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ABSTRACT

The yield surface is a contour in stress space that separates a material as behaving elastically from
plastically. The yield surface is fundamental to most mathematical soil models whudedras

the basis for many modern day finite element software packages. Most model formulations
prescribe the yield surface as an elliptical shape symmetrical about the consolidation axis,
however, these models are based on very limited data. MIT muaellations are typically
calibrated using three undrained effective stress paths: normally consolidated undrained
compression, normally consolidated undrained extension and overconsolidated undrained
compression. This research adopted the use of tha Etrargy Method to characterize the shape

of the yield surface for Resedimented Gulf of Mexico Eugene Island (REIpEhd intact Boston

Blue Clay (BBC). Specimens were firsg Bonsolidated to 1MPa to set the yield surface. They
were then unloaded @ong a prescribed Kocrpath to an OCR of 2. Once unloaded, drained
triaxial tests were carried out to probe in different directions. The strain energy adsorbed by each

specimen travelling along its individual path was plotted and used to charatitenzeld stress.



The interpreted yield surface was compared to model formulations; such &@&3\iid MCC. It

was found that the yield surface was not elliptical in shape, nor was it symmetrical about its
consolidation axis. The undrained compressitness path proved to be a good first order
approximation of the cap of the yield surface, while the undrained extension stress path was found
to progressively overestimate the yield surface. MCC and-B8Twere found to not accurately
predict the yield sdiace. With the conclusion that the undrained compression stress path provides
a first order approximation of the cap of the yield surface, it is predicted that the geometry of the

yield surface is stress dependent.
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Title: Research professor of Civil and Environmental Engineering
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1 INTRODUCTION

1.1 PROBLEM STATEMENT

The yield surface is described as a contour that separates the state of stress from which a soil
is behaving elastically from where it is behaving plastically. It is used as the basis for many
computer modeling packages for analyzing soil behavior. Wigl@rtechanical characteristics of
fine-grained soils is now believed to be well understood for the range of stresses conventionally
encountered in geotechnical engineering practice, almost all of this research involved undrained
testing procedures to dedmei these characteristjckmited successful drained tests hawen
performed Thus, the yield surface for fine grained materials has not been experimentally
characterizedusing drained triaxial testdt has long been believed to be described by two
undrained stress paths; a normally consolidated undrained compression stress path and a normally
consolidated undrained extension stress path. Limited research has attempted to describe the yield
surface sging drained tests, as these types of tests are generally more difficult and take much
longer.Bensari (1984attempted to describe the yield surface for Resedimented Boston Blue Clay
(RBBC) using drained shear triaxial tests in the MIT Geotechnical Lidvgia the early nineteen
eighties. However, due to limitations in testing equipment at the time, he was only able to carry
out a small number of tests. These tests consisted of manual incremental loading, in the form of
weights being added or subtractddpending on the desired shearing condition. Incremental
manual loading is not desirable for experimental research interpreting yielding as it does not
produce a continuous stress path and often produces partially drained conditions. Advancements
in moderntechnologies allows for fully automated drained tests to be performed and hence fully

characterize the yield surface using drained triaxial shear tests.
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Traditionally, the geotechnical engineering discipline has been focused on applications
involving stresses less than about 1 MPa, with behavior at higher stresses being assumed to follow
similar normalized trends i.e., strength increases proportionally with increasing consolidation
stress (up to 100 MPa). However, in recent years a desire drivenrifyrilmathe petroleum
industry to gain a deeper understanding of the behavior of fine grained materials has for
applications in hydrocarbon reservoir development has led to the discoveries of these materials
having stress dependend@dbdulhadi (2009 and Gisey (2014have shown that the strength of
various soils is decreasing with increasing consolidation stress. Additionally, these recent
discoveries would suggest that the normalized yield surface of an individual fine grained materials

is stress dependent

1.2 THESIS SCOPE AND OBJECTIVES

The overall goal of this research is to characterize the yield surface for fine grained
materials at three orders of magnitude, 1, 10 and 100 MPa, and to determine if the yield surface is
stress dependent. This is achievewtigh a program of éconsolidated drained triaxial tests on
fully saturated specimens possessing similar degrees of over consolidation. All tests are performed
in either, drained triaxial compression, or extension mode of shear, at room temperature. Test
specimens are produced both by resedimenting natural source materials in the Tufts Laboratory
and by intact samples. Resedimentation allows one to produce fully saturated samples of identical
composition from source material with any desired preconsaiaatress or porosity, something
which would be near impossible with the use of intact samples.

This thesis involves an extensive experimental investigation of the change in shear stress
strain behavior of fingrained sediments as they are drain sheaoad inside the yield surface to

failure, or well beyond the yield surface. The work focuses particularly on the volumetric strain
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energy adsorbed by specimens as they are drain sheared, and examines the observed friction angle
and drained strength propedi The research also aims to compare the characterized yield surfaces
to the undrained effective stress paths, and to current model formulations, such &3 BHd
Modified Cam Clay (MCC).

A secondary objective of the research is to determine th®pgte axial strain rate for
Ko consolidation inside the different triaxial systems. The strain rates currently used are based
upon previous experimental experience in the MIT Geotechnical Laboratory for RBBC. However,
these strain rates have never bemified to provide fully drained conditions throughout
consolidation. Appropriate strain rates are based on the materials permeability, which for fine
grained materials is stress dependent. Therefore, it is expected that the appropriate consolidation
stran rate will have to be reduced as consolidation stress increases.

The research presented in this thesis represents a small fraction of the wider research
objectives of the UT GeoFluids Consortium, a joint venture between Tufts University and the
Universiy of Texas at Austin. The main focus of t
evolution of pressure, stress, deformation and fluid migration through experiments, theoretical
anal ysis, and field studyo. Thiealbehaviordetarndired r e s e ¢
from experimentation, and provides a baseline behavior for use in analytical geomechanical

models

1.3 ORGANIZATION OF THE THESIS

This thesis is organized into seven chapters, each of which has a separate and distinct
function, as give below.

Chapter 2 presents a literature review of important background information relevant to

21



the research. The aim is to establish an overall picture of the current level of knowledge regarding
the characterization of the yield surface, and methods tosiederpret yielding for finggrained
sediments. One dimensional yielding in the Oedometer device is discussed to aid in the
understanding of the concept of the yield surface. Previous work on yielding in the triaxial cells is
also discussed. Factors tlafect the yield surface, such as secondary compression, cementation
due to diagenesis and thixotropy are discussed. The concept of normalized soil behavior is then
introduced. The development of MCC and MEB model formulations is presented and their
limitations and input parameters are discussed. Chapter 2 also provides a review of the principle
of effective stress.

Chapter 3 discusses the origin and index properties of Boston Blue Clay and Gulf of
Mexico Eugene Island Clay. These figmined soils a very different in terms of mineral
composition, geologic origin and mechanical properties. Chapter 3 also provides a detailed
description of the procedures involved in both intact specimen preparation and the resedimentation
process. The detailed destigm of the resedimentation process includes the processing method
used, a brief background of resedimentation at both MIT and Tufts, the procedures and equipment
used in this work, and an evaluation of sample uniformity.

Chapter 4 provides a detailed d@stion of the equipment and procedures used in the
triaxial testing program for the research. Three different automated triaxial systems, designed for
low and medium stresses were available throughout the testing program. A more detailed
discussion is pnaded of the low and medium pressure triaxial systems, as due to consolidation
strain rate concerns, the highessure cell was not used in this testing program. The chapter also
describes the control system hardware, software, pressure volume actudtorsted control

systems and data acquisition system. The issue of apparatus compressibility in relation to
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increasing cell pressure and deviatoric load and their impact on measurements of axial strain is
also addressed.

Chapter 5 presents the resultstiué Ko-consolidated drained triaxial testing program on
RGoM-El and intact BBC and briefly discusses the compression behavior observed from previous
research. It also presents results on thewelling of RGOMEI specimens and the stress path
swelling ofintact BBC specimens. The testing program consists primarily of triaxial compression
and extension tests in which all specimens were consolidated to the same consolidatidhrstress
MPa. The variation in the lateral stress ratio was examined throudiegbnsolidation and
swelling stages. The chapter also discusses the normalized behavior of the consolidation stress
paths for both materials tested, in MIT stress space. In addition, there is a section summarizing the
verification of drained consolidaticesults for both the low and medium stress systems

Chapter 6 presents results obtained during the drained shearing phase of triaxial tests. First,
the method used to interpret yielding is described in detail, with the aid of the drained test shear
stresgaths. The normalized interpreted yield surfaces for R&bkihd intact BBC are presented,
along with their corresponding yield transition zones. The secondary compression effect on the
interpretation of the surfaces is also presented. The normalizednewedfective stress paths of
both materials are compared to their individual interpreted yield surfaces. Following this, the
RGoM-El interpreted yield surface is compared to two model formulations-@8&nd MCC).

In addition, the shear strés®lumetrc strain behavior observed from specific RG&l\itests is
used to discuss the variations in the size of the interpreted yield transition zones. For specimens
that were sheared to failure, the failure planes observed in compression and extension, can be

predicted by the Mohr Coulomb Failure Criterion.
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Chapter 7 summarizes the most important conclusions which can be drawn from the results
of the research. Recommendations for future work are also given
Appendix A presents normalized volumetric strain enetgisgor each drained shear test

carried out on both BBC and RGoeHI
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2 BACKGROUND

2.1 INTRODUCTION

A yield surface is a contour separating the state of stress domain under which the soil
behaves elastically from the state of stress having plastic behishoog. precisely, at stresses
within the yield surface, the specimen strains are small and largely recoverable, whereas at stresses
outside the yield surface, the strains are relatively large and mainly irrecovéféide. the
stresses acting upon the sl bn the yield surface, such as occurs during undrained shearing at
OCR =1, then the soil can undergo plastic deformation, i.e. progressive yielding.

This chapter begins with a review of previouspenmental studies carried out on
characterizing the yid surfacefor fine grained sedimentsr both intact and resedimented hard
clays in triaxial compressiaat low andhigh stresses. Particular attention is paid to the findings of
Casey (2011 Section 2.3 discusses the classification of-fin@ned mateals, with emphasis on
clarifying the correct term for the materials used in the rese&@ebtion 2.4examineghe most
common methods useddefine yieldingand the apparatuses us8dction 2.5 discusses the most
common factors that affect the yield surface of ‘gnained materials. Section 2.6 discusses
normalized behavior and its importarweken dealing with finggrained soilsparticularly,for this
research. Section 2describs the effects of soil anisotropy on the interpreted yield surface.
Section 2.8examines the multiple types of failure envelopes encountered wiggrained
materials. Finally, &ction 2.9 describes two of the current model formulations used inmdwst

predict the yield surface; Modified Cam Clay (MCC) and NH3.
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2.2 PREVIOUS STUDIES ON EXPERIMENTAL CHARACTERIZATION OF

THE YIELD SURFACE FOR FINE GRAINED MATERIALS

One of the earliest programs of triaxial testing at low stresses is tBanehri(1984)on
Resedimented Boston Blue Clay (RBBEigure2-1lhas been abstracted
plots the estimated yield surface for RBB&:nsaricombined the results obtained frdhree
drained triaxial tests omverconsolidated soil with three undraih effective stress patha:
normally consolidatedindrainedcompressiorstress patha normally consolidated undrained
extensionstress pathand an over consolidated undraireonpression stress patHe obtained
yield points on the drained shear strpsshs using the Casagrande Method of interpretation
However, his work was limited lquipmentapabilities as load increments were added manually
by the use of weights. This caused yielding and failure to occur suddenly in some spepiomens
the addition of the new weight increment.

A more recent attempt to characterize the yield suffac@BBC at low and high confining
stressesvas performed by Casey (201B)gure2-2 plotsthe effective stress paths followed in TC
and TE, together ith the interpreted Moh€oulomb failure envelopes for RBBEG normalized
MIT stress spacd.he plot alsancludesth&Ca s e yndser pr et ati on of the
low and high stress levelGaseycombined th& C and TE effective stregmths during undrained
shearingat OCR = 1 with the MohrCoulomb failure envelopeso createhe interpreted yield
surfaces.Casey concluded thahéd fact thatRBBC possesss no true cohesion means that the
interpretedyield surfacemust pass through theigin of thenormalized MITplot,

The interpreted yield surfaces showrFigure2-2 synthesize many of the resutiesented
previously from high stress testimgn fine grained material&or RBBC, increasing consolidation

stress changes the form of jield surface such that it becomes more centalexuit the effective

26

S

fron

o



stress axisife., the yield surfacdbecomes more isotropicThis is reflected in a decrease in
normalized undrained strength afrittion angle and an increase ing Kic with increasing
consolidation stressas observed by Adulhadi (2009) Casey concludedhat the shapeand
orientation ofthe yield surfacénas stress dependené@r example, high plasticity soils such as
R. London Clay displag large reduction in normalized undrainéeisgth and friction angle and
a large increase iKo, nc with increasing stres€asey, 2014)Thisreflects a yield surface which

becomes elongated about #féective stress axis @&snsolidation stress increases.

2.3 CLASSIFICATION OF FINE -GRAINED MATERIAL S

It is important to clarify the terminology used to descabé classify finggrained materials.
The materials referred to in thisesislie in atransitionalzonebetween hard clay and soft ductile
argillaceous rock. This transitional naturen lead to confusiorbetweenresearchers in soll
mechanics, rock mechanja@ndgeology For example, while one author may refer to a material
as shale, others may refer to the sanagerial as clay, clay shale or mudstofeeview of the
various geologicahnd engineering classification schemes which have been proposed for fine
grained materials is given William (2007).For clarification, the following descriptions are given

based on definitions suggested by Stokes and Varnes (1955):

Shale:A general &rm for lithified clays and silts which are fissile and break along planes parallel
to the original bedding.

Clay shale‘A shale that consists primarily of clay minerals.

ClaystoneA clay which has become indurated by some meansgegto cementatiorit is the
same as clay rock and is sometimes used to designate concrati@sans found in clay deposits.

Unlike shale, claystone does not necessarily possess signifasalitty.
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MudrockMudstonels a generic terrfor all fine-grained sediments inaling: clay, silt, siltstone,

claystone, shale and argillite. It should be uséen a deposit consists of a mixture of clay, silt

and sand sized particles,when there is doulats to a precise identification or.

Clay and silthave more than orgefinition:

Clay Definitions

1. Under the USCS classifidgah system, a fingrained soilvhose Atterberg LimitéASTM
D4318) cause it to be plotted abovyambe he &6 A
and Whitman 1969).

2. A soil which, by weight, ma than 50 % of its particles are smaller than 0.002 mm.

3. A soll consisting primarily of clay minerals, e.g. smectite, illite, kaolinite.

Silt Definitions

1. A soil which, by weight, more than 50 % of its particles are smaller than 0.07&rmim
whose Atterbergc i mi t s cause it to be plotted belo
Plasticitychart

2. A soil which, by weight, consists primarily of particles in the size range 6.0®2 mm

It is therefore necessary for the author to adopt some reasonable termiwbiofyycanbe
used consistency throughout this literature review. Since the research presented in this thesis
focuses on the mechanidahaviorof fine-grained soils atnd above 1 MPdahematerias will be
regarded by t hesdaq( wlybdng denedausinglaydDefmitioa ¥ above).
This is in accordance with the classification scheme propgmgdarzaghiet al. (1996)or clays

exhibiting an undrained strength £ 0.2 MPa.
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2.4 METHODS USED TO DEFINE YIELDING
2.4.1 Yielding in the Oedometer test

The edometer tesis one of the mostommon test run in problems which involve one
dimensionalkettlement computations. It is also used in the application of the SHANSEP design
procedure (Ladd and Ftip1974) to evaluate undrained stability. A greamber of empirical
methods can be used to locate the maxinpaist pressure, i.eigyd stress (Casagrande, 1936;
Schmertmann, 1955; Jambu, 1969; Butterfield, 1979) from oedometer test data. The two most
common methods are the Casagrande method and theesteagy metho@Becker et al. 1987
are discussed below.should be recognized thite cedometer test is limited tanly locatng one
point on the yield surface, as it can only apphe dimensional loading. Hence, it was not used as

part of this reseaah.

2.4.1.1 Casagrande Method
The Casagrande construction is performed on a pleitioér, void ratio, ovolumetric
strain,versus axial effective stress on a log sc@ile plotted curve generally has the following

features.

1 Atlow stress levelsi@. < 0am), the soil compression is small with a near linear shallow
function of log

1 Atrelatively high stress levels, the soil compression is large and increases linearly with log
GG, (virgin compression line)

1 For intermediate stress levels, the compressibititydases progressively with |@gc,

with a maximum curvature in the vicinity of the maximum past pressure.
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Casagrandeds graphical technigue provides the
the two portions of the consolidation curve watlsharp difference in compressibiliigure2-3
summarizes the Casagrande methodpmsists of the following steps:

a) Locating the point of maximum curvature on the consolidation curve

b) Constructing a horizontal line through this point of maximum cureatand constructing
a tangent line to the curve

c) Bisecting the angle formed between the two constructed lines

d) Extrapolating the virgin line to meet the bisection line.

The intersection of the extension of the normally consolidated line and bisecting line gives the
yield stress.While it is very common to plot onedimensional compression data in the log
effective stress space, one should always review the compressitis véhen stress is plotted on

a natural scale. This often provides a very different impression of the measurements, and it is the

natural stress scale that maps directlg¢pth(Germaine, 2009)

2.4.1.2 Strain Energy Method

Strain energy is the work done petituvolume on the specimen. Becker et al. (1987)
proposed a worbased procedure to determine the preconsolidatiess. The method plots work
against consolidation stresgith both plotted on a natural scale. The quantity of work is calculated
for eachincrement as the sum of the average force for each increment multiplied by the increment

in deformation, and divided by the current volurRer anOedometetest, the strain energy is

given by:
& GLEELEEE | (2-2)
S P -h
Where:
W, = work per unit volume of the specimen up to increment jifkiNT)
] = index value for stress increment (integer)
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= vertical effective stress at current increm@nhiPa)
1 = vertical effective stress at previous increm@hiPa)
m = axial strain at current increment (decimal)
m1 = axial strain at the previous increment (decimal)
= radial effective stress at current increm@nhiPa)

,m
0Gm1 = radial effective stress at previous increm@iPa)
Um = radial strairat current increment (decimal)
Umi1 = radial strain at the previous increment (decimal)
m = index used in summation (integer)

The work calculation is not unique. Tgeantitydepends on the size of thieessncrement
added This is because the sdgestrain (or forcedeformation) curve is not linear. This is an
important consideration when applying the calculation to tests havinglaadreloadcycle.
Figure2-4 plots the strainmergy constructiomethod. Itinvolves plotting the work versus axi
effective stress on a natural scale. A line is drawn through the high stress linear portion of the data.
The low stress range should also approximate a straightHHoweever, his canoftentimes bea
matter of some judgment. The stress at the intBoseof these two lines represents yiedd stress
(or preconsolidation stressThis method is advantageous, as plotting results in a natural scale
reduces the variation in the yield stress, due to subjective decisions about the slope of the initial
straight line. This method can also be used to approximate upper and lower estimates by varying

the slope of the initial line.

2.4.2 Yielding During Triaxial Shearing

The triaxial system is capable of applying an infinite numbeliftédrentloadingsituations
to specimensThesystem is also fully automated, and is capable of applying a constant shearing
rate to specimens. This why the triaxal systemwas adopted forthis researchBoth the
Casagrande and strainexrgy methods can also be used tenprtet yielding in triaxial test data.
For this research tratrain energy method was used to incorpoyat&ling for drained triaxial test
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results.The yield stress, using tisgrain energy curvesorresponds to aabrupt (or measurable)
change in thetgain energyurve duringriaxial shearFor undrained tests, Mitchell (1969) showed
that for overconsolidated tests the curvature ofuthé@rainedeffective stress patrEGP) is an

indication of yielding. The point of maximum curvatwancides with theield stress.

2.5 FACTORS AFFECTING THE YIELD SURFACE

For a natural clay deposited undeg €onditions, the yield surfacs believed to be an
ellipsoid centered on theoHine, with its apex at the maximum pasessure (Tavenas, 1977).
Thus the size of thgield surface is proportional to the maximum past pressure. Any change of
the maximum past pressure would affect the yield surfdeee effects such as aging and
thixotropy can be important. It Elsorecognized thaanisotropy and strain rate affecethtress
strainstrength characteristics of soft clays and hence yielding.following is a summary of the
most recent findings on the effect of these factors:

1 Diagenetic processes such as cementation can be a much more important cause of
overconsolidatn (i.e., shifting of the yield surface)rhis increase in overconsolidation
due to nommechanical processes such as cementationommonly referred to as
6appar ent grecangolidaiian (Guserrez et al. 2008). The ratio of the apparent
preconsolilation stress to the current in situ effective streeftémreferred to as the yield
stress ratio (YSR) rather than overconsolidation ratio (OCR). It should be noted that, apart
from cementation, many other natural phenomenon may cause an apparent
precasolidation to develop in a solDesiccation caused by evaporation or freeziag
also have a similar effeftadd 1985).

1 Aging or secondary compressiamcreases the maximum past pressure, causing a shift in
the yield envelope. Tavenas(19€0Oncludedbased on experiments on Champlain Clay
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from St Alban, Quebec, that aging causes an uniform displacement of the entire yield
surface.

1 Itis recognized that thixotropy stiffens the soil with time, which would presumably affect
the yield envelopeD 6 N g1i984)ldata suggests that compression and exterstiengths
are equally affected. However, the magnitude and direction of the change of the yield
surface due to thixotropy has not beewvestigated.

1 Most natural clays are anisotropic adchibitasymmetrical yield surfaces (Mitchell 1970,
Tavenasl1977, Lo, 1972, Bensari 1984, Casey 2014) The Kavvadas model (1982) assumes
that soil elements consolidated along a radial stress path can be described by a yield surface
centered on the radial stresatipof consolidation (this applies equally for radial stress
paths other than ¢and isotropic stress paths).

1 A changen the strairrate or duration of shear causes a displacement of thesyiglace
(Tavenas, 1977).0 (1972) concluded that the displasentof the yield surface due to the

strain rate is uniform.

2.6 NORMALIZED BEHAVIOUR

The Normalized Soil Parameter (NSP) concept is based on the empirical observation that
clay samples havingimilar over consolidatiomratios, but different consolidation stsses, and
consequentlyifferent preconsolidation pressures, exhditilar properties (i.e., strength, stress
strain, shear inducecpore pressuse etc) when normalized with respect to themaximum
consolidation stress. This concept has led to thela@vent of theSHANSEP (Stress History
and Normalized Soil Engineering Properties) desigrhote{Ladd &Foott, 1974)Furthermore
the NSP is also theundationfor other frameworks of soil behavior, such tee Critical State
Soil Mechanics (Schofiel& Wroth, 1968) asnidmp@il eo c¢cl ay (Ladd, 1960) .
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the twoanalytical soil models the Modified Cam Clay (Roscoe & Buraribg andMIT-E3
(Whittle & Kavvadas, 1994).

The SHANSEPnormalizationmethod is applicable to cohesive sdileat have been
mechanicallynormally consolidated (i.e., in situ OCR = by overconsolidatedThis method is
not intended to be useddemented, highly sensitive clays in drying crust of a soil deposit. The
technique can be usedeither drained oundrainecconditions. lis generallyappliedto undrained
shear intriaxial compression(TC) and extension(TE), plane strain compressigi?SC) and
extensionPSE) and in direct simplshear (DSS)The premise of this technique is that the in situ
stres history can be simulated in tladoratory that will provide accurate predictions of the in situ
soil behavior at various OCRBigure 25 shows typical results of a SHANSEP test program
results for AGS plastimarine chy with three modes of shearing: TC, TE, and DB%® results

can be represented by t8elANSEPequation:

i, YO &'Y (2-1)

where S is the undrained strength ratio for tRE€ clay, and m is the slope tfe regression line.
Thevariancein behaviorfor the three modes of shearing is a reflection of the anisotropic nature
of soil. Themethodshould ideally only be applied tookconsolidated test specimen&hile
isotropic consolidation isssumedo havelittle impact on themeasured undrainestrength of
intact OC specimens, for resgdinted specimertonsolidated into the NC range where the yield
surface changes,okconsolidationprior to shearing is especialijnportant (Belviso et al. 2001,

Ladd and Varallyay 1965).
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2.7 SOIL ANISOTROPY

The experimental program conducted in this research compaobedrained triaxial
compressio and extension test$hemode of shearing in these tests is differartich leads to
variations in the stresstrain strengthproperties due to anisotropy. The chang soil behavior
with direction of loading (i.eanisotropy) can arise from several factors, sucthasdepositional
environmenttheconsolidation stresstrain history of thenaterial, andlue to subsequenhanges
in the loadingconditions. Definitions of anisotropy have been discussed extensively (e.g.,
Casagrande & Carillo, 1944; Hansen & Gibson, 1949; Ladd et al., 1977; JamiolkowsKiS®%.,
Ladd, 1991). Ladd (1991) statéukt the initial anisotropyi.., inherent and initial sheatress)
denotes differences in the stredminstrength response of a Bonsolidated soil witlvariations
in the applied principal stress direction. Inherent anisotiseveloped during-tlimensional
(Ko) deposition. Initial shear stress anisotroppresets the directionally dependent undrained
response of soils whenever shearing starts from an anisoimdfststate of stress (i.e.,0d 1) .
Evolving anisotropy describes how the initial cross anisotropic properties ofstbenisolidated
soil changalue to subsequent stressing and straining.

Whenevaluatingaboratory shear devices available for testing, paxametersreused to
describe the basic differences in the applied stress system (Germaine, 1} @Bction of the
applied major principastress relative to the vertical (depositional) direcibe not ed by

angle; and 2)he relative magnitude of the intermediate principal stress ddfined b21 &) (1 G

i G3). Figure2-6 showst he combi nati ons of b Ilaboratorylshearh at

devices, these being triaxial compression and extension (TC/TE), planecstrginession and
extension (PSC/PSE), direct simple shear (DSS), true triaxial apparatus (@msignal shear

hollow cylinder (TSHC), and the directional sheat (B85C).
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The triaxialsystems the most commonigheaing deviceusedto evaluate the stressrain
strength behavior dine grained materiald his isbecause of its relative simplicity for testing and
in the interpretation of results. In additiodrainage conditions can be well controlled and the
resultsare generally consistent and repeatable. ddmventionatriaxial cell is used to test solid
cylindrical specimendy applying an equafluid pressure tceach side othe specimenand
imposing a deviatoric load (positive negative) in the axial directiomhe device ixapableof
performing anydrainedconsolidationstress pdt; with isotropic or k consolidation stress paths
being the most commom{owever, the majoprincipal stess can act only the axial, or radial
direction,resulting in two possible-i combi nat i ons: 1) b =0 and U

(TC); and 2)0°fdrtriaxial Exteasiod (TE). = 9

2.8 FAILURE ENVELOPES

Failure envelopes fdine-grained sils are highly influenced bynatural micrestructure,
OCR and strestevel. Burland (1990examinedthe behaviorof various typesof intact and
resedimented claysnd demonstrated that the peak undrained strengimdi$turbed clays is
often significatly greater than that of the corresponding resedimentedrial at the same void
ratio, due to the effects of natural miestructure. Burland concludedat four failure envelopes
canbe defined forfine-grained materialsl) a peak strength envelogefining brittle failure of
undisturbed OC clays; 2) a pasipture strength envelope representimgend of rapid pogieak
strain softening of undi st strerigt dnve@ge defihed lgyshg 3 )
failure of resedimentesamples; and 4) a residual strengivelope reached only after very large
strains as particles become aligned parallel to the faluface Figure2-7 plots he fourtypes of
failure envelopes defined by Burland (1990). Teak strength envelope is med, displaysa

cohesive interceptand lies above the intrinsic criticatate envelpe This is because othe
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influence of natural micrstructure possessed by undisturbed OC @#grnatively, undisturbed
NC clay (i.e, intact clay which possesses mechanical oapparent preconsolidation) will tend
to fail on the intrinsic critical state envelope and then traes¥n this envelope. The intrinsic
critical state envelope may be interpreted as a basic propéegyendent of the undisturbed state
of the material and can be viewed as providing a good b@ast®mparison of the properties of
different clays. The posupture envelop&racesvery close to the intrinsic critical state envelope.
After very large shear strains, both undisturbed and resatBoheclay will reach a common

residual strength envelope as the platy clay particles become aligned parallel to a shear surface.

2.9 MODEL FORMULATIONS
2.9.1 Modified Cam Clay

Modified cam clay is a strestrain model based on plasticity theory and the criticé stancept.
It was developed at Cambridge University to model the generalized stiraéssbehavior of clay.
It regards soft clay as an isotropic, elastoplastic, strardening material with irrecoverable
strains occurring only outside its ellipticakld locus. It incorporates the condition of normality
that governs the direction of plastic strain increments. It has proveagonably well predict the
behavior of soft clays in isotropic triaxial compression and extension during both undrained and
draned shear. However, its major shortcoming is that it is an isotropic model which does not
include important effects due to rotation or reversal of principal stress directions.

Kavvadas (1982) and Kavvadas @wuligh (1982)significantly extended the MC@odel
by incorporating an elliptical yield surface centered along the radial stress path during one
dimensional (i) consolidation. This model is known as MEL. It predicts a yield surface that is
free to rotate in the effective stress space and chargjed to account for the influence of stress

strain history. It provides a more realistic treatment of ss&am anisotropy, and strain softening.
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Both the MIT-E1 and the MCC model require initial definitions of state of stress. However MIT

E1 requirs 11 input parameters compared to only five for the MCC model.

2.9.2 MIT -E3

MIT-E3i s a model formulation devel opedforat MI T
describing the behavior of overconsolidated clays that obey normalized behavior aatkare
independent. The model incorporates observations of overconedliday behavior including:
hysteetic stressstrain response; small strain nonlinearitgupling of volumetricand shear
deformations; andransitional yielding as théC stress statdés approached. For normally
consolidated clays, the model describes anisotropic sttesn strength for iKconsolidated clays,
as well as strain softening that occurs in certain modes of deformgtgure 2-8 shows the
conceptual framework used byetMIT-E3 formulationfor hydrostatic unloading and reloading.

The formulation assumebat the soil can be modeled as a-iatiependent material (i.e., creep
effects are noincorporatedl The measured behavior of a clay is most closely describedByy A
C [Figure2-8(b)]. For modeling purposes, MHE3 subdivides this behavior into two components:

1. A closed, symmetric, hysteresis lodfiqure2-8(a)] that matches theaterials unloading
behavior. This response is referred to as perfectly hysteretic aledcisbed through a
formulation similar to that proposed by Hueckel and Nova (1979).

2. Upon reloading, irrecoverableplastic strains are assumed to develop as the virgin
consolidation line (VCL) is approached, resulting in residual plastic stgmnsat A. The
magnitude of plastic strains is determined by the proximity of the current stress state to the
VCL.

The mechanical behavior of NC soil elements, consolidated along radial effective stress paths, can

be described by a yield surface which is initialtieated along the direction of consolidation. The
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model used a number of input parameters and variables to determine the position of the yield
surface Figure2-9 presents the MIE3 yield surface and parameters, whidreontrols the size
of the yield suiace;b = a seconérder tensor describes the orientation of the yield surface in
effective stress space; and c¢ = the ratio of the semiaxes of the ellipsoid. For the case when b = 0,
the model reduces to the same form as that used in the MCC model (Rnddderland 1968).
More information on the calibration parameters of NBE can be found in Whittle and Kavvadas,
1994,

Another component of MFE3 is an elastoplastic model to describe the generalized behavior
of Ko NC clays, based on earlier work of Kadas (1982). This model describes the anisotropic
properties of Kconsolidated clays, and their evolution with loading, and staitening behavior
that is observed experimentally for certain modes of deformation. The model, in its most general
form, uses 15 input parameters to characterize a given clay. These pesaretdther directly
measured in standard laboratory tests, or are obtained from parametric studies that identify clear
roles for each of the input parameters. Complete evaluation of input parameters and model

predictions are presented in Whittle (1992993) and in a companion paper Whittle et al.(1994).
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3 RESEDIMENTATION AND TEST MATERIALS

3.1 INTRODUCTION

This chapter describes the origin and index properties of theyges tested as part of this
work. It also explains the process of resedimentation and how it is used to produce samples of soils
for laboratory testing. Section 3.2 provides background information on Boston Blue Clay, and Gulf
of Mexico Eugene Island ClayThese two finggrained soils are very different in terms of
composition, mechanical properties and geologic origin. In addition to being tested as part of this
thesis, these soils have been previously investigated to a larger extent by individuaheesearc
The dissertations of these researchers provide additional information on the geologic origin and
techniques in the processing of these soils. They also provide knowledge on the particular aspect
of mechanical behavior, which was examined during these of this investigation.

Resedimentation enables one to produce samples of identical composition from a given
source material, free from the blemishes that can be found in individual intact samples. It is an
advantageous procedure, as samples carofpeetl with any desired preconsolidation stress,
porosity, or pore fluid salt concentration. This enables an individual to separate out each of these
important variables and subject a given material to systematic laboratory investigations; a process
which would not be possible with the use of intact samples. More importantly, resedimenting soll
samples for laboratory testing overcomes the practical problems of sampling disturbance, and more
economically, reduces the cost associated with intact samples\f@atyi in this case for deep or
offshore samples of GOMI). The resedimentation technique eliminates sample variability;
produces uniform specimens with-Konsolidation histories, and ensures complete saturation.

Resedimentation is therefore, an ess¢masset in the development and proofing of new laboratory
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testing equipment, as well as the modification of existing equipment. Section 3.3 describes the
process of resedimentation, including a brief background of resedimentation at Tufts University
and MT, the procedure and equipment used as part of this work, an evaluation of sample

uniformity, and the procedures involved in intact specimen preparation.

3.2 TEST MATERIALS
3.2.1 Introduction

Table 3-1 presents the origin, liquid limit, plasticity index, specifcavity, and clay
fraction- where clay fraction is defined as the percentage of particles with an equivalent diameter
< 2 em as determined by sedi mentation (ASTM
the Casagrande cup method (ASTM D4318) orfaleeone method (BS 1377). The classification
of each soil as per the Unified Soil Classification System (USCS) (ASTM D2487) is also provided.
In addition, relevant citations for previous investigations by other researchers are included in Table
3-1. Figure3-1 presents the location of the two soils on the plasticity chart. The particle size
distributions of the soils as determined from hydrometer tests (ASTM D422) by previous
researchers are shown in Fig®€. It can be observed from FiguBe2 that RBBC, the lower
plasticity soil, is comprised of larger sized silt particles, and thus, possesses a lower fraction of
clay sized particles than RGOHI. This result is consistent with the perception that the Atterberg
limits of soils decrease with deasng clay fraction.

The clay mineralogical compositions of soils investigated in this work are provided in
Table 32. The mineralogy analyses were carried out by Macaulay Scientific Consulting Ltd. of
Aberdeen, U.K. The samples primarily contain quatagioclase, Kfeldspar and clay minerals

in varying proportions, as well as several other minerals in minor proportions. Faldkows
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the percentages of clay minerals determined for the bulk (whole) samples, as well as the relative
proportions of thesemi ner al s i n t he samgle. Ehenbulk samples wayenweto f e &
ground in ethanol and spray dried to produce random powders (Hillier 1998y powder

diffraction (XRPD) patterns were recorded from?B5 A 2d wusing Cobal't K C
guanttative analysis was done by a normalized full pattern reference intensity ratio method.
Uncertainty in the concentration of an individual mineral is given within 95 % by + X0.35, where

X = concentration in percent, frections wer@sepdratedd % (
from the bulk samples by timed sedimentation. They were then prepared as oriented mounts and
scanned from2 5 A 2 d -dried stath, afteragiycolation and after heating to 300°C for one

hour. Clay minerals identified were quidied using a mineral intensity factor approach based on
calculated XRPD patterns. For clay minerals present in relative amounts > 10 %, uncertainty is

estimated as better than £ 5 % at the 95% confidence(ldNer 2003)

3.2.2 Boston Blue Clay

Natural Boson Blue Clay is a glacimarine clay of low sensitivity and has a USCS
classification of CL (low plasticity clay). It is comprised of glacial outwash deposited in a marine
environment about2,000 to 14,000 years ago, in the period immediately followaggediation
of the Boston basin (Kenney 1964). It exists throughout the Boston area, roughly 9 m below the
surface, varying in thickness from 20 to 40 m. A stiff overconsolidated crust (OCRX)ffarms
the upper 12 to 20 m of the deposit, below thig tlay is close to normally consolidated
(Santagata 1998). Although the depositional and general characteristics of BBC are; for the most
part similar throughout the Bast area, some variability is inevitable for clay samples retrieved
from different lo@tions. The index properties of the clay may vary slightly, depending on several

factors, including; particle size distribution, pore fluid chemistry and mineralogy. These properties

a7



can vary at a given location as a function of depth. Intact sampld&®&re obtained from the
construction site of Harvard Universityoés KI :
natural BBC contains salt which varies in concentration as a function of both location and depth.

For this research the pore fluid salt centration was estimated to be 16 g/l.

Resedimented Boston Blue Clay (RBBC) has been studied extensively at MIT since 1961
(Bailey 1961), and a large database exists on its properties. Its engineering behavior is similar to
many other natural uncementedyd, including; low to medium sensitivity, strestgain behavior,
strength anisotropy, significant strain rate dependency and typical consolidation characteristics.
Combined with its virtually infinite local supply, it is no surprise that the soil has aeeadeal
research material for investigating fundamental aspects of soil behavior over the past five decades.
Since 1961, several different sources have been used to produce RBBC, with these sources
defining different RBBC series. RBBC research referdnnehis thesis has come from previous
researchers who have studied RBBC from Series V. Series IV was obtained in 1992 from the base
of an excavation for MIT6s Biology Building.
depth of about 12 m wheregtlOCR of the clay varied from 1.3 t@4Berman 1993). Due to time
constraints associated with the early part of this work, and the transition of the laboratory from
MIT to Tufts University, RBBC was not used for initial test specimens, as it can takesth to

produce a specimen (see seatB.3).

3.2.3 Gulf of Mexico-Eugene Island Clay

This high plasticity clay originated from the Eugene Island region, located off the coast of
Louisiana in the Gulf of Mexico (see Figuse3). Resedimented Gulf of MexieBugene Island
Clay (RGOME | ) stemmed from two 10.2 c¢cm cores dri

boreholes A20 in Block 330 and AL2 in Block 316. In this region, the basin consists of over 4
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km of Pliocene and Pleistene sedimentary fill deposited over a sedtid. A considerable
guantity of core material was abstracted from each borehole at depths ranging from approximately
2200 m to 2500 m. The in situ salinity of the clay at this depth is approxindatgly (Betts2014).

The core material was removed from their individual tubes at the University of Texas at Austin.
Hand tools were used to carefully remove the material, and any sandy intervals present in the tubes
were discarded. Despite the2® core being sealed ivax, most of the core was in a damp to dry
condition when it was opened. The clayey material was broken down ingizést pieces and
evenly distributed on plastic sheeting, and allowed tdifor 18 days. It was then roller ground

into a fine power by an external company, to the specification that 99 % should pass through a
#100 sieve (nominal diameter of 0.15 mm). Finally, the material was manually blended to produce
a homogenous powder, before being stored in 40 gallon drums. REBbkE a higlplasticity (W

= 85.8 %) and a clay fraction of 63 % as determined by sedimentation (Casey 2014). The
mineralogical clay fraction was found to be 53.9 %, the dominant clay mineral being smectite. A
detailed description of the geologic origin, processirdj@nsolidation behavior of RGOHI is

given in Betts (2014). Results of a large number of undrained triaxial tests performed on RGoM

El are provided in Fahy (2014).

3.3 RESEDIMENTATION AND SAMPLE PREPERATION
3.3.1 Introduction

Resedimentation refers to the procelssnedimensionally consolidating a dilute slurry of
clay material in a rigievalled cylindrical container; also known ascansolidometer. Early
techniques of resedimentation were developed and performed on BBC at MIT (Ladd and Varallyay

1965). Thisinel ved t he production of | arge diameter
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into smaller samples for testing. The main flaw associated with this method was that it produced
partially saturated clay samples, which could only be saturated using kPad@ackpressure.

This became a major concern when RBBC was being used in the directional sheGeethaine
(1982). Germaine revised and improved upon the original resedimentation technique to produce
fully saturated uniform samples, with salt corications of approximately 16 g/l. Additional
reforms were later introduceoly Seah (1990), whonodified; the system layout to increase
productivity; the technique for extrusion of the soil cake from the consolidometer, and also,
implemented a remotgata &quisition system to provide continuous monitoring throughout the
consolidation process. Abdulhadi (2009) modified the technique further, by preparing individual
resedimented samples for each separate test specimen. This approach reducedsthetiordss

area of the consolidometer; therefore, substantially reducing theHatdhas to be applied to
consolidate the specimen to a particular pr e
particularly beneficial to the process of preparing samplesbing in the higher stress triaxial

systems.

3.3.2 Resedimentation Procedure

Abdul hadi 6s technique of preparing indiuvi
specimen was adopted and modified as part of this work. Irrespective of the clay type to be
resedimerdd, the resedimentation procedure remains the same. It can be divided into four main
stages: powdering, deposition, consolidation, followed by sample extrusion and preparation. These
stages are explained in more detail below.

) Powdering
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Once the natural nberial has been abstracted from the field it is shipped to the Tufts
Advanced Geomaterials Laboratory. It is then broken up into relatively small clumps (< golf ball)
and left to air dry in plastic containers, as shown in Figue After air drying the raterial is
ground into a fine power using the industrial disk grinder shown in F&&ré& his powder is then
blended thoroughly to produce a homogenous mixture and stored in sealed 5 gallon buckets. The
procedure of powdering may have differed slightdy the different soils in the laboratory, since
the soils were processed by several different researchers during different time periods. Further
information on powdering techniques used for different soils can be fouauble
(1996), Jones (2010), Korgoulos (2012), Grennan (2010), Betts (2014), and Casey (2014).

(i) Mixing & Deposition

An Excel spreadsheet is used to determine the individual amounts of clay powder, water
and salt required for an individual sample. It calculates these quantities basatsepdefined
input parameters of final volume, final void ratio, batching water content and salt concentration,
of the intended specimen. It is important to note that the salt added at this point is in addition to
any already naturally existing salt in ttlay powder. This factor is very significant for this work,
as the GoME | clay powder wused had & 14 g/ kg natur
natural salt concentration of any of the materials in the laboratories data base. The spreaasheet als
has a factor of safety parameter that accounts for slurry lost throughout the mixing process (i.e.
left in the mixing bowl and spatulas etc.). Once the desired mass of clay powder has been
calculated, it is thoroughly mixed with calculated amounts difldi$ water and sea salt (optional)
using an electric blender. This process produces a homogenous slurry of a required pore fluid salt

concentration without lumps, as shown in FigdH@

51



As a rule of thumb the mixing water content is generally takesppyoximately equal
twice the liquid limit of the soil. This usually results in a workable yet stable slurry with no free
surface water present. After mixing, the slurry is left to hydrate over a period of at least 24 hours.
Following hydration, the sluyris remixed and then placed in a sealed container and exposed to
negative pressure (under > 25 inches Hg) using a vacuum. This process removes any entrapped air
that may be present in the mixture. The vacuum pump setup is shown inFigudeand slury
placed under negative pressure is shown in Figfd). The container used to vacuum the slurry
has two ports, one is connected to the vacuum pump while the second port is used to steadily re
pressurize the container after the process is completevéagiming, previous researchers used
to take the daired slurry and carefully tremie it into a gyeepared consolidometers (see section
3.3.3 Resedimentation Equipment) using a funnel in such a manner, as to minimize entrapment of
air bubbles. Howeverfor this work a different approach was adopted for transferring the
vacuumed material to the consolidometer, as the author found that the funnel method was not
inadequate.

Both Fahy (2014) and Marjanovic (2015) recommended a water content of 120 % for a
pore fluid sessalt concentration of 80g/l to hiessed on RGoMEI samples. However, during the
early part of this work, the author noticed that there was significant surface water present in the
mixture after it had been left to hydrate for 24 hours. This indicated that the slurry was not stable.
The bathing water content was then reduced from 120 % to 110 % and the slurry was observed
to be stable after it had been left hydrate for 24 hours. The new mixture was then observed to be
too viscous to flow down the treaming funnel without entrapping air. lifomate the tremie
funnel method altogether the author adopted the use of a modified 0.6 Itr suction gun. This method

involved placing the daired material into a funnel with the suction gun securely sealed to the
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spout, as shown in Figui28. The matdaal is then drawn down into the gun under negative
pressure to fill it and forced out under pressure into the consolidometer. This method was much
more successful, as it produced samples; with no entrapped air; that had a lower water content and
hence woud take less time to consolidate; and it also has a lower loss factor of slurry associated
with it. In the early portion of use, the suction gun parts began to rust from the high salt
concentration in the RGoM slurry mixture. The corroded parts, seenureBi§, had the potential

to alter the chemical composition of the slurry, and thus, needed to be replaced. To eliminate the
corrosion issue, the author modified the suction gun by replacing all the parts that either corroded
or had the potential to come, with PVC and stainless steel. TaBl8 summarizes the water

contents and salt concentrations used for resedimenting both soils as part of this work.

(i) Consolidation

After deposition is complete, a porous stone lined with nylon filter fabric is patéop
of the slurry. Porous stones placed at the top and bottom of the sample allow for double drainage
which in turn speeds up the consolidation process. The nylon filter fabric openings are large
enough to allow water to permeate through, but smallgmto prevent clay particles from passing
through. Thus, the nylon filter fabric acts as a barrier that prevents small clay particles from
entering and clogging the pores in the porous stones. The specimen is loaded incrementally in the
consolidometer usg a Load Increment Ratio (LIR) of one. Each load increment is monitored by
an external displacement transducer, and maintained until at least the end of primary consolidation,
as determined by the root time method. Once the desired maximum vertical stressng has 0 6
been achieved, the resedimented sample is allowed additional time for, at least, one cycle of

secondary compression, before being rebounded to OCR = 4, using a single unload increment. At
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an OCR = 4, the clay is assumed to be clossatndpic effective stress conditions, i.e.&1. Thi s
minimizes the shear strains associated with sample extrusion from the consolidometer, as
confirmed by the work ofantagata (1994).
(iv) Extrusion & Preparation

Once the consolidation stage is complete stmaple is extruded from the consolidometer
and prepared for triaxial testing. Samples resedimented to below approximately 1 MPa (low stress)
can be extruded manually from the consolidometer with moderate effort. These samples are
subsequently trimmed tbe required diameter for testing using the combination of: a soil sample
trimmer stand, a wire saw and a specimen mold. The last portion of trimming is performed with a
razor blade to achieve high quality samples of identical volume. A typical sampletio@imgd
is shown in Figure3-10. Excess material or trimmings are taken and used for water content
measurements. More information on low stress sample preparation can benfdbednaine
(2009) Samples resedimented to above 1 MPa ¢higd stress) reque a hydraulic jack for
extrusion. In addition, samples resedimented to above 5 MPa (high stress) are typically not soft
enough to be manually trimmed down to a smaller diameter using the standard procedure
mentioned above. To overcome this issue, thegbehistress samples are resedimented in a
consolidometer of the same inside diameter as a triaxial specimen (35.0 mm). This type of
resedimented sample only needs to be placed in the specimen mold and have the ends cut off with
a wire saw to achieve thegered height, while ensuring that the two ends of the specimen are
parallel. The pieces sliced off the ends are taken for water content measurements. Finally, the ends
of the specimen are smoothed down using a razor blade. This method was only adopted to
overcome difficulties in trimming high stress samples. The author believes that trimming the larger

diameter lower stress samples removes film of silicone oil (see &tion 3.3.3 below)
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surrounding the specimen, and hence the material being testdigveddo have no silicone oil

in its chemical composition.

3.3.3 Resedimentation Equipment

Traditionally consolidometers used to resediment samples consisted of a smooth acrylic
tube, in which the clay consolidated between top and bottom porous stones. PVC tubes were used
for this work over traditional acrylic as it was found that at high gglthe salt would react with
the acrylic and cause crystallization of the salt. These salt crystals would continuously grow up the
acrylic tubes and bases, as shown in Figté, and reduce the salinity of the pore fluid, causing
uncertainty in true poruid concentration. This reaction does not occur with the PVC tubes and
bases.

Prior to the slurry being added, a thin film of silicon oil is used to lubricate the inside of
the tubes in order to reduce friction acting between the tube walls and sodidatmg sample. A
PVC spacer, topped with a porous stone and nylon filter fabric, is placed at the bottom of the oiled
PVC tube. The bottom portion of the tube is then submerged in a PVC bath filled with water of
the same salt concentration as the fflord of the clay slurry. The basic setup of a consolidometer
is illustrated in Figure-12. The water level in the bath is filled to the top of the bottom porous
stone prior to adding the clay mixture to ensure no air gets trapped between the bottem of th
specimen and the outside bath water. Nylon filter fabric is then placed between the deposited clay
mixture and the top porous stone. Load is applied to the sample through a top spacer which rests
on the top porous stone. Clamps are used to ensure ¢hahtine setup is maintained vertical
throughout the consolidation process. During each consolidation increment, axial deformation can

be measured using a linear voltage displacement transducer (LVDT) to determine the end of
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primary consolidation. This maoring also enables one to gain information on the consolidation
properties of a given soil. For the first set of load increments, up until roughly 30 kPa, the load is
applied by simply stacking weights on top of the PVC spacer. Upon reaching highertteads
weights are placed on a hanger which in turn transfers load to the top piston, as shown in Figure
3-12. When the consolidometer is initially set up, the PVC tube rests on the base of the water bath
for increased stability. Once reaching the pointlaith the method of load application is changed

to the hanger system, the bottom spacer is replaced with a taller one so that the PVC tube no longer
makes contact with the base of the water bath. This allows the sample to vertically strain from both
ends (.e. as is achieved in a floating ring Oedometer), thereby halving the amount of side wall
friction experienced by the sample. The hanger system can apply a maximum gross load of 0.7 kN
to a given consolidometer. The corresponding stress imposed on fhle &aoalculated by simply
dividing the load applied by the hanger system by the «estsonal area of the consolidometer.

For a 10.87 crhsample (area of a low stress tube), this corresponds to a maximum consolidation
stress of roughly 0.7 MPa.

For medum to high stress samples that need to be loaded above 0.7 kN to achieve their
desired consolidation stress, the consolidometer is removed from the hanger system and transferred
to either a pneumatic actuator or lever arm load frame. This pneumatimacshatvn in Figure
3-13a3, has a maximum capacity of 6.8 kN. For a 10.87 cm2 sample, this corresponds to a maximum
consolidation stress of about 6.3 MPa. The lever arm load frame, shown in Fig8sehas a
similar maximum capacity to that of the pneuimatctuator. The transfer from the hanger system
to the pneumatic actuator or lever arm load frame is performed rapidly to prevent significant

swelling of the sample. High stress samples are placed inside a large pneumatic industrial load
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frame, shown in igure 3-14. This device has the capacity to apply 80 MPa to a resedimented
specimen.

The time required to produce a resedimented sample depends very strongly upon the
individual samples coefficient of volume compressibility,i@and its hydraulic conduciity (k).
These parameters vary for different soils. For example, while a sample of RBBC may require
approximately four weeks to reach toMPa (Casey 2014), a sample of RG&V may take
approximately 8 weeks to reach the same stress level. This is theenodjoreasons why RBBC
is favored in laboratory investigations of soil behavior over higher plasticity materials such as

RGoM-El.

3.3.4 Evaluation of Specimen Uniformity

Side wall friction reduces the actual stress imposed upon the soil specimen, it also
erncourages sample namiformity during resedimentation in both the axial and radial tioes,
and may create a slightly smeared outer layer. Germaine (1982) and Seah (1990) evaluated the
uniformity and quality of resedimented sample®duced by the largediameter (30 cm)
consolidometers. Uniformity of individual soil cakes was examined by: measuring the variation of
water content throughout the sample; utilizingay diffraction pattern methods, and-dnying
vertical and radial slices to check foradification. Results from all these procedures verified that
the batches were uniform. However, as mentioned previously in Section 3.3.2., many of the
samples resedimented as part of this research have been done so in consolidometers of much
smallerinteral di ameters, i.e.a& 3.75 cm. These sampl
approximately 2.5 at the end of consolidation (in contrast to a H/D of about 0.4 for the large

diameter soil cakes that Germaine tested). Therefore, side wall frictiorg dmiween the
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consolidometer tube and the soil specimen has a much larger impact on samples prepared for this
research. By allowing the samples to consolidate from both ends, as described in Section 3.3.3, the
impact of side wall friction is reduced torse extent.

Casey (2014) compareide virgin compression curve of RBBC measured in a typical CRS
test against compression curves exhibited by two RBBC samples that underwent resedimentation
in consolidometers to [applied] preconsolidation stresses of 2@MPa. The results are shown
in Figure3-15. The void ratios for the resedimented samples were calculated based upon the final
heights and water contents of the extruded samples, combined with LVDT readings at the end of
each load increment. At a givepmdied stress, the void ratios of the samples in smaller diameter
consolidometers are significantly higher than in the CRS test. Casey concluded that this was due
to the fact that the stress applied to a sample in a consolidometer only truly acts ptahé to
bottom of the sample, as side wall friction reduces the applied stress as you move closer to the
center. Thus, the void ratio of a resedimented sample is lowest at either end and highest in the
middle. Casey averaged the void ratio of the specimdnttda averaged value is displayed in
Figure3-15. However, following the SHANSEP reconsolidation procedure (described previously
in Chapter 2), the effectsf side wall friction, or indeed any other disturbance effects caused by
extrusion from the consalometer, should be effectively eliminated following¢onsolidation in
the triaxial device to stresses twice that of the preconsolidation stress imposed during
resedimentation. This ensures that any specimemunidarmity is eliminated prior to the shég
or unloading phase of a triaxial test.

Abdulhadi (2009) also confirmed this when he compared the consolidation and shear
results of two CKOUC tests on RBBC. One specimen was prepared in a 3.45 cm internal diameter

consolidometer, while the other wasepared in a 6.35 cm internal diameter consolidometer
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(actually a modified Oedometer) and then trimmed prior to triaxial testing. The results of the two
tests are presented in FiguBel6 and Figure3-17 (Abdulhadi refers to the small diameter
consolidometer as OPlexi. 6 and the | arger cor
consolidated to t+h0lMPa mtheirreapedie tonselidometsrsand tiied
Ko-consolidatedinthe r i ax i al apF 0.26MRa. Rigsird-16dispkays thé compression
curves obtained during theg€onsolidation phase of both triaxial tests. At 0.35 MPa the two
specimens have converged to an almost identical void ratio. However, Abdulhadicdid r
slightly different values of Kand axial strain at this stress. The specimen prepared in the small
diameter consolidometer exhibited a compression curve which had a yield stress significantly
lower than the preconsolidation stress of 0.1 MPa that sugposedly imposed upon it during
resedimentation. Its yield point is also quite difficult to interpret. In addition, the initial void ratio

of the specimen is significantly higher than the initial void ratio of the specimen prepared in the
larger diamedr consolidometer. These observations could reasonably be attributed to a greater
impact of side wall friction occurring in the smaller diameter consolidometer. However, as can be
seen in Figure3-17, the stresstrain responses during undrained shearirgg egpproximately
identical for thetwo tests. Both tests have the same strain to peak, undrained strength and shear
resistance at large strains. Since the consolidation and shear behavior measured by Abdulhadi
(2009) for RBBC at low stresses strongly agredth results measured by previous researchers,
who tested specimens trimm&dm large diameter soil cakes, it is concluded that the impact of
side wall friction on specimens prepared in small diameter consolidometers has a negligible effect

on the sheang behavior, provided the SHANSEP reconsolidation procedure is adopted.
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3.3.5 Intact Specimen Preparation

As mentioned earlier, intact samples of BBC were used as substitute for RBBC samples to save
time in the earlier parts of this research. The samples extracted from the Harvard business
school campus and were delivered to the TAG Laboratory in late 2015. Prior to testing, the tubes
were first xrayed to identify the level of sample disturbance present (if any).A radiograph of an
intact sample of BBC tésd as part of this work is shown in Fig@r&8.The radiograph highlights

the presence of sand, stones, layering and internal voids or cracks. Pebbles and stones show up as
round clear zones, while voids show up as patches of darkness. Differencesti) detayering

is displayed as different color shade changes. Overall, the tubes were determined to have minimum
|l evel s of sample disturbance, but many had st
in length) which had minimal sample distunca were identified and were marked for cutting
using a mechanical cut off saw. Once a section had been removed from the tube, the tube was
sealed with wax to preserve it for further use. In an effort to reduce frictional forces between the
sample and theide walls of the Shelby tube, piano wire is inserted between the sample and the
wall of the tube using a small diameter (just larger than that of the piano wire) hollow rigid tube.
The rigid tube is then removed and the piano wire is taughtened usimglavica grips. The

sample tube is then rotated slowly while keeping the piano wire taught against the edge of the tube.
This process breaks the skin frictional bonds between the sample and the Shelby tube walls, which
in turn reduces the amount of sheapased on the specimen during the extrusion process. The
samples for this work were removedm the Shelby tube sections by hand. Further information

on intact sample preparation can be found in Germaine (2009). Once a sample is extruded from
the Shelby the it is prepared in the same manner as tlelireented samples described ecion

3.3.2, (iv).
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Table3-1: Origin, index properties and USCS classification of soils includebignthesis

Liquid Plasticity Clay Specific USCS

Soil Abbreviation Origin Contributing researchers ) ) o
Limit, WL Index, Ip fraction Gravity classification
(%) (%) (%)
Boston Blue Clay BBC Boston, author, Sheahan (1991), 46.5 22.7 56 2.779 CL
Massachusetts Santagat#1994, 1998),
Abdulhadi (2009), Moniz
(2009), Horan (2012),
Casey (2014)
Gulf of Mexico GoM-El  Eugene Island, author, Betts (2014), Fahy  85.8 62.9 63 2.775 CH
Eugene Island Gulf of Mexico (2014)

Clay

Table 3-2: Mineralogy of soils included in this thesis. Mineral quantities are quoted as both absolute percentages of the bulk
sample by mass, as well as the relative percentages of these minerals inghefration of each sampl&xpandables in the <
2 em fraction are given as a relative percentage of the miager illite-smectite

Soil Chlorite Kaolinite lllite lllite -Smectite Expandables Total clay
(%) (%) (%) (%) (%) (%)
BBC Whole sample 6.2 29 7.3* N/A 16.4
<2 em fraction 5 2 65 28 5.10
GoM-ElI Whole sample 0.4 9.1 0.0 44.4 N/A 53.9
<2 em fraction 1
4 8 87 70-80

*includes both illite and mixed layer illitemectite
rom Di Maio et al. (2004)

Table3-3: Watercontents and salt concentrations at which resedimented samples are mixed to form a slurry

Soil Mixing water content Salt content of mixing fluid Natural salt content of powder
(%) (9/L) (9/kg)
BBC 100 16 2.7
GOM-El 110 80 A4
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Figure 3-1: Plasticity chart showing the location of soils tested as part of this work
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Figure 3-2: Particle size distributions of both soils tested as part of this work as determined from hydrometer tests
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Figure 3-3: Location of boreholes-A2 and A20 in the Eugene Island region of the Gulf of Mexico (B&fst)

Figure 3-4: Broken down raw clay material being left to air dry in large surface area containers
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Figure 3-5: Industrial grinder used to grind dréeraw clay material into fine clay powder

Figure 3-6: Stable slurry mixture of sea salt, clay powder, and water in a KitchenAid blender
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Figure 3-7: a). Vacuum pump system used teadfeslurry. b). Slurry under negative pressure inside sealed container
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Figure 3-8: Filling of the suction gun with daired slurry
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Figure 3-9: Corroded parts of the original suction gun
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Figure 3-11: Salt crystallization on the acrylic resedimentation tube and base as a result of high salinity pore fluid concentration
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Figure 3-12: Setup of consolidometer with hanger system
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Figure 3-14: High stress pneumatic load frame used for resedimenting specimens
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Figure 3-15: Comparison of virgircompression curves for RBBC as measured in a typical CRS test and during resedimentation
in consolidometers. (Casey 2014)
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Figure 3-16: Comparison of compression behaviours measured duringdttemsolidaton phase of triaxial tests for RBBC
samples prepared in 3.45 c¢cm diameter (O6Plexi.06) and 6.35
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Figure 3-18: Radiograph of intact BBC sample tested as part of this research
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4 EQUIPMENT AND PROCEDURES

4.1 INTRODUCTION

This chapter describes the equipment and procedures incorporated as part of this work. It
involved finegrained specimens being consolidated to two different orders of magnitudes of
effective stresses. A single triaxial system could not successfully test specimens over this stress
range, this is due to accuracy and range constraints of individhnsducers. There are three
different automated triaxial systems in the TAG laboratory, designed for; low, medium, and high
stresses. All three triaxial systems were designed and fabricated within the MIT Geotechnical
Engineering Laboratory. Section24describes the triaxial systems used in this work. It also
provides a detailed discussion of the triaxial cells themselves, end platen design, pressure volume
actuators (PVAs), automated control systems and data acquisition. Section 4.3 evaluates the
reproducibility and reliability of test results obtained using both types of triaxial system. It also
investigates apparatus compressibility in relation to system stiffness. The procedures followed in

the testing program are described in detail in Section 4.4.

4.2 TRIAXIAL EQUIPMENT
4.2.1 Overview of Triaxial Systems

In order to characterize the shape of the yield surface fogfimeed sediments over an
order of magnitude of consolidation stress, two different automated triaxial systems were used. To
achieve a congient degree of resolution throughout a testing program, a reduction in magnitude
of a triaxial system capacity must coincide with a corresponding increase in the precision of both
load/pressure application and test variable measurements. Essentiallipateticmaterial
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properties must be matched with testing device capacity. The low pressure system was used for
tests where speci mens wer epoftldiPad Ehe medionspoessurd at e d
system was used for tests where specimens werectobe s ol i dat ed pdaf B0 MPa. ma x i mi
Sheahan (1991) madggnificant contributions to the design of the low pressure system, which has

been progressively improved upon over the past two decades. The medium pressure system was
first developed byAnderson (1991) for the testirgf frozen sand. It was then modified for the

testing of finegrained materialby Abdulhadi (2009).

Figure4-1 shows the components associated with a typical low pressure triaxial system,
though the general configuration ke same for both systems. Both systems consist of the
following: a triaxial cell to act as a sealed chamber, a load frame to apply axial load, pressure
volumeactuators (PVAS) to provide cell, back, and in the case of the medium stresslsgstem
framepressures, a control box containing servoamplifiers, a power supply for the transducers, a
computer to run the necessary control software and providémeateadouts of the test data, and
a central data acquisition system to record the test data.i@kialtcell, load frame and PVAs are
located inside a temperature controlled enclosure, in which the temperature can be maintained to
within N 0.5eC.

4.2.2 Triaxial Cells

Both the low and medium stress triaxial cells test a standard sized specimen of
approximatdy 3. 50 cm di ameter and 8.13 cm height. [ n
control the cell and back pressures. Changes in volume of the specimen are computed from
LVDT6s monitoring the motion of the baek pre
subjected to top and bottom drainage to accelerate the consolidation process. Porous stones are

located at the top and bottom of the specimen to facilitate drainage and measurement of pore
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pressures. Axial strain is measured externally on all celladpns of a displacement transducer.
Axial force is measured by means of an internal load cell. All pressures are measured using
externally mounted pressure transducers.

The low pressure cell uses a transparent 6 mm acrylic cell wall to constrain a maximum
internal cell pressure of 1.5 MPa. Figy shows a schematic of a typical low stress cell and
Figure 4-3 shows a photograph of the low stress apparatus used in this work. Both the cell and
back pressures are monitored with high performance diaphragni29p psi [1.4 MPa] capacity)
pressure transducers, located on the base of the cell. The internal load cell is connected to a piston
which is restricted to vertical movement only, through a low friction, linear bearing withgO
seal. The top cap is agely fixed to the load cell which allows a negative deviator load to be
applied to the specimen, thereby making it possible to perform triaxial extension tests. The top
drainage line is made of coiled flexible nylon tubing which enables sufficient #&daissduring
the consolidation and shearing stages. The entire system is axially loaded using a 1 Tonne [9.8 kN]
capacity benchtop Wykeham Ferrance screw driven loading frame with adjustable gear ratios.

The medium pressure cell requires a 10 mm cartsah sell wall to withstand the internal
cell pressure of 12 MPA. It is zifuated to prevent corrosion. Figutel shows a schematic of
the medium pressure triaxial chamber and Figdbeshows a section view of the apparatus. The
triaxial chamber encles the soil specimen, base pedestal, floating top cap, top and bottom
drainage lines, and an internal shbaam load cell. Because the top cap is not fixed to the load
cell, an alignment cap is placed between the load cell and top cap. The alignmergeapely
attached to the load cell, but merely rests upon the floating top cap, withiag €2al around the
edges. The void left between the alignment cap and the top cap is vented to the atmosphere, which

creates a pressure gradient that essentiixis the top cap. The axial load is applied to the
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specimen via a 25 mm diameter hardened steel piston which enters the top of the chamber through
a double Gring seal. The entire system is axially loaded through the use of a 2 Tonne [19.6 kN]
capacity bachtop MosscéDslo (Type TP2) screw driven loading frame. Due to higher cell
pressures, the top drainage line is made of copper tubing to minimize system compliance, it is also
coiled to increase flexibility and enable sufficient axial strains duringatiolasion and shearing
(Figure 4-4). The assembly of the medium pressure triaxial cell requires the top back pressure
drainage line to be disconnected prior to each test. Afteomaecting the lines, they have to be
saturated by applying vacuum to remdkie air and then flushed with water. The cell and pore
pressures are measured using 1,000 psi [7 MPa] capacity diaphragm type pressure transducers.
In both triaxial systems, cell pressure is applied to the specimen using low viscosity silicone
oil (Dow-Corning® 200 fluid, 20 centistokes). This type of silicone oil is; optically transparent,
nonconductive, notoxic, and chemically inert. It exhibits extremely low viscosity under a wide
range of temperatures and does not degrade the seals or latex membednagesting. Silicon
oil is used instead afiater because, unlike water, it does not permeate through latex membranes
over long periods of testing (Bellwald, 1990). Because it is electricallycanductive, it allows
electronic devices such as a loaell or displacement transducer be located inside the cell
chamber. The latex membranes used to seal the soil specimen from the silicon oil are different for
each triaxial cell. Unlubricated latex condoms are used in the low pressure cell due ti@their
reliability, but have been found to leak at pressures above alMBa3Abdulhadi, 2009). Two
commercial latex membranes of 0.30 mm thickness are placed over an unlubricated latex condom
in the medium pressure cell. Vacuum greaseiin@s are used iboth triaxial cells to seal the

latex membranes to the base pedestal and top cap.
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The two cells possess electrical fabtbugh connections located at the base to allow for
the use of an internal load cell as well asspacimen displacement transducdrgernal
displacement transducers were not used in this work. An internal load cell eliminates the effect of
piston seal friction, allowing for accurate measurement of true deviator load applied to the
speci men. I n | ow and rbeaddi utny pcee Illosa,d Hoenl e ysweol fl E2
8.9 kN [2000 Ib] capacity are used, respectivélyese internal load cells should ideally have a
voltage output that is unaffected by cell fluid pressure. Casey (2014) investigated this aspect for
the low stress dieby varying cell pressure while keeping the true deviator aithg on the load
cell constant. Figurd-6 plots the effect of varying cell pressure on the output of the low stress 2.2
kN load cell. The cell pressure was varied betwedf 0MPa for thre consecutive cycles, while
the applied deviator load was kept at a constant value of zero (the initial readinty é6r the
first loading cycle is due to submersion of the load cell in silicon oil). There is a slight hysteretic
effect within each cycland the recorded output between cycles isnepeatable. However, the
hysteretic effect induced by the cell pressure only varies the output of the load cell by <2 N
(corresponding to < 0.1 % of its capacity) over the entire 10 MPa cell pressure raisges T
regarded as a negligible amount in comparison to the shear strength of soil specimens. It was
therefore ignored in the analysis if the results in this work. In addition, since the 8.9 kN load cell
is of the same type and manufacturer, it was assuonleave a similarly negligible sensitivity to

cell pressure (even assuming a calibration factor 4 times that of the 2.2 kN load cell).

4.2.3 End Platens

The two systems possess a standard type end platen configuration with a base pedestal and

top cap of theame diameter as the specimen. Carborundum porous stones of 5 mm thickness are
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placed in contact with the base pedestal and top cap. Nylon filter paper is placed between the
porous stones and the soil specimen. A thickithbcommercial latex sleeve is ptacaround the

pedestals, porous stones and extremities of the soil specimen as shown iA-Figures prevents

the edges of the porous stones from tearing the thin latex membranes that surround the specimen,
while also providing additional alignment Bifity for the specimen throughout the test assembly
process. This type of end platen configurati
displacement of the specimen at the top and bottom interfaces. It resultsunifosm stresses

and strams being developed throughout the shearing phase of a triaxial test. Ho®asgey

(2014) compared the fixed end configuration to a smooth end plate configuration and concluded

that the fixed end plate design did not have significant impacts upon tdt.regernal drainage

lines in the base pedestal and top cap allow for pore fluid flow and pressure measurement.

4.2.4 Pressure Volume Actuators

Custombuilt PVAs are used to generate the required cell and back pressures for each
system. The PVA design costs of a pressure chamber containing either silicon oil or salt water
(depending on use); one end of the chamber is connected to the triaxial cell base and external
reservoir via Swagelok valve. The opposite end of the chamber is connected to a mooing pist
which in turn, controls the pressure in the chamber. This type of PVA has been used in the MIT
Geotechnical Engineering Laboratory for many years for a variety of test systems, including
triaxial, constant rate of strain (CRS) and fldwough permeabtly. This type of PVA has a
maximum pressure capacity of 14 MPa and a volume capacity of 47tdmalso versatile and
compact, which enables it to be placed inside the temperature control enclosure. The PVAs

accommodate a 0#on Duff-Norton® invertedoall screw jack, which can be driven by a Maxon
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Motors® servomotor with 80 mNm continuous output (geared at 84:1). PVAs are fitted with limit
switches, which shut off the power to the servomotor to prevent damage in the case of the piston
running out of gbke within the chamber. Figu#8- shows a schematic of the high capacity

pressurevolume controller.

4.2.5 Control System

The low and medium pressure triaxial systems are automated using control hardware and
software that was originally developed $geaharf1991). Measurement of test variables, such as
force, pressure, and displacement is performed by transducers located both inside and outside the
triaxial cell. The continuous analogue output from each transducer is converted to aidigzal
using a muichannel analoguto-digital converter (MADC) device, located within each systems
local computer system. The computer operates a control program written in QBASIC that is
capable of performing all aspects of a triaxial testing. This includes: initiadyyeasp, back
pressure saturation,-8alue check, consolidation ¢(Kor stress path), and shearing (drained or
undrained). The program compares the actual output measurements from the transducers with the
time-dependent target values and automatically calculates the command signal required to reduce
the difference betweethe two values. This command signal is converted back into an analog
signal through a digital to analog (D/A) converter board that is located within the computer. The
computer displays real time output readings of all transducers along with associateandomm
signals on its monitor. The monitor also displays the stage at which the test is operating at. From
the D/A card, the analog command signals are sent through an external control box via electric
pulses to the electric motor, thus completing contropldkhis allows for continuous and very
precise control of cell pressure, pore pressure, and axial load throughout the testing period. The

control box allows the user to manually adjust each motor in the system. An image of the computer
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system containing .1MADC device and the control box is shown in Figds®. Figure4-10
shows individual components located inside the interior of the control box. A more detailed

description of the control system can be foundldulhadi (2009).

4.2.6 Data Acquisition

The contol system described above incorporates two data acquisition systems: a central
system used to record data from every operating system in the laboratory for subsequent analysis,
and a local one for each individual system based around the MADC device carkppnent for
the MADC device is the Analog Devices® AD1170 analetpdigital converter. The AD1170
is a high resolution, integratietype converter which allows for user specified integration times
(from 1 to 350 ms) and a maximum resolution of 22 Bitsaa 10 V scale (5 V), this corresponds
to a maximum precision of 0.0024 mV. The maximum output of both pressure transducers and
load cells is typically in the range ofi 50 mV. These values are too small and require
amplification to provide accurateadings for closed loop feedback control of the system. This is
achieved by using a channel specific AD624 instrumentation amplifier which amplifies the output
signal by a factor of 10, 100, or 1000 prior to digital conversion, thereby increasing tisgopreci
to 0.00024 mV, 0.000024 mV, or 0.0000024 mV respectively. This is more than sufficient to
provide accurate readings for closed loop feedback control of the system. The high degree of signal
averaging provided by the integratioype AD1170 convertereduces noise from the input signal
and thus provides stable readings of test variables.

The central data acquisition system present in the TAG Laboratory is based around a
Hewlett Packard HP3497A data acquisition unit interfaced with a desktop compusesyJtem

incorporates an integratiegpe analogu¢o-digital converter combined with autanging signal
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amplification to four voltages scales; 0.1, 1, 10, 100 V. This-giging capability removes the

need for any amplification of analogue input signdhe central system is not used for feedback
control of any testing equipment; therefore, it is not necessary for its resolution to be as high as
that of the MADC device. The system is capable of monitoring recording 254 channels
simultaneously at a marum rate of 1 Hz.

Table 4-1 summarizes the precision of both the central data acquisition system and the
MADC device (in engineering values and voltages) for both triaxial systems, as well as the
corresponding resolutions for each device. For axial dispi@nts and specimen volume,
resolutions are based on specimen dimensions. For cell pressure, pore pressure and load cell force,
resolutions are based on the maximum range of the transducer during a typical test. To achieve a
comparable degree of resoluti@cross each triaxial system, axial load, cell pressure and pore
pressure must be measured with far greater precision when testing at lower stresses. In reality, the
MADC device is capable of performing analogoedigital conversion with greater precisithan
measurements can be taken using commercially available displacement and pressure transducers.
As a result, the resolution of test variables may be controlled by the transducers used, and would

be lower than the values quoted in Table

4.3 EVALUATIO N OF TRIAXIAL EQUIPMENT
4.3.1 Introduction

It is important to demonstrate that reproducible test results can be obtained using the
different triaxial systems. This is necessary to ensure that observed trends in soil properties are not
being influenced by the tisg equipment, and that any measured variations in strength with

increasing stress level, reflect true soil behavior. Previous work has been done to demonstrate
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reproducibility of tests performed on samples of the same composition, under the same test
conditions, across all three stress level systems. The resedimentation technique has proven ideal
for this purpose as it can produce identical saturated samples consolidated to any desired
preconsolidation stress. However, no attempt was made to invedtigattetcts of consolidation

rates on the development of pore pressure in the sample in each system. This section briefly
describes the previous work done on samples of RBBC, and evaluates work done fathigart o
research on samples of BE-EI. It also irvestigates the effects of apparatus compressibility on

each system.

4.3.2 Consolidation

Casey (2014) compared the compression behavior of RBBC determined from-the K
consolidation phase of different triaxial systems to the compression behavior as determined fro
a CRS test. Figuré-11 shows the virgin compression behavior of the soil from 0.1 MPa up to
100 MPa, and includes two medium and high pressure systems tests performed by Casey, as well
as a test performed with the low pressure system by Abdulhadi)(ZD&8ey concluded that each
of the tests followed a unique virgin compression curve and that there was excellent agreement
between the compression behavior determined using the CRS device and using each of the triaxial
systems. He observed that the comspi@n index (Cc) of the soil decreased with increasing stress
level, from about 0.35 in the G.1 MPa stress range, to 0.33 in the rangel @DIMPa, to 0.23 in
the range of 140 MPa. He also observed a change in the value, atiduring consolidationdr
all the materials tested, as shown in FigdtE2. All the clay materials Casey tested exhibited a
trend of increasing &nc with increasing confining pressure. The results of medium stress triaxial

tests carried out as part of this research, andahaibdulhadi (2009) also show a consistent
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increase in I, nc of RGOM-EI, from 0j62at 1 MPa to0;8 at 10 MPa, and of RBBC frofjp1
at 0.1 MPa to 0.60 at 100 MPa.

The appropriate axial strain rate to be used is dependent upon the permeability of the soill,
with low permeability soilgequiring much slower rates to prevent large excess pore pressures
from developing within the specimen. Casey (2014) recommends OhtSs/&ufficiently slow
for RBBC, based on CRS data results. However, he applied this axial strain rate to all the clay
types tested as part of his research. The applicability of appllyiagstrain rate to RGONEI
samples was investigated in both the lwd medium stress apparatuses as part of this research.

This topic is discussed in more detaikiction 5.5 verification afonsolidatiortest results.

4.3.3 Apparatus Compressibility

Extensive research has been done on the effects of apparatus compressibility, particularly
during the undrained shearing process. Drainage lines, valves and the pore water contained within
them necessarily involve a finite compressibility that alters xlcess pore pressure generated in
a specimen from its true value, since some amount of pore fluid must inevitably drain from the
specimen intdhe drainage lines when the pore pressure increases (Wissa 1969, Bishop 1976).
Casey (2014) investigatetthis overall three stress ranges and concluded that the effect of
apparatus compressibility during undrained shearing had a larger influence at higher stresses. He
al so concluded that t his eff ealie (i.k.oiwbmcomes t h e
impossibé to achieve a ®alue greater that 90% above 30 MPa). Since drained tests were used as
part of this research, and the confining stresses were never greater than 10 MPa, the effect of

apparatus compressibility due to induced pore pressures was neglquaetichshis work.
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Both the effect of increasing cell pressure and increasing axial load on axial strain apparatus
compressibility were analyzed as part of this work. This was done in both low and medium triaxial
cells by replacing the clay specimen wihsolid steel specimen of similar dimensions, and
recording the change in axial strain as the two quantiles were independently varied. In the first
case the cell pressure was varied from 0 MPa to the individual apparatuses safe maximum cell
pressure capagi while the deviator load being applied the specimen was kept constant. Figure
4-13 corresponds to the cell pressure in the low stress cell being varied beiieeiM®a, while
the applied deviator stress was kept relatively constant at 17.9 kPaaphecgnsists of an unload
cycle, followed by a complete load and unload cycle. At a maximum cell pressure of 1.3 MPa, the
system is recording a corresponding axial str
increasing cell pressure has a #figant effect on apparatus compressibility in the low stress cell.
There is a clear hysteresis present in the data that appears to be repeatable, thus a linear regression
would be the best approximation for this.

Figure4-14 plots to two separate cycle$ axial strain against deviatoric load in the low
stress cell being varied betweeiD® kN and 01.2 kN, while the cell pressure was being held
constant at 0.29 MPa (this was an arbitrary value). Between the two loadings the testing apparatus
was disassmbled and reassembled to mimic two separate tests being performed. There appears to
be an initial nodinear loading trend up t®@S5KN, which has an associated strain @p8%.

After this, the loading trend becomes more linear with increasing deci&ad. After the first
unloading phase has occurred, there is a clear hysteresis that is somewhat repeatable between
loading and unloading cycles. However, the hysteresis from both tests do not trace each other, and
appear to be dependent upon the alevic load applied. Increasing deviatoric load imposes an

increasing associated permanent axial strain. For both tests, permanent axial strains of 0.05 and
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0.075 % are observed from the first unload cycle. It is assumed that this is due to misalignments
in connections between individual components of both the triaxial cell and load frame reaching
equilibrium in compression. Comparing the initial loading of both tests to the hysteresis observed,
it is concluded that there is a 0.04 % axial strain (basealstandard sized specimen) apparatus
compressibility effect from the system reaching equilibrium after assembly. After reaching
equilibrium the apparatus experiend@g?2 %axial strain apparatus compressibility in loading to
1.2 kN. Even though the twioysteresis loops do not trace each other, the associated error is
minimal ( 0502%),thus a linear regression is acceptable can be used to account for apparatus
compressibility due to the deviatoric load effect.

Two displacement transducers, placesegtarate locations, were used to monitor the axial
strain and check for uniform deformations of the medium pressure device. &ifjtishows the
effect of the cell pressure being varied froinl® MPa on the recorded axial strain in both
displacement tramisicers. The deviatoric load on the specimen was kept constant at 0.36 kN (this
was an arbitrary value) throughout the test. There is a clear reproducible hysteresis present, and
there are uniform deformations for cell pressures upfPa. Above 5 MPhe cycles begin to
deviate, indicating that the cell may be undergoing-moiform deformations at higher stresses.
Increasing cell pressure has a very significant impact on axial strain apparatus compressibility; at
a maximum cell pressure of 10 MPa #ystem is recording a corresponding axial strail gf%
strain. The hysteresis effect caused by increase in cell pressure can be approximated by a linear
regression function.

A similar approach was used when varying the deviator load in the cell keleipeng the
cell fluid at a constant value of 1 MPa (this was an arbitrary value). The deviator load was varied

between 03.1 kN for two complete cycles, while the axial strain was monitored at opposite sides
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of the loading piston. The cell was then dssambled and resembled to mimic actual procedures,
and the test was repeated three more times. FHgliéplots the results of these tests, the circular

and triangular data points represent opposite sides of the loading piston, and each trial is color
codel (i.e. green circular and triangle points make up one trial). There results show that there is
nortuniform straining taking place, it appears that the piston is not remaining vertically aligned as
the applied load increases. This would suggest the pstaducing additional shear stressed in

the sample. Each test produces a different offset hysteresis loop. The strain recorded by the
apparatus varies dramatically depending on where the transducer is placed. At a deviatoric load of
3 kN the axial strainecorded by the device could be recorded as 0.1% or 0.28% (blue data points),
depending on the position of the displacement transducer. Some hysteresis loops appear to be
reproducible, producing low strairgsi%for 3 kN deviatoric load. However, the roéfy of loops

are offset from each other and vary up to 0.38% axial strain for 3kN deviatoric load. Therefore no
trend can be correctly established.

It is important to note that these apparatus compressibility tests were run in the latter part of
this regarch, when the author became concerned about apparatus compressibility in the medium
stress cell. As a result, all data presented in this thesis have not been corrected for this newly
established apparatus compressibility. For future work, the authanneeonds that the triaxial
control program be modified to account for these additional strains and that the medium stress cell

be remediated to eliminate the piston loading alignment issue.

4.4 TESTING PROCEDURES

This section describes the proceduresstetting up and performing tests in the low and
medium triaxial systems. Test specimens are prepared using the resedimentation process, as

describedn Chapter 3. Prior to inserting the specimen, the base pedestal and top cap of both
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systems needs to be peged.Both systems require a thorough cleaning of the top and base
pedestals to remove any grit/residue left behind from the previous test. After cleaning, a light film
of vacuum grease is applied to the sides of the top cap and base pedestal, tmhbp denl with

the latex membrane. The 0.5 mm thick protekdtex strip (as discussed ir&ion 4.2.3) is then
applied to both platens. Half the strip surrounds the platen, while the other forms a rettess for
porous stone to sit in. Both systemsuieg 6 Orings to fulfill the design seal criterion. All-O

rings are cleaned and lightly coated with vacuum grease prior to every test. The specimen
preparation is essentially tsame for both test types. The resedimented specimen is extruded from
its corsolidometer and trimmed (Chapter 3). Its dimensions are measured with a caliper and
recorded to calculate specimen area and volume. Mgien filter fabric pieces, of the same
diameter as the specimen are placed over the top and bottom of the speciomeplébe the setup
preparation.

The assembly procedure varies slightly between the low and medium stress apparatuses, but
the finished assemblies are similar. Figdr&7 shows a crossection schematic of a typical
medium stress specimen. The cresston of a low stress specimen is similar, with the exception
that it has two membranes instead of three. The preparation of the low stress involves, first placing
a moist porous stone into the recess created from the thicker latex strip. A thin unlubricated,
unrolled latex condom (with the tip cut off) is then placed around the lower part of the base platen,
and rolled up to just below the porous stone. TwonQs are then placed over the latex, around
the base platen. A second unrolled condom is placeavidél® two Orings, and then rolled out
over the two &ings to a position just below the first membrane. A thirdr@ is placed outside
the second membrane in between the first twon@s. The remaining three-fihgs are placed

around a split piece @ng stretcher, and the stretcher is placed around the lower part of the base
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pedestal. The prepared specimen is then placed on the moist porous stone which is now confined
within the recess of the thick latex sleeve and triaxial cell base pedestal. Al pecouns stone is

placed on top of the specimen and the top cap is gently lowered down to meet the specimen. The
output reading of the load cell is closely monitored during this process to ensure no additional load
is placed on the specimen. The first inld membrane is then rolled up the specimen, thim@®
stretcher is raised up, and tweri@g seals are removed to seal the inner membrane against the top
cap. The second outer membrane is then rolled up over the top-timgCand sealed with the

third remaining Qring on the stretcher. The split ring then splits into two separate pieces and is
removed. After this, the cell is assembled and secured into the load frame for testing.

The set up for the medium stress cell is similar to the low stresstheiexception that three
membranes (thin, 2-thick, see Figurd-17) were used, and applied using a different technique.
Only one thin membrane is applied to the base platen, and it is not immediately sealed with two
O-rings. The prepared specimen is placed on the moist porous stone and the prepared floating top
cap and scond porous stone are placed on top of the specimen. A chsitirpositioner holds
the floating top cap in the correct position throughout the setup procedure. Filter paper strips may
now be placed around the specimen to speed up the rate of consolfdatsoils having low
values of cv. Filter paper strips were used when testing REbdamples as part of this research.

The first thin latex membrane is then rolled up the specimen and around the top cap. The second
(first thick) membrane is placed ovéite specimen using a membrane stretcher connected to a
vacuum. Four @ings are then placed over the two membranes, two around bottom pedestal and
two around the top cap. The third (outer thick) membrane is then placed in the same way. Two O
rings (one tp one bottom) are positioned outside the outer membrane, but in between the first two

O-rings, as shown in Figu4-17. The top drainage line, which spirals around the specimen, is
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then connected to the cell base and top cap. The ctmidnhpositioner isnow removed and the

steel cell chamber is placed in position using a-waunted gantry crane. The cell is then bolted
together, in place, on the load frame. The zero value of the load cell is recorded and the load cell
is then slowly brought into contawith the top cap (similar to the low tress system). The piston is
then fixed into place by assembling the load frame.

Following assembly, both systems are filled with silicone oil via an air pressurized reservoir.
Once filled, the cell oil is pressurizatightly to prevent the specimen from swelling. In the low
stress system, this is done with the bpoéssure valves closed (as the lines are already saturated)
to generate positive pore pressure in the specimen before commencement of the saturagn proce
The cell is typically pressurized to a value equal to the rebound pressure applied during
resedimentation. The specimen is then allowed to equilibrate for 24 hours, after which the
sampling effective stress is recorded. Back pressure saturation theseqs, provided the
sampling effective stress is positive. If the pore pressure is negative, the cell pressure is increased
by a quantity equal to this amount and the sample is left to equilibrate once more.

In the medium stress system, the cell is mohediately pressured up to the rebound pressure
applied during resedimentation. This is due to concerns relating to consolidation of the specimen,
as at this point, the drainage lines are not saturated like those in the low stress system. The
magnitude ofhe initial cell pressure needed to prevent the specimen from changing volume at this
time (so that it neither swells nor consolidates) is estimated to be about 0.5 MPa for specimens
resedi megn=t34dvP4g, though dhis value is empirical and difficto establish. The
drainage lines then are vacuumed (under approximately 20 inches Hg) using a portable vacuum
pump, for approximately 5 minutes to remove air before being flushed with water. The pore

pressure transducer is then installed and the dyainalves are closed. At this point the cell
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pressure is increased to the rebound pressure applied during resedimentation. Like the low stress,
the specimen is allowed to equilibrate overnight, and the following day the sampling effective
stress is recordke The specimen is then bapkessure saturated, provided the sampling effective
stress is positive. Similar to the low stress cell, if the pore pressure is negative, the cell pressure is
increased by a quantity equal to this amount and the sampletcs dgjitilibrate once more.

For both systems, specimens are back pressure saturated to 0.2 MPa, while the sampling
effective stress is held constant. A small deviator stress of approximately 100 kPa is maintained
on the specimen throughout the initial pressup and baclpressure saturation phases. This is
done so that any axial strain which the specimen undergoes can be recorded using the external
displacement transducer. At the end of bpokssure saturation, a\Bilue check is performed
using a cell presure increment of 0.02 and 0.1 MPa for the low and medium systems respectively.
If a low B-value (< 0.97 for low stress and <.7 for medium stress) is recorded the sample is left to
equilibrate for an extra 24 hours and the check it repeated. As diseasbed Casey (2014) has
shown that achievable-Balue decreases with increasing stress level, hence why the medium
stress criterion for Bralue is lower.

After the Bvalue check has been deemed satisfactory, specimeng-aom$olidated to at
least twice the streskevel applied during resedimentation, as per the standard SHANSEP method
of laboratory reconsolidation (discussed in Section 2.4.4). breKisolidation algorithm used to
control the triaxial system applies a constant axial rate of singirensures zero radial strain of
the specimen by continuously adjusting cell pressure to keep volumetric and axial strains equal.
At the end of K virgin consolidation specimens are allowed a hold stress cycle to ensure the

specimen has reached equilibriuifhis is typically 247 30 hours for BBC and RGoMI
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respectively. Specimens are then swelled using an axial swelling strain rate of 0.15%/hr to the

desired OCR along a prescribed path given by the equation:

0 Op UOY A (411)

Where K, nc is the average value ofokthroughout the hold stress cycle at the end of the
consolidation phase. This is an empirical correlation developed by Ladd (1992), which is believed
to describe the path the path of-#nloading for any given finergined material. After swelling
the specimen is allowed a further hold stress cycle to equilibrate. Prior to drained shearing, a leak
check is performed by closing the drainage valves and monitoring the pore pressure. Provided no
internal or externalleak s det ect ed, the specimen is sheare
c o ndi (an imvessgation into this is undertaken in chapter 5)gian axial strain rate of 0.15
%/ hr . Shearing i s ag20iefailaré of the speximenj oetitithesystem t o U
has reached capacity (whichever comes first), in each test, by which point yielding is clearly visible
in the unprocessed voltage output test data.

The raw test data is converted to engineering values using a QBASIC computer program.
The pogram converts the transducer voltages recorded by the central data acquisition system into
engineering values of deviator load, axial displacement; change in volume, cell and pore pressures.
These values are in turn used to compute effective stressesrand. During the consolidation
and drained shearing phases of tests a right cylinder correction is used to compute the area

(Acyiindricar), defined as:

: 5 p - ip - @i2)

WhereAi s t he initi alaistheazia straresmce the eginningdfthe tesl stage.

In addition, the computations of axial and radial stresses involve a correction for membrane
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resistance using thraethod of Berre (1985). For tests in which filter paper strips are used to speed
up consolidation, axial stress is further modified using the filter paper correction of Bishop and
Henkel (1962). Additional cross sectional area correction factors applied in testing can be found

in Casey (2014)

4.4.1 Maintenance

The high pour fluid salinity amcentration used when testing RGdill specimens can
create problems in the testing equipment. The salt particles tend to flocculate together and stick to
the interior walls of the copper drainage lines, particularly around connections and openings. This
dramatically reduces the pore fluid flow, and in some situations can lead to clogging if-left un
remediated. Low permeable/impermeable lines cause changes in internal specimen pore pressure,
increases consolidation times, and causes uncertainties in traienspeeffective stress. To
prevent the excess salt build up in the pore fluid drainage lines, after every third experiment,
boiling hot water is flushed through the lines to remove any salt residue. Because air pressure being
used to fill and empty the &xial cells with silicon oil, the oil becomes super saturated with air.
This increases the compressibility of the oil, which can lead to errors in the applied cell pressure.
To prevent this, the oil is placed under negative pressure once a month, upimigathke vacuum

pump. This removes any entrapped air from the oil reservoir.
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Table 4-1: Precision and resolutions of the central data acquisition system and MADC device. For axial displacements and
specimen volume, resolutions are based on specimen dimensions. For cell pressure, pore pressure and load cell favos, resoluti

are based on the typical range of the transducer utilized during testing

Transducer Working Range Precision Resolution
(%) MADC Central acq. MADC Central acq.
Low Pressure
o 0.00001 mm 0.00045 mm
Axial displacement 1.8cm 0.00001% 0.00056%
(0.0024 mv) (0.1 mv)
) 0.01 mni 0.41 mnd
Specimen volume 47 cn? 0.00001% 0.00055%
(0.0024 mvV) (0.2 mV)
0.003 kPa 0.012 kPa
Cell pressure 1.4 Mpa 0.0002% 0.0009%
(0.00024 mV) (0.001 mV)
0.003 kPa 0.012 kPa
Pore pressure 1.4 Mpa 0.0003% 0.0014%
(0.00024 mV) (0.001 mV)
0.001 N 0.005 N
Load cell 2.2 kN 0.0001% 0.0004%
(0.00024 mV) (0.001 mV)
Medium Pressure
o 0.00001 mm 0.0006 mm
Axial displacement 3cm 0.00002% 0.00074%
(0.0024 mV) (0.1 mv)
) 0.01 mn3 0.4 mn¥
Specimen volume 47 cn¥ 0.00001% 0.00054%
(0.0024 mV) (0.1 mv)
0.015 kPa 0.063 kPa
Cell pressure 7 Mpa 0.0002% 0.0009%
(0.00024 mV) (0.001mV)
0.015 kPa 0.063 kPa
Pore pressure 7 Mpa 0.0004% 0.0018%
(0.00024 mV) (0.001 mV)
0.012 N 0.05N
Load cell 8.9 kN 0.0001% 0.0004%
(0.00024 mV) (0.001 mV)
High Pressure
o 0.00003 mm 0.0014 mm
Axial displacement 7.6 cm 0.00004% 0.00174%
(0.0022 mV) (0.1 mv)
) 0.01 mnd 1. mn?
Specimen volume 47 cn¥ 0.00006% 0.00233%
(0.0024 mv) (0.1 mv)
1.45 kPa 6.03 kPa
Cell pressure 69 Mpa 0.0021% 0.0087%
(0.00024 mV) (0.001 mV)
0.08 kPa 0.31 kPa
Pore pressure 34 Mpa 0.0002% 0.001%
(0.00024 mV) (0.001 mV)
0.040 N 18.6 N
Load cell 222 kN 0.0001% 0.0317%
(0.0000024 mV) (0.001 mV)
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Figure 4-1: Schematic of the standard automated triaxial testing system used in thAdu#teced Geomaterials Laboratory
(Santagata, 1998)
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Figure 4-2: Schematic of low pressure triaxial chamber (Santagata 1998)
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Figure 4-3: Photographof the low pressure triaxial apparatus
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Figure 4-6: The effect of cell fluid pressure on the output of a 2.2kN Honéngedeam load cell
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Figure 4-7: Photograph showing the top and bottom thick latex sleeves in place on a medium stress triaxial specimen.
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Figure 4-11: Compression behavior of RBBC as measwrgidg the CRS device and the low, medium and high pressure triaxial
systems
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Figure4-12: Change in Kof RBBC during the consolidation phase of triaxial tests using the low, medium and high pressure
triaxial systems
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Figure 4-13: The effect of cell fluid pressure on the output of the recorded axial strain in the low stress triaxial apparatus
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102



0.8

o
\I

o
te)

o
o

—e—LVDT-1 First loading

—e— LVDT-2 First loading

Axial Strain (%)
o o
w N

—o— LVDT-1 First unloadin
—e—LVDT-2 First unIoadinE

o
(N

—— LVDT-1 Second loadirlg
0.1

—— L VDT-2 Second loadirlg

0 2 4 6 8 10 12
Cell Pressure (MPa)

Figure 4-15: The effect of cell fluid pressure on the output of the recorded axial strain in tretr&ss triaxial apparatus. Note
two axial displacement transducers were used to investigatemiéorm straining

0.45

0.4

o ©
N9 w
o w o

Axial Strain (%)
o
N

0 0.5 1 1.5 2 2.5 3 35
Deviatoric Load (kN)
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5 CONSOLIDATION RESULTS

5.1 INTRODUCTION

This chapter presents and discusses some of the consolidation properties of both soils
investigated as part of this work. These properties are determined from results of resedimentation
and the K-consolidation phase of triaxial tests. Section 5.2 presents théirmeasional virgin
compression behavior of RGeMI and RBBC, respectively, and describes stress dependency
behavior as a function of soil type and stress level. Section 5.3 preserds tlatas of soils as
determined from triaxial tests and discusses the dependencgeoof $6il type, stress level, and
OCR. Section 5.4 discusses normalized consolidated stress paths plotted&3 BIFESs space.
Finally, Section 5.5 presents resultestetrmined from the investigation into the development of
excess pore pressure duringdfained consolidation in the triaxial systems.

Tables 51, 52 and 53 provide a summary of initial triaxial setup pressure up, saturation,
and consolidation result®rf all of the successful low stress triaxial tests performed during the
course of the research. The data presented includes the triaxial system used, soil tested,
resedimented sample number, specimen phase relations, maximum effective consolidation

stresss, lateral stress ratios, and {sfeear effective stresses.

5.2 COMPRESSION BEHAVIOR

Extensive research has been performed by previous researchers in the MIT Geotechnical
Laboratoryon the compression behavior of both materials investigated as part of dasches
Abdulhadi (2009), Horan (2012), Fahy (2014) and Casey (2014) are the most recent researchers
who studied the compression behawwer large stress ranges (A0 MPa). It is not necessary
to redo the work of previous researchers, and thus, thpression behavior of the materials were
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not thoroughly investigated as part of this work. Figbhtg has been abstracted from Casey
(2014).The graph plots the virgin compression behavior for both soils investigated. It can be
observedrom Figure5-1, thatRGoM-El, the higher plasticity, smectite rich clay, possess a much
larger void ratio at low stresses compared to RBBC, the siltier, low plasticity clay. As both soils
undergo consolidation to higher stresses, R&giMisplays a much greater compressipitind a
corresponding larger decrease in void ratio compared to RBBC. The void ratios of the two soils
then converge together at high stresses. Casey also correlated compression behavior to liquid limit

for both these soil types amgst a wide range of aths.

5.3 FACTORS INFLUENCING MEASURED K o
5.3.1 Introduction

The Ko-consolidation algorithm used in the triaxial systems allows for continuous
measurements of theoKralue of a specimen throughout the consolidation phase. The control
algorithm applies a user defined constant axial rate of strain, while ensuring zero radial strain of
the specimen by continuously adjusting the cell pressure to keep volumetric astraxialequal.

The loading portion of the algorithm has proven successful in both maintaining constant cross
sectional area of specimens, and proportional axial strain deformation, during virgin consolidation.
However, the algorithm can be less effectiweinly the swelling portion of tests. This is due to
backlash of the axial loading gear mechanism used in both the low and medium stress systems.
The backlash effect, combined with small changes in axial strain involved in swelling compared
to virgin comprasion, creates a small control issue in the device. This issue manifests itself as
erratic changes in &during the initial portions of swelling (below an OCR dfg), though Kk

tends to become more stable as swelling progresses and the control sysesmasaitue one

dimensional conditions. As a result of this issue, previous researchers who have examined the
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strength behavior of OC soil in the MIT Geotechnical Engineering Laboratorysfeghan 1991,
Santagata 1998, Abdulhadi 2009, Casey 2011) hegiedlly relied on stress path swelling rather
than Ko-swelling. All RGoMEI tests performed as part of this research were unloaded using the

stress path swelling algorithm combined with thedérequation discussed Bection 4.4
5.3.2 Effect of OC and NC onRGoM-El Ko

Figure5-2 shows the variations indduring the consolidation phase of a select number
of triaxial tests carried out on RGoHll. The graph plots the lateral stress ratio imposed on the
specimen against vertical effective stress. Data obtained during the swelling portion of tests are
omittedfrom Figureb-2 for clarity. The similarities between all tests, with relation to the vertical
effective stress axis, refleadhe similar preconsolidation stresses which specimens were
consolidated to during resedimentation. Specimens were typically mesgdid to nominal
preconsolidation stresses of 0.5 MPa (though side wall friction reduces the actual preconsolidation
stress imposed on specimens, as discuasgelction 3.3.4.) before being swelled to OCR =4 prior
to extrusion. The broad range of stagtpoints with relation to lateratress ratio axis, at low stress
levels, reflects a slight variability in the pressure up and saturation procedures of each test. During
the initial pressureip and baclpressure saturation phases of a test, the OC spedénsubjected
to near isotropic stress conditions. Thus, the valueoo$ lepproximately unity at the beginning
of consolidation. The broad starting range has no effect on the consolidation processnas the K
consolidation computer algorithm will autoroect for this.

The variation in kK during the consolidation process follows the same trend in all tests. K
reduces sharply during the recompressiopn stag
imposed on the specimen during resedimentatfendip in all the curves). From here, i€mains

relatively constant as the specimen undergoes virgin consolidation. It can be seen frof-Ejgure
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that there is an overall trend fop Kic to increase very slightly with increasing stress level. Both
Abdulhadi (2009) and Casey (2014) concluded thak&increasesteadily over increasing orders

of magnitudes of vertical effective stress. RG&Whad an average value ob Kc =0.62 for a
vertical ef . /fmgoftdil MRa. Rguré-8 addition@lly ihcludes the variation inK
during the swelling stages of RGeM tests. It can be seen that there is a slight variation in the
vertical effective stress between each unloaded specimen. This is due to slight variations in
individual specimen conddhtion stress (i.e., some specimens were consolidated to a slightly
lower stress due to strain limitations). The effects of slight variations in consolidation and
unloading stresses are considered to be negligible as each individual test is norméigzediby

uni que consolnxdati on stress 00

5.3.3 Effect of OC and NC on Intact BBC Ko

Figure 5-4 shows the variations in Kduring the consolidation phase of Intact BBC
specimens. The general behavior observed is the same as that described above (db, a rap
decreasing K during recompression followed by a steadiness during virgin consolidation).
However, the curves are not as reproducible as those of RE&3ptkere is a variation in the stress
at which each test transitions f@associa®dwith o NC.
each intact sample. There is also a significant variation,ind@at 1 MPa. This is most likely due
to the different composition of each individual specimen, as intact specimens are not homogenous
throughout like the resedimented sae®plFigures-5 shows the unloading cycles of these tests.

The specimens were not unloadsdequation 41, theywere unloaded under the criteria that they
would have an OCR dfQ@and be at a lateral stress ratio of 1. This was because these tests were
corducted during the earlier parts of this research when the author was not aware of this equation.

One test was unloaded to an OCR of 2 to assess the effects of OCR on interpreting the yield surface.
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5.4 NORMALIZED CONSOLIDATION RESULTS
5.4.1 Introduction

As mentiond in Section 2.6, the Normalized Soil Parameter concept is based on the
SHANSEP empirical observation that clay samples having a similar OCR but different
consolidation stresses. Therefore, different preconsolidation pressures exhibit similar properties
when normalized with respect to their individual consolidation st@ssey (2014) concludéidat
material has stress dependency and the SHANSEP equation needs an adjustment factor to account
for this. For the purpose of this research, the SNANSEP theappigable as all tests (with the
exception of a few of trial experiments) have been consolidated to the approximately the same
consolidation stress and unloaded to the same OCR. All RGO&hd BBC tests have been

normalized and the results are showthia following two sections.

5.4.2 RGOM-EI Normalized Results

Figure5-6 shows the normalized results of a singlecknsolidation and K ocrunloading
test, plotted in MIT stress space. The grey stress path ispthenkolidation loading path; it is
seen tostart at the isostatic axis (i.e., consistent with having afKl) and travels upwards at a
steep incline, followed by a gradual decrease in slope, as the specimen transitions from OC to NC.
This is consistent for each specimen starting at a higtakie and decreasing to a loweg\alue,
as previously mentioned in section above. The stress path then follows a relatively straight path as
it undergoes virgin consolidation. The large red point on the graph is the normalized stress point
associated with gertical effective stress of [fiPa. This point essentially sets the interpreted yield
surface in the normalized stress space. From here the specimen is unloaded along the prescribed
Ko, ocrequation to an OCR of 2, as represented by the blue straigés gith. The end point of

this stress path is where the drained shearing phase of the tests begin.
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Figure5-7 plots the majority of the R@M-EI Ko consolidation and ocrunloading tests
in normalized MIT stress space. The figure shows the significant reproducibility associated with
resedimented samples. It can be seen that independent of where individual tests start, they all
converge onto the same normalized ¢bnsolidaibn stress path and are loaded to the same
normalized stress point (red point). Again, all tests are seen to converge along they same K
unloading stress path and are unloaded to the same stress pointSHditsea linear regression
line from theorigin through the K nc consolidation stress paths. This is a line having a constant
Ko = 0.62, which is in agreement with a previous empirical correlation for estimatingcK
proposedy Jaky (1944). Jaky correlated kcto «6 ¢ s, «vd € r ieed tode constant. This
relationship holds through for the low stress range$M@a) tested as part of this research.
However, Casey (2014) demonstratieat«d c s can vary considerably fo

of effective stress level and that thédationship breaks down at higher stress levels.

5.4.3 BBC Normalized Results

The normalized Kconsolidation stress paths of all BBC tests, plotted in MIT stress space
are shown in Figurg-9. Again, all stress paths start from the isostatic axes, consigtbritaving
Ko= 1. The stress paths do not converge together like as observed in theR®@s. Rather,
there is a considerable amount of scatter in the plot. As mentioned above, this is most likely due
to the different composition of each individsglecimen. However, a number of normalized stress
paths do appear to trace each other closely and converge to the red stress pemt(B4). This
point is taken as the best estimate for all the BBC tests. The unloading portion of the BBC tests
have keen omitted from the graph for clarity as they simply trace back along a straight line stress
path to 0.1 on the isostatic axis. Again, the ¢onsolidation paths fall below a normally

consolidated failure envelope. The envelope shown in this figure héscas ©°pthis i3
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commonly assumed normally consolidated failure envelope for BBC (shown in the image for

clarity purposes).

5.5 VERIFICATION OF CONSOLIDATION TEST RESULTS
5.5.1 Introduction

The Ko Consolidation axial strain rates used in the triaxial syseembased upon historical
empirical experience. These values are recommend8tdnhan (1991) to betime range of 0.15
T 0.25 %/hr and have been adopted by all researchers in the MIT geotechnical laboratory over the
past twodecades. Casey (2014) haspted a 0.15 % strain rate when consolidating to stresses of
up to 100 MPa. However, Casey showed that the permeadiifitye grained sediments decreases
by orders of magnitude with increasing, kcconsolidation vertical effective stress, as shown in
Figure 5-10. Applying constant rate of vertical strain to a material of decreasing permeability is
likely to cause increased internal pore pressure generation as the pore water has not been given
significant timeto permeate to the free draining ends of the specimen. Internal pore pressure
generation will subsequently cause a reduction in the effective stress being applied to the specimen.
The standard configuration of the triaxial cell does not measure excess pore pressure
generated in the specimen, and therefore the true vertical effective stress being imposed upon the
specimen may in fact be much lower than the system is recording.€eBaiarch modified the
triaxial system by isolating the top drainage line from the specimen and connecting it to a separate
pore pressure transducer via a thnegy Swagelok valve. The schematic of the modification and
the device itself are shown in Figusell. This system modification allowed the samples to be
pressured up and saturated in the same way as other tests, while making it possible to monitor the

pore pressure developed within the specimen during the consolidation stage. Diverting the top
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drainag | i ne changes the specimends boundary conc

to single drainage (bottom only) conditions. The second pore pressure transducer is used to monitor
the maximum internal pressure generation in the specimen throutifeout consolidation

procedure.

5.5.2 Low Stress Testing

Figure5-12 plots the results obtained from the internal pressure monitoring of an RGoM
El specimen in the low stress cell. The graph plots pressure as a function of time throughout the
entire testing procedure. It can be seen that the vertical total stress, radial total stress, and internal
pressure generation all rise throughout thec&nsolidation process. All three paths stop rising
upon reaching the end of the Konsolidation procedurg.e. the sample has been loaded to its
target stress ofl MPa), from here, the triaxial system enters into hold stress mode, signified by
the constant values of both vertical and radial total stress. The internal excess pressure then begins
to dissipaten a trend resembling an exponential decay until the test was stopped after 11 days.
The maximum excess pore pressure generated at the top of the one way draining specimen was
0.39 MPa, at the end ofgkconsolidation after 2.5 days. It then takes a furth& days for the
excess pore pressure to dissipate almost fully. The back pressure at the base of the specimen was
kept constant at 0.2 MPa throughout the entire experiment.

The excess pore pressure generated in Figudr2is only representative of ane way
draining triaxial consolidation test. All tests performed as part of this research were consolidated
under double drainage conditions in the triaxial cell and thus the experimental results presented in

Figure5-12 were modified to account for douldeainage conditions bigquation 51.

00 Qi @B Qi i 69 0 (5-1)
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Whereue is the excess pore pressure generated at a given point in time in the otiawage
test . The denominator of 4 in the equation
consolidation equation (half the drainage height squared). The 2/3 term converts what is assumed
to be a parabolic distribution of internal excess pore pregsnaximum at center, zero at extreme
boundaries) to a constant average pore pressure throughout the specimen. This predicted average
pore pressure for a conventional tway drainage system,okconsolidated to 1 MPa is shown in
Figure5-13. The total veital, radial, and back pressures are the same as in BgifeThe
predicted average pore pressure generated in the specimen has been significantly reduced. At the
end point of K consolidation, the total vertical stress has reachg@MPa, the back pressure
remains constant at 0.2 MPa, the average internal pore pressure in the specimen has risen to 0.25
MPa (an increase in pressure of 0.05 MPa). This causes a 5 % error in the interpreted vertical
effective stress being imposed upbtie sample at this point (i.e., the computer program reads a
GG of 1MPa, but the specimen is actually experiencidg af 0.95 MPa). All tests are left in the
hold stress condition foB@hours to allow one cycle of secondary compression. This &xtea
allows some of the excess pore pressure generated in the specimen to dissipate, and the associated
error in(iG reduces from 5 % t@® 6.

Constant rate of strain tests have been used to correlate strain rates to excess pore pressure
generation insid the specimen as far back as three decades ago. The correlation was first
developed byissa (1971), whproposed the following equation:

-"'0 07 (5-2)

OwaBiEidQ Qi hoiv <0
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whereUis the axialstrain rate, kblis equal to the initial height of the specimen,i$lequal to the

height of the specimen at a given strain, antsKhe hydraulic conductivity of the material in the
vertical direction. Extensive CRS research has been performed byTtgebtechnical laboratory

on RGoMEl, and further information can be foundNiordquist (2013) and Fahy (2014#igure

5-14 compares the predicted excess pore pressure for REodiérived by the Wissa CRS
equation against the triaxial experimental resuiconstant axial strain rate of 0.15 %/hr was
used in the experiment, and thus, was adopted into the prediction equation. The CRS relationship
continuously predicts a higher excess pore pressure than what was measured experimentally. There
is a larger dicrepancy between the two data series at low strains. As the strain increases the
experimental results begin to converge slightly towards the CRS prediction pressure. The
discrepancy between the two curves is relatively small considering two differecéslave being
compared, this gives confidence in the CRS prediction equation for the low stress region (0
MPa).

5.5.3 Medium Stress Testing

Due to the large decreases in permeability shown in Figdf® the axial strain rate was
reduced from 0.15 to 0.1 %/lm an attempt to reduce the anticipated internal pore pressures
generated in the medium stress device. The results obtained from this testing procedure are shown
in Figure 5-15. Similar to Figure5-12 the vertical total stress, radial total stress and internal
pressure generation all rise throughout the#hsolidation process. The target vertical effective
stress to be imposed upon the specimen in the medium stress device was 10 MPa. Due to an axial
motor control issue, the vertical total stress continued to rise slightly after the eng of K
consolidation, but it returned back to its target constant value of 10.2 MPa after 3 days. This motor

control issue in turn, caused a slight fluctuation in therimal pore pressure generated. At the end
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of Ko consolidation (2 days), it can be seen to rise and fall slightly over a perib@ddys, before
beginning to dissipate in a trend resembling an exponential decay, similar to the low stress system.
Unlike the low stress system, the internal pore pressure generated in the medium stress system was
much higher. For a total vertical consolidation stress of 10.2 MPa the internal pore pressure rose
to 7.7 MPa (75.5 %o f ) dompared to the low stress system, ®ie the total vertical
consolidation stress was 1.2 MPa and internal pore pressure only rose to 0.388/Pa83( W6 of @
The medium stress strain rate used was also reduced by 33 %, compared to the low stress cell. Due
to time constraints, the test wasgbed after 14 days, before the excess pore pressure could fully
dissipate. However, it had dissipated B % which was enough to distinguish the dissipation
curve. The time taken for excess pore pressure to fully dissipate in this one way draireage syst
can be obtained by extrapolating this curve.

The predicted average pore pressure for a conventionavayadrainage system,oK
consolidated to 10 MPa is shown in FigGf&6. Again, the total vertical, radial and back pressures
are the same as in ki 5-15. Although the predicted average pore pressure generated in the
specimen has been considerably reduced, it still has a significant presence. At the exact end point
of Koconsolidation, the total vertical stress has just read@dMPa, the baclressure remains
constant at 0.2 MPa, and the average internal pore pressure in the specimen had =i to
(i.e., an increase in pressure of 1.3 MPa). This results in a 13.3 % error in the interpreted vertical
effective stress being imposed upbie sample at this point (i.e., the computer program reads a
06 of 10 MPa, but the specimen is actually experiencinghaf 8.67 MPa). The predicted
dissipation curve also decreases at a much slower rate than that of the low stress system. The 30

hoursextra time allowed for a cycle of secondary compression would reduce the erdppyr?
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% at most. A 13 % error i, has a significant effect, and medium stress tests on REldMving
an axial strain rate of 0.1 %/hr, or greate concluded to [aartially-drained.

Wissabds CRS pr e dquatidni52) was alsowset to dheorefically predict
internal pressure generation in the medium st
are compared to the experimental results in Figtk@ The axial strain rate deviated slighfiigm
0.1 %/hr in the experimental test and this was accounted for in the CRS prediction equation. The
slight variation in axial strain rate is the reason why the two data series are not smooth curves like
those shan in Figureb-14. At strains below 2 % the CRS equation predicts higher internal pore
pressures than actual generated pressures. However, the experimental data series is continuously
converging towards the CRS prediction curve, and at just over 2 % axial strain theconmarge
together. At axial strains greater than 4 % the experimental excess pore pressure exceeds the CRS
prediction, and continues to rise at a greater rate than that of the CRS. At 6 % strain the test entered
into hold stress mode when the specimenrkeadhed its targeis, of 10 MPa (Actualia, was 87
MPa). At this point actual excess pore pressure generated is significantly higher than the pressure
predicted by the CRS equation (5.7 MPa vs 3.2
equdion is conservative, but acceptable, at predicting internal excess pore pressures in triaxial
specimens at low stresses. (Below 2 MPa). The relationship under predicts internal excess pore

pressure at stresses exceeding 5 MPa.
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Table4-2: Summary of low stress triaxial test setup results

Initial End of Pressure up
Test Sample  Soil X We & ¥ Cc Oy u G
No: No: System % (MPa) (MPa) (MPa) %
TX1249 KL15-01 BBC STA-02 27.0 0.770 0.20 0.098 0.083 -0.004 0.06
TX1250 KL15-01 BBC STA-02 43.4 0.785 0.22 0.098 0.101 0.014 0.00
TX1251 KL15-01 BBC STA-02 | 295 0.879 0.23 0.048 0.052 0.000 0.02
TX1252 KL15-01 BBC STA-02 25.1 0.739 0.18 0.097 0.101 0.025 0.01
TX1253 KL15-01 BBC STA-01 | 234 0.666 0.18 0.070 0.068 0.009 -0.02
TX1254  KL15-01 BBC STA-02 | 23.9 0.711 0.18 0.096 0.093 0.048 0.01
TX1255 KL15-01 BBC STA-01 26.8 0.774 0.03 0.098 0.098 0.034 0.00
TX1256  KL15-01 BBC STA-02 | 31.0 0.872 0.04 0.097 0.095 0.066 0.01
TX1257 KL15-01 BBC STA-01 27.8 0.813 0.01 0.098 0.096 0.048 -0.01
TX1260  RS466 RBBC STA01 | 341 1.023 0.26 0.137 0.137 0.015 0.00
TX1261 RS460 RGoOM-EI STA-02 44.3 1.372 0.27 0.098 0.100 0.031 0.00
TX1262 RS464 RGoM-EI STA-01 44.2 1.335 0.47 0.137 0.147 0.098 0.00
TX1264 RS463 RGOM-EI STA-01 51.1 1.130 0.29 0.147 0.174 0.042 0.00
TX1265 RS461 RGOM-EI STA-02 | 35.9 1.108 0.30 0.149 0.167 0.038 0.02
TX1268 RS477 RGoOM-EI STA-02 36.7 1111 0.22 0.147 0.159 0.025 0.00
TX1269  RS474 RGoOM-EI STA01 | 355 1.076 0.05 0.147 0.169 0.038 0.00
TX1270 RS475 RGoOM-EI STA-02 36.4 1.083 0.16 0.147 0.148 0.015 0.02
TX1271 RS476 RGoM-EI STA-01 36.3 1.076 0.04 0.147 0.153 0.005 0.00
TX1273 RS479 RGoOM-EI STA-02 36.9 1.084 0.21 0.148 0.162 0.018 0.03
TX1276  RS482 RGOM-EI STA-01 | 334 1.018 0.06 0.146 0.150 0.027 0.00
TX1279 RS480 RGoOM-EI STA-02 34.7 1.048 0.15 0.147 0.146 0.018 0.02
TX1282  RS478 RGOM-EI STA01 | 35.7 1.282 0.06 0.147 0.150 0.004 0.00
TX1287 RS483 RGOM-EI STA-02 41.7 0.14 0.147 0.145 0.010 0.00
TX1288 RS486 RGOM-EI STA01 | 37.6 1.106 0.07 0.146 0.153 0.009 0.02
TX1290 RS484 RGoOM-EI STA-01 37.4 0.27 0.147 0.201 0.007 -0.01
TX1292  RS487 RGOM-EI STA-02 | 37.2 1.059 0.23 0.228 0.230 0.077 0.03
TX1295 RS495 RGoOM-EI STA-01 37.9 1.138 0.09 0.147 0.155 0.017 0.00
TX1298 RS496 RGoOM-EI  STA-02 35.9 1.069 0.22 0.147 0.185 0.076 0.02
TX1304 RS504 RGoOM-EI STA-01 37.4 1.100 0.12 0.147 0.148 0.015 0.04
TX1305 RS510 RGoM-ElI  STA-02 36.1 1.058 0.14 0.147 0.187 0.098 0.00
TX1308 RS512 RGoM-El  STA-01 37.1 1.085 0.05 0.146 0.150 0.005 0.03
TX1313 RS514 RGoM-EI STA-01 41.4 1.221 0.23 0.097 0.111 -0.008 0.09
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Table4-3: Summary of low stress triaxial saturation results

At End of Saturation

Test Sample Soil TX G Qc v u by B- e
value
No. No: System % (MPa) (MPa) (MPa) %
TX1249 KL15-01 BBC STA-02 024 0294 0.294 0.2 -0.88 0.54 0.766
TX1250 KL15-01 BBC STA-02 0.24 0.282 0.285 0.2 -0.86 0.70 0.781
TX1251 KL15-01 BBC STA-02 0.41 0.245 0.248 0.2 0.13 0.79 0.871
TX1252 KL15-01 BBC STA-02 0.18 0.270 0.268 0.2 -0.49 0.76 0.736
TX1253 KL15-01 BBC STA-01 0.26 0.259 0.253 0.2 -3.83 040 0.662
TX1254 KL15-01 BBC STA-02 0.25 0.247 0.244 0.2 -0.55 0.83 0.707
TX1255 KL15-01 BBC STA-01 218 0.260 0.294 0.2 -0.62 050 0.736
TX1256 KL15-01 BBC STA-02 0.08 0.228 0.227 0.2 -1.18 0.85 0.870
TX1257 KL15-01 BBC STA-01 0.21 0.246  0.244 0.2 -0.22 0.50 0.809
TX1260 RS466 RBBC STA-01 0.38 0.317 0.317 0.2 -1.92 0.22 1.015
TX1261 RS460 RGOM-EI STA-02 0.27 0.263 0.264 0.2 -2.60 040 1.365
TX1262 RS464 RGoOM-EI STA-01 048  0.234 0.258 0.2 -0.86 097 1.324
TX1264 RS463 RGoM-ElI  STA-01 0.31 0.300 0.325 0.2 -1.42 0.85 1.123
TX1265 RS461 RGoOM-EI STA-02 0.34 0308 0.332 0.2 -224 071 1101
TX1268 RS477 RGOM-EI  STA-02 0.22 0.319 0.338 0.2 -0.85 0.70 1.107
TX1269 RS474  RGoOM-EI STA-01 0.09 0.305 0.338 0.2 -1.18 0.79 1.074
TX1270 RS475 RGoOM-EI STA-02 0.16 0329 0.334 0.2 -0.69 0.95 1.080
TX1271 RS476  RGoM-EI STA-01 0.05 0.337 0.350 0.2 -0.74 0.87 1.075
TX1273 RS479 RGOM-EI  STA-02 0.20 0.327 0.340 0.2 -0.70 0.81 1.080
TX1276 RS482 RGoM-EI STA-01 0.07 0.316 0.323 0.2 -0.18 0.87 1.017
TX1279 RS480 RGoM-EI STA-02 0.15 0.326 0.330 0.2 -0.71 0.84 1.046
TX1282 RS478  RGoOM-EI STA-01 0.08 0.338 0.351 0.2 -0.84 094 1.280
TX1287 RS483 RGOM-EI  STA-02 0.19 0.342 0.344 0.2 -0.60 0.99
TX1288 RS486 RGoOM-EI STA-01 0.08 0.333 0.343 0.2 -0.94 094 1.104
TX1290 RS484 RGOM-EI STA-01 0.28 0.335 0.363 0.2 -0.95 0.86
TX1292 RS487 RGoOM-EI STA-02 0.20 0.347 0.347 0.2 -0.40 091 1.055
TX1295 RS495 RGoM-EI STA-01 0.19 0.326 0.329 0.2 -0.93 1.00 1.134
TX1298 RS496 RGoOM-EI STA-02 0.22 0.267  0.310 0.2 0.14 0.98  1.065
TX1304 RS504 RGoM-EI STA-01 0.15 0329 0.330 0.2 -0.98 0.96 1.070
TX1305 RS510 RGoM-EI STA-02 5.99 0.392  0.529 0.2 5.48 1.00 0.935
TX1308 RS512 RGoM-EI STA-01 0.06 0.337 0.348 0.2 -0.97 097 1.053
TX1313 RS514 RGoM-EI STA-01 0.23  0.244 0.288 0.2 -2.18 0.64 1.216
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Table4-4: Summary of low stress triaxial consolidation results

At Maximum Vertical Effective Stress Pre-Drained Shear
Test G av ¢ e By Konc  Hold G av ¢ e By OCR  Kocr
stress

No- % (MPa) (MPa) % hr %  (MPa) (MPa) %
TX1249 3.82 0.690 0.371 0.703 3.80 0.537 4712 | 2.30 0.068 0.069 0.735 1.97 10.20 1.000
TX1250 | 485 0.979 0.521 0700 477 0532 1488 | 357 0.095 0.097 0.731 3.00 1004 1.024
TX1251 8.09 0.925 0574 0.726 8.13 0.621 25 6.99 0.109 0.111 0.754 6.63 8.79 1.022
TX1252 | 4.08 0.976 0542 0669 4.05 0556 24.05| 2.82 0.099 0.100 0.697 242 9.85 1.011
TX1253 4.56 0.958 0.515 0592 4.42 0.537 24 3.42 0.145 0.102 0.615 3.04 6.60 0.699
TX1254 | 482 0980 0551 0629 480 0562 24.07| 3.64 0.097 0.098 0.655 3.28 10.10 1.008
TX1255 | 594 0996 0453 0.672 574 0.455 30 460 0.129 0.105 0.700 4.8 7.71 0.812
TX1256 | 8.33 0.968 0569 0722 802 0588 26.1 | 641 0.096 0.098 0.767 562 1001 1.025
TX1257 4.49 0.768 0.404 0.733 4.42 0.542 24.6 4.20 0.439 0.288 0.740 4.03 1.75 0.657
TX1260 | 9.58 1.369 0.760 0.827 9.47 0.555 27 9.08 0547 0439 0841 9.01 2.50 0.802
TX1261 | 17.78 0.777 0.486 0.944 18.06 0.626 28 1749 0509 0.380 0.959 1742 153 0.748
TX1262 | 21.35 0.816 0.534 0.834 21.47 0.654 40 NO SWELLING STAGE
TX1264 | 1092 0.735 0454 0.891 11.20 0.618 324 | 10.05 0.368 0.301 0.914 10.15 2.00 0.817
TX1265 | 11.05 0.709 0434 0.874 11.12 0.613 33 10.13 0.350 0.286 0.895 10.13 2.02 0.817
TX1268 | 11.01 0.852 0.524 0.874 11.25 0.615 30 10.10 0424 0.346 0.895 10.21 2.01 0.818
TX1269 | 12.41 0.855 0.532 0.807 12.97 0.622 30 1141 0429 0.353 0.829 11.90 1.99 0.824
TX1270 | 11.03 0.841 0.523 0.848 11.28 0.623 285 | 10.10 0.416 0.346 0.868 10.31 2.02 0.832
TX1271 | 11.00 0.928 0.593 0.838 11.46 0.639 29 10.05 0463 0.392 0.858 10.51 2.01 0.847
TX1273 | 11.02 0.869 0.539 0.851 11.18 0.620 32 10.08 0429 0.356 0.874 10.09 2.03 0.831
TX1276 | 1093 0.843 0.523 0.792 11.18 0.620 30 10.08 0.421 0.346 0.809 10.34 2.00 0.822
TX1279 | 11.07 0.816 0.507 0.812 1153 0.622 30 10.17 0.403 0.336 0.835 10.42 2.02 0.833
TX1282 | 1098 0.907 0.562 1.023 11.37 0.620 32 10.06 0.449 0.371 1.045 10.38 2.02 0.825
TX1287 | 12.71 0.976  0.606 13.07 0.621 36 11.79 0.483 0.401 11.89 2.02 0.830
TX1288 | 10.93 0.808 0.505 0.868 11.29 0.625 30.7 | 10.03 0.403 0.335 0.892 10.18 2.00 0.830
TX1290 | 12.07 0.974 0.610 12.26 0.626 29 11.19 0.484 0.403 11.33 2.01 0.831
TX1292 1191 0976 0.612 0.807 12.22 0.627 44.8 NO SWELLING STAGE
TX1295 | 13.00 0.968 0.589 0.855 13.24 0.608 118.5 NO SWELLING STAGE
TX1298 | 13.05 0.967 0.577 0.785 13.73 0.597 37 12.17 0.483 0.381 1345 2.00 0.597
TX1304 | 11.30 0.982 0.708 0919 1245 0.721 72 NO SWELLING STAGE
TX1305 | 13.22 0.870 0.497 0.754 1475 0.572 30 1242 0433 0330 0.771 1396 201 0.763
TX1308 | 11.34 0.980 0.620 0915 1192 0.633 123 | 1049 0487 0413 0989 1092 201 0.848
TX1313 | 10.74 0.484 0.289 0.979 1091 0.598 38 9.97 0.238 0.167 1.003 981 2.04 0.702
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Figure 4-18: One dimensional virgin compression behavior of soils obtained from CRS tests ran by Casey (2014)
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Figure4-19: The variation in measuredolduring the consolidation phase of selected triaxial tests performed on FEEoM
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