GRC

Geoenvironmental Research Centre
Canolfan Ymchwil Ddaearamgylcheddol

CARDIFF

UNIVERSITY

CRITICAL EVALUATION OF SOME
SUCTION MEASUREMENT TECHNIQUES

HESHAM M. ELGABU

Geoenvironmental Research Centre
Cardiff School of Engineering
Cardiff University

Thesis submitted in candidature for the degree of Doctor of Philosophy at Cardiff
University

Mar ch, 2013

DECLARATION



My parents & wife

For dedicating their life for me and my wellbeing with endless love and support



Acknowledgments

In the Name of Allah, the All-Merciful, the All-Compassionate.
Praise be to Allah, the All-Powerful, the All-Knowing, the All-Wise, the All-Generous, the
Noble and the Compassionate, for giving me the strength and perseverance to complete this

work in pursuit of my dreams.

| would like to sincerely thank my supervisors Dr. Snehasis Tripathy and Professor Hywel
Thomas for al continuous support, motivation, invaluable academic guidance and time that

they have given me throughout this study.

| would like to express my greatest gratitude to my father (may Allah give his mercy upon
him) and my mother for their love, support and guidance throughout my research. | am also

thankful to my wife for her invaluable love, guidance and sacrifice.

| would also like to express my deepest thanks to the technical staff at ENGIN, especialy to
Len, Paul, Brian, Harry, and Des, for their assistance in the lab.

| also owe many thanks to all my friends in the Geoenvironmental Research Centre for their
support and valuable help; Y uhyi, Ram, Mgjid, Claire, Shakil, Mojgan, Khalid.

Lastly, | thank everyone who has contributed directly or indirectly to this work that is now

being presented here.



Abstract

Suction is an important stress-state variable caturated soils. The magnitude of suction
affects the shear strength, the hydraulic conditgtiand the volume change behaviour of
unsaturated soils. The measurement of soil suddianprerequisite for the characterisation of
unsaturated soils.

Soil suction can be determined either by adoptingct or indirect measurement techniques.
Despite several techniques available currentlynfieasuring and controlling matric and total
suctions of soils in the laboratory, several aspeetated to various suction measurement
techniques, such as the water phase continuityulhtype tests and compatibility of test
results from various measuring techniques aregybetexplored in detail. Similarly, studies
concerning determination of air-entry values (AE\&s)d residual suctions of soils that
exhibit volume change during the drying procesdiariéed.

Suctions of two soils from Libya (a silty sand aad inorganic clay with intermediate
plasticity) were experimentally measured using -type axis-translation, filter paper, and
chilled-mirror dew-point techniques. Axis-transtati and vapour equilibrium techniques
were used for establishing the drying and wettingctisn-water content soil-water
characteristic curves (SWCCs) of the soils. Comgzhcoil specimens were prepared by
varying moulding water content, dry density, contjmac type, and compaction effort in
order to investigate the influence of initial comfan conditions on measured suctions and
SWCCs of the soils. The water content-void ratiatrenships (shrinkage curves) of the soils
from Clod tests were used in conjunction with thgirdy suction-water content SWCCs to
establish the suction-degree of saturation SWC@isehabled determination of the air-entry
values (AEVs) and residual suctions of the sorlgidlly saturated slurried specimens of the
soils were also considered for comparing with #st tesults of compacted soil specimens.

The test results from the investigation showed tihatinfluence of compaction conditions on
SWCCs of the soils was distinct only at a low sattrange, whereas their impact was
insignificant at higher suctions. The volume chaafthe soils during the drying process had
significant impact on the AEVs and residual sudctiofror initially saturated slurried
specimens, the AEVs and the residual suctionseotlils determined form the suction-water
content SWCCs were found to be distinctly lowemntktzeir counterparts determine from the
suction-degree of saturation SWCCs. Suctions qooreding to the plastic limits of the soils
agreed well with those determined from suction-degof saturation SWCCs, whereas
suctions corresponding the shrinkage limits overeged the AEVs.

An increase in the chamber air pressure soon thigenull-type tests were completed clearly
indicated that the water phase continuity betwéenatater in the soil specimens, the water in
the ceramic disk, and the water in the compartrbeidw the ceramic disk was lacking for
all specimens tested. Soil specimens with highgéemeontents created better continuity in
the water phase. At high suction range, the testlt®e from the techniques based on vapour
equilibrium (i.e., non contact filter paper, sattiigion and chilled-mirror dew-point tests)
showed very good compatibility, whereas differenaese noted between the test results at
low suction range from the techniques that are dase liquid phase equilibrium (i.e.,
pressure plate and null-type tests).
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CHAPTER 1- INTRODUCTION

CHAPTER 1

INTRODUCTION

1.1 Background

Unsaturated soils are commonly found in many paftshe World, especially at
shallow depths from the surface and in arid andi-seitt areas where the natural ground
water table typically is at a greater depth (Fradl& Rahardjo, 1993). In other cases, soils
are usually compacted and used in many civil emging works, such as roads,
embankments, earth dams, backfills, and hydrawdicidrs. Compacted soils are invariably
unsaturated at the time of placement and possgsdives pore-water pressure or suction. The
presence of air and water within the pores spaeatwden the soil particles generates
capillarity effects that create suction where tbeepvater pressure is negative, provided that
pore air pressure is zero (Lu & Likos, 2004).

Suction is one of the important stress-state visabf unsaturated soils that affect the
strength and volume change characteristics. Thesumeaent of soil suction is therefore a
prerequisite for understanding the behaviour ofaturated soils and can be measured
through direct and indirect methods. TensiometeGtisn probe, and null-type axis-
translation device are the commonly used technidoesdirect measurement of matric
suctions (Olson & Langfelder, 1965; Ridley & Burgnl1993; Vanapalli et al., 1994;
Tarantino & Mongiovi, 2002; Tripathy et al., 200Murenco et al., 2006; Leong et al., 2009;

1



CHAPTER 1- INTRODUCTION

Tripathy et al., 2012). These devices employ the-a&nslation technique (Hilf, 1956) and
require a separation between water and air phasaslly by using a ceramic disk with high
air-entry value. Indirect suction measurement m#ghmeasure the moisture equilibrium
condition of the soil instead of suction (Bulut &dng, 2008).Several of the available

techniques can be used to measure soil suctiorrestlyi; these include the use of
psychrometers, chilled-mirror potentiometer, thdrarad electrical conductivity sensors, and

the filter paper technique.

For matric suction measurement using null-type -&rasslation device it has been
assumed that under constant water mass conditrah$oa any applied air pressure increase
within the pores of unsaturated soil systems thaspss sufficient continuity of the air phase,
there will be a corresponding equal increase ofptbre-water pressure (Hilf, 1956; Olson &
Langfelder, 1965). However, no specific investigas have been carried out to support this
hypothesis. Continuity of the air phase within go#l specimen is crucial in order to obtain
reliable results. Similarly, continuity between there water in the soil specimen, the water
in the pore of the ceramic disk, and the watehendompartment (i.e., dranse line) below the
ceramic disk is necessary in order to correctly suea the matric suction. However, this

aspect also has not been fully investigated.

The total suction can be determined by measuriegvpour pressure of the soll
water or the relative humidity in the soil. Theatale humidity can be measured directly by
using relative humidity sensor or chilled-mirrorvae (e.g., Leong et al., 2003; Albrecht,
2003; Agus & Schanz, 2005). The filter paper carubed as a measuring tool to indirectly
determine the soil suction (e.g., McKeen, 1980; r@iher et al., 1992; Houston et al., 1994;
Leong et al., 2002). The filter paper method ishhiglependent on the calibration curves that
relate soil suction to water content of filter pegpelhere appears to be some inconsistency
and disagreement in the previous studies with te¢garthe use and validity of published
calibration curves. Different calibration curves fotal and matric suction measurements are
recommended by Houston et al. (1994), and Leongl.e(2002), whereas other studies
suggested that only a single calibration curve égded for total and matric suction
measurements (Marinho & Oliveira, 2006; Walker ket 2005). Several factors, such as

method of calibration used, quality of filter papkysteresis and equilibration time, may be
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attributed for the different calibration curves fauin the literature (Leong et al., 2002). This
indicates that more studies are required to ingastithe influence of these factors on filter

paper calibration curves.

Suction is a function of soil structure and soitevacontent. The relationship between
soil suction (matric suction or total suction) awdter content (or degree of saturation or
volumetric water content) is termed as soil-watearacteristic curve (SWCC) and it is a
crucial tool to predict and interpret the behaviand response of unsaturated soils (Fredlund
et al., 2012). Many studies have been conductesduidy the factors that affect the SWCC,
such as the initial compaction conditions, thesstigstory, and the soil type (e.g., Tinjum et
al., 1997; Vanapalli et al., 1999; Fleureau et2002).

A number of laboratory techniques available cutyecan be used for establishing the
SWCCs of soils. These techniques are based onil@gqunh through either the liquid or the
vapour phase. However, the SWCC established bytagogifferent methodologies may not
be unique even when the same principles of suctmtrol or measurement are used (Ridley
et al., 2003; Agus & Schanz, 2005; Sreedeep & Siaghl). A comparison of the suction
values measured by employing different techniquesdnto be addressed in more details.
Additionally, procedures used to establish theti@hahip between suction and water content,
either by continuous drying suction measurementshensame soil specimen starting from
high water content (SWCC) or by suction measurenwnsoil specimens prepared at
different compaction conditions (water content-grctrelation), have not been fully

explored.

It can be found from a detailed review of the atere reported in Chapter 2, that
most studies considered only the effects of wabatent change on suction and focused on
soils that did not exhibit significant volume changHowever, soils may undergo
considerable volume change with changes in soti@ucGenerally, shrinkage and swelling
are responses of unsaturated soils subjected togdfsn increase in suction) and wetting (a
decrease in suction), respectively. This can leadeironeous estimations of suitable

unsaturated soil property functions due to incdrdstermination of air-entry values (AEVS)
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and the residual state of the soil (Romero & VauB800; Tarantino & Tombolato, 2005;
Salager et al., 2007; Miller et al., 2008; Fredl@hdal., 2011; Salager et al., 2013).

The AEVs are commonly less distinct in the dryingtgon-water content SWCCs, if
the volume change of the soil during drying SWCEtdds large. The suction-degree of
saturation SWCCs may be used for determination BY#\ (Fredlund & Rahardjo, 1993;
Fredlund & Houston, 2013) which require determimatof both the water content and the
void ratio of soils at each applied suction. Therdtage test provides a relationship between
the water content and the void ratio of the sol @an be used in conjunction with the
suction-water content SWCC to establish the ratatigp between void ratio and suction.
Consequently, the suction-degree of saturation S¥/€4h also be established and further
the AEVs of soils can be determined. Through igmprihe volume change during suction
change, errors in the determination of the true A&Va soil can be several orders of
magnitude (Fredlund & Houston, 2013). This highiggithe importance of the shrinkage
curve in interpreting the laboratory SWCC test issu

To eliminate possible errors owing to testing nupléti specimens or volume
determinations by measuring core dimensions of ik specimen, Clod test on a single
specimen can be used to trace the entire wateempbwbid ratio shrinkage paths of soils
(Krosley et al., 2003). Several studies have shivan the shrinkage paths of soils can be
represented by smooth curves using several paramabdels (McGarry & Malafant, 1987;
Fredlund et al., 2002; Cornelis et al., 2006).

Some unsaturated soils may collapse upon wetting, the level of collapse is
influnce by the applied stress. Soils compactedratof optimum may produce a form of
structure that leads the soil to collapse due tdtinge In other words, a majority of
compacted soils are subjected to collapse dueundation (Tadepalli & Fredlund, 1991;
Lawton et al., 1992; Houston et al., 1993). Sevtgetlors influence the amount of collapse
potential, such as water content, initial dry dgnssoil type, and applied pressure (e.g.,
Lawton et al., 1989; Nelson & Miller, 1992; Lim &iNer, 2004).
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The volume change behaviour of soils can be duexdernal mechanical stress
exerted on the soil (pressure-void ratio relatigmshor due the process of decreasing or
increasing in suction (suction-void ratio SWCC) d#lund, 1964; Flereau et al., 1993;
Marcial et al., 2002; Tripathy et al., 2010). THéesets of suction changes and total stress
changes are usually similar on the volume chandgaweur of soils up to the desaturation
value (AEV) (Fredlund & Rahardjo, 1993). Howevemited studies in the literature have
compared the influences of an increase in verpcassure and an increase in suction on the

volume change of saturated soils.

The work reported in this thesis mainly dealt wattperimental works on compacted
unsaturated soils. However, it is recognised theas tvork relates strongly to parallel
developments in constitutive modelling. Constitatisnodels for unsaturated soils can be
divided into two categories; elastic models andtelglastic models. Elastic models relate
strain increments (including water volume) to imeats of stress (including suction) (e.g.
Fredlund & Morgenstern, 1976; Lloret & Alonso, 1988/heeler & Karube (1996) presented
a comprehensive review of this type of models.He last two decades researchers have
developed elasto-plastic models to link volume dgeaand shear strength in an integrated
way to describe stress-strain behaviour of unstgdrsoils (Alonso et. al., 1990; Toll, 1990;
Wheeler & Sivakumar, 1995; Cui and Delage, 1996, c@ér, 1996; Rampino at al., 1999;
Chiu and Ng, 2003; Wheeler et al.,, 2003). These aisodvere developed under the
framework of independent stress state variables asidg the extended concept for
unsaturated soils. It should be noted that thetg@atige models for unsaturated soils are out
of scope of this work. Comprehensive reviews ottelplastic model for unsaturated soils
have been presented in the literature (e.g., PI2@®5; Gens et al.,, 2006; and Wheeler,
2006).

1.2 Study objectives

Even though significant studies have been carrigdo the behaviour of unsaturated
soils in many parts of the World, the researchis &rea is still at premature state in Libya.

This study therefore, constitutes one of the fagempts to investigate the behaviour of
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unsaturated Libyan soils. Two types of Libyan soilsth different properties and

mineralogical background were chosen and subjedtedan extensive experimental
programme in this research. The soils were colte@tem North-west (Tripoli area, Jaffara
soil (JF)) and from North-east (Benghazi area, dresa soil (TR)) of Libya. The study
includes; matric and total suction measurementgingr and wetting SWCC tests using
various currently available laboratory methods,unadé measurements, investigation of
several factors affecting suction, and assessia@piplicability and methodology of some of
the currently available methods for suction measerds.

The primary objectives of this research were akvd: () to acquire a general
understanding of the behaviour of unsaturated Lits@ils and enhance the existing Libyan
soil database,iij to establish the drying and wetting suction-watentent SWCCs from
initially saturated slurry and compacted conditiahgero external stressj ) to establish the
suction-void ratio SWCCs and the suction-degreesatfiration SWCCs of the soils and
further determine the air-entry value®;) (to measure matric and total suction at different
compaction conditions using various available tépies, () to study factors which
influence the SWCCs and measured initial suctitims ifitial water content, the compaction
energy, the compaction type, and the soil types),t¢ explore and verify the continuity in
the water phase between the soil water, the waténd ceramic disk, and the water in the
compartment below the ceramic disk in the fabritatall-type axis translation device, and

(vii) to compare the suction values determined by rdiffetechniques.

1.3 Thesisoutline

The thesis is divided into ten consecutive chapters
CHAPTER 1 presents the background of the research, the nigectoves of this

research and outline of the thesis.

CHAPTER 2 presents a review of literature pertaining to thelies undertaken. A
brief review of the concept of soil suction follogvdy a summary of the common suction
measurement and suction control techniques tha¢ lheen reported, are presented. The

effects of compaction conditions and soil type anti®n in unsaturated soils are discussed.

6
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The chapter also presents general information all@tvolume change behaviour of
unsaturated soils and the significance of the snetbid ratio SWCCs, various volume
measurement techniques, modelling of the shrinkadgles and determination of the air-entry
value (AEV).

CHAPTER 3 describes the properties of the soils and expetah@nocedures used.
The physical properties determined include Attegblmits, grain size distribution, and
minerals composition using X-ray diffraction (XRBchnique are first presented followed
by the specimen preparation and compaction methddpted. The collapse behaviour of
compacted specimens of soils determined from doabtiometer test are also presented.
Further, the methods used for establishing thendryand wetting suction-water content
SWCCs and volume measurement using Clod methodpi@sented. Subsequently, the
devices and testing methods used for soil suctieasmements (null-type pressure plate,

filter paper, and chilled-mirror) are presented.

CHAPTER 4 presents the drying and wetting suction-water agn8VCCs results
obtained for both soils used. The SWCCs tests arged out on initially slurried and
compacted specimens using axis-translation andwagquilibrium techniques. The effects

of initial compaction conditions on the suction-aratontent SWCCs are also presented.

CHAPTER 5 presents the shrinkage behaviour of the soils featurated slurried
and compacted conditions. The water content-vdiid r&lationships (shrinkage curves) of
the soils using Clod method are presented. Twonpetrec models were used to best-fit the
experimental water content-void ratio shrinkagehpadf the soils. The results of drying
suction-water content SWCCs are combined with thenkage curve results and are
subsequently used to establish the suction-voiob i®WCCs and the suction-degree of
saturation SWCCs. Comparisons of the AEVs deterthifie based on the suction-water
content SWCCs from pressure plate and desiccatbrdsults andii) based the on suction—
degree of saturation SWCCs, are presented. Coroparaf suction-void ratio SWCC results
with pressure-void ratio results (one-dimensior@isolidation test) for initially compacted

saturated soils are also presented.

CHAPTER 6 presents the matric suction measured by usingtyypdl-axis-translation

technique. Soil specimens used for suction measmeEmwere prepared at various

7
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compaction conditions in which the initial compaatwater content, dry density, compaction
type, and compaction effort were varied. The effeat initial compaction conditions on

matric suction of the soils are presented in detall

CHAPTER 7 presents a detailed study concerning the conyinaithe water phase
between soil specimens, the water in the ceransk, dind the water in the compartment
during null-type axis-translation tests. Continuitythe water phase was verified soon after
the measurements of matric suction were compleyethdreasing the chamber air pressure
and monitoring the corresponding water pressureease below the ceramic disk. The
influence of using of various interface material&z( a wet filter paper, slurries prepared
from the tested soil, and a kaolinite) on the watssise continuity and the measured suction

values are discussed.

CHAPTER 8 presents matric and total suction results perfdrimging filter paper
method. Aspects that influence contact and nonaobfifter paper calibration curves, such as
suction sources, equilibrium time, and hystereaig evaluated. Measurements of total
suction were also carried out using chilled-mircew-point device and the results are
presented. The influence of initial compaction dbads on matric and total suctions using

filter paper and chilled-mirror dew-point techniguere also discussed.

CHAPTER 9 presents comparisons of the following) SWCCs established by
pressure plate and salt solution tests and the ureghsnatric and total suctions determined
by null-type axis-translation tests, filter papand chilled mirror tests,if the test results
obtained by controlled and measured suctions isspire plate and null-type axis-translation
tests, andiif) total suction of the soils determined by two eliéint testing procedures using

chilled-mirror dew point potentiometer.

CHAPTER 10 presents the main conclusions drawn based on tigengjs of this
study.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

A brief review of the literature concerning the damentals of unsaturated
soil mechanics is presented in this chapter. Thapter starts with a review of the
concept of soil suction followed by a summary o& tbommonly used suction
measurement and suction control techniques. Impioeaspects associated with the
soil-water characteristic curve (SWCC) are presenggnificance of the suction-
void ratio SWCC, various volume measurement teakesg modelling of the
shrinkage paths, and determination of the air-entilpe (AEV) of soils are also
presented.

2.2 Occurrence and applications of unsaturated soil mechanics

Unsaturated soils are commonly found in most paifrthe World, especially
at shallow depths from the surface and in arid semi-arid areas where the ground
water table typically is often many metres deegdkmd & Rahardjo, 1993; Murray
& Sivakumar, 2010).

Irrespective of the nature of climate, several eegiing structures for

geotechnical applications are constructed usingoaated soils (i.e., earth dams, road
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embankment, pavements, and waste containmentigteustich as covers and liners)
that are typically in a state of unsaturated coowlitat the time of placement.

Compacted soils have two level of pore distributioracro voids and micro voids.
Macro void are large and are between aggregatganicles. The compaction is a
process that expells the air from macro voids, detepremoval of air voids is

impossible and therefore, the end-product will bethie state of unsaturation. The
structure of the end-product depends on the lelvebmpaction and the compaction
water content. Collapsible soils, residual soilad eexpansive soils are typical
examples of natural unsaturated soils. Commonltthese soils is the negative pore

water pressure, which plays an important role @irthydro-mechanical behaviour.

For many conventional geotechnical applicationsls sare assumed to be
saturated. A saturated soil is considered to hawephases, namely solid (i.e., soil)
and liquid phases (i.e., water) and all the pores isaturated soil are occupied by
water. The engineering behaviour of saturated swils be described in terms of a
single stress state variable, (i€.=c - W) (Terzaghi, 1943). A soil that is in a state
of unsaturated condition consists of four differphises. Two phases that flow under
the influence of stress gradient (i.e., air andemaand two phases that come to
equilibrium under the influence of stress gradiére., soil particles forming a
structural arrangement and the contractile skimfog a partition between the fluid
phases) ( Fredlund & Morgenstern, 1977; Fredluri@atardjo, 1993).

In recent years, the mechanics of unsaturated bagsbecome a rapidly
expanding field, which is applied both in geoteclahiand geo-environmental
engineering practice including shear strength bielav of unsaturated soils
(Vanapalli et al., 1996), efficiency of covers withpillary barrier effects (Bussiere et
al., 2003), bearing capacity of foundation mater{@loo, 1997; Rassam & Williams,
1999), seepage through dams (Papagiannakis & Fredi984), compressibility and
swelling soil response (Sivakumar, 1993; Rampinal.e2000), and land subsidence
(Thu & Fredlund, 2000).

10
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Unsaturated soils are encountered in many engimgggnioblems. Some of
the engineering problems associated with unsathisags include (Fredlund, 2000):
() the shrinking and swelling of the soil due toidgyand wetting,i{) consolidation
due to an increase in vertical pressuri@g, ghear strength reduction and instability of
the excavation,i{) assessment of slope stability under changingatierconditions,
(v) the shear strength and volume change of the caeghaoils used for engineering
practice, yi) the design of shallow foundations for light stures under moisture
loading, and \(ii) the design of a cover system for underground evatirage and

containment.

2.3 Compaction behaviour of soils

Soil compaction is widely used in the constructadrearth structures, such
as roads, embankments, dams, landfills, foundatemd for engineered barriers. The
main purpose of compaction is to maximise the dmgsity of soils by expelling air
and therefore, to achieve the desired strength, poessibility, and hydraulic
conductivity of the soils used.

Compaction of soil can be defined as the processtigh the soil particles
are rearranged and packed together into a closter st contact by mechanical means,
resulting in a decrease in the porosity of the aod increase its dry density (Head,
1980). In practice, the compacted soil behaviourhigracterized by the dry density
(pg) and the water conteitv). The compaction characteristics of soils are deteechi
in the laboratory by various compaction tests ,(idgnamic or impact, kneading,

static, and vibration).

Several studies have reported the relevant effe¢he compaction water
content on the soil structure (Lambe, 1969; Ba&l&ides, 1970; Delage et al, 1996;
Simms & Yanful, 2001).Soil compacted dry of optimum and wet of optimurh, a

same dry density, produce different soil fabricgef@ation of the soil particles) and

11
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hence cause the same soil to behave differentlgrins of their strength parameters,
volume change, and permeability. Soils compactgdadroptimum have an open
structure with larger interconnected pores and teneéxhibit higher stiffness and
lower shrinkage during drying than compacted sample the wet side, at the same
dry density (Sivakumar & Wheeler, 200@)e to a more aggregated structure. Also,
the permeability of soil compacted on the dry sileoptimum is higher than soil
compacted wet of optimum due the larger voids bebtnbe aggregated soil (Mitchell
et al., 1965). A soil compacted wet of optimumel®she interconnected air phase
(Vanapalli, 1994). The air may remain in the pases1 occluded form. In addition,

compaction on the wet side of optimum water coniterlves lower collapse.

The optimum water content is found to be the watsrtent that separates
the occluded and open structures (Marshall, 1978. soils compacted at optimum
conditions exhibit structures and resulting engimge behaviour intermediate
between the structure and engineering behaviouratérials compacted dry and wet
of optimum. The different behaviour of a soil due dompaction conditions are
attributed to the distribution of the pore spaceMeen micro pores and macro pores
(Delage et al., 1996). However, it is not easgistinguish between the effect of the
structure and the effect of initial conditions é&dithed during compaction (Alonso &
Pinyol, 2008).

2.4 Suction and water potential

The theory of suction was developed in soil physidhe early 1900’s based
on energy consideration (e.g., Buckingham, 190#d@a & Widtsoe, 1921). In soil
physics, soil suction is generally referred to laes potential energy state of water in
soil (Jury et al., 1991). The potential energyestaft water in soil is defined as the
difference in energy per unit quantity of water q@amed to a reference state. The
components of soil-water potentia¥)(can be represented by the sum of matric

potential (), gravitational potential %), osmotic potential ¥;), and pressure

12
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potential ¢,) (Yong & Warkentin 1975; Campbell, 1988; Or & Wirgi 1999)(Eq.
2.1).

Y =Wy, + Wy + W, + P, (Ex1)

whereY¥y, is the matric potential, pertaining to sorptiomcks between soil fractions
and soil-water¥; is the osmotic potential, equalfQ (the solute potential), referring
to interaction forces between solutes and watereoubés, ¥y is the gravitational

potential, referring to position in the gravitatdnfield, and¥, is the pressure
potential, primarily due to externally applied mese transmitted through the fluid
phase of the soil-water system.

The gravitational and pressure potentials are #&lyic neglected in
unsaturated soil because soil water does not chalegation at a certain point under
consideration, and the external pressure assunred(@e & Wraith, 1999; Toker,
2002). Thus, the total soil-water potential quaesifthe thermodynamic potential of
soil pore water relative to a reference potentfalree water, which is equal to the

sum of matric and osmotic potential components.
¥Y=¥,+¥, (Eqg. 2.2)

Generally in geotechnical engineering, the soilevgitential is referred to
as soil suction. It is also called total suctiomegative pore pressure. This approach
provides a more mechanistic view of the state dfvgater in relation to the strength,
compressibility, stress-strain response and hyaraohductivity of unsaturated soils
(Wan et al., 1995).

2.4.1 Total suction

The use of suction in explaining the mechanicalabeur of unsaturated
soils in relation to engineering problems was idtreed by Croney & Coleman
(1948) and Croney et al. (1950). In general, saiitisn refers to the measure of the

ability of a soil to hold and attract water. Aitsbn (1965) defined the soil suction and

13
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its components from a thermodynamic context whiekdme accepted concept in
geotechnical engineering (Krahn & Fredlund, 1978dkund & Rahardjo, 1993).

Suction or total suction is defined as the totaéfenergy of the soil water determined
as the ratio of the partial pressure of the wasgrour in equilibrium with a solution

identical in composition to the soil water, to fteatial pressure of the water vapour in
equilibrium with a pool of free pure water. Theimodynamic relationship between
total suction and its partial vapour pressure @& $loil pore water is described by

Kelvin’'s equation:

RT uv]:_ RT n(”’) (Eq.2.3)

¥ = In |7~ 100

VwoWr Uyo VwoWr

whereR = universal gas constant (8.31432 J/(mol K)¥% absolute temperature (°K),
Voo, = specific volume of water (ftkg), which is the inverse of the density of water,
wy = molecular mass of water vapor (18.016 g/ma))= partial pressure of pore-
water vapor (kPa), angalo = saturation pressure of water vapor (kPa). The tg/uy

is equal to the relative humiditiRH).

2.4.2 Matric suction

In unsaturated soils, matric suction is controllgda capillary effect and
adsorption of water (Richards, 1974). The contrdsubf each mechanism to matric
suction as a whole depends on soil compositiongauanetrical configuration of the
soil structure. In engineering practice, matrictg&urcis considered to be the pressure
difference between the pore air pressuggdnd the pore-water pressutg), i.e., Ua

- Uy).

For granular soils, matric suction component isniyaassociated with the
capillary phenomenoriThe pores between soil particles can each be ramexs as
individual capillaries each with an equivalent tedand a meniscus will form at air-
water interface between adjacent soil particlesaimanner similar to water in a

capillary tube. Therefore, matric suction can besidered as the pore water tension

14
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present due to surface tension effects within tiensass. Matric suction is strongly
related to geometrical factors such as pore stzpes and distribution (Fredlund &
Rahardjo, 1993; Houston et al., 1994).

Capillarity can be related to the matric suctibased on the pore size
distribution of materials (Fredlund & Rahardjo, B99Eq. 2.4)

_ 2 Tscosb

" (Eq.2.4)

Ug — Uy

whereTs is the surface tension of the air-water interfads,the radius of curvature of

the meniscus, andlis the contact angle between the solid and lighigses.

2.4.3 Osmotic suction

The osmotic suction represents the suction thgtraies from dissolved salt
in the pore water. It is equivalent to suction ded from the measurement of partial
pressure of water vapour in equilibrium with a $oln, which has identical
composition of the soil water, relative to the rmpressure of vapour in equilibrium
with free pure water (Aitchison, 1965).

It can be stated that the osmotic suction arisa® fthe chemical imbalance
between the pore water in the soil volume undesictamation and an external source
of water (Murray & Sivakumar, 2010). For examplehen a pool of pure water is
placed in contact with a salt solution through ambene, which allows only the
water to flow through, an osmotic suction will dee due to the difference in the

concentration of salt solution and water will flobwough membrane.

Osmotic solution can be altered by either changiiegmass of water or the
amount and type of salt in solution. However, instryaractical problems encountered

in geotechnical engineering, osmotic suction charge generally less significant
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than matric suction changes (Nelson & Miller, 19¢2edlund & Rahardjo, 1993;
Murray & Sivakumar, 2010).

2.5 Suction measur ements

Suction measurement techniques can be categorsegitieer a direct or
indirect measurements. The direct measurement ibfsgotion relies on the direct
observation of the pore water pressure, whereageoidmethods involve the
measurement of soil properties which are direcdlated to suction through a
calibration with a known value of suction (i.e.at@®ve humidity, resistivity, and water
content) (Ridley & Wray, 1995). Table 2ptesents a summary of the conventional
methods for suction measurements along with raomfeseasurement, advantages,
and limitations. Null-type axis-translation, filtpaper, and chilled-mirror techniques

were employed in this study.

2.5.1 Measurement of matric suction using null-type axis-translation technique

Tensiometers, high suction probes and null-typs-&anslation are the most
commonly used devices to directly measure the matrction of soils. These devices
require a separation between water and air phasejly by using a ceramic disk with

high air-entry value.

The principle of suction measurement using a tenster is that once
pressure equilibrium between the soil and the tenster is achieved, water in the
tensiometer will be in tension of the same magritad the negative pore-water
pressure in the soil. Due to the cavitation probléme technique can only measure
matric suction up to about 100 kPa. Improvemeat&lbeen made to the tensiometer
technique to measure matric suction up to 1500 (Ktdley & Burland, 1993; Guan
& Fredlund, 1997; Marinho & Pinto, 1997; Toker, 200Tarantino & Mongiovi,
2002; Lourengo
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Table 2.1 Suction measurements methods

Suction . Suction .
Suction Equilibrium
measurement component  ange time Comments References
method P (kPa)
Hilf, (1956); Bishop & Donald, (1961); Olson &
Langfelder, (1965); Pufahl, (1970); Krahn & Fredlun
Null-type axis- . i i Direct, (1972); Fredlund & Morgenstern, (1977); Mou & Chu,
translation Matric 0-1500 1 -16hrs limit to the air-entry value of ceramic disk  (1981); Fredlund, (1989); Tripathy et al., (2005);
Vanapalli et al., (2008); Leong et al., (2009)
Direct, Sweeney, (1982); Cassel & Klute, (1986); Tadepalli
Tensiometers Matric 0-90 Several minutadifficulties with cavitation required daily (1990) Y ' ' ’ patll
maintenance
Hiah suction Direct, Ridley & Burland, (1993); Guan &
ter?siometers Matric 0—-1500 Several minutes cavitation at high suction air diffusion Fredlund, (1997); Marinho & Pinto, (1997); Toker,
through ceramic cup (2002); Tarantino & Mongiovi, (2002); Lourenco &t a
(2006)
Time domain . Indir(_act, . - Topp et al., (1980); Benson & Bosscher, (1999):&'u
Matric 0 - 500 Instantaneous required soil water characteristic curve, Co ’ ’
reflectometry Drnevich, (2004)

expansive, sophisticated electronic device
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Thermal
conductivity
sensors

Electrical
conductivity
sensors

Filter paper
method

Relative
humidity probes

Chilled-mirror
hygrometer

Psychrometers

Matric

Matric

Matric

Total

Total

Total

Total

Indirect, measurement using variable-pore-
Several hours to

10 - 1500 davs size ceramic sensor, temperature change Shaw & Baver, (1939); Lee & Fredlund, (1984); Feng
Y influence the accuracy al., (2003); Leong et al., (2011)
Indirect, Aitchison &Richards ,(1985); Skinner
10 - 1500 Several hours to affected by salinity and temperature of soil et al., (1997); He, (1999)
week water
01000 25 days :jnedlreer::t;’s on calibration curve and equilibriu ardner, (1937); Houston etal., (1994); Bulut et al
ep q M2000, 2001); Likos & Lu, (2002); Leong, (2002); NG
above 3-14 davs time, low cost D5298-10
1000 Y
Indirect,
above  Several minutes constant temperature required, accuracy varBenson & Bosscher, (1999); Albrecht et al., (20@8)us
1000 to hours by manufacturer & Schanz, (2005)
100 - 4 - 20 mins Indirect, g((e)%s)t al., (1992); Leong et al., (2003); Agus &S,
300000 error at low suction levels
100 - Indirect, Richards, (1965); Krahn and Fredlund, (1972); tsari
8000 5-10hrs affected by temperature fluctuation sensitivitg Blight, (2000); Tang et al., (2002); Sivakum&z005)

deteriorate with time
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et al., 2006). These types of tensiometers avouitateon in which the volume of
water reservoir beneath the ceramic tip is minichiged water in the water reservoir
Is pre-pressurised. These types of tensiometersadlied high capacity tensiometers
(HCT) or high suction probes and can be used tosoreamatric suctions up to 1500
kPa. Marinho et al. (2008) discussed the simiksi{jsaturation procedures, the need
for intimate contact between soil specimen andmgralisk, air diffusion, air entry,
etc) and differences (absolute positive and neggiressures, cavitation, etc.) which
give the necessary basis to use and interpreethdts obtained from tensiometer and

null-type axis-translation techniques.

Null-type axis-translation apparatus (Tripathy ét 2012) (Fig.2.4) is
conventionally used to measure the matric suctibrursaturated soil specimens
applying the axis-translation technique (Hilf, 1956Ison & Langfelder, 1965;
Pufahl, 1970; Krahn & Fredlund, 1972; Mou & Chu,819 Vanapalli et al., 1994;
Tripathy et al., 2005; Leong et al., 2009; Kuru@&kredlund 2011, to name a few).
The measurement of matric suction using this teghaiis limited by the air-entry

value of the ceramic disk used.

This technique is called as null-type-axis-trangtabecause water pressure
in the water compartment is maintained as clospassible at a zero value, and it
translates the origin of reference for pore watesgure from standard atmospheric
condition to the final air pressure in the chamb#if. (1956) and Olson & Langfelder
(1965) have demonstrated that under constant wastss condition and for any
applied air pressure increase within the poresnghturated soil systems that possess
sufficient continuity of the air phase, there v a corresponding equal increase of
the pore-water pressure. Therefore, the differdreteveen the applied air pressure
and the pore-water pressure (i.e., matric suctienains constant regardless of the

translation of both the pore-air and pore-watesguees.
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Fig. 2.1—(a) Schematic of null-type axis-translatodevice, (b) water phase
continuity requirement, and (c) air diffusion throgh saturated ceramic disk, (from
Tripathy et al., 2012)

Several researchers have reported measurementsatifc nsuction of
compacted soils using the null-type axis-transtattechnique. The studies have
emphasized two distinct aspects associated witlsaneaent of matric suctions, such
as () the factors associated with the compaction camdtof soils andii() the factors
that are responsible for the flexibility of the reaeing system. Studies on the former
have of the opinion thati)(continuity of the air phase within the soil speen is
required to obtain reliable test results; in trositext, the degree of saturation of soil
specimens less than about 80% may be considerettheasipper limit for the
compaction conditions to exclude the influencehaf tompressibility of occluded air
bubbles on the measured suctions ardspme influence of soil structure and fabric
may be expected on the measured suctions depeundomy the type of compaction

adopted (viz., static, dynamic, kneading).
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2.5.1.1 Flexibility of the measuring system

A number of factors are believed to be respondiimiehe flexibility of the
measuring system (Fredlund & Rahardjo 1993), suscf) dhe thickness and the air-
entry value of the ceramic diskii)( defects in the ceramic disk and method of
mounting the disk, ii{) deflection of the membrane of the pore water fures
transducer used,vj air diffusion through ceramic disky)( contact between soil
specimen and the saturated ceramic digl}, €xpansion of the water compartment
below the ceramic disk, andii) compressibility of the air-water mixture in thater
compartment. All of these factors influence the swead equilibration time and
reliability of test results. The combined influencf the presence of the diffused air
in the water compartment, the expansion of the mwammpartment, and the
compressibility of the air-water mixture can bedséd by monitoring the pore-water
pressure change due to an increase in the chanmlggneasure at the end of suction

measurement.

2.5.1.2 Contact between soil specimen and ceransk d

The measured suction will not be representativéhaf found in the soil if
the contact between the soil pore water and theenwiat the ceramic disk is not
established. Figure Zblshows schematically the water phase continuitwéeh soil
specimen and the saturated ceramic disk. Discatiibetweenthe water in the soil
and the water in the ceramic disk may significamtigrease the time required for

equilibrium.

To deal with this issue, Olson & Langfelder (196&ommended that 1 kg
mass be placed on top of the soil specimen to enguyood contact between the
saturated ceramic disk and the soil specimen. Intrast, Topp et al. (1993)
recommended that soil specimens may be embeddgethin layer of kaolinite clay to
ensure proper contact. Marinho et al. (2008) algmssted placing a small amount of

slurry of the same soil to be tested prepared am@ontent near the liquid limit.
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However, there have been no independent comparatuies reported exploring
measurements of matric suction using null-type-&&igslation technique by adopting

various interfaces between soils specimens andetfamic disk.

2.5.1.3 Air diffusion

Air diffusion through saturated ceramic disks i®wm to be one of the main
problems associated with testing unsaturated g®itedlund, 1975; Bocking &
Fredlund, 1980). The diffused air comes out of $bkition below the ceramic disk
and prevents the water phase continuity betweewéter in the ceramic disk and the
water in the compartment below the ceramic disk.(Bilc). Air diffusion tends to
underestimate the actual matric suction of the(§oédlund, 1975).

Fredlund & Rahardjo (1993) stated that tests lgstimore than one day
(without equilibrium attained) will experience aliffusion. Vanapalli et al. (2008)
suggested that the system should be flushed pesibdio remove the dissolved air
under the ceramic disk. However, flushing the systeo often will extend the testing
durations. Padilla et al. (2006) measured theusiifin rate at different pressures for 1,
3, 5, and 15 bar high air-entry ceramic disk. Thegcluded that 1 and 3 bar ceramic
disks did not generate measurable amount of diffase The amount of diffused air

generated using 5 bar ceramic disks was relatsmlgll as compared to 15 bar disks.

2.5.1.4 Compressibility of the air-water mixture the water compartment

An increase in the air pressure on soils that eomtecluded air bubbles will
result in a compression of the air-water mixturattim turn tends to decrease the
volume of the pore fluid and the soil. A decreaséhe volume of soil in turn causes a
decrease in the size of the air-water interface hadce the actual suction is
overestimated (Bocking & Fredlund, 1980). On thieeothand, air diffusing through

the high air entry disk causes an increase in tbkinve of air in the water
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compartment. In a closed system, the air repldoesmMater below the ceramic disk
and pushes the water through the ceramic disktiv@csoil specimen (see Fig. 8)1
(Fredlund, 1975). An increase in the water contanises a decrease in matric suction
of the soil and hence, the actual matric suctiothefsoil is underestimated. Fredlund
& Morgenstern (1973) stated that compression ofdinavater mixture in the water
compartment increases due to a greater applied ldramir pressure, whereas the
water compartment tends to expand due to an inereashe water pressure thus
creating discontinuity of the water phase betwdenderamic disk and the water in

the compartment.

2.5.1.5 Suction equilibration time

Bocking & Fredlund (1980) stated that the time oese curves for null-type
axis-translation tests show an apparent equilibretate and may not be a true
representative of actual suction of the soil. Dejeg upon the rate of application of
the chamber air pressure to the soil specimen leddmpressibility of the soill, it is

possible to temporarily overshoot the actual sactialue.

The time required to reach equilibrium suctions whesing the axis-
translation technique for the measurement of matrction is dependent on the type
of soil, size of specimen, and the permeabilityrabgeristic of the high air-entry disk.
Marinho et al. (2008) and Delage et al. (2008) fmalnout that a difference in the
relative humidity of soil sample for which matriacsion measurement is carried out
and that of the compressed air in the pressure lobamay cause some instability of
the system. This may in turn influence the suctiequilibration time. The
equilibration time was also found to increase wath increase in the suction level
(Oliveira & Marinho, 2008). In many cases, the équation time of about 3—6 hrs
has been observed for compacted specimens of gasimils (Fredlund & Vanapalli,
2002; Pufahl, 1970; Fredlund & Rahardjo, 1993; @&ngathy et al., 2005). In some

cases, a quicker response was also possible degendi the initial compaction

23



CHAPTER 2 — LIFHURE REVIEW

conditions (Rahardjo & Leong, 2006; and Leong ef a0D09). In general, drier

specimens would take longer time to equilibrataufi-type tests.

2.5.2 Indirect suction measur ement

Indirect suction measurement methods measure thsture equilibrium
condition of the soil instead of suction (Bulut &dang, 2008).These methods use
measurements or indicators of water content oryaipal property that is sensitive to
a change in water content (e.g. relative humiditgctrical resistance and rate of heat
dissipation) (Ridley & Wray, 1995).

A number of techniques have been used to measiursustion indirectly
(Table 2.1). These include the use of psychrometengled-mirror hygrometer,
thermal and electrical conductivity sensors, arel fither paper technique. The total
suction can be determined by measuring the vapmsspres of the soil water or
relative humidity in the soil. The relative humiditan be measured directly by using
relative humidity sensor or chilled-mirror devicehe filter paper can be used as a

measuring sensor to indirectly determine the neggtiumidity.

Since comprehensive reviews of suction measurenettiniques exist
elsewhere, (e.g., Ridley & Wray, 1995; Rahardjo &ohg, 2006), only filter paper

and chilled-mirror methods will be briefly discuddeere.

2.5.2.1 Filter paper

The filter paper method was developed by soil sgenand agronomists for
measuring soil suction (e.g., Gardner, 1937; Faw&eCollis-George, 1967; Al-
Khafaf & Hanks, 1974). In geotechnical engineeriiggds, many researchers have

also used the technique as a routine method fdrosumeasurement (e.g., McKeen,

24



CHAPTER 2 — LIFHURE REVIEW

1980; Chandler & Gutierez, 1986; Chandler et &92t Houston et al., 1994; Ridley,
1995; Leong et al., 2002). The advantages of fiti@per method are the ability to
measure matric and total suctions, and are corgidéo be an inexpensive,
reasonably accurate, and technically simple methatican measure a wide range of

soil suction.

The principle of the filter paper method is to meassuction indirectly by
relating the water absorbed by specified filter grapwith suction by means of
calibration curves. If soil specimen and filter pa@are sealed in a closed container,
moisture exchange will take place until equilibriussnreached (Al-Khafaf & Hanks,
1974). When the soil specimen and the filter papeseparated from each other,
moisture transfer take place via vapour transfeq aence total suction can be
measured. Matric suction is measured if the s@tspen is in direct contact with the
filter paper. In this case, the filter paper absonater through liquid flow, the salts
present in the soil water will also move with thater into the filter paper and there

will not be a salt solution gradient between ang points in the soil mass.

Schleicher & Schuell No. 589 and Whatman No. 42taeemost commonly
used types of filter paper. Leong et al. (2002)estdhat the consistency between the
calibration curves obtained using different techies] and by different authors are
greater by using Whatman No. 42 than SchleicherSamaiell No 589.

The filter paper method is highly dependent ongédormance (and speed) of
the operator and calibration curves used. McQuedniller (1968) suggested that
the adopted conditions and testing proceduresditrating the filter paper should be

similar to the actual soil suction measurements.
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2.5.2.2 Calibration curve of filter paper

Different calibration curves relating soil suctiea@ water content of filter
papers can be found in the literature (Table 2S)me studies claimed that the
calibration curves are different for total or matsuction measurements (Houston, et
al., 1994; Bulut, et al., 2001; Leong, et al., 2002wever, other studies (Marinho &
Oliveira, 2006; Walker et al., 2005) stated thdiyame calibration curve for total and
matric suction can be obtained if longer equililmattime is allowed especially at
lower imposed levels of suction. Ridley & Wray (5)9ndicated that the non contact
filter paper is insensitive when used for measutawg total suctions due to possible

vapour and temperature non-equilibrium during suctheasurement.

It is clear that there is a disagreement over e and validity of published
calibration curves. Verification is always recommed when using the published
suction calibration curves since such curves aggeeed to be valid for specific
equalisation time used during the calibration pssc8everal factors, such as suction
source used in calibration, quality of filter papkysteresis, and equilibration time,
may be attributed for the different calibration\as found in the literature (Leong et
al., 2002).

2.5.2.2.1 Suction source used during calibratiofiltdr paper

It can be seen from Table 2.2 that several methasie been used by various
researchers to apply suction during filter papelibcgtion. A method used for

generating suction depends upon the level of sucgquired.
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Table 2.2 Published filter paper calibration equatis

Suction range  wg," ) ) Equilibrium
Reference FP type* FP method Suction Eq. Suction source ]
(KPa) range time
, 100-10 <45.3 Wpe= 6.601 - 0.0839%y vacuum desiccator 6 -7 days
Fawcett & Collis (1967) WM 42 contact
1-100 >45.3 Wor= 3.642 - 0.0151y a pressure membrane, pressure plate
<54 log¥W =5.238 - 0.0723w combination of suction plate,
] contact & ) 7 days
McQueen & Miller SS 589 pressure plate, and slat solution
non contact >54 log ¥ = 1.8966 - 0.01025w
(1968)
slat solution, Thrmocouple
<85 log¥ =4.136 - 0.0337yy psychrometer, pressure plates, and 2 days
Al-Khafaf & Hanks contact & soil column
SS 589
(1974) non contact >85 log ¥ = 2.0021 - 0.009yy
suction plate, pressure membrane,
<66 log¥ = 4.9 - 1.0624wy
pressure plate
McKeen (1980) SS 589
> 66 log ¥ = 1.25 - 0.0069y
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Hamblin (1981) WM 42

Mckeen (1985) SS 589

Chandler & Gutierrez

(1986) WM 42
ASTM WM 42
ASTM SS 589

TS 4705

Miller & Nelson (1992)

contact

contact &

non contact

contact

contact &

non contact

contact &

non contact

contact

1-3000

6- 2 pF

2-1.5pF

80-6000 <47

<45.3
>45.3

<54
>54

<43

InY =2.397 - 3.683 In(y)

¥ =5.90 - 6.2407 yy

¥ =2.25-0.6853 yy

W= 4.84 - 0.0622 w

log¥ = 5.327 - 0.0779%y
log¥ =2.412 - 0.0135yy

log¥ = 5.058 - 0.0688yy
log¥ = 1.882 - 0.0102y

log ¥ = 4.883 - 0.0599%y

up to 70 kPa- suction plate, up to 0.7
MPa -direct pressure plate, up to 1.5mintues-36
MPa-pressure membrane, and up to  days
5.5 MPa-saturated vapour pressure at

20°C

combination of suction plate,
pressure plate, and slat solution

filed soil sample

) 5 days
oedometer samples and salt solution
combination of suction plate, 7 days
pressure plate, and slat solution
combination of suction plate, 7 days

pressure plate, and slat solution

suction plate, pressure membrane,

pressure plate
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Chandler et al. (1992) WM 42

Houston et al. (1994 FQC

Deka et al (1995) WM 42
Dekaetal. (1995) WM 42
WM 42
Leong et al. (2002)
WM 42

contact

contact

Non contact

contact

contact

contact
contact
non contact

non contact

1.9-4.4 pF

4.5 ¥,:< 6.0
>47.9
<47.9

>48.9

<48.9

<1000
<1000
>1000

>1000

<55.6

>55.6

>51.3

<51.3

<47

>47
<26

>26

log¥ = 4.84 - 0.0622y

log ¥ = 6.05 - 2.48 log ()

Log w = 2.852 - 0.332¢
Log w = 3.63 - 0.488
log¥ = 5.297 - 6.507 wy
logf = 2.38 - 1.259

log¥ = 5.32 - 7.083 y

log ¥ = 2.338 - 1.226yy

log ¥ = 4.945 - 0.0673y
log?¥ = 2.909 - 0.0229y

log = 5.31 - 0.0879yy
log¥ =8.779 - 0.222y

oedometer and triaxial samples,

pressure plate

pressure plate, and tensiometers
slat solution

1.0 - 65kPa-suction plate
0.25-100 MPa- thermocouple
psychrometer
1.0 - 65kPa-suction plate
0.25-100 MPa- thermocouple

psychrometer

pressure plate
pressure plate
slat solution

slat solution

7 days
7 days

6 days
7 days
6 days

7 days

2 -5 days
2 -5 days

7-14 days
7-14 days
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Leong et al. (2002) SS 589 contact
contact
non contact

SS 589
non contact

Likos & Lu (2003) WM 42 non contact 4.5-2.75 log

(kPa)
contact
Oliveira & Marinho WM 42 & non
(2006) contact
300
Power et al. (2008) WM 42 contact
20-300

>54
<54
>32
<32

<33

<33

<38
>38

log¥ = 2.659 - 0.018y
log¥ = 5.438 - 0.069vy
log¥ =8.778 - 0.191y
log¥ =5.26 - 0.0705y

log¥ =5.48 - 0.138

log¥ = 2.57 - 0.0154 yy

log¥ = 4.83 - 0.0839 wy

log¥ = 151.13 - 94.343 log(
logt = 6.712 - 2.933 log ()

pressure plate
pressure plate
slat solution

slat solution

slat solution

2 -5 days

2 -5 days

7-14 days
7-14 days

10-30, suction plate,70-40, pressure 7 days

plate

500-5000, NaCl solution

pressure plate apparatus

7-15 days

12 days

* Filter paper type , WM 42- Whatman No. 42, 83 5Schleicher and Schuell No 589, FQC - Fisherqative coarse (9.54 A), TS 4705-

F10 - Thomas Scientific 4705-F10
+ Wy, - Filter paper water content

¥ - Suction
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For filter paper calibration test, matric sucti@re normally imposed using a pressure
membrane extractor or pressure plate apparatusyesr a suction plate apparatus in which
axis-translation technique is employed (e.g., Al & Hanks, 1974; Hamblin, 1981,
Greacen et al., 1987; Deka et al., 1995; Leond} ,€2@02).

The calibration curve for the filter paper totalcBon measurement is commonly
achieved by placing it in a closed container abastat solution of known vapour pressure
(total suction) (Fawcett & Collis-George, 1967; Meggn & Miller, 1968; Al-Khafaf &
Hanks, 1974; Hamblin, 1981; Chandler & Gutierre288; Sibley et al., 1990; Houston et al.,
1994; Harrison & Blight, 1998; Leong et al., 20Q@2kos & Lu, 2003). The main problem
when using the vapour equilibrium technique is ttuthe difficulty in maintaining a thermal
equilibrium between the salt solution used andvi@our space above the salt solution. Agus
& Schanz (2005) suggested that suction measureshentd be limited to values higher than
200 kPa, at 0.1°C temperature fluctuation whengusie vapour equilibrium technique, in
order to limit the error in suction measurement3@. On the other hand, Marinho &
Oliveira (2006) stated that temperature fluctuatdoes not interfere with the relative
humidity but affects the speed that the water mo&eescapes from the liquid state and this

may interfere with the equilibrium time.

2.5.2.2.2 Equilibrium time in filter paper calibrah tests

Table 2.2 shows that various researchers have edialifferent equilibration time for
calibrating filter papers. The equilibration timep#nds upon the suction source, measured
suction type, number of pieces of filter paper usaud suction level. Swarbrick (1995)
reported that that the contact and non contacbredion curves are time dependent and are
incompatible. The proper equilibrium time is a lamponent in either calibrating or testing
with filter papers (Hamblin, 1981). Insufficientw@bpration time will lead to higher suction

values, while longer equilibration time may cause filter paper to degrade.
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Leong et al. (2002) pointed out that the water wagoessure in the air space above
salt solution will take some time to reach equilior then the filter paper will come to
equilibrium with the water vapour in the air spa@a the other hand, when placing a filter
paper in a pressure plate apparatus, the equibbréime is the time the filter paper takes to
achieve equilibrium with the applied matric sucti@enerally, the equilibrium time for non
contact filter paper method is longer than for eshfilter paper method. For contact filter
paper method liquid phase equilibration is faidpid and generally requires only a few days,
provided that a good contact was established cangpdo vapour equilibration in non

contact filter paper method.

ASTM D5294-10 recommended a minimum equilibratiomet of seven days for
contact and non contact filter paper tests. McQu&eNliller (1968) suggested that the
equilibrium is about seven days. Al-Khafaf & Har(k®74) used an equilibrium time of two
days. Hamblin (1981) examined the equilibrium tiimecontact filter paper and reported that
the equilibrium varied from a few minutes to appnoately 36 hours. Greacen et al. (1987)
reported that the water content of the filter papereases at low suction and the water
content increase will continue up to a seven delgaiston et al(1994) suggested that true
equilibrium may never be reached for non contdtgrfpaper measurements at low suction
values. Marinho (1994) studied the time requiredeguilibration of Whatman No. 42 (non
contact method) and suggested that the equilibrivme increases as the suction level
decrease (Table2.3).

Table 2.3 Suggested equilibrating time for measugimotal suction (non contact) using
NacCl solution (Marinho, 1994)

Total suction (kPa) Equilibration time
0-100 more than 30 days
100 - 250 30 days
250 - 1000 15 days
1000 - 30000 7 days
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Ridley (1995) reported that a great reduction ia tbtal suction sensitivity for a
narrow filter paper water content range occurs if4aday equilibration time is selected
instead of a 7 day equilibration time. Harrison &gBt (1998) used an equilibrium time of 7
to 10 days for initially dry filter paper (contaahd non contact). For initially wet filter paper
in contact method the equilibration times was 2%sdavhile in non contact method the
equilibration times were between 25 to 30 days.nigeet al. (2002) observed that the
equilibration times for initially wet filter papavere longer than those needed for initially dry
filter paper. The equilibration times of Whatman.M@ and S&S 589 filter papers (initially
dry) in a pressure plate and over salt solutionsevieund to be between two and five days,

respectively.

2.5.2.2.3 Hysteresis in filter paper calibrationrees

Filter paper is expect to exhibit hysteretic bebaviduring the drying and wetting
processes due to the fibrous porous nature of @iterral. Thus the calibration curve for an
initially dry filter paper may be anticipated to Qe#ferent from that of an initially wet filter

paper.

Al-Khafaf & Hanks (1974) noted that the filter papeshould always be wetted up
(initially dry) to avoid problems with the hysteiges Fawcett & Collis-George (1967),
Hamblin (1981), Chandler & Gutierrez (1986) and Beik al. (1995) indicated that initially
air dried filter paper should be used. However,|&id1995) stated that air drying of the
filter paper before calibrating or testing may et sufficient. In order to ensure the same
wetting path is followed and to avoid the hystesesffect, Swarbrick (1995) suggested that
the filter paper should be oven dried. ASTM D 59@8ommended using an oven dried filter
paper before calibrating or testing.

Chander & Gutierrez (1986) showed that the ratehahge in the drying process was
higher than in wetting process, indicating hystisre§the filter paper. Ridley (1995) showed
matric suction calibration data on Whatman No. 4ferf paper where hysteresis was
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observed. Deka et al. (1995) investigated calibnatiurves on both the drying and wetting
curves and noted that calibration suctions basedrgimg curve underestimated the actual
suction values. Harrison & Blight (1998) showedilwation data of Whatman No. 42 and
Schleicher and Schuell No. 589 filter papers duringing and wetting processes which
exhibited hysteresis. They also used a pressutte pba calibrating the filter papers and
found the equilibrium time for initially dry filtepapers to be 10 days, whereas for initially
wet filter papers the equilibrium time was 25 todys. Houston et al. (1994) and Leong et
al. (2002) indicated that insufficient equilibratidme can produce a remarkable hysteresis

and concluded that hysteresis appears to be minhenwquilibrium time is sufficient.

2.5.2.2.4 Calibration tests of different batcheéilodr papers

The different calibration curves obtained for treme filter paper, found in the
literature, may be attributed due to the differemcecharacteristic of filter papers among
different batches of filter paper. Hamblin (198hdavicKeen (1980) reported no significant
difference between calibration curves developethfdifferent batches produced two years
apart. Sibley & Williams (1990) also observed thhé calibration curves for batches
procured from the same production batch, at theedame, and from the same supplier were
almost identical. Similar results were found by Eatt/ & Collis-George (1967), Chandler &
Gutierrez (1986), and Swarbrick (1995). Howeveryesal researchers recommended
establishing the calibration curve for each battliler papers before further application.
Greacen et al. (1989), Likos & Lu (2002) and Madn& Oliveira (2006) found high
variability in calibration curves obtained for @ifent batches of filter papers.

Another concern regarding using filter paper tegbaiis the deterioration of filter
paper with time, primarily due to bacterial andahlgrowth. Fawcett & Collis- George
(1967), McQueen & Miller (1968), Al-Khafaf & HankK4974) and Hamblin (1981) used a
pretreat filter paper with different solutions. Halm (1981) and Chandler and Gutierrez
(1986) reported that there was no need to pretheafilter paper prior to use. Leong et al.

(2002) found no reports in the literature of sesipuoblems with bacterial or algal growth on
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filter papers when they were used for measurenwrgsction. They stated that a short seven

days equilibrium time does not offer enough timelfacterial growth.

2.5.2.3 Total suction measurement using the chilledrror dew-point technique

The chilled-mirror dew-point technique has beenduse soil science to quantify
water potential of soil. In geotechnical enginegyithe technique has been used for
measuring total suction of soils (Leong et al., 208gus & Schanz, 2005). The working
principle of the chilled-mirror potentiameter dewids based on the thermodynamic
relationship between relative humidity, temperatanel total suction according to Kelvin’s
equation. The device computes the total suctioedas the equilibrium of the liquid phase
of the water in a soil specimen with the vapourgghaf the water in the air space above the
sample in a sealed chamber. The primary advantzgdslled-mirror potentiometer for soil

suction measurement are its simplicity and speed.

2.5.3 Indirect measurement of osmotic suction

Osmotic suction may be present in both saturatetl tarsaturated soils. Osmotic
suction depends upon the concentration of ion®hlied in the pore water. Osmotic suction
can be indirectly determined by measuring the mtadt conductivity of the pore water
(Fredlund & Rahardjo, 1993). The soil pore-waten dae extracted using a pore-fluid
squeezer. The electrical conductivity of the sodtev is converted to suction using an
osmotic suction-electrical conductivity calibratiearve, such as that provided by USDA
(1950). The squeezing technique was used by a nuofilbesearchers for measuring osmotic
suction of soils (e.g., Krahn & Fredlund, 1972; rlyd990; Leong et al., 2003). The
determination of osmotic suction by measuring thectacal conductivity is generally
applicable for the entire range of osmotic suctiooyever, the results may be influenced by
the magnitude of the extraction pressure usedtatype of soil.
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2.5.4 Effect of compaction conditions on soil suction

Several studies have been performed to investitfage effect of compaction
conditions (water content, dry density, degree afumation, compaction effort, and
compaction method) on the suction of compacted shibst of the studies demonstrated that
the matric and total suctions are primarily influed by the compaction water content. The
pores between the soil particles are nearly figtth water at high water content, and causing
the air-water interface to be relatively flat. lontrast, decreasing the water content
implicates the reduction of the radius of the meuss and causing the suction in the soil to

increase.

Croney & Coleman (1954) and Khrahn & Fredlund (1)9/&borted that the initial
suction decreases with the increasing water cordedt the relationship between matric
suction and water content appear to be unique.ndsbangfelder (1965) carried out a series
of tests using five different soils and reported similar findings (Fig. 2.2). Vanapalli et al.
(1999) used axis-translation technique to measwenatric suction of compacted glacial till
and demonstrated that a unique relationship appeasist between matric suction and the
as-compacted water content. Sreedeep & Singh (26l@®)ed that soil suction decreases
with an increase in water content for the samedensity. Malaya & Sreedeep (2010) used a
tensiometer to measure the matric suction on smeEnwith same water content but
compacted at different dry densities and found that water contenis the predominant

parameter that determines suction in the soil.

-20 T
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& — i 200 v /e'ﬁ\vnraga static
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Fig.2.2 Negative pore-water pressure measuremem€ampacted specimens using the
axis-translation technique (from Olson & Langfelded965)
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There are some contradictions, however, reportedariterature regarding the effect
of compaction dry density (or compaction effort) tre soil suction at constant water
content. Olson & Langfelder (1965) and Krahn & dtoed (1972) tested compacted soils
prepared by static and impact compaction methodcandluded that the effect of dry density
on matric suction was insignificant. Similar fingswere reported by other researchers (e.g.,
Vanapalli, 1994; Wan et al., 1995; Agus & Schart)& Malaya & Sreedeep, 2010; among
others). On the other hand, Croney & Coleman (19%fprted that matric suction is
influenced by the soil dry density in incompressibl undisturbed soils. Mou & Chu (1981)
also measured higher suction values in more dgpsarsens at the same water content in
two soils prepared by static and kneading compaatiethods. Tripathy et al. (2003) also
found that at a given compaction water contentsthiesuction decreased with an increase in
compaction effort (increase in density). Gibbs @Ofported that the effect of dry density
on suction is dependent upon the water content ased on test results that related suction
to both the water content and dry density in a fofriso-lines of equal suctions. Gonzalez &
Colmenares (2006) concluded that suction is infteenby the water content with some
influence of the dry density. Yang et al. (2012hcdaded that the soil suction increases with
increasing the compaction effort, provided that ¢fffect of the change in void ratio on saill
suction is larger than the effect of the changddgree of saturation on soil suction. On the
other hand, if the effect of the change in voidorahn soil suction is smaller than the effect of
the change in degree of saturation on soil suctle soil suction decreases with a reduction

in compaction effort.

Shackel (1973) studied the effect of degree ofratitn on suction and found the
matric suction depends primarily upon the degresatiiration and was slightly influenced by
the dry density. Gonzalez & Colmenares (2006) fotmat at a constant dry density, an
increase in the as-compacted degree of saturatioseca markedly reduction in the matric
suction and at a constant degree of saturationnttec suction increased as the compaction
dry density increased. Similar finding was reporbgdSudhakar & Revanasiddappa (2000).
At a given degree of saturation, the smaller pofedenser specimens produce higher matric

suction.
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From the data reported by Olson & Langfelder (196&rinho & Stuermer (2000)
and Gonzalez & Colmenares (2006), it can be ndtatithe type of mechanical compaction
(e.g., dynamic or static or kneading compactionly masult in a different relationship
between water content and matric suction. Mou & CI1881) indicated that the different soll
structures resulting from the different compactmethods causing the water content versus

matric suction relationships to be different.

2.6 Suction control methods

The most commonly used techniques for controllingtisn of soils are:i) axis-
translation, if) relative humidity or vapour equilibrium, andi Y osmotic technique. These
techniques have been used in several experimergahrch works on unsaturated soils. The

principles and the main characteristics of theskrtgjues are briefly described below.

2.6.1 Axistrandation technique

The axis-translation technique (Hilf, 1956) was mhaideveloped in order to
overcome the problem of cavitation at sufficierldyv negative water pressures. The axis-
translation technique simply translates the oraithe reference for the pore-water pressure
(uy) from current value to a higher value equal todheressure applied to the soil specimen
(ug). In this manner, and under undarin condition,riroatction (l;- uy) of the soil specimen

remains constant regardless of the translatiohepbre-air and pore-water pressure.

For imposing matric suction, the axis-translatiechinique requires the control of the
pore-air pressure and the pore-water pressure ps &eatmospheric. Axis-translation is
accomplished by separating air and water phasasswmil through a saturated high air-entry
porous material, usually a ceramic disk. The s&tdrdnigh air-entry ceramic disk allows
water passage, but prevents flow of free air winenapplied matric suction does not exceed
air-entry value of the ceramic disk. Pressure plptessure membrane, and suction plate

devices are developed based on the axis-transka&otmique.
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The axis-translation technique is commonly usedthe laboratory testing of
unsaturated soils because it is relatively easyotwvert existing equipment for saturated soil
testing by simply adding a high air entry filterdaan air pressure source. It has been
successfully applied to the volume change and s$teangth testing of an unsaturated soil,
with equipment including oedometers (Alonso et B995), direct shear apparatus (Gan, &
Fredlund, 1988) and triaxial apparatus (Matyas &diRékrishna, 1968; Wheeler &
Sivakumar, 1995).

2.6.1.1 Limitations of axis-translation technique

Axis-translation technique requires the air andewghases to be continuous in order
to characterize actual suction within the soil sem@ood contact between the soil specimen
and the saturated ceramic disk should be establiglieughout the experiment to ensure the
continuity between water phase in the soil speciested and that in the pores of the
ceramic disk used (Murray & Sivakumar, 2010). Amothmitation of the axis-translation
technique is related to the air diffusion througk high air-entry ceramic disk. Unsaturated
soil testing using axis-translation technique oftequires an extended period of time. As the
test progresses, pore-air diffuses through the mmatthe high-air entry disk and appears as
air bubbles beneath the disk, which may introdumaeguracy to the measurement of water
volume or pore-water pressure (Fredlund & Rahartig®3). Romero (2001) reported that
the air diffusion rate varied fairly with appliedatnic suction. The higher is the applied water
pressure; the lower will be the rate of air diffusi Periodic flushing of air bubbles beneath
the ceramic disk is necessary to ensure contilgtween the pore-water in the soil and the
water in the measuring system. Controlling of neastiction using this technique is limited

by the air entry value of the ceramic disk used.

2.6.2 Vapour equilibrium technique

The vapour equilibrium technique is based on theenlation that the relative
humidity in the airspace above a salt solutionngjue to the concentration and chemical

composition of that solution (e.g., Young, 1967g@rspan, 1976). Knowing the equilibrium
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relative humidity of the airspace enables the datmn of total suction using Kelvin’'s
equation (Fredlund & Rahardjo, 1993). Thereforecbntrolling the relative humidity of the
atmosphere surrounding the soil specimen, totdlsucan be applied on an unsaturated soil

specimen.

In this technique, a soil specimen is placed inleskaystem where an aqueous
solution results in a controlled partial vapourgswe generated by the known concentration
salt solution. Under isothermal equilibrium conalits, the soil specimen undergoes water
exchange with the vapour until the suction in thecgmen is in equilibrium with the partial
vapour pressure. Applied total suction can be edteby using different saturated salt
solutions or varying the concentration of same salution leading to different relative
humidity values (Tang & Cui, 2005).

Delage et al. (1998) stated that the sensitivityedditive humidity is depends both
upon the absolute temperature and the physicakepiiep of the chemical components. They
showed that the uncertainty in this technique mayabceptable for suction values higher
than 8 MPa. Romero et al. (2001) pointed out tiffecdlty of controlling the humidity at
low values of relative humidity, since the techr@gs extremely sensitive to temperature
gradient that exists between the salt solutionvéq@our space, and the soil specimen. They
suggested 3 MPa as a lower limit in using vapouwilggium technique. The upper limit of
the imposed suction depends on the minimum rel&tiveidity that could be achieved.

The limitation of this method is that equilibratiof suction within the soil is very
slow due to the very low vapour transfer and c&e t# to several weeks to several months
depending on soil type. However, testing times loarsignificantly reduced by forcing the
vapour to flow through the soil specimens by meafrs vacuum pump (Delage et al., 1998;
;Agus, 2005; Blatz et al., 2008; ).

Vapour equilibrium technique was used by a numibeesearchers for applying total

suction in soils. It has been used for controlliotal suction during unsaturated oedometer
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tests (e.g., Lloret et al., 2003), triaxial testsg(, Blatz & Graham, 2000), and for the

determination of soil-water characteristic curvg(eCroney et al., 1952).

2.6.3 Osmotic technique

Osmotic technique is applied in testing unsatura@tto control matric suction. In
the osmotic technique, water drainage of the gmelcenen tested is generated by osmosis
process due to a difference in concentration betwdne pore-water and the solution
(normally polyethylene glycol, PEG) used. A serarfpeable membrane which is permeable
to water but not to the PEG molecules is requieddparate the pore-water and the PEG
solution. The soil water will flow across the sgoermeable membrane, until the suction in
the soil and the osmotic suction of the PEG sotuoe in equilibrium. By varying the

concentration of PEG solution, various osmotic grai$ can be created (Zur, 1966).

Osmotic technique has been used to study the watention behaviour of soils
(Fleureau et al., 1993; Marcial et al., 2002; Tiyaet al., 2011). Similarly, several
researchers have used this technique to contrtibauo oedometers, the shear box and the
triaxial tests (e.g., Delage et al., 1992; CuisigieMasrouri, 2004; Cui & Delage, 1996).

The main limitation of the osmotic technique arsagsated withif intrusion of PEG
into soil specimens during testing (Williams & Skawich, 1969; Tarantino & Mongiovi,
2000; Delage & Cui, 2008; Tripathy et al., 2011y 4m) the nonlinearity of the calibration
curves (Money, 1989; Delage et al.,, 2008). Thessblpms are more relevant at higher

applied suctions.

2.7 Soil-water characteristic curve (SWCC)

Behaviour of unsaturated soil is highly dependemtiiee magnitude of soil suction,

which in turn is influenced by soil water conteot & given soil. The soil-water characteristic

41



CHAPTER 2 — LIFHURE REVIEW

curve (SWCC) represents the ability of a soil ttaire water at over a range of suctions
(Fredlund, 2002). The SWCC defines the relationbleipveen the amount of water in the soil
pores, which is generally quantified in terms adv\gmetric water content) or volumetric

water contentd) or degree of saturationi) and soil suction. All three parameters provide
similar information if the initial volume of the gspecimen remains constant. The SWCC
can be established by equilibrating a soil specitoea series of different applied suctions or
by using multiple specimens equilibrated at diffe¢rapplied suctions (Fredlund et al., 2001).
Matric suction and total suction at higher suctregion are routinely plotted together to
generate the entire SWCC. SWCCs are commonly deedlm the laboratory using pressure

plate extractors and salt solution tests.

The relationship encompasses both desorption anglrgnd absorption or wetting
process. The drying curve differs from the wettougve as a result of hysteresis, which can
be explained by the complex nature of soil poracstire. This phenomenon is caused by
several factors, such as geometric nonuniformityndividual pores, changes in the contact
angle during drying and wetting, trapped air in tha&ids, and the air-water interface

development during the wetting or drying proces#l€H1982; Fredlund & Rahardjo, 1993).

The use of the soil-water characteristic curve basn identified as important
relationship for quantifying unsaturated soil babav. Methods have been proposed to
predict volume change, shear strength, coefficanpermeability, diffusion, adsorption,
vapour diffusion, thermal conductivity, and a vayief other properties for unsaturated soil
based in part on the information provided in the GW (Fredlund & Rahardjo, 1993;
Barbour, 1998; Fredlund, 2000).

2.7.1 Features of SWCC (SWCC identifiable zones)

The key parameters used to define the SWCC inclirseair-entry suction (AEV)
and the residual water contefif)( The AEV of the soil can be defined as the valusuuition
at which the air starts to enter the largest pordke soil. The residual water content can be
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defined as the water content where a large suctiange is required to remove the additional
water from the soil (Fredlund & Xing, 1994). In ethwords, it is the water content at which

an increase in suction does not produce a significaange in water content.

A typical SWCC exhibits different zones along thgidg curve. White et al. (1970),
Vanapalli (1994), and Lu & Likos (2004) defineddhrzones of desaturation (Fig. 2.3): (
the boundary effect zone (saturation zone) whemsosi all the soil pores are filled with
water and the soil remains saturatéid,tbie transition zone (desaturation zone) wherestiile
starts to desaturate and the water content or dexfreaturation reduces significantly with
increase in suction, andii§ the residual zone where a large increase in @udgad to
relatively small changes in soil water content egreée of saturation and characterised by a
discontinuous water phase. The water content ihasdhe commencement of this stage is
generally referred to as residual water contenis helieved that similar ones apply to the
wetting curve (Fredlund, 2000).
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Fig.2.3 Identifiable stages of a typical SWCC (frotanapalli et al. 1999)

2.7.2 Factorsinfluencing the SWCC

The shape of the SWCC depends upon the pore swédtion and volume change
of the soil. These two characteristics are affettgdhe initial water content, soil structure,
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soil type, compaction effort, and the stress hysferg., Tinjum et al., 1997; Vanapalli et al.,
1999; Simms & Yanful, 2001; Fredlund et al., 2002).

2.7.2.1 Influence of initial compaction water corie

Soil compacted with an initial compaction water teon representing the dry and wet
of optimum will produce specimens that have diffexs in soil structure and pore-size
distribution (Gens et al., 1995; and Vanapalli bt 4999). Orientation of soil particles
determines the size of the pores and their didiabuwhich affects the order of the SWCCs
for the same soil type and compaction effort. Thdigle orientation at dry of optimum leads
to soil fabric that has more interconnected pomespared to wet of optimum (Mitchell et al.,
1965). The resistance to de-saturation is relatil@l in the dry of optimum specimens in
comparison to wet of optimum specimens, in whickecthe pore channels are generally
disconnected and offer resistance to the de-saiorgrocess (Cui & Delage, 1996). The
boundary between pore conditions of dry and webmfmum is approximately occurs at

water content equal to the optimum water conteatdfitino & Tombolato, 2005).

Vanapalli et al. (1999), Tinjum et al. (1997), avdler et al. (2002) showed that the
shape of the SWCC is a function of the initial watentent. Tests results presented by these
researches showed that the SWCC representing dgptrhum plots below the wet of
optimum and it is relatively steeper, because thlensould retain less water in the case of dry
of optimum in comparison to the wet of optimum c@tion water content. In other words,
at the same suction, specimens prepared wet afmopti have higher water content than
specimens prepared dry of optimum. Additionallyg thEV increased as the initial water
content increaseffang et al., 2004). Soils compacted dry of optimexhibited lower AEVs
than soil compacted wet of optimum. The influentéhe initial compaction water content is
more obvious for the near saturation portion of 88 CC in which capillary forces are
present. At high suction, SWCCs with different iaditwater contents tend to converge
(Vanapalli et al., 1999; Baker & Frydman, 2009).
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2.7.2.2 Influence of compaction effort

Typically, there will be a reduction in the sizedahe number of pores in the soil with
an increase in the compaction effort. An increaseompaction effort implies an increase in
dry density and a decrease in void ratio, thus,esdifferences in the SWCC of the same soil

compacted with different efforts are expected.

Croney & Coleman (1954) reported that a specimeah w@ihigh initial compacted
density had a higher air-entry value than that afpacimen with a low initial compacted
density. Tinjum et al. (1997) reported that thenges in shape of the SWCC are consistent
with changes in pore structure that occur when @mtipn water content and compaction
effort are varied. Leong & Rahardjo (2002) studiled influence of compaction effort (three
different efforts were used) on the SWCC of a mmastresidual soil. They observed an
increase in the AEV and narrow band of the SWCQGhascompaction effort increases.
Similar finding were reported by Miller et al. (Z90and Sun et al. (2006). In another study,
Sugii et al. (2002) showed that the SWCC is unitprethe different compaction efforts
beyond the transition zone for the tested sandly Btarinho et al. (2000) stated that the
compaction energy seems to affect the level ofimucthat is controlled by capillary
phenomena. At higher suction values, the effecioofipaction effort (or dry density) tends to

diminish.

A review of literature indicates that the influenmiecompaction effort on the SWCC
is more predominant in fine grained soils than fleatcoarse grained soils. Bowels (1979)
indicated that the compaction method and the cotigraeffort have higher influence on the

final dry density of fine grained soils than in ceagrained soils.

2.7.2.3 Influence of soil type and fine fractions

Soils with smaller particles such as a silt ang clsually have smaller pore space and

greater relative surface area, and present a tepderdesaturate at a slower rate (Vanapalli
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et al., 1999). On the other hand, coarse grainisl soich as the sand, possesses lower AEV
and show a distinct point at which they begin tpidly desaturate with increasing suction.
The rate of desaturation depends upon the disiobubf the pores in the soil. Study
conducted by Cote & Konrad (2002) showed that th&imum pore size is controlled by the
percentage of fines rather than the coarse fracidhe material, which in turn influence the
SWCC. Indrawan et al. (2006) studied the effectthefaddition of coarse grained soils to a
residual soil on the drying SWCC and found the A&\ the residual suction decreases with
an increase in the gravelly sand and medium santkcts. They also reported that the slopes
of the drying SWCCs for the soil mixtures tend morease with an increase in the coarse-
grained fractions. Yang et al. (2004) observed thatdrying SWCC of the soil is closely
related to the grain size distribution of the sdihe AEV and residual suction values of
different soils can vary depending upon the pesmmtof fines within the soil and the
orientation of the particles. (Miller et al., 2002ang et al., 2004; Nam et al., 2010).

2.7.3 Modelling of SWCC

Several empirical, analytical and statistical medelre developed to fit the
experimental data and to describe the SWCC. Mo#tefSWCC equations are empirical in
nature and based on the shape of the SWCC. LeoRal&ardjo (1997) and Sillers et al.
(2001) presented a comprehensive summary and éesluaf these models. The most
commonly used SWCC models are those proposed bgeanchten (1980) and Fredlund &
Xing (1994).

2.7.3.1 van Genuchten model

van Genuchten (1980) proposed a closed form, {hmesmeter model for the SWCC
(Eq. 2.5).

s =[ Ln] (E25)
o=t [+ (@]
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where® is the normalised volumetric water content oreffective degree of saturatio&),
Ow is the volumetric water contemis is the residual volumetric water contefii,is the
saturated volumetric water conten¥ is the soil suction (kPa), arad n, andm are fitting

parameters.

The model is widely used and fits the SWCC over ¢hére range of soil suction
using three fitting parametera, (handm). Parametera , n andm are related to the inverse
of the AEV, the pore size distribution of the s@iate of change slope of curve), and
asymmetric shape of the curve, respectively. Thamages of the van Genuchten (1980)
model are (Sillers et al., 2001)) {t provides a wide range of flexibility, allowingto better
fit data from a variety of soil typedj)the model parameters have physical meaning tlie

effect of one soil parameter can be distinguishechfthe effect of the others.

2.7.3.2 Fredlund & Xing model

Fredlund & Xing (1994) proposed a model based enstiape of the SWCC being a
function of the material’'s pore size distributidrhey introduced a correction function,yJ(
in the equation to force the SWCC to pass througoiksuction of 10kPa at zero water
content. This model is in a form similar to the @enutchen (1980)’'s model, however, it has
been observed that Fredlund & Xing, (1994)'s equmtjave the best fit to the experimental
data and requires fewer iterations to determine pheameter values in order to fit

experimental data (Leong & Rahardjo, 1997; ance&i]I2001). The model is expressed as:

w@) = Cp) —=—5 (Eq. 2.6)
{ln[e+ (%) ]}
ln(1+i)
Cy)=1—- —H (Eq. 2.7)
tn[1+ ()
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wherews is the saturated water contemtis the soil suction (kPagis the natural numbee(
= 2.71828),C(y) is the correction factony, is the soil suction (kPa) corresponding to the
residual water content, amagn, andm are fitting parameters.

The model parameters (a, n, and m) in Egs. 2.62andhave the same meaning as
mentioned in van Genutchen (1980). The advantafidbeoFredlund and Xing (1994)’'s
model are as follows (Sillers et al., 2001i): i is continuous over the entire soil suction
range, i) there is great flexibility for the model to fitveide variety of datasetsiji{ the soil
parameters are meaningful, ang (he effect of one parameter can be distinguidhed the
effect of the other two parameters.

2.8 Comparison of suction measurements by different methods

Suction is the fundamental property for the chamagation of unsaturated soil, hence
its reliable measurement is vital for the studyin$aturated soils. Several methods have been
developed in the past for suction measurementsieh teview of the literature concerning a
comparison of measured suctions determined by wdiffgrent techniques are presented in

this section.

Guan & Fredlund (1997) conducted laboratory testsnieasuring matric suction of
Regina clay and fine silt using filter paper, npiessure plate, high suction probe, and
thermal conductivity sensor. They reported that rigsults obtained using the filter-paper
method and the thermal conductivity sensor teste vire reasonable agreement with the
measured suction using the suction probe at relgtivigh degree of saturation. However, at
low degree of saturation scatter in the resultsaiobtd by the filter-paper method were
observed. On the other hand, agreements were beteeden the results obtained from null-
pressure device and suction probe at degree afasiatu less than 60%. For higher degree of
saturation, the matric suctions determined by prékssure plate were higher than that

measured by high suction probe.
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Petry & Bryant (2002) showed that total suctionuesl obtained from WP4 chilled-
mirror device are generally somewhat higher thherfpaper method values. They attributed
these differences due the difference in equilibratime in both methods. Bulut et al. (2002)
compared the accuracy of the chilled-mirror dewath the filter paper method for total
suction measurements of undisturbed soil samplesy Teported that the at high suction
levels the results obtained from the two method®ed) well; however, differences were
found at low suction levels. Similarly, Lu & Likq2004) showed close agreement between
total suctions measured with filter paper and elHiirror methods on kaolinite over total

suction ranging from 0.2 to 6 MPa.

Leong et al. (2003) used a chilled-mirror dew-padethnique to measure the relative
humidity of kaolin and two residual soils. The tesesults showed that total suctions
obtained using the device were always higher tharstm of the matric and osmotic suctions
measured independently. They reported that thenigel could be used to quantify total
suction as low as about 150 kPa. Leong et al. (R6gnded the work reported in Leong et

al. (2003) and stated that the accuracy of measueiibn dependent upon the method used.

Navaneethan et al. (2005) performed suction meammts on four different clays
using pressure plate, triaxial cell (measurementpositive pore water pressure after
undrained loading), and filter paper techniqueseyrboncluded that the most reliable and
consistent results can be obtained from presdate method, whereas the measured suction
by undrained loading in a triaxial cell are genlgraverestimated and the results obtained

from filter paper method are highly dependent andlibration curve used.

Agus & Schanz (2005) assessed four methods for umegs total suction of
bentonite—sand mixture; the non contact filter papethod, the psychrometer technique, the
relative humidity (RH) sensor, and the chilled-mirhygrometer technique. The filter paper
method results were comparable to the chilled-miprovided that both techniques are used
on soil samples of the same age. The measuredsiotéibns by psychrometer technique

were smaller than the chilled-mirror technique, wlas the RH sensor measured larger total
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suctions than the chilled-mirror. They concludedttthe chilled-mirror technique was the

most accurate among the four methods.

Cardoso et al. (2007) compared the suction valueasared by SMI transistor
psychrometer and the WP4 chilled-mirror dew-posyghrometer. The test results showed a
good agreement in the total suction range 0.5 MPa. On the contrary, in the high-suction
range (7 to 70 MPa) differences between the resfill®th devices were observed. Cardoso
et al. (2007) attributed the differences in terrhghe hydraulic paths undergone by the soils

during the measurement period.

Patrick et al. (2007) showed differences and scatéveen the total suction results
from filter paper and chilled-mirror device. Thegported that the possible sources of these
discrepancies arei)(errors in chilled-mirror total suction measureisedue to incomplete
equilibration in the sealed test chamber of thdlezdhimirror device andii() errors in
estimated filter paper total suction values duedtural variations of the zero-water content

intercept in the log total suction versus watertentrelationship.

Lourenco et al. (2008) found the suction valuegawlin specimens measured by the
high suction tensiometer were smaller than thatoseg by the axis translation technique
(pressure plate tests). They attributed that toldok of equilibrium in terms of soil water
content in pressure plate tests. Leong et al. (RB&8orted that the measured matric suction
values using high suction tensiometer and modifiat-type device were close with the

discrepancy being within £10%.

Sreedeep & Singh (2011) reported differences insihetions of fine-grained soils
determined by using tensiometer, pressure membmxteactor, and a dew point
potentiameter (WP4). They attributed that to insight equilibrium time when using of

tensiometer and the accuracy of WP4 measurmeidas auction values (<1000 kPa).
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Zielinski et al (2011) found that the test resutstained by contact filter paper,
chilled-mirror dew-point, tensiometer, and time-dom reflectometry, are in good
agreements. Noguchi (2009) reported different sactesults of sandy clay soil determined
by contact filter paper, high capacity suction @oénd pressure plate tests. They suggested
that the high capacity suction probes provide tlstnaccurate measurements and the filter
paper method underestimated the suction value,esdhe pressure plate overestimated the
soil water content. Similar differences were obedrnbetween the pressure plate and the
tensiometer by Tarantino et al. (2011).

2.9 Volume change behaviour

Volume changes are largely due to rearrangemetiteofyrains and changes in the
volume of the voids in response to a change irsststate (Fredlund & Morgenstern, 1976).
The mechanically induced compression energy isilliged into the soil structure, whereas
the energy induced by capillary forces (suctionjigtributed into the water phase contained
in the soil pores.

Total volume changes of fully saturated soil is &qo the water volume changes
since for the stress ranges relevant to enginegmagtice both water and solid phases are
nearly incompressible and the volume changes argedaby inflow or outflow of water. On
the other hand, volumetric changes in an unsaulis# include changes of total volume and
water volume due to the presence of the air phasieel soil. In order to fully understand the
behaviour of unsaturated soils both the overall thedwater volume changes due to changes
of stress and suction need to be defined (Fred&riRlahardjo, 1993). Volume changes
associated with the soil structure and the wataselare often written in terms of void ratio

change and water content change in geotechnicatesring practice.

Unsaturated soil may either swell or collapse duevetting, as a function of the
applied stress. Alonso et al. (1987) stated thatresaturated soil may either swell or collapse
upon wetting if the confining stress is sufficigntbw (swell) or high (collapse), and that a
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soil might experience a reversal in the volumebetaviour during wetting (initial swelling
followed by collapse). Matyas & Radharkrishna (1988d Sivakumar et al. (2006) amongst
others reported that wetting the soil at a low gati net stress results in an increase of
volume (swell), while a decrease in volume (colgpsccurs at high values of net stress.
Matyas & Radharkrishna (1968) also indicated thegdaction in suction has two effects on
soil structure: a reduction in interparticle stregsgl a reduction in the rigidity of the soll
structure. The volumetric behaviour of the unsaadasoil varies for different soils and
different initial conditions.

2.9.1 Collapse potential of soil

One-dimensional wetting-induced compression behaviof compacted soils is
usually studied in the laboratory using the single-double-oedometer method (Lawton et
al., 1989). In the method of single oedometer (&SITM D5333-92), a dry soil specimen is
loaded incrementally to a preset stress level (lys280 kPa). Then, the specimen is wetted
and settlement is measured. The single oedometeistdast, simple and inexpensive to
conduct. However, researchers have shown thatesogflometer test tends to underestimate
actual settlement in the field (Lim & Miller, 20Q4)

The double-oedometer method proposed by Jenningsight (1957) requires testing
two identical specimens. One specimen is initiadlyndated with water under a small seating
load and allowed to swell then loaded in standacdemental fashion. The other specimen is
tested at the as-compacted water content usingat@dimcremental loading procedures with
the exception that loading increments were maiethiior 1 h. The vertical strain difference
between the as-compacted and inundated test redudtgiven stress level is assumed to be
the collapse or swell potential. The deformationsesl due to wetting is not influenced by
the loading-wetting sequence (Jennings & Knigh§7)9Although the sequence of loading
and wetting is different between the single- andubd®-oedometer methods, many
researchers (Lawton et al., 1989; Miller et al.97Pfound that the two methods generally

agree in the collapse region.
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Generally, soils with low clay content, compactedl@v densities can exhibit
collapse behaviour upon wetting (Houston et al93)9 Collapse of compacted clay soils
occurs (Barden et al., 1973; Mitchell, 1976; Pere& Fredlund, 2000) wheni)(the
compacted soil has an open, potentially unstabdeuasaturated structurei,)(a high enough
value of external stress is applied to cause thectsire to be metastable, and)(a high
enough value of matric suction is available to #itadbthe intergranular contacts and whose

reduction on wetting leads to collapse.

Several studies have been performed to study ttterfathat influence the collapse
potential of soils. Mishu (1963) reported that unsienilar conditions, the more plastic soill
exhibited larger collapse. Lawton et al. (1989, )9%uggested that given the proper
conditions (compaction conditions, clay content)salls are susceptible to collapse. Lawton
et al. (1992) observed that the collapse potentiateases with decreasing degree of
saturation, decreasing dry density, and increasitaj stress level. Alwail et al., (1994) also
concluded that an increase in collapse potentitl imcreasing clay-size fraction and clay-to-
silt ratio based on double-oedometer tests. Fneld& Gan (1995) found that the collapse
potential decreases linearly with increasing ihitiater content for a constant initial dry
density, and increasing initial dry density for stamt initial water content. Similar
behaviour was observed by Rao & Revanasiddapp&@)20@ Lim & Miller (2004). Miller
& Cleomene (2007) studied the influence of soilri@on wetting-induced compression
behaviour of compacted soils. They concluded thatdifference in compression behaviour
between soils compacted in field and tested inrktlooy due to different soil fabrics may
have a significant influence on the volume changjgalwiour during wetting.

The collapse potential was found to be directlyated to the matric suction of
compacted soil. Tadepalli & Fredlund (1991) stddiellapse behaviour of a compacted soil,
and found the soil consolidation coefficient vamgehrly with the matric suction during
saturation. Rao & Revanasiddappa (2000, 2002) dooompacted specimens dry of
optimum have higher matric suction and collapsemix! values than specimens compacted
wet of optimum for degrees of relative compactiess|than 100%. Their results also showed
the collapse potential increases with increasinggimsuction, and it generally increased with

decreasing relative compaction.
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2.9.2 Shrinkage behaviour

Shrinkage is the reduction in total volume as #sponse to the evaporation of water
from the soil. Drying a soil sample induces tengiliernal stresses (pore water tensions)
caused by capillary menisci, which forces partitteseorient and attract to each other, hence
leading to shrinkage (Baumgartl & Kock, 2004). 8kege behaviour is typically caused by
evaporation (a change in the temperature), traausmir, and lowering the groundwater table
in arid and semi-arid regions. The definition cdess a relationship between void ratio and
gravimetric water content, commonly called the sbilinkage characteristic cur¢€ripathy
et al., 2002). Two different shrinkage paths oissare shown in Fig. 2.5, such as that for

saturated slurried soils and compacted soils (Faih@23; and Tripathy et al., 2002).

The shrinkage behaviour of an initially saturated gspon drying can be characterized
by the following four phases stages (Fig. 2.5) (t¢aj 1923; Bronswijk, 1991)i)(structural
shrinkage: water filled the larger and relativelgids drain without any accompanying
shrinkage, thus, some air will enter into the lapgees, i{) normal shrinkage: in this stage
the decrease in the volume of water in saturatddegqaals the volume decrease of the soil
and the soil remains saturated, thereby leadira 46° line parallel to the 100% saturation
line, (ii) residual shrinkage: in this stage air enterspbees and water loss during drying
process is greater than the soil volume decreask(\g zero shrinkage: the soil has reached
its maximum density under the drying process, aatewloss is not accompanied by any
further change in volume. However, all of theser felurinkage phases are not always present.
In some cases the shrinkage curve does not priggephase of structural shrinkage (Cornelis
et al., 2006). The relative extent of the differshtinkage ranges varies for different soils
(Parker et al., 1977).
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Fig. 2.5 Typical shrinkage curve (based on Haind$23)

Several parameters can be obtained from the slynlairve. The point when
immediately the soil begins the desaturation (thenkage curve gets detached from the
saturation line) is considered as the plastic lifitis point is associated with the Air Entry
Value (AEV) (Fredlund, et al., 2011; Fredlund & Radfjo, 1993; Cornelis et al., 2006). The
shrinkage limit is defined as the water contenteggonding to the minimum volume that a
soil can attain upon drying to zero water contdiie shrinkage limit water content can be
determined by extending the zero shrinkage lindaeaheoretical degree of saturation lige (
= 100%) (Kedi, 1980).

2.9.3 Suction-void ratio SWCCs

Soils undergo volume increase (swell) when theitewaontent is increased as a
consequence of suction reduction. On the other ,handincrease in suction results in

reduction in volume of the soil and induces shrg&kdue to reduction in the water content.
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The volume change of a soil specimen is commontymeasured when performing a
laboratory test for the SWCC. The volume changendudrying of a soil can be significant
and is relevant to the interpretation of SWCC d&tadlund & Rahardjo, 1993; Fleureau et
al., 1993). The shrinkage curve can be used tonat#i the volume changes. Thus, the
relationship between void ratio and suction candeeluced from the combination of
shrinkage curve and suction-water content SWCCd{&nel et al., 2011). Consequently, the
degree of saturation versus soil suction can atésedbablished by using basic volume-mass

relationship.

2.9.4 Volume measur ement techniques

There are several methods currently available foeasuring the shrinkage
characteristic of soil specimens, such as dimensieasurements using callipers or laser
retractometer, methods based on the determinafitimecsoil bulk density by measuring the
weight and volume of the specimen while being dridolume determinations by measuring
core dimensions have potential errors due to phlysieeasurement errors especially if the
soil is very wet and the regularity of the sampdeoiten lost during drying (Tariq &
Durnford, 1993). The use of fluid displacement metkvas found to give the better results.
Although several researches employed this techregber by submerging the soil specimen
in fluids such as kerosene, petroleum, toluenecuanmgr and kerdane oil, or by first coating
the specimen (encasement methods) with water legpedolutions (viz. Molten wax, Dow
Saran resin dissolved in Methyl Ethyl Ketone (ME#&ran), waterproof Polyvinyl Acetate
(PVAc) based adhesives); however, they followed shene general procedure (Brasher,
1966; McKeen, 1985; Nelson & Miller, 1992; Tarig@urnford, 1993; Bradeau et al., 1999;
Albrecht & Benson, 2001; Fleureau et al., 2002; H#eg et al., 2003; Peron et al., 2007;
Tadza, 2011).

Encasement method using molten wax requires dupl&al specimens to be tested
to establish the entire shrinkage path (Ward et18165; ASTM D4943-08). On the other
hand, Clod test using Methyl ethyl ketone (MEK)aapr PVAc as encasement eliminates

the need of multiple specimens and only a singéeigpen is required to establish the entire
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shrinkage path (Brasher, 1966; McKeen, 1985; Nelasod Miller, 1992; Krosley et al.,
2003).

In the Clod tests, encased soils are allowed taudder a free unconfined condition.
The volume of the Clod is measured by utilising lngedes’ principle (by weighing the
Clod first in air and then under liquid of knownnggy) (Nelson & Miller, 1992). Krosley et
al. (2003) proposed the use of alternative encasematerial, a water based glue (PVACc),
which improved the testing time as compared to M&i€an due to improved vapour

permeability of the glue. The glue is easily au@#sand is non-hazardous.

2.9.5 Modélling of the shrinkage curves

Several models have been proposed in the pasteseride the shrinkage
characteristic of soils, which include polynomiabdels (Giraldez & Sposito, 1983; Fredlund
et al., 2002), linear models consisting of différetraight lines for the different shrinkage
phases (McGarry & Malafant, 1987), logistic mod@acGarry & Malafant, 1987), and
sigmoid models (Groenevelt & Grant, 2002; Cornetial., 2006). Kim et al. (1992), Tarig &
Durnford (1993), and Braudeau et al. (1999) suggkesbmbining exponential or polynomial
function with linear ones. Although most of the retsdare empirically developed, some of

these models utilize the basic properties of doileplicate the shrinkage paths.

Fredlund et al. (1997,2002) proposed an equati@edan the hyperbolic nature of
shrinkage curve to best-fit data for the shrinkageve. The equation has parameters with

physical meaning (Eqg. 2.8).

1

wEsh [@
e(w) = Qagp I:b_csh-l_ 1]
sh

(Eq.2.8)

whereag, = the minimum void ratio, (&), bs, = slope of the line of tangency, (e.g., drying

from saturated conditionsys, = curvature of the shrinkage curve, amd= water content.
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as/bsh = GJS = constant for a specific soi5{ is the specific gravity ang; is the degree of

saturation).

It is possible to estimate the remaining parametgsired for the designation of the
shrinkage curve once the minimum void ratio of sl is known. The minimum void ratio
the soil can attain is defined by the variatalg, The csy parameter provides the remaining
shape of the shrinkage curve. The curvature oftrmkage curve is controlled by varying

thecsp parameter (Fredlund et al., 2011).

McGarry & Malafant (1987) proposed a generalizegidtic model with four
parameters to describe the S shape of the shrirdtegacteristic (Eq. 2.9).

€y
=ey+
° "1 + exp [_IB(WGS - WGsi)]

(Eq.2.9)

wheree, is the maximum void ratio range, equal to the vaitb at the saturatiog, minus
theey, fis a slope parameter depending on the air entryevahdw is the water content at

the inflection point.

2.10 Determination of air-entry value (AEV) and residual suction

During the drying process, the transition from saied to unsaturated state of soils is
indicated by the air-entry value, AEV (Fredlund &Hrirdjo, 1993). The AEV is the suction
at which the degree of saturation drops below 100% soil undergoes insignificant volume
change during establishing the drying SWCC, suetgmavimetric water content, suction-
volumetric water content, and suction-degree afrasion SWCCs will lead to similar values
of AEV and residual suction. However, if the volueteange of the soil is large, the AEVs
are usually less distinct on the SWCCs. In thigcasction-degree of saturation SWCC can
be used for determination of AEV and residual suc{iCroney & Coleman, 1954; Fredlund
& Rahardjo, 1993; Vanapalli et al., 1999; and Fued| 2011).
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Vanapalli et al. (1999) presented a graphical pioce to quantify the air entry
value and the residual state when the entire suctinge is used. The procedure involves
first drawing a line tangent to the curve throulgé inflection point on the straight line potion
of the SWCC. The air entry value of the soil isadbéed by extending the constant slope
portion of the SWCC to intersect to the line reprégghe SWCC in the low suction range (at
saturated water content or 100% saturation). Thielual degree of saturation can be defined
at the intersection of the tangent line and them&d line represents the SWCC in the high
suction range (1,000,000 kPa).

The shrinkage curve of a soil may be referred ta&iermining the water content at
the air-entry and the residual water content. Furtithe suctions corresponding to these
water contents can be obtained from the suctiomwedntent SWCC. During the drying
process an initially saturated slurried soil speginollows the 100% saturation line until air
begins to enter the largest voids at which thenklge curve starts to deviate from the 100%
saturation line. The soil continues to dry unté tlolume of voids remains constant indicated
by the shrinkage limit of the soil.

The suction corresponding to the shrinkage limitlafs has been considered as the
AEV by several researchers (Fleureau et al. 1988]lénd and Rahardjo, 1993, P eron et al.
2006). However, soil may well desaturate priortie shrinkage limit, hence the shrinkage
limit may well differ from the air entry water cantt. The desaturation point may remain
close to the plastic limit in some cases. Hence stiction corresponding to the plastic limit
may be considered as the AEV (Fredlund et al., R(Arkedlund et al. (2012) suggested that
the residual conditions may correspond to the &hge limit of the soil. These studies
clearly suggest that determination of the AEV amalresidual suction based on the shrinkage
paths and the suction-water content SWCC of thHesget conjectural. It may be noted that
these approaches of determining the AEVs and thidual suctions may strictly apply for
initially saturated slurried soil specimens. Tripaet al. (2002) stated that the plastic limit
and the shrinkage limit have specific meaning fotially saturated slurried soils and such
references may not be applicable in case of shgmkaths of compacted soils.
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2.11 Concluding remarks

In this chapter, a brief review of the concept ofteon as well as the methods for
measuring and controlling soil suction has beersgreed. A review of the influence of
compaction conditions on soil suction was includééneral information on the soil-water
characteristic curve (SWCC) and its features awctbfa affecting the SWCC were covered.
Soil volume change due to suction along with théd sbrinkage behaviour were also

discussed.

A review of literature highlighted some specifipasts related to SWCCs and suction

of soils. These include:

» Suction is a function of soil structure and soitgvacontent.

* The influence of the initial compaction conditiorss more obvious for the near
saturation portion of the SWCC. At high suction, S®@é with different compaction
conditions tend to converge.

» Several methods are currently available for suctioeasurements, however each
method has its own limitations and advantages.

« The water phase continuity in null-type axis-tratish has not been fully
investigated.

» Filter paper method is highly depends upon thebcation curve which in turn
depends upon several factors (suction source,ilequih time, and hysteresis).

* The importance of using the suction-water contaMC&s and shrinkage paths for

determination of AEVs of soils.
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CHAPTER 3

MATERIALSUSED AND EXPERIMENTAL PROCEDURE

3.1 Introduction

Several regions of the earth constitute of senti-ariarid regions (Nelson & Miller,
1992). These regions have climates in which theuaihavaporation potential exceeds the
annual rainfall. Subsequently, the soils in thessas are very dry nearer to the ground

surface. Typically the soils in these regions ara state of unsaturated conditions.

Libya is located in an arid to semi-arid environmevery limited research studies
have been reported in the literature concerning#i@viour of unsaturated Libyan soils. For
this reason, an extensive experimental programumdgrtaken in order to investigative the

unsaturated characteristics of two Libyan soils.

A detailed experimental programme was planned @&veral laboratory tests were
carried out.The drying suction-water content SWCCs were esthbli using the axis-
translation technique (pressure plate tests) aadrdpour equilibrium technique (desiccator
tests). The wetting suction-water content SWCCsewestablished using a volumetric

pressure plate extractor and the vapour equilibtechnique (desiccator tests).
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The void ratios of soil specimens duriihg drying process were measured using Clod
method in order to establish the water content-vaitb shrinkage paths. The Clod tests
results were combined with suction-water contentCE84 to establish the suction-void ratio
SWCCs and suction-degree of saturation SWCCs ddhe.

Matric suction measurements were camigdising a null-type axis-translation device
and contact filter paper method. Additionally, alled-mirror device and non-contact filter

paper method were used for total suction measuremen

In this chapter, the properties of tlmissused and the experimental procedures
adopted are described. The experimental methodstedido determine the index properties
of the soils, such as the Atterberg limits, theimgiaze distribution, and the mineralogy are
first briefly presented followed by the specimeregaration and compaction methods.
Further, the methods used for determination ofditying and wetting suction-water content
SWCCs and volume measurement using Clod methodpi@sented. Subsequently, the
devices and testing methods used for soil suctieasmwrements (null-type pressure plate,
filter paper, and chilled-mirror) are presentede Honcluding remarks are presented towards

the end of the chapter.

3.2 Soilsused

Two types of Libyan soils with differetextures were used. The soils were collected
from North-west (Tripoli area) and from North-eé8enghazi area) of Libya. The soils were
subjected to an extensive laboratory testing tegea the experimental database that could

be used to evaluate special features of the uraatutibyan soils.
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3.2.1 General country background

Libya occupies a part of northern Afrfoam 20 to 34° N and 10 to 25° E (Fig. 3.1). It

is bounded in the east by Egypt, in the west byiSiapnand Algeria, Mediterranean Sea in the
north, and by Sudan, Chad, and Niger, in the south.

Libya’s total population was at 5.3 moill in 2001, almost 90% of the population lives
in the coastal region in the north, and the restidtely scattered oases in mid- and southern
Libya. According to the population distribution bmbya based on 2001 estimation, people
concentrate on two locations: the first, in thetmaest (Jifara Plain) where about 60% of all
Libyans live, including Tripoli city - the capitalf Libya - where more than one million

people live, and the second location in north-eadiédya (Benghazi Plain).
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Fig. 3.1 location map of Libya

Libya has Mediterranean climate with r@ager variety of seasonal changes. The

dominant climatic influences are the Sea and tHef@aDesert. In coastal lowlands, where
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90 percent of the population live, the climate isdlerranean, with warm summers and mild
winters. The climate in the desert interior is euderised by very hot summers and extreme

diurnal temperature ranges.

Rainfall is the main feature of preaidn in Libya. The average annual rainfall in
Libya is 380 mm, but only 7% of the land surfacdhs country has a rainfall of more than
100 mm/year. The highest rainfalls occur in thetNem Tripoli region (Jabal Nafusah and
Jifarah Plain) and in the Northern Binghazi regidabal Al Akhdar): these two areas are the
only ones where the average yearly rainfall exc@&@sto 300 mm (Pallas, 1980).

3.2.2 Sampling location

The first soil was taken from Tripolearlocated in the north-western Libya (Fig. 3.1).
Tripoli city is located at the western side of Lébgn the sea edge of about 80 km of the wide
flat coastal Jeffara plain. This plain is gradualgpes from the coastline to about 130 m
above the mean sea level. The coastal plain tetedna a steep fault escarpment that rise to
from the Jebel Nefusa plateau, about 400 to 600aweasea level and roughly parallel to the
coastline. Jefarah Formation consists mainly ofe fimaterials, mostly silt and sand,
occasionally with gravel caliche bands and gypsiiropvers extensive parts of the Jefarah
Plain. The soil used in this study was collectenhfithe near surface layer of coastal strip of
Jeffara plain. The near surface layer is recentdblown silty sand of variable thickness
ranging from 1.0 to more than 10.0 m. This layes taarying silt content of 5 to 40% and
may have nodules of cemented carbonate. The spiledominantly consists of quartz and
traces of other clay minerals such as kaolinitelmaifound. The soil will be referred to as JF
soil throughout in this study.

The second soil was taken from Bengheza located in the north-eastern Libya (Fig
3.1). The Benghazi plain area is bounded on thd bseshe Mediterranean Sea and on the
east by the escarpment of Jabal Akhdar (Green MouyntThere are three important

geomorphic units in the plain and its catchmenaafdese are: the plain along the sea coast,
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the Benghazi platform, and the terrace of Jebal Mdhdar (Khan et al., 1978). The
sediments in this region can be classified accgrdm their origin into aeolian, littoral
marine, lagoonal (Sabkha) and alluvial depositsafKi& Hasnain, 1981). The aeolian
deposits are composed of fine-grained, equigrarsdad which is mostly made up of shell
fragments and limestone grains. The littoral maruret mostly consists of calcareous
sandstones or calcarenites. A series of perioglichled coastal lagoonal sediments called
Sabkhas are developed along the coast line. Troohed sediments are red silty or sandy
clay with accumulated minute gypsum and salt clystaluvial deposits consist of beds of
loam clay and gravel. These deposits are inteexdlaspecially at their base, with limestone
gravel. The significant part of the region, alohg Mediterranean Sea shore, is covered by
specific soils called Terra-Rossa soils. Thesessaik mainly found in areas where the
underlying bedrock consists of limestone, and éatad when limestone weathers and erodes,
producing a mix of clay and sand that contains m&ite, giving the soil its red colour. Its
thickness in the basin is not more than 10 m. Tlsedls consist of kaolinite and traces of
illite and chlorite as its clay minerals, also umting quartz and feldspar. The soil will be

referred to as TR soil in this study.

3.3 Physical properties of soilsused

Standard laboratory tests were perfarimethis study to obtain the index properties
of the soils. These included determination of pecattsize distribution, Atterberg limits (i.e.,
liquid limit, plastic limit, and shrinkage limitgnd specific gravity.

3.3.1 Specific Gravity

Specific gravity@s) of a soil is the ratio of density or specific weighf the soll
particles to the density or unit weight of watemeTspecific gravity of the soil was
determined by using density bottle (pycnometer)oetiog to BS 1377-2 (1990)Three
different tests were conducted on three differam@es from both soils. The specific gravity

values were found to be 2.66 and 2.73 for JF swllER soil, respectively.

65



CHAPTER 3 — MERIALS USED AND EXPERIMENTAL PROCEDURE

3.3.2 Atterberg Limits

Atterberg limit tests were conductedstady the plasticity property of the soilEhe
liquid limit and plastic limit are the water conterat which the soils exhibit both liquid and
plastic property, respectively. The liquid and ptaBmits tests were conducted according to
BS 1377-2 (1990). The liquid limits of the soils reedetermined based on that portion of
soils which passed through a 425 pum sieve and ukadpll-cone method. The plastic limit
of each soil was determined by using soil pasdingugh a 425 um sieve and rolling 3 mm
diameter threads of the soils until they begarrtonble. The difference between these liquid
limit and plastic limit is known as the plasticitydex, which is generally used to characterize
the plastic nature of soils. Table 3.1 shows therAerg limits of the soils. It can be seen in
Table 3.1 that the TR soil exhibited higher plasti¢LL = 39% and PL = 16%) than JF soil
(LL = 23% and PL = 16%). This is attributed dueatbigher amount of clay fraction found in
TR soil.

The shrinkage limit is defined as the water consgnwhich the soil does not undergo
further volume change during the drying processe $hrinkage limits of both soils were
determined according to the method described in M334943-08. Soil specimens were
prepared at 1.2 times their respective liquid limetlues and placed within a greased
shrinkage dish. Mass measurements were frequermthytoned until no further reductions in
mass were observed. Subsequently, the water cerdedt volume measurements using the

wax method were carried out. The shrinkage limitde soil were calculated using Eq. 3.1.

(V_Vd)pw)

SL (%) = ( X 100 Eq. (3.1)

S

The SLis the shrinkage limity is the volume of wet specimen (i.e. volume of sheinkage
dish in cnd), Vy is the volume of dry soipy is the density of water, am is the mass of dry

soil.

The shrinkage limit for JF soil was fouto be 13.4%, whereas the shrinkage limits
for TR soil was found to be 10.5%. These valuescatdd that both soils may exhibit some

volume change during saturation.
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Table 3.1 Properties of the soils used

Properties JF Soil TR soill

Specific gravity of soil solid3s 2.66 2.73
Atterberg Limits

Liquid limit, LL (%) 23.0 38.6

Plastic limit, PL (%) 16.0 15.8

Plasticity index, Pl 7.0 22.8
Shrinkage limit, SL (%) 14.4 11.5
Particle size distribution

Sand (%) 64.6 4.7

Silt (%) 24.4 47.7

Clay (%) 11 47.6
BS light compaction characteristics

Optimum water content (%) 11.2 20.1

Maximum dry density (Mg/n 1.99 1.69
BS heavy compaction characteristics

Optimum water content (%) 9.2 154

Maximum dry density (Mg/fp 2.09 1.87

3.3.3 Particlesizedistribution

Particle size distribution tests werefgrened on JF and TR soils in accordance with
BS 1377-2 (1990). Both dry and wet sieve methodsewsed. In addition, particle size of
fine fractions of the soils and clay—size fract{@e. < 2.0um in diameter) were determined

using sedimentation technique (hydrometer method).

Figure 3.2 shows the grading curves I soils. The measured particle size
percentages of each soil are presented in TabldBelparticle size distribution curves of the
soils (Fig. 3.2) indicated that JF soil containédwt 64.6% sand, 24.4% silt, and 11% clay-
size fractions. TR soil contained about 5% sand/%r7silt, and 47.6% clay-size fractions.
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According to British standard (BS) classificatiorstem BS 1377-2 (BSI 1990), JF soil was
classified as silty sand of low plasticity (SML)dmR soil as inorganic clay of intermediate
plasticity (CI).
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Fig. 3.2 Particle size distributiorf soils used

3.3.4 Mineral compositions

The mineral compositions of the soilsavdetermined by X-ray diffraction method
(Grim, 1968; Mitchell, 1993). According to Bragdaw, the XRD identifies the minerals
based on the relationship between the angle oflemce of the X-raysd, to the c-axis
spacingd. A Philips automated powder diffractometer PW 1448s used for XRD analysis
in this study. The diffractometer consists of a ®oreter (specimen holder), a copper X-ray
generator and a controllelhe soil particles were ground to minimize the wi@ion
preference and to maximize sample representatisefie8 powders with hygroscopic water
contents were tested@he X-ray diffraction analysis of both soils is shoin Fig. 3.3.X-ray

diffraction analysis showed that JF soil containartg, carbonate, and feldspar as its non-
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clay minerals, including other clays minerals sashkaolinite and chlorite. The XRD test
results for TR soil showed that it contains illilegolinite, chlorite and traces of quartz,
feldspar and carbonate were also found. Howevesedan X-ray diffraction results it was

difficult to specify the proportions of each minkena both soils as the peak intensities are
strongly influenced by the orientation of the paes in the specimen (Jasmund & Mering,
1978).

3.4 Compaction tests

Compaction tests for both soils wereiedrout by following the procedure laid out in
BS 1377-4 (1990). The tests were carried for heawy light compaction efforts. For heavy
compaction, the soil were compacted in five layarsa mould having a volume of 1000 cm,
using 27 blows per layer with a 4.5 kg rammer figjlthough a height of 450 mm. The light
compaction tests were conducted in three layergguaic kg rammer falling though a height
300 mm.

The compaction curves of the JF soil and TR @il lines in Figs. 3.4 and 3.5) and
the corresponding optimum water content (i.e.,dhemum moisture content or the OMC)
and the maximum dry densitydnay for BS-light and BS-heavy compaction efforts are
shown in Figs. 3.4 and 3.5. The optimum water aunter JF soil remained close to the
degree of saturatiorg{ of 85% for BS-light compaction effort (OMC = 1%} and 90% for
BS-heavy compaction effort (OMC = 9.3%). For TRIsdhe optimum water content
remained close to the degree of saturati§h ¢f 90% for both BS-light and BS-heavy
compaction efforts (OMC = 20.1% and 15.4%, forlighd heavy compaction efforts).

For both JF and TR soils (Figs. 3.4 and 3.5), ibd of the compaction curves on
the wet-side of the optimum conditions for both Bfft and BS-heavy compaction merged
with an increasing in the water content and renthidese toS = 85% and 90%. This
indicates that air remained within the soil systgpmasrcentage air void of about 15%) in

occluded form at very high water contents for kb compaction efforts and for both soils.
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3.5 Compressibility and collapse behaviour

Two methods are currently used to evel@nd determine the collapse potential of
soils, namely the single and the double oedometss.t The tests have been shown to be
reliable in investigating the collapsibility propies of soils. According to Lawton et al.
(1989) and Basma & Tuncer (1992), these methodkteaimilar results. In this study, the
experimental procedures for double oedometer tegigsed by Jennings & Knight (1957)
were adoptedOne specimen watested in its as-compacted conditions while thesiotil
specimen wagsnitially saturatedprior to loading.The vertical strain difference between the
saturated and as-compacted specimens was considem@etermining the collapse potential
at various vertical pressures. The following sewipresents the test procedure adopted for
determining the collapse potential along with spexi preparation method and the test

results.

3.5.1 Specimen preparation for double oedometer test

The double oedometer test (Jennings &N 1957) was used to study the collapse
behaviour of compacted specimens of JF and TR.sbid® identical soil specimens were
prepared for each soil at the predetermined congmactonditions. Several compaction
conditions of the soils were chosen for the doulelometer testsStatically compacted
specimens corresponding to BS light compactionreficere prepared at various initial

compacted water contents and dry densities.

The water content and dry density for JF soil \chbetween 4.7% to 22% and 1.53
Mg/m® to 1.90 Mg/ni (Table 3.2). The specimens of TR soil were prepatedry densities
varying between 1.53 Mg/hio 1.90 Mg/ni and initial water contents varying between 4.7%
to 22% (Table 3.2).
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Table 3.2 Initial compaction conditions of JF andR soil for double oedometer test

Initial compaction conditions

Sall Specimen
type condition ) , _ Degree of
Specimens Water Dry density Void _
_ 5 _ saturation
notation content (%) (Mg/m°) ratio
(%)
JF-SL6.8 6.8 1.78 0.494 36.6
JF-SL8.1 8.1 1.84 0.445 48.3
Saturated
JF-SL9.0 9.0 1.92 0.385 62.1
JF-SL11.2 11.2 2.01 0.323 92.1
JF soail
JF-SL6.8 6.6 1.78 0.494 35.5
As- JF-SL8.1 8.1 1.84 0.445 48.3
compacted JF-SL9.0 8.9 1.92 0.385 61.4
JF-SL11.2 11.1 2.00 0.330 89.5
TR-SL15.2 154 1.55 0.761 55.2
Saturated TR-SL16.3 16.3 1.58 0.728 61.1
TR-SL18.4 18.4 1.66 0.645 77.9
TR soil TR-SL20.5 20.6 1.68 0.625 89.9
TR-SL16.3 16.2 1.58 0.728 60.8
As- TR-SL18.4 18.3 1.65 0.654 76.4
compacted TR-SL20.5 20.4 1.68 0.625 89.1

* soil specimen used for only 1D oedometer test

3.5.2 Testing Procedure

The soil specimengere compacted directly in standard oedometer rf@a§snm dia.
and 15 mm high). The oedometer rings were lubricatgh silicon grease to minimize the
side friction effect. The as-compacted specimens were then transferred aodasid
consolidation loading devices. For testing unsagaraoil specimens, the porous stones at the
bottom and top of the soil specimens were wrapmeg@lastic sheets prior to placing in

contact with the as-compacted specimens in ordpreeent capillary affects from occurring
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between the as-compacted specimens and the potoonsss Additionally, the entire
oedometer cell was covered with several layerdiof ¢ilm to maintain the water content of
the as-compacted specimen constant throughout eis. tAfter assembling the loading
devices, the soil specimens were immediately loaglecbrding to standard incremental
loading procedure. In this study, loading pressirg, 50, 100, 200, 400, and 800 kPa were
selected. Each loading increment was allowed toanerfor a period of one hour and dial
gauge readings were monitored at the following timtervals: 0, 0.25, 0.5, 1, 2, 4, 5, 10, 20,
30, 40, 50, and 60 minutes. For testing the spewm& saturated condition, the soill
specimens were initially saturated with deionisestav under a small seating pressure (5
kPa). After a 24-hour equilibrium period, the gpeens were consolidated using the same
loading sequence (5, 50, 100, 200, 400, and 800 ksxd for the as-compacted ones with
each increment held constant for 24 hours. Theisges were unloaded to the token load in

a stepwise process.

The test method allows determining ttHigeence in the void ratio between saturated
and as-compacted specimens under any stress [Ewvel.collapse potentials of the soil
specimens were determined according to the equéiqn3.2) (Jennings & Knight, 1975,
ASTM D 5333-03):

e — e
Collapse potential (%) = l—_}_; x 100 (Eq.3.2)
0

1

where,g is the initial void ratio of identical specimensdaande are the values of the void
ratio of the specimens at as-compacted water cbnéma at saturation conditions
respectively, under the same applied vertical stres

3.5.3 Experimental results of double oedometer tests

Figures 3a&andb show the results of double oedometer tests facispns of JF and
TR soils with varying initial water content. Thestaesults are presented in terms of void

ratio of the specimens versus vertical pressure dogarithmic scale. Due to some slight
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variations in the initial void ratios of the speens for any given test, the results for
specimens with similar dry densities are showrtda sit an average void ratio.
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Fig. 3.6 Compression curves (void ratio vs. vertisaess) for

(a) JF soil and (b) TR soil
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Figures 3.@ and b show that, the void ratio versus vertical presscueves of
saturated specimens remained above the corresgpadicompacted compression curves.
This occurred for the specimens those had exhilsligtit swelling. The percent swell was
less than 1.3% for JF soil and 1.0% for TR soilwdwer, as the applied stress increased, a
collapse may be expected as the as-compacted cssigprecurves remained above the
saturated comparession curves. The specimens ctedpaicdry of optimum water content
(JF-SL6.8 and TR-SL15.2) show higher increase imme (swell) at seating load than the
specimens compacted at optimum water content (JA-2land TR-SL20.5)The specimen

notation follows, soil name, compaction type (Sstatic light), and the water content.

The test results presented in Figs.a3a®db showed that the saturated compression
curves intersect the corresponding as-compactegm@asion curves at specific values of the
vertical stress. This value represents the verstadss at which there will be no volume
change for the saturated specimens. The testdgedsd showed insignificant difference in
compression curves between the saturated and gsacted specimens compacted at high
water contents for both soils (e.g. JF-SL11.2 aRdSL.20.5).

Figures 3&andb show thecollapse potential versus applied vertical stressbth
soils. It can be observed from the test resulSigs. 3.7a andb that the collapse potential of
the soil specimens increases with an increasintpenapplied vertical stress and decreases
with the compaction water content. An insignificaollapse potential can be noted for the

both JF and TR soil specimens compacted at optimatar content.

It can be seen from Figs. 8anhdb that specimens compacted at low water content
(dry of optimum) show a higher values of collapséeptial than the specimens compacted at
high water content (optimum or wet of optimum). @&am et al. (1979) reported that the
structural stability of compacted specimens atafrgptimum depends on the matric suction
rather than the dense of particle arrangement. ©easticle arrangement affects more the

structural stability of the wetter compacted spesisiand the matric suction has less effect.
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The test results are found to be in good agreemaeitisthe findings ofother researches
(Lawton et al.1992; Medero et al., 2009; Villar & Rodrigues, 2p11
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3.6 Permeability test

A falling head permeability tests weeereed out according to BS 1377-5 (1990) to
determine the permeability of the soils used. Bpewss were prepared at initial water
content equal to the corresponding liquid limittleé soils. The permeability results from the
study indicated that the coefficient of permeapi(ks) of the specimen of TR soil was 9.18 x
10° m/s as whereds of the specimen JF soil was 4.65 x°I@/s. The lower value d for
TR soil is mainly due to a higher percentage oy dize fractions. The range kf for both

soils fall within the range d{ for silty soils (Lambe & Whitman, 1969).

3.7 Specimen preparation for measuring and imposing soil suction

All soil specimens used in the studyevprepared from the selected soils that were
firstly air-dried and then sieved through a 2 mmvsi This process enabled removing all
large particles and pebbles from the soils. Sotlewamixtures were prepared by adding
predetermined quantities of distilled water to slods. Distilled water was added to the soils
in small amount and thoroughly mixed until uniformxtures were obtained. The mixtures
were then placed in sealed plastic bags in airtghttainers and were allowed to cure
overnight for moisture equilibrium to take placeheTmixtures were further made to pass
through a 2.0 mm sieve to eliminate large-size trsithat were formed during the mixing
operation. At low water contents, the mixtures doog easily sieved; however, as the water
content increased it was necessary to force sheenixtures. It was more difficult to sieve
the soil-water mixtures of TR soil at higher watentents. The mixtures were placed back
again in sealed plastic bags in airtight containers

Soil specimens for the null-type ax@aglation and SWCC tests were prepared from
both BS-light and BS-heavy compaction samples. Tivailed stainless-steel tube samplers
with bevelled edge and inside diameter of 42 mmewased to extrude the compacted

specimens from the compaction mould. Samples wakent from the remaining soil to
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determine the compaction water contents of theis@ets. The dry densities of the tested
specimens were calculated based on the volumemlas®nships.

In addition to the dynamically compactsgecimens, soil specimens were also
prepared by statically compacting soil-water migturfor the null-type axis-translation,
SWCC, filter paper and chilled mirror tests. Static compacted specimens were prepared

by compacting soil-water mixtures in single liftarspecially fabricated mould.

Figure 3.8 shows the compaction mouledus this study. The main components of
the compaction mould are a brass base, a staisteg$ central section, stainless steel
specimen ring, a locking collar, a piston and tHomking bolts. The central section holds a
specimen ring into position and at the same tince@enodates soil-water mixture during the
compaction process. The central section also gufgepiston in the vertical direction during
compaction.The inside of specimen rings was covered with lighéting of silicon grease
prior to placing a soil-water mixture. The compawtiof soil specimens were performed
using a stress controlled compression testing machhe targeted compaction dry densities
and water contents of the statically compacted spdcimens were corresponding to the
specimen conditions of the dynamically compacteztspens. At the end of the compaction
process, the specimens were weighed, the diameterhaight were measured at three

positions of the specimens.

All specimens for all laboratory testerev prepared in a similar manner in order to
produce the same structure and conditions. Typictlle specimens prepared for null-type
and SWCC tests were 12 mm thick and 45 mm diamieterfilter paper tests the specimens
were 20 mm thick and 45 mm in diameter and forletiimirror tests the specimens were 7

mm thick and 37 mm in diameter.
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Fig. 3.8 Static compaction mould, (a) componentscoimpaction mould and

(b) assembled compaction mould

3.8 Suction-water content SWCC tests

This section presents the details ofeexpental methods adopted for establishing the
soil-water characteristic curves (SWCCs). Presplate and salt solution tests were carried
out to obtain the SWCCs, both during drying andtiwgtprocesses.

3.8.1 Pressureplate tests

Pressure plate extractors work on thacple of axis-translation technique. Axis-
translational technique refers to elevating poreegssurel(y), while maintaining a constant

pore water pressure) (usually,u, = 0).

The suction-water content SWCCs of cartgzhsaturated specimens were determined
by pressure plate tests. Two type of pressure plaeces were used for establishing drying
and wetting SWCCs. The drying SWCCs were estalisiieing a 5-bar pressure plate
extractor manufactured by Soil moisture Equipmédsporation in accordance with ASTM
D6836-02. A 2-bar volumetric pressure plate extnaftom the same manufacture was used

to generate the SWCCs along the wetting paths leetwections 200 and 4.0 kPa.
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3.8.1.1 Apparatus description

A 5-bar pressure plate extractor (Bi§) consists of a pressure chamber, and an air
supply system, and high air-entry ceramic disk,eted on one side by a neoprene
membrane, sealed to the edges of the ceramicTigklayers of plastic screens are attached
to the under surface of the ceramic plate to pmwgigace for water flow between the ceramic
disk and the neoprene membrane (Leong et al., 2004)disk is generally made of sintered
kaolin soil (Soil Moisture Equipment Corp., 2004)dathe diameter of the ceramic disk
ranges between 260 mm and 280 mm. The water ontlée pressure plate apparatus was
connected to a burette for flushing purpose anctédiecting water that expelled out of the
soil specimens. The air pressure required for #s ts applied through an external
compressed air supply line which is connected ¢octtamber via a regulator.

Fig. 3.9 5-bar pressure plate extractor

Prior to commencement of a test, in ordesaturate the ceramic disk, the water
compartment was filled with distilled water, wateais also poured over the ceramic disk, and
air pressure was incrementally increased up tokEQ9 for several hours with water on the
disk. The saturation process was stopped when mbulbles were noticed in the burette.
Once the ceramic disk was saturated, air cannat frmsugh the ceramic disk due to the
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ability of the contractile skin that resists thewl of air (Fredlund and Rahardjo, 1993). The

ceramic disk acts as a membrane between the paaadipore water.

3.8.1.2 Pressure plate test procedure

Compacted and initially saturated skdrspecimens were prepared in stainless steel
specimen rings for establishing the drying suctiater content SWCCs. Saturation of the
compacted soil specimens were performed by plaitiag on filter paper and soaking in a
water bath for 24 hours to achieve fully saturatedditions. The initial weights of the
specimens after saturation were recorded. Theatatlispecimens were then placed on the
previously saturated ceramic disk inside the pmesplate and the lid was closed. In order to
avoid loosing of solil particles, a pre-wetted Whatn® filter paper was placed beneath the
saturated specimen (Klute, 198@dditionally, to provide a good contact between the
specimens and the ceramic disk prior to placemktiteospecimen, a thin layer of water was
left on the ceramic disk (Cresswell et al., 200B)e air pressure was then regulated to the

desired value and the water compartment is maiadadh zero pressure (open to atmosphere).

Suction values of 5, 10, 20, 50, 1000,2800, and 400 kPa were considered for
establishing the drying SWCCs. The weight of thecgpen at each imposed suction level
was monitored frequently by weighing the mass acgpens at every alternate day. The
ceramic disk was re-saturated before placing tliespecimens back in the pressure plate.
Equilibrium was considered to have reached wheretlhws no significant reduction in the

weight of the specimens.

Weighing of the specimens was perforrakhg with the rings with the filter paper
attached. The results of weight measurements o$pglkeimens were corrected for each ring
and filter paper. The weight of the specimen riagpained constant throughout the test while
the weight of the filter paper varied due to itHedent water content at different suctions. In
order to determine the weight of the filter papeeach applied suction, an independent test

was performed in which a same type and size filtaper was placed along with the

82



CHAPTER 3 — MERIALS USED AND EXPERIMENTAL PROCEDURE

specimens in the pressure plate. The correctedigight of the specimens was calculated by
subtracting the weight of the wet filter paper @nel weight of each ring from the measured

weight of each specimen.

At the end of pressure plate tests (snaqual to 400 kPa), the tests were terminated
and the specimens were removed and weighed. Ther wantents of each specimen at all
suction levels were then back-calculated basedhenchange in weight at each applied

suction, the final water content, and the dry wewfithe specimens.

3.8.2 Salt solution tests

At high suction values (i.e., suctiomghier than 3000 kPa), the salt solution method or
vapour equilibrium technique was used to deternwedting and drying SWCCs. In this
technique, total suction is imposed by controllitng relative humidity in the soil pore
gaseous phase. Salt solution at a particular corateam and a constant temperature can be
used to create a fixed vapour pressure environomater equilibrium conditions (Fredlund et
al., 2011).

Saturated salt solutions were used ttudge total suctions in soil specimens by
maintaining predetermined relative humidity of tfag@our space in desiccators. Saturated salt
solutions of KSQ,, KNO3, KCI, NaCl, K,CO;s, and LiCl, were used for inducing suctions of
3.4,9.1, 21.9, 38.3, 114.1 and 277 MPa, respdygtifde test setup in the study is shown in
Fig. 3.10. The tests were carried out in closedidiccators and in a temperature controlled
room (i.e., 21°C +0.5°C). The relative humiditythne vapour space above a salt solution is
related to total suction via Kelvin's equation (Ef3) (Fredlund & Rahardjo, 1993). The
saturated salt solutions used in this study aloith the equilibrium relative humidity and

suctions are shown in Table 3.3.
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Fig. 3.10 test setup for desiccator tests

Table 3.3 Relative humidity imposed by saturatett salutions and corresponding suctions
at 21°C

Saturated salt RH (%)* at Suction (MPa)

solution 21°C (Eq.3.2)
LiCl 13 277
K,CGO; 43.2 1141
NacCl 75.4 38.3
KNO; 93.5 9.1
K,SO, 97.5 3.4

* After O'Brien (1948) and ASTM E 104-02 (2007)

Y = —135749 X In (%) - suction and relative humidity relationship ateednce temperaturef 21

°C
3.8.2.1 Salt solution test procedure

The salt solution tests were carriet after completion of the pressure plate tests.
About one third of the soil specimens were oveedito determine the final water contents
of the specimens at the end of pressure plate &sisthe initial water contents for the
specimens at the start of the salt solution t83ts. rest of soil specimens (about 20 g) were
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placed in the glass desiccators containing sadirs#dt solutions of KSO,, KNOs, KCI,
NaCl, K;CO;s, and LiCl. The soil specimens were weighed pecaltl every week during the
drying process until there was negligible changmass of the soil specimens. At the end of
salt solution tests during the drying process stiiespecimens were placed back again in the
desiccators in reverse order to establish the mgetturve branch of the SWCCs. Changes in
mass of soil specimens during drying and wettingcesses enabled determining the water
content of specimens at each total suction value.

3.8.3 Volumetric pressure plate test

The wetting SWCC can be established using a voluenptessure plate apparatus
(Soilmoisture, 2008). A 2-bar volumetric pressurkatg extractor from Soilmoisture
Equipment Corporation (Fig. 3.11) was used in $hisly.

Fig. 3.11 2-bar volumetric pressure plate

3.8.3.1 Test Procedure

The ceramic disk of the volumetric pressplate extractor was saturated before the
tests by submerging it in de-aired water and appglyow vacuum to remove entrapped air
bubbles. Burettes were connected to the inlet anigtoof the volumetric pressure plate. The
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burettes were used as the water reservoir thatisdppater to the soil specimens during the

wetting tests.

The wetting tests using the volumetniegsure plate extractor were carried out after
completion of the salt solution tests (section.8The wetting SWCCs were established for
applied suctions of 200, 100, 50, 20, 10, and 4. Kitee weight of soil specimens were
monitored during the tests period to ensure suapmalization at each applied suction. The
final weight and the final water contents of the@mens were determined after completion
of the tests. Back-calculation based on the chamgesight at each applied suction, the final
water content, and the dry weight enabled detengithe water content of specimens at each

applied matric suction value.

3.9 Suction measurements

The details of experimental methods &elbior measuring and imposing suctions in
the soils are presented in the following sectidresboratory tests that were carried out
include; null-type axis-translation test (matriccson), filter paper test (total and matric

suction), and chilled-mirror test (total suction).

3.9.1 Null-type axis-translation device

A single wall triaxial cell assembly svased to carry out the null-type axis-translation
tests. The photograph and schematic diagram oflel&ce is shown in Fig. 3.12. The main
components of the device are; a plexiglass airspreschamber, a base pedestal fitted with a
high air-entry ceramic disk (air-entry value = 5k®a), pressure transducers for measuring
water pressure below the ceramic disk and air press the pressure chamber, and a

flushing system comprised of inlet and outlet valve
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The high entry ceramic disk was sealnto the bottom pedestal of the triax
apparatus using epoxy resin. A strain indicator wasd as a re-out for the pressur
transducers. The base pedestal of the device wad§ietbby providing concentric flushin
grooves in the water compartment (. 3.13). The water pressure transducer and thé
valve (1/4" BSP baliralve) were connected to a-airing block that carried a bleed val
The unit was then directly fitted to the port oe thater compartment via a 1/4" BSP -

valve.

Relative humidity and

temperature t ransmitter Pressure chamber

Air pressure
transducer

b/ ﬁ 1 kg mass i.
:’Ia' .._."‘ (
RON

Flushng valve

X\ @
: Soil specimen

N
\Water inlet valve

~
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progrgss

Water
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. Ny<Relative humidity and
R

“temperature read out unit

Fig.3.12 -Photograplof the null-type axistranslation device used in this stu
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Fig. 3.13 The grooved water compartment below thghhentry ceramic disk

Saturation of the ceramic disk was carried outfijplyang the chamber air pressure in
the presence of water head above the ceramic disselveral days while flushing the water

compartment beneath the ceramic disk regularly dighilled de-aired water.

The response of the transducer to a gdham pressure may be used to check the
completeness of the saturation process (Olson &gfedaber, 1965) The air pressure was
applied to the water surface above the ceramic aliskthe pore water pressure in the water
compartment was recorded. It was found that thasttacer connected to the water
compartment record the same value of applied a&sgure within few seconds. Olson &
Langfelder (1965) stated thatafsmall amount of air bubbles exist in the systia pressure
will build up slowly because water must flow thréuthe ceramic disk in order to diminish

the volume of bubble such that the volume is combfgtwith the new pressure condition.

3.9.1.1 Test procedure for Null-type axis-transiati test

The measurements of matric suction vessentially followed the procedure adopted
by Olson & Langfelder (1965) he test procedure started with wiping the ceradigsk with

wet paper towehlndthe soil specimen was then placed on the satudeaimic plate. To
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ensure a good contact between the specimen amgthmic disk, a 1 kg mass was placed on
the top of the specimens (Olson & Langfelder, 196%)e soil specimen tended to draw
water up through the ceramic disk immediately afteras placed on top of the ceramic disk,
and the pore-water pressure transducer starteddiegaa negative value. The apparatus was
then quickly assembled and the air pressure ingidepressure chamber was increased in
increments to keep the pore water at atmospheegspre (zero gauge reading). Equilibrium
was achieved when the reading of air pressure whsdonstant and the pore water pressure
showed no change. At equilibrium, the matric suctieas the applied air pressure in the
chamber as the pore water pressure was maintaineera during the tests. Once the
equilibrium was reached, the apparatus was disddedmand the soil specimen was quickly

weighed and the water content was measured bydryamg method.

3.9.2 Suction measurement using filter paper method

The filter paper method is an inexpeasand relatively simple laboratory test
method, from which both total and matric suctionasweements of soils are possible. The
filter paper tests used in the present study wareed out according to ASTM D5298-10 for
measuring matric suction using “contact” filter papechnique, and total suction using “non
contact” filter paper technique. Fig. 3.14 shows #rrangement of filter paper contact

method (to measure matric suction) and non-comt&thod (to measure total suction).

3.9.2.1 Procedure for measuring matric and totalcsions

In this study, filter paper in contaodan non contact with the soil specimen was used
to measure matric and total suctions. The filtgrgpdest procedure is standardised in ASTM
D5298-10, and was followed in this study. The pdure was undertaken using Whatman
No. 42 filter paper.
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PVC ring

Soil specimen

—— <= One filter paper in between
_———————— > two protective papers

Soil specimen

Fig. 3.14 Measuring matric and total suction usirgpntact and noncontact filter paper

method for, respectively (modified from Bulut, €t,a2001).

Filter papers were firstly oven driedorder to maintain consistency in mass at 105°C
and then were allowed to cool to room temperatare idesiccator. To measure matric
suction, a filter paper was sandwiched in betweeo s$acrificial filter papers placed in
between two identical halves of a soil specimere ®o halves of the soil specimen were
then brought together and sealed with electriqa t® keep them together in order to create
good contact. The soil specimen was placed indhand PVC ring was kept on top of the
specimen. A filter paper was suspended above thke specimen for total suction
measurements. An equilibrium period of 14 days a@dapted for all tests. The filter papers
were then removed after 14 days equilibration tand immediately weighed to the nearest
0.0001g with an electronic balance. The filter pap@ere oven dried for 24 hours and
weighed again to determine the filter paper watartent. The water content of the filter
paper was used to determine matric and total swgtiosing calibration curves. The

calibration curves of the filter paper used wetal@gshed in this study.

3.9.2.2 Filter paper calibration curve test

Calibration of the filter paper (contamtd non contact) used in this study were
conducted to establish the filter paper water aantersus suction relationship. The non-

contact calibration tests for the Whatman No. 42epavere performed using molal solutions
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of sodium chloride (NaCl). The volumetric pressplate was used to establish contact filter
paper calibration curvelhe procedure for the calibration tests was esalgnidentical to

that for soil testing.

For the non contact calibration test&lism chloride (NaCl) solutions were prepared
in a temperature controlled room (21°C +0.5°C) ates of molality ranging from 0.003 to
2.700 (Table 3.3). A 200 ml glass jars was filledhwapproximately 120 ml of different
concentrations of NaCl solution. A small plastiponas inserted into the jar and an oven
dried filter paper (after being cooled in desicestavas then placed on the top of the plastic
cup (Fig. 3.15). The jars were sealed tightly véléctrical tape and placed into the insulated
chest where a constant temperature of approxima2@ly) °C was kept during the
equilibration processAfter two weeks of equilibration time, the watemtents of the filter
papers were determined by oven drying method (T05°Q). The calibration curve was

established using the calculated osmotic suctiohtla® measured filter paper water contents.

For contact filter paper calibration tests, inlyadiry filter papers were placed in the
volumetric pressure plate and independent valuesrgiressures of 5, 10, 20, 50, 100, and
200 kPa were applied. An equilibrium time of 7 t0 days were considered. Once the
equilibration was achieved, the water contents haf filter paper were determined. All

measurements were carried out using a 0.0001gahecbalance.

ﬁ‘i | Filter paper

L Plastic cup

Salt solution

Fig. 3.15 Non-contact calibration tests
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Table 3.3 Total suction of NaCl at 20°C (adoptedrn Lang, 1967)

NaCl Suction| NaCl Suction
molality (kPa) | molality (kPa)

0.002 9.8 0.4 1791
0.005 24.2 0.5 2241
0.01 48 0.7 3151
0.02 95 0.9 4102

0.05 230 1.2 5507
0.1 454 1.7 8000
0.2 900 2.2 10695
0.3 1344 2.7 13641

In order to investigate the hysteresisdrying and wetting calibration curves for
Whatman No. 42 filter paper, a similar test procedo that mentioned above was followed.
In this case, wet filter papers were used. The resilts of drying and wetting calibration

tests on filter papers are presented in Chapter 8.

3.9.3 Chilled-mirror dew-point technique

Chilled-mirror dew-point technique haseh used by several researches (e.g., Leong
et al., 2003; Agus & Schanz, 2005; Thakur et &lQ& Campbell et al., 2007) for measuring
total suctions of soilgzigure 3.15 shows the WP4-C chilled-mirror dew-paiavice used in

this study and the schematic of the device.

The working principleof the chilled-mirror dew-point technique is baseal the
thermodynamic relationship between relative humgjdiemperature and total soil suction

according to Kelvin's equation.
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Temperature equilibration platg Chilled-mirror devict
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Fig. 3.15 WP4-C model of chilled-mirror dew poinkedice (a) photograph of the device

and (b) schematic of chilled-mirror dew point deei¢Leong et al., 2003)

The device consists of a sealed chamber with aafamirror, a photoelectric cell, and
an infrared thermometer. A soil specimen fills abloalf the capacity of a stainless steel cup
and is placed in the device in a closed chambdradbiatains a mirror and a photodetector
cell. Detection of the exact point at which conggim first appears on the mirror is
observed by a beam of light directed onto the maral reflected into a photodetector cell. A
thermocouple attached to the mirror records thepezature at which condensation occurs
(Leong et al., 2003). A fan is included in thelesdacompartment to reduce equilibrium time
between the specimen and the surrounding air. Evieel also equipped with a temperature
controller to set the temperature of the sampltath relative humidity measurement is to
be made. The deceive come with a temperature bduith plate that used to bring the
temperature of the specimen cup to the set-pampéeature of the device (Fig. 3d)5

The relative humidity is computed using the dewapéémperature of the air and the
specimen temperatures, which is measured with faaréd thermometer. Kelvin's equation
(Eq. 3.3) is then used to calculate the total sactif the soil specimen. The calculations are
performed by software within the device and dispthpn an LCD panel in MPa unit along

93



CHAPTER 3 — MERIALS USED AND EXPERIMENTAL PROCEDURE

with the specimen temperature. The device is ablméasure suction to an accuracy of £
0.05 MPa from 0 to 5 MPa and 1% from 5 to 300 MPa.

3.9.3.1 Test procedure for suction measurement gsthilled-mirror device

Test procedures for measuring suctiongug/P4-C started by calibrating the device
with a standard solution provided by the manufaatufhe device was first set to a set-point
temperature equal to or slightly higher than themeged highest room temperature (T =
23°C). The equilibration solution (Potassium Chderi(KCl)) was poured in the specimen
cup and placed on temperature equilibrium plateritog the temperature of the specimen cup
to the set-point temperature of the device. Theispen cup with the salt solution was then
placed in the WP4C’s specimen drawer and the drdaweb was turned to the READ
position. Once the equilibrium was reached, theeabtal suction value was then calculated
and displayed on an LCD panel in MPa unit alondnwhie specimen temperature.

After completing the calibration of tdevice, the soil specimens were placed in the
specimen cup covering the bottom of the cup ah@bibut the half of it. Similar procedures
to those used for calibration the device were edraut for total suction measurements of the
soil specimens. The water contents of soil specsmafter completion of total suction

measurements were determined by oven drying method.

3.10 Water content-void ratio relationships (shrinkage paths)

Clod tests were carried out for slurreetti compacted soil specimensadlatain the
relationship between the change in water contedtthe void ratioduring the shrinkage
process. The shrinkage curves were used in comuneatith suction-water content SWCCs
results to establish the suction-void ratio SWCQA® suction-degree of saturation SWCCs of

the soils.
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3.10.1 Clod test

Commercially available Unibond Waterdr&&Ac glue was used for coating the soil
specimens in this study. Krosley et al. (2003) sstgd using Elmer’s glue as an alternative
encasement material for the Clod test. The PVAe gfas found to be a substitute for its US
counterparts, Elmer’'s glue (Tadza, 2011). The gllmvs water vapour to escape from the
Clod during the drying process, but prevents liquater from flowing into the Clod during
mass measurement in water (Krosley et al., 2008 FVAc glue was first diluted with
deionised water in order to improve the workabitifythe glue. A ratio of 10 part of glue to 1
part of deionised water was considered. In orddraiedle and coating the Clod specimens
with the encasement glue, compacted saturatedgedimens were placed in pressure plate
and suction of 4.0 kPa were applied.

Figure 3.16 shows the soil specimertienClod tests. The Clod specimens were hung
by threads and allowed to dry out at an ambierdritory temperature. As the glue required
some time to solidify immediately after coating s@l specimens, the determination of the
initial volume in Clod tests was quite difficulth& mass of the soil specimens were measured
about an hour after the specimens were coated ghth, as the surface of the coated
specimens needed to harden before being submergeater.

Fig. 3.16 Soil specimens in clod test
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To determine the volume of soil specimdnsng the drying process, the mass of the
Clod in air and in water were measured. The vadidsaf the soil specimens were calculated
using volume-mass relationships. Volume measuresneste carried out until no further

reduction in the mass of the Clod was observed.

The initial total mass of the Clodc0qi, comprises of the initial total mass of the
soil, Mg, and the initial mass of gluégues (EQ. 3.4), wherd stands for the initial
condition. Similarly, at any given timg the total volume of the Clo®/¢joq, comprises of
the volume of specimeNsi, and the volume of glu&/gue. The total volume of the Clod,
Velod(ry, Can be determined by measuring the mass of thé i@lair, Mair), and the mass of
Clod in waterMwaterq) (EQ. 3.5 ). By knowindMgiue), the mass fraction of the glue at any
given time during drying proceggsy) from Fig. 4.3, the density of the gld@gue), and by
applying volume-mass relationships, the volumehef glue,Vyue, can be calculated from
Eqg. 3.7. The water content of the soil specinveg;:)(%), can be calculated by knowing the
initial water content of the soil specimems)(%), and the dry mass of the soil specimen,
Mg, from Eqg. 3.8. The dry density of the sQiisoiiry and the void ratiogseir, can be
calculated from Egs. 3.9 and 3.10.

Mcioaciy = Msouy — Mgiue( Eq.3.4
Vclod(t) = Mair(t) - Mwater(t) Eq.3.5
M X
(Mgiuey* gr)
Vsoil(t) = Vclod(t) = Vglue(t) = Vclod(t) - I Eq.3.6
pglue
M
glue(t)
Vsoitey = Vetoacry — l l Eq.3.7
pglue
(Mguwey* gr)
Wsoil(t) = (Wsoil(i)) - I gt Eq.3.8
pglue
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(Maircey — Mgiue(s)) _ Wsoil(t)
Pa soil(t) = K Vooro + (1 + W) Eq.3.9
eso”(t) =l— -1 Eq310
Pd soil(t)

3.10.1.1 Calibration of glue mass

The PVAc glue is a water based matettat tends to loose water during
solidification. The amount of water lost from th&ue during the drying process can be
determined by conducting an independent test byasngea known mass of diluted glue onto
a light plastic sheet (Tadza, 2011). Measuring changes in the mass of the glue with
elapsed time was performed using sensitive 0.0@)dctronic balance. The change in the

mass with elapsed time for three similar testhaw in Fig. 3.17.

It can be seen from Fig. 3.17 that the loss of watem the diluted glue was
significant within about first eight hours and tijlee mass fraction reached a constant value
of about 0.38 after twenty four hours. A value dfggmass fraction correction of 0.38 was
used for corrected the mass measurements for gedireens carried out after twenty four
hours period, while variable glue mass fractions wsed to correct the volume measurement

for soil specimens within first twenty four hours.
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Fig. 3.17 Glue mass fraction calibration curve

A reduction in the water content of glomy cause a change in the density. The
variation of glue density was considered to begmmidicant and a single value of density of

1.05 Mg/n? was considered for the calculations.
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3.11 Concluding remarks

In this chapter, the physical properties of JF @aRdsoils, such as the liquid limit,
the plastic limit, the shrinkage limit, the specifiravity, and the grain size distribution are
described. The JF and TR soils used on this stushe wlassified as SML and CI based on

British standard (BS) classification system.

Compaction, odometer and permeability tests as albrocedures adopted for
specimen preparation are presented. The optimurwantents for JF soil were found to be
11.2% for BS-light compaction effort and 9.3% fd8{Beavy compaction effort. For TR sail,
the optimum water contents were found to be 20d EHn4% for BS-light and BS-heavy
compaction efforts, respectively.

Testing procedures and apparatus used for estagjisinying and wetting suction-
water content SWCCs (pressure plate, slat solutiests) are explained in detail.
Additionally, total and matric suction measuremeumggg null-type axis translation device,
filter paper (contact and non contact) methods,vaoiking principle of chilled-mirror device
are presented. Test procedure for determinatiowvood ratio-water content relationship

(shrinkage curves) by Clod test is also presented.
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CHAPTER 4

SUCTION-WATER CONTENT SWCCs

4.1 Introduction

The soil-water characteristic curve (S®Yy@resents the fundamental property for the
study of unsaturated soils (Fredlund et al., 20TBg SWCC presents a relationship between
the amount of water in the soil (i.e. gravimetricwmlumetric water content) and suction.
Other forms of the SWCC are the relationship betwseil suction and void ratio and
between soil suction and degree of saturation. Maoyperties of unsaturated soils, such as
the hydraulic conductivity, the shear strength #mel volume change can be related to the
amount of water present in the soil pores at amyi®uy, which can be obtained from the
SWCC.

The experimental drying and wetting gEueivater content SWCCs of the soils used
in this study (Jaffara soil (JF) and Terrarosa §bR)) are presented in this chapter. The
suction-water content SWCCs were established farrisl specimens and compacted
saturated specimens of both soils. In order toiolitee SWCCs of the soils for a wide range
of suction, two experimental techniques were usadjely the axis-translation technique and
the vapour equilibrium technique. Soil specimensdufr establishing the SWCCs were

prepared at various compaction conditions in otdanvestigate the influence of the initial
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compaction conditions on the SWCC. The mouldingewatontent, the dry density, and

compaction type and effort were varied.

It is important to note that, the totalume of the soil specimen may change due to
application of suction. In the case of deformaldédss a change in total volume of the soil
may be significant. The interpretation of the SWCa low volume change soil, such as
that for sand and silt is generally based on tlseirmgtion that the initial void ratio remains
constant throughout the test and changes in therwantent becomes the predominant
function of relevance. The relevance of volume measents of soil specimens during tests

will be discussed in more detail in chapter 5.

The objectives of this chapter were todg various factors which influence the
suction-water content SWCC, such ggtife initial water contentjij the compaction energy
which in turn affects the initial dry densityii ] the compaction type, and/) the soil types.
In addition, the applicability of the currently alable best-fit models and the effect of

various model parameters on the SWCCs were exammrubetail.

This chapter is divided into several tees which include the experimental
programme adopted, followed by the drying and wgttsuction-water content SWCCs
results obtained for both soils and presentatiothefeffects of initial compaction conditions

on the SWCCs. The concluding remarks are preséoveatds the end of the chapter.

4.2 Experimental programme

Laboratory tests were carried out todgtthe influence of the initial compaction
conditions on the suction-water content SWCC. Témmaction conditions were selected so
as to enable a comparison between the SWCCs fierelit compaction water contents but
equal dry density, and between the SWCCs of spedmeepared at different densities, but
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with equal compaction water content. In additigge@mens were prepared by applying both

dynamic and static compaction efforts.

4.2.1 Soil specimen preparation

Dynamically compacted soil specimensengrepared from both BS-light and BS-
heavy compaction samples. Thin walled stainlesst-sidve samplers with bevelled edge and
inside diameter of 42 mm were used to extrude tbmpacted specimens from the
compaction mould. Samples were taken from the neimgisoil to determine the compaction
water contents of the specimens. The dry dengitighe tested specimens were calculated
based on the volume-mass relationships.

In addition to the dynamically compacted specimesm specimens were also
prepared by statically compacting soil-water migguin single lift in a specially fabricated
mould (Sec. 3.7). The targeted compaction dry diessand water contents of the statically
compacted soil specimens were corresponding tegbeimen conditions of the dynamically

compacted specimens.

Fourteen specimens were tested fromh @gpe of soil (three specimens for
dynamically-heavy compaction, three for dynamicéiijit compaction, three for static-
heavy compaction, and five for static-light compac). In each case, three duplicate soil
specimens were prepared in the same manner; oneiseasto determine the initial water
contents of the saturated specimens and furthemtgve used to determine the average water
contents corresponding to all the applied suctiteps Additionally, saturated slurry
specimens from both soils were prepared by mixinglrged soil with deionised water to
targeted water content of 1.1 times the liquid fimalues. In total 88 specimens were
prepared for the SWCC tests, 44 for each soil. 3jxecimen conditions chosen for the
SWCC tests are shown in Figs. 4.1 and 4.2 and $ableand 4.2.
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Fig. 4.2 B.S compaction curves of TR soil and imitispecimen conditions for SWCC tests
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Table 4.1 Initial compaction conditions of JF sdibr SWCCs tests

Initial compaction conditions
Specimen Water Dry Void Degree of
notation content density ratio saturation (%)

No. Compaction type,

effort p
(%) (Mg/m’)

1 JF-DH8 8.1 1.99 0.337 64.0

2 Dynamic heavy JF-DH11 10.9 2.00 0.330 87.9
compaction

3 JF-DH13 13.0 1.89 0.407 84.9

4 JF-DL8 8.1 1.84 0.446 48.4

Dynamic light

6 JF-DL13 13.2 1.88 0.415 84.6

7 JF-SH8 8.1 2.06 0.288 74.0

8 Static heavy JF-SH9 9.1 2.07 0.287 84.9
compaction

9 JF-SH10 10.0 2.02 0.317 84.0

10 JF-SL8 8.1 1.83 0.454 47.5

11 JF-SL9 9.1 1.92 0.385 62.8
Static light

13 JF-SL11 11.0 1.99 0.337 86.9

14 JF-SL12 11.8 1.96 0.357 87.9

JF = JF soil, DH = dynamic heavy compaction, DL =yrmmic light compaction, SH = static heavy

compaction, SL = static light compaction, No. =ti@i compaction water content
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Table 4.2 Initial compaction conditions of TR sdibr SWCCs tests

Initial compaction conditions

No. Compaction type, gpecimens ::rit:r:t Dry density  Void Degree of
effort notation %) (Mg/m®) ratio  saturation (%)

15 TR-DH14 14.3 1.75 0.558 69.9

16  Dynamic heavy TR-DH15 15.2 1.80 0.514 80.5
compaction

17 TR-DH18 17.9 1.70 0.604 80.9

18 TR-DL14 14.3 1.53 0.782 49.9

Dynamic light

19 compaction TR-DL18 17.9 1.60 0.704 69.3

20 TR-DL20 19.9 1.61 0.693 78.3

21 TR-SH14 14.5 1.85 0.474 83.5

22 TR-SH15 15.1 1.89 0.442 93.1
Static heavy

23 compaction TR-SH17 17.1 1.84 0.482 96.8

24 TR-SH20 19.9 1.75 0.558 97.3

25 TR-SL14 14.4 151 0.805 48.8

26 Static light TR-SL15 15.1 1.58 0.725 56.8
compaction

27 TR-SL17 17.2 1.58 0.725 64.6

28 TR-SL20 19.9 1.69 0.613 88.5

TR = TR soil, DH = dynamic heavy compaction, DL yndmic light compaction, SH = static heavy
compaction, SL = static light compaction, No. =tiai compaction water content

4.2.2 Saturation of compacted soil specimens

Prior to the SWCC tests, compacted spdcimens were saturated by placing them
along with the rings on filter paper and soakingvetter bath allowing water to imbibe from
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the bottom. The water level was kept below thedbine specimen ring (about 2 mm) so that
the entrapped air present inside the void of thecispen could be released during the
saturation process. Trial studies showed that 24was sufficient for saturating the soil

specimens. The initial weight of the specimen a#iauration was recorded and then the

saturated specimens were placed in pressure plates.

The water contents of the soil specimens at alliegpsuction steps were calculated
based the final water contents of the specimemrs #fe end of the tests. Comparison of the
water contents at each applied suction based oohitrege in the mass of the specimens and
the measured water contents for the duplicate sy indicated that the differences in the
water contents were within acceptable error of akdl4%.

4.2.2 Testing methods

Two types of tests were performed taldsth the SWCCs of JF and TR soils. The
axis-translation technique (pressure plate tesés) adopted to control matric suction in the
range 5 to 400 kPa, whereas the vapour equilibtaaghnique (salt solution tests) was used to

impose total suction in the range 3 to 300 MPa.

4.2.2.1 Pressure plate test

A 5-bar pressure plate extractor martufad by Soilmoisture Equipment Corporation
was used in the laboratory to establish the dri@@CCs in accordance with ASTM D 6836-
02. The pressure plate extractor can only be tsesstablish the drying paths. A 2-bar
volumetric pressure plate extractor was used temgea the SWCCs along the wetting paths
between suction of 200 and 4 kPa.
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The ceramic disk of the pressure platese saturated using distilled deaired water.
The water compartment below the ceramic plate vlasl fwith distilled deaired water and a
sufficient amount of water was also subsequentlyrgad on the ceramic plate surface. A
small air pressure of about 10 kPa was appliedeéssurise water on the ceramic plate and
then was gradually and incrementally increasedbimut 100 kPa for several hours. The
saturation process was terminated when no air ksblkre observed to come out of the
water compartment and flow to the burette.

For the SWCCs tests, the compacted a@iirsoil specimens were placed on the
ceramic disk and an air pressure was applied. dieraio reduce the possibility of material
loss due to the handling during weighing measurespditter papers were provided at the
bottom of each specimen. Suctions of 5, 10, 20, 13®, 200, 300 and 400 kPa were
considered for establishing the drying paths. Theggit of the specimen at each imposed
suction level was monitored frequently by weighthg mass of specimens at every alternate
day. Equilibrium was considered to have occurreémthnere was no significant reduction in
the weight of the specimens over successive maasmts and based on the water content
versus time plot. It was noted that the equilibritime was about ten days for specimens of
JF soil and about eight days for specimens of TiR Atier each suction equilibration, the

ceramic disks were re-saturated before applyingnéx¢ matric suction increment.

At the end of pressure plate tests (snaqual to 400 kPa), the tests were terminated
and the specimens were removed and weighed. Abwaitttard the specimens were oven
dried and their water contents and dry mass wetairsddl. The water content of each
specimen at previous stages were then back-catcutsised on the change in the weight at
each stage, the final water content, and the dighweThe rest of the specimens (in most

cases mass of specimens were about 20 g) werdardbe salt solution test.
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4.2.2.2 Salt solution test

In a salt solution test, total suctisnmposed by controlling the relative humidity in
an air space above saturated salt solutions ioasedIsystem. Several salt solutions were used
to impose total suction in the soil specimens bgngjing the relative humidity of the vapour
space in the desiccator. The salt solution testg wised to determine drying and wetting
SWCCs in the high suction range. The results fratt solutions tests were used in

conjunction with pressure plate test results tcegate a complete SWCC.

The imposed suction in a salt solutiest is based on the thermodynamic relationship
between total suction (or the free energy of thikvgater) and the partial pressure of the
pore-water vapour (relative humiditgH) (Edlefsen & Anderson, 1943; and Richards, 1965).
Total suction can be determined by measuring tippwapressure adjacent to the soil-water
or the RH in the soil by applying Kelvin's equati@iiredlund & Rahardjo, 1993). In this
case, a saturated salt solution is kept withinogexd desiccator. The RH of the air within the
desiccator comes to equilibrium with the evaporatbwater from the saturated salt solution
(Romero, 2001).

In order to verify the imposed suctionthe desiccator tests, non contact filter paper
(initially dry) and chilled-mirror dew point met€¢wWWP4C) were used. The test results from
WPA4C and filter paper measurements are shown irdE3gand Table 4.3. It can be seen that
the targeted suctions are within the measuremextgacy range of the WP4C. Additionally,
overall good agreements were noted between thet&tguction and the calculated suction

based on filter paper method.
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Fig. 4.3 Comparison between calculated and measuiad| suctions of salt solutions

Table 4.3 Relative humidity imposed by saturatelt salutions and corresponding suctions

at 21°C
Calculated Calculated
Saturated Targeted Targeted . .
' suction based on suction based on
salt RH (%)* suction (MPa) ' .
_ filter paper method chilled-mirror
solution at21 °C (Eq.3.3) . )
(MPa) device (MPa)
LiCl 13.0 277 239 254
K2COs 43.2 114.1 107.4 104.5
NaCl 75.4 38.3 37.7 38.96
KNOs3 93.5 9.1 10.02 9.65
K2SOy 97.5 3.4 3.22 3.3

* After O'Brien (1948) and ASTM E 104-02 (2007)

Y = —135749 X In (%) - suction and relative humidity relationship ateefnce temperaturef 21

°C

+ From filter paper calibration equation (Eq. 8.2)
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The salt solution tests were carriedadtdr completion of the pressure plate tests. The
soil specimens were placed in the glass desiccatmtaining various salt solutions for at
least four weeks to impose different suction valli@ge selected aqueous salt solutions were
used to induce a range of total suction of 330@7@000 kPa. Table 4.3 shows the salt
solution types and the corresponding suctions &naperature of 21°C. Monitoring the
variations in the weight of soil specimens durihg test period enabled ensuring suction

equalization.

4.3 Results and discussion

In the following sections, the suctiaquiibration time for drying SWCCs of JF and
TR soil specimens is presented followed by theugrice of initial compaction conditions and
soil type on the SWCC test results. The best-fithef experimental results with the models

proposed by van Genuchten (1980) and Fredlund & X11994) are also presented.

4.3.1 Equilibrium time

The suction equilibration time depeng®m several factors, such as suction level,
temperature, soil type and the size of the soitispen (Oliveira & Marinho, 2006; Khoury
& Miller, 2008).

Typical test results for water conten&iege versus time for drying SWCCs of JF and
TR soil specimens in pressure plate tests are mpiedén Figs. 4.4 and 4.%. For any applied
suction fairly rapid decrease in the water conteas observed within the first 2 days
followed by a more gradual change in water contenii the equilibrium was reached. The
equilibrium time in the pressure plate test vafean 4 to 12 days for the specimens of JF
soil and about 4 to 7 days for the specimens o6®IR The test results show that the amount
of water drained out form the soil specimens at Bwetion range were greater than that

occurred at high suction range.
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solution tests for JF soil specimens
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Fig. 4.5 Equilibrium time versus change in water ctent in pressure plate and salt

solution tests for TR soil specimens
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The test results in terms of elapsed time versugm@ontent decrease in the salt
solution tests are shown in Figs. 4.d4nd 4.%. For clarity only representative specimens
were chosen as the difference in final water cdrdéthe soil specimens at high suction level
were less than 0.5%. It can be seen in Figsh 47d 4.5 that as the relative humidity
increased the time required for the soil specimensquilibrate increased. In case of using
K,SQ,, where the RH = 97.5%, the soil specimens requafealuit 6 weeks to achieve the
equilibrium, whereas at low RH conditions (e.gC0;, (RH = 43.2%)) the equilibrium time
was about 3 weeks.

4.3.2 Effect of compaction conditions

The distribution of the pore sizes buwfithin and between the aggregates of soils is
affected by the compaction method used for pregasimil specimens (Sivakumar, et. al.,
2007). Many studies have reported the effect of stoucture and fabric on the pore size
distribution, which in turn influenced the SWCCgeDelage et al., 1996; Romero et. al.,
2003; Lloret et al., 2003). Various factors, sushimtial compaction water content, void
ratio, soil type, stress history, and compactionthmé have been studied by several
researchers to investigate the effects of variarameters on the SWCC (Vanapalli et al.,
1999; Leong & Rahardjo, 2002). Some of these stubeve clearly showed that structure
and fabric effects owing to compaction methods rbajter be visualized by mercury
intrusion porosimetry. Since the primary intenttloé thesis was to critically evaluate some
commonly used suction measurement techniques,estwdincerning fabric and structure of

compacted soils are beyond the scope of the thesis.

In order to examine the effect of initial companticonditions on the SWCCs of the
soils, the soil specimens for each soil were grdupesed on the compaction water content,
the compaction dry density and the compacted degresaturation. The SWCCs of soil
specimens prepared both using static and dynamipaction types are considered. The test

results of soil specimens for both BS-heavy andigi8-compaction efforts are presented.
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4.3.2.1 Effect of compacted water content

Soil specimens that had similar init@mpaction dry densities and different initial
compaction water contents were chosen to studgffieet of the of initial compaction water
content on the SWCCs of the soils. Three levelmitial dry density were selected for both
JF and TR soils.

Figure 4.6 presents the drying and wgt&WCCs of the specimens of JF soil, JF-
SL10 (dry of optimum) and JF-SL12 (wet of optimu¢n) = 1.96 Mg/ni), JF-DH8 (dry of
optimum) and JF-DH11 (wet of optimunyq(= 2.00 Mg/nf) and JF-SH8 (dry of optimum)
and JF-SH9 (optimumyg = 2.07 Mg/n). Similarly, the drying and wetting SWCCs of the
specimens of TR soil, TR-SL15 (dry of optimum) arfe-SL17 (dry of optimum)4; = 1.58
Mg/m®), TR-DL18 (dry of optimum) and TR-DL20 (optimum)q(= 1.61 Mg/ni) and TR-
SH14 (dry of optimum) and TR-SH17 (wet of optimu@n) = 1.85 Mg/mi) are presented in
Fig. 4.7.

The test results are presented in terms of theirgedkic water content. The data
points in Figs. 4.6 and 4.7 represent actual erpartal test results in which vertical dotted
lines were used to split up the results obtainednfpressure plate and salt solution tests
(desiccators tests). The solid lines in Figs. 46 4.7 represent the best-fit curves using van
Genuchten (1980) and Fredlund & Xing (1994) equmstivhich will be discussed in section
4.4,

It can be observed from the test results shownigs.F.6 and 4.7 that at a particular
compaction dry density there is a difference in thiial part of the SWCCs near to

saturation and at small applied suctions in whiapiltary forces are present. As the suction
increases the difference between the SWCCs is gligdieduces and tend to converge.
Fredlund & Xing (1994) stated that at zero matudct®n, the gravimetric water content is
called the saturated gravimetric water contentiamdpresentative of the total capacity of the

soil pores to hold water. Figures 4.6 and 4.7 shibtlvat a decrease in the initial compaction
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Fig. 4.6 Influence of compacted water content on 8W of JF soil specimens
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Fig. 4.7 Influence of compacted water content on 8W of TR soil specimens
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water content results in an increase in the sadrgtavimetric water content. This can be
attributed to an increase in the volume (i.e., vaitb) of the specimens during the saturation

process.

It can be noted in Figs. A&ndb that the SWCC of the JF soil specimen with lower
initial compaction water content crossed the SWE€®® JF soil specimen with higher initial
water content at a suction of 20 kPa and a wateteod of about 11.0%. At the crossover
point, the relative positions of the curves areersed until the SWCCs converge at higher
suctions. As the compaction dry density increaseg £ 2.07 Mg/nf (Fig. 4.6), specimens
JF-SH8 and JF-SH9 converge at a suction of 100&kfaa water content of about 8.0%.
Similar behaviour was seen for TR soil specimenBig 4.7. The soil specimens TR-SL15
and TR-SL17 £y = 1.58 Mg/mi) approach each other at a suction of 40 kPa anatar
content of about 20.0% (Fig. 4)7 whereas the specimens TR-DL18 and TR-DLZ0<
1.61 Mg/n?) and TR-SH14 and TR-SH154(= 1.85 Mg/m) crossover at suctions of about
10 and 300 kPa and water content of about 22% &#6l tespectively (Figs. 4b7andc),
before tending to converge at higher suctiolsthe same applied suction beyond the
crossover point, specimens with higher initial cactpn water content (wet of optimum)
have higher water content than specimens with lomgal compaction water content (dry of

optimum).

The SWCCs during the wetting processadse presented in Figs.4.6 and 4.7. It can
be seen that there is a significant difference betwthe drying and wetting paths for both
soil types. However, the specimens compacted atasiniry density, the test results show

that the wetting SWCCs are close to each othdodidr JF and TR soil specimens.

4.3.2.2 Effect of compaction dry density

In order to investigate the influenceimfial compaction dry density on the SWCC,
the test results of sofipecimens prepared at the same initial compactaencontent but

with different compaction dry densities for bothaltd TR soils are compared in Figs. 4.8 to
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4.11. It should be noted that by grouping the testlts in this way, the effect of compaction
efforts is implicitly considered.

Figures 4.8 and 4.9 present the drying and wet8WgCCs of dynamically and
statically compacted specimens of JF solil, respelgti The test results of drying and wetting
SWCCs of dynamically and statically compacted speais of TR soil are shown in Figs.
4.10 and 4.11, respectively.

Figures 4.8 to 4.11 clearly showed that, for a gigeil, the smaller the compaction
dry density, the greater was the saturation watertemt. Therefore, the SWCCs of soll
specimens prepared with lower dry densities plodbdve the SWCCs of soil specimens
prepared with higher dry densities for both solldditionally, for a given soil and for any
initial compaction water content, the initial dnergity influenced the saturation water
content in that, the smaller the difference betwgwncompaction dry densities, the lesser
was the difference in the saturation water contants the water contents at smaller applied
suctions. However, with an increase in the appigction, the differences in the initial water
contents were eliminatedhe SWCCs for soil specimens are found to be diffeat low

suctions, but tend to converge at high suctions.

Figures 4.8 to 4.11 present the wetBWJCCs along with the drying SWCCs for JF
and TR soil specimens. It can be seen from Figs.t@.4.11 that the drying and wetting
SWCCs are different and the hysteresis effect isicerable for the both type of soils used
in this study. However, irrespective to the init@mpaction conditions, the wetting SWCCs
are found to be similar for any soils.
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Fig. 4.8 Influence of compacted dry density on SWGLIF soil specimens (Dynamic compaction)
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Fig. 4.9 Influence of compacted dry density on SWGLIF soil specimens (Static compaction)

120



CHAPTER 4 — SUCTION-WATER CONNE SWCCs

40
TR-Soil @
Dynamic heavy and light compaction
35 1 w=14.3 %
¢ TR-DH14
Initial compaction conditions + TR-DL14
30 A pg=1.53 Mg/m3,S, =49.9 %
t —FX-C
= Models
—_ = ——VG (SWCC-Dry)
£ 25 ——==
< e SWCC - Wet
< D . . .
g 20 N Initial compaction conditions
7 N
Q .. N 0g=1.75 Mg/m3,S, = 69.9 %
t $ N
3
® 15 -
=
i | RN
10 i Q’r,\
i N
‘ : , N
57 Pressure plate | Desiccator "'0-.,.\
test results i testresults RN
0 T
0.01 0.1 1 10 100 1000 10000 100000 1000000
Suction (kPa)
40
TR-Soil (b)
Dynamic heavy and light compaction
35 w=17.9 %
- . - @ TR-DH18
30 Initial compaction conditions X TR.DL1S
0u=1.60 Mg/m3,S, = 69.3 % )

Initial compaction conditions FX-C 71_ Models
< 25 ——VG (SWCC-Dry)
%

c ] T/ T~ e SWCC - Wet
Q ]
€ 20
o 4
2
9 i
S 15
= ]
10 |
5] Pressure plate ! Desiccator ~
testresults i testresults >
] i N
0.01 0.1 1 10 100 1000 10000 100000 1000000

Suction (kPa)

Fig. 4.10 Influence of compacted dry density on SWOf TR soil specimens (Dynamic
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Fig. 4.11 Influence of compacted dry density on SWOf TR soil specimens (Static compaction)

4.3.2.3 Effect of compaction type

In order to study the influence of comman type (i.e., BS-heavy, BS-light, static-
heavy, and static-light), specimens compacted siithilar compaction water content and dry

density values but with different compaction tyjes shown in Figs. 4.82b, andc. These

results show that the compaction type has sometefts the SWCCs of the soils studied.
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Fig. 4.12 Effect of compaction type on SWCC of thails studies
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Form the Figs. 4.1& b, andc, it can be seen that tleaturation water content of
dynamically compacted specimens were somewhatrlébse their statically compacted
specimens. From the SWCCs of JF soil specimens.(Bid2b andc) it was noted that, the
difference between the SWCCs at smaller appliedicng and due to the influence of
compaction type was less significant with an inseeén the initial degree of saturation.

Furthermore, the influence of compaction type amletting SWCCs of the soil was found
to be insignificant.

4.3.2.4 Effect of soil type

The SWCCs of slurried specimens of J& &R soils are shown in Fig. 4.13. From
Fig. 4.13 it can be seen that, the SWCC of TR smiained distinctly above that of the
SWCC of JF soil, and is attributed due to the défifee in the plasticity properties of the two
soils (Table 3.1), the higher the percentage of pl@sent in a soil, the greater water is the
water holding capacity under a certain value otisac Fredlund (2000) and Aubertin et al.
(2003) reported that the high adsorptive and capilforces existing in the fine soil particle
resulting from high surface area and smaller ppees.
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Fig. 4.13 Effect of soil type on SWCC
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4.4 Modelling the soil-water characteristic curves

Several models have been proposed irpadisé to best-fit SWCCs data for different
type of soils (Sillers, 2001). The experimentak teesults in this study were best fitted with
the models developed by van Genuchten (1980) aedldrd & Xing (1994) with a
correction factor using a least squares regres$itoese models are denoted as VG and FX-C,

respectively.

An optimization routine was used totfie parametric models to the measured data
using an iterative approach until the sum of theasegd residuals (SSR) differences between
the predicted and measured data becomes mininta. sim of the squared residuals (SSR)
is an indication of how well the equations fit theasured data. The minimization process for
SSR was performed using Slover subroutine incluideMlicrosoft Excef. The best fit of
each model to the measured data was assumed te lmné that resulted in the minimum
SSR value.

The SWCCs data of slurried and compaspetimens were best fitted using VG and
FX-C equations, and the results are presentedgs. Bi.6 through 4.13. It can be observed
from Figs. 4.6 through 4.13 that the Fredlund & K{1994) and van Genuchten (1980) best-
fit proposed equations well depict the SWCC resoitthe both types of soil. Both VG and
FX-C equations are adequately identical to pretiet SWCCs. However, the FX-C model
seems to provide better prediction of the watetems at high suctions.

4.4.1 Effect of initial compaction conditionson drying SWCC parameters

The resulting fitting parameters obtdirfer the drying SWCCs of JF and TR soils
using FX-C equation are shown in Tables 4.4 andrédpectively. The effect of the initial

compaction conditions on the drying SWCCs were chotey the differences of the SWCC
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parameters, i.e., the air-entry value, AEV, sagdavater contentai) residual water content
(wy) and slopes of the SWCCs.

Table 4.4 FX-C model fitting parameters of JF-s@pecimens

Model parameters

Soil AEV
H W. W,
speC|mens S r
(kPa) 2 n T ()

JF-Slurry 15 536.9 2.306 0404 234 0.014 0.0631642-4 0.997

slope SSR R

JF-DH8 2.0 2.337 0.418 1.418 17.0 9.6 0.0731 1.82E-4 0.984
JF-DH11 2,65 9.905 0.639 0.5073 14.2 2.1 0.027 1.49E-4 0.992
JF-DH13 9.2 69.690 1.005 0.434 138 18 0.0341 1.30E-4 0.993
JF-DL8 1.2 2.238 0.419 1836 19.7 95 0.0527 1.86E-4 0.994
JF-DL11 1.9 6.679 0.514 0.616 140 19 0.0244 1.50E-4 0.994
JF-DL13 9.2 59.277 0875 0532 136 1.8 0.0327 1.36E-4 0.993

JF-SH8 1.7 5.092 0.581 0.942 17.1 5.6 0.0459 1.42E-4 0.994
JF-SH9 3.8 10914 0450 1.017 140 5.7 0.0328 6.23E-5 0.997
JF-SH10 4.7 18.194 0.657 0.549 129 23 0.0260 6.47E-5 0.997
JF-SL8 1.3 3.226 0.597 1232 225 7.2 0.0842 1.74E-4 0.997
JF-SL9 14 3724 0530 1069 175 6.7 0.0541 8.00E-5 0.998
JF-SL10 15 4632 0537 0.822 16.0 5.1 0.0348 9.96E-5 0.994
JF-SL11 3.7 16.724 0.684 0641 144 2.8 0.0319 8.12E-5 0.997
JF-SL12 6.3 24937 0.687 0.537 138 2.1 0.0286 7.26E-5 0.996

a, m and n = model parameters
AEV= air-entry value

W, = saturated water contentv, = residual water content
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Table 4.5 FX-C model fitting parameters of TR-sspecimens

Model parameters

Soil
: AEV Ws Wy

specimens (kPa) n m o) (%) slope SSR R

TR-Slurry 85.0 1836.1 1.162 0..407 388 4.4 1.03E-4 0.999
TR-DH14 21.0 1.347 0.370 0.547 258 - - 2.09E-4 0.997
TR-DH15 35.0 2.387 0.363 0.521 24.1 - - 3.78E-4 0.996
TR-DH17 105.0 83.178 0.533 0.297 23.7 - - 2.27E-4 0.996
TR-DL14 5.2 3.337 0.4149 1.418 288 - - 2.38E-4 0.997
TR-DL17 27.4 1187 0.292 0.711 271 - - 3.68E-4 0.995
TR-DL20 130.0 89.654 0.572 0.330 236 - - 3.36E-4 0.996
TR-SH14 21.0 6.940 0.349 0.603 263 - - 3.34E-4 0.996
TR-SH15 31.0 11.590 0.518 0.489 256 - - 4.10E-4 0.994
TR-SH17 65.0 14.225 0.538 0.384 251 - - 1.83E-4 0.996
TR-SH20 153.0 189.76 0.655 0.352 23.2 - - 2.88E-4 0.994
TR-SL14 1.0 3.399 0.383 1.192 343 - - 2.64E-4 0.999
TR-SL15 1.9 3.216 0.312 1.751 33.2 - - 2.81E-4 0.998
TR-SL17 2.1 3.463 0.281 1572 306 - - 4.62E-4 0.996
TR-SL20 135.0 170.05 0.731 0.324 245 - - 2.78E-4 0.997

a, m and n = model parameters
AEV= air-entry value
Ws= saturated water content

w, = residual water content

The SWCC test results were fitted by Fredlund &{1994)’'s model based on the
gravimetric water to determine the AEV and residitate for each specimen. The AEV of
the soil specimens was obtained by extending tmstaat slope portion of the SWCC to
intersect the line on the portion of the curve $orction at the saturated water content
(Vanapalli et al., 1999). Different approachesdetermination of AEVs are presented in the

following chapter.
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The residual water content is defined by the irtetien point between a line from the
point of inflection on the straight-line portion t¢ie SWCC, and a line from the point at
1,000,000 kPa, tangent to the original curve. Adddlly, the slopes of the SWCCs were
computed as Ys—wr )/(logy, — logya)].

It can be seen from Tables 4.4 and % the AEVs of JF and TR soils ranged from
1.3 to 10 kPa, and 20 to 180 kPa, respectively. fBsé results indicated that the AEV
increases with an increase in the compaction watetent. For a given soil and compaction
effort, the AEVs of the specimens prepared at logggnpaction water contents were always
lower in comparison to specimens with higher cortipacwater contents (Figures 4.4 to
4.7). In addition, the residual state was notiagdIf soil but was not distinct for TR soil. For
the specimens of JF soil, the residual water contexs decreased as the initial compaction
water content increased. Also, it can be seen fi@hbles 4.4 and 4.5 that the rate of
desaturation (slopes of the SWCCs beyond the ABVielatively faster in the case of
specimen with lower compaction water content comgdo specimen compacted at higher
water content. The slope of the SWCCs beyond theraiy value became less negative with

increasing in the initial compaction water content.

Tables 4.4 and 4.5 and Figs. 4.8 to &hdw that at similar compaction water
contents, a soil specimens with a high compactiyndénsity had a higher AEV and lower
residual water content than that of a soil specimgh a low compaction dry density. Also,
the rate of drying was decreased with increasedpection dry density. The SWCC of
specimen prepared at lower dry density found teltghtly steeper than those prepared at
higher dry density. The specimen compacted at highedensity (higher compaction effort)
has smaller pores compared to the specimen congpattéower dry density. The water
drainage from the smaller pores occurred at a sloate, hence desaturation commenced at
higher suction value for specimen compacted witihéi dry density than those prepared at

lower dry density.
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It can be seen from Tables 4.4 and 4.5 that the ARY residual water content for
slurry specimen of TR soil is higher than thoseshifrry specimen of JF soil due to the
different percentage of clay fractions presentathisoils.

4.4.2 Correlation between SWCC parameters and fitting parameters

It can be seen from Table 4.4 and 426 the SWCC parameters (AEV and residual
water content) can be correlated to the fittingapsaters ¢, n, andm) from the Fredlund &

Xing (1994)’s equation.

The AEV of the soils and the soil parametar are closely related and have an
apparent linear relationship as shown in Figs. &dmadb. The fitting parameteraj increases
linearly with an increase in the AEV for both soilSimilarly, the soil parametemy is
related to the residual water content)( From the test results obtained for JF soil speas,
the fitting parameternf) increases with increasing in the residual watertent (Fig. 4.15).
However, there is no clear residual state in tlse @d TR soil. Additionally, the slope of the
SWCC for the segment between the AEV and the suctoresidual water content can be
related to the parametan)( Table 4.4 showed that the slopes of SWCCs dsedewith an
increase in the compaction water content and dngitieof soil specimens. Low values o) (
indicate moderate slopes of the SWCCs, whereaghigilues ofrf) indicate steeper slopes.

However, no clear correlation was found betweerstbpes of SWCCs and parametay (
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4.5 Concluding remarks

Pressure plate and salt solution test® carried out to investigate the influence of

initial compaction conditions on the drying and tiretting suction-water content SWCCs for

JF and TR soils. The test results were fitted vistlo SWCC models proposed by van
Genuchten (1980) and Fredlund & Xing (1994).

The main observations from this chapter can be sansed as follows:

The saturated water content of the compacted smkisiens increased as the
compaction water content and the dry density deeaka

The SWCCs were found to be strongly influencedngydompaction water content at
low suction range. However, at high suction rarthe, SWCCs were found to be
independent of the initial compaction conditiondheTAEVs increased with an
increase in the compacted water content.

The SWCCs for any soil at same compaction watetetwrbut with different dry
densities (produced by applying different compactdfort), showed that the AEV
and the residual water content of the soil specgmeareased with an increase in the
compaction dry density. The SWCCs of the soil gpeas at different dry densities
were found to be different at low suctions, butdtéo become similar as the suction
increased.

TR soil with a higher percentage of clay showechigAEV than JF soil. At any
applied suction, the water content of TR soil waisnid to be greater than that of JF
soil.

Significant hysteresis was noted between the drii#éCC and the wetting SWCC
for both soils. The wetting SWCCs were found tcslmilar for any soils irrespective
to the initial compaction conditions.

The SWCC curve fitting models proposed by van Ghtarc(1980) and Fredlund &
Xing (1994) were found to fit very well the expegntal test results obtained for
drying SWCCs.

In general, the SWCCs of specimens shifted towtirelsight hand side of the plot as
the initial degree of saturation decreased. Thigcted that the suction-water content
SWCC is not unique for a specific soil but it degeron the initial compaction

conditions of the soil.
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CHAPTER 5

SUCTION-DEGREE OF SATURATION SWCCs

AND AIR-ENTRY VLAUES

5.1 Introduction

Conventional theory of the soil-water characteristurve (SWCC) and most of
curve fitting equations used to model such a m@stiip have assumed that the initial void
ratio remains constant as the soil suction is emed. This assumption may be true for sands
and various coarse-grained soils. However, for-§raned soils, such as silts and clays, a
significant volume change may take place duringtingtand drying processes. Therefore,
measurements of total volume change of soils ayained at each applied suction to establish

suction-void ratio and suction-degree of saturaB¥CCs.

The suction-water content SWCC in conjunction wvitle shrinkage curve can be
used to establish the suction-void ratio and suoetiegree of saturation SWCCs and further
the air-entry value of soils (AEV) can be deterndin@ecisely (Croney & Coleman, 1954,
Fredlund, 1964, Fredlund & Rahaddjo, 1993).

The shrinkage curve for soils can be establisheth frarious available methods,
such as dimension measurements using calliperaser Iretractometer, fluid displacement

method using kerdane oil, rubber balloon methode coethod and encasement methods
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using water repellent solutions (viz., molten waww Saran resin dissolved in Methyl Ethyl
Ketone (MEK saran), waterproof Polyvinyl Acetaté&/&) based adhesives) (Brasher, 1966;
McKeen, 1985; Nelson & Miller, 1992; Bradeau et &099; Fleureau et al., 2002; Krosley et
al., 2003).

The objectives of this chapter wergtp determine the shrinkage curves of the soils,
(ii) to use the available parametric models to béshé shrinkage curvesiji to study the
effect of compaction conditions on the shrinkageves, (v) to establish the suction-degree
of saturation SWCCs, and)(to determine the AEVs and residual suctions & $oils
studied.

The experimental procedures adopted to determime sliction-water content
SWCCs and the water content-void ratio relationsi{ghrinkage curves) of the soils using
Clod method are briefly presented. The resultsuatisn-water content SWCCs combined
with the shrinkage curve results are used to astatile suction-degree of saturation SWCCs
and to determine correctly the AEVs and residuatisas for both soils used in this study.
Comparison of suction-void ratio SWCCs with pressunid ratio relationship (i.e.,
consolidation test results) are presented. The A& \$®il specimens determined based on
the suction-water content SWCCs from pressure @atk desiccator test results anig (
based on the suction-degree of saturation SWCE@scampared. Suctions based on the
plastic limit and shrinkage limit of the soils amkso compared with the AEVs and residual

suctions determined from suction-water contentsaaradion-degree of saturation SWCCs.

5.2 Experimental program

The drying suction-water content SWCCs of the se#se established by allowing
the soil specimens to equilibrate at different agplsuctions using pressure plate and salt
solution tests. The initial conditions of the sgplecimens, testing procedures, and test results
are presented in Chapter 4.

The shrinkage curves of the soils were establifizsgd on determination of the soll
bulk density by measuring the weight and voluméhefspecimen during the drying process
from Clod tests. Initially slurried soil specimeand statically compacted soils specimens
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were prepared from JF and TR soils in the same araas those that prepared for suction-

water content SWCC test.

5.2.1 Clod method

The test procedure adopted for Clod tests are piedén section 3.10 of chapter 3.
Initially slurried and compacted saturated soilcspens were first equilibrated in pressure
plate at an applied suction of 5 kPa. The soil spexs were then coated with PVAc glue as
an encasement material and the Clod, were leftyfanrdambient laboratory conditions (T =
22°C and RH = 40%). The changes in volume of clddeng the drying process were
calculated by Archimedes principle which involvegighing the specimens in air and in

water.

5.3 Results and discussion

5.3.1 Changes of void ratio during drying processin Clod tests

Figures 5.4 andb show the changes in void ratig, during the shrinkage process
for specimens of JF and TR soils. Detailed caleutaprocedure concerning determination
of the void ratio is presented in Section 3.10.

It can be seen from Fig. falhat the initial void ratios of specimens of TRlso
remained nearly constant with a decrease in therveaintent up to about 5 hours for heavily
compacted specimens and up to about 80 hoursgluihlicompacted specimens and further
started to decrease. Reductions in the void ratilvéavily and lightly compacted specimens
of JF soil occurred at earlier times (after abouto?rs) (Fig. 5.4). Figures 5.4 andb also
show that a constant void ratio was reached aftarmal about 1 day for specimens of JF soil
and about 8 days for specimens of TR soil. A changée void ratio increased during the
drying process as the fines content of the soibtrexs higher (i.e., for TR sail).
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The soil specimens prepared from JF soil desatlifaster than those prepared from
TR soil under the same ambient conditions. SpesnoéMR soil show a noticeable volume
change as compared to the specimens of JF sdieaER soil contains a relatively high clay
percentage. The tests results clearly indicatedttigamagnitude of shrinkage depends upon

the soil type and the liquid limit of the soil.

5.3.3 Shrinkage curves

There are four distinct shrinkage zones that cardésetified in a typical shrinkage
characteristic curve. These are: the structurahkage, the normal shrinkage, the residual
shrinkage and the zero shrinkage (Haines, 1923)aNsoils may show these four shrinkage
zones (Kim et.al., 1992; McGarry & Malafant, 198 However, studies in the past have
shown that compacted soils that have undergoneaeswgell-shrink cycles and natural soils
generally exhibited four shrinkage zones (Tripathwl., 2002).

In order to characterise how soil volume decreakesg the drying process, the
shrinkage behaviour can be characterized by comsglthe void ratio ) and the water ratio
(wGs) of soils. Continuous shrinkage curves of the spécimens considered for both JF and
TR soils were established from Clod test resuligufés 5.2 andb show the shrinkage
curves (void ratiod) versus(wGs) plots for specimens of JF and TR soils, respebtivihe
shrinkage curves for initially slurried specimenes also presented in Figs. & 2andb for

comparison.

Figure 5.2 shows that the initially slurried specimen of @ #llowed the 100%
saturation line (i.e. normal shrinkage range). Hoavethe shrinkage curves of compacted
soil specimens departed from the 100% saturatiendnd became unsaturated as soon as the
drying process commenced, irrespective of the ahitompaction conditions of the
specimens. The shrinkage curves of compacted petimens of JF soil exhibited either
residual and zero shrinkage zones or normal, rabahd zero shrinkage zones. No structural

shrinkage zone were noted in all cases.
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Figure 5.2 presents the shrinkage curves for the specimemR&il. From the test
results shown in Fig. 52 it can be seen that the initially slurried spesm® and the
statically-heavy compacted specimens initiallydeled the 100% saturation line during the
drying procesqi.e., the normal shrinkage zone). However, theicsty—light specimens
generally exhibited shrinkage curves with a ‘S’ysha Additionally, these specimens
exhibited larger deformation as compared to thécsiéy—heavy specimens. The relative
extent of the different shrinkage zones varied ddferent compaction conditions. The
shrinkage curves of the statically—light TR specgimx@ccompanied by structural, normal,
residual, and zero shrinkage zones, whereas thetwtal shrinkage zone was not noticed for

statically—-heavy specimens.

Figures 5.2 andb show the volumetric shrinkage strain versus wedatent during
the drying process for specimens of JF and TR.dbisin be seen from Figs. &.andb that
the void ratio change from an initial saturatedesta a completely dry state leads to a total
volumetric strain (based on initial void ratio) gamg from 2.4%~8.9% and 14.4%~20.3%,

for the compacted specimens of JF and TR sospedtively.

5.3.4 Effect of initial water content and dry density

As compared to the statically-heavy compacted spews (Figs. 5.1 to 5.3), the
statically-light compacted specimens offered lessstance to the volume change during the
shrinkage processes for both soils. Hence, theiggradf the normal shrinkage zone for the
statically-light compacted specimen is slightlyger than that for the statically-heavy
compacted specimen. The normal shrinkage zone dtir goils increases as the saturated
water content of the specimen increases, and dsgeas the compaction effort increases
(Fig. 5.2). This due to the lower initial void itcorresponding to the higher compaction

effort.
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5.3.4 Effect of initial water content and dry density

As compared to the statically-heavy compacted spews (Figs. 5.1 to 5.3), the
statically-light compacted specimens offered lessstance to the volume change during the
shrinkage processes for both soils. Hence, theiggradf the normal shrinkage zone for the
statically-light compacted specimen is slightlygr than that for the statically-heavy
compacted specimen. The normal shrinkage zone dtir goils increases as the saturated
water content of the specimen increases, and daxgeas the compaction effort increases
(Fig. 5.2). This due to the lower initial void itcorresponding to the higher compaction

effort.

Furthermore, it can be seen from the results irs.Figl to 5.3 that the rate of
changes in the volume during the initial dryingqess is increased as the initial compaction
water content decreases (i.e., increase in theasatuwater content). The volume change
during the residual shrinkage zone of the all speass is negligible in comparison to the
volume change during the normal shrinkage zoneaddition, the void ratio at the zero
shrinkage (when the specimens are nearly dry) ase@ ashe saturated water content
increased. The water ratio/Gs) at which the zero shrinkage zone begins is alrttessame
for all compacted specimens and is equalviGy = 0.23 and 0.31 for JF and TR soils,

respectively.

5.3.5 Equationsfor shrinkage curves

Several approaches exist to model shrinkage cuw¥asils. The Clod test results
were best-fitted using some currently availablenstage models that are relevant to the soils
studied. An equation proposed by Fredlund et @971 2002) (Eq. 2.8) is used for best-
fitting a shrinkage curve that has the form of gdmpolic curve. For the shrinkage curve
which has a S-shape, the four parametric model (Mddlel) proposed by McGarry &
Malafant (1987) (Eq. 2.9) is generally used. Thdel is able to describe the four shrinkage

zones of the shrinkage curve.
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The parameters used for best-fitting the shrinkagges based on Eq. 2.8 and Eq.
2.9 were presented in Table 5.1. The correlati@ifimeents between the measured and fitted

data were always greater than 0.985 (Table 5.1).

Table 5.1 Model parameters

Sail Fred. Model *(Eq. 2.8) MM. Model (Eq. 2.9) R®
specimens* Bsh Gsh B WGs;i
JF-Slurry  0.148 44.316 0.996
JF-SH10 0.103 6.228 0.992
JF-SH9 0.109 6.797 0.998
JF-SH8 0.153 3.913 0.985
JF-SL11 54.685 0.301 0.987
JF-SL10 0.149 5.192 0.998
JF-SL9 0.136 7.735 0.999
JF-SL8 0.133 4.978 0.999
TR-Slurry  0.128 8.401 0.999
TR-SH20 17.315 0.457 0.995
TR-SH17  0.1357 5.689 0.999
TR-SH15  0.137 5.294 0.991
TR-SH14  0.142 3.472 0.994
TR-SL20 17.994 0.456 0.999
TR-SL17 14.599 0.488 0.999
TR-SL15 11.372 0.485 0.986
TR-SL14 13.708 0.450 0.999

* Fred. Model = Fredlund (2002)'s model

** MM. Model = McGarry & Malafant(1987)’s model

" JF = JF soil, TR = TR soil, SH = static heavy camfion, SL = static light compaction, No. = initial
compaction water content

5.4 Combination of the shrinkage curve and the suction-water content SWCC

The measured suction-water content SWCC, presantethapter 4, describe the
relationship between gravimetric water content aod suction and the shrinkage curve
results in this chapter provide a relationship leemv void ratio and water content. By
combining the experimental data from the SWCCs #ed shrinkage curves it was then

possible to establish the suction-void ratio SW@@4 suction-degree of saturation. Firstly,
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the suction-degree of saturation SWCCs are disdufsowed by the suction-void-ratio
SWCCs.

5.4.1 Suction-degree of saturation SWCCs

The suction-water content SWCCs (see Figs. 4.6.18)4n conjunction with the
best-fitted shrinkage curves (Fig. 5.2, Table Svije used to establish the suction-degree of
saturation SWCCs. The void ratios from the bessfitinkage curves were estimated by
considering the water content corresponding toowuariapplied suction from pressure plate
tests and desiccators tests. The degree of saturatirresponding to any void ratio was
calculated based on the volume-mass relationship.sliction-degree of saturation SWCCs
from pressure plate tests and desiccators testsHmh the void ratio were calculated based
on the Clod test are shown in Figs. 5.4 and 5.8. duttion-degree of saturation SWCCs that
were established based on the assumption that Weseno volume change (constahiare

also shown in Figs. 5.4 and 5.5 for comparison.

Figures 5.4 and b show the suction-degree of saturation SWCCs faticsily
heavy and light compacted specimens of JF soile dgen symbols represent the degree of
saturation calculated based on the volume changsumements (from Clod test) are found to
be quite different from those calculated basedh@ndonstant volume of the soil specimen

(open symbols). This difference is more considerdd the initially slurried specimens.

Similar differences between the degree of saturatalculated based on the volume
change measurements and those calculated baskeé oartstant volume of initially slurried
and compacted specimens of TR soil can be obsdreedFigs. 5.2 andb. However, the
differences between the degree of saturation mesaltulated in two different ways became
more significant. The significant differences betwedhe two methods for the estimation for
degree of saturation are due to the large volunam@ds that occurred as soil suction is

increased for TR soil.
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5.4.2 Suction-void ratio SWCCs

By considering the suction-water content SWCCsiobthfrom pressure plate and
desiccator tests and void ratio-water content icelahips determined from Clod test, the
suction-void ratio SWCCs of the soil specimens westablished. Variations of the void ratio
associated to the suction increase for specimedbs ahd TR soils are presented in Figs. 5.6
and 5.7. It can be seen from the Figs. 5.6 andhaf7for each initial compaction condition,
the curve can be divided into three parts. At lawti®n range (up to about 1 kPa for JF saill
and up to about 5 kPa for TR soil), no change evbid ratio was observed. As the suction
increased (up to 200 kPa for JF soil and 8000 kPR soil), the void ratio of specimens
decreased. These variations in the void ratio raigen 0.12 to 0.07 for the specimens of JF
soil and from 0.3 to 0.2 for the specimens of TR. §the most significant decrease in void
ratio was observed for the initially sluried speeima of both soils. For high suction values,
an increase in suction had no influence on the vaiith changes and the void ratio of the
specimens remained constant. The ordering of tiiereatio SWCCs for both JF and TR soils
were found to be concurrent with initial compactwater content and compaction efforts.

0.7
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& A—Ak—A—4
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Fig. 5.6 Suction-void ratio SWCCs for slurried argfatically heavy and light compacted JF
soll
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Fig. 5.7 Suction-void ratio SWCCs for slurried argfatically heavy and light compacted
TR soil

5.5Void ratio changes with suction and vertical stress

Limited studies in the literature have compareddthetion-void ratio SWCC results
with one-dimensional consolidation test resultsifotially compacted saturated (Fredlund,

1964; Fleureau et al., 1993; Marcial et al., 200#athy et al., 2010).

Oedometer tests were carried out to establish #wical pressure-void ratio
relationships (section 3.5 - chapter 3). The suetioid ratio SWCCs were established based
on the suction-water SWCCs of the soils in conjiamctvith the Clod test result$he initial
water contents of the soil specimens in the oedemntests were kept similar to that of the

specimens tested in the SWCC tests.

A comparison between void ratio changes due ta®uéte.,s versuse) and due to
one-dimensional compression (i.p.yersuse) for statically compacted specimens of JF and
TR soil are presented in Figs. 5.8 and 5.9, regmdgt The suction versua/G; plots (i.e.,s

versuswGy) for JF and TR soils are also included in the Fig8 and 5.9 for comparison.
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It can be seen from Figs. 5.8 and 5.9 thatsth@lots remained clearly above that of
the swG;s plots for both soils. Additionally, thp-e plot remained above that of tlsenGs
plots. An increase in the vertical pressure wasenediiective in reducing the water content of
the soils than due to an increase in suction. fHeeplots were found to remain distinctly
below that of thes-e plots indicating that the volume change due to dicad pressure

increase was more than that due to an increaseiios.

5.6 Deter mination of AEVsand residual suctions

If a soil undergoes insignificant volume changeimyrthe drying process, the
suction-gravimetric water content and the suctiegrde of saturation SWCCs will lead to
similar values of AEV and residual suction. Howe\iérthe volume change of the soail is
significant, the suction-degree of saturation mayused for determination of AEV and

residual suction (Fredlund et al., 2011).

A shrinkage curve provides an indication of the ABVthe soil as well as the
residual water content. During the drying processtarated slurried soil follows the 100%
saturation line until air begins to enter the Iatgeoil voids at which the shrinkage curve
starts to deviate from the 100% saturation line riMe, 1994). In some cases the
desaturation point may remain close to the pldistit and can be considered as the air-entry
point (Fredlund et al., 2011). The soil continueslty until it reaches the shrinkage limit at
which the volume of voids remains constant. Thedted conditions may be correlated with
the shrinkage limit of the soil (Fredlund et aD]12).

The AEVs and the residual suctions of specimensliofand TR soils were
determined from:if the suction-water content SWCCs (pressure plate desiccator test
results) andii) the suction-degree of saturation SWCCs estallidiesed on the suction-
water content SWCCs in conjunction with the beistsfirinkage curves. The graphical
procedures suggested by Vanapalli et al. (1998 icdlowed for determining the AEVs and
the residual suctions. The AEVs of soil specimdns tdetermined were compared with the
suctions corresponding to the shrinkage limits jlagdtic limits of initially saturated slurried

specimens of both soils. The residual suctions weoepared with the suctions
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corresponding to the shrinkage limits of the sdllse AEVs of the soils are presented first

followed by the residual suctions.

5.6.1 Deter mination of AEVs

A reduction in the water content during the dryprgcess from the shrinkage tests
for compacted specimens of JF soil (both heavylightl compaction efforts) and specimens
of TR solil (light compaction effort) showed thatsd&uration occurred immediately as the
drying process commenced (Fig. 5.2). In these catbes degree of saturation of the
specimens decreased from the start of the dryingegss. However, the commencement of
desaturation followed the normal shrinkage phasdlffe slurried specimens of JF and TR
soils and for the specimens of TR soil that wereppred by applying heavy compaction
effort. For all cases, the suction-water content C8& (chapter 4) together with the
corresponding shrinkage curves (Fig. 5.2) enablsthbéshing the suction-degree of
saturation SWCCs (Figs. 5.4 and 5.5).

For better explaining the procedure adopted tordete the AEVs and residual
suctions, the suction-water content SWCCs, thenkage curves, and the suction-degree of
saturation SWCCs for slurried specimens of JF dRdadils are presented in Figs. 5.10, 5.11,
and 5.12, respectively. The AEVs and the residuatiens of the specimens are shown in
Figs. 5.10 and 5.12. The valuesvgf ws, andwaey of the soils are shown in Fig. 5.11. The
suctions corresponding tw,, Ws, andwaegy are shown in Figs. 5.10 and 5.12. Table 5.2
presents the suctions correspondingvpw,, andwaey for the initially saturated slurried
specimens of both soils and the AEVs determineh fitre SWCCs.

For JF soil, the AEVs from the suction-water coht@md suction-degree of saturation
SWCCs are 15 and 180 kPa, respectively (Figs. 11® and Table 5.2). The suctions
corresponding tovp, Ws, andwaey are 110, 170, and 140 kPa, respectively. Simildéoly TR
soil, the AEVs from the suction-water content andt®n-degree of saturation SWCCs are
85 and 6300 kPa, respectively (Figs. 5.10, 5.12Talde 5.2). The suctions corresponding to
Wy, Ws, andwagy are 6400, 11500, and 6200 kPa, respectively. Tihean be seen that the

AEVs determined from the suction-water content S\WGA&re distinctly less than that
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determined from the suction-degree of saturationC®#/ for both soils. The suction
corresponding tav, andwaey agreed well with the AEVs determined from the muret
degree of saturation SWCCs.
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Fig. 5.10 Suction-water content SWCCs for initialgurried specimens of JF and TR soils
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Table 5.2Comparisons of AEVs of JF and TR soils from differeapproaches

AEV** AEV***
. Suction Suction Suction base_d on basgd on
Soil suction- suction-
specimens® based onws based o, based on water degree of
(kPa) (kPa) Waev (kPa) content saturation
SWCC (kPa) SWCC (kPa)
JF-Slurry 170 110 140 15 180
JF-SH10 - - - 4.7 43
JF-SH9 - - - 3.8 13
JF-SH8 - - - 1.7 2.5
JF-SL11 - - - 3.7 9.5
JF-SL10 - - - 1.5 4.2
JF-SL9 - - - 1.4 2.6
JF-SL8 - - - 1.3 2.1
TR-Slurry 11500 6400 6200 85 6300
TR-SH20 - - - 153 3200
TR-SH17 - - - 65 2850
TR-SH15 - - - 31 2550
TR-SH14 - - - 21 2350
TR-SL20 - - - 135 1100
TR-SL17 - - - 2.1 750
TR-SL15 - - - 14 230
TR-SL14 - - - 1.1 210

* JF, TR = JF and TR soils, Sstatic compaction, H = heavy compaction effort, Light
compaction effort, No. = initial compaction watmntent

“ws= water content shrinkage limit,,w plastic limit, wiey= water content desaturation point
** Based on the suction-water SWCCs of the soileggure plate and desiccator test results)
*** Based on the suction-water SWCCs of the sqitegsure plate and desiccator test results

in conjunction with the Clod test results)

Agreements between the suctions corresponding¢p and AEVs from the suction-
degree of saturation SWCCs are obvious since ttier lavere established based on the
shrinkage curves of the soils. The suction corredpm tows agreed well with the AEVs
determined from the suction-degree of saturatiorC&/Mf JF soil, but not in case of TR soil.
For the latter case, the difference in the suctorresponding taws and the AEV from
suction-degree of saturation SWCC is attributed tdusgnificant volume change during the

drying process.
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For JF soil, the AEVs from the suction-water cohtmd suction-degree of saturation
SWCCs are 15 and 180 kPa, respectively (Figs. 11® and Table 5.2). The suctions
corresponding tav,, ws, andwaey are 110, 170, and 140 kPa, respectively. Simildoly TR
soil, the AEVs from the suction-water content andt®n-degree of saturation SWCCs are
85 and 6300 kPa, respectively (Figs. 5.10, 5.12Tatie 5.2). The suctions corresponding to
Wy, Ws, andwagy are 6400, 11500, and 6200 kPa, respectively. Tihean be seen that the
AEVs determined from the suction-water content SWWGAre distinctly less than that
determined from the suction-degree of saturationC®#/ for both soils. The suction
corresponding tav, andwaev agreed well with the AEVs determined from the et
degree of saturation SWCCs. Agreements betweesubions corresponding gy and
AEVs from the suction-degree of saturation SWCGCs abvious since the latter were
established based on the shrinkage curves of tfse $he suction correspondingweagreed
well with the AEVs determined from the suction-dsgiof saturation SWCC of JF soil, but
not in case of TR soil. For the latter case, th&edince in the suction correspondingwio
and the AEV from suction-degree of saturation SWEttributed due to significant volume
change during the drying process.

Table 5.2 presents the AEVs of compacted soil spes of both soils based on both
suction-water content and suction-degree of satur&WCCs. Examination of the AEVs for
compacted specimens of both soils presented ineTald clearly showed that the AEVs
obtained from the suction-water content SWCCs raathwell below AEVs obtained from
the suction-degree of saturation SWCCs. Signifiadifferences were noted between the
AEVs of compacted specimens from the suction-degfesaturation SWCCs and suctions

corresponding tav, andws.

5.6.2 Determination of residual suctions
Table 5.3 presents the residual conditions of tiks shat were determined using the

suction-water content SWCCs and the suction-degfesaturation SWCCs. The suctions
corresponding to the shrinkage limits of the sarks shown for comparison.
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Table 5.3 Comparisons of residual conditions of 3lrd TR soils from different

approaches
, Suction Residual suction** Residual sucftlon***
Soill . based on suction-degree
specimens* based ows based on suction-water of saturation SWCC
(kPa) content SWCC (kPa)
(kPa)
JF-Slurry 170 20000 22000
JF-SH10 - 31000 49000
JF-SH9 - 900 18000
JF-SH8 - 550 1700
JF-SL11 - 25000 35000
JF-SL10 - 22000 15000
JF-SL9 - 165 740
JF-SL8 - 95 200
TR-Slurry 11500 60000 170000
TR-SH20 - 153 3200
TR-SH17 - 65 2850
TR-SH15 - 31 2550
TR-SH14 - 21 2350
TR-SL20 - 135 1100
TR-SL17 - 21 750
TR-SL15 - 1.4 230
TR-SL14 - 11 210

* JF, TR = JF and TR soils,Sstatic compaction, H = heavy compaction effort, arnd light
compaction effort, No. = initial compaction watmntent.

" ws = water content shrinkage limit

** Based on the suction-water SWCCs of the soileggure plate and desiccator test results).

*** Based on the suction-degree of saturation SW@CHhe soils (pressure plate and desiccator test

results in conjunction with the Clod test results).

It can be seen from Table 5.3 that the residudiaus from the suction-degree of
saturation SWCCs are much higher than the valutsnsa from the suction-water content
SWCCs, particularly for specimens of TR soil. Dissmgnents are also noted between the
suctions corresponding to the shrinkage limits &mel residual suctions from both the

suction-degree of saturation SWCCs and the sugtaer content SWCCs.

156



CHAPTER 5 — SUCTION-DEGREE OF SATURATION SWCs AND AIR-ENTRY VLAUESs

5.7 Concluding remarks

The findings from the study presented in chapteoiacerning thei] determination
of the shrinkage curves of the soil$) éstablishing the suction-degree of saturation £4/C
(iif) comparisons of suction-void ratio SWCCs with pres-void ratio relationships (i.e.,
consolidation test results), and)(determination the AEVs and residual suctionshefdoils

studied, can be summarised as follows:

* In spite of low plasticity characteristics of theils, a change in matric suction
resulted in a reduction in the volume of the ssiiglied. Therefore, measurements
of volume of soils are extremely relevant for ebshliing the suction-degree of
saturation SWCCs.

» The Clod tests were found to be very effectivestablishing the entire shrinkage
paths for the soils studied. The desaturationtpdor the soils were determined
from the shrinkage paths of the soils.

* The suction-water content SWCCs in conjunction witle Clod test results
enabled establishing the suction-degree of saturatSWCCs and the
determination of AEVs and residual suctions ofgb#s.

» Comparison of suction-void ratio SWCCs with presswunid ratio relationship
(i.e., consolidation test results) indicted that ttolume change due to a vertical
pressure increase was more than that due to agasein suction.

» The AEVs and residual suctions of the soils deteeahi form suction-water
content SWCCs are found to be distinctly lower thhe AEVs and residual
suctions determined form suction-degree of satmeBWCCs.

* The suctions corresponding to the plastic limitstioé soils and the AEVs
determined from the suction-degree of saturationC&®#&/ were found to be very
similar. However, the suctions at the shrinkagetsirof the soils, the AEVs, and

the residual suctions were very poorly correlated.
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CHAPTER 6

DIRECT MEASURMENT OF SUCTION USING NULL-TYPE
AXISTRANSLATION TECHNIQUE

6.1 Introduction

Compacted soils are used in many civigireering works, such as roads,
embankments, earth dams, backfills, and soil cov€@mnpacted soils are invariably
unsaturated and possess negative pore-water pEessuisuction. Matric suction, the
difference between the pore-air pressure and the-water pressure, is an important stress-
state variable of unsaturated soils and is a fanotif soil structure and soil water content.
The measurement of matric suction is a prerequisitehe characterisation of unsaturated
soils. Tensiometers, null-type pressure plate @e\and high suction probe can be used for
direct measurement of matric suctions of soils dkned & Rahardjo, 1993). Tensiometers
enable measuring matric suctions of less than ab@kPa, whereas null-type pressure plate

device and high suction probe can be used for miegsuonatric suctions up to 1500 kPa.

In this chapter, matric suctions of tmatural soils from Libya (Jeffara soil (JF) and
Terra-rosa soil (TR)) were measured using null-tygpas-translation technique. Soil
specimens used for suction measurements were prepararious compaction conditions in
which the initial compaction water content, dry siéyy compaction type, and compaction

effort were varied.
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The objective of this chapter weret¢ measure matric suction using null-type axis-
translation techniqugji) to study the influence of initial compaction cdrhs on time-
matric suction development in null-type device, &ngto examine the influence of size of

the specimens on the measured matric suction.

This chapter divided into several sewiavhich include the experimental programme
adopted, and presentation of the test results dtr boils. The effects of initial compaction
conditions on matric suction of the soils are bidug detail. The concluding remarks are

presented towards the end of the chapter.

6.2 Experimental programme and specimen prepar ation

6.2.1 Soil specimen preparation

Dynamically compacted specimens wer@amed from both BS-light and BS-heavy
compaction samples. Thin walled stainless-steeddubere used to extrude the compacted
specimens from the compaction mould. Samples wakent from the remaining soil to
determine the compaction water contents of theisms. The dry densities of the tested

specimens were calculated based on the volumemlas®nships.

Soil specimens were also prepared bifcatly compacting soil-water mixtures in
single lift in a specially fabricated mould (Fig.33 The targeted compaction dry densities
and water contents of the statically compacted spdcimens were corresponding to the
specimen conditions of the dynamically compactedcspens. Typically, the statically

compacted specimens prepared were 12 mm thick4wod 80 mm in diameter.

The initial conditions of JF and TR sepecimens are shown in Figs. &.dnd b,
respectively. In total, 79 JF soil specimens wested by null-type axis translation device for
matric suction measurements (16 specimens for BSyheompaction, 18 for BS-light

compaction, 15 for static-heavy compaction, 10dt@tic-intermediate compaction, and 20
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for static-light compaction). The degree of satoratof the specimens were between 37%
and 90% (Fig. 64). Similarly, matric suction measurements wereiedrout on 45 TR soil
specimens (9 specimens for BS-heavy compactiofprlBS-light compaction, 11 for static-
heavy compaction, and 12 for static-light compantioThe degree of saturation of the

specimens varied between within about 48% and 66 6.1).
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Fig. 6.1 Compaction characteristics of the soil ted (BS-light and BS-heavy) and

placement conditions chosen for (a) JF soil and (BR soil

6.2.2 Null-type axis-trandation tests

A single wall triaxial cell assembly was used torgaut the null-type axis-translation

tests. The main components of the device are pieé@nsection 3.9.1.

The test procedure involved saturation of the ceratisk with de-aired water and
placement of soil specimen to be tested on thaxgerdisk. A 1 kg mass was placed on the
top of the specimens to ensure a good contact ketwee specimen and the ceramic disk
(Olson & Langfelder, 1965). The apparatus was theickly assembled (in about 10
seconds) and the air pressure inside the pressarsber was increased in increments to keep
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the pore water at atmospheric pressure (zero gaaging). Equilibrium was achieved when
the reading of air pressure was held constant lamgdre water pressure showed no change.
At equilibrium, the matric suction is the differenbetween the air pressure applied in the
chamber and the recorded pore water pressure inottg@artment (zero in all cases). Once
the equilibrium was reached, the mass the specimasmmeasured and the water content was

determined by oven drying method.

The final water contents of the specimens were esatpwith the placement water
contents. It was noted in this study that the défifiees in initial and final water content were

less than + 0.07% in all cases, which was consitierée insignificant.

Laboratory tests involving axis-translation teclugcpre usually carried out by using
pressurised air supply. The pressurised air islmgpither by a compressed air plant or a
compressed nitrogen gas plant. The air plants lyssighply cold and dry air. For example, at
the outlets of compressed air plants, the temperatfi the air is about 3 to G. The air
temperature usually increases in the distributinasl In order to eliminate the detrimental
corrosion effect of water vapour on the plant asdgnand distribution lines, the relative
humidity of the supplied air from compressed aant$ is usually kept close to 0%. In the
laboratory, controlled release of compressed aia iclosed chamber at a pressure smaller
than the maximum designated pressure of the ait pglauses an expansion of the supplied
air. Additionally, air outflow into the chamber ghaces a mixture of air and water vapour.
Prior to testing, the main sources of water vapauhe pressure chamber are the relative
humidity in the laboratory, the water in the satedaceramic disk, and the water that is used
during the saturation of the ceramic disk. Durintgst, water vapour from soil specimens

may contribute to the partial pressure of watemouapvithin the pressure chamber.

During measurements of matric suction, the relatumidity and the temperature in
the pressure chamber is usually not measured. ifleeetice in the relative humidity of soil
specimen for which matric suction measurementiigethout and that of the compressed air
in the pressure chamber may cause some instatiilitye system. This may in turn influence
the suction equilibrium time (Marinho et al., 20@&lage et al., 2008).

The air temperature and the relative humidity ie #@ir pressure chamber were

monitored during testing of some soil specimensati&tlly compacted soil specimens
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corresponding only light compaction effort were dige this case. The water contents of the
soil specimens were such that matric suctionsestil for both wet and dry conditions were
covered. A commercially available relative humidignd temperature transmitter was
inserted at the top-lid of the device through acssed air-tight connection (Fig. 3.3). The
transmitter can measure relative humidity and teatpee to accuracies of + 1% and + G.5
respectively. Prior to use of the transmitter ire thull-type device, calibration of the
transmitter was carried out with saturated saltitsmhs. The calibration results indicated that
the relative humidity equilibration time of the isamitter was about 40 minutes, whereas the

response of the transmitter to temperature changesbout 2 to 3 minutes.

6.3 Null-type axis-trandation test results

6.3.1 Equilibration time

The elapsed time versus matric suction plots fon lbynamically (BS-light (DL) and
BS-heavy (DH)) and statically compacted specimstati¢-light (SL) and static-heavy (SH))
of JF and TR soils are shown Figs. 6.7 and 6.§eds/ely. For the sake of brevity, the
influence of dry density due to an increase in ¢benpaction effort and the influence of
compaction type at six different water content Isver the specimens of JF soil, such as at
about 7.1, 7.6, 9.0, 9.7, 10.7 and 12.0% are shiowhig. 6.7. Similarly, several water
content levels for the specimens of TR soil (178.2, 19.3, and 23.5%) are shown in Fig.
6.8. Note that the difference between specimenitond for any compaction effort (heavy
or light) is only a slight and the differences r@mas due primarily to the compaction type
considered (static and dynamic). For example, g1 6i7, for heavy compaction effort, the
statically compacted specimen had a water conteitl®6 and dry density of 1.99 Mg/m
whereas its dynamic counterpart had similar wab@tent and dry density of 7.0% and 1.98
Mg/m3, respectively. In terms of the degree of satuna(®), the compaction conditions are
comparable with some allowance for errors durirgppration of the specimens.

Dynamically compacted specimens of JF soil invdyiaeached equilibrium suctions
sooner than their statically compacted counterrédl water contents considered (Fig. 6.7).
However, Figs. 68andc show that at water contents of about 18.2 and%9tBe statically

compacted specimens of TR soil reached equilibrsuictions sooner than the dynamically
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compacted specimens. The statically and dynamicadiypacted specimens of TR saill

compacted at water content of 17.1 and 23.5% natlaequilibrium suctions almost at the
same time of about 400 and 180 minutes, respegtitAs. 6.& andd).

Additionally, except for the test results at watentent of about 7.0% (Fig. &)/ the

measured matric suctions for dynamically compasieecimens of JF soil were generally

greater than their statically compacted countespaitowever, Fig. 6.8 shows that the
statically compacted specimens of TR soil exhibitégher measured matric suctions as
compared to the dynamically compacted specimensRofoil. The comparison has been

made at the same compaction effort (i.e., SL veltduand SH versus DH).
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Some differences were also noted when the compaiie (static and dynamic) was
held as a reference and matric suctions were cadpan the basis of the difference in the
compaction effort (i.e., light and heavy). The éifnces between matric suctions of JF-SL
and JF-SH specimens in Figs. &6 6.7 were found to be about 20, 40, 14, 10, 10, and 3
kPa. Similarly, the differences between the meabkuoratric suctions between JF-DL and JF-
DH specimens were about 23, 51, 21, 12, 4, andkP& in Figs. 6.& to 6.74. For the
specimens of TR soil (Figs. @80 6.8l), the differences between the measured matric
suctions of SL and SH specimens were about 5512,06.5 kPa and those between DL and

DH specimens were about 27, 10, and 6.5 kPa.

The relative influence of only the compaction dgndity irrespective of compaction
type can be noted in Figs. 6.7 and 6.8. At refezemater contents of about 7.0, 7.7, 9.0, 9.7,
10.7 and 12.0% for the specimens of JF soil, tliierénce between the least and highest
measured matric suctions were about 47 kPa (Frg),6104 kPa (Fig. 61), 77 kPa (Fig.
6.7c), 26 kPa (Fig. 6d), 19 kPa (Fig. 68 and 6 kPa (Fig. 6fy. Similarly, For the
specimens of TR soil the difference between thstlaad highest measured matric suctions at
water contents of about 7.0, 7.7, 9.0, 9.7, 10d/ Bh0%, were about 139 kPa (Fig.&),384
kPa (Fig. 6.8), 27 kPa (Fig. 6.8, and 17 kPa (Fig. 6d3. Therefore, it can be seen that the
influence of compaction conditions and compactigpetincreased with an increase in the

water content and further decreased.

Considering the test results presented in Figsafd’ 6.8, it was noted that, TR soill
had relatively shorter equilibration time as conggiato JF soil. This is due to the higher
amount of fines in TR soil which result in a bettemtact between the specimen and the
ceramic disk, and lead to a reduction in the regliime to reach equilibration. The time
required to reach equilibrium suctions in this stwdried between 45 to 800 minutes for
specimens of JF soil and between 120 to 750 minfetrespecimens of TR soil. The time
required for suction equilibration was found tofbe greater than that reported by Olson &
Langfelder (1965), whereas similar equilibratiomés have been observed by others (Pufahl
1970; Fredlund & Rahardjo, 1993; Tripathy et al02). For any given compaction type and
compaction effort, the equilibration time was fouodbe reduced due to an increase in the
degree of saturation for the soil. In other wottig, equilibration time was found to increase

with an increase in the suction level (Oliveira &aihho, 2008).
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The down-turn of the time-matric sunticurves were not noted in the current study
as has been experimentally observed by Pufahl j18#0the cases where air diffusion
through ceramic disk was dominant. Padilla et 2006) stated that even at applied air
pressure close to the air-entry value, the amog@tirodiffused through saturated ceramic
disks with the air-entry value of 500 kPa was gsiteall (less than about 0.1x£0n%day).
The compactness of the soil structure associatddfalric and structure of the statically and

the dynamically compacted specimens was manifestéte time-matric suction plots.

6.3.1.1 Relative humidity and temperature of the pressure chamber

The relative humidity and the temperature in thigpeessure chamber were monitored
during some tests. The matric suction test residtsfour statically light compacted
specimens of JF and TR soils are presented in Bi§sand 6.10 along with the compaction

conditions of the soil specimens.

Figures 6.9 and 6.10 showed that the temperatutieeipressure chamber remained
nearly constant throughout the tests (aboUERZThe measured relative humidity at the start
of the tests was about 70%. Further, the relativeitity increased as the tests progressed or
as the applied air pressure was increased duriagtabts. The relative humidity in the
chamber was found to be about 80% after about gpsetl time of 30 minutes and further
increased to 95% after about two hours of testiNgte that the relative humidity
equilibration depends upon response time of thativel humidity transmitter used.
Therefore, the relative humidity data shown in Fi§® and 6.10 correspond to dynamic
ambient conditions within the chamber. Both theposse time of the transmitter and an
increase in the air pressure were manifested omeflaéve humidity readings. The relative
humidity readings after about 180 minutes remastatile and were found to be higher than

95% in all cases.
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Fig. 6.10 Relative humidity and temperature of tpeessure chamber during null-type tests
of compacted TR soil specimens

Recalling that an inequality between the relativentdity of soil specimens and the
air in the pressure chamber may influence the smatiquilibration time (Marinho et al.,

2008; Delage et al., 2008), and considering the tfzat the water content decrease for the
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soil specimens tested was insignificant (x 0.07%)can be stated that drying of soil

specimens during the null-type tests may not bd Belely responsible for longer suction
equilibration time.

6.3.2 Influence of compaction conditions on matric suction

The measured matric suction valuesnbl type axis-translation device and the
initial conditions for all specimens of JF and T&lIs are presented in Tables 6.1 to 6.4.
Figures 6.11 to 6.13 show matric suctions of JF BRdsoils as influenced by compaction
water content, dry density, and degree of saturatibhe test results for soil specimens that
were tested in order to study the influence of cactipn energy and type (i.e., BS-heavy,
BS-light, static-heavy, and static-liglgt)e shown in 6.11 to 6.13. The optimum compaction
parameter for both light and heavy compaction, sagihe OMCs and the correspondihg

values are shown in the relevant plots.

Table 6.1 Initial dynamic compaction conditions dF soil for null-type axis-translation tests
Initial compaction conditions

Compaction . Water Dry . Degree Matr|c
N Specimens . Void of suction
type, effort ) content density . .
notation 3 ratio  saturation  (kPa)
(%) (Mg/n)
(%)

1 JF-DH7.6 7.6 2.03 0.310 65.1 216.0
2 JF-DH7.6 7.6 2.03 0.310 65.1 254.0
3 JF-DH7.8 7.8 2.04 0.304 68.3 178.1
4 JF-DH8.8 8.8 2.08 0.279 84.0 146.2
5 JF-DH8.9 8.9 2.08 0.279 84.9 119.0
6 JF-DH9.0 9.0 2.07 0.285 84.0 126.8
7 Dynamic JFDH9.0 90 208 0279 859 95.4
8 heavy JF-DH9.0 9.0 2.08 0.279 85.9 97.8
9 compaction JF-DH9.5 9.5 2.08 0.279 90.6 100.0
10 (DH) JF-DH9.5 95 2.08 0279  90.6 117.0
11 JF-DH9.7 9.7 2.07 0.285 90.5 67.4
12 JF-DH9.8 9.8 2.07 0.285 91.5 67.4
13 JF-DH10.4 10.4 2.02 0.317 87.3 76.0
14 JF-DH10.7 10.7 2.00 0.330 86.3 53.0
15 JF-DH10.8 10.8 2.00 0.330 87.1 55.6
16 JF-DH12.9 12.9 1.89 0.407 84.2 13.8
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17 JF-DL6.8 6.8 1.77 0.503 36.0 182.0
18 JF-DL7.0 7.0 1.77 0.503 37.0 206.6
19 JF-DL7.0 7.0 1.77 0.503 37.0 174.0
20 JF-DL7.2 7.2 1.79 0.486 39.4 160.8
21 JF-DL7.4 7.4 1.83 0.454 43.4 200.0
22 JF-DL7.7 7.7 1.84 0.446 46.0 166.0
23 JF-DL7.7 7.7 1.85 0.438 46.8 139.0
24 Dynamic ~ JF-DL7.8 7.8 1.84 0.446 46.6 164.0
25 light JF-DL8.0 8.0 1.83 0.454 46.9 115.2
26 ~ compaction JF-DL8.8 8.8 1.87 0.422 55.4 119.8
27 (DL) JF-DL9.0 9.0 1.89 0.407 58.8 81.8
28 JF-DL9.8 9.8 1.92 0.385 67.6 55.2
29 JF-DL10.7 10.7 1.96 0.357 79.7 47.0
30 JF-DL10.8 10.8 1.94 0.371 77.4 52.0
31 JF-DL11.9 11.9 1.94 0.371 85.3 24.2
32 JF-DL12.0 12.0 1.94 0.371 86.0 19.4
33 JF-DL13.0 13.0 1.90 0.400 86.5 12.2
34 JF-DL13.1 13.1 1.89 0.407 85.5 7.2

Table 6.2 Initial static compaction conditions oFJsoil for null-type axis-translation tests

Initial compaction conditions
No. i:ompa?rtlotn Specimens Water Dry' Void Deog:‘ree Q/ngf[ﬂfn
YPe EIOM ) otation content density  atio  saturaion  (kPa)
(%) (Mg/nr) (%)

35 JF-SH7.0 7.0 1.95 0.364 51.1 243.0
36 JF-SH7.3 7.3 2.03 0.310 62.6 171.3
37 JF-SH7.4 7.4 2.02 0.317 62.1 153.5
38 JF-SH7.9 7.9 2.03 0.313 67.2 107.6
39 JF-SH8.4 8.4 2.04 0.304 735 109.4
40 JF-SH8.6 8.6 2.03 0.310 73.7 84.5
41 static heayy JF-SH8.9 8.9 2.05 0.298 79.6 83.4
42 compaction  JF-SH8.9 8.9 2.08 0.279 84.9 61.2
43 (SH) JF-SH8.7 9.7 203 0310 831 51.4
44 JF-SH10.4 10.4 2.03 0.310 89.1 39.2
45 JF-SH10.7 10.7 2.02 0.317 89.8 43.5
46 JF-SH10.8 10.8 2.01 0.323 88.8 32.4
a7 JF-SH12.0 12.0 1.96 0.357 89.4 18.3
48 JF-SH12.1 12.1 1.96 0.357 90.1 19.3
49 JF-SH13.0 13.0 1.91 0.393 88.1 10.0
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50 JF-SM7.8 7.8 193 0378 546 154.0
51 JF-SM8.1 8.1 194 0371 581 102.0
52 JF-SM8.7 8.7 196 0357 648 87.0
53 Static JF-SM9.1 9.1 199 0337 719 1085
54  intermediate JF-SM9.5 95 200 0330  76.6 84.6
55  compaction  jF_.gM9.7 9.7 200 0330 782 62.8
56 (SM) JF-SM9.8 9.8 199 0337 774 81.2
57 JF-SM10.0 100 200 0330  80.6 61.0
58 JF-SM105 105 200 0330 846 32.4
59 JF-SM10.7  10.7 192 0385  73.9 45.8
60 JF-SL6.6 6.6 179 048  36.1 220.0
61 JF-SL6.8 6.8 178 0494  36.6 166.2
62 JF-SL7.6 7.6 185 0438  46.2 113.1
63 JF-SL7.8 7.8 184 0446  46.6 125.4
64 JF-sL8.1 8.1 183 0454 475 90.3
65 JF-SL8.7 8.7 190 0401  57.8 74.2
66 JF-SL8.9 8.9 188 0415  57.1 66.3
67 JF-SL9.1 9.1 189 0407 594 53.0
68 o JF-SL9.1 9.1 189 0407 594 69.2
69 f;";‘rg'ga(':'ﬁgrt] JF-SL9.6 9.6 1.94 0371 688 32.8
70 (L) JF-SL9.7 9.7 192 038  67.0 41.4
71 JF-SL9.7 9.7 194 0371 695 33.6
72 JF-SL10.0 10.0 195 0364 731 27.0
73 JF-SL10.2 10.2 195 0364 745 26.2
74 JF-SL10.8 10.8 195 0364 789 28.2
75 JF-SL10.8 10.8 198 0343 837 337
76 JF-SL11.7 11.7 193 0378 823 17.9
77 JF-SL12.1 121 194 0371  86.7 15.4
78 JF-SL12.8 128 188 0415 821 122
79 JF-SL12.9 12.9 189 0407 842 13.8
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Table 6.3 Initial dynamic compaction conditions @R soil for Null-type axis-translation tests

Initial compaction conditions

. Degree Matric
C t .
No. ompaction Specimens Water Dry. Void of suction
type, effort ) content  density : .
notation 3 ratio  saturation  (kPa)
(%) (Mg/m?)
(%)
1 TR-DH14.2 14.2 1.85 0474 8138 362.0
2 TR-DH14.3 14.3 1.87 0.462  84.2 345.3
3 TR-DH15.0 15.0 1.85 0473  86.5 257.8
Dynamic
4 ) TR-DH15.7 15.7 1.83 0491  86.9 231.7
5 &Y  TR-DH170 170 175 0554 836 113.0
compactlon
6 (DH) TR-DH17.6 17.6 1.76 0552  87.0 92.8
7 TR-DH18.2 18.2 1.75 0.558  89.0 81.6
8 TR-DH19.3 19.3 1.70 0.604  87.2 79.0
9 TR-DH23.7 23.7 1.64 0.662  97.4 17.0
10 TR-DL13.7 13.7 1.51 0.805  46.4 488.0
11 TR-DL14.5 14.5 1.56 0.747  52.9 356.2
12 TR-DL14.5 14.5 1.53 0.782  50.6 393.8
13 TR-DL14.7 14.7 1.50 0.822  48.6 359.0
14 - TR-DL15.0 15.0 1.58 0.725  56.4 281.9
15 D3|/_”am'° TR-DL15.3 15.3 1.55 0.759  55.0 298.3
16 ot trpL172 172 163 0672  69.7 140.9
compactlon
17 (OL) TR-DL17.6 17.6 1.63 0.670  71.6 106.9
18 TR-DL17.7 17.7 1.64 0.662  72.7 105.7
19 TR-DL19.4 19.4 1.64 0.662  79.9 89.0
20 TR-DL20.5 20.5 1.68 0.623  89.8 44.0
21 TR-DL23.5 23.5 1.59 0.714  89.7 23.5
22 TR-DL24.0 24.0 1.57 0.736  88.9 14.3
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Table 6.4 Initial static compaction conditions ofRTsoil for Null-type axis-translation tests

Initial compaction conditions

Compaction ) Water Dry . Degree of Mat.rlc
No. i Hort SPecimens . Void : suction
ype, € notation content density ratio saturation (kPa)
(%) (Mg/m’) (%)
23 TR-SH14.8 14.8 1.87 0.46 87.7 435.9
24 TR-SH16.2 16.2 1.84 0.48 91.9 297.2
25 TR-SH17.0 17.0 1.82 0.50 93.1 252.1
26 TR-SH17.9 17.9 1.78 0.53 91.8 166.6
27 Static  TR.sH18.2 18.2 1.79 0.52 95.2 116.0
28 eavwy  tpsH1o3 193 1.74 0.57 92.6 106.0
compactlon

29 (SH) TR-SH19.8 19.8 1.73 0.58 93.2 77.6
30 TR-SH21.2 21.2 1.68 0.62 93.6 55.4
31 TR-SH21.8 21.8 1.68 0.63 95.1 29.3
32 TR-SH22.2 22.2 1.68 0.63 96.5 24.1
33 TR-SH23.2 23.2 1.61 0.69 91.2 33.7
34 TR-SL15.7 15.7 1.54 0.78 55.2 303.2
35 TR-SL15.9 15.9 1.56 0.75 58.1 258.3
36 TR-SL16.3 16.3 1.62 0.68 65.1 235.4
37 TR-SL16.3 16.3 1.58 0.73 61.3 238.7
38 Static TR-SL17.2 17.2 1.59 0.71 65.6 196.5
39 heavy TR-SL18.4 18.4 1.65 0.65 76.9 106.0
40  compaction TR-SL19.0 19.0 1.67 0.63 81.9 116.5
41 (SL) TR-SL19.2 19.2 1.69 0.62 85.0 94.3
42 TR-SL19.3 19.3 1.65 0.65 80.6 94.7
43 TR-SL19.4 19.4 1.67 0.63 83.4 87.5
44 TR-SL21.2 21.2 1.67 0.63 91.0 48.3
45 TR-SL23.9 23.9 1.58 0.72 90.1 16.0

6.3.2.1 Water content versus matric suction relatstip

In spite of some scatter in the test data duedddht results of some soil specimens
out of 79 specimens of JF soil and 45 specimefifRofoil tested in total, particularly for the
compaction conditions intermediately between BS#eand BS-light JF soil compaction
curves, in general, the trends were distinct. Acraase in the water content caused a
decrease matric suction of the soil specimens (Bid4). The measured matric suctions were

found to be not very sensitive to compaction effortany given compaction type; however,
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the type of compaction influenced the measurediaust particularly between the water
contents of about 7.5 to 11% and between 14 to i&@%pecimens of JF and TR soils,

respectively.
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Fig. 6.11 Water content versus matric suction pfot the (a) JF soil specimens and (b) TR

soil specimens tested in this study.
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For both soils, the test results foy @f optimum water contents show a sharp
increase in suction with a slight decrease in tla¢ewcontent. For instance, an increase in
matric suction was about 25% for decrease in themantent of about 0.2% for specimens
JF-DL7.0 and JF-DL7.2 (Table 6.1), and for specisn#?-SL6.6 and JF-SL6.8. Similarly, a
difference in the matric suction was 112 kPa betwspecimens TR-DL14.5 and TR-
DL15.0. Suctions of the specimens of TR soil wastirtttly higher than those of specimens
of JF soll.

6.3.2.1.1 Effect of specimen size

In order to investigate the influendespecimen size on the measured matric suction,
a number of additional tests on larger diametecispens (80 mm) were carried out. Only

statically compacted specimens from both soils wieesl in this phase of the investigation.

Water content versus suction tests results for lsuits for heavy and light
compaction efforts are presented in Figs. & .4@db. It can be seen from the test results
shown in Figs. 6.12that an increase in the diameter of specimen& abd had a negligible
effect on the measured matric suctions for both pamtion efforts. However, statically
compacted specimens of TR soil with light compacteffort showed an increase in the
measured matric suctions as the diameter of theimpas increased, particularly for dry of
optimum specimens. The measured matric suctiorased from 196.5 to 276.6 kPa for the
specimen of TR soil compacted at water content 2%, whereas for the specimen
compacted at water content of 15.8%, the measuegdasuction increased by about 45%. It
appears from the test results that the impact zé sif the specimens on matric suction

depends on the soil type and initial compactiorewabntent.
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Fig. 6.12 Influence of size of specimens on matsiaction

(a) JF soil and (b) TR soil
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6.3.2.2 Degree of saturation-matric suction relatiship

The combined influence of an increase in the waedatent and variation of the dry
density due to compaction was found to be manifieste the degree of saturation versus
suction plots (Figs. 6.E8andb). Considering that the chosen specimen conditammshe
wet-side of OMCs were between the degree of sabaraf about 85 and 95% and that such
a variation in the degree of saturation has ontyior influence on the fabric and structure
of the soil, the trend curves were drawn for specisitested under various compaction type
and effort in Figs. 6.18 and b. The test results clearly indicated that at angrele of
saturation, matric suction of the both soils insezhwith an increase in the compaction
effort. For the specimens of JF and TR soils tharewprepared by applying heavy
compaction energy (both statically and dynamicatiynpacted specimens), a decrease in the
matric suction was found to be abrupt between #grak of saturation of 85 and 95%. On
the other hand, matric suction decrease was gragiihl an increase in the degree of
saturation for soil specimens that were prepareappyying light compaction energy.

For very wet soil specimens (i.e., on the wet-ssleOMC), the measured matric
suctions varied between 10 to 25 kPa, and betwéeno134 kPa for JF and TR soil
specimens, respectively. On the other hand, foy by soil specimens matric suction
remained between 174 to 243 kPa, and between 34@Bt&Pa for JF and TR soil specimens,

respectively.

In general, Figs. 6.7 to 6.13 showed that specimpesgared using dynamic and static
compaction methods resulted in a different soildtire or fabric of the compacted
specimens. This difference in soil fabric and st was reflected both in the time-suction

plots and on the measured matric suctions.
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Fig. 6.13 Degree of saturation versus matric suctiplot for (a) JF soil specimens and (b)

TR soil specimens tested in this study.
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6.3.2.3 Influence of compaction density on matrigcsion

To study the influence of initial drgrkity on matric suction, the test results of soil
specimens compacted at similar compaction watetecbrand dry density values ranging
between 1.65 to 20.8 Mgffor JF soil and 1.5 to 1.83 Mgffor TR soil are shown in Figs.

6.14 and 6.15. The void ratios versus matric sanqgtiot for each soil are shown in Figs. 6.14
and 6.15.
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Fig. 6.14 Influence of compaction density on matrstiction for JF soil.
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Fig. 6.15 Influence of compaction density on matrstiction for TR soil.
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The results presented in Figs.6.14 and 6.15 shohetdhe dry density may have a
slight influence on suction depending on the watertent level. This could be due to a
combined effect of the void size and water mashkiwithe soils. However, the changes in
suction due to the differences in the dry dengigyralatively small. The test results indicated
that the matric suction is mainly a function of twmpaction water content with some minor

effects of the dry density and the compaction tephes for the soils tested in this study.
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6.4 Concluding remarks

Suction measurements were carried out on both ssitgy null-type axis-translation technique.
The influences of initial compaction conditionsjl 4gpe, compaction type, compaction effort,

and specimen size on suction were broughtThe.test results clearly revealed the following:

* The equilibration time in null-type tests was fouedbe dependent upon the initial
compaction conditions of the soil. Longer equililon times were observed for dry of
optimum specimens as compared to wet of optimuraisyans for both soils (JF and
TR).

* Monitoring the relative humidity and the temperatun the air pressure chamber
during the null-type tests indicated that dryingsoil specimens may not be held
solely responsible for longer suction equilibrattone.

« In general, the measured suctions were found tdelpendent on the water content,
with some influence of dry density and compactioetimod. The influence of dry
density on suction was found to be dependent upemvater content level.

« Soil with higher percentage of clay fractions (T&il)stends to give higher soil

suction values than less percentage of clay frast{dF soil).

181



CHAPTER 7 — VERIFICATION OF CONTINUITY IN WATER PHASE IN NULL-TYPE
AXIS-TRANSLATION TEST

CHAPTER 7

VERIFICATION OF CONTINUITY IN WATER PHASE IN
NULL-TYPE AXISTRANSLATION TEST

7.1 Introduction

The axis-translation approach is one of the lalboyattechniques used to
measure/control matric suction of soils. The meamant of matric suction using the axis-
translation technique is limited by the air entatue of the ceramic disk used. Continuity of
the air phase within the soil specimen is cruaiabiider to obtain reliable results. Similarly,
continuity between the water in the soil specimie, water in the ceramic disk, and the
water in the compartment below the ceramic diskeisessary in order to correctly establish
the matric suction.

The scientific basis of the axis-translation tegoe is that since both the pore fluid
and the soil solids can be assumed incompressihier undrained condition and for any
applied air pressur@encrease within the pores of unsaturated soil systehat possess
sufficient continuity of the air phase, there via# a corresponding increase of the pore-water
pressure (Hilf, 1956; Fredlund & Rahardjo, 1993heflefore, the difference between the
applied air pressure and the pore-water pressuee (natric suction) remains constant

regardless of the translation of both the porexad pore-water pressures.
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It is generally assumed that the prpagte conditions (i.e., continuity in water and
air phase) persist during axis-translation testsvéier, very limited studies have devoted to

provide any evidence of water phase continuityrduthe tests.

The combined influence of the preserfci® diffused air in the water compartment,
the expansion of the water compartment, and thgoessibility of the air-water mixture can
be studied by monitoring the pore-water pressuengé due to an increase in the chamber
air pressure at the end of suction measurement.nidie objective of this chapter was to
study in detail continuity in the water phase betwsoil specimens, the water in the ceramic
disk, and the water in the compartment during tydk axis-translation tests via a series of

laboratory tests using the null-type device.

The coefficient of permeability of the ceramic digk null-type device is first
presented followed by the test results from theewphase continuity tests, additional tests to
verify the water phase continuity without soil sipeens, and the test results with various

interfaces. The concluding remarks are presentgdrtis the end of the chapter.

7.2 Permeability of high air-entry ceramic disk

The saturated coefficient of permeapibf the ceramic disk was measured and
compared with the manufacturer value to ensuraain. After the saturation process, the
pressure chamber was assembled and filled withlellsind de-aired water until the surface
of the ceramic disk was inundated. The inflow vahes closed and the water flow volume
was measured by an advanced pressure/volume derdgrdFour different pressures were
chosen to create different hydraulic heads. Theki@ss and the diameter of the high-air
entry ceramic disk was 7.59 mm and 80.21 mm, résede The permeability of the disk
was calculated using Darcy's law (Darcy, 1856) gweh the following equation:

_th

= Eq.7.1
T H (Eq.7.1)
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where,k is the permeability of the ceramic disknms Vw is the water volume discharge in
m°, A is the cross sectional area of the ceramic disir is the time ins, h is the thickness

of the ceramic disk im andH is the hydraulic head im.

Table 7.1 shows the applied water pness the applied hydraulic gradients, the
outflow rates obtained, and the corresponding atgdrcoefficients of permeability of the 5-
bar ceramic disk. The average saturated coeffipenneability of the disk used was found
to be 3.88 x 18° m/s. A difference was noted between the saturetefficient permeability
specified by the manufacturer (1.X110° m/s) and the measured values in this study. The
saturated coefficient permeability of the ceramgkadn this study was found to be similar to

the value reported by Leong et al. (2004) for cecatisks with the air-entry value of 500
kPa (1.68x 10 m/s).

Table 7.1 Coefficient of permeability of the ceraerdisk (approximate porosity = 31 %)

Applied water  Applied Flow raté, Saturated coefficient

pressure, kPa hydraulic x10°m®s  of permeability,

(1) gradient (2) 3) m/s (4)

100 1346 0.0028 4.01 x 10
200 2688 0.0052 3.87x1b
300 4033 0.0078 3.85x1b
400 5375 0.0103 3.84 x 16
500 6716 0.0129 3.83x 16

@average of ten time intervals.

7.3 Water phase continuity verification tests
All specimens of JF soil selected for the verifioattests were statically compacted to

various dry densities and water contents. On therdtand, both dynamically and statically

compacted specimens of TR soil were used for thiéoation tests. Additionally, in order to
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investigate the water phase continuity in moreitjéteo different sizes of soil specimens (44

mm and 80 mm dia.) were tested.

The degree of saturation of soil specimens testebbruthis testing program varied
between 30 to 96%. Matric suctions of the soil 8peas were first measured using the null-
type axis-translation device. Further, the chanpvessure was increased monotonically until
the total air pressure was about 400 kPa. For eachement of air pressure, the
corresponding increase in the water pressure b#tewciermaic disk was measured. In all
cases, for each increment of air pressure, th@rassure was held constant for 30 mins.
Additionally, in some cases a longer time was afldvat each applied chamber pressure in
order to study the response of the water pressamsducer.

Figure 7.1 shows typical test results of specin@ndF soil for applied chamber air
pressures versus water pressures measured in teeaganpartment below the ceramic disk.
The test results for three specimens are shownhthtequilibrium matric suctions of 29.0,
51.4, and 188.8 kPa. The compaction conditionfi®fspecimens are shown in Fig. 7.1. The
ratio between the changes in the water pressuranfprapplied air pressure increment (i.e.,
Au/Au,, WhereAu,, = change in the water pressaral Au, = change in the air pressure) for
all chamber air pressure increments are shown gn Fil. The elapsed times prior to
increasing the chamber air pressure for each pessarement are shown within brackets.
For example in Fig. 7.1, the chamber air presswae keld constant at predetermined values
for about 30 minutes for the initial two pressurerements and the pore water pressures were
measured. For ideal conditions, where the chamivgprassure increase will directly get
reflected on the water pressure increase, a lirgoélity (shown as a dotted line in Fig. 7.1)
making an angle 450 the horizontal can be obtained (Hilf, 1956; @Is& Langfelder,
1965). In other words, if continuity in the watdrgse exists for soil specimens, this would in

turn yield lines parallel to the line of equality.
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Fig. 7.1 Time effect on pore water pressure transduresponse for JF soil.

Differences were noted between the measured wetesyres for any increase in the
chamber air pressure for all cases shown in Figaidd for all other specimens tested under
this testing program. This in turn affected th&,/Au, values. In Fig. 7.1, the ratiou,/Au,,
was found to be the least for all cases duringfitise increment of the applied air pressure
(i.e., about 0.25), whereas it increased during s$hecessive air pressure increments.
Additionally, it was noted that the time allowedeaich air pressure steps improved the value
of Aun/Au,. The values oAAu,/Au, for the last incremental applied chamber air presss at
elapsed times about 60 and 90 mins are shown in7Flg The results showed that for the
specimen that had matric suction of 29 kPa, the natreased from 0.49 for an elapsed time
of 32 mins to 0.79 for a cumulative elapsed tim@»imins. On the other hand, for the other
two specimens in Fig. 7.1, an increase in the watessure with an increase in the elapsed
time was less (i.e., 0.50 to 0.58 for specimen wittric suction of 51.4 kPa and 0.42 to 0.46

for specimen with matric suction of 188.8 kPa).
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The degree saturation versis,/Au, results are plotted for all the specimens tested
for both soil in Figs. 72and7.2b. The test results for specimens with diameter 44 and
80 mm are presented in Figs &@ahd7.20. The test results are for a predetermined alldcate
time of 30 minutes at each air pressure incremepiss Since\u,/Au, was found to vary due
to the magnitude of the applied chamber pressarayarage\u,/Au, value was obtained for
all applied chamber pressure steps by best-fitiegdata with linear relationships. In most
cases, the coefficient of regression was 0.85 agiteh The test results shown in Figs.ar.2
and7.2b clearly indicated that although equilibrium wakaeted during the measurement of
matric suction; however, the water phase continwig lacking for all the specimens tested.
Aun/Au, was found to increase with an increase in the ede@f saturation. For JF soil
specimens, the maximum value A&, /Au, was 0.97 (water content = 13.0%, dry density =
1.92 Mg/n?, and matric suction = 10.0 kPa), whereas the leakte obtained was 0.30
(water content = 7.6%, dry density = 1.85 Mg/iand matric suction = 113.1 kPa). Similarly,
the maximum value ohu,/Au, for TR soil specimens was 0.97 (water content ©%4.dry
density = 1.57 Mg/r}) and matric suction = 14.3 kPa), whereas the legise obtained was
0.34 (water content = 15.9 %, dry density = 1.56mfgand matric suction = 258.3 kPa).
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Fig. 7.2 Influence of degree of saturation on thatro, 4u,/4u, for
(a) JF soil and (b) TR sail.
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A pressure difference between the air\water phases is associated with the existence
of a curved air-water interface with its concawediacing towards the phase that possesses a
higher pressure (Lu & Likos, 2004). If drainagenfraghe water compartment is allowed
during tests involving the axis-translation techugigand the chamber air pressure is increased
(viz., pressure plate tests), an initially flat erasurface in the saturated pores of the disk
becomes curved due to retreat of the air-waterfatte inwards from the surface of the disk
(Soilmoisture Equipment Corporation 2011). On tikeeo hand, if drainage from the water
compartment is not permitted, the air-water integfanay retreat into the pores of the disk
only under some specific conditions, such as dwexpansion of the water compartment and
compression of air-water mixture following an imgse in the water pressure, and
evaporation of water from the surface of the cecaaisk. Considering that air diffusion rate
in case of ceramic disks with the air-entry vali®@0 kPa is small (Padilla et al., 2006), the
test results presented in Figs. 7.2 indicatedtti@tvater pressure increase did not comply to
an increase in the chamber air pressure primanlgecount of the existence of curved air-
water interfaces in the pores of the ceramic didkerefore, a pressure drop across the
ceramic disk was compensated by surface tensiaheatceramic-air-water interface. An
increase in the values aiu,/Au, due to an increase in the chamber air pressurelapded
time (Fig. 7.1) is attributed to the flow of soibye water into the pores of the ceramic disk

that in turn partially reduced the surface tensfiact.

Figures 7.8 and 7.® show the water content versig,/Au, plot for the specimens
of JF and TR soils. The results clearly indicateat ian increase in the degree of saturation
due to an increase in the water content createxttarlrontinuity in the water phase between
the water in the soil specimens, the water in teeamic disk, and the water in the
compartment. The test results presented in Fig8. ahd 7.3 also indicate a slight
improvement in the water phase continuity as tlaenéter of the specimens increased from

44 mm to 80 mm.
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7.4 Additional tests

In an attempt to improve continuity in the waterapé during null-type axis-
translation tests, a more detailed investigatiors wadertaken in which a number of
additional tests were carried out. Under this ngsprogram, tests were carried out without
any soil specimens and with soil specimens on ¢nanaic disk. For the former, the chamber
air pressure was increased on the saturated cedaskidor the conditions with and without
any water being present above the ceramic disk.itidddlly, a test was performed by
placing a wet filter paper (Whatman Grade 5) onddr@mic disk and further the chamber air
pressure was increased. The test results are shdvg. 7.4.

500
— Test type* AuylAu,
+  With water head over ceramic disk 1.00
—&— With thin layer of water over ceramic disk 1.00
400 A X With wetfilter paper over cermaic disk 0.99
® \Withoutwater over ceramic disk (Test1) 0.52
A Withoutwater over ceramic disk (Test2) 0.47,

*in all cases the cermic disk
was saturated before use

300 H

200

100 ~

Measured water pressure below the ceramic disk (kPa

0 100 200 300 400 500

Applied chamber air pressure (kPa)

Fig. 7.4 Influence of air pressure increase on waj@essure below saturated

ceramic disk for various conditions (without soipecimen)
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Referring to Fig. 7.4, for the casethva water head over the ceramic disk, a thin film
of water over the ceramic disk, and with a wetfilpbaper on the ceramic disk, the value of
Aun/Au, was found to be 1.0. On the other hand, for tis¢éstevithout any water over the
ceramic diskAu,/Au, was found to be 1.0 up to an applied chamberraggure of about 50
kPa, whereas the ratio decreased at higher apphathber air pressures. A reduction of
Auy/Aug at higher applied chamber air pressures is at&thto the expansion of the water
compartment that enabled the flow of water from teramic disk into the water
compartment causing the air-water interface toeegtrinwards from the surface of the
ceramic disk. The test results indicated that iladequate quantity of water is available on
the surface of the ceramic disk (a wet filter papeer the ceramic disk is adequate in this
case) that has a tendency to flow into the watenpaotment under the application of
chamber air pressure, the water compartment exgargifect can be overcome. Therefore,

the water phase continuity during an actual testbmimproved.

7.4.1 Testswith variousinterfaces

Discontinuity in the water phase can be overcomednsidering a thin clay-water
paste, such as kaolinite, between the soil specanenthe saturated ceramic disk (Guan &
Fredlund, 1997). Measurements of matric suctionamhpacted soil specimens using a high
suction probe with various interfaces are repobte®liveira & Marinho (2008).

Matric suctions of statically compacted specimehdFoand TR soils corresponding
to two compaction conditions were measured witkdhtlifferent interfaces between the soil
specimens and the saturated ceramic disk, such asmet filter paper (Whatman Grade 5,
thickness = 250 pum)iif slurry prepared from the tested soils, aifid §lurried kaolinite. The
water content of the slurries prepared from thdéssand Speswhite kaolin (liquid limit =
56%) were equal to their corresponding liquid IsnifThe filter paper was wetted after
placing it on the ceramic disk. Soon after the cletign of the measurement of matric
suction, the soil specimens were subjected to areasing chamber air pressure and the

corresponding water pressures in the water compattmere measured.
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The time-suction plots of for both statically comfel specimens (static-light (SL)
and static-heavy (SH)) of JF and TR soils are prteseFigs. 7.5 and 7.6, respectively. The
initial compaction conditions of the soil specimamsed, the interface type, the measured
matric suctions, the average values\gf,/Au, for 30 minutes elapsed time allocated for each
incremental applied chamber pressure, Aog/Au, values for the last incremental chamber
air pressures are shown in Figs.azandb andFigs. 7.& andb.

Figures 7.5 and 7.6 showed that the specimens ahdA' R soils compacted at higher
compaction water content ( 9.1 and 19.3%) and desith or without interfaces, attained
equilibrium suctions sooner than the specimens eamtep at lower compaction water
content (7.1 and 17.9%), respectively. On the olfad, it can be seen clearly that at any
compaction conditions, the specimens of JF and diR that were tested without interfaces
reached equilibrium suctions later than the specsribat tested with interfaces at all water
contents considered (Figs. 7.5 and 7.6).

100 - —— 300
(a) JF soil - static (Light) (b) JF soil - static (heavy)
Symbol Initial conditions Interface  Matric suction Symbol Initial conditions Interface Matric suction
90 - Wo (%) Dry density Sr (%) w; (%) used (kPa) Wo (%) Dry density Sr (%) w; (%) used (kPa)
(Mg/m?) (Mg/m?3)
80 - S a1 194 653 91 None 57.5 250 1 o 71 199 562 71 None 188.0
[m] 8.9 1.92 615 9.0 kaolinite slurry 41.7 o 72 1.99 569 7.3 kaolinite slurry 147.0
A 9.2 1.93 64.8 9.4 soil s]urry 242 A 7.1 1.99 56.2 7.7 soil slurry 67.5
70 | o 9.1 192 629 93 wetfilterpaper  21.1 o 71 1.99 562 7.3 wet filter paper 95.1
wo= initial water content 200 1wy = initial water content
w; = final water content No interface —_ w; = final water content
60 A [ No interf
a o interface
asS X . -
s d with kaolinite slurry
50 A <150 A
with kaolinite slurry o
=
3
40 A
8 with wet
'S100 filter paper
. . ©
with soil slurry with soil sluri
with wet = v
r/ filter paper
50 1 #
......... e P ¥
300 400 0 100 200 300 400 500 600
Elapsed time (minutes) Elapsed time (minutes)

Fig. 7.5 Time versus matric suction plots of JF kfwr average compaction water contents
of (a) 9.1%, and (b) 7.1%.
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A 19.3 1.64 79.3 197 soil slurry 45.0 A 17.9 1.59 68.2 183 soil slurry 93.1
o 19.3 1.63 781 195 wet filter paper 44.4 o 17.9 1.61 70.2 18.1 wet filter paper 87.6
Wy = initial water content wyp = initial water content
100 4 Wi = final water content w; = final water content
| T 150 +\No interface
No interface &
| =
c
75 S
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1 |3}
?
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= 5
=
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50 with soft sturry > with soil slurry
TR with wet filter paper
*\with wet filter paper
4 50 .
25 A
o+ o+
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150 250

Elapsed time (minutes) Elapsed time (minutes)

Fig. 7.6 Time versus matric suction plots of TR lsfar average compaction water contents
of (a) 19.3%, and (b) 17.9%.

Matric suction measurements of statically compasieecimens of JF and TR soils
corresponding to two compaction conditions wereiedrout with and without the interfaces.
The tests results along with the measured watesspres corresponding to an increase in the
chamber air pressure after completion of the matuiction measurements are presented in
Figs. 7.7 and 7.8.

The test results presented in Figs. 7.7 and 7.8vethiahat the measured matric
suctions of both soils with and without the inteda differed significantly. For the specimen
of JF soil that was tested at the compaction watatent of 9.1% (Fig. 7aj, matric suction
reduced by about 35 kPa with a wet filter paperthess interface. Similarly, for the soil
specimen tested at the compaction water conteftldb (Fig. 7.B), a reduction in matric
suction with the soil slurry as the interface whswt 120 kPa. The average decrease on the
measured matric suction were about 31 and 74 kRa ali the interfaces used for the
specimens of TR soil that were tested at compaatiater contents of 19.3 and 17.9 %,
respectively (Fig. 78andb).
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Fig. 7.7 Influence of air pressure increase on wajgessure below saturated ceramic disk

with various interfaces for two compaction conditie of JF soil specimens
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Fig. 7.8 Influence of air pressure increase on wafgessure below saturated ceramic disk

with various interfaces for two compaction conditis of TR soil specimens
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An increase imu,/Au;due to the use of various interfaces was distimicating that
the interfaces used created better continuity & Wwater phase. On the other hand, the
interfaces used possibly altered the initial candg of the soil specimens to some extent.
Continuity in the water phase was better for thecspens of JF soil compacted at water
content of 9.1% than that of the specimens comgdaate7.1%. However, for both the
specimens of TR soil (Figs. a&ndb), the continuity in the water phase improved bgub
45%.

Flow of water in soils occurs primarily due to tmgdraulic head gradient and not due
to the matric suction gradient (Fredlund & Rahardj@93). It is anticipated that continuity in
the water phase between the interfaces and thenmedisk was soon established due to the
gravitational flow of water immediately after theerfaces were placed on the ceramic disk.
Further, as soon as a soil specimen is placedntacbwith the saturated interface materials,
the driving potential for the flow of water from ehinterfaces to the unsaturated soil
specimens is due to the difference in the watessumes of both that in turn created the
continuity in the water phase. The flow of watdvoithe soil specimen induced suction in the
interfaces that was manifested on the water pressansducer readings. The volume of
water flowing into the soil specimens depends uppendesorption behaviour of the interface
material under any applied air pressure. Smallglieg suctions can have significant
influence on the materials that have lesser watadiig capacity. Therefore, it is
hypothesized that a relatively greater amount dewexpelled into the soil specimens when
the interfaces used were a wet filter paper ancshineies prepared from the soils than that

occurred for slurried Speswhite kaolin.

For the case with JF soil specimens compacted tdrwantent of about 9.1% (Fig.
7.7a), Auy/Au, values for all the interfaces used remained ctoskO indicating reasonable
continuity in the water phase in the measuringesystOn the other hand, for the specimens
of JF soil with compaction water content of 7.1%g(F.7), the average value @u,/Au,
for the entire range of the applied chamber aisfuee decreased for the interfaces in the
order of a wet filter paper (0.97), soil slurry88), and the slurry prepared from Speswhite

kolin (0.82). Similarly, the tests results of speens of TR soil indicated the same order of
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the interfaces as the specimens of JF soil. TheegabfAu,/Au, for TR soil specimens
compacted at water content of 17.9% were 0.90, @8d 0.84 (see Fig. A However, for
TR soil specimens compacted at water content &% 9the values ohu,/Au, increased for
the interfaces in the order of a wet filter pap@8$), soil slurry (0.83), and the slurry
prepared from Speswhite kolin (0.81) (see Figb)(.8

The measured matric suctions remained concurreit Avi,/Au, values for both JF
and TR soils specimens (e.g., 95.1, 67.5, and W84 ,(Fig. 7.B), and 87.5, 93.1, and 95.6,
kPa (Fig. 7.8) for interfaces as a wet filter paper, soil sluapd slurried Speswhite kaolin,
respectively) indicating that higher the valuefaf,/Au, greater is the reduction in matric
suction of the soil specimen. An increaseAin,/Au, and the corresponding decrease in the
measured matric suctions of soil specimens arecttirdinked to the volume of water
expelled from the interfaces into the soil specisnand into the water compartment in order

to compensate the expansion of the water compattmen

The test results presented in Figs. 7.1 to 7.&atdd that discontinuity in the water
phase in null-type axis-translation tests was nestéfd onAu./Au, values that in turn
depends upon the compaction conditions and matritiosn of the soil (or the applied
chamber air pressure). With regard to suitabilitythee interface materials, it appears that
using kaolinite slurry a decrease in matric sucttam be up to about 40% (depends on
compaction conditions and soil type) with reasoealuintinuity in the water phase. For other

interface types, a greater reduction in matricisnatnay be expected.
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7.4 Concluding remarks

Continuity in the water phase between soil specan#ére water in the ceramic disk,
and the water in the compartment during null-typis-franslation tests were studied in this
chapter. Measurements of the coefficient of perntigalof the ceramic disk in null-type
device, water phase continuity tests, verificatidrthe water phase continuity without soil
specimens, and tests with various interfaces (wetr fpaper, soil slurry, and slurried

kaolinite) were carried out.

Based on the findings of this study, it can be aahed that:

* Very high RHs (> 95%) and ambient temperature witthie air pressure chamber
were measured during the direct measurements diosacof compacted soil
specimens using the null-type device.

* Evaporation of water from soil specimens and frdm ceramic disk did not
significantly contribute to longer suction equilition time. This based on
insignificant differences between the water corgearitthe specimens before and after
the tests, and similar suctions for specimens gfther covered partially or fully the
ceramic disk during tests that were found.

* An increase in the chamber air pressure soon tiéenull-type tests were completed
clearly indicated that the water phase continuigtween the water in the soll
specimens and the water in the ceramic disk wdsnigan all cases. The measured
water pressures in the water compartment were fdanbe less than the applied
chamber air pressures.

» A pressure drop across the ceramic disk can biewtd to the existence of curved
air-water interfaces in the pores of the ceramsk @nd therefore, the surface tension
effect partially resisted the applied air pressures

* The test results showed that soil specimens wighdri water contents created better
continuity in the water phase.

 The water phase continuity could be improved bysaering various interfaces.
However, it was noted that the interfaces usedaedlthe matric suctions of the soil

specimens tested.
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* Depending upon soil type and initial compaction ditans, the matric suction
reduced by about 30, 60, and 55% with interfaceduased kaolinite, slurry prepared
from the soils, and a wet filter paper.
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CHAPTER 8

INDIRECT MEASURMENTSOF SUCTION USING FILTER
PAPER AND CHILLED-MIRROR TECHNIQUES

8.1 Introduction

Soil suction is an essential property studying the behaviour of unsaturated soils.
Soil suction is the negative pressure within theepobetween soil particles and it is a
function of many soil properties such as soil gtrieee and soil water content. Suction can be
measured indirectly in which another parameter,hsas relative humidity, resistivity,
conductivity and water content is measured ande@lto the suction through a calibration

with known values of suction (Ridley & Wray, 1995).

In this chapter, matric and total suttimeasurements were conducted using filter
paper method. Measurements of total suction wes@ @rried out using chilled-mirror dew-
point device. The suction measurements were pedorom soil specimens prepared from the
two chosen soils (Jaffara soil, JF and Terra-ras§ $R) and at different compaction

conditions.

The objectives of this chapter wadad evaluate the filter paper method for total and
matric suction measurements in term of calibrattamve and equilibrium time(ii) to

measure matric suctions of the soils using filt@pgr method,ii{) to measure total suctions
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of the soils using chilled-mirror device and nomiaxt filter paper method, aniv) to study
the influence of initial compaction conditions bétsoils on matric and total suctions.

This chapter begins with presentingeakperimental programme adopted, followed by
the test results obtained for both soils from uagicuction measurement techniques. The
effects of initial compaction conditions on totadamatric suctions are discussed in detail.

Towards the end of the chapter, the concluding riesrare presented.

8.2 Experimental program and specimen prepar ation

8.2.1 Soil specimen preparation

For suction measurements by filter papethod and chilled-mirror device, only
statically compacted specimens of JF and TR sa@iewsed. Soil specimens were prepared
by compaction soil-water mixtures to desired drygites and water contents in specially
fabricated mould using heavy and light compactitfores. The initial compaction conditions
of the statically compacted specimens were corredipg to the specimen conditions of the
dynamically compacted specimens (BS- heavy and i@}l Additionally, soil-water
mixtures with different initial water contents wetested to study the effect of initial dry
density. The dry densities and the water contemtthe statically compacted specimens of JF

and TR soils are shown in Figs. 84ndb, respectively.

The number of specimens that were usednkasuring total and matric suctions by
filter paper method was 13 for JF soil (7 for stdteavy compaction and 6 for static-light
compaction) and 12 for TR soil (6 for static-heasgmpaction and 6 for static-light
compaction). For total suction measurements udnilged-mirror device, 44 specimens of JF
soil and 42 specimens of TR soil were prepared s(Fg§®n and b). Total suction

measurements were also carried out on un-compéoiest) specimen by using non-contact
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filler paper method and the chilled-mirror deviece study the effect of density on total

Dry density (Mg/m 3)

suction.
< - 2 -
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Fig. 8.1 B.S compaction tests and initial specimamnditions of (a) JF soil and

(b) TR sail, for filter paper and chilled-mirror tsts

8.2.2 Experimental methods

Contact and non contact filter papetstegere carried out for measuring matric and
total suctions of JF and TR soils, whereas chittedor device was used to measure total

suctions of both soils.

8.2.2.1 Filter paper tests

The principle of the filter paper method is to meassuction indirectly by relating the
water absorbed by specified filter papers with ismcby means of calibration curves. The

total suction is measured when water transfer isdpour movement and the matric suction
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is measured when water transfer is by liquid mov@n@@ardner, 1937; Bulut, et al., 2001,
Leong, et al., 2002)

For the measurement of matric suction an oven dhatdan 42 filter paper was
sandwiched between two protective Whatman 42 fispers and placed in direct contact
between two halves of soil specimens (section 3.XBapter 3). The two halves of soil
specimens, with filter papers in between, were dapgether with electrical tape and put in
glass jars. For total suction measurements, oneMém4?2 filter paper was placed above the
soil specimens where PVC rings were used to sepdhat soil specimens and the filter
papers (section 3.9.2 - chapter 3). The soil spexegmvere put in a tightly sealed glass jar and
placed in an insulated chest to reduce temperdlucaiations for a period of two weeks.
After the equalisation period, the water conterftshe filter papers were determined. The
calibration curve established in this study wasdusedetermine soil suctions of the two soils

used.

8.2.2.2 Filter paper calibration curve

Despite several calibration curves for the WhatiNan42 filter paper are available in
the literature, it is recommended to establish lébredion curve for each study involving
different filter paper lots (Deka et al., 1995)ev8ral factors, such as suction source used in
calibration, quality of filter paper, hysteresiadaequilibration time, may have influenced the
different calibration curves found in the literagyieong et al., 2002).

In this study, calibration tests for the Whatman M@ filter paper was conducted to
establish contact filter paper (or matric suctianyl non-contact (or total suction) filter paper
calibration curves. Additionally, the influences safction source, hysteresis, quality of filter
paper, and equilibration time on calibration curwesre examined. The detailed testing

procedure for establishing calibration curves isctiéed in Sectio.9.2.2.
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8.2.2.2.1 Suction sources

In this study, calibration tests for the Whatman. M@ filter paper was conducted
using pressure plate apparatus for contact filegrep (or matric suction) and using sodium

chloride (NaCl) salt solutions for non-contact {@al suction) filter paper.

The drying and wetting test results of Whatman & filter papers are presented in
Fig. 8.2. The best fit contact and non contactocation curves for initially dry and initially
wet Whatman No. 42 filter paper, as obtained is 8tudy (Fig. 8.2), are shown in Fig. 8.3.
The calibration curves of initially dry filter pagereported in ASTM D5298-10 and by
Leong et al. (2002) together with the results fithv current study are presented in Fig. 8.4.
Similarly, the calibration curves of initially wdilter papers from the present study are
presented along with the calibration tests resejp®rted by Ridley (1995) and Harrison &
Blight (1998) in Fig. 8.5.

140
A PP- contact (dry FP)
120 | A 2 A PP- contact (wet FP)

@ Salt solution - non contact (dry FP)
=100 O Salt solution - non contact (wet FP)
S A e
I
9 4
c 80 A A
o 4 A
o
2 ]
©

60 -
= 0] f o
S A
© 1 N e
2 40 1 & A
1 A
2 ®%eee A5
LL ] ® .'
e ™
J o °
0 — e @
1 10 100 1000 10000 100000 1000000
Suction (kPa)

Fig. 8.2 Drying and wetting suction—water conterttaracteristic of filter papers
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Fig. 8.3 Contact and non contact calibration curve$ Whatman No. 42

filter papers (in this study)
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Fig. 8.4 Contact and non contact calibration curves$initially dry
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Whatman No. 42 filter papers
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Fig. 8.5 Contact and non contact calibration curvesinitially wet

Whatman No. 42 filter papers

It can be seen from Fig. 8.2 and 8.3 that, thdiogighips between filter papers water
content and suction are bilinear for both contact mon contact calibration curves. Also, the
calibration curves determined from present stuay different for contact and non contact
filter papers. The sensitivity change of the filfgper water content occurred at a water
content of about 23% and about 54% for non congaat contact calibration curves,
respectively (Fig. 8.3). For suction greater th@®@ kPa, the total and matric suction tests
results seem to converge (Figs. 8.2 and 8.3). dlbservation is consistent with the findings
from other studies (Houston, et al., 1994; Bulaitale 2001; Leong, et al., 2002) (Fig. 8.4).
However, other studies (Marinho, 2004, Stenke et 2006) pointed out that only one
calibration curve for total and matric suction danobtained if longer equilibration time is
allowed especially at lower imposed levels of sarctit should be noted that, two weeks was

allowed for equilibrium time in this study.
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8.2.2.2.2 Hysteresis in drying and wetting calibvatcurves of filter papers

Figure 8.3 showed that hysteresis exists betweemwttting and drying calibration
curves. The calibration curve for initially drytér paper is different from that of the initially
wet filter paper. Ridley (1995) and Harrison & @it (1998) have shown that the filter
papers for both drying and wetting paths exhibistaketic behaviour. Leong et al. (202)
stated that insufficient equilibration time willdée to larger hysteresis in the wetting and
drying responses of the filter paper. As any ofpf@ous medium, the hysteresis is expected
for filter paper during drying and wetting process@d this was distinctly manifested in Fig.
8.2.

8.2.2.2.3 Calibration tests of different batcheéilodr papers

In order to examine the use of differbatches of filter paper, an independent non-
contact calibration tests for three separate batadieWhatman No. 42 filter paper were
performed. The tests were conducted on initially @liter paper suspending above salt
solutions (non-contact method) and on initially viiser paper placing them in contact with
the pressure plate (contact method). The test teesllown in Fig. 8.6 indicate an
insignificant variation between different calibati curves on different batches for either

contact or non-contact tests.
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Fig. 8.6 Calibration tests for different batches @hatman No. 42 filter paper

8.2.2.2.4 Filter paper suction equilibrium period

ASTM D5298-10 recommends a minimum equilibratiomdi of seven days for
measuring suction using the filter paper methodweier, various researchers have used
different equilibration times. This indicates ththe equilibration time depends upon the
suction source, measured suction type, materia, tyater content of soil specimen, and
number of filter papers used. To examine the eff@ctequilibration time on contact
calibration curve, initially dry filter papers wesespended above salt solutions in closed jars
and for different equilibrium periods (3, 7, 14, &0d 60 days).

The equilibration times determined fdve thon-contact filter paper with various
imposed suction are presented in Fig. 8.7. Theréssilts presented in Fig. 8.7 indicated that

the equilibrium time is dependent upon the imposaction level. Three different categories
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of equilibrium conditions can be distinguished lthea the test results. For suction level
below 100 kPa, the equilibrium was not reached ey 60 days, indicating that more time
was needed for water content equalisation. At inégeliate suction levels (100 to 500 kPa),
the filter paper were equilibrated at about 14 daye extension in equilibrium time beyond
3 days did not significantly influence the suction higher level of imposed suctior1000
kPa) and therefore three days was sufficient teeaehequilibrium.
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Fig. 8.7 Filter paper water content versus equiliom time at different imposed suction

levels

8.2.2.2.5 Contact and non contact calibration egua in this study

It is recommended that the calibration curve usedcdmputing suction should relate
to whether the filter paper is being wetted or dridl-Khafaf & Hanks (1974), Sibley &
Williams (1990) and Swarbrick (1995) suggested swt suction measurements should be
performed in the same way as the filter paper be@mgrated.In this study, the suction

measurements were performed using initially driefilpapers (ASTM D 5298-10) and the
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time required to establish equilibrium was chosebé two weeks. Thereforequations 84
andb and 8.2 andb which represent the matric and total suction (@oih&nd non contact)
calibration curves for initially dry Whatman No. 4iter paper, respectively, were used in

this study to calculate the suctions of soil spercim
For matric suction:
<54% log¥ = 4.4093 - 0.056u, (Eq. 8.1a)
>54% log¥ = 2.6081 - 0.0208, (Eq. 8.1b)
For total suction:
<23% log¥ =5.4798 — 0.102&x, (Eq. 8.2a)

>23% log¥ = 7.0059 - 0.17 34 (Eq. 8.2b)

where,¥ is suction andvy, is the filter paper water content.

8.2.2.3 Chilled-mirror dew point tests

The working principle of the chilled-mirror dew pbi device is based on the
thermodynamic relationship between relative humgjdiemperature and total soil suction
according to Kelvin's equation. The device computke relative humidity from the
difference between the dew-point temperature othabove the soil specimen in the closed
chamber and the temperature of the soil specimbr. velue of the total suction is then
calculated using Kelvin’s equation (Eqg.3.3) by waite within the device and displayed on

an LCD panel in MPa unit along with the specimangerature.

Statically compacted specimens and soil-water mestwith different initial water
contents of JF and TR soils were placed in a gssnsteel container of approximately 37 mm

diameter and 6 mm thick. The temperature of thesgmcimen was controlled by using the
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thermal plate before placing it in the device. To®l suction measuring time was usually
about 7 to 15 minutes.

8.2.2.3.1 Verification of chilled-mirror device

Prior to use of the chilled-mirror dew point (WP4d&vice, calibration of the chilled-
mirror device was carried out with saturated salitsons with 0.5 M KCI solution provided
by the manufacturer, which should yield a sucti62.49 + 0.05 MPa, at 2Q. In addition,
suction values of different sodium chloride (NaGhlt solutions with known osmotic
suctions were measured using the chilled-mirroiatew order to ensure the reliability of the
calibration. Figure 8.8 shows the calculated suctialues versus the measured values using
the WP4C device. Good agreements were observedeéetwhe suctions of NaCl salt

solutions and the measured suction values.

15000

12000 -

_ R2=0.9997
9000 A

6000 7

Theoretical suction, kPa

3000 A

0 3000 6000 9000 12000 15000
Measured suction by chilled-mirror, kPa

Fig. 8.8 Calculated suctions and measured suctidayschilled-mirror dew-point device for
solutions of NaCl
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8.3 Presentation of test results and discussion

8.3.1 Filter paper test results

Total and matric suction measurement¥oiind TR soils were carried out using filter
paper method. The measurements were performed ropamted statically soil specimens
subjected to heavy and light compaction effortszefa tests were also performed in which
on un-compacted (soil-water mixture) specimens weesidered in order to study the
density effect on suction. Equations 8.1 and 8.2ewesed to compute matric and total
suction values from the filter paper water contalibration curves. The initial conditions of

the soil specimens along with the tests resultpereented in Tables 8.1 to 8.4.

Table 8.1 Initial compaction conditions and matrguctions of JF soil (contact filter paper
tests)

Initial compaction conditions

Compaction Matric
No. type and _ _ Degree  suction
effort Water Dry density  Void of (kPa)
content (%)  (Mg/m®) ratio saturation
(%)
1 10.28 2.02 0.317 86.3 37.2
2 9.81 2.03 0.310 84.1 213.8
3 9.17 2.04 0.304 80.3 418.9
Static heavy
4 compaction 9.21 2.06 0.291 84.0 342.4
(SH)
5 7.29 1.99 0.337 57.7 681.1
6 5.96 1.92 0.385 41.4 913.7
7 6.00 1.93 0.378 42.2 847.4
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8 10.34 2.00 0.330 83.3 29.9

9 10.06 1.96 0.357 74.9 144.1

10 Static light 8.90 1.82 0.462 51.3 438.5
compaction

11 (SL) 7.42 1.78 0.494 39.8 578.9

12 7.47 1.77 0.503 39.5 589.2

13 5.92 1.69 0.574 27.4 868.0

Table 8.2 Initial compaction conditions and totalustions of JF soil (non contact filter

paper tests)

Initial compaction conditions

Compaction Total
No. type and effort Water Dry density ~ Void sDai?JrrZioorI sﬁ;”;n
content (%)  (Mg/m®) ratio (%) (kPa)
1 10.17 2.02 0.317 85.4 148.5
2 10.28 2.03 0.310 88.1 123.9
3 9.17 2.04 0.304 80.3 312.3
Static heavy
4 compaction 9.48 2.05 0.298 84.7 239.7
(SH)
5 7.42 1.99 0.337 58.6 600.1
6 7.31 2.00 0.333 58.5 743.0
7 6.00 1.92 0.385 41.4 1535.8
8 10.34 2.00 0.330 83.3 80.8
9 10.21 1.94 0.371 73.2 111.9
10 9.25 1.88 0.415 59.3 224.3
11 Static light 9.14 1.85 0.438 55.5 352.7
compaction
12 (SL) 7.47 1.78 0.494 40.2 648.2
13 7.40 1.77 0.503 39.1 707.1
14 5.92 1.69 0.57 27.44 1652.30
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15 11.36 10.0
16 9.30 170.5
17 8.30 403.2
Uncompacted
18 (soil - water 8.00 530.5
mixture)
19 7.60 727.2
20 6.31 1548.7
21 6.20 1646.4
22 3.78 11985.0
23 2.15 39985.6
24 2.08 39955.6

Table 8.3 Initial compaction conditions and matrguctions of TR soil (contact filter paper

tests)
Initial compaction conditions
Compaction Matric
No. type and _ _ Degree suction
effort Water Dry den35|ty Vo!d of ' (kPa)
content (%)  (Mg/m°) ratio saturation
(%)
1 10.28 2.02 0.317 86.3 37.2
2 9.81 2.03 0.310 84.1 213.8
3 9.17 2.04 0.304 80.3 418.9
Static heavy
4 compaction 9.21 2.06 0.291 84.0 342.4
(SH)
5 7.29 1.99 0.337 57.7 681.1
6 5.96 1.92 0.385 41.4 913.7
7 6.00 1.93 0.378 42.2 847.4
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8 10.34 2.00 0.330 83.3 29.9

9 10.06 1.96 0.357 74.9 144.1

10 Static light 8.90 1.82 0.462 51.3 438.5
compaction

11 (SL) 7.42 1.78 0.494 39.8 578.9

12 7.47 1.77 0.503 39.5 589.2

13 5.92 1.69 0.574 27.4 868.0

Table 8.4 Initial compaction conditions and totalstions of TR soil (non contact filter

paper tests)

Initial compaction conditions

Compaction Total
No. type and effort Water Dry density  Void E;%;Zﬁg; S(Ll’((g':)n
content (%)  (Mg/m®) ratio (%)
1 10.17 2.02 0.317 85.4 148.5
2 10.28 2.03 0.310 88.1 123.9
3 9.17 2.04 0.304 80.3 312.3
Static heavy
4 compaction 9.48 2.05 0.298 84.7 239.7
(SH)
5 7.42 1.99 0.337 58.6 600.1
6 7.31 2.00 0.333 58.5 743.0
7 6.00 1.92 0.385 41.4 1535.8
8 10.34 2.00 0.330 83.3 80.8
9 10.21 1.94 0.371 73.2 111.9
10 9.25 1.88 0.415 59.3 224.3
Static light
11 compaction 9.14 1.85 0.438 55.5 352.7
(SL)
12 7.47 1.78 0.494 40.2 648.2
13 7.40 1.77 0.503 39.1 707.1
14 5.92 1.69 0.57 27.44 1652.30
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15 11.36 10.0
16 9.30 170.5
17 8.30 403.2
Uncompacted
18 (soil - water 8.00 530.5
mixture)
19 7.60 727.2
20 6.31 1548.7
21 6.20 1646.4
22 3.78 11985.0
23 2.15 39985.6
24 2.08 39955.6

8.3.1.1 Water content versus suction

The test results of water content verswric and total suctions for compacted
specimens of JF and TR soils obtained by the fisgrer method are presented in Figsa8.9
and b (normal scale) and Figs. 8daGnd b (log-scale). Total suction measurements of

uncompacted specimens were also included in Fi§sar&l 8.10.

The test results of the specimens of JF and TRs sbibw that total and matric
suctions decreased with an increase in the initeger content. Except for the test results at
water content of about 6.0% (Figs. 8&nd 8.1@), the measured total and matric suction for
the specimens of JF soil were found to be simil&we difference between total and matric
suctions at low water content may be attributed tduthe lack of contact between the filter
paper and the soil specimens. For the specimerBRotoil (Figs. 8.6 and 8.10), the
measured total suctions were generally greater thanmeasured matric suctions. The
difference between total and matric suction valieesIF soil varied between 65 kPa for wet
specimens to 400 kPa for dry specimens (Figsa 8l 8.1@). The differences between

total and matric suctions of TR soil are attributkerk to the osmotic suction. The differences
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between total and matric suction values of TR gailed between 86 kPa for wet specimens
to 680 kPa for dry specimens (Figs. [8.8nd 8.10). Figures 8.9 and 8.10 showed that

compaction efforts had no measurable effect ondtad suction values for both soils.
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Fig. 8.9 Water content versus total and matric siects (normal scale) plot for (a) JF soil
specimens and (b) TR soil specimens, tested usltey paper method
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Fig. 8.10 Water content versus total and matric soas (Log-scale) plot for

(a) JF soil specimens and (b) TR soil specimensted using filter paper method
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Figures 8.H0andb showed that the total suction versus water comreslts for the
both soils follow the same single curve. The meastotal suction varied between 0.01 to 40
MPa corresponding to change in water contents fidm# to 2.1% for JF soil. For the
specimens of TR soil, the total suction was foundidry between 0.37 to 44.4 MPa for a

range of water content between 23.0 to 5.5%.

8.3.1.2 Degree of saturation versus suction

The test results of soil suction witlspect to the degree of saturation for JF and TR
soil specimens are presented in Figs. 8.addb. Figures 8.14 andb showed that as the
compaction effort increases, the total and matuictisns of the both soils increased. The
degree of saturation versus suction curves foricatht heavy compacted specimens
remained above the statically light compacted spens curves. In general, it can be seen
that the total and matric suction decreased withnarease in the degree of saturation for

both soils.

The degree of saturation versus suction curvebdtr soils compacted with different
compaction efforts show a non-uniqueness relatipngtiowever, the water content versus
suction curves for both soils was found to be ueigsimilar behaviour was observed by

Agus (2005) for sand-bentonite mixture.
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Fig. 8.11 Degree of saturation versus total and masuction plot for

(a) JF soil specimens and (b) TR soil specimengddsaising filter paper method

8.3.2 Chilled-Mirror dew-point test results

Chilled-mirror dew-point device (WP4®)as used to measure total suctions of
statically compacted specimens and soil-water mestof JF and TR soils. The influence of
compaction water content, degree of saturation,camapaction efforts on total suction was
studied.

8.3.2.1 Water content versus total suction

Figures Figs. 8.12andb (normal scale) and Figs. 84.andb (log-scale) present the
water content versus total suction relationshigfofand TR soils obtained using the chilled-
mirror device. The tests results indicated thatttital suction results of the statically heavy

compacted specimens are essentially the same as tifothe statically light compacted
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specimens. For both soils, the water contents setstal suctions plots show a unique

relationship with no significant influence of conggian density.
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Fig. 8.12 Water content versus total suction plab{mal scale) for (a) JF soil specimens
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8.3.2.2 Degree of saturation versus total suction

The test results of degree of saturation versud tatction for JF and TR soils are
shown in Figs. 8.1a&andb, respectively. It can be seen that the total snabf the both soils
increased with an increase in the compaction effairtany degree of saturation value, the
statically heavy compacted specimens showed higakie of total suction for both soils.
Gradual reductions in the total suction with arréase in the degree of saturation were noted
for the specimens of JF soil specimens for bothvhemd light compaction efforts (Fig.
8.14a). Similar observation was made for the staticatiyi TR soil compacted specimens
(Fig. 8.14). However, the statically-heavy TR soil specimehswed a abrupt decrease in
total suction between the degree of saturatiorOadréal 95%.
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Fig. 8.14 Degree of saturation versus total suctiplot for (a) JF soil specimens and (b)

TR soil specimens tested using chilled-mirror dewvic
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The test results of the degree of saturation vetstsl suction with different
compaction efforts are shown to be non-unique icelahip, whereas, the water content
versus total suction test results revealed unigggenelationship. Agus (2005) showed that,
the change in total suction for wet of optimum cawted specimens is due to the
discontinuity of the air phase which reflected ineduction in dry density with compaction
water content. The increase of compaction watetettrdecreases the total suction and dry

density.
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8.4 Concluding Remarks

Total and matric suctions of compacted specimeri-and TR soils are presented in
this chapter. Total suction measurements wereechmut using filter paper and chilled-
mirror dew-point tests, whereas matric suction measents were from the filter paper tests.

Test results presented in this chapter emphadmeetbliowing aspects:

. Varying the equilibration period between the filtpaper and suction sources
produced different calibration curves, particulaatylow suction level. Furthermore,
hystereses were observed between drying and wéiitexgpaper calibration curves.
This suggested that similar calibration and measarg tests procedure should be
adopted when using filter paper method.

. The water content of soil was found to influence suctions significantly. No
influence of the dry density on suction measuresesing filter paper and chilled-
mirror tests was observed.

. Uniqueness in relationship between suction andneatetent was observed while the

suction-degree of saturation relationship was fawnge non-unique for both soils.
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CHAPTER 9

COMPATIBILTY OF SUCTION MEASURMENT
TECHNIQUES

9.1 Introduction

In the past, different methods have nbeeveloped and suggested by various
researchers for measuring matric and total sugctieitBer directly or indirectly. However,
compatibility of the measurement of soil suctiondfferent techniques still remains to be

fully explored.

The objectives of this chapter wajed compare the SWCCs established by pressure
plate and salt solution tests with the measuredicnand total suctions determined by null-
type, filter paper and chilled-mirror dew-pointties(i) to compare the test results obtained
by controlled and measured suctions in pressute plad null-type axis-translation tests, and
(iif) to compare the total suction measurements detedry two testing procedures using
the chilled-mirror dew-point device (WP4C). Botlettest results of JF and TR soils were

considered in this chapter.

This chapter start with a comparison between thasored suction from various
suction measurement techniques and the SWCCs,tfieemeasured matric suction using

null-type axis-translation device are compared With suction-water content SWCCs. The
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effects of two adopted testing procedures for tet@ition using chilled-mirror WP4C device

are discussed. Towards the end of the chaptecath@uding remarks are presented.

9.2 Comparison of suction test resultswith SWCCs

The measured matric suctions of theispens of JF and TR soils using null-type and
contact filter paper testsre compared with the SWCCs of the soils that vestablished
using pressure plate and salt solution in Figs.a@dd 9.2. For clarity, the SWCCs best-fit of
the soils are shown in Figs. 9.1 and 9.2. The nredswtal suctions of both soils using non
contact filter paper and chilled mirror tests alancluded in Figs. 9.1 and 9.2. Similarly,
the matric and total suction tests results are @vatpwith the suction-degree of saturation
best fit SWCCs of JF and TR soils in Figs. 9.3 &4l Note that the suction-degree of
saturation SWCCs of the soils were establisheddbasesuction-water content SWCCs and
shrinkage curve results (chapter 5). The SWCCs$ant TR soils are corresponding to dry
and wet of optimum conditions. Therefore, the SWdGs dry and wet of optimum

conditions were considered as the lower and uppeandaries.

Figures 9.1 and 9.2 showed that the results fraennthll-type axis-translation tests
generally agreed well with the SWCCs results ahéigvater contents considering that the
specimens tested for the SWCCs had greater imi@ér contents and for different initial
placement conditions. On the other hand, for wedatents less than about 11.0% and 20.0%
or for matric suctions greater than about 30 kPd &00 kPa, for JF and TR sails,
respectively, the measured matric suctions by typk axis-translation tests remained
somewhat below that of the applied suction in tlesgure plate tests. Vanapalli et al. (1999)
reported that the results of matric suction fronl-type apparatus were similar to that
obtained from the suction-water content SWCC foil specimens that had similar

compaction conditions.
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It can be clearly noted from the Figs. 8rid 9.2 that for matric suctions greater than
about 30 kPa and 100 kPa, for both JF and TR smakgpectively, the matric suctions
measured by using null-type axis-translation anctax filter paper tests did not agree. On
the other hand, measured matric suctions by fpgyer method were close to the SWCC

results.

For any soil and irrespective to contjpec efforts (compaction dry density), total
suction measurements using contact filter paper @mtled mirror tests were in good
agreements. For suctions greater than about 1080 tkE contact filter paper and chilled
mirror tests tend to give similar results in conmgam with SWCCs tests (desiccator test)
results. However, as the suction decreased to ydkss than 1000 kPa, both techniques
generally provided higher suction values than thC&s test results. The initial compaction
conditions of the soil specimens were not stricitythe compaction curves (BS-heavy and
BS-light); hence, some differences can be noteddsst the measured total suction and the
SWCC results.

Figures 9.3 and 9.4 present the beSWCCs for specimens corresponding to dry
and wet of optimum conditions that were establisiigidg pressure plate and desiccator tests
in conjunction with shrinkage tests (Clod test) foth JF and TR soils. The measured total
and matric suctions of compacted specimens arersihowigs. 9.3 and 9.4 for comparison.
The test results showed that the measured totahetdc suction were generally lie between
the dry and wet of optimum SWCCs. It can be seemfFigs. 9.3 and 9.4 that at higher
degree of saturation (S 90 %) the measured total and matric suction \gererally close to
the SWCCsAs the degree of saturation of the compacted spamecreased, the values of
total and matric suctions fall below the SWCCs. Ttliscrepancies in the suction
measurements using the null-type, filter paper, ahdled-mirror device became more
pronounced with decreasing degree of saturatiomdtn soils. Such a difference is mainly

due to the difference in structure of the compastatspecimens.
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The measured matric suctions using contact filegrep were higher than the null-type
measurements. This can be explained due to a laakater phase continuity between soil
specimen and ceramic disk in the null-type devatepter 7). Additionally, some scatter was
observed on the measured total and matric suctibaired by filter paper methddr soil
specimens with a low degree of saturatiOme possible reason could be due to the lack of

contact between the filter paper and the soil speus.

9.3 Comparisons between controlled and measured matric suctions using axis-

trandation technique

Pressure plate and null-type axis tetist tests work on the same principle of axis
translation technique. However in case of presplate test, the suction is usually controlled,
whereas in null-type axis translation test the isucits actually measured. In an attempt to
compare the matric suction values obtained by presglate and null-type axis-translation
tests, additional tests were carried oOLite procedure used in this testing program was to
equilibrate the soil specimen under applied suctiopressure plate and then measuring the

matric suction of the same specimens using nul-s-translation device.

Statically compacted specimens of JF BHRdsoils were used in this testing program.
Each soil specimen was saturated prior to the placé in the pressure plate and was
subjected to different applied suction in differgmessure plate. Once the specimen had
equilibrated under a predetermined applied suctibe,final weight of the specimen was
taken and then the specimen was transferred immeddi@ the null-type device for matric
suction measurement. Once the suction measurenantempleted, the mass the specimen

was measured and the water content was determyneden drying method.

The water content of all specimens at end of pressiate tests were back-calculated
based on the final water contents of the correspgrgpecimens that were tested in the null-

type device. The water contents of the specimeatiiere tested in null-type device were
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compared with the water contents of the specimbatwere tested in pressure plate, and

were found to be less than + 0.05 % in all casés;hwvas considered to be insignificant.

The imposed matric suctions and the omealsmatric suction are presented in Fig.
9.5. It can be noted from Fig. 9.5 that even thoilnghtest results from both methods follow a
similar pattern, the test results showed that theasured matric suctions of the soil
specimens differed significantly. The differencesmeasured matric suction were increased
as the water content decreased. This is can hleustid to the lack of water phase continuity
between the water in the soil specimens and therwatthe ceramic disk during null-type

axis-translation test (see chapter 7).
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Fig.9.5 Comparison between pressure plate and riyfle test results

9.4 Effect of testing procedureon measured total suction using chilled-mirror device

The chilled-mirror dew-point device (WB4was used to investigate the effect of

testing procedure on measured total suction. Tweste carried out on statically compacted
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specimens following two different procedures. Ine tHirst procedure, individual
measurements of total suction were performed orcisgess that were prepared with
different initial compaction conditions (varying diy density and water content) as presented
in chapter 8. In the second approach, continuowssurements of total suction during drying
and wetting processes on independent compactedrspecwere carried out.

For continuous measurement, the comgagpecimens were placed in stainless steel
specimen cup and then saturated by adding a predetsl amount of distilled water to
achieve 100% saturation. The specimens were cowredeft it to equilibrate for overnight
prior to testing. The suction was then measuredtfamdveight of the specimen was recorded.
Further, the specimen was allowed to air dry fay tvours and was then covered and left for
equilibrium following which another suction measuent was undertaken. The procedure
was repeated until the final reading during therdyyprocess. At each stage, measurements
were taken twice to ensure repeatability of thaultes Measurements during the wetting
process were performed in the same manner butiedstd allowing the specimen to dry,
drops of water were added to saturate the speciifenwater contents at each suction value
were back calculated based on the measured welginges. It should be noted that the
calibration of the device was checked by measuitiiegsuction of a 0.5M KCI solution on

each day of the test.

Test results of total suction obtaineaht continuous and individual measurements are
presented in Figs. @6and b for both JF and TR soils. It can be seen cleahigt t
measurements of suction by two procedure adopiemMaimilar trend in which the suction
increased as the water content decreased. Additipiae suction measurements by both

procedures agreed well irrespective of the diffeesin the dry density of the specimens.
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9.5 Concluding remarks

Six different methods were used to deiee suctions of statically compacted
specimens of JF and TR soils. Suctions were appbety pressure plate and desiccator tests,
whereas null-type axis-translation, contact filbaper, chilled-mirror, and non contact filter
paper methods were used for measuring matric atad soictions. Based on the study

presented in this chapter, it can be concluded that

* The results from the null-type axis-translationtsegenerally agreed well with the
SWCCs results at higher water contents. Howevenyiatric suctions greater than
30 kPa for JF soil, and 100 kPa for TR soil, theasaeed matric suctions by null-
type axis-translation tests remained below thahefapplied suction in the pressure
plate tests. The measured matric suctions usingtypeé axis-translation and
contact filter paper tests were found to be difiereHowever, measured matric
suctions by filter paper method were close to WCE results.

* For suctions greater than 1000 kPa, the contdet filaper and chilled mirror tests
produced similar results when compared with the ®M€Ests (from desiccator
tests). However, as the suction decreased, botfnitpees generally provided
higher suction values than the SWCCs test results.

» The test results indicated that the measured tetigtions of individual soil
specimens prepared with different compaction comst and continuous
measurements of total suction during drying procassndependent compacted

specimens using chilled-mirror device, were vemysistent.
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CHAPTER 10

CONCLUSIONS

Several geotechnical engineering problems invol\dogs are associated with the
negative pore water pressure or suction in soilse Bhear strength, the hydraulic
conductivity, and the volume change behaviour cfatrated soils are controlled by both
soil suction and its relationship with the watentemt. Therefore, in order to understand the
engineering behaviour of unsaturated soils, itxgegnely vital to establish water retention

behaviour soils.

This study constitutes one of the first attemptsttaly the behaviour of unsaturated
Libyan soils. Two soils from Libya were used instistudy. The soils were classified as silty
sand of low plasticity (SML) and inorganic clay wiintermediate plasticity (Cl). The
objectives of the thesis were to study the infleen€ compaction type, compaction effort,
compaction dry density, and compaction water cantenmatric and total suctions of the

Libyan soils.

The physical and compaction properties of the amksd were determined following
the standard laboratory procedures. Compactedrapasiwere prepared by compacting soil-
water mixtures at several dry densities and watantents. Both static and dynamic
compaction type were considered corresponding w@rak compaction conditions of the
soils. The drying and wetting suction-water cont8#CCs of the soils were established by
axis-translation and vapour equilibrium techniquBse drying suction-degree of saturation
SWCCs and suction-void ratio SWCCs of the soilsenadso established based on the drying

suction-water content SWCCs in conjunction the watmtent-void ratio shrinkage paths
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that in turn were established using Clod tests. @amons were made between the air-entry

values (AEVs) of the soils determined based onicustater content SWCCs and suction-
degree of saturation SWCCs. Suction-void ratio SW@E@re also compared with pressure-
void ratio determined from consolidation tests. INybe axis-translation, filter paper, and

chilled-mirror techniques were used for suction sugaments.

A detailed study was carried out concerning thdioaity in the water phase between
soil specimens, the water in the ceramic disk, taedvater in the water compartment during
the null-type axis-translation tests. Some aspetsinfluence contact and non contact filter
paper calibration curves, such as suction souregsilibrium time, and hysteresis, were

evaluated.

Based on the findings reported in this thesisfehewing conclusions were drawn.

1. The compaction water content and dry density sicpmttly influenced the suction-
water content SWCCs of the soils at low suctiorgearwhereas their influence was
insignificant on the SWCCs at high suctions.

2. The AEVs of the soils increased with an increastheéncompaction water content at a
constant dry density, and with an increase in trapgaction dry density at a constant
water content.

3. Significant hysteresis was noted between the drgimdjthe wetting SWCC of both the
soils studied. Irrespective of the initial companticonditions, the wetting SWCCs of
any soil were similar

4. The measured suctions of the soils using null-gxis-translation technique was found
to be dependent upon the water content, with samiaence of dry density and
compaction method.

5. Contact and non contact filter paper calibratiorvea were found to be dissimilar. The
equilibration time and suction source contributedhte dissimilarity in the calibration
curves.

6. The agreements between suctions measured usingambact filter paper and chilled
mirror tests were found to be good. The water aunté soils specimens was found
have significant bearing on the test results, wletbe influence of dry density was

found to be insignificant.
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7. The soil classified as SML exhibited either twos{deial and zero) or three shrinkage
zones (normal, residual, and zero), whereas tHeclssisified as Cl was accompanied
by either three (normal, residual, and zero) or f@ructural, normal, residual, and
zero) shrinkage zones. The different phases ohkhge were found to be dependent
upon the soil type and the initial compaction ctinds (i.e., water content and dry

density).

The conclusions 1 to 7 are in consistence witHitltengs reported in the literature.

8. The AEVs and the residual suctions obtained froen ghction-degree of saturation
SWCCs (established by combining the suction-watatant SWCCs with the shrinkage
test results) were found to be distinctly gredtantthat obtained from the suction-water
content SWCCs. The volume change behaviour of dils & held responsible for the
differences in the AEVs from the two approaches.

9. The desaturation points were distinct on the slagek paths of initially saturated
slurried specimens of both soils and the wateraranat the desaturation points were
found to be close to the plastic limits of the soiSuctions corresponding to the
desaturation points and the plastic limits of tldsswere found to be in very good
agreements with the AEVs determined from suctiogrele of saturation SWCCs.

10.The water contents at the air entry on the shriekagrves for the slurried soil
specimens of both soils were found to be greatan tthat of the corresponding
shrinkage limits of the soils suggesting that cdesation of the shrinkage limit of a soil
may overestimate the AEV. The residual suctionsirofially saturated slurried
specimens determined from the suction-degree ofaan SWCCs and the suctions
corresponding to the shrinkage limits were fountiéalissimilar.

11. Direct measurements of suctions of compacted gmtimens using the null-type
device featured very high RHs (> 95%) and ambiemperature within the air pressure
chamber, insignificant differences between the wabtatents of the specimens before
and after the tests, and similar suctions for spens that either covered partially or
fully the ceramic disk during tests which clearlyggested that evaporation of water
from soil specimens and from the ceramic disk ditlaignificantly contribute to longer

equilibration times in null-type tests.
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12. An increase in the chamber air pressure soon aftepletion of the null-type tests
clearly indicated that the water phase continuigtween the water in the soall
specimens and the water in the ceramic disk wadsnigan all cases. The measured
water pressures in the water compartment were fdonte less than the applied
chamber air pressures. The water pressure in ther s@mpartment showed a tendency
to increase for the specimens with higher wateteras.

13. The water phase continuity during null-type tesiald be improved by considering
various interfaces between soil specimens anddtrarac disk. However, the measured
suctions of soil specimens with interfaces werentbto be far smaller as compared to
the specimens that were tested without any intesfaDepending upon soil type and
initial compaction conditions, the matric suctiaduced by about 30, 60, and 55%
with interfaces as slurried kaolinite, slurry preggh from the soils, and a wet filter
paper.

14. The results from the null-type axis-translationtsegenerally agreed well with the
suction-water content SWCCs at higher water coatddbwever, with an increase in
matric suction, the null-type test results remaibhebtbw that of the SWCCs established
from the pressure plate tests. The measured nsafcions using null-type and contact
filter paper tests were found to be dissimilar. ldger, the measured matric suctions by
filter paper method agreed well with the SWCC rssulrhe differences between the
null-type results and both the pressure plate t®sand the filter paper results are
attributed due to the lack of water phase contynditring the null-type tests.

15. The total suctions determined by using techniqired e€mploy the vapour phase
equilibrium (i.e., non contact filter paper, chdlenirror dew-point, and desiccator
tests) were found to be similar.

16. Total suctions measured by the chilled-mirror desnp technique either by using
independent soil specimens with different waterteots or by using a single soll
specimen taken through a drying process from vegy kvater content were very
similar indicating that different experimental pedcires did not introduce any errors in

suction measurements.

240



REFERENCES

REFERENCES

Agus S.S. and Schanz T. 2004. Comparison of fotinmaks for measuring total suction. Vadose Zone
Journal. Special section: Soil Water Sensing. Soénce Society of America, Vol. 4, No. 4 : 1087-
1095.

Agus, S. S. & Schanz, T. 2005. Comparison of foethods for measuring total suction’, Vadose
Zone J 4, 1087-1095.

Agus, S. S. & Schanz, T. 2006. Discussion of P&aameters A_ecting Soil-Water Characteristic
Curves of Fine-Grained Soils by Thakur, V. K. Sd &reedeep, S. and Singh, D. N.', J. Geotech. and
Geoenvir. Engrg., ASCE 132(11), 1509{1510.

Aitchison, G. D. 1965. Moisture equilibria and ntar® changes in soils beneath covered areas/ A
symposium in print, G.D. Aitchison, Ed., Butterwwst Australia.

Aitchison GD, Richards BG (1965). A broad-scaledgtwf moisture conditions in pavement
subgrades throughout Australia. In: Moisture inssbeneath covered areas. Butterworths, Australia,
pp 198-204

Albrecht, B.A., Benson, C.H. and Beuermann, S. 2003ymer capacitance sensors for measuring
gas humidity in drier soils. GeotechnicalTestingdaij26(1):3-11.

Al-Khafaf, S. and Hanks, R. J., 1974. Evaluationhef Filter Paper Method for Estimating Soil Water
Potential. Soil Science, Vol. 117, No. 4, pp. 1899

Alonso, E.E., Gens, A., Hight, D.W., 1987. Spegiaiblem soils, general report, Proc. 9th ECSMFE
Vol. 3. Balkema, Dublin, pp. 1087-1146.

Alonso, E.E. & Pinyol, N.M. 2008. Unsaturated so#chanics in earth and rockfill dam engineering.
Unsaturated Soils: Advances in Geo-Engineeringe.Ptst European Conf. on Unsaturated Soils,
Durham, UK (ed. Toll, D.G., Augarde, C.E., GallipoD. & Wheeler, S.J.), Leiden: CRC
Press/Balkema, pp. 3-32.

Alwail, T.A., Ho, C.L. and Fragaszy, R.J. 1992. l@apte mechanisms of low cohesion compacted
soils. Bulletin of the Association of Engineering@ogists, XXIX(4), 345"353.

ASTM. 2002. D 422-63 Standard test method for plarsize analysis of soils.

ASTM. 2003. D 6836-02 Standard test methods foerd@hation of the soil water characterisitic
curve for desorption using hanging column, pressxteactor, chilled mirror hygrometer, and/or
centrifuge.

ASTM. 2007. E 104-02 Standard practice for maintgjnconstant relative humidity by means of
agueous solutions.

ASTM 2010a. D 4943-08 Standard test method fon&age factors of soils by wax method.

241



REFERENCES
ASTM. 2010. D 5298-10 Standard test method for mesment of soil potential (suction) using filter
paper.

Baker R., and Frydman S. 2009. Unsaturated Soil hifies: Critical Review of
Physical Foundations. Engineering Geology. 106326-

Barden L, Sides GR 1970. Engineering behavior dnettsire of compacted clay, J. Soil Mech.
Found. Div. ASCE 96(SM 4):11761200.

Barbour, S.L. 1998. Nineteenth Canadian Geotech@ofoquium: The Soil-Water Characteristic
Curve: A Historical Perspective. Can. Geotech53833—-894.

Baumgartl, T. and Kock, B. 2004. Modelling Voluménahge and Mechanical Properties With
Hydraulic Models. Soil Science Society of Americaichal, 68 1: 57-65.

Basma A.,and Tuncer E. 1992. Evaluation and CoofrGlollapsible Soils. Geotechnical Engineering
Journal, ASCE, Vol. 118, No. 10, pp. 1491-1504.

Benson, C. H., and Bosscher, P. J. 1999. Time-doneflectometryTDR) in geotechnics: A review.
ASTM special technical publication, 1350, 113-136.

Blatz J. & Graham J. 2000. A system for controlerttion in triaxial tests. Géotechniqusd (4),
465-469.

Blatz J.A, Cui Y.J. and Oldecop L., 2008. Vapouuitigrium and osmotic technique for suction
control. Geotech. Geol. Eng., Vol. 26, No. 6, : -6613.

Bishop, A. W., and Donald, |. B., 1961. The Expemtal Study of Partly Saturated Soil in the
Triaxial Apparatus. Proceedings of the 5th Intaomatl Conference on Soil Mechanics, Paris, July
17-22, Balkema, Rotterdam, The Netherlands, V@pl13-21.

Bocking, K. A., and Fredlund, D. G., 1980. Limitats of the Axis Translation Technique.
Proceedings of the 4th International ConferenceErpansive Soils, Denver, CO, June 16-18, D.
Snethen, Ed., ASCE, NY, Vol. 1, pp. 117-135.

Bowels J.E., 1979. Physical and Geotechnical Ptiggenf Soils. New York, McGraw-Hill Book.

Brasher, B.R., Franzmeier, D.P., Valassis, V. aadifson, S.E., 1966. Use of saran resin to coat
natural soil clods for bulk density and water rétammeasurements. Soil Sci. 101 : 108.

Braudeau, E., J.M. Costantini, G. Bellier, and Hll€uille. 1999. New device and method for soil
shrinkage curve measurement and characterizat@mnS&. Soc. Am. J. 63:525-535.

Bronswijk, J.J.B. 1991. Relation between verticail snovements and water content changes in
cracking clays. Soil Sci. Soc. Am. J. 55:1220-1226.

BS 1377-2. 1990. Soils for civil engineering pummsPart 2: Classification tests. British Standards
Institution.

BS 1377-4. 1990. Soils for civil engineering pumgmsPart 2: Compaction-Related Tests. British
Standards Institution.

242



REFERENCES

Buckingham, E. 1907. Studies on the movement dfnsoisture. Bulletin 38. USDA Bureau of sails.
Washington. DC.

Bulut, R. Lytton, R.L., Wray, W.K. 2001. Soil sumti measurements by filter paper. In:
Vipulanandan, C., Addison, M.B., Hasen, M. (edsp&nsive clay soils and vegetative influence on
shallow foundations, ASCE geotechnical specialipatibn no. 115. Houston, Texas, : 243—-261.

Bulut, R,, Hineidi, S. M., and Bailey, B. (2002)u&ion measurements-filter paper and chilled-mirror
psychrometer,” Proceedings Of The Texas Sectiof@f American Society Of Civil Engineers Fall
2002 Meeting, Waco, Texas.

Bulut, R., Leong, E. C. 2008. Indirect measurenwrduction. Geotech. Geol. Eng., Vol. 26, No.6,
633-644.

Bussiere, B., Aubertin, M., Chapuis, R. P. 2003e Hehavior of inclined covers used as oxygen
barriers. Can. Geotech. J., 40(3), 512-535.

Campbell, G. S. 1988. Soil water potential measergmAn overview. Irrig. Sci. 9:265-273.

Campbell, G. S., Smith, D. M., and Teare, B. L. 208pplication of a dew point method to obtain
the soil-water characteristic, Proceedings of theo8d International Conference on Mechanics of
Unsaturated Soils, BauhausUniversit at, Weimarn@ery, pp. 71-77.

Cardoso, R., Romero, E., Lima, A., and Ferrari,2807. A comparative study of soil suction
measurement using two different high-range psyckters, Proceedings of the Second International
Conference on Mechanics of Unsaturated Soils, Basshhniversit at, Weimar, Germany, pp. 79-93.

Cassel, D. K., and Klute, A. 1986. Water potenflansiometry, in A. Klute (Ed.), Methods of Soil
Analysis, Part 1 , Physical and Mineralogical Metho2nd ed., Soil Science Society of America
Proceedings, American Society of Agronomy, Madidtfh,

Chandler, R. J. and Gutierrez, C. |., 1986. ThdeFPaper Method of Suction Measurement.
Geotechnique, Vol. 36, No. 2, pp. 265-268.

Chandler, R.J., Crilly, M.S. and Montgomery-Smi@h, 1992. A low cost method of assessing clay
desiccation for low-rise buildings. Proceedingshef Institution of Civil Engineer,92(2):82-89.

Cornelis, W. M., Corluy, J., Medina, H., Diaz, Bartmann, R., van Meirvenne, M., and Ruiz, M. E.
2006. Measuring and modelling the soil shrinkagaratteristic curve, Geoderma, Vol. 137, No. 25, :
179-191.

C6té J., Konrad J. & M. Roy M. 2002. Influence odig size distribution and mineralogy of unbound
aggregates on soil-water characteristic curvegrde. 3rd conf. on unsaturated soils, Recife, Brazi
Vol.1 255-260.

Cresswell, H.P., Green, T.W. and McKenzie, N.J.&0the adequacy of pressure plate a:aratus for
determining soil water retention. SSSAJ, Vol. 78, 1.

Croney, D. and Coleman, J. D., 1948. Soil Thermadyins Applied to the Movement of Moisture
in Road Foundaitons. Proceedings, 7th Int. Congpl Adech., 3, 163 — 177.

243



REFERENCES

Croney D., Coleman J., and Lewis, W. 1950. Caloutabf the Moisture Distribution Beneath
Structures,” Cov. Eng. L., vol. 45, pp. 524.

Croney, D. and Coleman, J.D. 1954. Soil structareelation to soil suction (pF). Soil Science, Vol.
5, No. 1, :. 75-84.

Cui, Y. J. and Delage, P. 1996. Yielding and ptagiehavior of unsaturated compacted silt.
Géotechnique 46, : 291-311.

Cuisinier, O. and Masrouri, F. 2004. Testing thdrbynechanical behavior of a compacted swelling
soil. Geotechnical Testing Journal Vol. 26, No. 6.

Deka, R. N., Wairiu, M., Mtakwa, P. W., Mullins, €., Veenendaal, E. M., and Townend, J., 1995.
Use and Accuracy of the Filter-paper TechniqueMaasurement of Soil Matric Potential. Eur. J.
Soil. Sci Vol. 46, pp. 233-238.

Delage P, Audiguier M., Cui YJ, Howatt MD., 1996idsbstructure of a compacted silt. Can Geotech
J 33:150-158.

Delage, P., Howat, M. and Cui, Y. J., 1998. Thatiehship between suction and swelling properties
in a heavily compacted unsaturated clay. Eng. Géml.50, No. 1-2, : 31-48.

Delage, P., Marcial, D., Cui, Y. J., and Ruiz, X08. Ageing effects in a compacted bentonite: a
microstructure approach. Ge otechnique, Vol. 56,50 291-304.

Delage, P. 2006. Some microstructure effects orbéaviour of compacted swelling clays used for
engineered barriers. Chinese Journal of Rock Meckamd Engineering. Vol. 25, No. 4. : 721-732.

Delage, P. and Cui, Y. J. 2008. An evaluation of themotic method of controlling suction.
Geomechanics and Geoengineering: An Internatianahal 3, No. 1, : 1-11.

Delage, P. Romero, E. and Tarantino, A. 2008. Redevelopments in the techniques of controlling
and measuring suction in unsaturated soils. In tunsted Soils: Advances in Geo-Engineering — Toll
et al. (eds). Taylor and Francis Group, London.3:53. Delage P. and Remero R. 2008.
Geoenvironmental testing geotechnical and geolbgiugineering, Vol. 26, No. 6, : 729-749.

Dineen, K. and Burland, J. B. 1995. A new approtciosmotically controlled oedometer testing.
Proc. 1st Int. Conf. on Unsaturated Soils, Pard, ¥, : 459-465.

Fawcett, R. G. and Collis-George, N., 1967. A FiRaper Method for Determining the Moisture
Characteristics of Soil. Australian Journal of Esipental Agriculture and Animal Husbandry, Vol.
7, pp. 162-167.

Fleureau, J. M., Kheirbek Saoud, S., Soemitro, riel. Baibi, S. 1993. Behaviour of clayey soil on
drying-wetting paths. Can. Geotech J. Vol.30, :-298.

Fleureau, J. M., Verbrugge, J. C., Huergo, P. drréla, A. T. and Saoud, S. K. 2002. Aspects of the
behavior of compacted clayey soils on drying andting paths. Can. Geotech. J. Vol. 39, : 1341-
1357.

Feng, M., and Fredlund, D. G. 2003. Calibrationh&irmal conductivity sensors with consideration of
hysteresis, Canadian Geotechnical Journal, VoIN4O5, pp. 10481055.

244



REFERENCES

Fredlund, D.G. 1964. Comparison of soil suction and dimensional consolidation characteristics of
a highly plastic clay. M.Sc. thesis, UniversityAlberta, Edmonton, Alta.

Fredlund, D. G., and Morgenstern, N. R., 1973. Feressure Response Below High Air Entry
Discs,” Proceedings of the 3rd International Coeriee on Expansive Soils, Haifa, Israel, July 30—
August 1, Academic Press, Jerusalem, Vol. 1, ppl03.

Fredlund, D. G., and Morgenstern, N. R., 1977. sStr8tate Variables for Unsaturated Soils. J.
Geotech. Engrg., Vol. 103, pp. 447-466.

Fredlund, D. G., 1975. A Diffused Air Volume Indtoafor Unsaturated Soils. Can. Geotech. J., Vol.
12, No. 4, p. 533-539.

Fredlund, D. G., 1989. Soil Suction Monitoring RRoads and Airfields. Symposium on the State-of
the-Art of Pavement Response Monitoring SystemsRioads and Airfields, Sponsored by the U.S.
Army Corps of Engineers (Hanover, NH), March 6-9.

Fredlund, D.G., Rahardjo H. 1993. Soil mechanics @msaturated soils. Wiley-Interscience
Publications.

Fredlund, D. G., and Xing, A. 1994. Equations fbe tsoil-water characteristic curve, Canadian
Geotechnical Journal, Vol. 31, No. 3, pp. 521-532.

Fredlund, D. G., and Gan, J. K.-M. 1995. The cd@pnechanism of a soil subjected to one-
dimensional loading and wetting. Proceedings of @enesis and Properties of Collapsible Soils,
NATO Advanced Research Workshop, Loughborough, Ui, 468. pp. 173-205.

Fredlund, D. G. 2000. The implementation of unsdfd soil mechanics into geotechnical
engineering, The R.M. Hardy Address, Canadian Géaieal Journal, Vol. 37, No. 5, pp. 963-986.

Fredlund, D.G., Rahardjo, H. Leong, E.C. and NgV@®V. 2001. Suggestions and recommendations
for the interpretation of soil-water characterigtiaves. Proc. ™ Southeast Asian Geotech. Conf.,
Hong Kong. 1, : 503-508.

Fredlund, D.G. 2002. Use of soil-water character@irves in the implementation of unsaturated soil
mechanics. Proc. 3rd Int. Conf. Unsat. Soils, Red@fazil, Balkema, Rotterdam.

Fredlund, D. G., and Vanapalli, S. K. 2002. Shdength of unsaturated soils, in Agronomy Soil
Testing Manual, Agronomy Society of America, Madis@I, pp. 329-361.

Fredlund, D.G. 2006. Unsaturated Soil Mechanidsrigineering Practice. J. Geotech. Geoenv. Eng.,
132, No. 3, : 286-321.

Fredlund, D.G., Rahardjo H. and Fredlund M. D. 2Q008saturated Soil Mechanics in Engineering
Practice. Wiley-Interscience Publications.

Fredlund, D. G., Stone, J., Stianson, J., and S¥digeA. 2011.Determination of water storage and
permeability functions for oil sands tailings. Reedings of the Tailings and Mine Waste Conference,
Vancouver, BC, November 7-9.

Fredlund, D.G., and Houston, S. L. 2013. Interpi@btaof soil-water characteristic curves when
volume change occurs as soil suction is changed.

245



REFERENCES

Proceedings of the First Pan-Am Conference on Wnasiad Soils, UNSAT 2013, "Advances in
Unsaturated Soils", Editor: Bernardo Caicedo, Faty@20-22, pp. 15-31.

Frydman S. And Baker R. 2009. Theoretical Soil-W&haracteristics Curves Based on adsorption,
Cavitation, and Double Porosity Model. Internatiodaurnal of Geomechanics. ASCE. Vol. 9, No.6 :
250- 256.

Gan, J. K.-M., Fredlund, D. G., and Rahardjo, H889Determination of the shear strength
parameters of an unsaturated soil using the dafeear test, Canadian Geotechnical Journal, Vol. 25,
No. 8, pp. 500-510.

Gardner, W. R., and Widtsoe, J. A. 1921. The movemé&soil moisture, Soil Science Journal, Vol.
11, pp. 215-232.

Gardner, R. 1937. A method of measuring the capiti@nsion of soil moisture over a wide moisture
range. Soil Science. Vol. 43 : 227-283

Gee, G., Campbell, M., Campbell G., and Campbell1202. Rapid measurement of low soll
potentials using a water activity meter. Soil Sceefsociety of American Journal, Vol. 56, : 1068—
1070.

Gens, A., Alonso, E. E., and Lloret, A., 1995. Effef Structure on the Volumetric Behaviour of a
Compacted Soil. Proceedings of the 1st Internati@onference on Unsaturated Soils, E. E. Alonso
and P. Delage, Eds., Paris, September 6-8, Balkeateerdam, The Netherlands, Vol. 1, pp. 83-88.

Gibbs, H.F. Pore pressure and effective stresiintasts. Proc. "8 Annual Symposium on Eng.
Geology and Soils Eng., Idaho, USA.

Giraldez, J.V., Sposito, G., 1983. A general solume change equation: Il. Effect of load pressure.
Soil Sci. Soc. Am. J. 47, 422-425.

Greenspan L 1976. Humidity fixed points of binaryi@ous saturated solutions. J Res Natl Bureau
Stand Phys Chem 81(1):89-96

Gonzalez, N.A., and Colmenares, J.E. 2006. Inflaeot matric suction on the volume change
behaviour of a compacted clayey soil. Geotechr$palcial Publication, No. 147, Vol. 1, pp. 825-836.

Greacen, E. L., Walker, G. R., and Cook, P. G.,713valuation of the Filter Paper Method for
Measuring Soil Water Suction. International Confieee on Measurement of Soil and Plant Water
Status, pp. 137-143.

Grim R. E, 1968. Clay Mineralogy. McGraw-Hill, IncSecond Edition

Groenevelt, P.H., Grant, C.D., 2002. Curvaturehsfr&age lines in relation to the consistency and
structure of a Norwegian clay soil. Geoderma 135-245.

Guan, Y., and Fredlund, D. G., 1997.Use of TerSitength of Water for the Direct Measurement of
High Soil Suction,” Can. Geotech. J., Vol. 34, Mop. 604—-614.

Indrawan IGB, Rahardjo H, Leong EC 2006. Effectscoarsegrained materials on properties of
residual soil. Engineering Geology 82(3):154-164.

246



REFERENCES

Haines, W.B., 1923. The volume changes associaitdvariations of water content in soil.J. Agric.
Sci. Cambridge 13, : 293-310.

Hamblin, A. P., 1981. Filter-Paper Method for RastiMeasurement of Field Water Potential,”
Journal of Hydrology, Vol. 53, pp.355-360.

Harrison, B. A. and Blight, G. E., 1998. The EffaxdtFilter Paper and Psychrometer Calibration
Techniques on Soil Suction Measurements. Procegdhghe Second International Conference on
Unsaturated Soils, Vol. 1, International Academiblizhers, Beijing, China, pp. 362—-367.

Harrison, B. A., and Blight, G. E., 2000. A compan of in situ soil suction measurements.
Unsaturated soils for Asia, Singapore , H. Rahalddloll, and E. Leong, eds., Balkema, Rotterdam,
The Netherlands, 281-285.

Head, K. H., 1980. Manual of Soil Laboratory TegtiNolume 1: Soil Classification and Compaction
Tests, Pentech Press, London.

Hilf, J. W., 1956. An Investigation of Pore WataeBsure in Compacted Cohesive Soils,” Technical
Memo No. 654, US Bureau of Reclamation, Denver, CO.

Hillel, D. 1982. Introduction to Soil Physics, Aeadic press, New

Yor k.Himmel, M. E. and Squire, P. G. 1988. Sizelegion parameters. J. Chromatography Library
40, : 3-20.

Houston, W.N., Mahmoud, H. H., and Houston, S.R93 .A laboratory procedure for partial wetting
collapse determination. In Unsaturated Soils, $péseotechnical Publication No. 39. Edited by S.L.
Houston and W.K. Wray. ASCE, pp54-63.

Houston, S. L., Houston, W. N., and Wagner, A. M94. Laboratory Filter Paper Measurements.
Geotechnical Testing Journal, Vol. 17, No. 2, :-183.

lyer B., 1990. Pore water extraction-comparisosaifiration extract and highpressure squeezing, In:
Hoddinott KB, Lamb RO (eds.) Physico-chemical aspet soil related materials. ASTM STP 1095,
Philadelphia, 159-170.

Jasmund, K., and Mering, J. 1979. X-ray diffractioBata handbook for clay materials and other
non-metallic minerals, H. van Olphen and J. J.i&tj@ds. Pergamon, Tarrytown, N. Y.

Jennings J.E. & Knight K. 1957. The additional Isetent of foundation due to collapse of sandy
soils on wetting. Proc. 4th ICSMFE, 1 : 316-319.

Jury, W.A., W.R. Gardner, and W.H. Gardner. 199il ghysics. 8 ed. John Wiley & Sons, New
York.

Kezdi, A. 1980. Handbook of Soil Mechanics. Soil Tegti Vol. 2. Elsevier Scientific Publishing
Company, Amsterdam, Netherlands.

Khan, I.LH and Hasnain, S.I. 1981.Engineering prigerof Sabkha soils in the Benghazi plain and
construction problems"”, Engineering Geology, Vol.f¥175-183.

247



REFERENCES

Kim, D.J., Vereecken, H., Feyen, J., Boels, D. Brmhswijk, J.J.B., 1992. On the characterization of
properties of an unripe marine clay soil. 1. Shagek processes of an unripe marine clay soil in
relation to physical ripening. Soil Sci. No. 153,71-481.

Kim, K. J., Fane, A. G., Ben Aim, R., Liu, M. G.orkson, G., Tessaro, |. C., Broek, A. P. and
Bargeman, D. 1994. A comparative study of technigsed for porous membrane characterization:
pore characterization. J. Membrane Science Vol: 83;46.

Klute, A. 1986. Water retention: Laboratory methaadgthods of soil analysis, Part 1, Agronomy, A.
Klute. Ed., No. 9, 2nd Ed., American Society of &gomy and Soil Science Society of America,
Madison, WI, : 635 - 662

Krahn J. and Fredlund D.G. 1972. On total, matngd asmotic suction. Soil Science, Vol. 115, No. 5
: 339-348.

Krosley et al. 2003. Alternative encasement mdtéiaClod test. Geotechnical Testing Journal, Vol.
26, No.4.

Kurucuk, N., Kodikara, J., and Fredlund, D. G. 20Null-type axis-translation technique: Is it
applicable to soils with low degrees of saturatiBm@ceedings of the Fifth Asia-Pacific Conference
on Unsaturated Soils, Payatta, Thailand.

Lambe, T.W. and Whitman, R.V. 1969. Soil Mechaniz#in Wiley and Sons Inc.

Lang, A. R. G. 1967. Osmotic coefficients and waigtientials of sodium chloride solutions from 0 to
40 C. Australian Journal of Chemistry Vol. 20, 12e2023.

Lawton, Evert C.; Fragaszy, Richard J.; Hardcastéenes H. 1989. Collapse of Compacted Clayey
Sand. Journal of Geotechnical Engineering, 1151@52-1267

Lawton, Evert C.; Fragaszy, Richard J.; Hetheringtdark D. 1992. Review of Wetting-Induced
Collapse in Compacted Soil. Journal of Geotechritcafineering, Vol. 118, No. 9, 1376-1393.

Lee, R. K. C., and Fredlund, D. G. 1984. Measurdmérsoil suction using the MCS 6000 gauge,
Proceedings of the Fifth International Conference Expansive Soils, Institute of Engineering,
Adelaide, Australia, pp. 5®4.

Leong, E. C., and Rahardjo, H. 1997. A review dhwater characteristic curve equations, Journal of
Geotechnical and Geoenvironmental Engineering, ASG@E 123, No. 12, pp. 1106-1117.

Leong, E.C., He, L. and Rahardjo, H. 2002. Fac#ffscting the filter paper method for total and
matric suction measurements. Geotechnical Testagnal. Vol. 25, No. 3 : 322-333

Leong E.C., Tripathy S., and Rahardjo R. 2003. [Taation measurement of unsaturated soils with a
device using the chilled-mirror dew-point technigG&otechnique, Vol. 53, No. 2 : 173-182.

Leong, E.C., Tripathy, S. and Rahardjo, H. 2004nédified pressure plate apparatus. Geotech Test
J. Vol. 27, No. 3 : 322-331.

Leong, E. C., and Rahardjo, H., 2002. Soil-Waterar@btersitic Curves of Compacted Soils.
Proceedings of the 3rd International Conferencé&Josaturated Soils, Juca de Campos and F. A. M
Marinho, Eds., Recife, Brazil, pp. 271-276.

248



REFERENCES

Leong, E-C., Widiastuti, S., Lee, C.C. and Rahardjd. 2007. Accuracy of suction
measurements.Geotechnique, 57(6), 547-556.

Leong, E.C., Lee, C.C. and Low, K.Y., 2009. An weticontrol system for matric suction
measurement. Soils and Foundations, 49(5): 807-811.

Leong, E. C., Zhang, X. H., and Rahardjo, H. 2024libration of a thermal conductivity sensor for
field measurement of matric suction, Geotechnigfad, 62, No. 1, pp. 8185.

Likos, W. J. and Lu, N. 2002. Filter paper techeidar measuring total soil suction. Transportation
Research Record, 1786, :. 120-128

Lim, Y. and Miller, G. A. 2004. Wetting-Induced Cepnession of Compacted Oklahoma Soils.
Journal of Geotechnical and Geoenvironmental Erging, 130(10), 1014-1023.

Lloret, A. & Alonso, E. E. 1985. State surfaces ffar-tially saturated soils. Proc. 11th Int. Cddil
Mech. Fdn Engng, San Francisco, 2,557-562.

Lourenco SDN, Gallipoli D, Toll DG, Evans FD 20aBevelopment of a commercial tensiometer for
triaxial testing of unsaturated soils, Geotechnigpécial Publication No. 147, ASCE, Reston, Vol.
2:1875-1886.

Lourenco, S.D.N., Gallipoli, D., Toll, D.G., AugadC.E. and Evans 2008. Calibrations of a high-
suction tensiometeteotechnique 58, No. 8, 659-668.

Lourenco, S.D.N., Gallipoli, D., Toll, D.G., AugadC.E. and Evans, F. 2011. A new procedure for
the determination of the Soil Water Retention Canly continuous drying using high suction
tensiometers. Canadian Geotechnical Journal 4822)-335.

Likos, W.J., and Lu, N., 2002, Filter paper techmidor measuring total soil suction, Transportation
Research Record: Journal of the TransportationdelseBoard, No. 1786, TRB, Washington, D.C.,
pp. 120-128.

Lim, Y. Y., and Miller, G. A. 2004. Wetting-inducembmpression of compacted Oklahoma soils.” J.
Geotech. Geoenviron. Eng., 130 (10), 1014-1023

Lloret, A., Villar, M. V., Sanchez, M., Gens, A.jntado, X. & Alonso, E. E. 2003. Mechanical
behaviour of heavily compacted bentonite under Isigttion changes. Géotechnique 53, No. 1, 27-
40.

Lu, N. and Likos, W.J. 2004. Unsaturated Soil Metbs John Wiley and Sons Inc.

Malaya, C. and Sreedeep, S. 2010. An investigatiorinfluence of soil additives on tensiometric
measurements in soil. Journal of Environmental &e$eand Development, G.SEED, Vol. 5, No. 2,
pp. 300-307.

Marcial, D. Delage, P. and Cui Y. J. 2002. On tighlstress compression of bentonites. Canadian
Geotechnical Journal Vol. 39, No. 4, 812-820.

Marinho, F. A. M., 1994, “Shrinkage Behavior of Selastic Clays,” Ph.D. Thesis, University of
London.

249



REFERENCES

MARINHO, F. A. M.; PINTO, C.S. 1997. Soil suctionessurement using a tensiometer. Recent
developments in soil and pavement mechanics . Ritadeiro, p. 249-254.

Marinho, F. A. M., and Stuermer, M., 2000, “Thellieihce of the Compaction Energy on the SWCC
of a Residual Soil,” Advances in Unsaturated Sddgotechnical Special Publication No. 99, C.
Shackleford, S. L. Houston, and N-Y. Chang, EASCE, Reston, VA, pp. 125-141.

Marinho F.A.M. and Oliveira, O.M. 2006. The filtpaper method revised. ASTM Geotech Test J,
Vol. 29, No. 3 : 250-258.

Marinho, F. A. M., Take, W. A., and Tarantino, £008. Measurement of Matric Suction Using
Tensiometric and Axis Translation Techniques. @elwt Geologic. Eng., Vol. 26, pp. 615-631.

Marshall, R. J. 1979. Analysis of fundamentals afmpacted soils.genreal report, Proc. Sixth Pan-
American conf. Soil mech. Foundation engineering2g-348.

Matyas E.L. & Radhakrishna H.S. 1968. Volume chacokaracteristics of partially saturated soil.
Géotechnique, 18, 432-448.

McKeen, R. G., 1980. Field Studies of Airport Paeems on Expansive Soils,” 4th International
Conference on Expansive Soils, pp. 242-261.

McKeen, R. G. 1985. validation of procedures fovgmaent design on expansive soils. program
engineering and maintenance service, Federal Avistdministration,Washington, DC.

McQueen, I. S., and R. F. Miller. 1968. Calibratiand evaluations of a wide-range gravimetric
method for measuring moisture stress. Soil S&(3)R25-231.

McGarry, D., Malafant, KW.J., 1987. The analydiz@ume change in unconfined units of soil. Soll
Sci. Soc. Am. J. 51, 290-297.

Medero G.M., Schnaid F., Gehling, W.Y.Y., 2009, Oeeter behaviour of an artificial cemented
highly collapsible soil , J. of Geotechnical ando@&evironmental Engineering, 135(6), 840-843.

Miller, C. J., Yesiller, N., Yaldo, K., and MerayyaS., 2002, “Impact of Soil Type and Compaction
Conditions on Soil Water Characteristic,” J. GebteGeoenviron. Eng., Vol. 128, No. 9, pp. 733-
742.

Miller, C.J., Yesiller, N., Yaldo, K. and Merayya, 2002. Impact of soil type and compaction
conditions on soil water characteristic, JournalGaotechnical and Geoenvironmental Engineering
ASCE, 128(9), 733-742.

Miller, G. A., and Cleomene, E., 2007. Influence Babric and Scale on Wetting-Induced
Compression Behavior of Compacted Soils, Problengdils and Rocks and In Situ Characterization
(GSP 162) in Geotechnics Proceedings of Sessiofeobenver 2007 Denver, Colorado, USA, pp.
1-10.

Miller, G. A., Khoury, C. N., Muraleetharan, K. KLju, C., and Kibbey, T. C. G. 2008. “Effects of
Solid Deformations on Hysteretic Soil Water Chéagstic Curves: Experiments and Simulations,”
Water Resources Research Journal, Vol. 44, No. 5

250



REFERENCES
Mishu, L. P. 1963. Collapse in one-dimensional caosagion of compacted clay on wetting," thesis
presented to Purdue University, at West Lafayétig, in partial fulfillment of the requirementsrfo
the degree of Master of Science.

Mitchell, J., D. Hooper, and R. Campanella. 196&nkeability of compacted clay. Journal of Sall
Mechanics and foundation Division, ASCE 91:41-65.

Mitchell, J. K. 1993. Fundamentals of Soil Behavigmd Edition.

Money, N.P. 1989. Osmotic pressure of aqueous puoliene glycols — relationship between
molecular weight and vapour pressure deficits. tHduysiology. Vol. 91 : 766-769.

Mou, C. H., and Chu, T. Y., 1981, “Soil Suction Apach for Swelling Potential Evaluation,”
Transp. Res. Rec. Vol. 790, pp. 54-60.

Murray, E. and Sivakumar V. 2010. Unsaturated sdilsxdamental approach to interpretation of soil
behaviour. Wiley-Interscience Publications.

Nam, S.; Gutierrez, M.; Diplas, P.; Petrie, J.; Wae, A.; Lu, N.; Munoz, J.J. 2010.
Comparison of testing techniques and models fabéishing the SWCC of riverbanksoils
Engineering Geology, Volume 110, issue 1-2, p. 1-10

Navaneethan, T., Sivakumar, V., Wheeler, S.J. amdam 1.G. 2005. Assessment of suction
measurements in saturated clays. In: GeotechninginEering Proceedings, Institution of Civil
Engineers, Vol. 158, pp. 15-24.

Nelson, J. D. and Miller, D.J. 1992. Expansive sailproblems and practice in foundation and
pavement engineering. John Wiley and Sons, Inoy Kerk.

Noguchi, T. 2009. Comparison of major suction meamenttechniques used to determine the soil
water retention curves. MEng dissertation, Durhamvéksity, Durham, UK.

O’Brien. F.E.M. 1948. The control of humidity bytgeated salt solutions. Journal of Sci. Instrum.
Vol. 25 : 73-76.

Oliveira, O. M., and Marinho, F. A. M., 2008, “Simt Equilibration Time for a High Capacity
Tensiometer,” Geotech. Test. J., Vol. 31, No. 1,1pb.

Olson, R. E., and Langfelder, L. J., 1965, “Poret®/@ressures in Unsaturated Soils,” J. Soil Mech.
and Found. Div., Vol. 91, No. SM4, pp. 127-160.

Oloo S. Y., Fredlund D. G., and Gan J. 1997. Begacapacity of unpaved roads. Can. Geotech. J. 34:
398-407 .

Or, D. and Tuller, M. 1999. Liquid retention anderiacial area in variably saturated porous media:
upscaling from single-pore to sample-scale modelteResources Research. Vol. 35 : 3591-3605.

Padilla, J. M., Perera, Y. Y., Houston, W. N., dnagdlund, D. G., 2006.Quantification of Air
Diffusion Through High Air- Entry Ceramic Disks. deedings of the 4th International Conference
on Unsaturated Soils, S. L. Houston, G. A. Miller,G. Fredlund, and C. E. Zapata, Eds., Carefree,
AZ, GSP 147, ASCE, Reston, VA, Vol. 2, pp. 1852-3.86

251



REFERENCES

PALLAS, P. 1980. Water resourc. Socialist Peopfg'ab Libyan Republic. In Salem and Busrewille
(ed): The Geology of Libya. Ac. Press; vol. II.

Papagiannakis, A. T., and Fredlund, D. G. 1984.téady state model for flow in saturated-
unsaturated soils, Canadian Geotechnical Jourmmdl 21, No. 13, pp. 419-430.

Parker, J.C., D.F. Amos and D.L. Kaster. 1977. alwation of several methods of estimating soil
volume change. Soil Sci. Soc. Am. J., 41: 1060-1064

Patrick, P. K., Olsen, H. W., Higgins, J. D. 20@hmparison of chilled-mirror measurements and
filter paper estimates of total soil suction.” @sahnical Testing Journal Vol. 30, (5) 360-367.

Pereira, J. H. F., and Fredlund, D. G. 2000. Volwhange behaviour of a residual soil of gneiss
compacted at metastablestructured conditions, abuofi Geotechnical and Geoenvironmental
Engineering, ASCE, Vol. 126, pp. 907-916.

Peron, H., Hueckel, T. and Laloui, L. 2007. An imygd volume measurement for determining soil
water retention curves. Geotechnical Testing Jouxfa. 30, No. 1.

Petry, T. M. and Bryant, J. T. 2002.Evaluation asd of the Decagon WP4 dewpoint potentiameter,”
Proceedings of the Texas Section of the AmericacieBo of Civil Engineers Fall 2002 Meeting,
Waco, Texas, October 2-5, 2002.

Pufahl, D. E., 1970. Evaluation of Effective Str€smponents in Non-Saturated Soils. MSc thesis,
University of Saskatchewan, Saskatchewan, SaskaBask.

Péron, H., Laloui, L., Hueckel, T. & Hu, L. 2006xEerimental study of desiccatiarf soil. In Miller
et al. (eds.), UNSAT 2006: ASCE Geotechnical Speétidlication 147(1), pp 1073-1084.

Peron, H., Hueckel, T., Laloui, L. and Hu, L.B. 206undamentals of dessication cracking of fine-
grained soil : Experimental characterisation andhaaisms identification. Canadian Geotechnical
Journal 46(10), 1177-1201.

Pham, Q. H. (2005). "A volume-mass constitutive glotbr unsaturated soils". Ph.D. Thesis,
Department of Civil and Geological Engineering, Wmsity of Saskatchewan, SK, Canada.

Rahardjo, H. and Leong, E.C. 2006. Suction measem&snProc. 4th Int. Conf. on Unsaturated Soils,
Carefree, Arizona, Unsaturated Soils. Geotechi@palcial Publication 147. G.A. Miller, C.E. Zapata,
S.L. Houston and D.G. Fredlund (eds). ASCE, 1: 841

Rao, S. M., and Revanasiddappa, K. 2000. Role ¢rfierguction in collapse of compacted clay soil.
J. Geotech. Geoenviron. Eng., 126(1), 85-90.

Rampino C., Mancuso C. & Vinale F. 1999. Laborati®sting on an unsaturated soil : equipement,
procedures, and first experimental results. Cama@reotechnical Journal 36(1), 1-12.

Rampino C., Mancuso C. and Vinale F. 2000. Expertaiebehaviour and modelling of an
unsaturated compacted s@lan. Geot. J. 37p. 748-763.

Rassam, D.W. and Williams, D.J. 1999. A relatiopsthéscribing the shear strength of unsaturated
soils", Can. Geotch. J., 36, pp. 363-368.

252



REFERENCES

Richards, B. G. 1974. Behaviour of unsaturatedssail I. K. Lee (Ed.), Soil Mechanics—New
Horizons, American Elsevier, New York, pp. 112-157.

Ridley, A. M. and Burland, J. B. 1993. A new instent for the measurement of soil moisture
suction. Ge otechnique 43, No. 2, : 321-324.

Ridley, A. M., 1995. Discussion on ‘Laboratory EiltPaper Suction Measurements. by Sandra L.
Houston, William N. Houston, and Anne-Marie Wagh@&eotechnical Testing Journal, Vol. 18, No.
3, pp. 391-396.

Ridley, A. M., and Wray, W. K. 1995. Suction measuents: A review of current theory and
practices, in E. E. Alonso and P. Delage (Eds.)sdtirated Soils: Proceedings of the First
International Conference on Unsaturated Soils, sPdalkema, Rotterdam, Presse des Ponts et
Chaussees, pp. 1293-1322.

Ridley, A. M., Dineen, K., Burland, J. B. & VaughanP. R. (2003).
Soil matrix suction: some examples of its measurgrapd application in geotechnical engineering.
Geotechnique 53, No. 2,241-253.

Romero, E., 1999. Characterisation and thermo-hyurohanical behaviour of Unsaturated Boom
Clay: An Experimental Study. PhD thesis, Univetdialytecnica de Catalunya.

Romero, E. and Vaunat J.2000. Retention curvededbrmable clays. In A. Tarantino and C.
Mancuso (Eds.), Experimental Evidence and The@iefipproaches in Unsaturated Soils, Proc. Int.
Workshop on Unsaturated Soils, Trento, Italy,§p-106. Balkema: Rotterdam.

Romero E 2001. Controlled-suction techniques. lehliag WY, Schnaid F (eds) 4th National
Brazilian Symposium on Unsaturated Soils. ABMS,Zira35-542.

Romero, E., Gens, A. & Lloret, A. (2003). Suctidfeets on a compacted clay under non-isothermal
conditions. Ge otechnique 53, No. 1, 65-81.

Salager, S., El Youssoufi, M.S., and Saix, C. 2@Xperimental study of the water retention curve as
a function of void ratioln Computer Applications In Geotechnical Engineerifgoceedings of
Sessions of GeoDenver. Geotechnical Special Ptiblical57. (eds)T.C. Siegel, R. Luna, T.
Hueckel, and L. Laloui. American Society of Civihgineers, Reston, Va. pp-10.

Salager, S., Nuth, M., Ferrari, A., and Laloui,20,13. Investigation into water retention behaviolur
deformable soils. Can. Geotech. J. 50: 200—208.

Shackel, B.H 1973. Changes in soil suction in mdsday subjected to repeated triaxial loading.
Highway Research Record, No. 429, pp. 29-39.

Sibley, J. W., Smyth, G. K., and Williams, D. J990. SuctionMoisture Content Calibration of Filter
Papers from Different Boxes. Geotechnical Testmgal, Vol. 13, No. 3, pp. 257-262.

Skinner A, Hignett C, Dearden J (1997) Resurrectthg gypsum block for soil moisture
measurement. In: Australian viticulture, OctobenBimber 1997

Sillers, W.S. and Fredlund, D.G. 2001. Statistiaabessment of soil-water characteristic curve
models for geotechnical engineering, Canadian @Ghateal Journal, 38(6), 1297-1313.

253



REFERENCES

Simms, P.H. and Yanful, E.K. 2001. Measurement esttnation of soil-pore shrinkage in a clayey
till during Soil-Water Characteristic Curve TesBanadian Geotechnical Journal, 38: 741-754.

Shaw, B., and Baver, L. D. 1939. An electrothermathod for following moisture changes of the
soilin situ, Proceedings of Soil Science Society of America, Mobp. 7883.

Sivakumar, R. (2005). Effects of Anisotropy on Behaviour of Unsaturated Compacted Clay. PhD
thesis submitted to the Queen’s University of Bstlfa

Sivakumar, V. 1993. A Critical State Framework tmsaturated Soils. PhD thesis submitted to the
University of Sheffield, UK

Sivakumar, V. and Wheeler, S. 2000. Influence ohpaction procedure on the mechanical behaviour
of an unsaturated compacted clay. Part 1: Wettimdyisotropic compression. Géotechnique 50 (4),
359-368.

Sivakumar, V., Tan, W.C., Murray, E.J. and McKinldyD. 2006. Wetting, drying and compression
characteristics of compacted clay, Geotechniqu@,)567—-62.

Soilmoisture Equipment Corporation, 2011. Comméiizblications, Operating Instructions for the
5 Bar Pressure Plate Extractor, Soilmoisture EgemmCorporation, Santa Barbara, CA,
www.soilmoisture.com

Sreedeep, S. and Singh, D.N. 2005. A study to tigate influence of soil properties on its suction.
Journal of Testing and Evaluation, 33(1), 579-584.

Sreedeep, S. and Singh, D. N. 2011. A criticaleevdf the methodologies employed for soil suction
measurement. International Journal of GeomechaABEE, Vol. 11, No. 2, pp. 99-104.

Sudhakar, M.R. and Revanasiddappa, K. 2000. Roleatfic suction in collapse of compacted clay
soil, Journal of Geotechnical and Geoenvironmdatajineering, ASCE, 126(1), 85-90.

Sugii, T., Yamada, K. and Kondou, T. 2002. Relaldip between soil-water characteristic curve and
void ratio. Unsaturated SoilsProc. 3rd Int. Conf. On Unsaturated Soils (UNSATO2)) Recife.
Brazil (ed. Juca. J.F.T., de Campos. T.M.P., andriia. F.A.M.), Vol. 1, 209-214.

Sun D.A., Sheng, D.C., Cui, H.B., and Li, J. 20@fect of density on the soil-waterretention
behaviour of compacted soil. Geotechnical SpeaibliBation, No. 147, Vol. 2, pp. 1338-1347.

Swarbrick, G. E., 1995. Measurement of Soil Suctitsing the Filter Paper Method. Unsaturated
Soils: Proceedings, 1st International ConferencdJoraturated Soils, A. A. Balkema, Rotterdam,
Netherlands, pp. 653—658.

Sweeney, D. J. 1982. Soriresitu soil suction measurements in Hong Kong residual soil slopes,
Proceedings of the Seventh Southeast Asia Geotadl®onference, Hong Kong, Vol. 1, pp-206.

Tadza, Y. 2011. Soil-water characteristic curved sirinkage behaviour of highly plastic clays: an
experimental investigation. Ph.D. thesis, Dep. ofl&ng., Cardiff University.

Tang A.M. and Cui Y.J. 2005. Controlling suction the vapor equilibrium technique at different
temperatures and its application in determiningwheer retention properties of MX80 clay, Canadian
Geotechnical Journal, 42: 287-296.

254



REFERENCES

Tadepalli, R., and Fredlund, D. G. 1991. The caéapehaviour of a compacted soil during
inundation, Canadian Geotechnical Journal, Vol p#8,477—488.

Tarantino, A. and Mongiovi, L. 2000. A study of tefficiency of semi-permeable membranes in
controlling soil matrix suction using the osmoechnique. Unsaturated Soils for Asia, : 303-308.

Tarantino, A. & L. MongiovR003.Calibration of tensiometer for direct measuremehmatric
suction. Géotechnique, 53(1): 137-14.

Tarantino, A., and Tombolato, S., 2005. Coupling hyfdraulic and mechanical behaviour in
unsaturated compacted clay. Géotechnique, VoINB54, pp. 307-317.

Tarantino, A., Gallipoli, D., Augarde, C.E., De Gamo, V., Gomez, R., Laloui, L., Mancuso, C.,
McCloskey, G., Munoz, J., Pereira, J-M., Peron,Rispni, G., Romero, E., Raveendiraraj, A., Rojas,
J.C., Toll, D.G., Tombolato, S. and Wheeler, S.1220Benchmark of experimental techniques for
measuring and controlling suction. Géotechnique &) No. 4: 303-312.

Tariq, A.-R., and D.S. Durnford. 1993. Analyticalyme change model for swelling clay soils. Soil
Sci. Soc. Am. J. 57:1183-1187.

Taylor, J.E. and Box, S.A. 1961. Influence of caoinfg pressure and bulk density on soil water matrix
potential . Soil Science, Vol. 91, pp. 6-10.

Terzaghi, K. 1943. Theoretical Soil Mechanics, Wildew York.

Terzaghi, K., R., Peck, B. and Mesri, G. 1996. Stdchanics in Engineering Practice. John Wiley
and Sons, Inc., New York,

Thakur, V. K. S., Sreedeep, S., and Singh, D. N062Q.aboratory investigation on extremely high
suction measurements for fine-grained soils, Genteahand Geological Engineering Journal, Vol.
24, pp. 565-578.

R. THOM, R. SIVAKUMAR, V. SIVAKUMAR, E. J. MURRAY ad P. MACKINNON, 2007. Pore
size distribution of unsaturated compacted kaothe initial states and final states following
saturation. Geotechnique, Vol. 57(5), No. 5, 0672Q0 469-474.

Thu, T.M, and Fredlund, D.G. 2000. Modelling suleside in Hanoi City area, Vietham. Canadian
Geotechnical Journad/(7) : 621-637.

Tinjum, J.M., Benson, C.H. and Blotz, L.R. 1997.l8ater characteristic curves for compacted
clays. Journal of Geotechnical and GeoenvironmEnglineering Vol. 11, :1060-1069.

Toker, N. 2002. Improvements and reliability of Mt&nsiometers and studies on soil moisture
characteristic curves. PhD Massachusetts Institifeechnology.

Toll, D.G. 1999. A data acquisition and control teys for geotechnical testing. Computing
Developments in Civil and Structural Engineeririgglited by B. Kumar and B.H.V. Topping,
Edinburgh, pp.237-242.

Topp, G. C., Davis, J. L., and Annan, A. P. 198@:ciEomagnetic determination of soil water
content: Measurements in coaxial transmission lidéster Resour. Res., 16, 574-582.

255



REFERENCES

Topp, G.C., Y.T. Galganov, B.C. Ball, and M.R. @art1993. Soilvater desorption curves. p. 569—
579.In M.R. Carter (ed.) Sosampling and methods of analysis. Lewis Publishiens, Arbor, MI.

Tripathy S., Leong E.C., Rahardjo H. 2003. Totaltisun measurement of unsaturated soils with a
device using the chilled-mirror dew-point technigGeotechnique , 53 (2): 173-182

Tripathy, S., Leong, E. C., and Raharadjo, H. 2B808tion of Compacted Residual Soils.
Proceedings of International Conference 'From Eixpental Evidence Towards Numerical
Modelling of Unsaturated Soils,” T. Schanz, Ed.pteeber 18-19, 2003, Weimar, Germany,
Springer Proce edings in Physics, Vol. 93, SprinBerlin, Vol. 1, pp. 111-122.

Tripathy, K.S., Subba Rao, K.S. and Fredlund, 2@)2. Water content — void ratio swellshrink
paths of compacted expensive soils. Can. GeotettalJ39, : 938-959.

Tripathy, S., Sridharan, A., and Schanz, T. 2004elihg pressures of compacted bentonites from
diffuse double layer theory. Can. Geotech. J. ¥b].437-450.

Tripathy, S. and Schanz, T., 2007. Compressibiéldviour of clays at large pressures. Canadian
Geotechnical Journal 44, : 355-362.

Tripathy S, Bag R, Thomas HR, (20100. Desorptiol @onsolidation behaviour of initially
saturated clays. Proceedings of 5th Internationalf€ence on Unsaturated So881-386

Tripathy S, Elgabu H., and Thomas HR, 2012. Madtiction measurement of unsaturated soils with
null-type axis-translation technigue. Geotechnicadting Journal , 35 (1) (2012)

Vanapalli, S. K. 1994. Simple Test Procedures ahdirTInterpretation in Evaluating the Shear
Strength  of Unsaturated Soils. Ph.D. thesis, DipCivil Eng., University of Saskatchewan,
Saskatoon, Canada

Vanapalli, S.K., Fredlund, D.G., Pufahl, D.E. aniiftén, A.W. 1996. Model for the Prediction of
Shear Strength with Respect to Soil Suction. Caut€th. J. Vol. 33, : 379-392.

Vanapalli, S.K., Fredlund, D.G., and Pufahl, D.B®98. Unsaturated shear strength behavior of
compacted soils in drained and undrained loadimglitions. Proceedings of the Second International
Conference on Unsaturated Soils, August 27-30, 1B@ding, International Academic Publishers,
Vol. 1, : 161-166.

Vanapalli, S.K., Fredlund, D.G. and Pufahl, D.E9Q29The influence of soil structure and stress
history on the soil-water characteristics of a cantpd till. Geotechnique Vol. 49, No. 2, : 143-159.

Vanapalli, S. K., Sharma, R. S., and Nicotera, M, 2008. Axis-translation and negative water
column techniques for suction control,” Geotecholdgic. Eng., Vol. 26. pp—645.

van Genuchten, M. T. 1980. A closed-form equation gredicting the hydraulic conductivity of
unsaturated soils, Journal of Soil Science Socitymerica, Vol. 44, pp. 892—-898.

Villar O.M., Rodrigues R.A., 2011. Collapse behari@f soil in a Brazilian region affected by a
rising water table. Can Geotech J., 48, 226-233.

256



REFERENCES
Walker SC, Gallipoli D, Toll DG 2005. The effect sfructure on the water retension of soil tested
using different methods of suction measurement. Ihternational symposium on advanced
experimental unsaturated soil mechanics, Trent®383

Wan, A. W. L., Gray, M. N., and Graham, J. 1995.®a relation of suction, moisture content, and
soil structure in compacted clays, Proceeding ef First International Conference on Unsaturated
Soils, UNSAT-95 , Paris, pp. 215-222.

Warr, L. and J. Berger 2007. Hydration of bentoritenatural waters: Application of "confined
volume" wet-cell X-ray diffractometry. Physics a@themistry of the Earth. Vol. 32, No. 1-7 : 247-
258.

White, N. F., Duke, H. R., and Sunada, D. K. 1978ysics of desaturation in porous materials. J.
Irrig. Drain. Eng., 96(2), 165-191.

Wheeler SJ & Karube D. 1996. Constitutive modelliimy Unsaturated Soils (Alonso EE & Delage P,
eds), Balkema, Rotterdam, vol.3, pp. 1323-1356.

Wheeler, S. J., and Sivakumar, V. 1995. An elatdstjg critical state framework for unsaturated
soil, Geotechnique, Vol. 45, No. 1, pp. 35-53.

Williams, J. and Shaykewich, C. F. 1969. An evahrabf polyethylene glycol (P.E.G.) 6000 and
P.E.G. 20000 in the osmotic control of soil wateatmc potential. Can. J. Soil Science 102, No. 6,:
394-398.

Yang, H., Rahardjo, H. and Fredlund, D.G. 2004 &iactaffecting drying and wetting soil-
watercharacteristic curves of sandy soils. Can&katechnical Journal , 41(5), 908-920.

Yang, C., Sheng, D. and Carter, J.P. 2012. Effédtydraulic hysteresis on seepage analysis for
unsaturated soils. Computers and Geotechnics,64563

Yong, R.N. and Warkentin B.P. 1966. Introductiorstidl behaviour. The Macmillan Company, New
York.

Yong, R.W., and Warkentin, B.P. 1975. Soil progstand behaviour. Elsevier Scientific, New York.

Young, J.F. 1967. Humidity Control in the laborgtasing salt solutions - a review. J. Appl. Chem.,
Moscow, v. 17, p. 241-245.

Yu, X., and Drnevich, V. P. 2004. Soil water coritend dry density by time domain reflectometry. J.
Geotech. Geoenviron. Eng., 1309, 922-934.

Zielinski, M., Sanchez, M., Romero, E., and Senteria 2011. Water Retention Behaviour of an
Embankment Model. Geo-Frontiers 2011: pp. 3566-3575

Zur, B. 1966. Osmotic control the matrix soil wapetential: 1. Soil-water System. Soil Science. Vol
102 : 394-398.

257



258



