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ABSTRACT

HYDRO-MECHANICAL BEHAVIOR OF UNSATURATED SPECIMENS
ISOTROPICALLY RECONSTITUTED FROM SLURRY AND
COMPACTED SPECIMENS

AhmadiNaghadehReza
Ph.D.,Department of Civil Engineering
SupervisorAssist. ProfDr. Nabi Kartal Toker

January 2016328 pages

Respmse of unsaturated soils constitutes an important consideration for many
problems in geotechnical engineering. The main objective of this study is to
understand coupling hydimechanical behavior of the unsaturated reconstituted
specimens from slurry and aisttamped compacted specimen, and to develop
practical and costffective testing equipment and procedure. The innovations that
will be put forth by this study will make the unsaturated soil mechanics more

accessible and appealing to those practicalneegs working.

A prediction type exponential equation is introduced to predict the shear strength of
the unsaturated soil. Equation involves three constant parameters. Two of which are
effective shear s t’ raedrc’gdarh be pletarnsinedarbughr s (i
conventional saturated shear strength tests). The third parameter is ultimate shear
strength@ | , introducedin this study, which can be determined throusgiil-

water characteristic cur&SWCQ. The proposed equation was validated tgtou
laboratory tests conducted. In addition, validity of the equation is investigated

regarding test results of fitgpes ofsoils published in the literature.dinparison on



prediction of shear strength was performed between propegeationand six
published shear strength equations.

Within the scope of experimental studies, the existing testing equigeng¢nmated

the triaxial setupwas modified to be able to perform the unsaturated soils tests
(whichrequirematric suction control, volume change measuents) and to measure

the SWCCof the soill.

A novel procedure is developed to measure the total volume change of the saturated
and unsaturated soils in triaxial testing. The principle of the proposed method is based
on cell fluid volume measurements amted by the assumption of viscoelastic
behavior for the triaxial setup. Calibration and parameter determination procedures
of the model are devised, and the presented model is implemented into a MATLAB
code. The performance of the proposed method is atalidthrough a series of
consolidated draine@CD) triaxial tests on saturated specimens, by comparing the
changes in volume measurement of proposed method and conventional measurement
(pore fluid inflow/outflow). The accuracy in volume measurement during
consolidation and shear stages of these tests was bedv@8erD.22 cn?¥, which is

on par with or better than more complex and expensive alternatives found in the
literature. Repeatability of the proposed technique in measurement of the volume
change waalso investigated throughsetof identicalsuction controlled unsaturated

soll tests.

A new procedure for preparation of specimens isotropically reconstituted from slurry
is developed for use in both saturated and unsaturated soil testing. The uniédrmity
the specimen (regarding void radio), segregation and repeatability was investigated
to confirm the performance of the method. New preparation method rasalts
homogenous specimen, whichsa simple structure and stress history. The strength
and wlumetric behavior of specimens prepared by the introduced method are
compared with those @fpecimens that armaoisttamped compacteas well aone
dimensionally reconstituted from slurdyy performing consolidated drained (CD)
triaxial tests.

A comprehensive laboratorgased study has been carried out, it modified
triaxial setup, to investigate the effects of matric suction and suction history (drying
wetting) as well as net mean stress on shear strength of-tanoised compacted

Vi



specimensand specimens isotropically reconstituted from sluifipe results show
thatthe shear strength the studiedsoil increases nonlinearly at a decreasing rate
toward an asymptotic value as suction increasés. response of the specimens
change from stradhardening in saturated condition to straoftening as suction
increases. For the same net confining stress, specimens with higher suction values
reach a peak deviator stress at lower axial strain. In general, it is fourtdtéiat
volumetric deformatiorbehavior became more dilative as the suction increases.
Stiffness and maximurshear strengtlarefound to depend on the direction of the
suction path (wetting or dryingivhere pecimenson the drying patlexhibit higher
shear strength anstiffness for a gien suctionthan those on the wetting path.
However, shear strengthtimecritical state isound to bendependent of theirection

of the suction pathFor a given net confining stress and suctittmqugh drying or
wetting pathsypecimen approachegritical state.

For the entirgestingrange of suctiorfO - 400 kPa) it was found that specimens

the wetting pathreach a peak deviator stress at lower axial strain than those at the
same suction and net confining streeghe drying path. During sheng,for a given

net confining stress and sucti@mecimen®n the wetting patkxhibit more dilative
behavior thanthose on the drying pathThe laboratory test results were also
interpreted under elasygastic frameworkFor MT compacted specimensglined
semtelliptical yield curves were fitted to each series of constant suction yield points.
The inclination of the yield locus was attributed to inherent anisotropic nature of the
onedimensionally compacted specimens. For IRS specimens, an ellipiba
surface with the axis of net mean stress as the major axis were fitted successfully to
yield points. For both MT and IRS, it was shown that, the size of the yield locus is
suction dependent and expands as the suction incrdasedRS specimens i
drying-wetting theshape (elliptical) of thgield lod remain unchanged independent

of suction history. However, specimens wattirying-wettingcycle have largeyield

locus.

Keywords: unsaturated soil, shear strength, triaxial veime change

measurement, viscoelasticisiurry consolidation
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NUMUNE ¢AMURUNA KZOTROPKK GERKLME UYGU
SI KI kTI RMA. Y¥NTEMLERK KLE OLUKTURULAN S
OLMAYAN NUMUNELERKN HKDROMEKANKK DAVR

Ahmadi Naghadeh, Reza
Dokt ora, Knkaat M¢hendisliji BS°
Tez Yoneticisi: Yrd. Dog. Dr. Nabi Kartal Toker

Oc& 2016,328 sayfa

Suya doygun ol mayan zemin davranékeée bir -
°nem tekkil eder. Bu -alékmanén ana amac:
neml. i numuneden sékéektérma ile olukturu
hidrome k ani k davranéekeéne anl amakt ér v e pro
y°nteml eri gel i ktirmektir. Bu -al ékma il
ol mayan zemin mekaniiji konseptini m¢ henc
k ul | an édazplhalel getirecektie

Suya doygun ol mayan zeminin kayma dayaneée
bir denklem ©°neril miktir. Denkl em ¢ - ad
parametreden i ki si standart Ssuyanedoygun
ef ektif kayma day anénmnd. Uglacii pareenetre dsk du i di r

-al ekxkmada ortayau kloygmudlamne riasntegiekenr eajkr ied id ek

maksimum emmé&ohezyon (Cmay par ametresidir. ¥neriler
yuratilenlalm r at uvar deneyl er i il e teyit edi | mi
bek farklée zeminden el de edilen deney so



araktereéel méktér. ¥nerilen kayma dayanéemée der
alte adeatyaknegymza denkl emi nin tahminler.i kar Kk é|
Deneysel -al ekxmal ar kapsaménda, suya doygu
yapél abil mesi i -in gerekl:i matri k emme kon
i Kl evlieri yerine gesbsukaebelt esekkve]jzieminin %k
sajl ayacak «kekil de, mevcut ¢- eksenli deney

eksenli kesme deneylerinde suya doygun ve suya doygun olmayan numunelerin

toplam hacim dejikiminin °I|-¢lOedennde yeni

y°nt em, (.- eksenli deney aletinin viskoel as:
suyu hacmi °l -¢mlerine d¢zelt me yap mak Pl
parametre belirleme y°ntemler:i tasarl anmeécx

kodu hmegeret €n. ¥neril en y°nt emi n ge-er | il i
kull anél arak yapélan konsolidasyonlu drenaj|l
y°ntemle yapeélan hacim deji Ki mi ol - ¢ml er i S

suyu giri«k ve )-ée&klekenéemi °Pén ¢Ihmesim deji Ki mi

karkel akt érélarak incelenmiktir. Konsolidasy
°l - ¢mlerindeki hat a payeé, l' i teratg¢rde bul u
alternatiflere e®DBt-02enyar adsaéhrad a dyér .k eAyirl écea ,
deji kimi °lI-¢m¢g i -1in °nerilen teknijin tekra
doygun ol mayan zemin deneyl eri il e 1T ncel enmi

Hem suya doygun hem de suya doygun olmayan zemin deneylerinde kullanmak tizere

numunecamwrna i zotropik geril me uygulamaya dayan
y°nt emi gel i ktirilmiktir. Y°nt emin géceng ot
olarak numune ¢niformluju, segregasyon ve te

Yeni numun e ntéma ite daskt Birmekreyya®p € ya ve geril me ge-|

sahip homojen numuneler elde edilebil mekted
numunel erin dayaném ve hacimsel davranéxkl ar é
eksenli deneyl erie yagkd katr éarka rt aakk maey aa nmau mu n e
boyutl u konsol i de edil erek ol ukturul an nu
davranéxklaré ile karkélakteéereéel méxtér.

Modi fiye ¢- eksenli deney d¢zeneji- il e matri
ésl anma) veenet momitm|l amakmak|l ama il e séekeéext
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una i zotropik geril me uygularak ol u
i nin incelendif7i k aps amlEg&e ddiern dene
l ar , -al ekmal ar@da dleylah@améham =2emien
k-a dojrusal ol mayan ve azalan bir
rmi ktir. Numunel erin davranéxkeée, S
nekéndan emme geril mesi artedek-a yu
net geril me dejeri -1 n, emme geril
Kekil deji ktirme dejerlerinde nih

olarak toplam haci msel def or masyon

atasyon ger-eklexktirmiktir. Sertlifji

> S =

-

me s i y°n¢gne (éslanma veya kuruma)

me s i dejerinde kuruma y°n¢gnde ol an
| a daha yfmeaz ldaa ysaenrétméi kg °vset ekad i J i ort e
k durumdaki kayma dayanémé dejerini
u g°zlenmi ktir. Numunel er , bel irli

kuruma y°n¢nde)y akejnesraimmedkd akrrdiétri.k du
erde uygulanmék tQg-mO0e@mnkPagerii-linre s é
deki numunel er ayne emme geril mesi

de ol an numunel er e go°re daha de¢ K¢

|l eriWeéei yabh&r geril me dejerine ul ack
geril mesi dej eri i -in éslanma y°ng.l
kesme i kKl emi sérasénda daha fazl a
a bir el aptsameéeasdgtai kdefhedeélend&i ri | mi K
térélmek (TS) numuneler i -in ejimli,
noktal aréna yerlexktirilmiktir. Akma
l anmék numuuneberl a Bahigbtlrepdkr ol mi
ama y°nt emi (KGU) il e olukturul muck
ol acak «kekilde olukturul muk el i pt]
| aréna yerl ekt i r indbmanelert icinrakmaHbé@gesi TS h ¢
l ¢J ¢énéegn emme geril mesine bajlé ol di
sinin de geniklediji g°sterilmicktir
emme geril mesi tari h-esi kidebptk) baj] & ms
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sabit kal maktadeér . Ancak ésl anma kuruma -ev

b¢yéek akma b°l gesine sahip olduju ortaya - ékKk
Anaht ar Kel i mel er: Suya doygun ol mayan zem
deneyi, haci m skeefastik numune Garhwue m¢ , Vi
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CHAPTER 1

INTRODUCTION

Terzaghi 6s ef f e ¢1025)voe in sther veods the classical isqgil | e
mechanics igormulated based on the twhase media assumption (either totally
saturated or completely dry soil). In the light of thienplistic and conservative
design, the assumptionof total saturation isstill being adopted bypracticing
engineersHowever, in met of thegeotechnical projectengineers encounter soils

in partially saturated conditiorsoils in the field could be subjected to changes in
degree of saturation (i.e. wetthalgying cycles) owing t@limate and environmental
variation orhuman activiy. The bearing capacity (strength and deformability) could
be considerably affected by these variatiand cause significant problems especially

in projects includingexpensive and collapsible soils, slope stability and landéills.

of thesedeviationdrom the conventional theorpakes it necessary to understand the
behavior of the unsaturated sotis predict and prevent natural instabilities.

In the case of partially saturated soils, total volume of soil mass should be considered
as a thregohase sytem (solids, water and gas). Therefore, the-plase effective

stress princife is not valid for partially saturated soil.

1.1 Problem Statement

1 Complexity and cost of unsaturated soil testing equipment have made it
difficult to enter among the common equigmt of soil mechanics lab and
geotechnical practice, limiting it just to research institutions. In conventional
testing of saturated soils (assuming soil particles and pore fluid are
incompressible) volume change can be measured by monitoring the inflow or
outflow of pore water from the specimen. However, such techniques are not

applicable to unsaturated soils, which have both air and water phases in their
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pores, as a portion of the volume change happens due to the compressibility,
dissolution, and inflow ooutflow of the air phase. Even in a saturated triaxial
test, duringhe backpressumaturation stage, the specimen is unsaturated and
its volume may change significantly due to swelling or collapse. Measuring
this volume change at this stage, for furttmlculation (such as area
correctionor void ratio during shegris crucial. However, volume change in
unsaturated specimens is not measuraieept with researefrade
modification setups

The stresstrain behavior of lowplastic silts has not bedanvestigated as
thoroughly as clays and sands. Generally, silty soils have been considered to
behave either as sands or as clays. In addition, most of the constitutive models
are developed based on the lab testing of clays ands samdwith the
assumptionof isotropic behaviorThis can be attributed somewhat ttee
difficulty such soils present inbtaining intact samples or reconstituting
uniform specimesito simulate the field condition.

As far as unsaturated soil mechangconcerned, the past tweahdes have
seen increasingly rapid advances in both constitutive modeling and laboratory
study. However, most of these achievements are obtained in the light of
compacted specimenSheng eal. (2008)have raised unanswered quession
about behavior and moliiey of specimes dried orconsolidated from the
initial state oslurry.In theliterature on unsaturated soil testitigere ar@nly

a few studieshat had been conducted @pecimenseconstituted from the
slurry (Jenningsand Burland 1962 Cunningham et al. 2003This is due to

time requirementand difficulies in preparing and desaturating slurry
specimens.

Generally, reconstituted specimens are preparedlionensionally and then
subject to isotropic pressure in the hope that it will erase the precedent loading
history. However, this procedure can leaditoomplex stress history in the
specimen.

Estimating shear strength of a soil element in most of theegeoical
projects is inevitableThe shear strength of saturated soils is well defined

through the effective stress concept in classical soil mechanmsever,
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despite impressive advances in unsaturated soil meshamanswered
questionsstill exist from both theoretical and experimental powit view.
Presence of the air phase in unsaturated soil brings eoakld difficulties

to both labmeasurments, and formulation of the shear strength. To predict
the shear strength of unsaturatedsstifferent methods have been developed
and reported in literaturélowever there isstill room for further elaboration

andmodel enhancements.

1.2 Objective and Sope of the Research

The main objective of this study is to understand and compare thesddwyplro-
mechanical behavior of the unsaturated reconstituted specimens from slurry and
moisttamped compacted specimens, and also to develop practical amedffeciste
testing equipment and procedures.
In line with the objective, the present study involves three mais: part
1. Developing and modifying testing setup and procedures to perform saturated
and unsaturated soil tests:

A Developing novel method to measure tbil volume change of the
saturated and unsaturated soils in triaxial testing.

A Modifying the existing triaxial setup to be able to control and induce
desired values of matric suction using axis translation technique

A Developing a procedure to prepare iepically reconstituted
specimens from slurry for use in both saturated and unsaturated soil
testing.

2. Theoretical approach:

A literature review on unsaturated soils shear strength equations, and
evaluating their predictions by comparisons between predictgd a
measured values,

A Developing a equation topredictshear strength of the unsaturated
soils,

A Validate the proposed equation through laboratory tests performed in

this study,



A Validate the proposed equation through the results of the laboratory

testson oter soilspublished in the literature.
3. Performing laboratory tests on both reconstituted specimens from slurry and
moisttamped compacted specimens:

A A series of constarguction CD triaxial tests on reconstituted
specimens from slurrp investigate thefeects of matric suction and
net confining stress on shear strength, and volumetric behavior of
unsaturated soils

A A series of constarguction CD triaxial tests on reconstituted
specimens from slurry with dryirgettingto investigate the effect of
hydradic hysteresis

A A series of constarduction CD triaxial tests on moitimped
compacted specimengo investigate the effects ofpecimen
preparatioron shear strength, and volumetric behavior of unsaturated
soils

A Obtaining SWCC of the soil (both recoitisted specimens from slurry
and moisttamped compacted specimens) with hysteresis (drying and

wetting paths)

1.3 Outline of the Thesis

The overall structure of the study takes the formtewf chapters, including this
introductory chapter. Each chapter invedva separate section which provides a

pertinent literature review. Therefore, a separate chdpé&trcontains the entire

ALiterature Revi ewo0 chaptemtwdproydeseasdetailéde d .

background and reviews the fundamental concegtsunsaturated soilsand
viscoelasticity In addition, a background review of constitutive models of
unsaturated soils is also provided.

The third chapter is concerned with the Theoretical approach of the study. A
literature review on unsaturated soils sheaergfth equations is presentéethe
development of theroposed shear strength equatidos unsaturated soils is

presente@nd parameter determination procedures of the model are devised.

Howev



Chapter four describes the modification of triaxial setup for tegtimsaturated

soils, presents the employed laboratory equipment and their calibration and testing
procedures.

Acomprehensive |iterature review on exi
methods in triaxial testing of unsaturated soils is presenté&hapter five. The
chapter continues withhe development of the proposedvel method for the
measuremertaf volume change afaturated and unsaturated soils in triaxial testing.
Calibration and parameter determination procedures of the model are déwised.
performance verificatiorthrough consolidated drained triaxial tests on saturated
specimengoncludes this chapter

Chapter six beginswith a comprehensive literature review on existing specimen
preparation methods. Thepresents the development af new gocedure for
preparation of specimens isotropically reconstituted from slurry for use in both
saturated and unsaturated soil testing. Examines the uniformity and segregation in the
specimens and investigate repeatability of the method in preparing idlentica
specimens.

Chapter sevendescribes the testing material and testing program and procedures.
Chapter eight preserg and interpret@xperimental test result®rresponding to the
testing programs presented in Chapter seven.

Chapter nine compares and sicusses saturated and unsaturated triaxial tests result
(presented in chapter 8) performed on specimens with different preparation and
suction historyThe proposed strength equation is validated through the laboratory
test results presented in chaptehéignd also using the results of the laboratory tests
published in the literaturdey comparing predicted and measured values

Chapter 10 summarizes the main conclusions of this study and presents

recommendations for future research.






CHAPTER 2

REVIEW OF FUNDAMENTAL CONCEPTS OF UNSATURATED SOIL

The theoretical and experimental investigations of unsaturated soils date back to
1960's (Bishop, 1959; Bishop et al, 1960). Despite this, the develupwie
experimental and constitutive models for the behavior of unsaturated soils has lagged

significantly behind that of saturated soils.

2.1 Soil Suction

Soil suction is one of the most important factors that influences the behavior of
unsaturated soils. Waten unsaturated soils is absorbed and stored (retained) by the
soil, and the energy required to remove the water from the soil, per unit volume of
water is called total suctigtheeandWray, 1995)

Total suction (negative pressure) is the sum of ¢cammponentsthe matric suction

that is directly related to the capillary phenomenon and the osmotic suction which is
due to the presenacd dissolvedonsin the pore wateiGroundsurface (fill materials,
retaining walls, slopes, et@pove the water tablmay subject to different suction
values It is one of the most important parameters and is of interest in analyzing
geotechnical engaering problems. Although thermodynamical aspects of the
problem of soil suction (water tension, water potential, or capillarity) have been
addressed in theoreticalmanner by several scientists over the centutias der
Waals 1879; Einstein, 1901; Fisher, 1923; Aitchison, 1965; Coumsg Fleureau,

2002), its mechanical aspects have mostly been studied from a practical point of view.

2.1.1 Osmotic Suction

The presence of dissolved ions in water decreases the soil vapor pliesseasjng
therelative humidity, which then increases the total soil suction. It can be observed

in soils with soluble materials. Osmotic suctiog) fan be expressed as:
7



§
0 = 88y (2.1)
w

where n/V is the total ion concentration (molar), R is the universal gas constant, T is
the absolute temperature in Kelvins. In most practical problems encountered in
geotechnical engineering, significant changes in osmotidosuacto not occur
(Nelson & Miller, 1992).

2.1.2 Matric Suction

Matric suction comes from the capillary phenomenon as a result of surface tension of
the airwater interface. The matric suctionfuw) c an b e the equivalere d as
suction derived from the m&arement of the partial pressure of the water vapor in
equilibrium with the soil water, relative to the partial pressure of the water vapor in
equilibrium with a solution identical in composition with the soil waféitchinson,

1965)

Matric suction (4 i uw) is the pressure difference across thevedrairwater
interface, as given by the Youhgplace Equation (Laplace, 1806):

6 o clg, (2.2)

Where o i s the ggestmne aievaterntertfacial ensionaUnder
equilibrium conditions, potential differences are cansttherefore soil suction, and
hence the mean curvature of the interface, is constant.

Soil suction variation will affect the strength, deformation and hydraulic conductivity.
Therefore, it has a great role in unsaturated soil mechanics. AccordrRgmpf

(1962) suction and interfacial tension combined are among the mechanisms that keep

particle agglorarations together.

2.1.3 Inducing and Measuring Soil Suction

A comprehensive description of the commonly used methods for inducing or
measuring soil suction can be found in previous sty#iesllund and Rahardjo 1993
Lee and Wray 1995Toker 2007)



The techniques that are used for inducing a desired value of suctibe soil
specimen are commonly equilibrium techniques that either reduce water tension to
conventionally measureable magnitudes by applying aggure, or manipulate the
relative humidity of the environment. Both methods have been known to be used in
unsaturated triaxial tests.

Methods of suction measurement can be grouped into three categories according to
their working principles:

1. Relative Humidty Techniques: Psychrometers and the Filter Paper technique
(ASTM D529894) measure the relative humidity in the pore air, and calculate
the suction through thermodynamics.

2. Indirect Measurement Techniques: Filter Paper in contact with the soil
(ASTM D52%B-94), Time Domain Reflectometr§Conciani, Herrmann, &
Soares, 1996heat dissipation sensors and gypsum porous blocks in contact
with the soil are all indirect methods used to measure the mattiors.

3. Direct Measurement Techniques: Tensiometer provide the only means of
direct matric suction measuremenhe basic principle is that the pressure of
water contained in a high air entry material will come to equilibrium with the
soil water pressurenaking it possible to measure negative soil water
pressuresThere have been several examples of incorporating tensiometers
into static(Wong et al. 2001jotisankasa et al. 200Vpker 2007)and cyclic
(Becker & MeilRner, 200Zyiaxial setups.

2.2 Soil-Water Characteristic Curve (SWCC)

The soitwater characterigticurve (SWC(plays a key role in applying unsaturated

soil mechanics in engineering practi@pil-water characteristic curgare widely

used in geotechnical engineering for predicting various aspects of mechanical
behavior (Fredlund 2006) Results of previous studies demonstrate a consistent
relationship of the soilvater characteristic curve (SWCC) with unsaturated shear
strength progrties (discussed in chapter 3). Most ofeéheatiorreviewedin chapter

3 use SWCC to predict the shear strength of the unsaturated soils. Fhatsoil
characteristic curve explains the relationship between the soil suction and the amount

of water in he soil. The amount of water could bgpressas gravimetric water

9



content, degree of saturation volumetric water conteniVhite et al. (1970yere

the first to define the different saturation stages of a $ahapalli et al. (1996)
modified their idea and defined three stages of desaturation: the boundary stage, the
transition stagéprimary and secondatyansitionzone)and residual stage. Air entry
value and thenset of residual stag@hich are the limits between the stagas, key

componerg of SWCC,and can beletermined graphicallyF{gure2.1).

Air Entry Value i i i
X A(AEV) \‘3 -
100 o & o‘ot g
a
—_ ~ Y
=X o 2
= 80 F 3 g
RS E
© =
2 60 | SN\ S _
a Boundary effect S Residual zone
G zone b3 i
[J] 2
g 40 - S =
o) ® g Residual
a .
= suction
o
20 S
L
© )
0 1 L1 aaaul L Ll 1 L raaaul
0.1 10 1000 100000
Suction (kPa)

Figure2.1 Typicd soil-water characteristic curve showing different

stages (modified from: Vanapalli et al., 1999).

Various methods (pressure plate, Tensiometer, filter paper) have been developed to obtain

the SWCC experimentally. However, these methods have their maitations and

weaknessesdviost of these methods are incapable, or have some difficulties, in measuring or

inducing high suction values. Therefore, to obtain the entire SW&eed for a fitting

equation, especially when working with fiugeained soilswith high residual suction, is

inevitable. For this purpose, different empirical fitting equations have develGzedner

1958 Brooks and Corey 1968rutsaert 1967yan Genuchten 198@ndFredlund and Xing
1994)(Table2l]) . Among them, the Fredlund and Xingos

10



acceptable approaches in the literature. In this studyethiation is used to obtain SWCC

for the entire range of the suctions.

Table2.1 Fitting equations for Soil Water Characteristic Curve.

) Fitting
References Expressions
parameters

Gardner (1958 — a, n 2.3
(1958) — 5 G (2.3)
Brooks and Corey (1964) — o . ?E,ﬂ‘ ] a,n (2.4)

— —[ 7w Qén T

Brutsaert (1967 — , 2.
rutsaert (1967) — N a,n (2.5)
Van Genuchten (1980)  —f p-ig a,m,n (2.6)
Frediund and Xing (1994 R a,mn 2.7
91994 — G5 g (2.7)

where:

d = volumetric water content
ds = residual volumetric water content

[ = matric suction of soil

[ =airentry value

2.2.1 Hydraulic Hysteresis

The soitwater characteristic cungan be obtained in two ways:drying an initially

saturated specimehy increasing suction, 2) graduallyetting an initially dry

specimen by reducing suctiofrevious studiegHaines 1930Croney 1952Miller

and Miller 1956;Mualem 1984;Fredlund et al. 2012)ave demonstrated that the

SWCC obtained with drying and wetting padhe not identical and for a given

suction, and soil has a higher water content in drying path than those in wetting path.

This directional dependency of the SWCC is called hysterEgisre 2.2 shows

hysteresis in a seWater characteristic curv&o complicate things further, drying or
wetting from intermedi ategscauogtvesovahat:

between the virgin drying and virgin wetting curves (Beggire2.2).

11
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Figure2.2 lllustration of hydraulic hysteresis in saulater characteristic curve

2.3 Stress State Variables

Selection of appropriate stress variables is the first step to describe the mechanical
behavior of the soil. Theraretwo common approaches to describe the mechanical
behavior (i.e. volume change and the shear strength behadfiens3aturated soils

the effective stress and the two independent state variables.

2.3.1.1 Effective Stress Approach

Terzaghi 6s effegtj v e )istormelaes baped onntreitwo | e (
phase media assumption (either totally saturated or completely dryirsdilg case

of the partially saturated soils, total volume of soil mass should be considered as a
threephase system (solids, waterd gas). Therefore, the tvphase effective stress
principle is not valid for partially saturated sailBishop (1959)expanded the
effectivestress principle to unsaturated soils as below:

., . 6 .o o (2.8)

12



WhereQ is the pressure in gas phase @md vapoy, O is the pressure in liquid
v e rated conglisoat

phase (water), andlisBi s hop o s

effecti

is one andit decreasgewith the degree of saturatipto zero).

I n recent decades,

param

det er mi ni?masgBnesdopods

to a new challenge. To date, most of the modification regarding the effective stress

has beenelated to developing an appropriate procedure to determine the effective

stress parametdBishop and Donald (196andJennings and Burland (196&Jdies,

indicated an inconsistent relationship betw2amd degree of saturation for different

soil types (Figure2.3).
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1L

Vi

(o] 20 40

COMPACTED SHALE (
ST (-2p:3% )

e VAW -

Figure23Var i ati on

60
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chbs

BREAHEAD SILT. BISH

SILTY CLAY (-2 p=23%)
THEORETICAL DONALD (1960)

22%)

[:1e]

t he

COMPACTED BOULDER CLAY (-2j+4%) ]BISHOP
ETAL{I960)
AND DONALD (1961)

effecti

saturation (Sr) (Jemmgs and Burland 1962).

2.3.2 TwolIndependent Stress Variables Approach

Thedifficulties in using effective stress equation (as memthn section2.3.1.) to

describe the mechanical behavior of unsaturated soil gradually kdbfding the

13
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two independent stress state variabl@&ishop and Blight 1963 Matyas and
Radhakrishna 196&redlund and Morgenstern 1976)

Fredlund and Morgenstern (19ffpposed two independent stress variables: namely

the net nodimpand matric ustien, (i (w)ito describe the state of

stress in unsaturated soils.

Formulation of the first elastplastic constitutive model for unsaturated soils was due

to Josa(1988), Josa et al1987), Alonso et al(1987, Alonso et al(1990)which is

extension of the Modified CaiGlay (MCC) model tanvolve matric suction as a

separate stress variable to modesaturated solbehavior This nodel, also known

as the ABarcelona Basic Model 060 (BBM), i's dev
sets of stress state variables. BBM includes three stress parameters (mean net stress

P, deviator stress g, and suction s) and two strain parameters (vatumetri v ai n d U
and devi a tdoordéfime the ¢ritical state frdntework. The volumetric strain

is related to specific volume (3das: These par

Mean netstress ., ., G, , (2.9)
n —— 0
o
Deviator stress N o wo (2.10)
Matric suction i 0y Oy (2.11)
Specific volume b Q (2.12)

2.4 Constitutive Modelling for Unsaturated Soils

This section explains basis of constitutive modeling, with every exgdatomponent
exemplified by how it is in the BBM.
In order to model the elasfastic response of the soil three essential ingredient need
to be definedShen & Kushwaha, 1998)

1. Yield surface

2. Strain hardening law

3. Flow rule

14



In an elasteplasticmaterial the total deformation can be decomposed additively into

elastic component and plastic component.

S (2.13)

A yield surface in stresstrain space defines a boundary between the elastic and
plastic locus. For any stress state within the yield surface the deformation is purely

elastic or recoverable.

2.4.1 Yield Surface

2.4.1.1 Elastic Deformation
As long as stress state remains inside the yield surface, variation in net stress and suction
results in elastic deformations.ttme BBM the elastic variation in specific volume duentst

stress (dp) and suction (dagrements formulated as below:

o o
@ 1= (2.14)
nooion

where 8 el asti c c on setagstindonstdntiddie to suctishtreet st r e
atmospheric pressuregggwa s i ncor por at e®dhehsuctienvsaerod i nf i
The elastic shear straftue to deviator stress q is given by:

oA (2.15)
o0

where G is the elastic shear modulus which is assumed to be independent of the suction.

2.4.1.2 Yielding and Plastic Deformation
In BBM, Similar to CamClay model for saturated soil, the virgiompression line

foragivenconstard uct i on i s assumedinptplot: be strai gh

3 No( s9g ) é]_ (2.16)
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where fis a reference pressui(s) is thespecific volumeat the reference pressure,
and o(s) is tbmpgesadientl|l oheth@&€he a(s) and
to depend on suction.

The variation of N(s) with suctiomi BBM is assumed as:

(o
As shown inFigure2.4, BBM assumse t hat t he madtamirallydvehc r e as e s

increasing suction throughefollowing equation:

_i _mop i AoB i i (2.18)

wherea- ( B the gradient of the NCL in saturated conditiosg (& 2ero suctiony,
=l(s- =)/1I( 0) a asbil cbnstanswhich controls the rate of increase of sall
stiffness with matric suction.

The BBM defines these sets of yield loci that bound the elastic behavior.

The BBM involves a LoadirigCollapse (LC) yield locus (in thes plane),which
defines tle increases in yield stress due to increasing suctior(gae=2.4). The
combination of Egs. (24), (2.16) and (2.8B), allows to define the shape of the
LoadingCollapse (LC) yield locus:

\Z

N f (2.19)

n n
wherer] s the yield stress at a given suction gads the yield stress for those in
saturated condition.
During drying path (increasing suction), additiop&stic volumetric strains could
be occured for suction values beyond the previously applied maximum suction. To
incorporate this effect, BBNhcludes a second yield surface, known as3tetion
Increase (SI) yield locus. The BB&a&sumes th&l has a straight line parallel to the
p axis ceeFigure2.4) given by:

i (2.20)
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wherei is the current location of the yield surface (i.e. maximum suction
experienced by the soil).

The BBM,in parallel with modified CarClay modelassumes aelliptical shape for

yield surface in ¢ plane (at @onstant suction). The yield surface intercepts the p
axisinpgand-aes. The sl ope M)fisassumedas adoristant (aalme st r e
as the saturated value) and the intercept with g axis is assumed to increase linearly

with suction §eeFigure2.4). Thecritical state lines at given values of suction4ip q

plane is given by:
n on Ol (2.21)
The elliptical yield surfacen a constarsuction crossection given by:

R0/ iR o/ om 2.2)

Wheeler and Sivarkumar (1995) foumldat the model can not predict well the
relationship of the critical state valudo p ands. Hence a refinement of the model
was suggested to include a Aorear increase of strength with suction and to allow
the apect ratio of the elliptical yield curve to vary with suction so as to capture the
critical state values of at various suctions. On thmsisof the data for compacted
kaolin, Wheeler and Sivarkumar (1995) defined the CSL for unsaturated soils as

follows:

R0 i 2.23)

Wi %ol I ni (2.24)

The parameter mdM(«eg)s,) ea(d) valb(ie)d ai t h suc
For both the modelsf Alonso et al. (1990) and Wheeland Sivarkumar (1995), it

was assumed that one axis of the elliptical yield curve is coincident wighetkis.
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Figure2.4 Schematic of Barcelona model formulation in (p: g: S) spac
(Alonso et al. 1990).
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2.5 Viscoelasticity

Behavior of perfectly elastic (Hookean) material with mechanical analogue could

simply be modeled saa spring Figure 2.5) in which the applied stress, ,(in

compression or extensiory) proportional to the straie, The constitutive equation

may be written ag&q.2.25Appl yi ng and mai nt ajcausenrag a const a

instantaneous response of spring and agiloy cause immediate and completely

recovery.
. O (2.25)
5, C,
Go
Time
E € 41 I i
1 1
1 I
| JE
%0 .
Gy ~ Time
t<t, t<t<t 4t Ly 4

Figure2.5 Hookean model, linear response of spring to constant stress.

Where E is referred to as the elasticity modulus of thterial, and the superscripts

e refers to elastic behavior.

For an incompressible and isotropic Newtonian fluid the applied shear stress, is
proportional to the rate of deformation (dy/dt) and the relationship may be written as

eq. 2,

= 2.6
" 96 (2.26)
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Where d is referred to as the viscosity
and dot denotes the time derivative (i.e. = de/dt).

In literature, viscous behavior is adopted to model with a dashpot. Dashpots (viscous
material), as shown ifigure2.6, behave as a rigid member under immediate loading,

and then deform gradually (flows like a liquid). During unloading, recovery does not
occur and dashpot remains open or close (depends on loadledgiodn, i.e.

compression or extension).

A\ 4

Time L__J l_-_J L—_J

Gy

|

Time t<t, HL<t<t <t

Figure2.6 Newtonian model, response of linear viscous dashpot to const¢
stress.

However, to describe the mechanical behavior of most of the materialsiiffetent

loading condition merely utilizing the spring or dashpots is not sufficient and a
specific combination of both spring and dashpots, which gives alternative rheological
structures, is required. The materials, which exhibit both elastic and sisctan,

are known as viscoelastic material. Time dependent response is a special feature of
viscoelastic materials. The time dependency of stress under constant strain is known
as relaxation and time dependency of strain to applied constant stressvis 4310

creep. In this material stress is a function of both strain and time.

Maxwell model, a series combination of an elastic spring and dashpot depicted in
Figure 2.7, is one of the simplest mechanical models to predict thavimhof

viscoelastic materials.

21
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Figure2.7 The Rheological diagram of the Maxwell model and its stséssn
time response

In this model since both elements are arranged in series connectiorissttesscal

in both elements but strain decomposes additively into instantaneous elastic strain in
spring, and creep strain in dashpot. Under a constant dtiesttal strain at any

time, employing the constitutive relations for both spring and daslgadtulated

from the following equation:

T 1o o 0 (2.27)

Where, t is the elapsed time.

Once the system is unloaded, an instantaneous elastic recovery due to Hookean elastic
element is occurs, however, as mentioned, dashpot behave as a rigid memditer so th
there is no recovery of viscous strain. This can be mathematically formulated as

following equation:

S (2.28)
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Despite acceptable behavior of Maxwell model in the case of relaxation, it fails to

predict the creep andaevery.

The Kelvin model, shown iifrigure 2.8, is another alternative viscoelastiwdel
which is parallel combination of a spring and a dashpot. In this model, strain is
identical in both elements, as they are connected inllgaraowever, stress

decomposes additively to both elements.

Time

v

\ 4

Time

Figure2.8 The Rheological diagram of the Kelvin model and its siséssntime
response.

Underconst ant stress, ieJatiore of ppring(Ed. h25) andon st it
dashpo{(Eq. 2.26) the ptal strain calculated ktyre below expression:

-0 6p Q (2.29)

In contrast to Maxwell model, this model not suitableo describe the relaxation

behavior othe materals.

Despite mathematical simplicity of Kelvin and Maxwell models, these models are

inadequate to describe the behavior of most of the real materials. The Maxwell model

is adequate to describe stress relaxation howeneapableof describing time

dependent recovery and creep, on the other hand the kelvin model can account for
23
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creep and recovery, however, it cannot consider for stress relaxation. Combination of
these two simple models in mechanicaliegras shown ifrigure 2.9, gives an
alternative comprehensive viscoelastic model known as Bufgefour parameter
viscoelastic) model introducdxy Burgers (1935).

Since Maxwell and Kelvin elements are connected in sdhesstrain response of

this model under constant stress are given by

. ] (2.30)

Wherelliaxwer is the strain of the Maxwell elemeartd Ckewin is the strain in thielvin

elementherefore, the total straralculded with following equation:

T p Q (2.31)

Where E, E2 are the elastic moduli angh h2 are the viscous coefficient of the

Maxwell and Kelvin section respectively. The pmbpl is the estimating these

unknown parameters based on the experimental data.
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Figure2.9 The Rheological diagram of the Burger model and its ss&astime
response.
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CHAPTER 3

THEORETICAL APPROA CH

In this chaptera comprehensivditerature review orshear strength equations for
unsaturated soiks presentedAn exponentialrelationis introduced to predict the
shear strength of the unsaturatedssdiheprocedurdor theparameter determinati

of the modelis devised.Equation involves three parametet&o of which are
effective shear strength parameters (i€.and ¢” can be determined through
conventional saturated shear strength tests). The third parameter is ultimate shear
strengthg® , introduced in this study, which can be determined threlug®WCC.

3.1 Literature Review

Estimating shear strength of a soil element in most of the geotechnical projects is
inevitable, no need to emphasize its importance. The shear strength of saturated soils
is well defined through the effective stress conceplassical soil mechanics.

Coul ombés -$ineagthhequati on along with
principle have been widely used in estimating the shear strength of saturated soils,

T D, D% (3.1)

wherezi s t he shear st r e%esethéinterralNijictiorsangke ofc o h e s i
the soil sample.

To predict the shear strength of unsaturatedssdifferent methods have been
developed and reported in ligdure. In general, most of the methods are developed
basedol€ o u | o mb &tsengtheduatianr(Eq. 3.following thetwo fundamental
approaches of effective stresbe effective stres@Bishop, 1959)and independent

stress state variabld&redlund and Morgensteri977) These methods can be

divided into two categories of the prediction and fitting type equations. Prediction
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type equations have been developed to predict the shear strength of a soil through
easy obtainable parameters (Is&urated shear strength parameters) while exempt
from performing complex and expensivesaturatethboratory tests. The fitting type
equations are developed to best fittsaturated test dafBhe fitting type equations

are not the subject of discussim this study.

Rewriting theEq. (3.1) for the Bishop effective stresq. 2.8), the shear strength
equation takes the following form:

Tt ®© , 6D .6 0O W (32)

I n recent decades, determi ni?masgBIrsbopds ef fe
to a new challenge. To date, most of the modification regarding the effective stress is

related to developing an appropriate procedure to determine the effective stress
parameterBishop and Donald (19613nd Jennings and Burland (1962judies,

indicated an inconsistent relationship betw@amd degree of saturation for different

soil type.

Oberg and Sdlfors (1997) used the degree of saturation f@r and proposed the

following equations:
Tt o , 79 p YO O & (33

or rewriting as:

T w0 , 6 0wE O O YOO (34
Vanapalli et al. (1996)and Karube et al.(1996 employed the soivater
characteristiccurve to define the effective stress paraméteifhey introduced a
linear relationship of degree of saturation (or volumetric water content) as below:
Y

Py 59
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or

— (3.6)

wher e S a medt dafjreeaof ®aturationrand the current volumetric water
content3 and| are the residual degree of saturation and residual volumetric water
content and is the volumetric water content at saturated condition. Inspection of
these equationsdicate thaf is 1.0 at full saturation and zero at the residual state.
For these parameters, the shear strength equation takes the following form:

. , YUY

T w , 6 owe o0 0 —pnn“Yo b (3.8)

t O , 60m 6 0 o (9% (3.9)

Brooks and Corey (1964proposed the E(8.10)to describe the SWCC.
0 —) (3.10)

WhereO O is the air fentsy thal déFredlind gin par e
et al. (1995)employed this equation as a shear strength fitting type equation.
Therefore, the shear strength equation takes the following form:
x A ¢ S o

T w0 , 6 00 6 6 ——— 0% (3.11)
Khalili and Khabbaz (1998analyzed te shear strength data published in the
literature and introduced an empirical relation between the effective stress parameter
? and soil suction. They employed the SWCC to define therdaiy value suction.

They assumed the effective stress paran®eaed.O for the suctions less than air

entry value. There are similarities between this expression and the equation proposed
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by Brooks and Corey (1964and just the fitting parameter of thes replaced with
-0.55. Therefore, the shesirength equation takes the following form,

8
(3.12)

N 0 O
T w , 6 00k 0 O —/—m 8 Wk (3.13)

Bao et al. (1998)roposed a relation (E§.14) for the effective stress parameter that

involves the air entry valuend residual suction valyéen log-scale.

aem@ o ae@Q o6 (3.14)
T aEm o aE@ o '
Therefore, the shear strength equation takes the following form:
- s s , , aeg& o aeE®Q o .
t @ , 00 o O PR TEED 5 & (3.15)

where 6 0 isthe residual suction.
Vanapalli et al. (1996proposed a fitting type equation involg normalized water

content Owi th a fitting parameter a:
0 — (3.16)

where— is the volumetric water content at given matric suction, -anid the

volumetric water content in saturated condition.

t & , 600 06 6 00 (3.17)

Vanapalli and Fredlund (2000and Garven and Vanapalli (2006proposed

correlation between fitti ngyenpnd&Eqal®aender

3.19, respectively
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{ mngy mWYmBdp p (3.18)

{ mMIn@e Wwduv p (3.19)

Thealternative for effective stresgpproachEq 3.2) is using the independent stress

variable concept whictvasintroduced byFredlund and Morgenstern (1977)
T @ , 08k o0 0 W (3.20)

where%o is the shear strength contribution due to suction. The general shape of the
equation is similar to E(B.2) where the effective stress parameter could be
explained adelow:

0 W ..0 W%

or (3.21)

0 % TO A%
Therefore, a nowmonstant value could be expected for e, which has been
confirmed experimentall(Gan et al. 1988Escario and Juca 198®)loo and
Fredlund 1996Yanapalli et al. 1996)
Tekinsoy et al. (2004introduced an empirical relatiomlatingthe shear strength

equation to SWCC through air entry value.

Tt o , 0% o6 O b a¢é

0 Wk (3.22)
where Rm is the atmospheric pressure.
Not that all of these equations suggest that suction has no influence o%er dhe

the contribution of sttion is an increase in cohesidfigure3.1), generally called

apparent cohesiora (or capillary cohesion c(Lu and Likos 2004)
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Figure3.1 Projections of failure envelopes for different values of matric sucti
(adopted fronfredlund et al. 2012)

Table3.1 summarizes the shear strength equations that were reviewed.

In this study a exponential equation is introduced to predict the shear strength of the
unsaturated soil. Equation involves three constant parameters. Two of which are
effective shear strgth parameters (i.es” and ¢’ can be determined through
conventional saturated shear strength tests). The third parameter is ultimate shear
strengthg®*® , introduced in this study, which can be determined through SWCC.

A series of suctioontrolled triaxial tests performed verify the proposed equation

In addition, validity of the equation is investigatestte chapter Qegarding shear
strengthtest results of five soil published in the literature and compared with

predicted values afquations summarized irable3.1.
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Table3.1 Summary of the equations for shear strength of unsaturated soil.

Reference Shear strength equations
Oberg and Sallfors (1995 an _
W 6 6 YO (¢
1997)
x YO
w (0] w 0 we
Vanaglli et al., (1996) and P
or
Karube et al., 1996
© O 6 o ¢
6 o 8
Khalili and Khabbaz (1998) ®© 6 6 % 5 & e
. aE@Q o aE®R o o
Bao et al. (1998) w o SEEm o PP & ¢
_ & 6 06 0 0ot
Garven and Vanapalli (2006
{ MN@e W wIL p
, 7 . « .05 0y Ugoq, .
Tekinsoy et al. (2004) @ O Oy 50 Ve el & —— 0 9&°
woa

3.2 Introduced Equation

As shown inFigure 3.2 (a) and (b) the shear strength of a soil increases at a
decreasing rate toward an asymptotic valaeee , as suction tends tesidual value.
Thedme e is themaximum apparent cohesitimat could be achieved duzguction.

In this study, the notinear variation of the shear strength (i.e. apparent cohesion)
with suction is formulated with an exponential equation. The general form of the

introduced equation is as below:
T & ., 6,0 Geee p QN 7o (3.23)

where

&= e p Qon 7 (3.24)

wherec”” is theapparent cohesiofko is the effective internal friction angle, ¢’ is the

effective cdnesion, and@ is the current matric suctiqos-uw). This equation involves
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three constant parametdmsbe evaluated. The first two parameters fheandc’)

can be determined through conventional saturated shear strength tests (like direct
shear ad triaxial tests). Thmaximum apparent cohesialp j , could be obtained

by performing suctiortontrolled shear strength tests on specimens at high suction
values. However, theong durationand complexity of the unsaturated swkting

prods towardsusing indirect estimation procedures. Additionally, when axis
translation technique is applied, the maximum suction is limited to the AEV of the
ceramic. Low hydraulic conductiviip ceramics with high AEV (1500 kPandthe
issueof air-diffusion at high values of air pressumeake ceramics with low AEV (i.e.

O 5kP4) preferable in unsaturated soil testing. Therefore, measuring the ultimate
shear strength of the specimen at high suction (residual values), waitgrsmost

in fine soils, will be problematic. A graphical pratee is introduced to estimate the
maximum apparent cohesiotigea , through soil water characteristic curve
(SWCC) As shown irFigure3.2, if shear strength were to be increhedth suction

at its initial rate (i.e. 0 W¥), it would intersect the asymptotic value, & e ,

at suction , called with the transition value in this study. Therefore, if the transition

value was knowrnthedge & , could be estimated as follow:
e 0 Wk T (3.29)

Therefore, the object is determining the transition valuefrom the SWCC. The
transition value is defined as the onset ofdbeondaryransition zone of the SWCC
beyond the air entry value. A graphical procedwere adopted to estimate. First,

for SWCC, a point, similar to yield point in consolidation tests, was identified using
Casagrandeds graphical const rFigwea3Bforn procedur
SWCC related to Madrid clay sanégcario and Juca 198%irst, as shown in
Figure3.4 (a) and (b) $WCC related to Madrid clay sarifiscario and Ju¢cd 989,

for suctions beyondhe air entry value the SWCC is lpotted in arithmetic scale
(instead of serriogarithmic scale). By visual observation, the initial linear portion
of the curve is identified and extended. The transition valuejs a point where the
SWCC deviats from the straightine. In the examplethe transitiorvalue[ , of

the related soil is determined to 480 kPa

32



By determining the transition valua this way[ , theg | can be deterined
through E((3.24) and finally the shear strength can be estimated wit{823)

[ (1+0,22)% = 501-0,00806 (80-5)2+5
S-Mos0BMPa _ o .

)
L
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o
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Figure3.2 (a) Non-liner variation of the shear strength with suctjiscario and
Juca 1989(b) position of the transition value aneh.
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Figure3.3 Determination of the yield suction in SWCC (Madrid clay sand
adopted fronEscario and Juca (1989)
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Figure3.4 SWCC in arithmetic scale and graphical representation of transi
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CHAPTER 4

EQUIPMENT DEVELOPMENT AND TECHNIQUES

4.1 Introduction

Testing unsaturated soils is much more sophisticatedathairsaturated soils. Nen
standard equipment and procedures are required for testing unsasjpetedens
Therefore, the conventional techniques used for satursigsl are not directly

applicable to unsaturated soil testing, and require some modification of the apparatus.

Within this project, specialized components for these purpesesdeveloped onto

the triaxial test setup, and test procedwe=smodified acordingly. Soil suctions
controlled and measured by axis translation. With these modifications the test setup
is ableto measure the soil behavior in both saturated and unsaturated condition under

monotonic loading.

In this study, a conventional triaxisetup is modified to perform unsaturated soil
tests. For thipurposea new triaxial base with new featareasdesigned anduilt.

The entire testingsetup employed to perform unsaturated soil shear strength testing
and to obtain the SWCC is shownkigure4.1. The testingsetupinvolves: a load
frame, triaxial cell, cell and sample pressure volume acwIf@RdfA), air pressure
control system, diffused air volume indicator (DAVI) and data logging system.

Axis translation techique is employed to control and induce the desired values of

suction. The double draina@gp and bottom) isisedfor reducingthe test duration.

Image processingndependent measurement of air and water volume chiammgpe,
cell and single cefluid measuremennethods were examined to measure the volume

change of the unsaturated ssgecimensEach method has own advantages and
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limitations in measuring the volume change of the unsaturated Bdiisately,
measuring theariation of single cell flid volume method waadopted to measure

the total volume change of the unsaturated soil specimen. Each of these methods is
discussed in detail in thehapter 5

To correct the amount of the water volume change due to air diff@shffused air
volume irdicator (DAVI) systemwas developed according tg-redlund 1975)In
this way flushing of the diffused air in regulatervals,becomepossible.

u
4
k’llh‘ |
til
W5

eg
|
. NnHa0

1Volume cljang
transducer

7 4
Air/water *
interfacecell

Figure4.1 Generalayoutof modified triaxialsetupfor unsaturated soil testing.

4.2 Triaxial Testing Systems

4.2.1 Cell and Sample Pressuf&olume Actuator (PVA)

Two FlowTraell units, manufactured by Geocompre employed ¢ control and

measure the cefiressureporewater pressure and the volume change measurement.
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FlowTracll unit includes a flow pump, a pressure sensor and a control board. The
flow pump involves a high speed, micro stepper motor to regulate the presdure a
volume. FlowTradl is capableof maintainingeither a constant pressure or volume,
ramping upthe pressure with a constant rate to a desired value. As shown in
Figure 4.2 the volume change is related to stepper motor movement multiplied by
area of the piston. Capability of the FlowT+lhén maintaining a given pressure is
within 0.35 kPa and monitoring volume changes within 0.001 cc (Geocomp 2010).

Pressure Sensor

Normally Open Vi ¥ Normally Close
Solenoid Valve 7 Solenoid Valve

Front 3* Connector
(Output)

P

AL x Area = AV

AL AL = Micro Step Movement

Area = Area of Piston

Figure4.2 Schematic layout of a FlowTrdtUnit (Geocomp 2010).

4.2.2 Load Frame

The unit is capable of performing boskressand strain controlled tests. The load
frame includes a LVDT and load cell to measure the displateara the applied

force.

4.3 Moadifications of Triaxial System for Suction Control

One of the main challenges when testing unsaturated soils is applying soil suction,
which can cause cavitation in the measoentsystem. This can be preventedaxys

transldion technique(Hilf 1956). This representseplacing conventional porous
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stone with a high air entry (HAE) ceramic disk at the bottom pedestal. In this way,
independent control of poseater (with HAE ceramidisk at the bottom pedestal)
and poreair pressures (with coarse porous stone at the top cap) is app{Bzbiep

and Donald 1961Ho and Fredlund 198 Rampino et al. 1999

In this configuration the drainage length is equal to the length of the specimen.

In recent years, doublgrainage systems have been used for triaxial testing of
unsaturated soilliRomenp et al. 1997Sharma 1998)

In this study, axis translation technique with double drainagediace the length of
the drainage to half and therefore to reduce the testing nenployedo control

and induce soil suction in triaxial testing of unsaturated soils.

For this purpose, a triaxial basep cap and pedestal with new features were

developed (seEigure4.3 andFigure4.4).

The pedestal and top cap include a peripheral annular coarse pwtlslloy(for
pore air pressure) and HAE ceramic at center (for pore water pressure). The details

of new pedestal and top cap is showkigure4.5.

To flush diffused air bubbles and allow for an adequate amount of water in contact
with the ceramic, two drainage holes (water inlet and outlet) are conneciad by

groovethat meanderander the ceramic seatliwthpedestal and top cap.

Ceramics withHAE value of 5bar is used in this study. Epoxyased adhesivis
utilized to seal the HAE ceramic into a recess of the top cap and pedestal. In this way,

theporeai r cannot yndiesthegystmay t o t he cavit

Therefore, the new modified triaxial system is capable of obtgiSWCC and
runningisotropic compression tests under different suction and net confining stress.
In addition, by using the new modified triaxial setup, performing consolidated
drained (constardguction, CD) and constant water content (CW) tests are possible.
All the procedure in this setup is automated except applying and controlling the air

pressure.
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Figure4.3 New tiaxial base with tofrap and pedestal.
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Figure4.4 Schematic of triaxial cell.
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Figure4.5 Schematic design adp-cap and pedestal.

4.3.1 PoreAir Pressure Control and Measurement

Poreair pressure was initially controlled by a pressure regulator supplied by a
compressor. Howeveajr pressure fluctuation was observed dupngliminarytests.
Different regulators wer tried, butnone had the sufficient precisiofio solve this

problem,a new poreair pressure control system was designed.

A schematic layout of the pomar pressure control system is showrFigure 4.6.

This arrangement includes an-wiater constant pressure system (OWCP) connected

to an air/water interface cell. Thiesiredvalues of air pressuns achieved by a
pressure regulator supplied by a compressor. Then, the GgU@&ed to maintain

the air-pressure constant. A pressure transducer is placed between the triaxial base
and air/water interface cell and connected to the data logger systeen (

section4.3.4), to monitor the applied pressure.
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Figure 4.6 schematic layout of the peger control system.

4.3.2 Porewater Pressureand VolumeControl and Measurement

As mentioned in sectioA.2, aFlowTracll unit is employedo monitor porewater
pressure and volume changEgure4.7 showsschematic layoubf the porewater
pressurevolume control system. To flush the diffused, airdiffused air volume
indicatoris devdoped and added to the system. The detail procedure of the DAVI
and flushing system is explained in secto8.3
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Figure4.7 Schematic layout of the pcexeater control system.

4.3.3 Flushing system

Theoretically, as long as HAE ceramic is in saturated condition and the applied
suction is less than the AEV, air cannot pass through the pores of the ceramic.
However, dissolved air in water can diffuse through deeamic and accumulate
beneath the ceramic. Diffused air bubbles cause misinterpretation of the applied
pressure, and water volume change measurements. Therefore, the air bubbles should
be flushed out, and its volume should be measured regularly to tctireewater

volume change measurements.

Fredlund (1975)developed diffused air volume indicator (DAVI) to measure the

volume of diffused air through the HAE ceramic independently.

In this study, a diffused air volume indicator (DAVI) was developed, following
Fredlund (1975)to flush and measure the volanof the diffused airFigure 4.8

shows the schematic layout of the developed DAVI.
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DAVI includes a graded burette (filled with water) aardexit tube (seEigure4.8).

The exit tube provides a constant head in the buiéttre are two ent on top of the
DAVI. The first oneconnected to the burett@dopens only when filling the burette.

The pressure inside the DAVI (burette and exit tube) can be controlled through air

compressoconnected t@econdventon top of the DAVI.

Two ventsare also located in the bottom of the DAVAs shown in thd=igure4.8,
one is used for daring the water inside the DAVI. Another vent is carthéxthe
triaxial base lfeneaththe ceramic in the top cap and pedestal) to flush the
accumulatedliffuse airinto the burettéby creating a desired pressure gradient across
the ceramic)Water level inside the burette falls as the air bubbles go inside the
DAVI. The volume of diffused air iselated to thechanges in thevater elevation

insidethe burette
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Figure4.8 Scheméc of diffused air volume indicator (DAVI).
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4.3.4 DataAcquisition System (data logger)

All the data from PVAs, LVDT and load cell were collected via the data acquisition
system embedded in triaxial setup and controlled through the commercially provided
software. All of these transducers atelibrated by the manufactureowever,
additionally, a volume change transducer, and two air pressure transducers (see
sections4.3.1 and 4.3.2) are used in this study. ATestbox1001(TDG)data
acquisition system and a process interface were used to collect and record the
additionaldatachannels Theseadditionaltransducers were dbtated using PVAsS

and their calibration graphs are in appendix A.

4.4 Testing Equipment Maintenance and Preparation

4.4.1 Saturationof High Air Entry (HAE) Ceramics

Saturation of the HAE ceramic is one of the most important steps when using axis
translation teknique. A saturated ceramic provides continuity between the pore
water in specimen and the water beneath the cerawlidg, prevening air passage
through the ceramic. Both top cap and pedestal were saturated inside the triaxial cell.
The following procedres were adopted for saturation of the ceramic:

A Distilled deaired water is prepared to saturate the ceramics.

A The pressure volume actuators (PVA) (both sample and cell) and the drainage
lines were saturated with @gred water to ensure removing anylaibbles.

A Then the triaxial cell (including pedestal and top cap) was filled withireel

water.
A A perforated cylindeis used tacarrythe top cap.
A The back pressure line connected to the pedestal and top cap and cell pressure

line to triaxial cell.
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A Both back pressure and cell pressure valves are opened.

A First, acell pressure and bagkessure of 100 kPa gradually was applied and
maintained for about an hour. Then the backpressure line valve (valve 5 and
6) areclosed. After about two hours, the bpoéssure line is opened for at

least 15 min to flush the dissolved air.

A Then the cell pressure was increasgth 100kPa intervalsto 600 kPa

following the same procedure as mentioned in the previous step.

A Coefficient of permeability of the ceramics wasculated regularly to control
saturation. This is a suitable way to control the saturationhendndesirable

presence o crack inthe ceramic.

A After ensuring saturation, the cell pressure and backpressure are decreased

gradually and triaxial cell idisassembled tproceed to théest.
A After each test, ceramics weresaturated following the above procedures.

Inappropriate sealing of ceramic also providesbagach intothe water system.
Therefore, a sealing examinatianperformed aftethe first time the ceramicare
saturated For this purpose, the water drainage line was placed inside a water
container. The triaxial cell with pedestal and top aepsubjected to air pressure.
The air pressure gradually is increased to 450 kRgh(ly less han the air entry
vale) and maintained for a while. At tHime, the output line was monitored. If no

bubbles come outhe seal works properly.

4.4.2 Flushing Procedureof the Diffused Air

In this study, the diffused air was flushed from the system almost &2drours. The
following steps were followed to flush out the diffused air (the first two steps were

performed before the test):

1) First, the graduated glass burette (inside the DAVI) is filled with water. For
this, the valves 1, 3, 7, 8 and 10 were closedl the valves 2, 4, anda®e
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2)

3)

4)

5)
6)

7)

opened. After filling the burette, valves 2, 4, anda® closed. The
arrangement of the valves is sholigure4.7.

Then pressure inside the DAVI is adjusted (using the air compressor) to a
value less than pore water pressure (below the ceramic). In this study, a

difference of 2ekPa was adopted to flush out the air bubbles.

To flush out the air bubbles duringettest, first, the burette readiisgaken.
Pressurdehind thevalve 2is adjusted to the same value as the PVA. Then

the valvel is closed and vals&2, 7 and 8s opened.

Due to pressure gradient between the water pressure beneath the ceramic and
pressure inside the DAVWwater and air bubbles flow to the DAVI.

Then, valves 2, 7 and 8 are closed and the valve one is opened to the system.
Then, the final burette readingtaken.

The quantity of the diffused aiiis estimated hsed on the ideal gdaw as
described byredlund (1975)

4.5 Pressure Plate Extractor (PPE)

In this study, the modified triaxial system (for testing unsaturated soils) and a pressure

plate werandependentlhyused to obtain the SWCC of the testing soil. The pressure

plate was employed to select the propoil sample. After identifying soil sample the
triaxial system was used to obtain the SWTKe PPE was custoiouilt by FOREA
(Ahmadiadli 2014).

The working principle of the pressupéate is based on the axis translation technique.

The schematic of theressure plate (with 15 bar high air entry ceramic) is shown in

Figure4.9. A water compartment below the ceramic disk is connected to a burette.

The burette is opened to the atmospheric pressure.
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Figure4.9 Schematic of pressure plate.

Before the test, the HAE ceramic should be saturated. For this purpose, up to half of
the pressure plate chamber is filled with distilledagted water. An air pressure of
100kPais applied and maintained for one day to force air bubbles in the ceramic to
go into solution. Then the drainage line of the water compartisempened to
burette, for at least 15 min, to flush the dissolved air. The opening and closing of the
drainagye valveare performed at regular intervals. The next day, thepessurds
increased to 250 kPa. Similarly, the dissolved air was flushed out regularly. After two

days, the air pressuveasgradually decreasemhdthe water is drained.
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CHAPTER 5

VOLUME CHANGE MEASUREMENT IN TRIAXIAL TESTS

A novel procedure is developed to measure the total volume change of the saturated
and unsaturated soils in triaxial testing. The principle of the proposed method is based
on cell fluid wlume measurements corrected by the assumption of viscoelastic
behavior for the triaxial setup. Calibration and parameter determination procedures
of the model are devised, and the presented model is implemented into a MATLAB
code. The performance of theoposed method is validated through a series of
consolidated drained triaxial tests on saturated specimens, by comparing the changes
in volume measurement of proposed method and conventional measurement (pore
fluid). The accuracy in volume measurement gidonsolidation and shear stages

of these tests was between 0:@®32 cn?, which is on par with or better than more
complex and expensive alternatives found in the literateepeatability of the
proposed technique in measurement of the volume chaageaiso investigated

through a series of suction controlled unsaturated soil tests.

5.1 Literature Review

Complexity and cost of unsaturated soil testing equipment have made it difficult to
enter among the common equipment of soil mechanics laboratory atedygoal
practice, limiting it just to research institutions. In conventional testing of saturated
soils (assuming soil particles and pore fluid are incompressible) volume change can
be measured by monitoring the inflow or outflow of pore water from pleeisien.
However, such techniques are not applicable to unsaturated soils, which have both
air and water phases in their pores, as a portion of the volume change happens due to
the compressibility, dissolution, and inflow or outflow of the air phase. Hven
saturated triaxial test, during back pressure saturation stage, the specimen is

unsaturated and its volume may change significantly due to swelling or collapse.
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Measuring this volume change at this stage, for further calculation (such as area
correcton), is crucial. However, volume change in unsaturated specimens is not

measurable with conventional methods at present.

Even though measurement of volume changes in the air phase have been reported
(Laudahn, Sosna, & Bohag 2005), majority of unsaturated triaxial test setups rely on
external measurement of specimen volume. This is due to the high compressibility of
air phase and as the membranes are not completely impermeable with respect to air,

diffusion could happen into the cell fluid over time.

Practical methods, which have been suggested in the literature to measure the volume
changes of unsaturated soils externally in triaxial test setups, may be classified into
three categories as direct aserement on the specimen, optical measurement

techniques, and cell liquid variation measurement.

In direct measurement techniques, the volume measurement in a triaxial test can be
performed by locally monitoring the axial and radial strains of the samdeshown

in Figure5.1, axial and radial strains can be measured directly by using various local
displacement measurement dev(Gayton, Khatrush, Ba, & Siddique, 1989;
CostaFilho, 1985; Klotz & Coop, 2002However, the utility of these techniques are
limited to small strains (when shear plane is not expected) and relatively dense

specimens.
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Figure5.1 Local transducers for measuring volume change in a triaxial appa
a) LVDT local strain transducers, b) hall effect local strain transducers (GI
2014)
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Optical measurement techniques include laser mapping ande-pnacessing.
Romero et al. (1994uggested mapping the specimen with lasers mounted outside
the triaxial cell(Figure5.2). Despite high precision of this tegfue, it is expensive,
sophisticated and requires long calibration and installation proce@wges et al.
2008) Macari et al. (1997proposed the use of digl photography during the test at
regular intervals, then analyzing pictures through ir@@eessing software
(Figure5.3). This method can be employed in a conventional triaxial setup to measure
volume change without any modification to the setup. Note that multiple cameras are
necessary unless the specimen deforms symmetrically (i.e. without strain
localization). In his method, the real time observation of volume change is not
possible and a timeonsuming operation is required for processing each picture.
Another problem is distinguishing the edge of the specimen from the shadow of the
top drainage tube for which gfiessional lighting is required to take gequality

pictures.

Figure5.2 Measuring of volume change in triaxial apparatus by electro opti
lasers (Romero et al. 1997, adopted from Hoyos et al. 2008 )
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(c)

| Corrected

Figure5.3 Measuring of volume change triaxial apparatus by imagprocessinc

(Ri fae )t al. 2002
The last category is the cell liquid measurement, where volume change of the
specimen is related to measurement of changes in the volume of the liquid in the
triaxial cell. This can be done byonitoring the inflow and outflow of fluid

surrounding the specimen.

Monitoring the cell fluid volume change in a conventional triaxial setup is a simple
to use, and inexpensive method of volume change measurement. However,
immediate expansion and timepkendent changes in volume of the triaxial system
occur in addition to specimen volume change, and calibration is necessary to take
these effects into account.

To eliminate the errors related to the expansion and creep of the triaxi8isiedp
and Donald (1961proposed inclusion of an additional inner cell, which is an open
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ended Perspex cylinder sealed from the outer celedbalsgFigure5.4). The inner

cell is filled with mercury, and outer cell is filled with water, both up to level of the
top cap. As the pressures inside and outside the inner cell are equal, the inner cell
does not expand due to variations in cell pressure. Theryadoihe change can be
related to variation of fluid level in the inner cell. This level change was monitored
by tracking the movement of a steel ball floating over the mercury surface, using a
cathetometer. For safety reas@s and Delage (1996gplaced the mercury with
colored water and a layer of silicone oil is placed on top of water surface to decrease
evaporation.
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Figure5.4 Modified double wall volume measuring triaxi&tsp (Bishop and
Donald, 1961).

56



Ng et al. (2002)ntroduced a new setup in which, the volume change of the specimen
is deduced by recording the differential pressure between water inside sbafitl
openended inner cell and water inside a reference tube using the whifé¢pressure
transduce(Figure5.5). However, in this way the total volume change that could be
measured is limited to the volume of the neck section of the-epeéed inner cell.

To eliminate the problem related to creep hysteresis of the system the aluminum
inner cell and bronze tubes are employed. A thin layer of paraffin is placed on top of
the water surface, inside both inner cell and reference tube, to reduce the water
evaporation and air diffusion into the waterissetup has a few problems. If a hon
transparent inner cell is required to increase the accuracy of measurement, it offers
no advantage over a conventional triaxial setup with (rigid;treomsparent) steel

cell. Using paraffin may lead to some measurenerors and pressurization of
Plexiglas cell with compressed air is somewhasafe(Sivakumar et al., 2006)
Despite using an aluminum inner cell and bronze tubes, the system could register
apparent changes in volume in additionactual change@fNg et al. 2002)both
immediate and time dependent). Therefore, a calibration procedure has to be

performed.
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Figure5.5 Modified inner cell volume measuring triaxial setup (Ng et al. 20C
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Wheeler (1988)eveloped a doublealled triaxial apparatus in which, the inner
chamber is sealed at both erfBgyure5.6). The volume change of the specimen is
deduced from the inner chamberds fluid
inside and outside of the inner chamber is the same, the change in volume of the inner
chamber due to variations in pressure mestdro. However, due tarious effects,

such as temperature fluctuation, difficulties in setting up of the specimen in the
triaxial cell and water absorption of the acrylic cetllume of the inner chamber can
change with pressure and tim8iakumar et al. 2006)in this case, calibration
procedure similar to that of the singiell method is inevitable. Thether problem is

related to the air bubbles that could be trapped in the inner cell. Moreda,the

vertical load is measured externally a$\iheeler (1988 s s et up, the ef f ¢
friction is greater, as it goes through two seals or one long shaft seal, unless the inner

and otier chambers share a single top plate.

Paraffin/water burette Loading ram

Linear bearings

) -=——— Airrelease valve
Compressed air supply
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Pressure regulator

1
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Quter perspex cylinder

_——l— Tie-rods

Inner perspex cylinder

Air-water interface

B AV, A ATL AT ATATAR.S AN ATAY.. 0.8

O ATHATS BB NS SN SV EAATS AT

T Je— Gell pressure
- transducer

Figure5.6 Modified double wall volume measuring triaxial setup (Wheeler
1988).
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Table5.1 provides a summary of the advantages asadliantages of volurmghange

measurement methods found in the literature.

All of these methods require expensive and complex modifications to the
conventional triaxial setup or involve additional pieces of equipment. The double
wall and inner cell methodsave been widely employed for testing unsaturated soils
and in both method calibration for immediate and creep behavior of the system is
required (like using the singleell technique). However, employing these setups with
this level of complexity (addedbtthat of suction control) is not commercially
practical and therefore, unsaturated soil tests do not see widespread use in soll

mechanics laboratories.

Table5.1 Advantages and disadvantages of volume chamggesurement methods.

Method Disadvantage Advantage Accuracy

A Limited to small strains and

Local . .
) relatively dense specimens. . . o .
?rgrﬁ)ls?jiirgresnt A Require; modification to setup ar AReal time monitoring A~
preparation procedure
Laser A Expensivesophisticated and long AHigh precision A0.6to
mapping calibration and installation ANon-contact 1.02cm
procedures A Real time monitoring
A Suitable for specimen with A Do not need A0.25
symmetric deformation, modificatior® to cn?
A Real time observation of volume conventional triaxial
Image - .
processing _change is not possible, _setup .
A A time consuming processing A Can be inexpensive
operation is required for each (depends on camera
picture. type)
A Requires modificatioh of ) A0.6to
Double wall conventional triaxial setup A Real time monitoring 1.02cm
(expensive and ecoplex).
A Requires modificatich of A0.1 cnt
conventional triaxial setup
Inner cell _ (expensive ar_ld complgx), . A Real time monitoring
A Problem relating to using air
pressure to control cell pressure
(discussed in the text)

A Simplicity, employing A 0.45
conventional setup cme
without modificatiort.

Single cell A Difficult calibration is required ~  Inexpensive

A Real time monitoring
if calibration is
incorporated into
control software
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5.2 Volume Change Measurement

In this study,image procssing, independent measurement of the air and water
volume change, inner cell and single cell methods were examined to measure the
volume change of the unsaturated soils. Advantages and disadvantages of each of the

4 methods were investigated to selectsdhigable measurement method.

5.2.1 ImageProcessing Technique

Macari et al. (1997proposed the use of digital photography to measuredhene
change of the unsaturated soil$his method can be employed in a conventional
triaxial setup to measuk@lume change without modification to the setup.

In this study, &anon Powershot SX210igital camera was used for this application.

The camera was fixed at a constant distance from the triaxial cell using a tripod. The
images were processed using thecpdure suggested Ijacari et al. (1997)An
imageprocessing code was developed in MATLAB followikighaipichat et al.
(2011) Different colors for bakground were tested to reduce the noise during edge
detection. The black and green background seems to be suitable to take acceptable
pictures. Lighting is an important factor to take pictures with clear and detectable
boundaries. Lighting of the specim@nsaturated soil testing was performed with
fewer difficulties. In unsaturated soil testing, the problem is distinguishing the edge
of the specimen from the shadows of the top drainage tubes (two water and one air
drainage lines) for which professionaghting is required to take goayliality
pictures. Different arrangements of lightning were examined, however, none of them
were successful. Therefore, a manual edge tracing becomes inevitable, which makes
this method tedious and time consuminige Teal tme observation of volume change

IS not possible and a tirensuming operation is required for processing each
picture. Another problem was encountered-laige displacements, where the
deformation is not symmetric, therefore, multiple cameras were negesdlaof

these difficulties made this method inappropriate for this study, therefore, this method

was abandoned.
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5.2.2 IndependentMeasurement of Air and Water Volume Change

In this method the volume change due to air phase and water phase is monitored
separatly. The overall volume change of the specimen is equal to the sum of the
changes in volume of the air and water components. The change in volume of the
water phase simply is measured through eater drainage line as it is done in
saturated tests. Ina@er to measure the changes in volume of the air phase, a volume
change transducer (VCT) is added to the systems@e@®ns4.3.1andFigure 4.6).

The VCT is placed &tween the aiwater interface cell and OWCP. The change in
volume of the air phase can be deduced from the volume of the water inflow and
outflow to the OWCP. However, during the preliminary tests, the inadequacy of the
system recognized. This is due teetsensitivity of air volume to temperature
fluctuations, which considerably affect the volume of the air phase. In addition
sealing the entire system to air leakage is difficult, and also diffusion of the air
through the tubs and membrane is inevitableer&fore, considering all of these

issues, this method was also abandoned.

5.2.3 The Inner Cell Method

Inner cell method is an alternative to measure the volume change in unsaturated soll
testing. A new triaxial cell was developed to measure the volume checgeliag

to inner cell technigue followingNg et al. (2002) The Schematic layout of the
modified triaxial cellis shown inFigure5.7. The triaxial cell includes an additional
openended bottleshaped inner cell and a reference tube. The overall volume change
in an unsaturatédaturated specimen is related to pressure difference between the
water inside the opeanded, bottleshapeé inner cell and the water inside a reference
tube (Ng et al. 2002) A high-accuracy differential pressure transducer (DPT) is
requred to measure this pressure difference. Unfortunately due to high cost of the
DPT (was not possible to buy within the budget of this study) and its limitation this

method was not used in this study.
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Figure5.7 Schematic layout of the modified triaxial cell with inner cell.

This complexity can be abated by employing conventional triaxial cell and
monitoring the cell fluid exchange. However, the accuracy of single cell method
relies heavily on calibrain accurac{AhmadiNaghadeh & Toker, 2012pespite

its simplicity, this method was gradually abandoned due to severe calibration

requirement.

In this study, a novel and simple calibration procedilrat assumes viscoelastic
constitutive model for triaxial cell is developed to take the immediate and time
dependent volume changes of the triaxial setup into consideration. Volume change of
the triaxial cell fluid is related to the soil specimen volurhange, immediate and

time dependent volume changes of the cell and tubing (expansion of the system) and

piston intrusion into the cell, as follows:

W W Ww Ww Ww (5.9
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The volume change related to movement of the piston (i.e. loading ram) simply could

be corrected by the product of axial displacement and cross section gneaisfon.

However, a calibration process requires to account for not only the immediate

expansion of the cell caused by pressure increase, but also time dependent volume

changes of the triaxial setup under constant stress. Immediate and time dependent

deformation are typical characteristics of viscoelastic materials. Therefore, the

behavior of the triaxial setup could be simulated using viscoelastic constitutive

models.

The following section of this paper explains the theoretical aspects of the vidgcoelast

constitutive model. Then the procedure and required tests for calibrating the

viscoelastic model for the given triaxial cell is explained. Finally, the accuracy of

proposed method is investigated using a series of validation tests on saturated

specimernwith conventional volume change measurement of the pore fluid.

5.3 Theoretical Background on Viscoelasticity

To describe the mechanical behavior of most of the materials under different loading

conditions, combinations of springs and dashpots, are employed th e

stress (0)

strain (U). Aspef§ h&awhese Easlthesrodulas of the

elasticity) hasnotmed e pendent def or mati on.

A fAidashpoto

— 8, whered viseositycoefficient) that deforms infinitely wler sustained stress.

Materials that exhibit both elastic and viscous action, are known as viscoelastic

materials. In such materials, time dependency of stress under constant strain is known

as relaxation and time dependency of strain to applied constess s known as

creep. This is formulated by expressing, stress as a function of both strain and time.

Maxwell (1868)combined an elastic springgdashpot in series, to create one of the

simplest mechanical models to predict the behavior of viscoelastic matémiges

model since both elements are arranged in series connection, stress is identical in both

elements but strain decomposes adeliyivnto instantaneous elastic strain in spring,

and creep strain in dashpot. Under a constant stiesdptal strain at any time,

employing the constitutive relations for both spring and dashpot, is calculated from

the following equation:
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A I (5.2)

where, tisthe elapsedtimeykE s t h e e | a sutisithe viscoosdcoefficienta n d

of the Maxwell model.

Once the system is unloaded, an instantaneous elastic recovery due to Hétsstean
element occurs, however, there is no recovery of viscous strain. This can be

mathematically formulated as following equation:

Lo o (5.3)

Despite acceptabl e behavi or Ilaxationtitfaels Ma x we
to predict the creep and recovery after unloading.
The Kelvin model (also called Kelvvoight model), is another alternative
viscoelastic model, which is parallel combination of a spring and a da@glein
1875; Voigt 1892) In this model, strain is identical in both elements, as they are
connected in parallel. However, stress decomposes additively telbatbnts.
Under constant stress, a, empl oying cons
total strain calculated by the expression:

- 6 p Qun (5.4)
where, t is the elapsed timeg, [k are the elastic moditand the viscous coefficient
of the Kelvin model respectively.
In contrast to the Maxwell model, this model is improper to describe the relaxation

behavior of the materials, as the entire strain is recovered after unloading.

5.3.1 Burgers Model

Kelvin and Maxvell models, are inadequate to describe the behavior of most of the
real materials. The Maxwell model is adequate to describe stress relaxation, however

it is incapableof describing timedependent reca&ry and creep, on the other hand,
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the Kelvin model can account for creep and recovery, however, it cannot consider for
stress relaxation. Combination of these two simple models in mechanical series, as
shown inFigure 5.8(a), gives an alternative comprehensive viscoelastic model

known as the Burgers (or four parameter viscoelastic) n{Bdegers, 1935)

7cl"'l
=
1!;‘*
i
Kelvin Model
Q

Maxwell Maodel

Nm

(a)

Figure5.8 (a) Burgers springlashpot model, and (b) typical creep and recov
response of Burgers model.

Since Maxwel | and Kelvinds el ements are conr

this model under constant stress igegi by:

- - - (5.5)
whemgeiUs the strain in guvhisthestmiriwmttdKelvie | e ment a |
element. Therefore, the total strain calculdigdhefollowing equation:
- o — O p Qwn (5.6)

A typical creep and recovery response of the Burgers model for a constant stress is
shown inFigure5.8(b). At t = 0, the spng in the Maxwell portion instantaneously
deforms to its ultimate capacity aodn be estimated by the first term of the(E®).

Then the Kelvin element starts to deform. Within the Kelvin portion, first, all the
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stresss sustained by the dashpot dhdn it is gradually transferred to spring element

of the Kelvin model. This portion of deformation is known as delayed elasticity
(Findley, Lai, & Onaan, 1976)and formulated by the last term of the Ex6).
Eventuall vy, the only remaining defor mat.
a /md

The observed behavior of a sealed triaxial system (triaxial cell, tubing, valves, etc.)

at different presses is similar to what we see in the Burgers model. The
instantaneous deformation of the triaxial system, due to cell pressure, can be
attributed to elastic and delayed elasticity of the Burgers model. The creep behavior

of the triaxial system can be mod#lith Maxwell dashpot portion.

5.4 Determination of Burgers Model Parameters for Triaxial System

In this study, the behavior of the pressurization sygiat, tubing, PVA, etc.) is
assumed to obey the linear viscoelastic principles of the Burgers ribdsdfore,
calculation of changes in cell fluid volume in response to stress and stress history
requires, firstly, estimating unknown parameters of the (B&) based the
experimental data.
The input parameters of the E%.6) are not fit in the same concegptt the system
properties. For instance, here instead of strain, the volume change of the system is
considered and the instantaneous strain (related to Young's modulus) of the model is
not equal to modulus of elasticity of the cell and is related to itstaaus volume
change of the system. Therefore, the(E§)is rewritten for volume change as:

WO YO — 6 P Qmn (5.7)
wher e Ylumeschahgke ef the triaxipressurization system amgVis its
instantaneous component. Here the first term (linearly elastic component of the
Maxwell model) is replaced by the more genaxa term because of the slight

nonlinearity of the system response observed in the preliminary tests.
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5.4.1 InstantaneousComponent of @V

To estimate the instantaneous volume change of the triaxial pressurization system,
oV, rapid loading tests are performed. For this purpose, the triaxial cell is filled with
distilled deaired water. Then the cell is pressurized by contraliedease of the cell
pressure as fast as possible (depends on system capability of applying pressure and
measurement intervals) to a target value. To assess the repeatability of the observed
behavior, this test is conducted several tinkggure5.9 compares the results of the

rapid loading tests for three different target pressures (800, 1000 and 1200 kPa). As
shown inFigure 5.9, all target pressures result in coinciding curves. A nonlinear
response &tween cell pressure and volume change is observed in the range of zero
to 100 kPa whereas for cell pressures beyond 100 kPa the behavior is linear. Given
that the nonlinear portion does not have a large curvature a separate linear function is
fitted ontoit, resulting in a simplified approach to estimate the first tep¥, of the

Eq (5.8). In this way, this curve could be divided into two linear sections and
formulated as a partial function as below:

o

\ oh , pnm

where a= 0.0183 ¢c/ kPa) b = 0.0158 ¢c/ kPa) ¢ = 0.384 (cc), for the setup used
in this study.
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Creeprecovery tests were carried out in order to estimate the remaining unknown
parameters of the Burgers mod&hese testsnclude continuous volume change
measurement over 60@inute creep (maintainingpostant stress) followed by 600
minute recoveryzero stress) periods for each loading step. Sequentiateeypery
loading history and its response is showifrigure5.10. Creeprecovery tests were
performedin eight loadingunloading steps (i.e., 50, 100, 200, 400, 600, 800, 1000
and 1206kPa cell pressure).

The Maxwel | vi wdsorelased tslope bfthe craep sedtign, sldgown

in Figure 5.8 (b), in thesteady state region of the cresggzovery test results. The
steadystate region can be recognized by drawing the slope of the creep test versus
the elapsed time, which is shownHkigure5.11 for 100-kpa constantell pressure.
Figure5.11 shows that the steady state of the loading step reach around 200 min after

loading. As shown irFigure5.12, t h e r e\ couldebe estim®e by delating
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the slope of the creep section of each step, after steady state region, to related cell
pressure and estimating the slope of this line.

S Qa0 (5:9)

For the setup used i nuistestinated sotbe d.4x10t he amoun
kPa.min/cm.
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Figure5.10 (a) Loading history and (b) volume change versus time fi
creeprecovery test.
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5.4.3 Kelvin-Voigt Modulus (EK) Determination

In order to estimate the spring constant for the Kelvin elemen{wich is related

to maximumdelayed volume changep\4, expr eswia @&q (87W), ad/ E
geometrical approach is utilized. As illustratedrigure5.13,  @mvthe subtraction

of the tangenti al j(whiahiscakwdlatedin mevipus settiona i n
using bilinearf or mul a) . T h ean heacalaulated drém thgp \ollowing

procedure:
36 ©® —0 36 (5.10)

where, X is the volume change (any point after steady state) selected from the steady
state region, t is the time from the stress application to the selected data point and

0 /mds the slope of the tangential line.

4 Slope = m

AV

= T L e e e = = = — e e e e e e e e e, ——————

Delayed volume change

Instantaneous volume change

[ ——

-

to t Time

Figure5.13 Geometrical approach to determine the delayed volume char
pVd.

Ex is the ratio of the applied constant stresdeatayed volume change (i.exE 0 /
g \4), and can be estimated through the slope of the linear fit to the calogdaied

of each creep recovery test, versus corresponding cell pressures. For oursistup, E
estimated to be 716 kPa/cm3, as showhigure5.14.
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544 KelvinrVoi gt Viscous Coefficient (dqK) Deter mi

The das hpok, ofctleenKelvird/oigt elemgnt can be determined by

resolving the E@5.7)f o k at ahy selectedtme and substituting corre
between elastic and steady state from the creep curves into equation. For the

equi pment us ed 4il@kPa.rhir/cgiis estimatey., d

5.5 Implementation of the Burgers Model into MATLAB and Its Validation

As the Burgers model constants are determined, the volume change of the triaxial
system could be predicted for any given loaelinge history. Employing the
Boltzmann superpositiofirgens 2008) the Burgers model was implemented into
MATLAB. The Boltzmann superposition principle implies that, for a linear
viscoelastic material, thanfal deformation in response to a combined loading is
simply the sum of the deformation from each component of the lodéionge5.15
presents the flowchart for implementation of the Burgers equafigure 5.16
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compares the results of the experimental data from the-oceeepery cycles and
model fit using the estimated four parametérgood agreement is obtained between

model calculations and the experimental data. The observed maximum cumulative
absolute error is 0.45 én

|

Input:

= Cell pressure history
=  Ex k.M

!

Estimation of stress
increment for time intervals

'

Estimating the

instantaneous volume
change using Eq. 7

!

Estimating the delayed
elasticity and creep

!

Adding the volume change

resulting from
instantaneous, delayed
elasticity and creep

End

Figure5.15 Flowchart for implementation of the Burgers etijpia

75



16 | Experimental measurement :ﬁ"
----- Prediction _
(V——
— 12
g
o o=
e
m©
=
5] 8 |
Q
£ r"ﬂ
=
o
>
4
0 T T =g
0 2000 4000 6000 8000
Time (min)

Figure5.16 Comparison of predicted volume change of the triaxial syste
under loading and unloading cycles.

5.6 Verification of the Model and Estimated Parameters

5.6.1 Volume Change Measurement in Satusd Specimen

In order toevaluate and validatbe performance of the proposed method, a series of
isotopically consolidated drained compression tests were done on saturated soil
specimens. Volume change of the specimen was measured by both conventional
method (measuring inflow and outflow of water from the specimen through the pore
PVA) and proposed method (monitoring the variation of cell liquid volume through
the cell PVA) simultaneously.

A silty soil from Mersin, Turkey, wassedas the testing matetia he properties of
thesoil samplds presented i€hapter6. The soil sample islassified as low plasticity

silt ML according to the Unified Soil Classification Systet&TM D248711).
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Two sets of triaxial tests were accomplished on saturated spegreared by two
distinctive preparation methods: set 1) compacted specimen and set 2) isotopically
consolidated specimen from the slurry.

Specimen is £m in diameter and 10m in height. After the specimen is prepared

on the triaxial pedestal, the celffised with distilled deaired water. The triaxial test

is controlled by the computer from start to finish. In all tests, first the specimen is
backpressure saturated until B value reaches 0.96. To speed up the saturation of the
compacted specimens, thpores were vacuumed, followed by circulation of carbon
dioxide followed by another application of vacuum before back pressure saturation.
Then, for each set, the specimen is consolidated-edwalid stresses of 25, 100, 200

and 400 kPa.

The consolidatin of the specimen could be accomplished in two different manner:
Ramped (gradual) loading and siepding consolidation. The stdpading
consolidation is the conventional method of consolidation in saturated soils testing
and the ramped loading compressimethod mostly adopted in unsaturated soil
testing. Finally, the specimen is sheared in compression.

In steploading consolidation, it is common to increase the cell pressure up to desired
effective pressure, in undrained condition. Then consolidationtiated by opening

the porewater drainage valves. However, this is not a suitable method when the
objective is the evaluation of the measurements of the volume change using cell fluid
method. This is because when the cell pressure is increased angadcondition,
changes in volume of the saturated specimen would be zero while the triaxial cell
expands. Time scales for expansion of the system and specimen would have different
starting points. Therefore, in this study ramped loading method employed i
consolidation step of all triaxial tests (since this is the conventional method of
compression in unsaturated soil testing and also to have the system respond to
pressure changes instantaneously).

During consolidation and shearing stages, changes inmeolf the specimen is
measured by monitoring both specimen pore water exchange and variation in cell
fluid independently. Movement of the loading ram into or out of the cell need to be

taken into consideration in addition to system volume change. Fguipsse, the
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volume change could be corrected by the product of axial displacement, during the
test, and cross section area of | oading ram
The cell fluid volume change data is corrected by loading ram intrusion, as well as
time and stress gendent expansion of the triaxial cell and piping (which is
calculated through Boltzmann superposition of &q7)). Figure 5.17 (a) and
Figure5.18 (a) compare measuremts of proposed and conventional volume change
measurement for the test set prepared from slurry. Same comparison is done for the
test set on compacted specimeifrigure5.19 (a) andFigure5.20 (a).

Difference between the volume change measurement of the conventional method and
proposed method is calculated as the absolute error and depi€igdiias.17(b)-

13b. The maxiram error for each test, in both consolidation and shear stage and their
sum, and the average value of the maximum error for all tests presentddah.2.

In these tests, maximum absolute error in volume measurement donsaidation

and shear stages was betweer30.M.22 cn?. Considering specimen of-ém
diameter and 1@m height, the values corresponded to volumetric strain values of
about 16 on average.

Table5.2 Absolute errors in volume change measurement using proposed method.

Max errors in specimen from  Max errors in compacted specimer

Tests slurry (cn) (cn?)

series  consolidation shear consolidation shear
25 kPa 0.03 0.06 0.17 0.07
100 kPa 0.07 0.03 0.11 0.03
200 kPa 0.09 0.11 0.12 0.18
400 kPa 0.15 0.14 0.22 0.10
Average

maximum 0.09 0.09 0.16 0.10

error
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To illustrate the capability of the technique in more complex stress history conditions,
(i.e. loading and unloading cycles), a test of isotropic consolidation under five loading
increments (25, 50, 100, 200 and 400 kPdp¥etd by five unloading steps were
performed (the loading increment is kept for almost 10 hours). As shown in
Figureb.21, there is an almost perfect agreement between measurements of pore fluid
flow and results of proposed method during loading.
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Figure5.21 Comparison of measured volume change during isotropi
consdidation.
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5.6.2 Volume Change Measurement for Unsaturated Soil Testing

A series of suction controlled tests are performed to assess the repeatability of the
proposed technique in unsaturated soil testing. Same tests were repeated thrice at each
of 100 and400 kPa suction on identically prepared specimens that are isotopically
consolidated from slurry. Suction was controlled by axis translation techgtijtie

1956) The volume change of each specimen under given suction is measured with
the prgosed methoddrigure 5.22 compares these measurements, which appear

consistent with each other at both suction values.

Volume change (cc)

A3 b

0 2000 4000 6000 8000
Time (min)

Figure5.22 Comparison of measured and predicted volume change dur
suction equalization for 100 ad@0-kPa suction.
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CHAPTER 6

SPECIMEN PREPARATION PROCEDURE

A new procedure for preparation of ldgwasticity silt specimens isotropically
reconstituted from slurry is developed for use in both saturated and unsaturated soil
testing The unifamity of the specimen (regarding void radind segregationand
repeatability was investigated to confirm the performance of the method. The strength
and volume change behavior of specimens prepared by the introduced method are
compared with those of corapted specimens as well as and-dmeensionally
reconstituted slurry specimens, by performing consolidated drained (CD) triaxial
tests.New preparation method results a homogenous specimen, which have a simple

structure and stress history.

The stresstrain behavior of lowPlasticity silts has not been investigated as
thoroughly as clays and sands. Generally, silty soils have been considered to behave
either as sands or as clays. In addition, most of the constitutive models are developed
based on the lalvatory testing of clays and s#mand assuming isotropyo some

extent, his can be attributed to difficulty of obtaining intact samples or reconstituting

uniform laboratory specimen to simulate the field condition.

As far as unsaturated soil mechani concerned, past two decades have seen rapid
advances in both constitutive modeling and laboratory study. However, most of these
achievements are obtained in the lightesiting programs ocompacted specimens.
Sheng et la (2008) have raised some unanswered questamout behavior and
modelling of specimendried andloaded from slurry. A search of the literature on
unsaturated soil testing revealed only few studies had been conducted on

reconstituted specimens from slarry (JenningsandBurland 1962Cunningham et
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al. 2003) This is due tdong durationand practicaldifficulties, in preparing and

desaturating slurry specimens.

Generally, specimenge prepared onrdimensionally and then subject to isotropic
pressure in the hope that it will erase the precedent loading history. However, this

procedure can lead to a complex stress history in the specimen.

In this study, a new slurry preparation procedior testing both saturated and
unsaturated soils is developéte shear strength and volume change behavior of
specimens prepared with the new procedure are compared with those of specimens

prepared by moist tamping and edienensionally reconstitutiofitom slurry.

6.1 Review on Specimen Preparation Techniques

It is difficult to ignore the effect of specimen preparation method (which trasslate
into soil fabric) on the engineering behavior of the soil elemeantboratory tests
Preparing reconstitutegecimens is inevitable especially when assessing the impact
of changing certain parameters of the sample (i.e. parametric study). Key parameters
to be controlled during reconstitution are water content and density (or void ratio).

Depending on initial andlesired soil propertiesvarious specimen preparation
techniques have been developed. According to the literature, the most preferred

specimen preparation techniques for triaxial testing are as follows:

Moist tamping, and moist tamping with uneésrmpadion,
Funnel deposition
Air pluviation (or dry pluviation)

Water pluviation (or water sedimentation)

a r N

Reconstitutiorfrom slurry.

Preparing reconstituted specimens by employing moist tamping technique dates back
to 1951 by LambeThis technique iapplicablegfor most soils and is capable to control
both density and water content at small degodesaturation such that the air phase
is continuous Germaine and Germaine 200%he specimen is prepared by mixing

the drysoil sample with water to achieve desired water content. Then the given
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amount of soil sample is poured into preparation mold and compacted with a tamping
rod to a height, which corresponds to the volume that achieves the desired density.
The specimen isrppared in several layers to increase the homogeneity of the final
product. Nevertheless, compacting consecutive layers can trargganergyto and
causeundesireddensificationof the lower layers. The noruniformity of specimens
prepared with moistamping is a welknown issue, and confirmed by several
researcher@Castro et al. 198&ilbert and Marcuson 1988aid and Negussey 1988

Vaid and Sivathayalan 200Brost and Park 2003

To overcomehis issueand produce more uniform specinsgl.add (1978)proposed

moist tamping with undecompaction technique. In this technique, the lower layers
areunder compacted (to a density lower than the target density) with a predetermined
percentagef density reductionThe percent of undeompaction through the layers
changes linearly from the maximum value at bottom to zero for the upper layers.
Sample nxing and molding procedure in this technique is same as the moist tamping

technique.

Anissue, whiclweencountered ithepreliminary test®f this studyis the deviations

in the cross sectional area of the top and bottom of eachtteateappearedfter the
consolidation making the boundaies of each layer easily recognizablsee
Figure6.1). This is because of the namiform distribution of compaction energy
within the layer (i.e. the surface of each layer recemere @ergy compared tiis
bottom anddensifiesto a higherdensity). This phenomenon is especially most
common in the case of fingrained soils and can be reduced, but not eliminated, by
compacting in thinner layers. Even employthe undercompactiorntechngue the

variations in density within each layer remain a problematic issue.

Air and water pluviation techniques have been developed and extensively employed
to reconstitute sandy specim@mery et al. 197.3Rad anl Tumay 1987Vaid and
Negussey 1988 In air pluviation, specimensre created by raining the dry sand
through a small container with holestla¢ bottom (similar to a saltshakebensity

of the specimerould be controlled by adjusting the falling height of the particles.

Water pluviation is done ia same procedure except that the pluviation medium is
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water. The main disadvantage of these methods is the segregation of particles, which

limit the applicabilityjust to poorlygraded sands

Figure6.1 Deviations in the cross sectional area after consolidation sta

To produce uniform, neeegregated and initially saturated specimens of cohesive
soils, the material is consolidated from slurry. This method can be performed in three
different procedured) slurry sedimentation, 2) ortmensionally consolidating and

preparing a block specimen, and 3) preparing in place specimens.

Emery et al. (1973)shihara et al. (197&ndKuerbis and Vaid (198&mployed a
slurry deposition method for silty sand and sandy silt soils. This method includes

mixing and shaking soil samples inside a capped ended cylindrical tube filled with
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de-aired watera get a homogeneous slurry. The slurry could be subjected to vacuum
for a while to eliminate entrapped air bubbles. After ensuring the uniformity of the
sample by shaking the cylinder, the top cap of the cylinder is replaced with a porous
stone and filtepaper. The tube is transferred anderted inside the triaxial split
mold and membrane thare already filled with deaired water. The slurry is
deposited inthe mold by raising the tube. The main objective of this method was
reproducing specimen with ikdabric similar to natural sedimentation soils and
overcome to the segregation of particles, which is the disadvantage of water
pluviation method. Laterthis method was employed by other researc{@atgado

et d. 2000; Carraro and Prezzi 2008)ccessfully.Tastan and Carraro (2013)
modified the method adopted yarraro and Prezzi (20P& reconstitute hollow
cylinder specimens of clean or silty sandspositedunder waterlshihara et al.
(1978)demonstrated that when the amount of fine content sdmgfeveen 30 to 80
percent, this method fails to produce a uniform specimen. In most of the cases in the

literature the maximum amount of fine content of the sample is less than 20 percent.

The other procedure of the preparing specimen from shay introduced by
Sheeran and Krizek (197 Ihis technique includes one dimensionally consolidating

a slurry, prepared with initial water content of 2 to 2.5 times the liquid limit, in a large
consolidomegr to a desired pressure to create a block sample. The test specimen
needs to be trimmed to the dimensions to perform the laboratory tests. Trimming is
this techniquebs di sadyv an-toasgneng précedure.g a
During trimming, speimen may be damaged and disturbed. Therefore, it is required
to prepare specimens under high consolidation predautes case, at low confining
pressurg, which is the case in most of the engineering problspesimen behaves

like an overconsolidatespecimenThis technique is more suitable for highly plastic
fine-grained soils, preparing low plastic silts without some amount of disturbance is
difficult.

There are several issues that may be disadvantageous when using this Imétisod.
techniguea samplavith large dimensiosis created, therefore a long time is required
to complete the consolidatioBecondlyfrom each bloclsample several specimen

are obtainec@nd each specimédras to wait for its turn in the testing progranis
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requires tlie development of additional procedures for sealing, handling and storing
the specimens. Another issue is wasting large amount of possibly scarce material
during the trimmingprocess,as the redrying and repowdering is not desirable.
Finally, due to sidewll friction in theconsolidation tanka nonuniform sample with
noticeable water content gradient, which means variation of density, may be obtained.
Mandeville and Penumadu (2004ported a 15% variation of water content from top

to bottom of their sample. To overcome this shortage and to minimize the frictional
effects, they lined theconsolidation tankvith Teflonand sprayed the inner walls with
silicon to minimize the frictional effects between tals and the slurry. In this way,

the water conterwasvariedonly by 2.85%from top to bottom.

To overcome some ofthe deficiencies of the one dimensionally consolidated
specimen as a blockonahue (2007)and Wang et al. (2011prepared the specimen
inside the triaxial moldThis technique includes pouring the slurry inside the mold
and one dimensionally consolidating the specimen fimmto achieve the desired
height.Like the pevious method, the friction between the slurry and the membrane
results a nowuniform density distributioralong the specimen height. In order to
reducethis effectthe specimen is subjected to a vacuum equal to the vertical pressure
from the bottomHyde et al. (2006)repared the specimen from the slurry in the same
procedurehowever, instead of vertical loadirthey appliedLO and 4€kPa negative
porewater pressure through base of the sample to bring out the evatess

6.2 Preparing Isotropically Reconstituted Specimens from the Slurry

In this study, a new slurry preparation procedure for testing both saturated and
unsaturated low plastic silts is developed. The purpose is producing loose and
homogenous specimerstarting the entirapplication ofconfining pressure frortine

normaly

6.2.1 Materials

The soil used in this study (from Mersin, Turkey) is classified as low plasticity silt,
ML, according to theUnified Soil Classification System (USCSJhe index

propertiesof the soilare presented imable6.1. The results of the modified Proctor
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compaction test of the sample indicated a maximum dry density, 1.86 g/cm3 at an

optimum water content of 14.2%.

Table6.1 Summary of index properties of soil used in this study.

Soil properties Description/value
Specific Gravity Gs 2.72

Liquid Limit (%) 25

Plastic Limit (%) 20
Plasticity Index, IP (%) 5

USCS classification ML
Maximum dry density g/cm3 1.86

6.2.2 Preparation Procedures for saturated Soil Testing

The slurrywas initially prepared by thoroughly mixing a given mass etiagd soll
with distilled deaired water at a water content of about 1.5 times the liquid limit
The preparation water canit plays a key role in uniformity of the sample. Air
bubbles could be occluded at lower water content andvagibr content may cause
stratification Kuerbis and Vaid 1988)

The slurry issealedandtempered in the humid roofar at leas®?4 hours tachieve
uniform water contentThen, the slurry is subjected to vacuum to eliminate the
entrapped air pockets. Following vacuum, the sample is mixed thoyowgthl a

pestle to get a homogeneous slurry. It is noticed that about 0.2% of water content
decreases during these procedurésrefore, to compensate to this, the preparation
water content should start at 0.2 % greater than the desired Aaatirategporous

stone and a filter paper are placed on the triaxial pedestal. Then, a membrane is
positioned around the pedestdb prevent leaks, higllacuum grease is applied
around the pedestal before placing the membrbiseng a pair of &ings, the

membraneightly is sealed to the pedestal.
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The split mold is mounted on the triaxiahse around the membrantn order to
applyvacuum, and later, confining pressure, to betwthermembrane and the split
mold, a filter paper covers the inner surface of thednbhen the upper part of the
membrane is folded around the moltacuum is applied, between split mold and
membrane, to stretch and hold the membrane tight to the mold. Thentite&iaxial

base withthe mold on its placed on a digital balance tontm| thedepositednass

of the slurry. The slurry is poured intbe mold andgently mixed with a spooto
prevent entrapment of the air bubbles. After filling the split mold with the desired
mass, the specimen is |édir two hoursto consolidate undets ownweight, to lose

some of its liquid consistencyo limit the evaporation, the split mold is covered with

a wet towel. The change in volume of the water is monitored using the pressure
volume actuatoof the triaxial setupwhich is set to keep theope pressure atero

(i.e. atmospheric pressurdjor all tests on this materidiess than m® water
outflow is measured at this step. Neatfilter paper and a saturated porous stone
along with the triaxial top caareplaced on top of the specimerhén the membrane

is unfolded over the top cap, sealed with twoiys and the vacuum line is removed.

The specimen in this condition is in the loose state and prone to damage. Therefore,
the split mold iskept in placeto support the specimen. Then thetial cell is
assembledfilled with water and pressurized. The objective is preparing normally
consolidated specimens, thereby specimamsconsolidatedto 10-kPa effective
confining pressure. The loading rate should be slow enough to avoid any exeess p
pressure generation in the specimen. This is accomplished by ramping the cell
pressure at a rate of 0.1 kPa/min. The filter paper between the split mold and
membrane provides an equal distribution of stress throughout the specimen. This step

takes almet eight hours to expel about-281 of pore watefor this sample material

Once the consolidation is completed, the drainage valve is closed. The vacuum pump
regulatoris adjusted to 10 kPand connected to drainage line. Then the cell pressure

is releaed, and simultaneously the drainage line is opened toitheacuum. As a

result, an identical effective stress as consolidation pressure is applied to the
specimen. In light of the applied vacuum, the risk of the specimen disturbance

decreases tthe mnimum.
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Following draining the cell fluid, the split mold is dismantl&tle specimers ready
for testing, and its initiatlimensiors are measured. The triaxial cellrsassembled
and filled with distilled deaired water to perform the desired test.

6.2.3 Preparation Procedures for Unsaturated Soil Testing

The axis translation technigy#ilf, 1956) hasbeenwidely adopted to control and
induce matric suction in unsaturated soil testing. In this technique, it is common to
usehighair entry value (HA) ceramic at thbottom (to control porevater pressure)

and a coarse porous stone (to control {@orgressures) on the top of the specimen
(Bishop and Donald 1961; Josa et al. 1987; Sivakumar 1993; Rampino et al. 1999).
In the case of preparing theesimen on the triaxial pedestal for testing unsaturated
soils the low permeability (i.ethe impedance) of the cerancsiensiderably prolorg)

the time of preparation.

To overcome the mentioned shortcoming, a triaxial base (pedestal and top cap) with
anewarrangement is developed. The details of new pedestal and top cap is shown in
Figure 4.5. The pedestal and top cdmth haveHAE ceramic at center and a
peripheral annular porousetal Consequently, the pokeater can bexpelledmuch

faster from the peripheral coarse porowetalfrom top and bottom during specimen

preparation. Prepatiian procedure is identical witlhatfor saturated sasl

6.2.4 Evaluation of Specimen Homogeneity

Void ratio and segregation are two key parametetshould be evaluated to verify
the uniformity of the specimen. For thpsirpose a triaxial specimen was gpared
following the introduced proceduréfter consolidating the specimen at-kBa
effective stress, the drainage valve is closed, andsjleeimenis retrieved The
specimen is divided to five horizontal slices for void ratio and grain size analysis.
Assuming full saturation arukingEq(6.1), the void ratio is proportional to the water

content.

"YEQ "O8) (6.1)
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Therefore, the water content of each slice was determkigdre 6.2 shows the
spatal variation of water content throughout the specimen height. A maximum
absolutalifference of 0.75% in water content was obsehe&tiveen théopmostand
bottommostslices. This difference could be considered acceptable, as the absolute
error margin for vater content measurements is 0.5% (ASTM D2216¢. results of

tests indicate an average void ratio of 0.72.

The effect of further consolidation on spatial variation of the void ratialde
investigated. For this, first a specimen wsatropically consdidated at 40&kPa
effective stress, then unloaded to 10 kPa. Similarly, the specimen is sliced and the
water content of each slice is measured. As showigire6.2, the water content is
almost constant throught the specimen height. It may therefore be assumed that a
little variation in water contentaQd void ratio) during preparation could be

compensated duringpnsolidation

Water content (%)

10 15 20 25 30 35
1 1 1 1 1 1 1 1 1 1 I",‘ 1 1 1 1 I~ 1 1 1 1 1 1 1
—0O— After preparation
—0— After consolidation
2 A o
§ 3 A +
w
4 .
5 O O

Figure6.2 Spatial variation ofvater content after preparati@ncludes
10-kPa consolidationand after consolidationnder 400 kPa

94



To examine patrticle segregation, graime analysis (ASTM D422) is performed on
each slicgFigure6.3). Figure6.4 compares the graisize distribution of the slices.
The considerable agreement between layers confinmsuccess of the proposed

method in preparing uniform specimens regarding egeia distribution.
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6.2.5 Evaluation of Repeatabiliy

The repeatability of the proposed method in preparing identical specimens was
investigated for both saturated and unsaturated soil testing. For saturated soil testing,
aconsolidated drained triaxial tegasrepeated twice at 18KPa confining pressure

on identically prepared specimemsgure 6.5 (a) and (b) compare the stresdrain

and volumetric response of the specimens. An excellent agreement between the
results of two tests is evident, confing the repeatability. Once tests are finished,

the specimens are divided to five slices to snea the water contenkigure 6.6
illustrates the spatial variation in water content of the specimens. The resultsyare
close, and the difference is within the acceptable error margin of the water content
meaurement (i.e. less than 0.5%)
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Figure6.6 Spatial variation of water content.

For unsaturated soil testing, series of suction controlled tests were performed to
evaluate the repeatability. For this, same tests were repeated thrice at each of 100 and
400-kPa swtion on identically prepared specimens. Suction is controlled by axis
translation techniqueFigure6.7 compares the pon@ater volume change with time
during suction equalization. Compson ofthe resultseveat agreement deveen the

results, which confirm the repeatability of the proposed method for testing

unsaturated soils.
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Figure6.7 Repeatability of the proposed method for unsaturated soil testir

6.3 Experiments Comparing Behavior of Specimens by Different Preparation
Methods

The effects of preparation methods on strength and volumetric behavior of specimens
are investigated (see chapter 9). For this, three sets of consolidated drained (CD)
triaxial tests were perforndeon the saturated specimens prepared by thstiect
preparation methods: a) isotropically reconstituted from slurry (IRS), b) one
dimensionally reconstituted from slurry (ORS) and c) moist tamping with under

compaction (MT) specimer{see chapter 7 faesting program)

6.3.1 Preparation Procedure of On®imensionally Reconstituted Specimens
from Slurry (ORS)

The preparation procedure up to pouring slurry inside the membrane is identical to
IRS. After that, the top cap and loading piston are placed on sludthe specimen
is left to consolidaten the split mold The slurry was ordimensionally consolidated

by ramping the vertical loading at a rateldéPa per hour. This ratgasconcluded
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to be sufficient to complete the consolidation under each incteribe loading
continues untithe desired height is achieved. Following consolidation, the split mold
is disassembled and the dimension of the specimen is meabheegksults of tests

indicate an average void ratio of R.7

6.3.2 Preparation Procedure of Moits Tamping Specimens with Under

Compaction

To speed up the saturatiazarbon dioxidas ciraulatedalong with vacuum before

back pressure saturation.

Triaxial specimens with-Bm diameter and 20m height and initial void ratio of 0.72
are prepared by thendercompaction method (Ladd, 1978) on the triaxial pedestal,
in 10 layers.

The following expressionGermaine and Germaine 2008)used to calculate the
percentage of undercompaction for each layer:

(6.2)

E p p O (6.3)

where,

hn = height to top of layer n (mm),

m = total number of layers

h = total height of specimen (mm)

n = layer number

Un = undercompaction for layer n (decimal)

U1 = undercompaction of th&$t layer, which is the bottom layer
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u, =0.0X n=1|[h

vV V VvV Y

Figure6.8 Schematic diagram of determining percentage of undercompactio
height of layergGermaine and Germaine 2009)

The preparation equipment consists of a conventional split mold and custom made
hammer(seeFigure 6.9). This hammer includes a steel rod for tamping and an

adjustable collar for precise control of layer height.

Tamping rod Calipers

Figure6.9 Equipment used for compaction.
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Initially, the entire sample was mixed as a single batch, from which the soil was taken
as small portions for each layer. However, this meant the lowermost layer, as it is
placed first, had the highest water content, and as the soil of the following leage
waited longer, evaporating, they had gradually decreasing preparation water contents.
To eliminate this error and to prepare uniform specimens, material is mixed in 10
different dishes, each with the desired water content. A syringe is used fiseprec
control of the amount of water added to the soil. Before placing the material of each

layer into the mold, its water content is measured prior to placement.

The membrane is placed around the triaxial pedestal and sealed withrings @t
bottom. Tha split mold is placed around the membrane. The membrane is then
folded around the mold and vacuum is applied to hold the stretched membrane tight
to the mold. Then each layer is placed and compacted to the desired density by
controlling the height of thiayer for a given mass of sqéeeFigure6.10). After
preparing the specimen the top cap is placed on top of the specimen and the
membrane is rolled around the top cap and sealed with twogOA porous stone

and a filter paper are placed on the triaxial pedeBkedn the membrane is unfolded
over the top cap, sealed with tweridgs and finally split mold is dismantled. The
specimen is ready for testing, and its initial dimension are meadimreq the triaxal

cell is filled with distilled deaired water. Next, the test conditions are specified and

triaxial test is controlled by the computer from start to finish.
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Figure6.10 General arrangement for moist tamped
compaction.

104



CHAPTER 7

TESTING PROGRAM AND PROCEDURE

This chapteffirst presentghe properties and criteria used for selecting the ggstin

soil. It is followed bypresating the testing program and related stress patten,

the procedures and methods to obtain SWCC and to perform suction controlled

triaxial tests on both IRS and MT specimanspresented.

7.1 Testing Material

The main objective of this study is investiggtthe couplingof hydromechanical

behavior of unsaturated reconstituted specimfem.appropriatesoil had to be

selected in order to achiettee objectives of this studyrhe following criteriavere

consideredn selectinghe sample

A

The grain size ishe first important critedn when selectinghe propersoil
sample The soil had tobe fine enoughio see the influence of thaatric
suction orthe shear strength and volumetric behawifothe unsaturated soil
specimes clearly. On the othehand,soil had to becoarse enough texhibit
significant changes in degree of saturatisithin the suction range of the
testing apparatus (i.e. low residual matric suction)

The soil sampléad tobenone or lowplasticto avoid difficulties associated
with plastigty (such as possible effects of particle surface charges)

The selected soitould not be potentiallyproblematic soils g€xpansive or
collapsible soilys

The soil could exhibit solidification behavior with time due to its mineralogy.

Thereforethis effecthad tobe investigateavhenselecing the soil sample
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Considering these criteria, low or nptastic silty soilsvere deemedppropriate for
this study For this purpose, three different sedmples were examined; namely
M100, quartz andMersin slt.

M100 and quartare artificial (and commercially available) sail¥he grain size
analysis were performeahere all the particles wefamer than 0.075 mm (No. 200
sievg. The hydrometer test, according to ASTM 422, were performeand their

grain sze distributions are shown fppendixA.

The Atterberg limits and specific gravity tests wpegformedo determine the index
properties of thesoil samples The SWCC of the soisamples for compacted
specimensvith dry density ofj 4=1.3 g/cni were obtained from pressure plate test.
The testing results are presentedappendix A.According to the Unified Soill
Classification Systerrsoils were classified as lowplasticsilt, ML. In view of the
testing resultsquartz and M10@ere Elt to be the appropriate ftesting program.
Therefore, additional triaxial tests and consolidation tests were performed on
saturatedcompactedspecimensHowever, t was recognized that both soilsare
unsuitablefor this studydue tofollowing reasons

1 For M100, during saturation phase in triaxial tests, collapsible behavior was
observed.The procedure suggested by ASTM D5333 was followed
measure the collapse potential of the soil sample (at given density and water
content) The Collapse Indexd)l (for the applied vertical stress of 200 kPa
is determined to b8.9percentAccordingto ASTM,tisfic ol | apse potenti a
is classified as Moderately Severe.
1 For quartzthe CD triaxial tests were performed on compacted specimens
with noproblem. Howeverfor specimens prepared from slursplidification

behavior was observed

The same tests and procedure we@eatedor silty soil from Mersin The index
properties of the sample are determined through laboratory tests as summarized in
Table7.1. The soil is ML according to the Unified Soil Classification Syst&®TM
D248*11). The grainsize distribution ishown inFigure7.1. The SWCC of the soill
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samples for compacted specimensenabtained from pressure plate {@sgure7.2).

In view of theaforanentioned criteriandtestingresults the Mersin siltvaschosen

Table7.1 Summary of index propertied Mersinsilt used in this study.

Soil properties Description/value

Specific Gravity Gs 2.72
Liquid Limit (%) 25
Plastic Limit (%) 20
Plasticity Index, IP (%) 5
USCS classification ML
Maximum dry density g/cm3 1.86

100

90 -
80 -
70 -
60 !

50

Finer mass (%)

40 |
30
20 |

10 r

0 1 L1111l 1 L1111l 1 L1 1111l
0.0001 0.001 0.01 0.1 1

Particle diameter (mm)

Figure7.1 Grain size distribution dflersin silt
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Figure7.2 Soil water characteristic curve of Mersin silt from pressure plate 1

7.2 Testing Procedure for the Suction Controlled Triaxal Tests

7.2.1 Equalization Stage

The initial step irtriaxial testingof unsaturated soilg@fter preparing and setting up
the specimenis to applythe desireduction. In this studyaxis translation technique
is employed to control andducematricsuctian. Differentvaluesof suction(defined
as the difference between pore air pressufeand pore water pressurey) tan be
applied by regulating the air and water pressure. To prev@aiton of the membrane
inside the triaxial ceJthe air pressurshouldalwaysbelower than the confining cell
pressuréi.e. net confining stress must be positiWaterwill flow into the specimen
(wetting) if the applied suction isss tharthe initial value, and water witlrain out
(drying) if the applied suctivisgreater thathe initial suction of the specimeffter
reaching a desired suction, specimen is ledoalizatiorunder applied suctiolhe
equalizationmplies full dissipation of the excess pavater pressurander applied

suction The equalizaon stage can be terminated when the rate of water flow
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decreaseto less than 0.1 cifday Sivakumar 1993¥or specimen with £m in

diameter and 1:@m in height

The schematic layowstof the pore air pressure system and the pore water pressure
system of the unsaturated soil testing sedtgshown inFigure 4.6 andFigure4.7.

The following steps were followed during suction equalization stage:

1 As a first step the cell pressure, air pressure, and water pressurereasedta
rate of 2kPa/min to75, 50 and 5&Pa respectively.
Thedesired value of the suctipfat net confiing stress of 25 kPas appliedby

—_

gradually increasing (i.eamping the cell pressure arar pressure rate of 1.5
kPa/min.The cell pressurés controlled automaticallythrough the TRIAXIAL
software but the air pressurés controlled manually thragh the air pressure

regulabr (see sectio®4.3.1andFigure4.6).

—_(

The changgin volume ofthe pore water and thetal volume of thespecimerare
monitoredregularly The equalization under the applied suci®oompletedvhen

the rate of water flow decreased to less than Opkrcday.
7.2.1.1 Testswith Drying-Wetting

Tests with dying-wetting include a equalization stagéor the wetting path (at
constant net stresm addition to drying pathOnce equalization for drying path was
achieved, wetting patis initiated by reducing suctiofhis can be performed in two
ways (a) hold water pressure unchanged wh#elucingthe air and cell gessure
together @tthe same rate, keepinganstannetconfiningstres$ or (b) hold the air

and cell pressureonstantvhile increasing the water pressure.

Preliminary testavereperformed tanvestigatethe performance of each procedure.
Problems wee encountered when using the figbcedure During the longterm
tests, thediffusion of air through the membraneould occur (despite all the
measures)The dissolved air come out of solution in the form of the air bubtitbs
decreasingell pressurdseeFigure7.3). In addition, it seems that the equalization
time is shorter with thesecond procedure (i.e. wherater pressure is increaged
Beside thesdn our setupthe air pressursystemis controlled manually, therefare
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holdingair pressure constant and increasing the water pressure automatically through
PVA is more convenient herefore, in this study the second procedure was adopted

during wetting stage.

The suctiorwasdecreasedtthesame ratél.5 kPa/minduringdrying path i.e.The

same criterion as drying is adoptecetadthe equalization stage.

Figure7.3 Photograph of air bubbles accumulated in triaxial cell after decree
cell pressure.
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7.2.2 Isotropic Compression

Following equalizationstagespecimes wereisotropically compressed at constant
suction. This can be achedin two different manner Ramped (gradual) loading
and stegdoading consolidation. The stépading consolidation is the conventional
method of consolidation in saturated soils testing and the ramped loading

compression method mostly adopted in uns&tdraoil testing.

Excessporewater pressure can be generated withsteploading compression that

violatetheassumption o€onstant suction.

In ramped compression method, it is possible to produce a continuous plot of the
specific volume versus net are stress to identify yield stressheél loading rate is
selected slow enough to preveageneration of the excess pavater pressure or

maintainit within an acceptable margin.
Eq (7.1) proposed byhomas (1987)o estimate the excess pewater pressure, at

the undrained face of tisaturated specimens consolidabgdamped loading:

YQ
- _ 7.1
0 I (7.1)

where R is the loading rate, h is the drainagé pength and ¢is the coefficient of

consolidation.

By selecting an acceptable value for excess pore water preEsu(&,1) can be

rearranged foR, as below

(7.2)

As mentioned this equatiowas initially suggestedor saturated soilshowever
Sivakumar (1993andChiu (2001)commentedhatthe generated excess pavater
pressure for unsaturated soil specimens is less than that for saturated sdeeitoen

lower degree of saturation
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The loading rate of the ramped compresssastimated frontq (7.2). Forthe range

of confining efective stressthe coefficient of consolidation ¢ for saturated
specimesprepared frontheslurryis determined to be, = 1.6x10°% m? /s. The value

of maximumexcesspermissiblepore water pressuris, selected to be 2/Pa.As
mentiored in section4.3 in this study, specimens were drained from both ends
(double drainagetherefore, hs half the specimen heigfite. h =5 cm) Therefore
using Eq (7.2)the loading rate was determinéal be 11 kPa per hour. To be
conservative, the loading rateas selected to be 4 kPddr both specimen prepared

from slurry and compacted specinsest
Theprocedure followed during compression:

T A desired value of the nebnfinings t r ess ) is @pplied by keeping the air
pressure and water pressure cansti.e. constant suction) and increasing the cell
pressure. The target cell pressure value and the corresponding rate is entered and
controlled through the TRIAXIAL software.

Once the desired value thfe net confining stress achievedthe specimens left

-

(under constant net stress and constant sydiwor24 hours, to ensure complete

dissipation of the excess pemater pressure.

-

Thechanges in totadnd water volume and charsgae height of the specimeare

monitored throughout the test.

—_(

The diffused airis flushed once a dajyollowing the proceduredescribedin
section4.4.2

7.2.3 Sheaing at Constant Suction

Following consolidation specimes is shearedat constant suctior(i.e. dained
condition forboth air and water phageThe shearings accomplishedinder strain
controlled ¢onstantrate) condition The strain rate should be slow enougknsure
full dissipation ofexcess porgvaterpressure during shearing. The strain ztebe

representeds:
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Y (7.3
wh e rrie thelstrain at failure and thed the corresponding time at failure. In
order to determine the failure time Bishop and Henkel (1962) proplosed

following equation for saturated sails

) O
0O —— (74)

Where U is the average degree of consolidation at faildris, thehalf the specimen
heightandd i s a parameter depedndisngeqounald rtaoi nO

drainage from one end onl ynbathehdsg i s equa

In unsaturated soil testinghe effect of the impeded flow through the high AEV

ceramic should be considered well Bishop and Gibson, (1963) artdo and

Fredlund (1982) introduced the impedance faetort hat i s daedftiened wi
Eq(7.4)take thefollowing form:

Wher e, d = 0.75 / (1 +d 3= /3a) (flor+ s3 n/ga)e

drainageimpedance factor & formulated as foll

o~ (7.6)

where Kkq is thewater coefficient of permeabilityf the high AEV ceramic, kis the
coefficient of permeability of thansaturated soil with respect to the water phase, d
is thelength of drainage patland Lyis thickness of the high AEV ceramic.

As shown irFigure7.4, Ho and Fredlund (1982) demonstrated that for the impedance
factor greater than 1@&pecimen with 140 mm height and single drainalge)time

to failure, t, is almost constant for a given coefficient of consolidation.
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Figure7.4 Time to failure tfor drained triaxial test specimen
(adopted fronfredlund et al. (2012)

Inthisst udy the i mpedance factor, &, of the 10 ¢
to fail the specimerAs mentioned in sectiof.3, the drainage is provided from both
sides therefore the drainage facthbesimated as2.3using = 3/ (1 + 3 [ &) .

By substituting d = 2 an@c, = 1.6x10°% m? /s, the required time to failurevas
determined to bé hours

Assuming failure will occur after 2 % axial strain (the tests results revealed that
failure occurs after 8 %xial strain)the rate of the straiis determined to be 0.88
%/min usingEq (7.3). To be conservative, the loading rateelected to be 0.004

%/min for both specimen prepared from slurry and compacted specimens.
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The changes in total and water voluarad changes in height of the specinaea
monitored throughout the test. The diffusedisiflushed once a day following the
procedure described in sectiént.2

7.2.4 Dismantlingthe Triaxial Cell and Specimen

Oncethe test was finishedoressures Kie cell pressure, air pressure and water
pressurgwereall gradually decreased to zendile keeping positive net stresaill

the valveswereclosed and the triaal cell fluid is drained. All the pipes (i.e. cell,
water and air pressure linesgredisconnected from the triaxial lsnd then the
triaxial cellwastaken off the loading frame

Theexcess water frortriaxial base, membrane and top whged usingtoilet paper.
The Grings on topcapwereremoved and the membranasstripped. The height
and diameter of the specimerrecarefully measured on top, middle and bottom of
the specimen from two opposite directions. The diameter measurattieatiddle

of the specimemvereused to control the estimation of the area correction.

It is common to measure the entire weight of the specimen to determine the overall
water content of the specimén.this studywater content of the specimen was taken
from five levels along the heighto investigatehe spatialdistribution of the water
content. In addition, thepatialvariation of the void ratizvasexamined bystimating

void ratio at each levelby waxcoated submersiorfhe following procedurevas

adoptedo mesure the water content and void ratio

A Specimerwasdivided into five slicesHalf of the slice was taken for water content

determination, and the other half were taken for void ratio determination.

The following stepsvere followedto measure the voidtio of each slicebased on

Archimedes' principle

A Each slices trimmed to get aegular shapelt is avoided to get angular and re
entrant angle specimens.
A Weigh the trimmed slice (M.
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A Slice iscoated by dipping in molten wax and removing it quicKijis stepis
repeated for several times to completely coat the specifkenermostatically
controlled bathis employed for melting the waxt should be noted that the
overheated wagancause cracks in the specimdime waxshould beheated t@®0-
70°c emperature.

A Weigh the waxedpecimen after coolingM.).

A A setup as shown irFigure7.5, is arrangedd determinethe apparenmass of the
waxedspecimerin water A beakeris filled with distilled water angbositioned on
thedigital balanceA tray, shown inFigure7.5, is suspended from theigporting
frameand completely immersed in watdhe balance is zeroed

A The waxedspecimen is placed on the trag thatit is completely immersed in
water.

A The mass of thenmersedvaxedspecimerin wateris measureqMs). This is the

difference betweethe specimen weight in air and under water.

The mass of wax i€Mw) given by:
0 0 0 (7.5)

The volume of the wax (M) is given by

W - (7.6)
w h e & is thgdensity of the wax, which is determined to be 0.88 &/cm
Thereforethe volume of the specimen is given by:
.0
w — W (7.7)

From this and water content of each sltbe bulk density, dry density and void ratio

aredetermined.
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Figure7.5 Setup for determining volume of the specimen.
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7.3 Testing Program

Effect of matricsuction and suction history (wetthtlyying) as well agffect ofnet
mean stress (p) on shear strerggit volumetric behavior agpecimens that are either
isotropicallyreconstituted fronthe slurry (IRS) or moisttamped compacte@T)
wasexamined. For this purposmainly two series of suctionontrolled CD triaxial
testswerecarried out.

Toinvestigatehe effect of suction magnitude and net mean stsestion controlled
CD triaxial testswereperformedat eachtest point as shown irFigure 7.6, on both
IRS and MT specimens

To investigatethe effect of suction historysuction controlled CD triaxial tests
involving drying and wetting were performed on IRS specimens

Notethat each saturated CD test took about 5 days and each unsaturated CD test took
20 days on averag@&able7.2 andTable7.3 summarize the testing program for MT

and IRS specimen respectively.

b Void ratio

>

Matric suction (u,-u,)

Figure 7.6 Summary of test points insaturated testingéries for both MT
and IRS) with conditions at the start of shearing.

118



Table7.2 Summary of testig program forsotropically reconstituted specimen

from slurry (IRS).

- 8
o S |l . . g
% g % > Suction condition Net confining stres; 3
NO| Testib | E| 8|25 (kPa) (kPa) g
| |25 7
x| & |aof Drying . . .
o Initial o Wetting tg Loading |Unloading
1 | Serisl, 25 - 25 - v
2 | Seriesl, 100 - 100 - Y
3 | Seriesl, 100 > - 100 - Y
4 | series1. 200 |IRS|0.72| 5 Zero saturate
’ )
5 Seriesl, 400 - 400 - \Y
Seriesl, step
6 loading - 400 12 \Y;
7 Seriesl, 25 - - 400 25 \Y
8 | Seriesl, 100 |IRS|0.72| 5 Zero - saturated 400 100 \
9 | Series1, 100 ® - 400 200 | V
10 S 100 25 - 25 - \%
11 S 100 100 100 - 100 - \%
12 S 100 400 - 400 - \%
13 S 200 25 - - 25 - V
14 S 200100 |IRS|0.72 5 Zero 200 - 100 - \Y
15| S 200 400 ¢ - 400 - Vv
16 S 400 25 - 25 - \Y/
17 S 400 100 400 - 100 - \/
18 S 400 400 - 400 - \/
19 S20400 |IRS|0.72|slurryl Zero 20 - 400 - \%
20| S4000, 25 - 0 25 - \%
21| S4000,100 [IRS[0.72| 5 Zero 400 0 100 - \Y
22| s 4000, 400 ® 0 400 - Vv
23| S406100, 25 100 25 - Vv
24 | S 400100, 100 100 100 - Vv
25| S 4006100, 400 ? 100 400 - \Y
IRS[0.72] 5 Zero 400
26 | S 4006200, 25 » 200 25 - \Y
27 | S 4006200, 100 200 100 - \/
28 | S 4006200, 400 200 400 - \/
29 | Series3, 4025 - - 25 - \/
30 |Series3, 40400/0RS 0.72 5 Zero - saturated 100 - \
31 | Series3, 40200 ¢ - 100 - Vv
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Table7.3 Summary of testing program for MT compacted specimens.

- | 8
o = —
= g > Suction condition Net confining stres; 3
=R R (kPa) (kPa) 5
NO| Testb | E| 9|25 s
gl a|25 »
a| &lao iy Drying , . .
o Initial to Wetting tg Loading|Unloading
1 Seriesl, 25 - 25 - vV
2 Seriesl, 100 - 100 - vV
3 | Seriest, 400 MT | 0.72/10.2| 400 j saturated 4 _ v
4 Serles_l, step ) 400 12
loading
4 Series2, 25 - 25 - \%
5 Series2, 100 - 100 - \%
MT | 0.72| 17 | 50to100
6 Seies2, 200 - 200 - Y,
7 Series2, 400 - 400 - \%
- saturate
8 Series3, 25 - 25 - \%
9 Series3, 100 - 100 - \%
: MT | 0.82| 17 -
10| Series3, 200 - 200 - \%
11| Series3, 400 - 400 - Y,
12| MT 100 25 - 25 - Y,
13| MT 100 100 - 100 100 - Y,
14 | MT 100 400 - 400 - Y,
15| MT 200 25 - 25 - Y,
16 | MT 200100 |MT |0.72(10.2| 400 - 200 100 - Y,
17 | MT 200 400 - 400 - Y,
18| MT 400 25 - 25 - Y,
19| MT 400 100 - 400 100 - Y,
20| MT 400 400 - 400 - Y,
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7.3.1 Test Program forSuction Contolled CD Triaxial Tests onReconstituted

Specimens

A total of 31 consolidated drained tests were performeasdatropically reconstituted
specimens from the slurry (IRS)his involves 11 conventional consolidateined

tests on saturated specimens a@dinsaturated suctiezontrolled CD triaxial tests.

7.3.1.1 SaturatedSoil Tess

Three series of conventional consolidated drained triaxial tests were performed on
isotropically reconstitutedpecimengrom the slurry (IRS)and onedimensionally
reconstitutedromtheslurry (ORS).

1 Series 1 imolves CD teston IRS specimens dteffective confining stress of 25,
100, 200, and 400 kPa.
The saturated shear strength parameters of the IRS were determined through the
test results of series 1. In addition, thes#stavere used as a reference state to
interpret the results of unsaturated soil tests. Four tests were performed at 25, 100,
200, and 40&Pa effective stress. A consolidated drained triaxial test was
repeated twice at 16kPa effective stress on identilyaprepared specimens to
verify the repeatability of the specimen preparation method (see s@ction

1 Series 2involves CD tess on IRS specimens wittbading and unloadingn
consolidation stage

In series 2, specimens were first consolidated to effective stress of 400 kPa, then
unloaded to 200, 100 and 25 kPa to yield an OCR = 2, 4 and 16, reslyect
Finally, specimens were sheared at constant effective s¥fietd.points (that

were used to generate yield surfage)saturated condition were determined

through the results of test with loading and unloading (i.e. series 2).

1 Series 3nvolvesCD test on ORS specimens at three effective confining stress
of 100, 200, and 400 kPa.

The results ofaries are compared results of series, 10 investigateahe effect of

the preparation methqdee chapter 6)
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7.3.1.2 UnsaturatedSoil Tests

Two series of sation-controlled consolidatedrainedtriaxial tests were performed
to investigate theffect of suction magnitude, suction history (dryingtting) and
net mean stress on shear strength and volume change characterisiRS of
specimensin seriesl, the effect of the suction magnitudeas investigate@éndin
series 2 that involves drying-wetting, the effect of hydraulic hysteresis was
investigatel.

i1 Series 1 involvesuction controlledCD tess on IRS specimens at constant
matric suction®f 100 200 and @0 kPa and mean net stress of the 25, 100
and 400 kPa. An additional tesaisalsoperformed at suction of 20 kPa and
net stress of 400 kPa.

91 Series 2 involvesuction controlledCD test on IRS specimens with drying

wetting.

Initial statesof thetestof specimensof the seried areshown inFigure 7.6, andthe
correspondingstress pathin mean net stresgeviator stressuction(p: g: s) space

areshown inFigure7.7 to Figure7.15.

After setting upthe specime, a 25kPa netconfining stress was applied to each
specimen| A Y BThen,specimes were subjected to a given value of the suction
(i.e. 100, 200 and 400 kPa)he IRS specimensare initially in saturated condition
(suction is zero)Thereforeunder nemean stress of 25 kPa, specimens were brought

to a given suction following drying path 8fY C

Following equalization, specimens were isotropically compreg€e¥ D (at a
constant suctionby ramping the cell pressueemean net stress 00, or 400kPa

Since the suction equalization was carried au25kPa netconfining stress,
therefore,additional step was not followed during compresstagefor tests at 25

kPa net confining stress

Finally specimens were shear@lY B at constant suction amdnstant cell pressure

(le.wJwn o).
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Figure7.7 Stress paths for Series 1 of IRS specimensl00 kPap =25 kPa.
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Figure7.8 Stress paths for Ses 1 of IRS specimens= 100 kPap = 100 kPa.
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Figure7.9 Stress paths for Series 1 of IRS specimersl00 kPap =400 kPa.
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Figure7.10 Stress pthos for Series 1 of IRS specimens;200 kPap = 25 kPa.
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Figure7.11 Stress paths for Series 1 of IRS specimers200 kPap = 100 kPa.

U. 1

) 250

Wl

g.-J- -

2\ F200 G

S| L 150 <

® ) ®

= -

& o0 5

g
F 50 A
-0
200 300

400 500

600
Net mean stress, p (kPa)

Figure7.12 Stress paths for Series 1 of IRS specimers200 kPap =400 kPa.
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Figure7.13 Stress paths for Series 1 of IRS specimers400 kPap = 25 kPa.
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Figure7.14 Stress paths for Series 1 of IRS specimers400 kPap = 100 kPa.
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Figure7.15 Stress paths for Series 1 of IRS specimers}00 kPap = 400 kPa.

The stress pa#hin (p: q: s) spacéollowed in series 2areshown inFigure7.16to

Figure7.24. At net mean stress of 25 kPa, specimeage brought to a suction of

400 kPa for equalization followingdryn g pat h of BYC.

Once the equalization

is achieved, foll
to 0, 100, and 200 kPa for equalization. Then, specimens were isotropically
compressed (DYE)

0\

at (a constant
net stress of 100, and 400

suction and constant cell pressure (efwn o).

meanct i on)

k P at)constaati nal | vy
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Figure7.16 Stress paths for Series 2 of IRS specimers00-0 kPa,p = 25kPa.

Figure7.17 Stress paths for Series 2 of IRS specimers400-0 kPa,p =100 kPa.
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