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. Abstract

Gaining insights into fundamental soil behaviour through testing with -ctdte-art
equipments a vital step before more advanced constitutiveasmllgeomechanical modeisn
advancdurther. One key input into constitutive modatsa mathematicalxpression for the
materials yield surfa¢e conceptual surface that separates elastic from plastic beha@wiwur.
experimental studys based on high stress triaxial testing of a resedimented Gulf of Mexico
mudrock This thesis studies the location ottliield surface for this materiak well as its
stress strain behaviour in both triaxial compression and exteridioltiple studies have
investigated the yield surface for sediments from this region at lower stresses and in
compression, but there is litad research at higher stresses and in different shear modes,
something which is of importance when modelling unconventional geologic phenomena such

as accretionary prisms or salt diagiskolinakou et al. 2014)

Samples were normally consolidated to 40 Vitang hydrostatic, drained and $tress paths,
before being undrained sheared. The undrained stress fpaith these testwereused as a
proxy for the shape of the material yieldfage.Finally, triaxial test data was compared to
constitutive soil models that were run on a 2D triaxial specimedel using a finite element

programme.

Results showedignificant pore pressugeneration in triaxial extension, and continued shear
induced pore pressure generation when stress paths moved inside the yield. surface
Comparisons are also maudath tests from previous studies at lowstresses angrovide

further evidenceagainst the conventional assumption of constant nasedd0il properties.
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1 Introduction

1.1 Problem Statement

The yield surface oh cohesive material is a fundamental input iatbsoil constitutive soil
models.Thesesame models are then applied in finite element prograrantegeomechanical
models to predictarious engineering values of interest sasBtrainand pore pressuréhe
behaviour of the matexi is driven by where the yield surface lies in relation @dirrent
stress state. Hence an accurate pictutbeoyield surfacés anessentiapart ofunderstanding

and predictingsoil behaviour.

Interest in the behaviour of firgrained soils at high effective stresses stems from the
petroleum industry and the extraction of hydrocarbons from shallow reservoirs in unlithified
or weakly lithified mudrocksThere is very limited triaxial strength dafor resedimented
materials consolidated to high stresse4@ MP3. In addition,there is limited data fanodes

of shearing other than triaxial compression in mategalssolidated to high stress@his
presents a problem as large stress rangesiti@cdt modes of shearing are often encountered
in geologicphenomenauch as salt diapirs or accretionary prisiftserefore,understanding

the behaviour of mudrocls these settingis important taccuratelypredictingin situstresgs

and pore presseg something which could ultimately improwellbore drilling and a general

understanding of complex geologic processes

1.2 ThesisObjectives

Work in thisthesis centres arounging undraineghearingo explore the shape of the yield
surface fornormally onsolidatedGulf of Mexico mudrock at high consolidation stresses.
Samples are consolidated both isotropically anddicdfditions Shearing is then performed

both in triaxial compression and extensgmthat the impacts of different shearing modes on
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soil behaviour can be assesd®d.using undrained shearing, the yield surface can be mapped
efficiently with the need for just two triaxial test¥he results of this work should help to
improve our understanding of how stress level and consolidatiamhistpacts the shape of

the yield surface.

A secondary objective of this thesis is to compare results of experimental work for this thesis
with predictions from constitutive soil modelo assessheir performance or if different
formulations for the yilel surface shape would be more appropriaAtsimple axisymmetric

finite element modebf a standard triaxial specimavas producedising Plaxis 232 0 2 0 E
software Modified Cam Clay (MCC) and MFE3 constitutive soil models wetéen run

through this model

Research efforts within this thesis form part of a larger joint research effort from the UT
GeoFluids Consortiuth A UT G e o F | This rdsaroh gmoup dee9 Geoscientists from the
University of Texas at Austin andtosiudygheneer s
state and evolution of pressure, stress, deformation and fluid migration through experiments,
theoretical analysis, and fiél s t. Atdhg time of writing, GeoFluids has entered its second

decade of research and continues to be supported by more than 10 major energy companies

1.3 Organisation of Thesis

This thesis is presented &chaptersChapter twdoegins this thesis by thling a review of

the research that hascurred to datevhich is relevant to the work presented afterwards

In chapter 3a detailed explanation of the resedimentation procedised within the Tufts
laboratoryto create test specimeris given.Furtherinformationis then givenon specific
details about thResedimented Gulf of Mexico Eugene Island (RGBNmaterial, which was

the sole test material used for this work

16



Chapter 4 looks at thstateof-the-art equipment that has been used within this research to
perform test®nresedimented soil specimens. Information is ptesentedegardinghe data
acquisition systenptriaxial control softwareand sundry otheequipment that is essential for

successfullyperforming triaxial tests.

Chapter5 details the specific testing procedures that were implementedeaetbpedor the

triaxial tests.

A presentation of the experimental outpiitsn this body of workis given in chapter.6The
strength and behaviour tife RGOMEI material is evaluateid both triaxial compression and

extension, and the effects of consolidation history are also assessed.

In chapter7 experimental results are compared witinstitutivesoil models that have been
tuned to predict the betiaur of this test materiallhe chapter also provides some background

on the mechanics behind these models, especially in relation to their yield surfaces.

The final chapter containsonclusionghat are drawrirom the results of triaxial testing on
RGoM-EI. Additionally, the chapter includea discussionof suggested future worknd

improvements to the testing protocols

17



2 Background

2.1 Introduction

This chapter begins gviewingprevious studies that have been condutdddok generally

at the mechanical behaviour of figeained sediments, particularly at stredsglsw10 MPa.

A presentation of research that justifies some key assumptions of this work is alssgoren
as tre use of resedimented specimens, choigeooé fluid salinity and the use of undrained

shearing to determine the location of the yield surface.

2.2 Previous Studiesof Strength Behaviourof Fine-Grained Sediments

B. Casey(2014) undertookan extensive studynto the consolidation and shear strength
behaviour of finegrained sediments. Testimgsperformedon eightdifferent Ky consolidated
resedimented sampleser four orders of stress magnitudiesights from the research included
confirmation thatmany finegrained materials had stress depend&néngth properties
especially when evaluated over large stress rarigas stress dependence was found to be
reliant upon the soil 6s c(nctudingghe test material usedt h  h i
in this research$howing higher levels of i#ss dependence. Nornselil strength properties
reduced more quickly with high plasticity soils when compared to low plastitigyresearch
alsofound that permeabilitporosity relationships could be correlated with liquid liriiis
built upon a studyby Abdulhadi (2009) who lookedsolely at Ko consolicated samples of
Resedimented Boston Blue Clay (RBBC) at stress levels of betwEgmo 10 MPaHe found

that both triaxial compression and extension data sieolctions in the undrained strength
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ratio("Y/, ), stiffness ratiq%y, ), strain to mobilize peak resistange) andcritical state

friction angle(l'j; LWwith increasing streslevel.

Petley(1999)studied the undrained shear behaviour of a range of mudrocks originating from

the UK. Higher stresses were used in this work witimsolidation stressesf between 50

MPa. Petley proposed that all mudrocks behave in a brittle manner at low meareeffecti
stresses and in a ductile fashion at high mean effective stresses whilst maintaining peak strength
even at large strains. In between theseregponsesvas f ound to be ,a o6tra
where shear deformatigeroduces an initiallyductile response before strain weakening to a
residual strength-urther work byNygard et al(2006)foundthatthis transitional regime in

mudrocks could be correlated to the overconsolidation.ratio

Some more recent research on undrained shear beh#&edgsuncluded work byCai et al.
(2018) where the effects of anisotrogionsolidation stress paths on resedimented Wenzhou

clay was investigated.

2.3 Effects of Salinity on Mechanical Behaviour

Fahy (2014) undertook a ystematic studyinto the effect of pore fluid salinity on the
mechanical behaviour efx differenthigh plasticitysoils, including the GoMEl material used

in this study Samples with salinities ranging from distilled water to 256xgte tested in both
triaxial and CRS device# key finding of this work was that increasing consolidation stresses
of resedimented specimetwrs40 MPadecreased the influence of salinity @mpressibility to
negligible levels. At a consolidation stress of 0.4 MPa, the material did exhibit significant
sensitivity toincreasingsalinity with bothshear strength and critical state friction angls®

increasing.

1 Strength properties are nornsailin this work by the vertical effective stresse as
recommended biadd (1964)
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2.4 Resedimented Behaviour

Resedinented specimenare usedn this work as amnalogueor in situ sampledor a wide

range of reasons that are discussed in detail in chapRrevious work compang intact vs
resedimented behaviour has consistently shown resedimgmednendo be a reasonable
substitutefor intact samplesBetts(2014)has looked at intact vs resedimented behaviour for
Eugenelsland Clay which was the test material used within this body of wBdtmeability

and compressibilitpehaviour was compared through the use of CRS (constant rate of strain)
testsonresedimented and intact core specimeitis results suggesting thatsedimentation is

able to replicat¢he fabric seen in natural deposits.

2.5 Yield Surfaces

A yield surface is @onceptual surface that separates elastic glastglastic behaviour in a
material.Originally proposed for use in modelling metal plasticity J¢/isurfaces ave been
adapted for use in modelling the behaviour of cohesive matefiasapplicability of yield

surfaces in modellingnetalsis well established and can be explained wiiltromechanical

models this is something which i&r less cleafor cohesive material@Vhittle 1987)

The surface itselfepresents &cus of stress stateghich if reached, initiate yielding in the
material.Thislocus of stress states can be represented mathematicabgahagield function

"Q, ,where, isthe Cauchy stress tensdhe implications of the value of this function are

as follows:
1. Q, 1t Elastic behaviour within the material.
2. "Q, 1t Elastoplastic behaviopyielding initiated.
3. 'Q, Tt Stress &te not permissible
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Valuesof 'Q, > 0 are not permissible, as when yielding is reached in the material
deformations occur at constant stresyield surface can then be implemented within a
constitutive soil modelvhich allows for a mathematical representation of soil behaviour in

response to external loading.

Ultimately, the outputs of research into fundamental soil behafeed into tuning and
developing constitutive soil model$hese soil models are then ilemented within large
geomechanical models or finite element packages suelagis a software package that was
used within this body of work to simulate triaxial tegtse results ofriaxial test simulations

can be seen in Chapt@r

2.6 Undrained Stress Paths as &roxy for Yield Surfaces

Previous workinvestigating yield surfaces of natural clays has showrttieaipper and lower
portions of the yield surface cosmondapproximately to the undrained compression and
extension shear strengthsspectivelyin p-q spaceg(Graham et al. 1983)NVork by Hanley
(2017) has also shown that undrained testing to define the yield surfsficéne-grained
sediments can be used as a way of more quickly gaining a first order approximation of the yield
surfaceln his testing regimeri,9 drained triaxial tests were performed on RG&Mmaerial

that were first i§ consolidated to 1 MPa before being unloaded to an OCR D& act of
unloading the material fromormally consolidated conditions brings the stress state of the
specimen to be insidts yield surfaceAfter unloading, the spetien is finally drained sheared
along stress paths of varying angles in order to probe the yield surfes=19 drained tests

are shown irFigure 2-1, with an exampldoading sequence for one of these tests shown in
Figure2-3. A larger amount of volumetric strain is associatgth the material after yielding
has been reached, thine the strain energy method can be used to interpret a yield Ploant.

primary advantage of this method, is that it can identify yiald manner that is independent
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of the stress path directioAdditionally, the stain energy methoémploysconstructions to
define the yield poirthatoccur on arithmetic scales and hence are prone to much smaller errors
than may be seen in log spathis technique is shown for one such drained telSigare2-4.

After interpreting yield points foa sequence of tests conducted along differing stress, paths
they can be plotted in-@ stress spaand a yield surface drawn through theld points.This
method for experimentallipcating the yield surface of a clay has been successfully used in
the practice for many decad@Sraham et al. 1983; Tavenas 1977hough effective this
method for determinindne location of the yield surface is very labour intendive 19 drained
tests presented hengere completed over the course of two yekrgontrast, tie result of one
undrained compression test is showrkigure 2-2 alongside the interpreted yield surfatte

can be seen that thésiccessfullytraces the yield surface that was interpreted from the drained
tests. Hence with one test in triaxial compression and one in extetisefiective stress paths
can be combined with tidohr-Coulomb failure envelope to capture theld surfacdo a first
orderi n -q ptiess spacé\s wdl as being quicker to run, this also represents a significant
reduction in the total number of tests requilBy.testing more quicklyone isable to more
easilyinvestigate the impacts of a host of other factbasmay impact the shape of the yield

surface, such as stress level and consolidation history.
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Figure 2-1 - Interpreted yield surface for RGoMI material at 1 MPa consolidation stress. Volumetric strain
contous are also shown. Figure has been reproduced using dataHiamey(2017)
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Figure 2-3 - Example stress paths from one of Hanley's tests. Samples are KO consolidated to 1 MPa, before
being unloaded to an OCR of 2. Finally, samples are drained sheared along stress paths of varying angles.
Figure has been reproduced usidgtafrom Hanley(2017)
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Figure 2-4 - Image showing normaedvolumetric strain energy vs the nornsadstress path vector far an
individual test on RGoMEI material at 1 MPa. Figure has been reproduced using ttata Hanley(2017)

2.7 Strain Rate

Though studying the impacts of strain rate on undrained shear behaviour is outside the scope
of this research, previous work has shown that undrained sheesulgs particularly in the
compression modere sensitive to strain rate&Since the undrained shear stress path is to be
used as a proxy for the yield surface in this research, caneiugiit must therefore be given

to the selection adtrain rateWork by Sheaharf1991)evaluated the impact of strain rates on
undrined strength at 0.05, 0.5 and%hr. It was found that undrained strength increases with
increasing strain rate, by abou¥Bper log cycle change in strain raffis effect becomes less
pronounced with increasing OCRigure2-6 is from a different study anglots the undrained
shearing resistance vs log strain reseveral different lightly overconsolidated soil$ie
same trend of increasing shearing resistawith increasing shear ratesisown andoccurs
regardlessf the mode of shearing is also noted that at increasing stress level, the larger pore

26



pressures generated cause the effective stress path to deviate further from the total stress path,

causng it to become more sensitive to strain (@&igure2-5).

Work by Graham etl. (1983)also investigated the impact of strain rate on undrained shearing
resistance. Their results also found that lightly overconsolidated clays exhibit significant strain
rate dependent stress strain characteristics, regardless of soil typstimitpl These effects
were present in triaxial compression and extension, causing28 #change in undrained
shear strength for a tenfold change in strain Fde.undrained shear in this research, a strain

rate of 0.5 %/hr was selected, a value thatandard within the Tufts laboratory.

I

0.3 Test No. (CTX-)

66, 0.060%/hr

=== 9, 0.61%/hr (uv) 0
0.2H ... .
48, 0.49%/hr /i

-& B0, 0.60%/hr

—— 61, 50%/hr

NORMALIZED SHEAR STRESS, q/d'vc

0.1
-5~ 68, 49%/hr
0.0
=0.1
-0.2
0.0 0.2 0.4 0.6 0.8

NORMALIZED EFFECTIVE STRESS, p'/c've

Figure 2-5 - Effect of strain rate on normakedstress paths of NC RBBC in undrained triaxial extension
(Sheahan 1991)
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Figure 2-6 - Change in undrained shearing resistance vs log strain rate for different lightly consolidated soils
(taken from(Graham et al. 1983)

2.8 Impact of Temperature on Shear Behaviour

Tanaka et al(1997) investigated thetsessstrain behaviour of reconstituted illitic clay at
different temperaturesver a range of 20 100°C. They found large strain behaviour to be
independent of temperature, but peak slst@ngth to increase with increasing temperature
due to smaller pore water pressure genera@omer studies icludework by Gue et al(2015)

who looked at the behaviour of Heep watesoft clayscomparing in gu with laboratory
temperatures. The tested materfas a range iipof 127 110% andincluded bothntact and
resedimented sampleResults showed thadesting atlower in situ temperatures led to on
average a 24 % higher undrained shear strengtla 32 % higher preconsolidation pressure.
The in situ temperatures ithe aforementioned study were all lower than the laboratory
temperature howevelt is worth noting thathe consolidation stresses used in this research

would represent sediments thare severakilometresbeneaththe seabed, and as such the
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temperatureare likely much higher than at the surfa€er testing at different temperatures,
it was also noted thalhe impact of temperature on the stiffness of the membraneassete
significant aspolymeric latex materials exhibit ndimear temperature dependent mechanical

properties

2.9 Conclusion

The behaviour of many soils in TC is wefiderstood, but distinctlack of data in other modes

of shearingmakespredicting behaviouand drawing conclusionsabouttrendsin material
behaviourprone to errarThis distinct lack of data in TEor many clays including Gulf of
Mexico sediments is something that is often highlighted in research publicationdatioia

TE will allow for more accurate modelling of complex geologic phenomena, such as
accretionary prisms @alt diapirs where the horizontal stress can become the major principal

stress.
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3 Resedimented Gulf of Mexico Eugene Island Clay

3.1 Introduction

The Gulf of Mexicg a region hundant in hydrocarbonBasgrown tobe responsible for 1%

of total U.S. crude oil productiofyS Energy Information Administration 2018y 2017, 52

% of US oil production was from ultrdeep wells(Murawski et al. 2020)This push to
extracting hydrocarbons from deeper water, necessitgatamprovedunderstanding of the
material behaviour of the mudrocks surrounding these wells. Fundamental to predicting
overpressures inside the wells, a knowledge of the materials yield su® and how it

responds to external factors such as increasing stress level.

The Eugene Island Block 330 is a 3x3 nailfield located in theuter continental shelf of the
Gulf of Mexico, offshore from the state of Lousiafi&e geologic setting of thisil field is
described in detaiin various publicationgAlexander and Flemings 1995; Anderson et al.

1991)

Clay materiathat has been used for creating resedimented samples in this work was originally
obtained from twdooreholes that ere drilled in the 1990©ne boreholavas located in Block

330 with another in Block 31li6these can be seenkigure 3-1. The cores were obtained from
depths ranging between 2200 to 2500with sandy intervals removed during processing at
the University of TexasProcessing also involvesir-drying, mechanicall grinding, sieving
(material passed a #100 siewa)d blendingthe two cores of materiaFurther nformation
pertaining to the geologic origiprocessingnd consolidation behavioof RGoM-EI can be

found inwork by Betts(2014)andCasey(2014)
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Figure 3-1- Location ofthe 3mi.x3mi. Eugene Island Block 330 fieltmage extracted frorfGuerin 2000)

3.2 RGoM-EI Material Properties

3.2.1 Atterberg limits

Atterberg limits are commonlyusedin the geotechnical engineering practice to aid in the
classification ofine-grainedsoils They define critical water caents, beyond which the state

of the soil changes. The liquid lim{D ), represents the water contavtiere the soil begins to
behave as a liquid rather than a plastic mateZiahverselyeplastic limit, (0 0, is the water
content where the soil begins to behave as a-seldirather than a plastic materigdSTM
International 2017)These two limits can then be used to define a quantity known as the

Plasticiy Index @ 1©
DLO0DO 0O (3-2)
The Plasticity Index i& measure of how strongly clay particles interact with w@ermaine

and Germaine 2009xand the Atterberg limits can be correlated various strength and

consolidation parameters.
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RGoM-EI has a liquid limit and plastic limit of 87 and 24 respectiyBigtts 2014) This results

in a highPlasticity Index of 63and yields anat er i al designat iThim of
designation is basemh the Uified Soil Classification Systemleveloped by A. Casagrande in
the 1940si this system is detailed in ASTM standard D248%TM International 2006)A
Casagrande plasticity chart is shoin Figure 3-2, here Plasticityndex vs Liquid Limit is

plotted for RGoMEI along with other common testing materials for reference.
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Figure 3-2 -GoM-El material plotted on a Casagrande plasticity chart. Some other commonly tested clays have
also been included for reference.

3.2.2 Permeability

The permeability of clays has been shown to strongly correlate with liquid lintit,higher
liquid limits leading to lower permeabilities. Additionally, the mineralogy of the clay has also
been shown to play an important role in clay permeability, with smectite rich clays displaying

lower permeabilities than illitand kaolinitedominant clays. Ifrigure3-3 it can be seen that
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RGoM-EI has particularly low permeabilities for a given porosity, approaching two orders of

magnitude lower thaanotler common testing materiglillite rich RBBC.

The permeability data presented below was used as an inple fBlaxis and Abaqus
triaxial simulations gee section
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Constitutive Modellin@ andB.4 for more informatioron computational modelling
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Figure 3-3 - Permeability data for a selection of resedimented clays is presented. DakasfromCasey et
al. (2013)and the UT GeoFluids library.

3.2.3 Mineralogy

As can be seen ihable3-1, the dominant clayineral iInRGoM-El isillite + illite -smectite at
44.4 (wt. %) The material has an overalhy fraction of 53.4wt. %). A separate analysis that

was performed just on ttaay-size particle fractiowf the blended core showkte +smectite

to bedominant aB7 (wt.%).

34



Table3-1 - Mineralogy of RGoMEI material. Data is fron{Betts 2014)determined using-ray powder
diffraction with the reference intensity ratio meth@tillier 2000).

RGoM-EI overall Clay-size fraction mineralogy
mineralogy (wt. %) (wt. %)
Quartz 27.8 Kaolinite 4
Plagioclase 5.3 lllite 8
K-Feldspar 4.0 lllite+Smectite 87
Calcite 1.2 Chlorite 1
Dolomite 0.8 Total 100
Siderite 1.0
Pyrite 0.7 % Expandability 70-80
Anatase 0.2
Barite 3.2
Halite 0.2
Muscovite 1.9
lllite + I/S 44.4
Kaolinite 9.1
Chlorite 0.4
Total 100.2

3.2.4 SpecificGravity

The specific gravity of the GoMEl materialwasmeasuredsing the water submersion method,
and a value of 2.775 obtainé8etts 2014) The water submersion method was carried out in

accordance with ASTMtandard D854.4 (ASTM International 2014)
3.2.5 Compressibility

RGoM Eugene Island Clay follows the trendatfierhigh plasticity clayswhere they exhibit
larger void ratios at low effectivetresses anghow highlevels of compressibility with
increasing vertical effective stres¥his tendency of higher plasticity clayeads to a
convergence of all claysith respect to void ratio at high stresgehis can be seen fgure
3-4. The compression behaviounf RGOM-El can be described by anlaog( %) type

relationship.
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Figure 3-4 - Compression curve for RGoll vs other common resedimented testing clays.

3.3 Resedimentation Procedure

Prior to the development ofrasedimentation technique for creatisgil specimensin situ
samples had to be extracted and prepared before beingwésiadc laboratory. This process
presents a number of hurdles for extracting meaningful material behaviour from the test data
Firstly, spatial variability in the soil, even over a small area, can vary tremendously. Thus it is
difficult to achieve repeable resultgrom in situ samples. Additionallywhen extracting the
sample, the existing stress state is altered. A range of other factors, such as watealsontent
begin to change, and the very extraction process imposes stresses on the soil thtd affec
natural fabricAs such, a technique that can allow reproducible samples to be created within a

laboratory environment would be greatly beneficial.

36



Results from xray radiography show that samples from borings can undergo significant
disturbance andxpansion during sampling and transportation. Large voids can also be caused

by gas expansion when extracting samples from significant depths.

The resedimentatioprocedure employed at the geotechnical laboratory at Tufts has been
perfected over the lagtw decades. It was pioneered at MIT in an attempt to create uniform
specimens at any desired stress level. The technique attempts toimamicconditionsby
applying a zero lateral strain boundafje techniquenvolves first the production of a clay
suspension in salt water, or slurdeposition of this slurry into a consolidometer and then
consolidation of the material. The final process is to extrude the speaiddnm it to match

standard dimensions

It is worth noting thatesedimentatioms not able to recreate layer induced anisotropy that is
seen inintact samplesLayered soils may possess very differer@chanical and hydrologic
properties to their resedimented counterparts, and therefore resedimentatldmot yield

such areffective proxy for intact behaviour in this case.

3.3.1 Slurry

The resedimentation process begins with the production of a clay slurry. Clay powder that had
been previously processidnixed mechanically with salt watdtor the GoMEI clay powder,
amixing water content of 1106 was selectedPrevious studiemto resedimentedlay sample
preparationhad suggestedsing mixing water contents twice the liquid linaf the clay
(Sheeran and Krizek 197 T)owever this would have left significant amounts of free water on
top of the slurry fo RGoM-EI. The concentration of salt watadded to the clay powderas
modifiedto match then situ salinity of 80g/lI (Losh and Wood1995)foundthe range ofn

situ pore fluid salinitiesn the Eugene Island block 330 akeaied betweei4 to 80 g/(80 g/l

was selected for this researchiie processedlay powdeitself had been previously found to
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contain~14g/kg (Casey 20149f salt, and so the salt concentration of the salt water dduted

to beadjustedorior to mixing with the clayo account for this.

Figure 3-5 - Image showingnixing of a clay powdetaken fron{Casey 2014)
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Figure 3-6 - Image showing GoMNEI clay powder after mechanical mixing with salt and water

3.3.2 De-aeration

After mechanical mixing of the clay powder and salt water, the slurry was allowed temper over
a24-hourperiod. During this time, flocs of clay were broken down and exposed to free water.
Prior to dispensing the slurry into the consolidometer, the mix¢udeaired to remove gas
entrained within the slurryThe slurry was evacuataghder 20inchesHg pressure for a
minimum of 5 minutesintil no more bubbles could be seen rising to the surfHuis a key

step in being able to produce fully saturated sasplithin theconsolidometer

3.3.3 Deposition

The deaired mixture was then transferrading a funnel into a manual pump. Thismpis
thenused tofill the consolidometewith the slurry in a controlled manner, with care being

taken not to introduce pocketktoapped air in the process. The consolidomigself consists
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of aPVC cylinder of2 anternal diametesitting inside a saline water baths load is applied

to the slurrypore water is driven from the mixture and the soil consolidates through @eeduc

in void ratio. Drainage is achieved within the consolidometer through two porous stones
applied at the top and bottorithe porous stoneprevent the slurry from escaping the
consolidometer, whilst allowing the free movement of water to dissipate out of the specimen.

These round stones aksoused within the triaxial cell for the same purpose.

It is also worth noting that prior fdling with the clay slurry, silicon oil is applied to the inside

of theconsolidometers. This reduces side watkrfacefriction between the clay particles and

the consolidometesomething which acts to reduce the actual preconsolidation stress that is
applied to the specimenfCasey 2014)In order to further reduce the impacts of side wall
friction, a spacer tube is placed at the bottom of the consolidoaikteing the specimen to

strain from both endd his halves the amount of side wall friction present.

In addition to the porous stones, nylon filter paper with a pore size eh®wWasused. This
filter paper sits between the slurry and the porous stones, keeping clay particles confined within

the consolidometewrnhilst allowing the free drainage of water
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Figure 3-7 - Two images show{g clay slurry being inserteidto a suction pump. The pump is used to insert the
slurry into the consolidometer

3.3.4 Consolidation

Specimens are consolidated by incrementally increasing the total stress applied to the top of
the specimenAfter each increase in load, pore pressures inside the speamelowed
dissipate This leads to an increase in the vertical effective saekmd is transferred to the

soil skeleton and decreas@n the total volume

A load increment ratits defined ag—, where is thecurrent load applied andD is the load

to be added. For the consolidation of sampked within this research, aald increment ratio

of 1 was selected’his was deemed good balancbetween being able to produce samples in

a timely manner, without being so large as to cause extrusion of the séh®tane between
loading increments was chosen to be 2.5 dayshe GoM-El material This was chosehy
analysing the strain versus time curve for several load increments. The Square Root of Time

method was then used to estimate the time to the end of primary consolidation; an example
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strain versus time curve can be seerFigure 3-8, strains were measured using.iaear
Variable Differential Transducer (LVDTAt 2.5 days between increments, reaching 10 MPa
consolidation stress takes a minimum of 40 dayss length of timehighlights some of the
issueswith testhg RGoM-El; the long consolidation times often caps the number of tests that
can be runlt also &plains why other materials such as RBBC, which consolidate much faster,

are favoured as a research material.

3 different apparatus were used to consolidate from a slurry through to 10 MP=urry was
initially consolidatedy applyingphysical weightsattached through a hangento the slurry.

After approximately 0.5 MPa consolidation stresee specimen is transferred to a
pneumatically actuated consolidomefEhis device can be seenkiigure3-9 and it enables
higher loads to be applied much more convenienfijie pneumatically actuated
corsolidometerhas a maximum load of 4 kN, corresponding to approximately 4 MPa for a
standad samplewith 9.35 cn? area.Finally, the specimen is transferred to a mechanical load
framefor the last two load incrementsitil 10 MPa vertical stress is reach&the mechanical

load frame has a mechanical advantageD6f1l

At stresses above 1 MPahBseclampswere used to restrain the consolidometer radidltys
was needetb prevent cracks from propagating in the PVC tube when loads are applied and a

corresponding step in pore pressure is segide the consolidometer
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Figure 3-8 - Figure showing the Square Root of Time method used to estimate the time to end of primary
consolidation in RGoMEl material.
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Figure 3-9 - Image showing a pneumatic actuator, which permits consolidaton ibetween 0.255 MPa

3.3.5 Extrusion and Trimming

Once the sample had reached the desired consolidation stress, samples were left for one cycle
of secondary compression before being unloaded to OCR = 4. Resegi$hntggata and
Germane 2002)has shown this leads to an approximately isotropic stress state within the
samplei something which helps to minimise sample disturbance during extrusion from the

consolidometer and subsequent transfer tdrthgial cell.

After the sample &d been given adequate timesteell, ahydraulic extruder was used to force
the sample from the consolidomet8ilicone oil applied to the inside of the consolidometer
reduces the friction and therefore the amount of disturbance experienced by thedsaimgle
this step though does natompletelyeradicate this effeci.he sample ishen wrapped in wax

paper andransferred int@ splitring aluminiumcylinderwith a small amount afompression
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applied to secure the sampléhis aluminium cylinder has height equal to the standard
specimen size of 8.1 crA.razor blade is then usedftarm a smooth, level surface on the top
and bottom of the specimen. Larger trimmings fromphixess$ave their mass measuraad

are therdried in order to calculate an initial water conténminimum of three trimmings are
used for this and an average and standard deviation water content are cal8itietetie

specimen has been prepgrad initial mass, height and diamedee recorded.
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4 Equipment

4.1 Introduction

This chaptebegins with aigh-level explanation of how theigh pressurdriaxial system that
was used in this research operatghsequent sections then provide a detailed discussion of
the various components that comprisettiexial cell, as well as the systems responsiddéa

for capture and controlling the PVAs.

4.2 Overview of High Pressure Triaxial System

The high pressure triaxial system used within this reseanatprises of 3 main parts, which
together permit théesting ofsoils at consolidation stresses up to 100 Mg maintriaxial

cell is connected to a suite of transducers which measure the cell pressirnad, axial
displacementand pore pressure. These raw voltages are captured by a high praaision
scaling central data acquisition unit. The samkages are also fed into a separate computer
which runs the triaxial control programmihis programmeses PID algorithms to determine
what voltage to send to the three DC motors thatirn control the triaxial device. These
analogue contrdignals pass from the computer into the triaxial control unit, wb€renotor

controllers convert the signals into analogoevervoltages tanovethe motors.

4.3 Automated Stress Path Triaxial Cell

The hidh pressug triaxial cell which forms part of the high pressure triaxial systaras
designed and builty researchers MIT (Casey 2014)The cellhas been seldom used since
with only a smalhumber of successful tests on the equipment date It has been designed
to be capable of withstanding cell pressures well in excess oMBE@) andis capable of
automatedeedbackcontrolledtesting.lt is capable oK, consolidatioras well asoth triaxial

compression and triaxiagéxtensionfollowing any desired stress patfihe capability of
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performing triaxial extension is a kdgature inenabing a full picture of a materials yield

surface to be captured from testing.

Thetriaxial cell is comprised of & . 5 0 staifiesscst# pressurehambemvhich fills with
silicone oil duringesting Inside an axial piston connectsatointernal loadcell. This load cell

is then screwed into a suction cap. The suctionwhjgh canbe seen irFigure4-2, contains

a connection whereby a vacuum can be appli&gs, in conjunction with an @ing which

seals the suction cap from the cell pressure, allows for triaxial extensiopéofbened.The

top capcontains a drainage line which allows for the control of pore pressure at the top of the
specimenThisdrainage lindeaves the top cap and coils around the specsoehat it can
behave as a springnd minimise its impacton measurements as the specimen strains
standard laboratory specimen of height 8.1 cm sits between the top cap and {rexlbats

which itself has a drainage line to allow for pore pressure control
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Figure 4-1 - On the left is a CAD image of the high pressure triaxial @édie image on the right shows a slice
through that cell, with the specimen visible
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Figure 4-2 - Cross section of the high pressure triaxial cell
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Figure 4-3 - Image of the high pressure triaxial cell contained inside @d®load frame.

4.3.1 Load Frame

A 24-ton capacity load frame is used to contain the high pressure triaxial' belload frame
contains a pneumatically actuatease that allowthe triaxial cdlposition to be finelyowered

and raised

4.3.2 SiliconeOil

Silicone oil is used within the triaxial ceih order to apply a hydrostatic pressure to the

specimenThough othetiquids can be used, silicone bihs been selectdédr severareasons.
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Firstly, the fluid is chemically inert, and acts as a dielectric, allowing electronics to be contained
within the cell.Transparency of the fluid also allows for visual observatidhe specimen in
low stress triaxial cellsvhere the cell is made from an acrylic triaxial testing where latex

membranes are used, silicone oil has been shown to not permeate tbrthegbpecimen.

4.4 Transducers
4.4.1 Displacement Transduces

Axial deformaton of the specimen inside the triaxial celé measured using a string
potentiometer. These devicasnsist of a coiled wire connected to a spuigga spoolFigure

4-4). As the wire moves in and out of the device, a rotational s@nsduces a voltage that is
linearly proportional to the displacement of the wike.advantage of a string potentiometer
overan LVDT is that it is linear over its whole working range well as being simple to install

and calibrate.

String potentiometers are also used within the triaxial systems PVAs (see gebitidthere
they are used to measure the relative movement of the pistons inside the pressure chambers.
For thebackpressur®VA this is critical, ast is from this measurement that volume changes

in the soil specimen are derived.
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Figure 4-4 - Close up string potentiometer used to measure aefdrmations.

4.4.2 Pressure Transducers

Two OmegaP X309 stainless stepressure transducers are used to in order to measure the cell
pressure and thspecimen pore pressuréd valve on the manifold allowsither the

backpressure or the sample pressure to be meaturiad testing

The pressure transducers were calibratedguai oil deadweight calibration testing device.
This process involvefydraulically connecting theransduceno the testingdevice Then
weights are appliesvhich generates a known reference pressame the voltage from the
transduceis recorded. Theesults from one such calibration is showFigure4-6. The device

is very linear over the pressure range tested, with no visible hysteresis at that scale.
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Figure 4-5 - Image of pore pressure transducer located on the base of the high pressure triaxial cell.
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Figure 4-6 - Pressure transducer calibration

4.4.3 Load Cell

The highpressure cell has an internal load ¢Elitek® LCM550) of 222kN capacitysince

we are interested in the deviator load being applied to the samplenust correct for the force
exerted on the load cell from the cell pressure. The-pighsurecell was run up to 83Pa

and back to atmospheric presstw® times.The dataare presented irFigure4-7 andshow

that the relationship is repeatable with only a small amount of hystefesisrd order
polynomial was fitted tahis force versuspressure datallowing a correction to the load cell
reading to be made at any given cell pressthies relationshipvasincludedin both the control
programme and the data reduction programimEigure4-7, there is a step changethe axial
loadmeasureat around 70/Pa This changeorresponds to a change in lazdpproximately

7 kg. This step change is repeatable and occurs at the same pressure regardless of whether it is
unloading or reloading. The repeatability of this error suggests that it is mechanical in nature,
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however as its such a small error in relation to the capacity of the load cell, it can be safely

ignored for these experiments.

Raw Data
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Figure 4-7 - Internal load cell calibration
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4.4.4 Resolution

Table4-1 - Table of transducer specifications, adapted fi@asey 2014)

Transducer Precision Resolution
Range
ADC CentralData ADC Central acq.
acq.
Axial 7.6 cm 0.00003 mm 0.0014 mm 0.00004%  0.00174%
displacement (0.0024 mV) (0.1 mV)
Specimen 47 cm? 0.04 mm3 1.75 mni 0.00006%  0.00233%
volume (0.0024 mV) (0.1 mV)
Cell 69 MPa 1.45 kPa 6.03 kPa 0.0021% 0.0087%
pressure (0.00024 mV) (0.001 mV)
Pore 34 MPa 0.08 kPa 0.31 kPa 0.0002% 0.0010%
pressure (0.00024 mV) (0.001 mV)
Load cell 222 kN 0.040 N 18.6 N 0.0001% 0.0317%

(0.0000024  (0.001 mV)

mV)

4.5 Pressure Volume Actuatos

The high-pressurdesting system requirdbreepressure volume actuatqiBVAs) to control
thestressesind pore pressuapplied to the specimefhe PVAsare custom buijtconsisting

of a pressurechamberwith a pistonthat are actuated by a DC motor through a geared
mechanismThe fluid inside the PVAs are salt water, hydraulic fluid and silicone oil for the

backpressureaxial and cell PVAs respectivelyhreetypes of PVA are usedith differing
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specificationgo match their varying requirementsn®lower capacity PVA is used for the
backpressurandis capable of generating up to 14 MPa of presthoegh the use of @ 5-ton
Duff-Norton® inverted screw jack The axial and cell pressure PVAsdrigher capacity
differing only in thecrosssectionalarea of the pistoriThe axial PVA piston has a 6.35 cm
diametemwhich yields a maximum pressure of 28 MPa and a veloapacity of 800 ctnThe

cell pressure PVA has piston diameter of just 3.18 amsulting in a maximum pressure of
110 MPaand a volume capacityf 200 cnd. Both the axial and cell pressure PVAs 8don
Duff-Norton® inverted screw jacksThe screw jacks themselves are driven by DC motors

which are connecteda a spiral bevel gear

Limit switchesare used as a mechanitail-safemechanism to ensure all three PVAs are not
driven beyond their working ranges. In addition, mechanical presslief valves are
connected to prevent maximum pressures being exceeded and equipment being damaged

to a sensor fault or user error

Shown inFigure4-8is a CADmodel ofthe28 MPaPVA used in the system. This PVA delivers

hydraulic pressure to th@stonin the cell controlling the axial stress placed upon the sample.
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Figure4-871 28 MPaPVA used within thhigh-pressuresystento drive the24-tonload frame

4.6 DC Motors

3 Maxon Motors® DC motowereused to actuate the three PVAs of the triaxial syskam.
generatinghe backressue within the system, motor that provided 80 mNm of torque was
used.The cell pressurand hydraulidoad frame were both driven by higher capacity motors

that provided 184 mNm of torque

4.7 DC Motor Controllers

MaxonMotors® ESCON 50/5 DC motor controllers were used to control voltage to the axial,
cell and pore pressure DC motors. The controllers angr@gmmable via a micrdSB

interface, allowing parameters such as maximum RPM, and input voltage range to be set. Our
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motors required an input of-+4V, with the ability to be driven in both the CW and CCW
directions. The limit switches were also connddt®terminals on the controllers, that would

kill the DC motorsand provide a manual overrigden the input was low.

Control card

Figure 4-9 - Image ofa triaxial cell control boxcontaining three DC motor controllers

4.8 Temperature Control

In order to reduce the impact from environmental factors on the test data, temperature is
controlledduring consolidation and shearing within the triaxial housing. Infraezdlamps
attached taa simpletemperatureontrolledrelay circuitmaintain the émperature withira

range oft 0.1°C (Casey 2014)A fan located inside thieousing &0 helps to distribute the air

evenly.
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4.9 Triaxial Control System

The triaxial control systermsed for the high pressure triaxial ckds been developed and
improved by various researcherger the last three decadg&heahan 1991)Casey 2014)
The tiaxial control system runs independently from the data acquisition sysensection
4.10 andutilises closed loop feedback to control three DC motorthercell, axial and pore
PVAs. Raw voltagedgrom transducers on the triaxial cell and P\f#essinto a multichannel
analogue tadigital converter. Digital signalgeed into the computeaind subsequently the
triaxial control programme. Here targatgineering values are calculated and convented
voltagesto send to the DC motors. The magnitude of the voltage depends upopetiué tiye

control algorithm being implemented and the magnitudes of the control constants.

4.9.1 Analogue to Digital Converter

A multichannel analogue to digital converierused within the triaxial control system to
convert analogusignalsfrom thetransducesinto digital values that can be interpreted by the
control programmeThe analogue to digital converter used within this sysseamnAD1170
high-resolution(22-bit resolution)programmable integrating/D converte{ADC). The ADC
provides channels witlixed gain values of 10,100 or 100@ value whichis adjusted
depending on the output of a particular sen§be ADCis connected via an ISiterface to

a card that ports the digital signals through USB to the compitheugh integrating ADCs

are not suited thigh-speedapplications, they are ideal candidates for settings which are low
frequency yet require high resolutigiester 2004) This is the caséor triaxial testing and
explains why integrating ADCs havween chosen over other common architectures such as

Flash and Delt&igma ADCs.
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ISA to USB Card ADC Chip

Figure 4-10 - Image of analogue to digital converter unit.

4.9.2 Digital to Analogue Control Card

In Figure4-9 can be see the digital to analogue control card located inside thel wzxieol
box. Signalsoriginating from the PVA limit switchesnanual control signalsDbC motor
control signalsnd digital to analogue converter gessed through this card. Signals from this
card then enter the DC motawntrollers described in sectidtv. This system ultimately allows

for the precise automatic and manual corfdhe three degrees of freedonmaitriaxial cell.

4.9.3 Triaxial Programme

Programmes tit control the running of the triaxial tests were written and developed in
QUuIckBASIC, an IDE and compiler that runs on d®S. These programmes were developed

at MIT in the 1980s and allow for a range of testing protocols such asrisolidation to be
caried out. The programme takes voltages frosuie of sensors as its input, and outputs
digital signals to a digital to analogue converter which controls the operation of the DC motors

on the PVAs.
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4.10 Data Acquisition System

All voltages from transducerson the high pressure triaxial system, along wvath other
transducers in the laboratory, feed into @entral Data Acquisition System (CDAS). This
systemruns independently from the Triaxial Control Systdescribed in sectiod.9. A key
strength of usinghe CDAS is that it carcaptureresolution in voltage two orders of magnitude
greater than traditional voltmeteich aghe voltmetemused to monitothe triaxial system
during operationCustom software running on a computer connected to thd849PA Data
Acquisitionmachine(Figure4-11) allows various data capture parameters to be seléldted.
programmaeallows forany of the 20@ata channels the laboratoryo be selected arthta to
be captured at any choskmeartime interval orcaptured in log timelhe system also enakle

multiple data streams to be captured simultaneously within the laboratory.

Figure 4-11 - HP 3497A data acquisition control unit, used to capture readings from the high pressure cell

4.11 Data Analysis

A programme written in QBasic was useatmvertthe rawtest data voltages into engineering

values. Calibration factordpad offsets and appdues compressibility were combined with
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voltages recorded by the central data acquisition sysbeproducevalues such as strain,
vertical effective stress, radial effective stress and pore pressure.
DAP:1003
"C:\WinDAP \TX148252 .dat",10,"12:28:22"
"Dec-06-20 ",000,1003
K
n Clock“ n n n n n n n n n n n n n n n n n n n n
--- 20 21 22 23 24 25 26 27 28 29
-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
n SeCS" n V“ n V" n V" n V" n V" n V" n V“ n V“ n V" n V"
1 1 1 1 1 1 1
0 0 0 0 0 0 0
K
"12:28:22"
n SeCS" n V“ n V" n V" n V" n V" n V" n V“ n V“ n V" n V"
0 2.0161 -0.05692 0.000179 0.00221 1.7931 5.4699 0.036392 -0.05695 -0.60975 -2.6547
240 2.0161 -0.05691 0.00018 0.001992 1.7932 5.4699 0.036396 -0.05695 -0.59618 -2.6548
480 2.016 -0.05692 0.000176 0.002062 1.7932 5.4699 0.036069 -0.05696 -0.61577 -2.6547
720 2.0166 -0.05691 0.000131 0.002054 1.7932 5.4699 0.035487 -0.05695 -0.63169 -2.6544
795 2.017 -0.05692 0.000115 0.002033 1.7932 5.4699 0.03536 -0.05696 -0.58311 -2.6541
Figure 4-12 - Example raw data file showing channel voltages
Triaxial test results for:
Data file: TX148253.dat
Reduction file: TX14825
Results file: TX148253.res
Calculations performed with Basic Reduction Program: QBTXRED Revision 8.0
Calculations performed on 02-27-2021 18:54:26
|Apparatus compressibility for High pressure triaxial cell
Specimen confined with membranes
This is the Undrained Shear portion of a triaxial Extension test
Time Vertical  Shear Mean Excess Shear Del. Shear  Secant A Phi Area Axial Radial Axial
Seconds  Strain Stress,Q Eff.P Pore Pre. Pore Pre.  Max. Shear Modulus Parameter Angle Mem. Cor. Mem. Cor. ld. offset
(Sec) (%) (ksc) (ksc) (ksc) (ksc) (ksc) (Degs) (cmA2) (kg) (ksc)
0 0 -3.791519 355.7642 0 0 0 0 0 -0.61064 9.012788 12.85683 -0.11662 209.1136
240 0 -3.684158 357.216 -1.408752 -1.416046 -3.61E-03 0' -6.26151 -0.59093 9.012788 12.85683 -0.11662 209.0866
480 1.93E-03 -4.108643 356.3842 -0.9563999 -0.725708 0.0106537 -32921.53 1.477521 -0.66056 9.013048 12.85862 -0.11664 209.1055
720 -9.64E-03 -8.872498 351.6461 -1.008098  2.424347 0.1706945 105405.7 0.094774 -1.4458 0.011484 12.84789 -0.11651 209.0947
795 -1.74E-02 -10.56895 350.1561 -1.143803  3.348938 0.2276866 78103.27 8.63E-02 -1.72965 0.010442 12.84074 -0.11642 209.1245

Figure 4-13 - Data file after reduction, showing engineering valuRevision 8.0 of the data reduction

software was used ihis work.
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5 Testing Procedures

5.1 Introduction

This chapter describas detail the various proceduremployed in the laboratory to perform
triaxial tests on resedimented specimens at high stédsaf the procedureshave been
developed over multiple decades of reseamith techniques being firined with each
iteration and for differing applicationsFor this research, the use of a relatively new high
pressure triaxiatell necessitated the use of techniques that would not be appropriate for

specimens consolidated to lower stregsegxample

An explanation of how resedimented specimens are pregai@dto insertioninside the
triaxial cell is given first. Then a description thfe three mairiesting phases is also given.

These phases abackpressureaturationconsolidationand undrained shearing.

5.2 Specimen Set Uand Initial Pressure-up

After a specimen has been prepared for testing in the manner descffeptpO, it is ready

to be inserted into the triaxial cald that it can be tested.

First porous stones (made from 54 grit vitrified bond s{@@sey2014) are placed in the base
pedestal and in the top cap. The porous stone allows fluid to drain from the specimen during
testing whilst preventing clay particles from blocking the drainage lines. Due to the high initial
consolidation stress of 10 MRa&d the very low water content of the specimen at this stress

0 p yp ,nofilter paper was required during set up of the specimetisthe stones being

directly in contact with the specimen.

With the stonein place the specimen is placéd betweerthe base pedestal and top ¢spe
Figure4-2). Then a membrane @aced over the specimen as quickly as possible to prevent

further changem water contentThe choice of membrane matenieled in a triaxial teshust
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be carefully considered arttie choiceis a function of the material consistency and the
magnitude of stresses that will be encountered during tg€iegnaine and Germaine 2009)
Traditional rubber membranes were deemed not to be appropriate at the cell pressures that
would be encounteredithin this testingregime. Rubber membranes have been found to
become porous above certain pressuessl previous research with this equipment had

encountered a high rate of internal leaksBxgcommercialatexmembranes

For this researclPVC (meetingAMS/MIL -DTL-23053/2standard)heatshrink tubing was
selected as the membrane material in the triaxial tests. Theshre@#t tubing allowed an
excellent seal to be formed whilst being strong enough to resist the large forces that are exerted
on the membrane atresses reamg 100 MPaThe PVC is alsonoreabrasion and chemically
resistantthan traditional rubber membranéhe impact of the membrarstiffnesson the
stresses through the sample was quantified using an analytical membrane gtingatesults

of these caldationsand material testing of the PVC are giver\ppendix A

Once théPVC tubing was inserted oviirespecimen and caps, a heat gun was ustbetmally

shrink the membrane onto the sample. This process was done as quickly as possible to avoid
excessive heat transfer into the specinflet.e i ni t i al 20 radius tubi
radiuswith awall thickness after shrinkingf 0 . 0 /Aftér the membrane had been set, the top

and bottondrainage lines were opened and connectelwtacuum The vacuum lingpassed

through a flask filled with wateallowingfor the detection of a leak in the system if air bubbles
aredetectedAfter passing thedak check, the drainage linesre closedvith the vacuunstill

applied; this helps to keep the samgdsemblyigid during the subsequent stages of specimen

set upand the transfer of the triaxial cell into its enclosure
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Next. steel tying wire was usetb provide a furthesealon themembrane at theop cap and
base pedestathis can be seen iRigure5-1. Two steel loops were applied bwth the base

pedestal antbp cap

Figure 5-1 - Image showing steel tying wire (Left) and the tying wire used to create a seal between the PVC
membrane anbasepedestal (Right)

End cutting nippers pinch the tying wire, and a twisting motion is used to strain the wire and
pretension the loop to creah robust seal. This method appeared effective throughout the
testing regimewith no internal leaks being recordéeak checksvere performedt the end
of backpressursaturation(section5.3) andconsolidation(section5.4) by closing the drainage

valvesfor 5 minutesand observing the measured pore pressure over time.

With the specimen fully prepargthe drainage lineconnectedo the top capand thepiston
fully extended the triaxial cell housing was lowered onto the base. Bolisecting the cell to
the baseverethenpretensioned ta40 Nm of torquehrough a torque wrenchext the axial
piston was carefully lowerednto the specimenif triaxial extension tests were to be
performedan Gring was included in the suction cap amstacuumwasappliedbetween the

suction cap and the top cabfter corfirming correct seating of the pistdyy measuring its
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height relative to the cell, the zero reading for the axial displacement transducer is recorded.

The zero for the internal load cell is recorded prior to lowering onto the sample.

After securing the Iz to the pressure chamber, the 109 kg triaxial cell was Iitedits
temperatureontrolledhousingwith the use of a hand winch operated forkKtter this, he

load framepedestalvasthenraisedusing fine adjustment of pneumatic regulators #hawved

the pressure in the hydraulic fluid to be controlled. The triaxial cell iaeedso that it just
contactedhetop of theload frame. This could be monitored by looking at the voltmeter reading
on a diaphragm loackll that is embedded within th@ad framgthe location of the diaphragm
load cell can be seen Figure4-3). Whenthatpoint was reached, a valve to the pneumatic
regulators was closed, fixinge triaxial cell in positionThe cell waghenfilled with silicone

oil until it could be seen flowingdm a venting valve at the top of the célhroughout initial
pressure up andackpressursaturation, a small deviator load of 100 KPa is applied to the
sample, this is consistent with previous experimental work on thigGadey 2014)Without

this, there is a risk the top cap becomes unseated, leading to hydrostatic conditions and

inaccuratexxial deformation measurements.

After filling the cell, the cell pressure was raised to 1.5 MHAa&revent swelling of the sample
when pore fluid is brought into the systefhis value was also used in previous research for

RGoM-EIl specimens caolidated to 10 MP&asey 2014)

This whole set up process was carried out in a@nyd@ions. Exposing the sample to water
before any confining stress was on the sample would have led to swElie@nal step in the
specimen set up is to reapply the vacuum to the drainage lines, teéasing the vacuum
and allowing 80 g/l salt water to be drawn into the systReadings are thetaken,and the

specimerwasallowed to equilibrate over 24 hours before beginning the next phase of the test.
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5.3 BackpressureSaturation

After the initial pressre up stage, the sample underwent a process knowacapressure
saturation. This involves increasing the pore pressure in the system so as to ensure the drainage
linesthat connect the pore pressure PVA to the specanefiully saturated-ully saturagd
conditions are essentidr being able to interpret meaningful behaviour fromuhdrained

test dataA key assumption ol e r z apgirtipledos effective stress that the soil must be

fully saturated.Additionally, a fully saturated sample is essal for the Ko consolidation
algorithmto work. Thecontrol algorithm assumes that all volume changes measured are solely

from pore fluid entering or leavintpe specimen.

When setting up a triaxial testespite care being takesmall amourg of air ae inevitably

entrained in the tubing and valves when setting up the spechknen. d et er mi ned by
law, increasing the partial pressure of a gas, increases its solubility in a givenHiejioe:. by
increasing the pore pressure above atmospheric pee$ise trapped air can be dissolved into

the pore fluid and allow saturated conditions to be readbed.to the presence of this air
trapped in the system, a small amount of pore fluid is expected to enter the sample during
backpressure saturation. Thiessults in a small negative volumetric strain being recorded at

this stage. Larger volumetric strains indicate that there is a leak which needs to be rectified

before consolidation can begin.

Figure5-2 is an example of data from the backpressure saturation portion of a triaxial test that
was undertakerDuring this process, a backpressure of approximately 100 kPa was applied to
saturate thepecimen. This is performed at constant effective stress, so the axial load and cell
pressure are adjusted as the pore pressure is increased to 100&Rarly portion of the
figure shows volume going into the triaxial system after 100 kPa&tep incease in pressure.

The rate of volume injectiomitially appeargo be reducingindicatingthat air in the liness

68



dissolving into the wateand that the system is saturatittpwever,after approximately 4
hours, there is a marked increase in the rit@lametric strainand this rate then continues to
hold steady with time. This is a clear indication of an external leak in the system, which was

identified andsealed prior to consolidation.

In addition to evaluation of the volumetric strain vs timeada Bvalue check can be

performed to assess saturation, this is described in the next section.

TX1472
Backpressure Saturation

-2.83

v

/ External leak formed

Volumetric Strain, € (%)

Sample saturating/

-2.85

087 I I | | 1
0 1 2 3 4 5 6 7 8 9
Time (Hours)

Figure 5-2 - Volumetric strain data during backpressure saturation for triaxial test TX1472

5.3.1 B-Value and Apparatus Compressibility

After backpressure saturation, and prior ciinsolidation, the sample undergoes-aaBie
check.This term was first coined b$kempton(1954)when he derived an equation relating
changes in pore pressure to changestal stressed his check is used to assess the saturation

of the sample. The top and bottom drainage lines are closed and a step change in the cell
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pressure is appliedpidly by thecontrol programme, whilsimultaneouslynaintaining zero
change irshear stress on the specimé&he resultinghangedn pore pressure is then measured,
with the Bvalue being the ratio of pore pressure deltadtahedral stresgelta. This is also

known as theindrained porgressure ratio.

Yo (5-1)

Theoretically, ér a fully saturated soil specim€ly p 1t Ir) with no soil, pore fluid or system

compressibility the Bvalue is equal to Real soil skeletons and pore fluids do contain finite
compressibilityhowever something which was accounted for in a derivatioge# by Bishop
(1973) The derivatiorcontainedseverakey assumptionsthatthe soil skeleton behaves as an
elastic, isotropic material, that all pores are hydraulically conneatddhat the pore fluid is

linearly compressiblelhis workresulted in the following expression for the undrained pore

pressure ratio:

Yo P (5-2)

Hered andO represent the compressibility of the pore fluid and grains,respectivelyd
is defined as the bulk compressibility of the soil skeletayal to the inverse of its bulk

modulus. It carbe defined through twelastic parameters with the followifgrmula:

op ¢ (5-3)

As the bulk compressibility reducés equation5-2 , the ratiod 70, something which is
negligibly small at lower stresses in most soilsgreases anllegins to reduce the maximum

theoretical Bvalue that can be obtained. This is of significance for this work, as specimens are
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consolidated to high stress@iecompressibility of water was taken as 48.9 ¥ MPa?, and

the clay grains as 2 x PovPa’.

So that pore pressure can be measured in a triaxial devicgeitiemen must be connected
hydraulically to a pore pressure transduddy. introducing drainage linesyalves, and
transducers into one hydraulically linked systeame also introduce an amount of
compressibility into the system. &compressibility of all these componentgluding the
pore fluid contained within thenms collectively referred to as the apparatus compressibility
The higher this value ishe greater the error will be laten measured pore pressarel the
real response of the materidinimising apparatus compressibility especially important
during undrained shear when large excess pore pressures can be gefReardgtexdwork by
Bishop (1973) presented anore complete derivation of the undrained poressure ratio to

include termdor the apparatus compressibility

B-values measured for RGeHMI specimens consolidated to 40 MPa were typically in the range

of 0.5- 0.6. It is known that the resedimentation procedure in the laboratory does produce fully
saturated samplg&\bdulhadi 2009) and so low values may also be attributed partly to the
PVC membranes that have been used, which are thicker and have a higher stiffness than
traditional latex membranésthough this effect is and to what degree it contributes to arlow
B-value is difficult to quantify.Bishop also noted thatconvincing B-values for low
compressibility porous materialsre difficult to achieveThis means that this traditional
measure of the specimen saturati@romes less meaningft higher consolilationstresses

(Cagy and Germaine 2014)

5.4 Triaxial Consolidation

After having been normally consolidated #o vertical effective stress of 10 MPa in a

consolidometer (sesection3.3.4 and unloaded to an OCR of 4, specimens were further
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consolidated inside the triaxial celt is imperative that samples are consolidated to at least
twice the vertical effective stress readhduring resedimentatian order toamelioratethe
impacts of sample disturbance during extrusitinis known that the effects of sample
disturbance can be erased by imposing st@n a specimen(Schmertmann 1955)
Additionally, further consolidation ensures that the specimen is in the normally consolidated
region prior to sha@ng. This isof utmost importance for thiesearch, as the stress sfatea
normally consolidated specimemnust necessarily lie on the yield surface of the material prior

to shearing.

Three different consolidation approaches were used in this reskwdcbstatic consolidain,

drained stress path consolidatiand Ky consolidation.

Hydrostatic consolidation is th@mplestof the three taindertake experimentallys it only
requires control of theell pressureDuring this process, all three principal stresses acting on
the specimen are equ#th early tests, poor seating of thgial pistonmeant that hydrostatic

conditions wereeached inadvertentlyuring a planned test.

In drained stress path consolidetj a desired stress state to be reached at the end of
consolidation was entered into the control programme. grogramme then brought the
sample to that poimhonotonicallywhile the drainage lines were left open to allond@inage

to occur. The tardestress state was determirfeain the target vertical effective stress and an
expected value of KThe expected Kvalue was ta&n from databaseof previous tests
performed on RGoMEI (Casey 2014; Fahy 2014or both hydrostatic and drained stress path
consolidation, as the sample height reduces, its area must necessarily chargehe&in
algorithms control the stresses applied, the area must be continually updated during
consolidation For consolidatiora right cylinder correction is applied to the original specimen

area0 :
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o p - (5-4)

The ability to implement Kconditions during consolidation is extremely important as this best
replicates irsitu conditions where there can be no lateral stBynpreventing lateral strain,

the specimensi able to develop anisotroms the platy shaped clay particle®gressively
orientperpendicular to the loading directidh Ko condition is achieved in this work through

the use of volume feedback control. Axial deformations are measured directly stithca
potentiometer, and radial deformations are then measured indirectly from measuring volume
leaving the samplé&he Ky algorithm applied a constant axial deformation valtést thecell
pressure igontinuously adjusted to keep the radial straiseltwzero. The advantage of this
approach is that a continuous measurement of thelie is captured, allowing observations

into how this value changes during consolidation.

Other methods of implementing &control involve theuseof direct measurementsf the
S p e c i laterat shraras opposed to volume contr8lome examples include the use of laser
displacement sensors to directly measure lateral deformation of the spé@in@eg2002)or

radial LVDT sensors which are in direct contact with the specimen surface.

73



Shear Stress, q (MPa)
T

0.5 -

Legend

-------- TX1482 - Drained Stress Path
arsdaddndendad TX1470 - KEI Stress Path

I I I | I
0 5 10 15 20 25 30 35 40
Average Effective Stress, p' (MPa)

Figure 5-3 - Comparison of drained vsgi€onsolidation stress paths.

5.4.1 Evaluation of Consolidation Strain Rate

Due to the extrerly low permeability of the test material and the high stresses employed in
this research, a special focus was placed on the axial strain rate applied during consolidation.
Initially a strain rate of 0.26/hr wasproposed to be used within this researaohline with
previous tests conductexh this materialEvaluation ofexcess pore pressures at the centre of

the specimen using the linear theory develope{VWigsa et al. 1971fpr CRS applications,

found that this would lead targe errors in vertical effective stress at 40 MPa and higner.
contrast to RGoMEI, higher permeability materials such as RBBC are able tihsolidated

at 0.15%/hr without the development of significant excess pore pres§iesey 2014)In

order toachieve a balance between test duration and the development of large excess pore
pressure, an initial strain rate of 0.08 %/hr was selected for consolidation to approximately 20
MPa, with further consolidation beimgn at 0.02 %/hrThis fourfold reductia in strain rate
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would theoretically have an equal impact on the excess pore pressure at the centre of the
sampleln Table5-1it can be seen that for a consolidatrate of 0.02 %/hr, the error in vertical

effective stress is kept below 10 %.

The method described {(ASTM International 2020p4186 standard was usexidalculate the

excess pore pressure developed in the middle of the sample during consolidation. This standard
is developed for use with CRS devices but is still applicable battusethe aforementioned
theories originally developed Wissa et al(1971) The excess pore pressure for CRS would

be at the base of thaevice buts insteador a triaxial test at thepecimen centrdue to the
presence of top and bottom draina§gcess par pressures at the centre of the specimen are

calculated using the following equation:

., 1070 (5-5)

Where:

'O Specimerheight

‘O Original specimen height

"Q Hydraulic conductivity

[ Unit weight of water at 2@

i Strain rate

Assumptions made in this theory include:

1. Fully saturated soil samples
2. Incompressible soil particles and pore fluid

3. One dimensional drainage
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4. Onedimensional variation in stress
5. Fl ow t hrough porous media obeys Darcyods |

6. Constant coefficient of volume compressibility (

These excess pore pressures represent initial transient conditions duemititre of the
piston.Once the exceg®re pressure at the centre of the sample is calculated, one can calculate

an average effective stress through the saomley the followig formula:

” aﬁ ” %_ :i’lé (5_6)

Where:

.,  Theeffective averagexial stress

The difference between this average axial effective staegbthe theoretical consolidation
effectivestressgyields an error, which can be used to evalwdietherthe choice of strain rate

is appropriatelf the error becomes too large, theveuld be a large difference between the
amount of consolidation that has occurred at the eadgared to the mdle of the sample.

This would make the interpretation of meaningful results from the undrained shear data
problematicln Table5-1it can be seetheoretical valuesf this errorfor a consolidation strain

rate of 0.02 %/hr. At this low strain rate, the error is kept to below 10 % even at 100 MPa
consolidation stres§igure5-4 showshow by increasing the strain rate, you can dramatically

increase this error.
The compression model usidthe following analysi$ias the form:

i, g o (5-7)
Where¢  porosityand a & b arditting parameterequal to-7.4 and 3.45 respectiveftaken

from the UT Geofluids databagein UT Geo F).ui dso n. d.)
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Table5-1 - Average stress and error at the centre of a speaoithat isonsolidated at 0.02 #r.

Stress  Strain  Porosity,  Specimen Hydraulic Centre Pore Average Error
(MPa) (%) n Height, H Conductivity Pressure,u  Stress (MPa) (%)
(m) (m/s) (MPa)
10 0.00% 0.331 8.10E02 7.118E13 0.63 9.58 -4.17
15 3.44% 0.307 7.82E02 3.982E13 1.08 14.28 -4.80
20 5.73% 0.290 7.64E02 2.637E13 1.59 18.94 -5.30
25 7.44% 0.277 7.50E02 1.916E13 2.15 23.57 -5.7
30 8.79% 0.267 7.39E02 1.475E13 2.75 28.17 -6.11
35 9.90% 0.258 7.30E02 1.183E13 3.39 32.74 -6.46
40 10.84%  0.250 7.22E02 9.772E14 4.06 37.29 -6.77
45 11.66%  0.243 7.16E02 8.255E14 4.76 41.82 -7.06
50 12.37%  0.237 7.10E02 7.098E14 5.50 46.34 -7.33
55 13.01% 0.231 7.05E02 6.192E14 6.25 50.83 -7.58
60 13.58% 0.226 7.00E02 5.467E14 7.04 55.31 -7.82
65 14.11%  0.221 6.96E02 4.875E14 7.84 59.77 -8.04
70 14.58%  0.217 6.92E02 4.384E14 8.67 64.22 -8.26
75 15.02%  0.213 6.88E02 3.971E14 9.53 68.65 -8.47
80 15.43%  0.209 6.85E02 3.620E14 10.40 73.07 -8.67
85 15.81%  0.205 6.82E02 3.319E14 11.29 77.47 -8.86
90 16.16%  0.202 6.79E02 3.058E14 12.20 81.86 -9.04
95 16.49%  0.199 6.76E02 2.830E14 13.13 86.24 -9.22
100 16.81%  0.196 6.74E02 2.630E14 14.08 90.61 -9.39
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Figure 5-4 - Impact of strain rate on the error between theoretical axial effective stress and actual axial
effective stress at the centre of the specimen.

5.5 Secondary Compression

Once the clay specimen had reached its target stress state, the triaxial control peogram
entered the Hold Stress algorithm in order to maintain this stress state. The end of consolidation
stress state was held for a minimum duration equal to one log cycle of secondary compression

(usually around 24 hours).

The effect of secondary compressi¢strain under constant vertical effective strassjo
continue densifying the clay. This in turn expands the yield surface envelope. Hetinee,

yield surface of the material is expanding but the stress state is remaining constant, the material
is becoming overconsolidated due to the effects of secondary compreRsisprocess meant

that it was important to be consistent between tests in how much time was allowed for

secondary compression, as thigs affecting the location of the material yieldfage.
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5.6 Undrained Shear

Deposit of saturated clay are frequently loadedinloaded very quickly relative to the rate at
which excess pore pressures can dissipate from the malieriaése conditions, the clay is
said to be i n where iisuvoldne andnvatdricontent @ernadn constant
Geotechnical engineersommonly employ undrained shear tedts calculate strength
propertiesvhilst in the undrained condition. These strength properties, such as undrained shear
strength, can then be usec  Tttotal stress analysels this researchindrained shear tests
areusedas theeffectivestress path traces the shape of the yield surface, as explained in detail

in section2.6.

The final step lefore commencing undrained shearings to performa leak check. This
involved closingooth drainage valveand monitoring the pore pressure respansethe case
of no leaks the pore pressure should remain congfitin the sampleExternal leaks could
befixed prior to shearingvhilst internal leaks would lead to an aborted testeal testssome
amount of leakage is inevitabl€herefore,a criterion for the acceptable amount of leakage
mustbe created which is a function of the soil type, test type and duration @fd¢estieil et
al. 1988) In this workan increasen the pore pressure of more than Rst with the valves
closedwould have led to an aborted test due to an internal edkrnal leaks would have

been fixed in the backpressure saturation stagey methods described in sect®B.

Once it had been confirmed that hevere no leaks in the system, undrained shearing could
commenceFor undrained shean axial strain rate of 0.5 %/hr was selected, consistent with
other studiesising RGoMEI (Casey 2014; Hanley 201 8hearing was run untkitical state

conditions were reached the specimen.
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In contrast to the rightylindrical area correction applied during consolidation, a parabolic area
correction was appliedy the triaxial conbl algorithm during undrained shearing

compressionThe exact form of the equation(iSermaine and Ladd 1988)

CU CH UL (5-8)

Tp -

0 0 TR U
For undrained shearing in extension, a righlinderarea correction waappliedinstead.
Mechanically there are two classes of undrained stress changes that lead to failure in a specimen
(Bishop and Wesley 1975Jhere can be tests where the cell pressure is held constant and the

axial stress igither increased or decreased until failure, or there are tests where the axial stress

is held constant, and it is the cell pressure that is varied.

In both scenarios, the effective stress paths are almost identical despite having very different
total stress pathsKigure5-5). For tests in this research, it was the axial stress that was varied

on the specimens whilst the cell pressure was kept constant.
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81



T T 11

30— Testa oy constant o Increasing )f-“ Eb

Testb o constant oy decreasing f
25— Testc oy canstant o, decreasing _

Testd o, constant oy increasing

1| T— ey

15 I

Starting point

=15 -
N
A"]/
S

fpr——~>"1
=30 -
2 ._-0"""0 ‘\d f

-5 -4 -3 -2 -1 0 I 2 3
Strain: %
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561 Skemptonds A Parameter

Skempton(1954)developed what is known as the A parameter by considering stress changes
on a saturated (i.e., the B value = 1) soil which has a skeleton that behaves as a perfectly elastic
and isotopic material. In this case, pore pressure changes can be related to changes in total

stress in the undrained condition with the following equation:

v Py oy oy (5-9)

Qlo

For the case of triaxial compressign Y, and thus equatiob-9 reduces to:
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(5-10)

(5-11)

Skempton replaced the constantsin frontotthe ¥, t er m by the so cal l

to account for plastic behaviour:

yo ¥, 0oV, A (5-12)
By inspecting equatiors10and5-11, it is clear that in the elastic case during undrained shear,
pore pressures generated during extension should be twice that of compression. It is also worth
noting that for the case of isotropic loading, the difference in principal stress incréfnents
Y, must equal zero, and hence the A parameter becomes zero. The A parameter is therefore
able to provide information on the direction of the effective stress path, as well as to what

extent changes in the deviator stress contribute to changes iprpssere.

The A parameter is influenced by a range of factors such as the mode of loading, stress level
and degree of anisotropy within a given soil. Peak values OA parameter at failure) have

been shown to occur at -80° inclination, where inclinatin is the angle between the
consolidation and major principal stress directiofisurukulasuriya et al. 1999)
Overconsolidate clays, which tend to dilate upon shearing, present negative values of the A

parameter. Normally consolidated clays, in contrast, tend toward a value of +1 upon shearing.

Typical values of the A parameter at failure can be se&ahie5-2.
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Table5-2 - A parameter values at failure for different soil ty{@&as 2019)

Value of the A parameter at failure

Soil type As

Clay with high sensitivity 0.75-1.5
Normally consolidated clay 0.5-1
Overconsolidated clay -0.5-0
Compacted sandy clay 0.5-0.75

5.7 Disassembly

After the triaxial test has completed, the specimen must be removed from the triaxial cell and
postshearmeasurements of the specimen takeénst thecell pressure and axial stress are
reduced in tandem, so as to ptace an excessive shaar the sampleOnce at atraspheric
condtions are reached, silicone oil is drained from the cell. The cell isdisennnected from

its transducers ang@moved from the load frame

If an O-ring has been used in the top ctye vacuumn the suction cajs first released and
then a positive pressure is appliddhis positive pressure aids the release of the top cap from
the suction capf necessarya positive pressurean also be applied to tlhacuum lineand the
piston manually moved to dynamically break the seal with thm@ After the specimen has
been removedhe PVC membrane is carefully removedngsa retractable blade knifeh&
specimemasss thenmeasuregphotographedandplaced into an oven for dryin@ften it is
sufficient for test specimens to be oven dfi@djust 24 hours at 10%C, however for RGoM

El this process can take several dagsit is an extremely fingrained materialSpecimens

were dried in the oven for 1 weddeforemeasuring the mas$hey were subsequeniijaced
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back into the ovefor another weelandtheir 1 week and 2 week masses compared to ensure

they were sufficiently dry.

The final stef a triaxial test involved removing salt water from the drainage lines. Pressuri
air wasused to expel salt water frommet network opipesand ensure there were no blockages
in the systemFailure to do s@ould result in tubes blockingue to water evaporating and
dissolved salts being left behind. The stainigs®l tubes ark / 8iameter by design, so that
the effects of apparatus compressibility can be mininiiges however necessitates increased

levels ofmaintenance.

In addition, aBranson 1200 B1200R ultrasoniccleanemwas used in the laboratory to sonicate
the porous stones. This removes clay particles from the stones, which build up in the pores over

time and reduce their effectiveness.
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6 Presentationf Experimental Results

6.1 Testing Summary

Of the 9high pressure triaxial tests attempted, 3 were aborted degutpment failures. This
failure rate is broadly in line witthe one other researchertave used this equipmei@asey
2014) and is in part a reflectioaf the lackof well tested methods for thiglatively new
triaxial cell Sourcesf failuresduring previous research were predominantly due to internal
leaks. Switchingfrom a system of double latex membranes sealed witing3 toone with a
single layer oheat shrink PVC tubing appears to have largely eliminated thia iBailures
during this body of worknstead occurregrimarily due toproblems withO-rings. O-rings
inside thedrainage valvehaddegradediue to the corrosivealtwaterenvironmentresulting

in a lack of excess pore pressure generation dshegringAn O-ring also failed inside the
axial PVA again leading to a test failurAn additional mechanical failurarose froma DC

motor failure caused by commutator wear.
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Table6-1 - Summary of triaxialdsts conducteh this research.

Research# TX#

RS # Consolidation Stress Consolidation & Shear mode

(MPa)

1 - - 40 Test aborted

2 TX1453 650 40 KO

3 TX1457 657 40 Test aborted

4 TX1470 656 40 KoT Undrained shear
compression

5 TX1472 660 40 Hydrostatici Undrained sheal
compression

6 TX1476 659 40 Hydrostatic Ko attempted)
Undrained shear extension ai
compression

7 TX1482 669 40 Drainedstress path to K =0.9
- Undrained shear extension
thencompression

8 TX1493 668 80 Ko - Undrainedshear
compressiofi Test aborted

9 TX1498 685 40 Drained stress path to K = 0.¢

- Undrained shear

compressionhenextension
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Table6-2 - Summary of triaxial shear results

Initial End of cons. At peak shear
™X# ¥ (' & .8  (MPa) B-value - (%) Si (MPa)

TX1470 18.0 0.498 39.23 0.54 14.47 3.60
TX1472 19.4  0.538 39.17 0.39 8.24 7.16
TX1476 19.2 0.532 39.57 0.54 -7.95 -6.90
TX1482 18.3 0.508 39.10 0.52 -10.58 -5.88
TX1493 18.8 0.520 76.72 - - -

TX1498 19.2 0.533 38.92 0.32 5.24 7.31

6.2 Consolidation Data

Figure 6-1 presents the compression data of some of the tests performed in this research.
Results are presented on a void ratio vs log vertical effective gligsgicludedwithin this

plotis the cosolidation data from some earlier tests undertaken in the research, TX1470 and
TX1472. TX1472 showssome unloading occurring during the consolidation process. This
appears to have been caused by the axial DC nmatbractuating at low voltage due to
commutator wear. As the specimen unloaded, the voliagey supplied tahe motor would

have gradually increased due to the increasing error, until eventually the axiabegdarto

turn again.TX1470 was consolidateat a rate of 8 %/hr for the entire duration of the test,
whereas the subsequent protocol becamreduce the rate of consolidation to 0.02 %/hr from
avertical effective stress of approximately 20 MPa. The reasoning behirth#imnigehas been
explaired in detailin section5.4.1 The impact of changinthe consolidatiorstrain ratefrom

0.08 %/hr to 0.02 %/hr can be seen more clearBignre6-2.

Measurements of lateral stress rati@ taken continuously during consolidati@mabling

trends in this value to be seen with stress levaleral stress ratio data from this work is
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presented ifrigure6-3 against the vertical effective streEsrly tests encountered issues with
volume control during testing due teaks within thetriaxial system. These leaked to
inaccurate values for the lateral stress ratio gathered during consolidaticas suclthese
datahavebeen excluded from theaph TX1482 and TX1498 were consolidated along drained
stress pathswith the control algorithm fixed to reach a lateral stress ratio of 0.9 at 40 MPa
vertical effective stress. TX187and TX1493were consolidated usingokontrol The data
from TX1493 apears very promising initiallywith a reduction in stress ratio from isotropic
conditions the stress state of the specimen is approximately isotropic prior to consolidating
inside the triaxial cell). The value of the stress ratio then begins to clihlinereasing stress
level, in line with findings fronCasey(2014) Unfortunately,at approximately 40 MPa, the
axial DC motor stopped turnind his led to relaxation within the specimen, uittibegan

actuating agaiat too high a rate. This effectively sheared the sample and led to an aborted test.

0.55

Consolidation rate too high

0.5 -

<

'S

o
T

Void Ratio, ¢

0.4 -

035 Legend
TX1470

TX1472 /

TX1482 Problem with axial motor
TX1498
GeoFluids Compression Model

: ; . . A S S | H . |
1 10 40
Vertical Effective Stress, n'\_‘ (MPa)

0.3

Figure6-17 Comparison of virgin compression curves from tests on R&bM
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Figure 6-3 - Lateral stress ratio vs vertical effective stressasured during consolidation within the high
pressure triaxial cell.

6.3 Undrained Shear

This sectionpresentghe undrained shear resul@hearing was undertaken until  p 1P

to ensure that critical state conditions had been reached within the sample.

Figure6-4 presentsa plot ofnormalised shear stress vs axial stfainfour tests.Two of the
tests, TX1482 and TX1498 were consolidated to a lateral stress ratio of 0.9, with TX1472 and
TX1476 being isotropically consolidate@he shear stress has been normalised aghiast

maximum vertical effective stress, which was approximately 40 MPa for all four of these tests.

In Figure6-5 a plot ofnormalised shear induced pore pressure i attaincan be seen for
the same four testi this figure, shear reversal, where the direction of undrained shearing was

reversed, can clearly be seen in TX1476, TX1482 and TX1498.
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Figure6-8 shows the effective stress pattishese tests in MIT-g spaceavith axes normalised

to the maximum consolidation stress
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Figure 6-4 - Normdised shear stress vs axial strain for four triaxial tests consolidated to 40 MPa with either
hydrostatic or drained stress path consolidation histories.
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Figure 6-8 - Undrained shear stress paths shown in noreealipq space for RGoMEl samples consolidated to
40 MPa. Two of the specimens were isotropically consolidated, with two consolidated to a lateral streds ratio
0.9.

6.4 Comparisons and Interpretations

6.4.1 Consolidation Behaviour

RGoM-EI, being a high plasticity soil, experiences a very high degree of compressibility as the
specimen consolidates. THighaviourcan be seen ifigure 3-4 which shows a plot of the

onedimensional consolidation behaviour for this material.

In Figure6-9 the variation o  with vertical effective stress is shown for three different
resedimented materials. It can be seen that for low liquid limit, silty materials such as RPC,
there is relative insensitivity to stress level. For materials such as FEgadth a much higher

liquid limit and smectite rich mineralogy, increases sharply with increasing stress level.

Thesedata, fromCasey et al2016) reflect consolidation data gathered in this research which
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shows+ initially reducing (due to initially hydrostatic conditionsthe triaxial cell before

increasing as the vertical effective stress is increased.
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Figure 6-9 - Graph showing variatiomn 0
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vsvertical effective stress for three resedimented clays. Power

trendlines have been fitted through the data points. Figure has been reproduced using d&adegret al.

(2016)

As discussed in the previous sent none of the tests in this program were successful at Ko
consolidation. Two tests were performed using a drained stress path to a prescribed K value of

0.9 at the target stress of 40 MRAe effectiveness of this assumption can be evaluated by

plotting axial strain vs volumetric strain during consolidatiorkdfconditions are observed,

axial strain should match the volumetric strain. Therefore, deviations from this represent a

departure from Kconditions and indicate that some lateral straining has occumr&gure

6-10the axial vs volumetric strain is plotted for the two tests consolidated along dstiessl

paths to a lateral stress ratio of 0.9. For both tdstsyolumetric strain is ~1% at the end of
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the consolidation vs ~1% axial strain. Thigells us thathe true k valueis either above or

below.

v

Volumetric Strain, € (%)

Legend 7
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TX1498
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Figure 6-10 - Variation ofvolumetricstrain with axial strain during consolidation for two tests consolidated
along drained stress paths to K = 0.9.

6.4.2 Stress Strain

For the two triaxial compression results, they can be seen to both fitular paths with a

similar magnitude in peak shear stress, before a strain localization forms in the sample and
shear stress reduces. In triaxial extension, the hydrostatically consolidated specimen sustains
16 % more shear stress than the sample that a@nsolidated along a drained stress path.
Additionally, a more ductile response can be seen in the material during extension, with peak
stress being reached after 10 % axial strain. This is in contrast with the compression data, which

both show peaks tr approximately 5 % strain.
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6.4.3 Undrained Shear

The pore pressure response during undrained shear is comprised of two components, a
component due to shear strass,and a component due to the octahedral stéess,Changes

in octahedral stress @nsaturated specimavith a B-value equal to 1 woultheoretically lead

to an equal change in pore pressitfé, and hence no change in effective stress. Therefore,
shear induced pore pressurestgpecally of most interest when analysing triaxial datable

6-2 shows that Bralues measured within this work weaeound 0.5, and so changes in
octahedral stress would letmla lower amount of pore pressure incre&ear induced pore

pressures can be calculated with the following equation:

7 o

Yo Yo Y, (6-1)

Shear failure occurs when the shear strenfithe material is less than the applied load.

At the end of consolidation, the mudrock is on the tip of the yield surface. Secondary
compression then acts to move the yield surface away from tkghgae stress state. This
effectively begins to overconkdate the material, but not through unloading of the 3diis

effect is expected to be small for RGa®M howeveras pore pressurgenerated at the end of

consolidatiorare unlikely to be dissipated.

A photo of the specimen from TX1470 can be sedfignre6-11. Here a cone of material has

sheared away from the main body of the specimen. This is due to the formdtionra 6 dead 2z ¢
in the specimen which can form due to the presence of radial restraint at the specimen ends
from the rough, porous stones; fiigure6-14an i deal i zati on of the a
zonesd6 can al so be seen. -udiformites te occur threaughtthe a i n t
soil specimen and complicates the stress state, as it then varies with distance from the ends.
The radial restrainhcreases the radial stress at the ends during compression, as the tendency

for the specimento expand lateralyu e t o t he Poi ssonbés effect i
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specimen, free to expand laterally, is largely unaffected from effects duetypehef restraint

applied at the ends of the specimen. This issue of specimenniformity has been studied
extensively(Sheahan 1993yith a range of solutions pposed that aim to reduce the friction
between the porous stone and the specimen. Other solutions also include end caps that deform
radially in response to increasing axial stress on the specimen. All of these solutions do

inevitably increase the complexity the testing equipment, however.

The TX1470specimen was also consolidated at a relatively high consolidation rate of 0.08
%/hr, which may have led to larger excess pore pressures at the centre of the specimen which
had not had sufficient time to disafe during consolidation. The impact of strain rate on the
generation of excess pore pressures can be dramatic for suclyeafirerl material as RGoM

El, something which is quantified in sectibrt.1

The bulging seen on the side Bigure 6-11 is characteristic of mudrocks consolidated to
stresses above 30 MP#&id worth noting however that diagenetic effects, such as cementation
and recrystallization would cause a more brittle in situ behaviour when compared to

resedimented laboratory specimé¢Nyggard et al. 2006)
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Figure 6-11 - Image showing specimen from triaxial test TX1470. The specimen has bulged significantly at the
centre and a cone of material hasahed away.

Figure 6-127 Two image showing specimen from triaxial test TX1476. The specimen was run first in triaxial
extension, and then in triaxial compression.
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Figure 6-13 - Figure taken from{Bigoni 2012)showing different general failure modes duragmpression.

From left to right these are Euler mode, bulging, barrelling, surface instability, asymmetric shear banding,
symmetric shear banding.

Figure 6-14 - Image showing location of conidead zoneshside a typical triaxial specimen. Image taken from
(Sheahan 1991)

6.4.4 Triaxial Compression

Triaxial compression ithe most commonof the two triaxial undrained sheastswithin the
geotechnical practicdn these tests, the major principal stress is the vertical effective stress.

This is increased at a constant rate whilst the minor principal stress remains constant.
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6.4.5 Triaxial Extension

Triaxial extension, where thateral horizontal effective stress is also the major principal stress,
occurs frequently in geotechnical settings. It is of interest to geomechanical engineers, who
study the effects of geologic phenomena on pore pressures developed inside mudrocks. In
accretionary prisms for example, material that was initially deposite@ ocoKditions can see

the horizontal effective stress become larger than the vertical effective stress.

(Abdulhadi 2009has siggested that even common research materials, such as Boston Blue
Clay, have a distinct lack of undrained extension test data. This gap in the availability of data
in this mode of shearing hampers the ability to fully understand and decipher trends in soil

behaviour.

The material is clearly able to withstand a lower shear stress in triaxial extension when
compared to triaxial compressi¢ffigure6-4). Mechanisms behind imay be due to the fact

the sample was uniaxially consolidated to 10 MPa, and this causes an orientation of the clay
particles which develops an inherent anisotropy within the fabric of the clay. The Hydrostatic
compression after this does not erase #mssotropy as it is only ~106 strain. Another
mechanism may be the role of the intermediate principal stress. In extension, the relative
intermediate principal stress changes from a value of Oftbelrelative intermediate principal

stresss defined ly the ratio

. (6-2)

The impact of b for different shearing devices can be seen beldvigure 6-15, wherel

represents the angle between the consolidation direction and the principal stress direction.
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Figure 6-15- Graph showing thafluenceof the intermediate principal stress in different shear devices (from
Germaine (1982)

6.4.6 Shear Reversal

Tests were conducted that saw one mode of shearing initially, before the major pringpal stre
direction was reversed and the opposite shearing mode ran. Plots of normalised shear induced
pore pressure generation vs axial strdiigire 6-5) show the shear inded pore pressure
generation that occurs during these different loading situations. It can be clearly seen that as
the loading direction is reversed, shear induced pore pressure continues to be generated. This
change from either compression to extensicextension to compression must also correspond

with movement inside the yield surface. As discussed in se2Zitpthe undrained stress path

of a normally consolidated specimen traces out the shape of the yield surface. Therefore by
switching sheari ng -mspdce wil tiaverse tre tyielcessiriace prrdailtith i n

again reaches a state of yielding. laditional elasteplastic constitutive models, movement
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within the yield surface would generate no excess pore pressure with all strains recoverable.
The results seen iRigure 6-5 show a significant deviation from this theory and suggest

significant plastic deformation occurs whilst inside the yield surface for REbM

When looking at the shear induced pore pressures, it is important to consider them in the
context of stresses applidéigure 6-6 showsthe stresstrain results of on&iaxial test that

was run initially in compression then subsequently extension. The point A represents the end
of triaxial compression and the beginning of extension in the sample. At point B there is zero
shear stress acting on the specimen and porspfesents the peak shear stress in extension.
These same three points can be foundFigire 6-7 which shows normalised shear induced

pore pressure vs axial strainofr this figure it is clearly shown that between A and B, virtually

no shear induced pore pressure is generated. This portion of the extension test therefore
represents an almost elastic unloading of the specimen. At point B there is a jump rotation in
themajorprincipal stress direction, which then acts laterally on the specimen. Between B and
C there is initially a steady increase in the amount of pore pressure generated before a jump in
the rate of generation shortly before peak shear stress is reAfteedC the shear stress on

the sample reduces but pore pressure continues to be generated as the failure envelope begins
to be traced. Eventually pore pressure generation levels off as critical state conditions are

reached within the specimen.

6.4.7 Strength Data

The strength of the material is assessed by calculating the undrained strength ratio and critical
state friction angle. The critical state frictiangle,l’j'C g Is the friction anglevhen the material

is straining without changes in pore pressure caussiiees$ something which can be typically

be interpretedfter- p TP is seen in undrained sh€®estana and Whittle 1999 Figure

6-17, the critical state friction angles for all the triaxial tests conducted in this study can be
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seen. Also shown aresults fromFahy(2014)who performed triaxial tests on RGel at
effective stresses ranging from 01120 MPa, with one test consolidated to 63 MPa. Results
from this work show critical state friction angles ckrsd between 1B 16 degrees when
consolidated to 40 MPa, with similar angles in both modes of undrained shear. These values
are slightly higher than would be implied from the results of previous tests on FEE@Evid
implies the critical state friction agle reduces slightly less rapidly in log space than was
previously suggested. This high plasticity material still shows a very large reduction in friction
angle, halving from ~28 to 14 degrees betweé&ndD MPa. This reduction is a result of the
materialyield surface evolving very rapidly with stress level, becoming increasingly elongated
about the effective stress ax{3asey 2014)-or stresses above 40 MPa, one would expect this
trend to continueLooking atFigure6-8, the yield surfacat above 40MPa would be expected

to be inside the 40 MPa yield surface on a normalised plot
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Figure6-161 Secant friction angles axial strain for four triaxial tests consolidated to 40 MPa with either
hydrostatic or drained stress path consolidation histories.
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Figure 6-17 - Comparison of critical state friction angles from thisdy with other test data on RGeR.

6.4.8 Yield Surfaces

As discussed in sectidh6, the effective stress patfor triaxial compression and extension
combinedwith the Mohr-Coulomb failure envelopeallows one to locate the yield surface of
as o i |-g dress spagdn Figure6-18 can be seea portion of the undrained stress path for
TX1472 which has been previously presentBoe early direction of the stress path, where
both the mean effective and shear stresses incrisaseexpectedehaviour for a normally
consolidated clay. The slopetbis line implies some of this behaviour is occurring elastically
and that the stress state of the material at the beginning of shear ididacofall on the yield
envelopelt appears that secondary compression that would have ocetiteethe spemen
had finished consolidating has caused the yield envelope to inGiegskcantly in size
Another possible explanation could dee to a slow rotation of the yield surfamecurring
after theresedimentation stage, when the specimen wa®#Ksolidaed to 10 MPa.
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Figure 6-18 - Portion of undrained stress path for TX1472 triaxial compression test.
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7 Constitutive Modelling

7.1 Introduction

Constitutivesoil modek are mathematical representatiarigeal soil behaviourThey can be
used for a variety of engineerirapplicationsand provide aresponse taspecific loading
conditiors. These models can then be incorporated into finite element prograemaieigg
extremdy complex situations to be modelleat where traditional testing methods are
impractical or too costlyThese models are able to have raafface applications for assessing

soil structure interactions as wellthe ability to modegieologic and drillingprocesses.

Soil, being ahreephasenonlinear material, presents enormous challenges for those wishing
to modeltheir behaviour Additionally, the vastrange in size of particles in s®ipresent
additional challenges in modelling, especially thosemppo capture behaviour of both clays
and sandsThe basis oft o d asgil &censtitutive models began withork in the field of
plasticity theory Tresca in 1864tudied the behaviour ofystalline metalseventually leading

to thedevelopment offiis eponynous yield criterionResearch continued in the field wittany
advancements imathematical formulationssed to describe yield criterions and plastic flow
rules. Work in the 1940sand 50ssaw the creation of classical plasticity theowyith the
introduction of the flow rule, consistency condition and hardenindIdill€l948; Prager 1949)

as wel as its application to soil mechani@rucker and Prager 1952)

Metals are much simpler to modbhn soilsas their yielding is purely a function of the shear
stresses imposed on thénthat is they are pressiindependent materialgielding in soils
howeverlis a function of bth the shear and mean effective streddashematical formulations

developed originally for metand alloys have therefore had to be adapted to actamihis.
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When modellingsandsit is widely accepted thdbrmulations for their yield surface must be
functions of their stress levahd densityf{Lade and Dunca(l975) Nishi and Esashi{Ll9793).
However for formulationsof yield surfacesn cohesive materials, such asMCC and MIT-

E3, yield surfacesre assumed to be unigaed are not functions of stress level or density.
This is the basis of normakdbehaviour in claysBoth MCC and MIFE3 are single yield
surface modeld-igure7-1 shows thee twoyield surface®n a single normadedplot in p&q
stress spaceMCC has an isotropic yield surfagath symmetry about the hydrostatic axis

whereashe yield surface for MIFE3 is able to rotatand align with the direction of loading

In addition to directly running constitutive soil models Instwork, they were also applied
within FEA simulationsof a standard laboratory triaxial specimen. This was done in order to
evaluate the impactd boundary conditions on the stress field and distribution of pore pressure

within a specimen. Results frotimese simulations can be seen in sectién

For furtherbackground on the modelling used within this thesis, please refgpendix B
for a detailed descriptioaof how loads and boundary conditions on a triaxial specimen were

simulated along with a description of how the models were validated

110



T T
04 - Legend 1
MCC Yield Surface
MIT-E3 Yield Surface
0.3 - .
0.2 - -
-
Y
=
2 0.1 F -
=
7]
§
%] L i St e i St et ey
B
.4
=
S 0.1 -
z
-0.2
0.3 o
I I I I I I | 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Normalised Average Effective Stress, plo, ..

Figure 7-1 - Comparison of MCC and MVE3 yield surfaces in normakdp-q space. Figure is adapted from
(Pestana and Whittle 1999)

7.2 Modified Cam-Clay (MCC)

MCC is an elastoplasticritical state soil model that was developed(Bpscoe and Burland
1968) It provided the foundation for later more advanced soil model formulaiespite
being formulated over half@ntury ago, it is still an extremely poputamstitutive model for
describing the behaviowlays and poorly lithified mudrocks due its relatively few input

parameterand acceptable representation of the essential mechanical characigtistiesi

et al. 2020)

One importantimitation of MCC is thait has an isotropic yield surfacéhis means thaor
consolidation histories that are tnisotropic, the model cannot captuvarious forms of
anisotropy that may then be present in the matdinaé. means it is unable to predict different

critical stategor triaxial compression vs triaxial extension.
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Values forthe MCC model were taken fro(rleidari et al. 202Q)whase models were based
on test datafrom the same RGoOMNEI material. One oedometer test and one normally

consolidated undrained triaxial test is sufficienbbtain all the input parameters for the model.
The yield surface for MCC is representsdthe following equation:

n .. (7-1)
£ o— AR N m

Heren andr are the mean and shesiressesiespectively Parameter) sets the size of the
yield surface and ithe preconsolidation mean stresstepresents the slope of the critical state
line orcan be seen as the slope of the fioen the origin to the crest of the yield surfacein q
p spaceThis strength parameter is related to the internal friction arigheeasoil through the
following equation:

O Bke (7-2)

V' 5T OB

Table7-1 - MCC input parameters for RGoHI.

MCC Input Parameters

Parameter description Value

Secant slope of failure envelop€ X 0.772

Poi ssonl)s Ratio ( 0.25

Intercept of isotropic normal compressi 0.9

line ¢

Slope of isotropic normal compression li 0.161

()

Slope of recompression ling)( 0.054
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7.3 MIT -E3 Constitutive Model

MIT-E3 is a soil constitutive modéhat was developed at MIT in the 1980sptedict the
behaviour ofriction piles insoft claysunder cyclic loadingWhittle 1987) The modeassumes
normalsedsoil properties, a concept that was originally propateddecade prioand is
encapsulated in the SHANSEP design procedlueidd and Foott 1974Yhe MIT-E3 model
builds on workdeveloping the MCC modaind adds complexity so that it ceapture a much
richer amount of soil behaviouklIT-E3 containsl5 input parameters compared to juto
define MCC MIT -E3 contains aon-associated flow rulesomething which has been shown
to be necessary in obtaining IKonditions within the modeglKavvadas 1982)This is in
contrastto the assaated flow rule for MCC, wheréhe direction of plastic strain increments
arenormal to the yield surfacé&n associated flow rule also implies that the yield surface has

the same mathematical representation as the plastic potential.

It is alsoworth noting that the MITE3 modelyield surfacecan be reduced back toatiof the
MCC model by setting second order tensor describing the orientation of the yield surface

equal to zero

In this research MIFE3 has beensed to make comparisons witkal triakial data and assess
its performance at high stress lev@&velopment of more advanced constitutive soil models
has continued since the development of NHJ, withmodels suclas MIT-S1 thatare capable

of describing the behaviour of sands as well agaovesolidated clays and silts within one

unified frameworkPestana and Whittle 1999)

Work from Casey(2014)has suggested that assuming normalised behaviour of clay is only
true over a limited stress range and that real data shows significant stress dependence of clays

over lage stress ranges.
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6 of the 15 input parameters to the MEB soil model can be obtained from standard laboratory
tests with the other parameters estimated from parametric stuidiggs mannerthe MIT-E3
model can be adjusted to mimic a broad rangealf clay behaviour. Some tife important

input parameters for modelling undrained shear behaviour are described in the following

sections.
Table7-2 - MIT-E3 input parameters for RGo'l.
Symbol Parameter Description Value
- Void Ratio at reference stress 1.492
)4 Compressibility of virgin normally consolidate 0.282
clay
F Nortlinear volumetric swelling behaviour 6.25
. Nontlinearvolumetric swelling behaviour 1.53
i Irrecoverable plastic strain 0.3
L, - Kofor virgin normally consolidated clay 09
T‘ﬂ Ratio of elastic shear to bulk modulus 0.923
T Critical state friction angle compression 25.6°
T Critical state friction angle extension 27.8°
2 Undrained shear strength 0.73
\/ Amount of post peak strain softening in undrair 1.0

triaxial compression
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© Nortlinearity at small strain in undrained shear 0.39

) Shear induced pogressure for OC clay 0.5
a Small strain compressibility at load reversal 0.0065
F Rate of evolution of anisotropy (rotation 100

bounding surface)

7.3.1 Model parameter Konc

The coefficient of lateral earth pressure at rest for normally consolidatedatagble to be
obtainedrom Ko triaxial testsA value of 0.9 for material consolidated4® MPa was selected

after assessingrevious data on RGoMlI.

7.3.2 Modelpar ameder o

The compressibility of RGoMEI is captured in the MFE3 model through two parameters,
_hQ which define the virgin consolidation line (VCLJhe results of two oedometer tests on
RGoM-El undertaken byyeturk(2021)are shown below ifigure7-2. From this a value for

‘Q of 1.45 and_of 0.174. The slope of the VCL is given liye following equation

| Yo (7-3)
Yi 1 e

Since the slope of the VCL for this material is not linearar ratio vs log stress space, the

slope of the VCL was biased towards the readahgser to 40 MPa consolidation stress.
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Figure 7-2 - RGoMEI compression data. Results of two oedometer tests are shown along with an interpreted
VCL.

7.3.3 Model parameter S

The parameter:$ the MIT-E3 formulation is derived from the undrained shear behaviour of
Ko normally consolidated clay. Varying this parameter influences the strain softening of the
clay, whilst largely unaffecting the undrained strength of the ma(®¥hittle and Kavvadas

1994) For this work, a value of 2.5 was selected.

7.3.4 Parameter c

Parametr c is usedfor controlling the shear strength both in triaxial compression and triaxial
extension. Increasing c leads to an increase in compressional strength, and an even greater
increase in extensional undrained strength. This parameter can be insedANitE3 to better

match the experimental data
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7.3.5 Parameter-

The amount of sheanduced pore pressure in overconsolidated clays is controlleaviikiin

the formulation.

7.3.6 Ratio of Elastic Shear to Bulk Modulus

Another input into the MITE3 model is theatio of the shear to bulk modulus of the material.

This can be estimated from the (Wahil9884)onds r at

Here’ represents the elastic Poissonds ratio

Poissonbs ratio of 0.3 was used | eading to a

7.3.7 Friction angles

The friction angles set the bounds of fagure surface in the MITE3 model at criticastate
conditions.. f2 sets a limiting condition for triaxial compression whils€ sets a limit for
triaxial extensionThe introductionof these parameters is a departure from MCC, wthere

failure surface is isotropic.

Both parameters are found bgdrained shearing specimens-to p 7P in their respective

mode.

7.3.8 Rate of change of anisotropy

The rate of change of anisotropy is controlled by the parametarnthin the model. Larger
values of this parameter means that the yield surface in the nodaliels more quickly for a

given imposed strain.

Figure7-3 showsthe effects of altering the parameter within the NB3 model. It can be seen

that for values of between 75 200 the effects of anisotropy appéa erode after the stress
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level has increased by around 3 times. Parametric studies have shown that this parameter has
little influence on model predictions, and so a recommended default value of 100 was used

within the mode(Whittle and Sutabutr 2005)
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Figure 7-3 - Effect of parameter as model initially K consolidates and then hydrostatically consolidates.

7.4 MIT -E3 Simulation Results

Presented below are some results from simulations using th&BlEbnstitutive soil model.
In Figure7-4 can be seea comparison othe effective stress patifer RGav-El against an
MIT -E3 simulationIn Figure7-5 The simulation cate seen to replicate the behaviour well
initially, thoughstruggles to capture the straoftening behaviour fully, especially in triaxial

extension.

Figure7-6 shows the effective stress path for the simulation of shear revEngainodel is run
initially in extension forl5 % axial strain, before being run in compression fo@@xial
strain. Again, the model is able to be tuned to capture the real behaviour, siisvin the

figure, to a reasonably good accuracy. The model also captures the insti@l leddnaviouat
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shear reversal, where the stress path travels along a 3 in 1 slope, before developing excess pore

pressures and deviating to the left.
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Figure 7-4 - Comparison of the undrained shear effeetstress paths in extension and compression for RGoM
El with the MIFE3 model, § T 10 0 ¢K=0.9)
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Figure 7-6 - Simulation of shear reversal using ME3 simulation.

7.5 MCC Simulation Results

For an MCC soil model running in triaxial conggsionmeasured excess pore pressurése
sample varied from approximately 20 M&&the centréo 8 MPaat the topThis distribution
of excess pore pressure can be seeRigure 7-7. The impact of a zero lateral restraint

boundary can be seen clearly in the FEA reswith an increase to 50 MPa locally in the

element to the top right of the figure.

Interestingly,Figure 7-8 shows an unexpected distribution of pore pressure within a standard
triaxial specimen during undrained shearing in exteng®ness pore pressucan be seen to

vary fromnegative values at the specimen centre, to positive values and then back t@negativ
towards the top of the sampl€his appears to be related to the short duration for shearing

coupled with the very low permeability applied within the motledeed,by increasing the
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permeabilityof the model by three orders of magnitude, pore presswaele toredistribute,

and this effect is not seen.
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Figure 7-7 - Distribution of excess pore pressure in TX compression with an MCC soil.riidis| are in
MPa.
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Figure 7-8 - Distribution of excess pore pressure in TX extension with an MCC soil model. Note the legend has
a different scaling té-igure 7-7. Units are inMPa.
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8 Conclusions and Reenmendations

8.1 Introduction

Results fronreversing the direction of sheaausing the stress path to move across the yield
surface of the material, show significant shear induced pore pressure gersdtaticeversal

This prowes thathe material does not behave close to elastically inside its yield surface.

Stress strain data shows tlatan extensional mode of shear, the material reaches a similar
peak shear stressutafter a greater amount of axial strain. Téigygests the response of the

material in triaxial extension is more ductile than in compression.

Comparisons of friction angle with the existing database for RG&bMdicatesslightly higher
critical state friction anglest higher stresses than have poasly been estimated by
extrapolating from low stress dafResults do however suppgntevious studies which show

friction anglereducing withincreasingstress level.

Issues pertainintp volume control led to a low degree of confidencKdmeasurements that
were made continuously during consolidati®ata did show howevethe sensitivity of
RGoM-EI to consolidation strairate anchighlighted the importance ehoosing suitably low
strain ratedor low permeability materials at higtonsoldation stress.Comparisons of the
yield surface between K = 0.9 and Kalso showshe yield surface has rotated in the direction

of consolidation in g space

Results of simulationsf a triaxial specimen using an MCC constitutive model sughest
triaxial extension appears to show a more complex distribution of pore pressure than in triaxial

compression.
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8.2 Recommendations

8.2.1 Drainage Height

Due to various equipment failures and time constramdsyiaxial testing was conducted at
stress > 40 MPa. The Inigressure triaxial systenowevers capable of consolidation stresses
of up to 100 MPaThere would be significant value in testing at even higher consolidation
stresses anedvaluating the mechanical results against the current database for-RIGAKI
discussed inchapter5, Wi s sao6s | i npesdiat very dprg@ e€xcessnpsre pressure
generation at the centre of the RG&Wsoil specimens when consolidataoove 20 MPa if
strain rates are too larg€onsolidéing to stresses approaching 100 MPa necessitates
consolidation strain rates that are092 %/hr, something which makes testing extremely
challengingas equipment is occupied for ever increasing time periagher work could
reduce the aspect ratio tfe specimen closer to a value of dn@m the aspect ratio of
approximately 2.3 used in this researdmother approach could be to increase the
consolidation stress applied the specimen during consolidation, thus reducing the éime

specimerspendsnside the triaxial cell.

8.2.2 Intermediate Principal Stress

Triaxial testing is the most common form t&fsting procedure employed Ilggotechnical
researchex where sd specimens, cylindrical in shape, aleaded under axisymmetric
conditions. This does not negsent true loading conditions experiendedreal world
geotechnical settings howeyewith most situations better represented by plane strain
conditions.Indeed work bynumerous researchers has shown that some soils possess higher
strengthin plane strain conditions than the axisymmetriccase(Henkel and Wade 1966)
Failure modeseen in triaxial compression often develop more complex deformation patterns

than in plain strain testing his would influence theundrained stress path and therefore the
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interpreted yield surface locatiobindrained testing using @anestrain apparatusould be
used to determine how great ampact there is from the intermediate principal stress and
whethe it is consistent with varying stress lev&laining data from plane strain tests would
also provideadditionaldata pointson the yield surface, allowing it to be defined in three
dimensional stress spackhis would clearly be beneficidbr those wishig to model the

material.

8.2.3 Cementation Issues

As vertical effective stresses reach closer to 100 MPa inside the triaxiac@editions
replicate the stresses sesmnseverakilometresdepth in the Gulf of Mexico. These stresses
would have evolved over significant geologic time, something that cannot be replicated in the
laboratory. Processasich as recrystallizatiasr cementatiomay occur over this timeading

to lithification of the sediment Samples produceid the laboratory are uncementeatith no
recrystallization and therefore would see a less brittle response dhhthified material.
FurthermoreRGoM-EI maybe predisposé to these diagenetic processes duenitseralogy.
lllite-smectite interstratified clay mineralsiominant in RGolMEIl, have been linked to
processes such agck cementatior{Stixrude and Peacor 2002)his would exacerbatie

problems associated with not being able to simulate geologic time in the laboratory.

Additiondly, in situ temperatureat depths wher¢ghe GoMEI material was extractedre
higher than the 20Celsius selecteds the temperature for experimentss well understood

that increasing temperature danrease the rate of processes that effeciriceofabric of the

clayi such aghrough smectite diagenesis.
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Appendix A MembraneCorrections

A.1 Introduction

Ensuring a seal that holds throughout dueation of atest is one of the primary challenges
faced when performing triaxiakperments The membrane seals the specimen from the silicon
oil within the triaxial chambeirom the pore fluid within the speciméiithout a seal, results
areuninterpretablend meaningful insights into soil behaviour cannot be drae presence

of a memibanedoes however cause an error in degiator stress measutes with increasing
membrane stiffness, increasing amounts of load are transmitted through it instead of the
sample In order to quantify the impact of the membranetba triaxial data, the elastic
properties of the membrane had to be estimttsmligh material testingA segment of the
membrane was cimto adog bone shapand placed into amstror® 8501 servo hydralic
testing machine. Iifrigure9-1theY o u n g 6 s wWidoeastinhteddo besF MPafrom the
stress strain dataAn extensometer was placed on the membrahiést axid tension was
appliedin orderto measure the lateral straifheP o i s s 0 n 6 subsegaéntijoundwode

0.36, typical for Polyvinylchloride.

The membrane corrections are performed assuming the membrane is an isotropic elastic
material. Further assuptions are that the membrane acts as awilted cylinder and that the

strains are small.
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Figure 9-1 - Figure showing calculation of PVC membrane elastic modulus from raw testing data
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