the results presented by Wheeler and Sivakumar (2000).
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Studies by various researchers [Ridley (1995), Tarantino and Tombolato (2005)] have shown that the
gravimetric water content, or its associated value, the water ratio e,, are well correlated to the critical
state of unsaturated soils. Both of these variables are plotted against matric suction in Figures 5.45 and
5.46. There is a clear linear trend in these plots on a logarithmic scale. These are well in agreement
with the previously reported behaviour of unsaturated soils [Ridley (1995), Tarantino and Tombolato
(2005)]. The test results indicate that both CVS and CLS tests follow the same trend line, and since no
constraint was placed on the movement of water during the experiment this relationship is not the result
of the testing procedure, but a real characteristic of the soil. When conducting tests under controlled
suction, this line is the critical state line (CSL) and is expressed in the water content, or water ratio,
versus matric suction space. If conducted under constant water content, the ultimate relationship
between water content and matric suction is called the continuously disturbed line (CDL). Ridley

(1995), observed that the CDL lied beneath the CSL but that they were both parallel.

The results obtained for both CLS and CVS tests from this study on Indian Head till suggest that very
large deformations are required during such tests in order to reach the true critical state conditions. Due
to time restrictions, only limited number of tests results were undertaken in this research program.
However, these results provide evidence suggesting that the CSL and the CDL might in fact be one and
the same, if sufficiently large deformations were applied to constant matric suction tests to truly reach
critical state. Furthermore, the specimen tested under both CLS and CVS conditions showed a similar
rate of water content change with respect to shear deformation. Since the rate of water movement with
respect to shear deformation was not dependent on matric suction, specimens sheared to the same
amount would be expected to lie equally far from the true CSL, thus resulting in an apparent CSL line
parallel to the real CSL line. From this terminology, the real CSL line would be the ultimate condition
to which the specimen would tend once equilibrium of shear strength, volume, degree of saturation
would have been achieved under sustained uniform shearing. To verify the hypothesis, that the CSL
and the CDL may in fact be one and the same, however, new series of shear tests would have to be
conducted under both CLS and CLW conditions at shear deformations well in excess of 100 mm for a

few different soils. Until then it remains a simple hypothesis.
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5.10 Average Skeleton Stress

The results from this study confirm observations from the earliest days of testing of unsaturated soils
that the shear strength is not a function of either the matric suction or the net normal stress alone.
Various relationships between those stress state variables are available from the literature in the
prediction models relating shear strength to both net normal stress and matric suction. Many of them
[Bishop (1959), Vanapalli et al. (1996), @berg & Sillfors (1997), Gallipoli et al. (2003)] use of the
degree of saturation to relate matric suction to the shear strength. As noted by Vanapalli et al. (1996)
the matric suction can only be transferred through the area of the water phase in contact with the soil
particles. This mechanism dictates that the degree of saturation be used as a factor to reduce the
contribution of the matric suction to the shear strength. While the degree of saturation can be used
directly as a multiplication factor on the matric suction for granular soils, it is often inadequate to
predict the shear strength contribution of fine grained soils. Different approaches have been proposed

to accommodate this contribution through the use of empirical fitting parameters.

Romero et al. (1999) and Romero and Vaunat (2000) observed that there is a particular water ratio, e,
called the microstructural water ratio which separates the regions of inter-aggregate porosity and that of
intra-aggregate porosity. Only the water in the inter-aggregate macropores contributes to the
mechanical behaviour of the soil, while the aggregates act as large individual soil particles. Romero
and Vaunat (2000) introduced a term called degree of saturation of the macro voids, S,y. This value
was defined for deformable clays. Indian Head till contains a significant fraction of clay, and it was

decided to see how this value would fit the experimental data. The variable S,y is defined as:

™ e— ew,,, [ . ]
Tarantino and Tombolato (2005) used this parameter to define mean skeleton stress, ¢," as:
ew_ewm
o-vllz(o-v_ua)+(ua_uw') [5'2]
e—e
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Figure 5.47 show the relationship between the shear strength and an average skeletal normal stress

defined strictly in terms of the degree of saturation:
o, '=(c,—u,)+(u,—u,)S [5.3]

The data points present a general trend despite some scatter. A relationship that would reduce this
scatter would be of value, however. Such a relationship is possible with the aid of macro voids degree
of saturation, S, It is necessary to evaluate the parameter microstructural water, e, in order to use the
macro voids degree of saturation, S,y. This value can be fitted to the shear strength data collected from
the tested specimen. For the Indian Head till tested in this study, the fitted value was found to be equal
0 0.275. |

Figure 5.48 shows the variation of shear strength with respect to average skeleton stress, G, generated
using the microstructural water value of e,,,=0.275. The data points show a better defined trend in
comparison to using simply the parameter degree of saturation, S. This supports the notion that the
water in the macro-voids plays a dominant role in the determination of the mechanical characteristics of

unsaturated soils [Romero and Vaunat (2000), Tarantino and Tombolato (2005)].

Figure 5.49 was generated using an average skeleton stress developed from the degree of saturation
raised to the power, k; using the model presented by Vanapalli et al. (1996). A qualitative observation
reveals that the scatter is very similar to the one observed in Figure 5.48. Both methods therefore seem
equally adequate at predicting the shear ultimate strength of this unsaturated glacial till. However, the
value of K was obtained from the chart relating x to the plasticity index [Vanapalli and Fredlund
(2000)]. This relationship was generated by associating a SWRC developed by conventional means to
the peak strength of a number of soils. Therefore, it would be more appropriate to back calculate a
value of K in a procedure similar to the one followed for determining, e,,. The fitting parameter, K
was found to be equal to 5.01 when using critical state data. Figure 5.50 shows the relationship

between the shear strength and the average skeleton stress determined using the prediction equation
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proposed by Vanapalli et al. (1996). This relationship shows well defined trend for the experimental

results presented in this study.

T=c'+(0,—u )tanp'+O"(u,—u )tang’ 5.4

5.11 Summary

The experimental program presented in this study has served to highlight the fact that the shearing
process influences the water content of a specimen beyond the effect of the imposed matric suction.
From Figure 5.37, it can be seen that a volume of water of similar magnitude is expelled from the
specimen sheared under constant volume as well as constant load conditions. Furthermore, Figure 5.39
shows that upon continued shearing a substantial amount of water can still be removed under constant
volume conditions. Given that both volume and matric suction remain constant under these conditions,
the relationship of the water content to the matric suction is being modified by the shearing process at

the same void ratio. From the detailed analysis of CLS and CVS tests it can be summarized that:
1) Volumetric strains have an important effect on changes in the SWRC of sheared specimens

2) The shearing process influence on the SWRC includes a component that is independent of the
volumetric strain. This is attributed to the changes in the distribution of void ratios occurring within

the specimen during shear.

The experimental program has also shown that although approximately 20 mm shear deformation is
large considering the available range in conventional testing devices, it is insufficient to reach true
critical state in some unsaturated soils, such as the tested Indian Head till. Shear deformations well in
excess of 100 mm may be required to reach critical state for fine-grained soils. Based on this
observation, it may be hypothesised that the CSL and CDL curves described by Ridley (1995), may in
fact be the same if the tests were conducted to large deformations. More experimental data is required

to substantiate or invalidate this hypothesis.
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5.12 Figures
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Figure 5.1 Grain size distribution of the Indian Head glacial till.
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Figure 5.2 Compaction curves of Indian Head glacial till. Proctor density is compared to static
compaction at compaction loads of 750 kPa, and 375 kPa respectively.
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Figure 5.3 Drill press used to statically compact an oedometer specimen.

137



Chapter 5: Experimental results

800 400
N 700 F 350 @
o
% 600 } 300 <
0 : 5 0
s 500 250 O
£ 5
5 400 f 200
B 300} £
] 150 fg
E 200 \ ; 100 E
O Q
0 0

0 2 4 6 8 10 12
Vertical Deformation (mm)

Figure 5.4 Compaction force applied to a 50 mm diameter oedometer specimen.
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Figure 5.5 Compaction energy curve for an Indian Head Till specimen compacted at a water
content of 15% under a vertical compaction stress of 375 kPa.
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Figure 5.6 Shear strength envelopes at large deformations of Indian Head glacial till compacted at a
water content of 19%.
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Figure 5.7 SWRC obtained from specimens compacted at two different water contents . Some
specimens were consolidated in saturated conditions under a net normal stress of
150 kPa. Each point represents the average of 3 samples.
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Figure 5.14  Failure envelope of an Indian Head till specimen sheared under CLS conditions. The
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Figure 5.15  Failure envelope of an Indian Head till specimen sheared under CLS conditions. The
compaction water content, w,., was 19% and the applied net normal stress was 150 kPa.
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CLS conditions under a net normal stress of 150 kPa.

150



Chapter 5: Experimental results

160 Y ¥ Y Y Y Y T T

B o AA&AA-&A,AAAAAAAA-AA A:AAAAAA‘

140 } (o, ‘ua}=15@ kPa --------- )
120 ‘ —

T,(0, - Uy), (g - u,) (kPa)
3

O 2 4 6 8 10 12 14 16 18 20
Horizontal Displacement, & (mm)
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(us— u,) from 25 kPa to 50 kPa). The two vertical lines indicate the shear period.
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Figure 5.23  Variation of the water content of a specimen, compacted at a water content, w., of 15%,
during CLS shear at various matric suctions (CLS).
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Figure 5.24  Variation of the water content of a specimen, compacted at a water content, w,, of 19%,
during CLS shear at various matric suctions.
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Figure 5.25  Variation of the water ratio, e,,, of a specimen, compacted at a water content, w,, of 15%,
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Figure 5.26  Variation of the water ratio, e,,, of a specimen, compacted at a water content, w, of 19%,
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Figure 5.27  Water content changes from water content at beginning of shear, Aw, for a specimen,
compacted at a water content, w., of 15%, and sheared in CLS conditions at various
matric suctions.
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Figure 5.28  Variation of the degree of saturation, S, of a specimen, compacted at a water content, w.,
of 15%, during CLS shear at various matric suctions.
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Figure 5.29  Varation of the void ratio for a specimen, compacted at a water content of 15%, and
sheared under CLS conditions at a net normal stress of 150 kPa.
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Figure 5.30  Failure envelope with respect to matric suction for specimens tested under CVS
conditions. The compaction water content ,w.,was 15%.
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Figure 5.31  Failure envelopes for a specimen of Indian Head till tested under CVS conditions. The
compaction water content, w,, was 19%.
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Figure 5.32  Stress-deformation curves for CVS shear tests on soils compacted at a water content, w,,
of 15%.
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Figure 5.33  Variation of the normal stress during CVS tests.
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Figure 5.34  Vertical deformation plots for till compacted at a water content of 15%, and sheared at a
constant normal stress of 150 kPa.

168



Chapter 5:

Experimental results

0.51 ' T '
| LLMAAAAA—A»AAAAAAMA»A&MA%
0.505 po—o : T O@—@ g cTrr
0.8 oo -
o
- L o M“"O -0’0"% me»mm m
* N 0 . L° |- N nAteha St RiAisOisni SR A SRR S S
= 0.495 N A -
o 049 b-oorreene e (uguy) = S0KkPa - - .
S | ! (ug-uy,) = 250 kPa -
0485 ““»_“”_”_”“% ««««««««« (U U ) 400 kPa e e |
0.48 |iso-annas o e o - oe 56 oo oo ae - @8 |
0.475 . . A
0 5 10 15 20
Shear Deformation, §, (mm)
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Figure 5.37 The change of water content for specimen compacted at a water content, wc, of 15%),
including CVS (multi-stage and single stage)and CLS tests. The suction values range

from 25 to 400 kPa, and the shear rate is either 0.022 mm/min or 0.048 mm/min.
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Figure 5.38  CVS tests on specimens tested at a matric suction, (u, — u,,), of 150 kPa.

172



Chapter 5:

Experimental results

-0.05
-0.1
-0.15
-0.2
-0.25
-0.3
-0.35
-0.4

Change in Water Readings, AW, (g)

CVS§,50,0.048 -a- |
CVS,250,0.048 -=- |

0 5 10 15 20
Shear Deformation, & (mm)

Figure 5.39 The change of water content for specimen compacted at a water content, wc, of 15%,
during CVS tests. The suction values range from 25 to 400 kPa, and the shear rate is
either 0.022 mm/min or 0.048 mm/min.
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Figure 5.43  Relationship between the void ratio and the net normal stress at ultimate conditions from
ring shear tests on unsaturated Indian Head till.
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Figure 544  Relationship of the void ratio to the matric suction at ultimate state conditions for ring
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Figure 545  Critical state line (CSL) relating gravimetric water content, w, to matric suction, (#,-u.,),
for Indian Head Till for single stage (SS) and multi-stage (MS) ring shear tests.
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Figure 546  Critical state line (CSL) relating water ratio, e,, to matric suction, (u,-u,), for Indian
Head Till for single stage (SS) and multi-stage (MS) ring shear tests.
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Figure 5.47  Shear strength of unsaturated Indian Head till plotted against an average skeleton stress
defined in terms of the degree of saturation, S.
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Shear strength of unsaturated Indian Head till plotted against an average skeleton stress
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Figure 549 Ultmate shear strength of unsaturated Indian Head till plotted against an average
skeleton stress defined in terms of the exponential degree of saturation, S*. Fitting
parameter, K is obtained from plasticity chart.
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6 SWRC and Shear Strength

6.1 Introduction

Shear strength and volume change form important engineering properties in the design of geotechnical
and geo-environmental structures such as earth dams, retaining walls, pavements, soil liners, and soil
covers. Many of these soil structures are typically in an unsaturated condition and often do not attain
fully saturated conditions during their design life period. Thus, the mechanical behaviour (i.e., shear
strength and volume change) of unsaturated soils is relevant in the design of several geotechnical and

geo-environmental structures.

The shear strength of an unsaturated soil can be determined using modified direct shear or triaxial shear
equipment. Experimental studies related to determination of the shear strength of unsaturated soils are
time consuming and require extensive laboratory facilities [Escario (1980), Escario and Jucé (1989),
Gan et al. (1988)]. In recent years, several semi-empirical procedures were proposed to predict the
shear strength of unsaturated soils [Vanapalli et al. (1996), Fredlund et al. (1996), Khalili and Khabbaz
(1998), Oberg and Sillfors (1997), Bao et al. (1998), Tekinsoy et al. (2004)]. The proposed prediction
procedures use the effective shear strength parameters (c', ¢') along with the SWRC data to predict the

shear strength of unsaturated soils.

The SWRCs are conventionally measured using Tempe cell or the pressure plate apparatus on specimen
sizes that are typically 50 mm in diameter and 20 mm in height. The volume change of the soil
specimen is not commonly measured while determining the SWRCs. In several cases, the shear
strength of an unsaturated soil is predicted using the SWRC measured without the application of any
loading. In other words, the SWRC is measured without taking into account the influence of loading

and the resulting volume change. The volume change with respect to soil suction is also ignored
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assuming it to be relatively small. From a practical perspective, the soil will be subjected to some
loading and there will be volume change both during the loading and as well as the shearing stage.
None of the procedures available in the literature have addressed the influence of volume change

behaviour on the prediction of the shear strength of unsaturated soils.

In this chapter, the influence of the shearing process on the shear strength will be investigated using test
data on two soils; soil test results obtained from the current study, as well as the data from test results
on Dhanauri clay presented by Satija (1978). The analysis presented in this chapter provides new

insight into the effect of shearing on the coupling of the hydro-mechanical properties of a soil.

6.2 Dhanauri Clay

Dhanauri clay is a naturally occurring transported soil from the banks of the Dhanauri River situated
about 7 km from Roorkee (U.P.), in India. The soil contains 5% sand, 70% silt and 25% clay size
particles. The plasticity index, I,, of the soil is 23.5%. The soil can be classified as silty clay with
medium to high plasticity. The effective shear strength parameters of statically compacted soil at an

initial density of 15.9 kN/m3 are: ¢’ =37.3 kPa and ¢’ = 28.5°.

The experimental program was undertaken using a standard triaxial shear strength testing equipment in
which a high atr-entry disk was used to allow water, but not air, to circulate at the base of the specimen.
The air pressure was applied at the top of the specimen through a coarse porous stone. Two fabric
discs, with excellent water repellent properties, but highly pervious to air were used to ensure that no
upwards migration of water from the specimen would take place [Satija (1978)]. A desired value of
matric suction was achieved in the initially saturated soil specimens of the triaxial shear equipment

using the axis translation technique.

The triaxial cell was pre-calibrated in order to determine the magnitude of the cell expansion and creep
characteristics when subjected to different levels of loading. Preliminary tests showed the necessity to
reinforce the cell circumferentially by pressure-wrapping a permanent glue coated wick cloth at three

locations along the height of the cell [Satija (1978)]. Volume measuring devices were used to monitor
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the volume of water entering and leaving the specimen from the triaxial cell with a precision of 0.05 cc.
This information was useful in the calculation of the water content, w and the degree of saturation, S of

the specimen both prior to determining the shear strength and at failure conditions of the test.

In the first approach the shear strength prediction is based on the information of the effective shear
strength parameters (c¢', ¢) and the SWRC. The information related to the soil-water retention (i.e.,
water content versus matric suction) data comes from different triaxial tests that were tested under a
common confining stress condition but subjected to desaturation by applying different values of suction
to the soil specimens. All the specimens satisfy the criteria of “identical” specimens (i.e., the initial
density and compaction water content are the same for all the specimens). The SWRC derived as
detailed in this first approach is referred as the pre-shear SWRC in the remainder of the chapter. This
procedure is different from the conventional technique of the measurement of SWRC using a single

specimen in Tempe cell or pressure plate apparatus, and is thus more uncertain.

In the second approach, the SWRC information is derived from shear strength data of triaxial tests at
failure conditions. In other words, in this approach, the derived SWRC information from the shear
strength test data takes account influence of volume change of the soil due to loading and shearing. The
SWRC derived as explained in this second approach in this section is referred as the post-shear SWRC

in the remainder of the chapter.

Comparisons are provided between the above two described approaches using the semi-empirical

prediction equation proposed by Vanapalli et al. (1996).

T=c'+(0'n—ua)-tan¢>'+(ua—uw)-(@")(tan¢>’) [6.1]
where:
c’ = effective cohesion
¢ = internal effective friction angle

187



Chapter 6: SWRC and Shear Strength

o, = total normal stress

u, = pore air pressure

U, = pore water pressure

O = normalized water content (i.e. degree of saturation)
K = a fitting parameter

For the purpose of analysis, comparisons will be provided between the measured and predicted values
of the component of shear strength contribution due to matric suction. Only the second part of the
equation, shown in Equation [6.2] is required for predicting the shear strength contribution due to

matric suction:

@K

T o= U, —u,) (tangp’) [6.2]

suctin ™~

Since the data presented by Satija was generated from triaxial tests with controlled confining pressure,
03, only the suction contribution to matric suction could be used to produce a failure envelope due to
matric suction. This is because in such tests the stress path is not orthogonal to the plane defined by
the shear stress, 7, and net normal stress, (0, — u,) variables. Such a stress path would therefore
intersect several net normal stress values. The suction contribution from matric suction must therefore

be isolated in such cases for appropriate comparisons. See Appendix C for a detailed explanation.

The experimental setup facilitated to control matric suction, (1, — u,,} in the soil specimen at all stages
of testing. Since the information of both matric suction, (u, — u,) and degree of saturation, S both at
pre-shear and at failure conditions (i.e., post-shear) was available, the SWRC information related to
pre-shear and post-shear conditions were derived as detailed earlier. This information was useful to
study the influence of volume change behaviour on the prediction of the shear strength of the tested

Dhanauri clay.
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The plasticity index, I, of the tested soil, Dhanauri clay was equal to 23.5% and therefore, a x
parameter of 2.48 was used from the x versus plasticity index, I, relationship [Vanapalli and Fredlund,
(2000)] (Figure 6.1) for predicting the shear strength contribution with respect to matric suction using
Equation [6.2]. The same value of xwas used for predicting the shear strength using both pre-shear

and post-shear SWRCs.

The properties of Dhanauri clay are summarized as follows:

Plasticity index, I, 23.5%
Fitting parameter, K 2.48
Effective friction angle, ¢' 28.5°
Cohesion, ¢’ 37.3 kPa

Figure 6.2 shows the derived SWRCs for the pre-shear and post-shear (i.e., at failure) conditions.
Figure 6.3 shows the variation of the predicted shear strength with respect to matric suction using
Equation [6.2]. The measured shear strength values are shown as symbols in Figure 6.3, while the
predicted values are shown as continuous curves. There is a reasonable agreement between the
measured and predicted values of shear strength for the low matric suction range using both the pre-
shear and post-shear SWRCs. However, the predicted values begin to diverge at higher values of
matric suction. The curvature of the predicted shear strength function using the post-shear SWRC
appears to follow more closely the apparent curvature of the measured shear strength values. This
behaviour suggests that the influence of volume change characteristics on the prediction of shear
strength may be negligible in the range of suction values tested (i.e., O to 400 kPa). Significant
differences can be observed in predicted shear strength values when a large suction range (i.e., O to

1,500 kPa) is considered using both the approaches (Figure 6.4).

Figure 6.5 shows the derived pre-shear and post-shear SWRC data for Dhanauri clay tested under a net
confining pressure of 386 kPa. The predicted and measured values of shear strengths are shown in
Figure 6.6 (in the range of 0 to 500 kPa) and in Figure 6.7 (in the range of 0 to 1,500 kPa). Similar to

the observations made for Figure 6.3, there is, globally, a reasonably good comparison in the lower
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suction range, although one point at a matric suction of 50 kPa lies markedly away from both
prediction curves. In the absence of more data in the viccinity of a matric suction of 50 kPa, the nature
of the outlying point cannot be determined. However, significant differences can be observed between
the predicted shear strength values using the pre-shear and post-shear SWRC. As the experimental
results are not available for the high suction range (i.e., greater than 400 kPa), it is difficult to comment
on the relative accuracy of the predicted shear strength behaviour in the high suction range. The
extrapolation of the variation of the shear strength with respect to matric suction was done to illustrate

how the variations between the pre-shear and post shear SWRC ultimately affect the prediction results.

The analysis of shear strength undertaken on Dhanauri compacted clay suggests that the SWRC
determined at a density and compaction water content consistent with the soil's original pre-shear
condition may not be representative of the soil-water retentions once it is subjected to loading and

shearing.

The degree of saturation of post-shear SWRC is higher in the suction range of 0 to 200 kPa. This
behaviour suggests that the specimens consolidated (i.e., volume decrease) during the shearing stage.
However, when the specimens were subjected to shearing at higher suction values, the soil specimens
exhibit relatively higher desaturation characteristics. This behaviour can be attributed to dilation (i.e.,
volume increase) of the specimen during the shearing stage which suggests that at higher matric
suctions the specimen behave as an over consolidated soil. This is consistent with the observations of
Chapter 5 on the results from Indian Head till. Due to this reason, the shear strength prediction using
the post-shear SWRC is slightly higher in comparison to shear strength prediction using the pre-shear
SWRC the low suction range. However, in the high suction range, typically pre-shear SWRC predict

higher shear strength values.

6.3 Indian Head Till

Shear strength results obtained from modified ring shear tests on an unsaturated glacial tll are
presented and analysed using Equation 6.2 in this section. The SWRC measured using conventional

testing procedures are used in the analysis. The pre-stage shear and post-stage shear degree of
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saturation and suction obtained from the test data correspond more closely to a true SWRC since the
tests were conducted as multi-stage tests. Since a single specimen was used for each SWRC, there is
no need to assume that different specimens are identical. The terms pre-stage shear, and post-stage
shear are used instead of pre-shear and post-shear because the analysis is based on multi-stage tests. In
these tests once a shear plane has formed true pre-shear conditions are not known. For this reason, there
will be a distinction between the pre-stage shear and post-stage shear conditions. In addition, as
discussed in Chapter 5, a clear change in water regime occurs at the onset of shearing at each stage of

multi-stage testing.

Figure 6.8 shows three SWRC determined on specimens compacted under a static stress of 150 kPa, at
a compaction water contents, w,, of either 15% or 19%. Each curve is an average value of test results
undertaken on three specimens. After compaction, all specimens were saturated by placing them on a
filter paper resting on a porous stone that was soaked with water. The water level was slightly below
the surface of the stone to avoid washing away soil particles when handling the specimen. A flat board
loaded with weights was placed on top of the oedometer ring containing the specimen to prevent
swelling. After a period of 48 hours, the specimens mass was determined to calculate the degree of
saturation. After assuring full saturation conditions of the specimen, one set of specimen compacted at
w. 15%, was then consolidated under a normal load of 150 kPa for a duration of twenty four hours.
This procedure was followed to simulate the stress history, prior to shearing of the specimens used in
the modified ring shear apparatus. Each SWRC data point presented is an average value obtained from
three specimens prepared and tested under “identical” conditions. More details of the testing procedure

are presented in section 5.2.4.

Figure 6.9 shows the SWRCs generated from the suction and degree of saturation data obtained

experimentally from the modified ring shear apparatus on Indian Head till compacted at a compaction
water content, w,, of 15% and 19%. These curves are also compared to the SWRC obtained by
conventional means on the same soil on specimens prepared at compaction water contents of 15% and
19%. Each of the ring shear curves was generated from a single specimen sheared at different matric

suctions during multistage tests. The best-fit line was computed through a non-linear least squares
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analysis using the equation presented by Fredlund and Xing (1994). Since a single specimen was used,
this line is representative of the SWRC of that particular specimen. In order to properly fit the data
through that range, it was necessary to use a maximum degree of saturation lower than 100% (i.e., for
degree of saturation values in the range of 85% to 94%). This corresponds to a SWRC with entraped

air.

When modelling the SWRC, it is common practice to use the apparent SWRC. The apparent SWRC is
a curve which always shows a degree of saturation of 100% when the matric suction value is 0 kPa. It
is representative of the SWRC as it exists in the soil outside the pockets of entrapped air, where the
degree of saturation is higher, reaching 100% when the suction drops to 0. To achieve this, the degree
of saturation at any point on the curve is linearly stretched by dividing it by the maximum degree of
saturation so that the curve effectively reaches saturation at O kPa. The apparent SWRC curves are
shown in Figure 6.10. The most notable feature is that all data of the sheared specimen lie along an
approximately unique SWRC, whether they were compacted dry or wet of optimum, and sheared under
constant load or constant volume conditions. Furthermore, this curve shows a higher degree of
saturation for any given matric suction than even the SWRC measured by conventional means on a

consolidated specimen.

Figure 6.11 Shows the pre-shear and post-shear SWRC of each stage. Both curves are almost identical.
Such similar curves can be expected given the multi-stage nature of the experimental program. If the
SWRC shown in Figure 6.10 has already been reached in earlier stages of shear, little variations are to

be expected. There is no longer any significant fabric left to be disturbed at that stage.

Figures 6.12 and 6.13 show the variation of the shear strength with respect to matric suction obtained
by using the SWRC shown in Figure 6.8 for a x of 2.2 (obtained from Figure 6.1) and x of 5.01 (fitted
from data at large deformations), respectively. Equation 6.1 was used in the fitting of the x value. The
average Kk value from the experimental data was found to be equal to 5.01. The value of 2.2 is expected
to fit the peak shear strength values with the conventional SWRC. The value of 5.01 is expected to

provide a better fit to the ultimate state data using the SWRC generated from the shear strength test
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results since these were used in calculating the x parameter value. In the analysis of the results only the

ultimate shear strength data from the multi-stage shear strength has been used.

Figures 6.14 and 6.15 show the failure envelopes generated with x=2.2 and x=5.01, respectively,
plotted against the failure envelopes of specimens tested under CLS conditions. The specimens were
compacted at a water content, w,, equal to 15%. The SWRC derived from the consolidated specimens
matches closely the SWRC from the shear strength test data. Both SWRC closely match the
experimental data at the lower suction levels but diverge at higher matric suctions when using x=2.2.
The curve generated using the SWRC that had been generated from the specimen generated in a
standard manner, with the same compaction and saturation procedure as the modified ring shear
specimens but without the consolidation, shows the most pronounced divergence with the experimental

data.

When using x=5.01, there is a much closer agreement between the predicted values of shear strength
from the SWRC obtained from consolidated specimens. The non-consolidated SWRC is even more
divergent when using a value of x=5.01 than using a value of x=2.20. The shape of the curve
generated from the 15% consolidated conventional SWRC test specimens is the one that most closely
matches the general trend of the data. The fact that the water content of the sheared specimens had not
been stabilized by the end of the shearing phase, could account for a low accuracy of the lower SWRC
generated from the sheared specimens. Figures 6.16 and 6.17 show similar trends for the specimen
compacted at w=19% using x=2.2 and x=5.01, respectively, as those observed for the specimen
compacted at w,=15%. Only the SWRC obtained from conventional methods was available in this
case. The divergence from the low suction values is even greater in this case, however when using &

=5.01.

Figures 6.18 and 6.19 show the shear strength contribution of matric suction as a function of the matric
suction, as predicted using the conventional SWRC from specimen compacted at w.=15%, as well as
from the specimen sheared in CVS conditions. Comparisons are provided only for the shear strength

contribution due to the matric suction component since the net normal stress on the plane of failure
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changed in order to maintain constant volume conditions. Using a value of x=2.2 did not provide a
good fit to the measured data. However, even with a value of 5.01, the predictions using the
conventional SWRC with consolidation as well as those generated from shearing data tend to
overestimate the shear strength. They provide a better correlation to the data at the lower suction
values, within the range where the data still plots closely to the tan ¢ line (the failure envelope of the
saturated soil). The air entry values appears to be at 50 kPa for the CVS tests as opposed to 100 kPa for
the CLS tests.

Figure 6.20 and Figure 6.21 show the predicted and measured shear strength of a specimen compacted
at a water content w=19% and sheared under CVS conditions. It should be noted that while the
volume was controlled during the shearing stages, the net normal stress was reset to 150 kPa between
the suction stages. As such, volume changes did occur between the shearing stages while in the case of
CVS specimen compacted at a water content of 15% the volume was controlled even between the
suction changes. As such the CVS tests of the specimen compacted at w, =15% represent a true
constant volume envelope, while the CVS tests of the specimen compacted at we=19% presents CVS
shear test results, but within a consolidated inter-stage condition. The failure envelope therefore more

closesly resembles the CLS envelope.

For all test series analysed, using the x of 5.01 proved to be a much better fit than using a x of 2.20.
This is to be expected since x=5.01 was fitted tothe current data set, and x=2.20 was obtained from the
peak strength of tested specimens. It can be observed, however that the predictions using x=5.01
produce curves that quickly diverge from the saturated ¢ envelope (which represents the upper
boundary shear strength for unsaturated soils, attained only while the specimen is still tension-
saturated). This can be attributed to a low estimation of the degree of saturation from the experimental
data. As previously noted, the SWRC obtained from the shear strength test data tended towards
maximum values in the range of degree of saturation from 85% to 94%. The apparent degree of

saturation may therefore be more representative of the degree of saturation in the shear zone.
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Using the apparent SWRC, a fitting parameter X = 7.25 was obtained that could fit reasonably well the
CLS envelopes for specimens compacted both at wet and dry of optimum (Figures 6.22 and 6.23) as
well as for the CVS at w, = 19% (Figure 6.24) for which, as it has been commented before, the net
normal stress was maintained at 150 kPa for each suction increment and constant volume control was
only provided during the shearing phases. In all these cases, volume changes due to consolidation were
observed during each suction increment. It can also be noted from Figure 6.22 that using the SWRC
with a value of K=15.01 yields a prediction curve that also closely matches the prediction using the
apparent SWRC curve from sheared specimens. The difference in the magnitude of the x parameter
between the curves using the apparent degree of saturation of the sheared specimens and the SWRC
from the pressure plate apparatus on consolidated specimens reflects the fact that the apparent SWRC
from sheared specimens retains a degree of saturation close to unity for higher matric suction than the
consolidated conventional SWRC. Therefore, despite a higher exponent, the degree of saturation can
remain close to unity (and the computed failure envelope remains close to @) for higher values of k.
The high values of x however, allows the curve the reapidly diverge from ¢’ as soon as the degree of
saturation decreases a little, thus matching the relatively horizontal failure envelope obtained from the

measured shear strength after a matric suction of about 100 to 150 kPa has been reached.

The same value of the fitting parameter, however cannot be used to succesfully predict the shear
strength of the CVS test on the specimen tested at w.=15% (Figure 6.25). In the case of this specimen,
the void ratio was maintained constant even between suction increment stages. This failure envelope
therefore corresponds to a single void ratio. Although no discernible difference can be seen between
the apparent sheared SWRC from this specimen and he others (Figure 6.10), a significant difference
exists between the predicted and the measured shear strength using ¥=7.25. In order to obtain a better
fit, a value of x=12.3 must be used. It should be noted that using a k=8.2 with the SWRC obtained by
conventional means but having been subjected to a consolidation equal to the initial consolidation
pressure of the sheared specimen (150 kPa) also provides a reasonable fit to the observed shear
strength. No value of x could be found that would allow a good fit of the observed data using the

SWRC obtained by conventional means using the same compaction procedure as the sheared specimen
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but without undergoing an equivalent saturated consolidation stage under a normal stress of 150 kPa.
Similarly, no value of ¥ could be found to adequately fit the data using the observed degree of

saturation of the specimens without correction for entrapped air (by using the apparent SWRC).

This confirms that the selection of a proper SWRC is of critical importance when deciding on a model
to predict the shear strength of unsaturated soils. A more extensive experimental program is required
to provide more general observations on the validity of the use of the conventional SWRC obtained by
conventional means but having subjected the specimens to consolidation as well as the use of the
apparent SWRC obtained from the sheared specimens. The markedly different value of x obtained
from the specimen tested under a controlled void ratio for all matric suctions suggests that ¥ may not
only be dependent on the soil type but also on the void ratio of any given soil. More data is required to

explore this hypothesis.

6.4 Summary

From the observation of this chapter it can be concluded that:

1) The choice of SWRC will have a marked influence on the prediction of the shear strength of

unsaturated soils.

2) The SWRC obtained by conventional means can be substantially different from the SWRC obtained
from the characteristics of a sheared specimen. In particular, the maximum degree of saturation of
the SWRC generated from shear data is lower than 100%, suggesting that entrapment of air occurs

during the shearing process.

3) Subjecting the SWRC specimens to a stress history comparable to the stress history of the test

specimens before the shearing process can markedly improve the quality of the prediction.

4) The apparent SWRC obtained from sheared specimens provide a better fit to the shear strength of

Indian Head till at large deformations, both at low and at high matric suctions.
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6.5 Figures
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Figure 6.1 Fitting parameter x versus plasticity index, I, [from Vanapalli and Fredlund, (2000)}.
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Figure 6.3 Measured and predicted shear strength of Dhanauri clay for a suction range of 0 to 400
kPa and a net confining pressure of 96kPa.
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Figure 6.4 Measured and predicted shear strength of Dhanauri clay for a net confining pressure of
96 kPa.
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Figure 6.6 Measured and predicted shear strength of Dhanauri clay for a suction range of 0 to 400
kPa and a net confining pressure of 386kPa
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Figure 6.7 Measured and predicted shear strength of Dhanauri clay for a net confining pressure of
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Figure 6.9 SWRC from the sheared specimen compacted at water contents,w., of 19% and 15%
compared to the consolidated (C) and non-consolidated (NC) SWRC obtained by
conventional means on specimens compacted at a water content of 15% and 19% (NC
only). The ring shear specimen and consolidated SWRC specimen were consolidated
under a vertical stress of 150 kPa.
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chart, and using conventional SWRC curves.
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Figure 6.14  Prediction of CLS shear strength of Indian Head till, using conventional SWRC from
consolidated (C) and non-consolidated (NC) specimens and using the SWRC generated
from post-shear data of a ring shear specimen compacted at a water content, w,, of 15%.
This prediction uses a x=2.2 from the plasticity chart.
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Figure 6.17  Prediction of CLS shear strength of Indian Head till, using conventional SWRC from
non-consolidated (NC) specimens and using the SWRC generated from post-shear data
of a ring shear specimen compacted at a water content, w,, of 19%. This prediction uses
a k=5.01 fitted from shear strength at large deformations.
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Figure 6.18 Prediction of the contribution of matric suction to the CVS shear strength of Indian
Head till, using conventional SWRC from consolidated (C) and non-consolidated (NC)
specimens and the SWRC generated from post-shear data of a ring shear specimen
compacted at a water content, w., of 15%. This prediction uses a x=2.2 from the
plasticity chart.
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Prediction of the contribution of matric suction to the CVS shear strength of Indian
Head till, using conventional SWRC from consolidated (C) and non-consolidated (NC)
specimens and the SWRC generated from post-shear data of a ring shear specimen
compacted at a water content, w., of 15%. This prediction uses a x=5.01 fitted from
shear strength at large deformations.
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Figure 6.20 Prediction of the contribution of matric suction to the CVS shear strength of Indian
Head till, using conventional SWRC and the SWRC generated from post-shear data of a
ring shear specimen compacted at a water content, w,, of 19%. This prediction uses a
k=2.2 from the plasticity chart.
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x=5.01 fitted from shear strength at large deformations.
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Figure 6.22  Prediction of the contribution of matric suction to the CLS shear strength of Indian Head
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specimens, and the apparent SWRC generated from post-shear data of a ring shear
specimen compacted at a water content, w,, of 15%.
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Figure 6.23  Prediction of the contribution of matric suction to the CLS shear strength of Indian Head
till, using conventional SWRC and the apparent SWRC generated from post-shear data
of a ring shear specimen compacted at a water content, w,, of 19%.
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Figure 6.24  Prediction of the contribution of matric suction to the CVS shear strength of Indian
Head till, using conventional SWRC and the apparent SWRC generated from post-shear
data of a ring shear specimen compacted at a water content, w,, of 19%.
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Figure 6.25  Prediction of the contribution of matric suction to the CVS shear strength of Indian
Head till, using conventional SWRC and the apparent SWRC generated from post-shear
data of a ring shear specimen compacted at a water content, w,, of 15%.
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7 Summary and Conclusions

7.1 Summary

Conventional testing equipment of saturated soils are not suitable to study the hydro-mechanical
properties of unsaturated soils. It as therefore necessary design and build laboratory equipment that can
be used to properly take into account the hydro-mechanical properties of unsaturated soils. To achieve
this objective, a conventional ring shear apparatus was modified for testing of unsaturated soils, with
matric suction control, and specimen water volume monitoring capabilities. Using this device,
unsaturated soil specimens can be subjected to arbitrarily large deformations, thus permitting the study

of the critical state of unsaturated soils.

Using this modified ring shear device, it is possible to determine both the peak (in single stage tests)
and critical state shear strength envelopes, with respect to both the net normal stress and the matric
suction. The device is also capable of subjecting specimens to various shearing conditions, namely:
Constant Load and constant Suction (CLS), Constant Volume and constant Suction (CVS), Constant

Load and constant Water content (CLW) and Constant Volume and constant Water content (CVW).

Furthermore, the modified ring shear apparatus can also be used to determine the soil-water retention
curve (SWRC) can also be obtained for a single specimen under various conditions. Such conditions
include subjecting the specimen to a constant volume, or a constant net normal load. This can be done
for specimens that have been subjected to shear as well as specimens that have been simply compacted
and consolidated. In addition, a single specimen can be subjected to a multistage shearing sequence

and the equivalent SWRC obtained represents the end condition of each shearing stage.
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In addition to the shear strength and volumetric properties, the study of unsaturated soils requires the
precise monitoring of the changes in specimen water volume. To obtain reliable measurements,
however, proper corrections must be applied to account for air diffusion and evaporation (Romero,
1999, 2001; Airo Farulla and Ferrari, 2005). In the current study, a procedure has been outlined to
correct the water content readings from the water volume data acquired using an electronic balance
connected to the modified ring shear apparatus. Using this data, it is possible to quantify the rate of air
infiltration by the combined effect of air diffusion and leakage. The corrections discussed, also
included the identification of the rate of moisture exchange between the specimen and the air in the cell

through evaporation or condensation.

The investigation program has also included the development of a precise device that combines the
volume gauge and the de-airing unit. Such a device can provide precise volumetric data from which
both the specimen water content and the diffused air volume may be calculated. The volumetric data is
subjected to the same corrections as the readings from the electronic balance used with the ring shear
apparatus. It can be used in conjunction with any device that utilizes the axis-translation technique to
obtain precise measurements (0.007 ml) of the volumetric changes of the specimen. Greater precision

may be achieved by using an inner tube with a finer bore.

Finally, the research program has also included the development of a simple, yet precise pressure gauge
that can be used in conjunction with devices that utilize the axis-translation technique. This pressure
gauge is reliable, inexpensive, robust, and can be easily be constructed and upgraded if greater
precision is required. Its operational characteristics make it well suited for axis-translation applications
since for a given gauge tube length, it provides greater precision at lower values of applied pressures

(1.e. matric suction), than at the higher values where lower precisions can be tolerated.

7.2 Conclusions

The key conclusions from the testing of Indian Head till using the modified ring shear apparatus are:
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1. The rate of change of water content of the CVS tests, although lower than the CLS test, was in
the same order of magnitude (0.1 to 0.15 ml as opposed to 0.3 ml for a shear deformation of
approximately 20 mm). This behaviour was also clearly identifiable from the plots of water
movement with time, while the specimen volume remained constant during the test. Such a
behaviour suggests that shearing also affects the SWRC of the soil by means other than the
volumetric strain. In particular, this suggests that the distribution of voids is affected by the

shearing process.

2. The changes in the water content of the specimen with respect to shear deformation, in both
CLS and CVS tests, can vary almost linearly for strain deformations that are considered to be
large in the context of the modified triaxial and direct shear testing equipment. The 20 mm
shear deformations imposed on most tests of the testing program represents a significant shear
deformation for a 20 mm tall specimen such as those that were used in the tests of this research
program. The shear strength and the volumetric strain plots demonstrate close to critical state
conditions. However, it is only after shear deformation approaching 100 mm that the change of
water content with respect to shear strain began showing a curvature. This indicates that a true
representation of the ultimate conditions of unsaturated soils may require much larger shearing
strains than are commonly applied in geotechnical laboratories. In other words, the condition of
a constant degree of saturation must also be included in the definition of the critical state of
unsaturated soils. The overall change in the degree of saturation due to shearing was small (in
the order of 0.06% to 0.12%). However, given the little difference in water content between the
suction increments (in the order of 0.12%) the influence of the shearing process was generally
comparable. These results were obtained for specimens that were sheared to shear strains that
were insufficient to reach critical state, however. A more extensive testing program, at larger
strain deformations for a wider range of soils is required to investigate the full impact of

shearing.

3. Shearing under constant volume conditions results in lower changes in water content as a

function of shear deformation, than shearing under constant load conditions for a given shear
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strain for a specimen compacted at low compaction energies. This is consistent with the fact
that the changes in the SWRC during a CLS test are due to both the volumetric changes as to
the pore space rearrangement. In CVS tests, the global void ratio remains the same and only

pore space rearrangement would contribute to the changes in the SWRC.

4. The choice of SWRC, will have a marked influence on the prediction of the shear strength of
unsaturated soils. The error increases as the degree of saturation decreases. The SWRC
obtained using conventional procedues can be substantially different from the SWRC obtained
from conventional methods. In particular, the maximum degree of saturation of the SWRC
generated from shear data is lower than 100%, suggesting that entrapment of air occurs during
the shearing process even though the matric suction was changed along the drying path. The
calibration of models using SWRC obtained by conventional procedures, can fail to model these

changes, and may result in poor prediction of the shear strength.

5. Subjecting the SWRC specimens to a stress history comparable to the stress history of the test

specimens before the shearing process can markedly improve the shear strength predictions.

6. The apparent SWRC derived from the sheared specimens, results in a better prediction of the
shear strength of the tested soil than the SWRC determined by using directly the degree of

saturation of the sheared specimens for the entire range of suctions tested.

7. The modified ring shear apparatus appears to be best suited for the study of the critical state of
unsaturated soils due to the apparently much larger strains required to achieve water
equilibrium, as opposed to shear strength or volumetric equilibrium. In this respect, the short

drainage path of the device gives it an additional advantage.

7.3 Suggestions For Further Research

The conclusions of this research program have underscored the fact that shearing at much larger strains

must be conducted to truly assess the critical state of unsaturated soils. Therefore, a series of shear tests
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at strain deformations in excess of 100 mm should be conducted until water contents become as steady
as the shear strength and the volumetric strain. This would permit the establishment of a true CSL for

Indian Head till, or any other unsaturated soil.

The observations made in the current study permit the hypothesis that the CSL and continuously
disturbed line (CDL) might actually be a single line. If this were true, then the differences in stress
path between constant suction and constant water content tests would be the cause that larger strains are
required for CLS tests to achieve the critical state. This in turn would cause the different types of tests
to generate two parallel lines when conducted under insufficient shear strains. Therefore, to verify this
hypothesis, in addition to the generation of true CSL at very large deformations, a full series of constant
water content tests should also be undertaken to establish the CDL. This would allow the verification
of whether the difference that was observe by Ridley (1995) between the CSL and the CDL, might not

in fact be caused by the testing conditions.

Lastly, since the shearing process may have a significant impact on the SWRC of the tested specimen,
it is suggested that extensive experimental studies should be undertaken to determine the changes of the
SWRC during the shearing process. These changes should be accompanied by the generation of
SWRC using conventional means, for soils consolidated at various normal stresses, along the both the
drying and wetting paths. Models for the prediction of the changes of the SWRC during shearing
would be valuable tool to combined with the equations predicting the shear strength of unsaturated soils

using the SWRC.

The fitting parameter x [Vanapalli and Fredlund (2000)] should be computed for various soils using
the SWRC from sheared specimens and the scatter compared to that obtained base on conventional
SWRC. Given the dependency of the SWRC on the stress history of the specimen, differences should

be expected, with improved regularity at the ultimate state.
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Machine Shop Drawings
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Drawings of Modified Ring Shear Cell
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Drawings of original Ring Shear Cell
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APPENDIX B

PROGRAM SOURCE CODE

The following is the source code to the OpenOffice.org Macro used to generate the scales for the

pressure gauge.
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Tk k kAR kA * I AR I A A I A AR I A AR AR A A I A Ak A A A A A KA A A AR AR AR AR AR AR AR KA KA K AR KR AR AR KA KR A KA A AR KK
Yk PRESSURE Scale *x
"kox * %

IES S S S S S S SSERSR R RS R S SR SRS SSESESS S SRS ES SRS SRE RS EEEEE R SRR SRR R EEEEEEEEE R SRS SR EES S

dim MyDocument
dim MyDialog

dim Proceed as boolean

dim mm
dim cm
dim m
dim Pa
dim kPa
dim kg
dim g
dim N
dim kN
dim 1b
dim psi
dim inch
dim gw
dim s
dim deg
dim pi

Sub Main
InitializeUnits
a=dH (100000,100000,0.3,2)
set MyDocument = ThisComponent

' DialogLibraries.LoadLibrary ("Standard")
MyDialog=createUnoDialog(DialogLibraries.Standard.Main_Dialog)
MyDialog.Execute ()
‘end

End Sub

Sub InitializeUnits

mm = 100.

cm = 10.*mm
m = 100.*cm
s =1

kg =1

g = 0.001*kg

pi = 4* atn(l)
deg = pi/180
N = kg*m/s”2

Pa =N/m"2
kPa = 1000*Pa
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gw = 1000*kg/m"3*9.81*m/s"2
End Sub

Function GetControl (Dialog, ControlName)
dim Result
dim Control

set Control = Dialog.Controls(GetControlIndex(Dialog, ControlName))
set result = Control.Model
GetControl = Result

End Function

Function GetControlIndex(Dialog, ControlName)
dim i
dim CurrentControl
dim Done as boolean
dim CurrentName

i = lbound(Dialog.Controls)

while (i < ubound{(Dialog.Controls)+l) and not Done
set CurrentControl = Dialog.Controls(i)
CurrentName = CurrentControl.Model.Name

I1f lcase (CurrentControl.Model.Name) = lcase (ControlName) Then
Done = True
Else
i=1i+1
End if
wend
if Done Then
GetControlIndex = i
Else
GetControlIndex = na()
End if

End Function

Sub DrawScale
dim Doc
dim Drawing
dim LineElement

dim Size as new com.sun.star.awt.Size

dim TextSize as new com.sun.star.awt.Size

dim Position as new com.sun.star.awt.Point

dim TextPosition as new com.sun.star.awt.Point
' dim sampleline as new com.sun.star.drawing.LineShape
! 'dim TitleBox as new com.sun.star.drawing.TextShape

dim- bundle

dim smallest_spacing 'in mm smallest spacing of lines to be
drawn

dim smallest_pressure 'in kPa, smallest pressure increment to
be drawn, even if very large at low pressures.

dim current_pressure_increment 'in mm current division.

dim Scalelength
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dim LineWidth
dim LongTickLength
dim ShortTickLength

dim Done as boolean

dim LO

dim PO

dim Theta

dim P

dim potential

dim division_pressure
dim condi as boolean
dim MainlLine

dim TickLine

dim TickLabel

dim TickLength

dim ResultString

set Doc = ThisComponent
set Drawing = Doc.DrawPages{(0)
set MainLine = Doc.createlnstance ("com.sun.star.drawing.LineShape")

LongTick = 10*mm
ShortTick = 5*mm
smallest_spacing=1.35*mm
smallest_pressure = 1*kPa

smallest_spacing = GetControl (MyDialog, "TickValue") .Value*mm

LO= Getcontrol (MyDialog, "LOValue”) .Value * mm

PO = Getcontrol (MyDialog, "PressureValue") .Value * kPa

theta = Getcontrol (MyDialog, "AngleValue") .Value * deg

Scalelength = dH (GetControl (MyDialog, "ScaleLengthValue") .Value
kPa, PO, L0, theta)

MyDialog.endExecute

Size.Width=1
Size.Height=Scalelength
Position.X=100*mm
Position.Y¥=0*mm

with MainLine
.setSize Size
.setPosition Position
end with
Drawing.add(MainLine)
TextSize.Width=1 : TextSize.Height =1

set TitleBox = Doc.createlnstance("com.sun.star.drawing.TextShape")
Drawing.add(TitleBox)
with TitleBox

.TextAutoGrowHeight = TRUE : .TextAutoGrowWidth = TRUE
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" & PO/kPa & " kPa" & "

.5tring = "Reference Atmospheric Pressure =

L

.String = .String & "Length of Entrapped Air, LO = " & LO/mm & " mm" &
" L

.String = .String & "Angle of Scale from Horizontal = " & theta/deg &

womn

TextPosition.X = MainLine.Position.X + 20 * mm +

TextPosition.Y =

.RotateAngle=int (90*100)
.setPosition TextPosition

End With

Size.Height =1

Size.Width =
Position.Y =
set TickLine

LongTick
ScaleLength

(ScaleLength + .Size.Width)/2

.Size.Height

= Doc.createlInstance ("com.sun.star.drawing.LineShape")

with TickLine
.setSize Size
.setPosition Position

End With

Drawing.add(TickLine)
set TickLabel = Doc.createInstance("com.sun.star.drawing.TextShape")

'msgbox TextValue.Dbg_Methods

'TextValue.Value = "Text"

TextSize.Width = 1
TextSize.Height = 1
Drawing.add (TickLabel)
with TickLabel
.setSize TextSize
'.setPosition TextPosition
.setString("0")
.TextAutoGrowHeight = TRUE
.TextAutoGrowWidth = TRUE

TextPosition.X = Position.X + LongTick + 2*mm
TextPosition.Y = Position.Y - 0.5 * .Size.Height
.setPosition TextPosition

End With

gauge_pressu
P = PO + gau
Do Until don

smallest_pressure=dP (smallest_spacing,P,L0,theta)

re = 0
ge_pressure
e

potential=(10" (cint {log(smallest_pressure/kPa)/log(10)+0.5))) *kPa
division_pressure=10*potential

If smallest_pressure <=

Else

End If

smallest_pressure

smallest_pressure

0

.5*potential then
0.5*potential

potential
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do
dope = dP(smallest_spacing,P, L0, theta)
doperatio=dope/potential
if dP(smallest_spacing,P,L0,theta) > (0.5*potential) then
smallest_pressure = potential

end if

ResultString=""

for i = 1 to (division_pressure/smallest_pressure)
gauge_pressure = gauge_pressure + smallest_pressure
ResultString = ResultString & "Line at " &

(gauge_pressure) /kPa & " kPa"™ & chr$(13)

set TickLine = Doc.createlnstance
("com.sun.star.drawing.LineShape")
Drawing.add(TickLine)

Position.Y = Scalelength - dH(gauge_pressure, PO, LO,
theta)
if i = (division_pressure/smallest_pressure) Then
TickLength = LongTick
set TickLabel = Doc.createlInstance

("com.sun.star.drawing.TextShape")
Drawing.add(TickLabel)
with TickLabel
.setString(format (gauge_pressure/kPatle-
15, "O"))
.TextAutoGrowHeight = TRUE
.TextAutoGrowWidth = TRUE

TextPosition.X = Position.X + LongTick + 2*mm

TextPosition.Y = Position.Y - 0.5 *
Size.Height

.setPosition TextPosition

End With
Else
if i = (0.5*division_pressure/smallest_pressure) then
TickLength = 0.75 * LongTick
else
factor = (i * smallest_pressure)/potential
factor = factor - int(factor)

if factor < 0.001 then
awings/Modified Ring Simple Shear
Assembly.wmffactor = 1
end if
TickLength = ShortTick * factor
end if
end If
Size.Width = TickLength
Size.Height =1
with TickLine
.setSize Size
.setPosition Position
End With
next i
ResultString = ResultString & "Label at " & (gauge_pressure)/kPa
& " kPa "
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'MsgBox ResultString

CumulativelLength = dH(gauge_pressure, P0,L0, theta)
if Cumulativelength >= ScaleLength then

Done = True
End if
P = PO + gauge_pressure

condi=(gauge_pressure/potential (10 * division_pressure)/
potential > 0) and (not done)
loop while condi
Loop
'end
' msgbox "Smallest Pressure = " & smallest_pressure/kPa & " kPa"
end

'Draw main vertical line

while

wend

end
End Sub

not Done

Function dP (dH,PO0, L0, theta)

dp =

(PO * dH)/ (L0 - dH)+gw*sin(theta) *dH

End Function

Function dH
dim K
dim b

(dp, PO, LO, theta)

if theta =0 then

else

endif

dH = (dP * LO)/ (PO + dpP)

K gw*sin (abs (theta))
b = —(PO+dP+K*L0)
dH=(-b - sqr (b"2-4*K*dP*L0) )/ (2*K)

End Function
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Thhrhkhkhh Ak hkArbhkhkhkhhkhhkdbhhkhkdhkhkddhkhkhddrhrbdhhrhkhbhkdrhkhhhkddrdhhhdhkhkhhkdrrhbhkhkhkhkhhkrhbkhkhh bt hkik
Vak METRIC Scale *
LI * %

Tk Ak Ik A KA I AR T A AR AR AR A A A A AR A A AT A A AR A AR T IR A A A AAA AR AR AA A AT A A A A A AT A A AR A A dA A A A AT A Ak Ak hxk
option explicit

dim mm
dim cm
dim m
dim Pa
dim kPa
dim kg
dim g
dim N
dim kN
dim 1b
dim psi
dim inch
dim gw
dim s
dim deg
dim pi

Sub Main
InitializeUnits
set MyDocument = ThisComponent
MyDialog=createUnoDialog{DialoglLibraries.Standard.Metric_Dialog)
MyDialog.Execute ()

End Sub

Sub InitializeUnits

mm = 100.

cm = 10.*mm
m = 100.*cm
s =1

kg =1

g = 0.001*kg

pi = 4* atn(l)
deg = pi/180
N = kg*m/s"2

Pa =N/m"2
kPa = 1000*Pa

gw = 1000*kg/m”~3*9.81*m/s"2
End Sub

Sub DrawMetricScale
dim Doc
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dim Drawing
dim LineElement

dim Size as new com.sun.star.awt.Size

dim TextSize as new com.sun.star.awt.Size

dim Position as new com.sun.star.awt.Point

dim TextPosition as new com.sun.star.awt.Point

dim bundle

dim smallest_spacing 'in mm smallest spacing of lines to be
drawn

dim smallest_pressure 'in kPa, smallest pressure increment to
be drawn, even if very large at low pressures.

dim current_pressure_increment 'in mm current division.

dim Scalelength

dim LineWidth
dim LongTick
dim ShortTick

dim Done as boolean

dim MainLine

dim TitleBox

dim TickLine

dim TickLabel

dim TickLength

dim TickCount as long

dim ResultString
dim CumulativelLength as long

set Doc = ThisComponent
set Drawing = Doc.DrawPages (1)
set MainLine = Doc.createInstance ("com.sun.star.drawing.LineShape")

LongTick = 10*mm
ShortTick = 5*mm

Scalelength = GetControl (MyDialog, "ScalelLength”) .Value * mm

Size.Width=1
Size.Height=ScaleLlength
Position.X=100*mm
Position.Y=0*mm

with MainLine
.setSize Size
.setPosition Position
end with
Drawing.add (MainLine)
TextSize.Width=1 : TextSize.Height =1

set TitleBox = Doc.createlnstance ("com.sun.star.drawing.TextShape")
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Drawing.add (TitleBox)
with TitleBox

.TextAutoGrowHeight = TRUE : .TextAutoGrowWidth = TRUE
.String = "MILLIMETRES"

TextPosition.X = Mainline.Position.X + 20 * mm + .Size.Height
TextPosition.Y = (Scalelength + .Size.Width)/2

.RotateAngle=int (90*100)
.setPosition TextPosition
End With

Size.Height =1
Size.Width = LongTick
Position.Y = ScalelLength
set TickLine = Doc.createlnstance("com.sun.star.drawing.LineShape")
with TickLine
.setSize Size
.setPosition Position

End With
Drawing.add (TickLine)
set TickLabel = Doc.createlnstance("com.sun.star.drawing.TextShape")

'msgbox TextValue.Dbg_Methods
'TextValue.Value = "Text"

TextSize.Width = 1

TextSize.Height = 1

Drawing.add (TickLabel)

with TickLabel
.setSize TextSize
.setString("0")
.TextAutoGrowHeight = TRUE
.TextAutoGrowWidth = TRUE

TextPosition.X = Position.X + LongTick + 2*mm
TextPosition.Y = Position.Y - 0.5 * .Size.Height
.setPosition TextPosition

End With

Do Until done
TickCount=TickCount + 1

set TickLine = Doc.createlnstance("com.sun.star.drawing.LineShape™)
Drawing.add (TickLine)
Position.Y = Scalelength - TickCount*mm

if (TickCount mod 10) = 0 Then
TickLength = LongTick

set TickLabel = Doc.createlInstance
("com.sun.star.drawing.TextShape")
Drawing.add (TickLabel)
with TickLabel
.setString(format (TickCount, "0"))
.TextAutoGrowHeight = TRUE
.TextAutoGrowWidth = TRUE
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TextPosition.X = Position.X + LongTick + 2 * mm

TextPosition.Y =

Position.Y - 0.5 * .Size.Height

.setPosition TextPosition

End With
(TickCount mod 5)
TickLength =

Elseif

Else
TickLength =
End If

Size.Width = TickLength
Size.Height = 1
with TickLine

.setSize Size

= 0 then

0.75 * LongTick

ShortTick

.setPosition Position

End With
CumulativelLength =
if CumulativelLength

Done = True
End if

>=

Loop
MyDialog.EndExecute ()
End Sub

TickCount * mm

Scalelength then
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COMPARING TRIAXIAL AND DIRECT
SHEAR TEST RESULTS ON
UNSATURATED SOILS
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Triaxial and direct shear tests follow very different stress paths unless the triaxial test is stress path
controlled. Typically, a series of triaxial tests on unsaturated soils will be conducted at a constant net
normal stress, while the suction is incremented to predetermined values. This generates failure circles

similar to those show in Figure C.1.

Figure C.1 A series of triaxial tests on an unsaturated soil at the same net confining pressure (
o3-U,) for equidistant matric suction increments.

As it can be seen from the figure, the net normal stress on the plane of failure (bold dashed line) is not
constant for all tests, although the net confining pressure, (0sxu,), is. Since the net normal stress at
failure is not constant, the failure envelope it generates in the matric suction space is not parallel to the
failure envelope with respect to suction (continuous black line). Therefore, the triaxial test results do not

directly generate a failure envelope in the matric suction versus shear strength axis.

To generate a failure envelope at a constant net normal stress from triaxial data, it is necessary to
calculate the contribution to shear strength due to suction only. To do this, we subtract
(¢’ + (C.-u,) tan ¢") from the shear strength on the plane of failure of each Mohr circle (Figure C.2).
The dashed failure envelope in the shear strength versus matric suction plane is now parallel to the
failure envelope in suction space for a net normal stress of 0 (its intercept is equal to ¢'). To generate
the failure envelope at a given net normal stress (on the plane of failure) it is only necessary to add that

single fixed (¢’ + (G.-u,) tan ¢'). Of course, this assumes that the net normal stress acting on the plane
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of failure has no influence on the failure envelope, since the actual normal stress acting on the plane of

failure was different for each test.

c-u,

Figure C.2 Isolating the contribution due to suction from a series of triaxial test data.
In the case of the direct shear box, a series of tests with a constant net normal stress is represented in
Figure C.3. In this case, the net normal stress on the plane of failure for all tests is the same, therefore

the failure envelope generated in the T vs (u, — u,) plane is parallel to the failure envelope at O net

normal stress. The failure envelope is a true failure envelop in the suction space, and no special

construction technique is required to generate it.
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Figure C.3  Generation of a failure envelope in the t vs (u. — uw) plane using direct shear tests
at a constant net normal stress.

To compare both data sets, the (¢’ + (C,-us) tan ¢’ ) term corresponding to the constant net normal stress
of the direct shear test can be added as a constant to the suction contribution to shear strength from the
triaxial tests. That will shift the curve up so that it matches the direct shear test results if the two failure

envelopes are indeed parallel between them, and with the envelope at net normal stress of O (Figure C.4).
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A A

(Gn'ﬂ.a) o-u

(c' + (op-up) tan ¢')

mmmeee- - Failure envelope from direct shear tests at a constant net normal stress on the plane of failure.

Theoretical failure envelope at 0 net normal stress.

— e — Suction contribution to shear strength from triaxial tests at constant net confining pressure.

Figure C.4 Combining the results from triaxial contribution to suction + (C' + (G.-us) tan ¢')
from direct shear tests and comparing to direct shear tests results.

If there is no effect of the net confining stress on the failure envelope with respect to matric suction, then
the curves generated from direct shear tests and those obtained from the suction contribution to shear
from triaxial tests (incremented by (¢’ + (G,-u,) tan ¢' ) ) should overlap. If the net normal stress does
have an influence then they will not. The direct shear test provides nices slices perpendicular to the
T vs (63 — u,) plane, while the slices produced by the triaxial tests are not perpendicular to this plane,
therefore using the construction method described above would not provide a proper failure envelope in
the Tvs (u, — u,) plane. The 3D failure envelope of the triaxial tests would still be valid of course, and
probably using a single confining stress provides a better identical condition, but it would not be correct

to use it to generate a virtual slice perpendicular to the T vs (05 — u,) plane.



