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Abstract

Abstract

Vibro-replacement stone columiare widely used in geotechnical practice itoprove the
bearing capacity and settlement characteristicsvedik natural soils and manade fills
accelerateconsolidation in fine soils and reduce soil liquefaction poteniitle vibre
replacement technique is becoming increasingly popular for the treatment cblsefive
(and often organic) soil deposita which creep settlementsan make up a significant
proportion of the total settlement. The majorivy field trials, numerical studigsand
laboratory testgarried outto date have focused on estimating imgrovement to bearing
capacity or the reduction isettlement(almost exclusively primary settlemgnwith very
little consideration given tahe potential of stone column® arrest longerm creep
settlements. This research addesdhis gap inknowledgeby using twedimensionalfinite
elementanalysis techniques tassess the effectiveness of uswifro-replacement stone

columns to treat cregprone soils.

The majority of the numerical modelling work described in this thésidbased on
axisymmetric unit cell modelsmplemented usingLAXIS 2D, usingthe Soft Soil Creep
(SSC) model to representhe host soil. ThesSC model is a threedimensional isotropic
elastoviscoplastic model suitable for normally consolidated and lgbtterconsolidated
clays, siltsand peat. The granular column material has been modelled using theptdatto
Hardening Soil (HS)nodel. The soil profileadoptedis that of the Bothkennar geotechnical
test bed in Scotland, consisting of an overconsolidated crust overlying two layers of soft
lightly overconsolidated Carse cla§implified singlelayer profiles bas# onthe Bothkennar
parametersvere used for preliminary numerical modelling purpgskesfore the full profile

was considered.

An examination of thevolutionof settlement improvement factor (defined as the ratio of the
settlement of untreated to treatgobund)with time, using PLAXIS 2D,indicates that the
inclusion of creepleads to a lowebt ot al 6 inp®iemdntefan®rntihan would be
obtained for primary consolidation settlement aloRarametric studies have indicatex
expectedthat this &ect is more pronounced in situations where creeflements account

for a greater proportion of the total settlement.




Abstract

The numericabutput has also been used to derigepsar at e O6pri maryd and
improvement factorsT h e 6 p settlenent impdovement factors, which were found to be

in relatively good agreement with a selection of-@xesting analyticaformulations (which

pertain toprimary settlement only), tentb be much larger thathe 6 cr eep 6 set t | «
improvement factorsNevertheless, the ti@r factorsare greater thannity, suggesting that

columns help reduceeep settlements

Consideratiorof thevariations of radial, verticahnd hoop stresses and strains wiitle and
depthpredicted by PLAXIS 2Chas highlighted ow creep influences the behaviour of the
composite system, in particular the stress transfer process from soil to célartive soll
creeps,vertical stress is transferreffom soil to column; theamount of stress transferred
increases with depth. lis demonstratedin the thesisthatt he |totadbersed t | e men
improvement factorgowingto the presence of creepccur because the columneghich have

already yielded, are forced to carry additiovertical stress, inducing additional shedane
formation.In addition, both the radial and hoop stresses in the soil are lower in treated ground

than in untreated ground; these radial and hoop stresses are lower in a soil that creeps. The
radial stress reduction means that the lateral support impartedhe column by the soil is

lower; this will also contribute to lowe¥ t o gseldmént improvement factors but is not as
influential as the additional yielding caused by the vertical stress trgsiEss The hoop
stress reducteep8 tasetheedwatibedrby the add
do not contribute to the lowért o getdeimént improvement factorBhe impact otcreep on

the stress transfer process for floating columns is similar to that fdvesarthg columns; the

sdl is unloaded and the magnitude of this stress transfer (unloading) increases with depth.

Given that this geotechnical problem is being investigated numerically for the first time, it is
appropriate that the emphasis of the work is on obtaining praestahates of the likely

behaviour of stone columns in crepmwne soils rather than on the subtleties of complex
higherorder models. Neverthelesslectedanalysesrepeated using thadvanced Creep
SCLAY1Smodel (which incorporates anisotropy, bondjraand destructuration and is not yet
commercially availablevith PLAXIS), haveyielded very similar findings to those obtained
usingthe SSCmodel Ho we v er , settl ement i mprovement f a
lower when destructuration is considered because column presence triggers bond

degradation.
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The majority ofexisting analytical settlement design methods pertain to primary settlement
only, and in the absence of further guidance, designers will tend to apply the same
improvement factor to creep settlements as they have estimated for primary settlements. To
overcome this, aimplified empirical design procedure that accounts for the infageof

creep has been developeaksed on a parametric study carriedwging the SSC modelith a

view to identifying appropriate variables which influence the aforementioned improvement
factors The parameters have been altered in a specific range sheiate representative of
thosetypically encountered for soft (creggone) clays in practicdt is suggested that the
method is used in conjunction with an existing primary settlement design method that
captures all key features of primary settlentstiaviour.

Finally, a novel procedure which usef€ylindrical Cavity Expansion GCE) theory in
conjunction with the conventional ‘wisha@tplace' installation technique to account for
column installation haalsobeen used for a selection of analys&dwo-step process was
implemented (i) CCE theory has been used to work out fostallation lateral earth
pressure coefficients caused by the lateral expamgitre vibrating pokewhen columns are
installed in soft clayand(ii) the newearth pressureoefficientshave been incorporated in a
standard axisymmetric unit cell model to establish their influence on settlement improvement
factors for an infinite column gridlhis two-stepapproach can be used asiamprovement

upont he <conventin-polnaacle 66 wcioslhuemdn i nst al l ation tec
improvement factors predicted when installation (increasadh pressure coefficientss

taken into account-or stage (i), a comparison of the SSC model outptit and without
creephas beerused to give an indication of the possible effect of column construction on
lateral earth pressure coefficients surrounding columns in gneeg@ soils. The stage (i)
output has indicated that the conclusions heretofore are unaffected if installairois isot

considered; incorporating creep leads to lower settlement improvement factors.
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Introduction

1. Introduction

1.1Background

The vibrareplacement stone column technique is widely used in geotechnical practice to
treat weak natural soils and marade fillsin order to form stable ground conditions for
residential and light commercial and industrial structuees. highway embankmenteads,

gas plants, wastewater treatment plaf®ndermann & Wehr2004, 2012 Vibro-
replacement stone colum(vertical inclusions of compact stone) ayenerallystronger and
stiffer than the soil in which they are constructed treateforeincreasebearng capacityand
reduce settlemerdf the composite ground’he columns derive their loachrrying capacity

from thelateral supportimpartedonto themby the surrounding soiAdditional benefits of
vibro-replacement includthe acceleration afonsolidaton in fine soilsandthe reduction of

soil liqguefaction potential, both of which arise due to the stone column drainage effect
(Sondermann & Wehr, 2012).

The majority of research to date has focussed on estimating settlement reduction, almost
exclusivelyto primary settlement, ith very little consideration given to how stone columns
arrest creep settlements (McCadieal. 2009, Mitchell & Kelly 2013). Since stone columns

are now being used extensively in soft cohegjaed often organic)eposits, careful
consideration needs to be given to creep settlemAntdytical settlementlesign methods
usually involve the diregbredictionof a settlement improvement factor= Uintreated tdated

(where Uyntreatea@nd Ureateq @re the settlemestof the untreated grour{de. no columnsand

the ground treated with stone columns respectively) before using this factor to predict
settlements of treated ground accordingitéued = UuntreatedN. The analytical formulations
typically estimate the alue of Uynrreated (fOr @ scenario in which the loading extends over a
wide areaJusingEq. 1.1, wherep, is the applied loadH is the thickness of the treated soil
layer, andE,eqis the oedometric soil modulushe Priebe (1995) method of estimatmépr
primary settlement is the most popular in European geotechnical practice, although other
more rigorousnethods have emergedthe last few years

_ pH
%ntreated -
Eoed

(1.2)
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Given the increasingpplication ofvibro-replacemento soft cohesive soils, McCala al.

(2009) compiled a database ofvalues derived from measurements for both vadea
loading (e.g. embankments) and sraaka loading (e.g. tanks, footings) on these soils. The
database confirmed thatvalues tend to vary with the proportion of ground replaced with
granular materialim s i mi | ar f ashi on t 0999 basicimppvemehi ct e d
factor (Eq. 2.8). However, he measurea values reportedn the database compiled by
McCabeet al. ( 200 9) tend to be 61 ump ebetieenwibal ue s,
compressiorfwhich admittedly, tends to teesmall proportion of the total settlemeimt soft

soils) primary consolidatiorand creep settlement$he monitoring duration required to
capture creep settlements reliably in the field serves as the main impedimenaitethease.

This is unfortunate asreep settlemerg can be significant, if not dominant in normally
consolidated cohesive and especially organic ,smilsome cases contributing to in excess of
50% of the total settlemerfe.g. Simons& Som 1970, Simas 1974).Additionally, stone
columns (and vertical drains) accelerate consolidation so that creegontibuteto a

significant proportion of the posbnstruction settlement.

While considerable laboratogcale testing has also been carried out to investigate stone
column behaviour (e.g. Muir Woaet al. 2000, McKelveyet al. 2004, Blacket al. 2011), it

tends to be limited by scale effects and a difficulty in replicating stealiboundary
conditions.There are also difficulties associated with extrapolating-teng performance

the field from shortterm laboratory tests (Mitchell & Kelly, 2013Furthermore, the creep

potential of reconstituted soil tends to be signifibatgss than that of an undisturbed soil
sampleinthefieldtt shoul d be noted that the terms 6
sometimes used interchangeably in the |l iter:
used to denote any compressn under constant effective str
settlementd is preferred for those O6creepd
has ceased, e.g. e¢al.(2011).

1.2Aims

Other than an analytical formulation by Madhetval. (2009 2010, the development of

suitable settlement improvements factors for creep settlemestsohdeen onsidered in

previous researchgnd in the absence of further guidance, designers sometimes apply the

2
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samen value to creep settlements as thayd estimated for primary settlemenfie aim of
this research is to carry out a comprehensive interrogation, using finite element (FE) analysis
with appropriate constitutive models, of settlement improvement factors appropriate to stone

columns in creeyrone claysThefollowing specificobjectives have been identified:

(i) Confirm that'primary settlemenimprovementfactors predicted by FE analyses are in
keeping with predictions from the more advanced analytical design apprd@ches
primary settlement

(i) Cal cul ate separate Oprimaryd agmthepiccaseep b s
establishing how creep may orrtdtdl setlement t he
improvement factor.

(i) Identify the influence of appropriate soil and column varmble the aforementioned
settlementmprovement factors.

(iv) Examine the behaviour of the composite ®ollumn system to determine how creep
affectsthe distributioms of radial, verticaland hoop stress and straith depth.

(v) Assess the impact of soil modebmplexity on both the aforementioned settlement
improvement factors and the distributsoof stress and strain

(vi) Develop a simplified design procedure that can be applied in conjunction with existing
approaches to account for the influence of creep olesetht improvement factors.

1.3 Methodology

In this researcha total of 682 distinctwo-dimensional axisymmetric analysbave been
carried out using the PLAXIS 2D (Brinkgrewat al, 2011) FE program as the basis for
establishing the influence of creeon settlement performance. The PLAXIS program is
specific to geotechnical engineering and is capable of modelling a wide range of problems,
e.g. groundwater flow analysis, tunnel construgtanmd groundexcavation The soil profile
considered for thd-E model is that of the Bothkennar geotechnical test bed in Scotland,
consisting of an overconsolidated crust overlying two layers of soft lightly overconsolidated
Carse clay. Simplified singlayer profiles based on Bothkennar parameters (with the stiff
crust omitted in the interests of clarity) are used for preliminary numerical modelling

purposes. The multayer profile has then been analysed to produce a more realistic model.
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This multi-layer profile been used to examine the distributions of stresstaih withtime

anddepth.

Heretofore, numerical studies with the primary goal of understanding stone column behaviour
have tended to use either the Mohr Coulomb (MCHardening Soil (HS)models (e.qg.
Ellouze & Bouassida 200%illeen & McCabe2010, neither of which account for creein.

this thesis,the Soft Soil Creep (S90model (as commercially available with PLAXIS
software) is used for the majority of the analygesen that this geotechnical problem is
being investigated numeally for the frst time, it isappropriate that the emphasis of the
work is on obtaining practical estimates of the likely behaviour of stone columns in creep
prone soils rather than on the subtleties of complex higitar models. Nevertheless,
selected analyses havedn repeated using tixeepSCLAY1S modelSivasithamparanet

al., 2014), which incorporates anisotropfSection 3.4.2, bonding (Section 3.43), and

destructuratiorfSection3.4.3); this modeis notyet commercially available

1.4Thesis Outline

The literature review has been split into two chapler€hapter 2, thedifferent methods of
stone column construction and associated vibratory equiparentescribed and thstone
column installation process explained. Relevant field measurementsnarical studies and
laboratory data pertaining to the behaviour of stone columns in soft soils are reviewed.
selection of popular analytical settlement design metloelthen presentedmost of which

are based on the unit cell concephhese provide &rame of reference for theE modelling

later in the thesis.

In Chapter 3, different approaches that can be used to modetdiependent behavioare
discussedThis chapterlsoincludes a description of a selection of thdé@ensional elast
viscoplasic soil models, focusing on tracing how modelling the tohe@pendent behaviour of
soft clays has evolved from the development of the isoti®BIC modelip to theadvanced
CreepSCLAY1S model

A detailed description of thBLAXIS 2D material modelshat are used in the following

chaptersof the thesis is given i€hapter 4. The mesh sensitivity studiesd other additional

4
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checkscarried outto ensure accurate and reliable FE resaits alsosummarised in this
chapter Some recognisedripciplesadoptedvhenmodelling stone column behaviour using
the finite element method (FEMhave also beenntroduced (e.g. interface elements,
installation effects)as have thadditional considerations associatedhwitodelling soft soll
behaviour (e.g. drained/undrash behaviour)These checks and mesh sensitivity studies are
described in detail iAppendixA.

The development of the Bothkennar Ritodel is described i€hapter 5. The profile was
devel oped based on Kil l eenl@BSmode’dl pbrafije. TReL AX 1 S
adopted soil profile has been comprehensively valida&epdby using the PLAXIS 'Soil Test'

facility to calibrate the adopted soil parameters against the high quality test data reported in
ICE (1992) and by verifying that the model pdicts the long-term measuredsettlement
performanceof a pad footing at the Bothkennar sieported by Jardinet al. (1995)
Equivalence of PLAXIS 2D and 3D Foundat output was also confirmedhe properties

derived for the granular column materi@hodelled using the HS modehave also been
describedn this chapteras has the development of simplified siAligiger profiles (no crust)

used for preliminary numerical modelling purposes.

The preliminary numerical modelling work based on the simplified silagier profiles is
described inChapter 6. As the researchprogressed, differenapproachesvere used to
establish the influence areep on the settlement behaviour of vibrproved groundThese
different approachesind their technical hierarctare discussedrhe results section of this
chapter concentrates on establishing how creep influences the conventibnalmpre d 6

0 t odetdeimént improvement factor by examining hemttlement improvement factorary

with time for models that do and dmt account for creep. Attempts have also been made to
establ i sh separ at settlampnt impravemedt factansd and iantuleee p 6
influence of modular ratio on each has been investigated. Further simulations have been
carried out to establish how the proportion of primary to creep settlement influences

predictedn values.

In Chapter 7, the multilayer Bothkennar profile hasebn analysedsing theSSC modeto
investigate if the findinggrom Chapter6 for the singlelayer profiles alsdold forthe multk
layer profile This chapter also concentrates on examining st&asm behaviour, in

5
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particular the variatiosiof radial, verticaland hoopstressandstrainwith time anddepth and
how they are influenced by creepdditional analyses have also been carrimat to

investigate if floating columns exhibit fundamentally different behaviour.

In Chapter 8, selectedanalyseson the multilayer Bothkennar profile have been repeated
using the CreefSCLAY1S (a description of the theoretical backgrountheamodel has also
been included). The resulitainedusing this modehave been compared to t86&C model

output.

Attempts have been madie Chapter 9 to identify the parameters that have the largest
influence on ‘primary’, 'total’, and ‘'creep' settlement improvement factors and the
corresponding stress transfer process from soil to column due to Toedp soa parametric

study has been carried out by altering the soil parameters in a specificepregentative of

other soft clayse.g. Swedish clayswhich tend to be softer and more crggpne than
Bothkennar clayfinnish clays which tend to be firmegndNorwegian clays which tendto

be comparable with Bothkennarhe majority of theserofiles incorporatea crust. Rather

thani ndi vi dually analyse each clay type, a o6c
investigation purposes (consisting of a ¢rast overlying 9m of soft clayl’he FE output in

this chapter has been used to develop an approach which incorporates creep into the design of
granular columnsEmphasisvas placed on developing an easyuse formulation that could

be used by the prasing engineer. Thapproachcan be used in conjunction with any
existing primary settlement design method that captures all key features of primary settlement
behaviour; the reliability of different primary settlement design methods has been appraised
in Sextonet al. (2013).

In Chapter 10, anovel procedure that has been used to model the stone column installation
processis describedCylindrical Cavity Expansion (CCE) theory has been ueedork out
postinstallation lateral earth pressure coefficgefftising the SS@odelwith and without
creep caused by théteral expansiowf the vibrating poker when columns are installed in
soft clay. The newK values have been incorporated standard axisymmetric unit cell
modek to establish their influence on settlement improvement factors for an infinite column

grid.




Introduction

The conclusionand recommendatiortd the thesisire presented i@hapter 11.

Appendix A describes aumber of preliminary checks have been carried out to gtesedhe
accuracy of the results obtained using the FBWIditional results pertaining to the single
layer profiles are presented Appendix B. Design equationgertaining tothe Madhawet al.
(2009, 2010) analytical formulation are presentedppendix C.

1.5 Publications

The following papers havalreadybeen published in parallel with the development of this

thesis:

1. Sexton, B. G. and McCabe, B. A. 2013. Numerical modelling of the improvements to
primary and creep settlements offered by granular coluAuta. Geotechnicag, 4, 447
464.
This paper is based on the material present&kation6.4. It involvesa comparson of
the commercially available HS, SS, and S8@lels with a view to establishing separate
6pr i mar y 6 nvalued Théegotugorgb nbwith time (and how its impacted upon
by creep) was also examined therein

2. Sexton, B. G., McCabe, B. A. and Castro, J. 2013. Appraising vibro settlement prediction
methods using the finite element methadtaGeotechnical0.1007/s114401302605.
This study was carried out to estabhghich of the analytical design meth(syl based on
a comparison witmumerical output, captured the fact@ecting stone columa and
their ability to arrest primary settlements most appropriaféhys serves the purpose of
establishing which method(s) may be suitable to extend with a viewctoporating
creep in the design proceduriéhis paperdoes not appean the body of the thesisut is
referred to in places

3. Sexton, B. G. and McCabe, B. A. 2012. gkeliminary numerical study of the
improvement tcsecondarysettlement offered byranularcolumns. Proceedings of the
International Conference on Ground Improvement and Ground Control (ICGI 2012)
Wollongong, 685690.
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This preliminary numerical modellingwhich wasused to give a firsestimation of
separate ‘primary' and 'creep/alues was published in ICGI 2012. The approach used in
this paper is explained in Secti6r8.

4. Sexton, B. G., Killeen, M. M. and McCabe, B. A. 2012. Appraisatusfent settlement
prediction methods applicable to vibro replacementdesign. Bridge and Concrete
Research in Ireland (BCRI 201)ublin, 141146.

This work, published in BCRI 201%vas carried out as a precursor to the paper submitted
to Acta Geotechnicappraising the vibro settlement prediction methods.

5. Sexton, B. G. and McCabe, B. A. 20¥8method of modelling stone column installation
for use in conjunction with unit cell analyseBroceedings of the International
Conference on Installation Effects in Geotechnical Engineering (ICIEGB)terdam,
The Netherlands, 22832.

This study, pesented at ICIEGE 23linvolves modellinghe stone column installation

process using procedure which involveSCE theory. It describes an approach that could

be used as amprovement upot he ¢ onv e n tin-polnaacl e 66 wai cslhuendn | n s
technique (Chapter 10)The HS model was usddr the study published at ICIEGE 2013

but the SSC model has been used for the analyses described in Chapter 10.

The following paper, currenty in preparatiois, a development of the first publication ireth

previouslist. It is based on the material presented in Se&ion

6. Sexton, B. G. and McCabe, B. A. 2015. Settlement reduction potential of vibro stone
columns in creejprone soils.Proceedings of theXVI European Conference on Soil

Mechanics andseotechnical Egineering Edinburgh,Manuscript h preparation.
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2. Literature Reviewl - Stone Column Behaviour

2.1 Introduction

In the first section of this chapter gtldifferent components of soil settlemeang¢ describetb
provide context foisubsequenteference throughoutthe chapterThe vibro stone column
constructiorprocess ishenintroducedandthe different methods of column constructermd
vibratory equipmenaredescribedA discussiorfollows on the technical aspects thie stone
column installation procesand some field, numerica] and laboratorystudies thathave
assessegost installation soil propertiere reviewedNext, studiesthat haveexamired the
settlement performance of stone columns in soft so#spresented-inally, aselection of
analytical settlement design methadsreviewed,and althoughhe majority of thesepertain

to primary settlement on)ythey form an important frame of reference for modelling work

presented later

2.2 Settlement Components

Soil settlement typically consists of immediate (undrained) compression, primary
consolidaibn, and secondary compression oreep(Figure 2.1). Tertiary compression may

also be a feature of peats and soft clays that possess a significant organic content.

1 Immediate compression occurs due to the distortion of soil particles in undrained
conditions. No volume change occurs during this initial stage of settlement and no pore
pressure dissipation takes place. The immediate settlement can be calculated using elastic
theory, e.g. Christian & Carrier (1978), or estimated as a proportion caprisettiement
dictated by soil type (Tomlinson, 1995).

1 Primary consolidation settlement occurs due to the dissipation of excess pore pressures
that develop during load application. When the excess pore pressures have fully
dissipated, this marks the endl the primary (EOP) consolidation stage. The primary
consolidation process is relatively well understood, initiated by the pioneering work of
Terzaghi (1943).
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1 Creep describes the volume change, unrelated to changes in effective stress, which results
from the change in void ratiogg® upon readjustment of soil particles into more stable
configurations. Considerable debate has raged about whether creep occurs concurrently
with primary settlement or not, although nowadays the general consensus points towards
the former(see Section 3.2). The subset of creep settlement occurring after primary
settlement is complete is referred to bydteal. (2011) as secondary compression, and it
is this portionof creepthatis more readily quantified; in geral, using thecreep
coefficient,Cy, see Eg2.1, wheret denotegime.

De

C. =
" D(logt)

(2.1)

9 Tertiary compression occurs subsequent to secondary compression. It is characterised by
a nonlinear (increasng) slope in the settlemeldg(time) plot (e.g. Augustesest al,

2004), after a period of constany, i.e. Cyincreases with time at constant effective stress.

EOP Log (time)

|t

Immediate Compression

Primary Consolidation
Settlement

Slope = Ca
Secondary Compression

Tertiary Compression

' |

Void ratio (e)

Figure 2.1 Immediate compression, primary consolidation, secondary compression and

tertiary compression

Greater detail on the creep process and associated approaches to modelling creep are
provided in Chapter 3.

10
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2.3 Vibro-Compaction and Vibro-Replacement

The vibrecompaction technique involves using a vibrating poker to compact soil particles
into a denser arrangement. Tteehnique wadirst used bythe Kellercompany in 19360
densify norcohesive soilfSondermann & Wehr, 2012g.g. Figure 2.2. In cohesive or
saturated soils, vibroompaction would lead to too much liquefying of the soil so that it

would either take too long or not occur at all, e.g. Sondermann & Wehr (2012).

100 Silt Sand Gravel
P4
% // I/
fij/ M= Vibro Replacement I
o 60 [ /
i ’: Vibro Compaction :I
ED 40 //
/
20
/

0.002 0.006 0.02 0.06 02 0.6 2.0 6.0 20 60 100
Particle size (mm)

Figure 2.2 Vibro-Compaction and Vibr&Replacement ranges of applicabilitgdaptedrom
Killeen (2012)

The vibrereplacement / vibro stone column (VSC) technique, which involves filling a
temporarilystable cylindrical cavity with compact stone (filled and compacted in stages
using the vibrating poker) overcomes the limitations of \ifigo-compaction technique in
cohesive soils, and isidely used in Europe to improve weak soils and 1meade fills.It is

now widely accepted thafSCs reduce settlement (Mitche®& Huber 1985, Watt®t al.
2000), improve bearing capacity (Barksdale & Bas; 1983), and accelerate consolidation
(Munfakhet al. 1983, Han & Ye 2001, Castro & Sagaseta 2009). In addition, VSCs provide a
suitable economic alternative to piled foundatians certain situations, e.g. for light
residential or commercial structursgpporting low/moderate load#/hile the construction
time associated with VSG=analso be significantly shorter than that associated with piling
and alternative foundation solutior@ther attractions of the technique include the additional
drainage preided by the columnspérticularly useful in liquefactiorprone areas) and the
ability to use columns in conjunction with groubdaring slabs as opposedaasystem of
ground beams amglispended slabs

11



Literature Review I Stone Calmn Behaviour

2.4 Column Construction

24.1 Vibratory Equipment

The vibroreplacement process and equipment have been described in detail by Sletombe
al. (2000) and Sondermaréh Wehr 012. During operation, thevibrating poker is lowered

to the required treatment depth using extension tubes suspended from ar &fdmecat a
purposebuilt tracked base machine that ensur@simn verticalityandallows for application

of additional puHdown pressures ding penetration and compactioa.g. Sondermann &
Wehr (2012) A typical poker,which weighs 1540kN with a dameter of 306600mm and a
length of 25m, is depicted in Figur2.3. The poker comprises an eccentric weight powered
by a motor (providing the vibratory action), extension tubes to supply energy for the motor,
an elastic coupling to prevent vibratagergy from being transferred to the extension tubes
and supply pipes for water or air, depending on the construction method em@Begadn(
2.4.2. Bottom feed(see Section2.4.2 pokers also containlelivery tubes to supply the

aggregate used in columtonstructiorto the poker tip

material gate

E vibrator and
9 pipe extension
o (storace contanar)

elastic coupling e =

pipe for

electric motor material

acaentric

weight

LS

i s )
amn,
ey

material outiet

Figure 2.3 Typical bottom feed pokerEganet al.(2008)
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2.4.2 Construction Methods

Vibro stone columns can be constructed using either a top feed method or a bottom feed
method using either wet or dry jetting processes. In the case of the top feed method, stone is
tipped into a hole formed hihe vibrating poker, whereas for the bottosetl method, stone

is added through a delivery tube along the side of the poker and exits at the poker tip. In both
cases, compaction is carried out in stages from the base of the hole upwards. Air is used to
aid construction and maintain stability of theldnfor the dry method whereas water is used

for the same purpoder the wet method. Typical stages in the construction of both wet top
feed and dry bottom feed columns are depicted in Figlidesnd2 5.

|

»
=

4{\ ot

a

P

o
]
%s 29,8 o®
()
a

& %

g g g

TR T

9

Penetration Displacement Completion

ha

Filling of
material lock

\|||

Stone supply

Figure 2.5 Stone column construction (Dry bottom feedajuet al.(2004g)
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Aggregate of size 485mm is used for the top feed method whereas for the bottom feed
method, the size of the aggyate used ranges from-45mm (McCabeet al, 2007). The wet

top feed method is suited to soft cohesive soil deposits where the ground water level is high
while the dry top feed method is mainly used for firmer soil deposits with lower ground water
levels The dry bottom feed method is now the preferred construction techniqueten sof
cohesive soil deposits, witks use now largelyeplacingthe wet top feed methaosince its
development in the 1970s.g. McCabeet al. (2009) The dry bottom feed methazhables
columns to be constructed in soils with low undrained shear strergths 1520kPa
(McCabeet al. 2009 Wehr 2013. Use of the wet method has waned in recent years with the
di sposal of 6f |-ingdasing frablervomiamegviranmental standpaint
McCabeet al. (2009) compared the settlement performance of bottom feed and top feed
columns measured in the field against design predictions obtained using Priebe's (1976)
analytical formulation (seBection2.7.1.9 adopting a friction angle for the stoite § of 40

In general, the bottonfeed columnsbehave better than predicted, whereas for top feed
columns, the oppositeas generally the case, e.g. Figl® This mayindicate that &= 40

is a conservative assumption for bottom feed columns, with ldedk(2008) advocating the

use of higher dvalues (in excess of 80

6 -
Npred = Mmeas
i

& 57
(]
= Worse than
A predicted -~
2 47
=
= @ o
‘3‘-EI - Better than
< 3 . o8 O predicted
o Strip » 2
3 foundations ~ © o -
2 L e W = Bottom feed
[ \ g L o Bottom feed
3 of " mp '\ o Bottom rammed
= 14 ‘f}"\j” .D\ | a4 Dry top feed

‘ F;acti_ e Wet top feed

) oundations | et top feed |
D - T T T T T 1
0 1 2 3 4 5 6

n
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Figure 2.6 Predicted versus measured settlement improvement factors for widespread

loadings andootings- McCabeet al.(2009)
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2.5 Column Installation

2.5.1 Background

The installation of a stone column int@any host soil invariably results in significant
alterations to the stress regime in the ground (Egai, 2008) Column installation effds

havebeen investigated by a number of authavgh the majority of studies reportine

benefits of the installation proceassing due to the laterabil displacement anegmoulding
caused by the vibrating poker as columns are instadleyl Debatset al. (2003) Kirsch

(2006),Guetifet al. (2007)andCastro & Karstunen (2010)he benefits include:

1 The lateral earth pressure coefficiefthe insitu soil increaseBom its atrest valugKo)
to a postinstallationK value. LargeK valuesand associateithcreased horizontal stresses
in the soillead tomore resistance to lateral bulging of the granular material during load
application.

1 The installation process generates large excess pore pressures which dissipate during
consolidatio, thus resulting in increed mean effective stressesid consequently an

increase irsoil stiffness

25.2 Field Measurements

Field measurements by Kirsch (2006) have indic&é¢, values in excess of unity pest
constructione.g. Figure.7, wherethe firsts et of fi el d dataagroypofFi el d
25 no. 9m long 0.8m diameter stone columns installed in a silt laygr< 0.91) while the
second set of dat a (a@gmeupef25dno. @ndldng, @.&ns diamdier ai n e d
columnsinstalled in a sandy silKp = 0.57).The columns were installed in a square grid in

both cases with measurements oi#d using earth pressure cells gate water pressure

cells. The lowerK/Ky valuesclose to the columwereattributedto remoulding ad dynamic

effects. Kirsch (2006) has also reported increased pore water pressures (occurring
immediately following column installation) and soil stiffnesgap to almost 3times the

initial values, measured using Ménard pressuremeteesigure2.8).
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Figure 2.7 K/IKo (= KmeasurelKo initia) Versusa/ds (wherea/ds represents the distance from the
centre of the column grid divided by the diameter of one coluradapted fronKirsch
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Figure 2.8 E/Ey (= Em/Ewm.iniial) Versusa/ds (whereal/ds represents the distance from the centre
of the column grid divided by the diameter of one coluragapted fronKirsch (2006)
separate upper and lower bound curves enveloping/tevalues for the two test fields are

also shown
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Castro (2007) measurdke excess pore pressure response (using piezontetera ot ed 06 P Z ¢
in Figures2.9 and 2.10) that occurred following the installation of a group ohd@. 0.8m

diameter9m long columns installed in a triangular pattern at a spacing of 2.8m in a soft clay
(Figure2.9). The pore pressures were found to increase during column constriikigare

2.10), peakingwhen the vibratory probe reacheéhe piezometer depth (the closer the
piezometer to the column, the higher the recorded excess pore pressure)elpegsures

dissipated quickly following column constructioexcept forthe last two columns to be

constructed, where the degree of lateral restraint was greater.
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Figure 2.10 Excess por@ressures during column constructic@astro (2007)
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A pore pressure responsanilar to Castro (2007has been reported by Gé&b al. (2007)

following the installation of a large grid 87 no. columns(0.7m diameter, 14.5m long) in a
triangular patterntaa spacing of ~ 1.70nm.he columns were installed in 4 stagese Figure

2.11), commencing with an outer ring, then a ring second from outtidecentral column

and finally the last 6 columrsc ol umns out si de t he thér¢dakegln f i el d
this case, the maximum excess pore pressures occurred at a depth of 12m, near the base of the
columns the profile was multilayered with sand above 1ldepthand more than 50m of

clay thereafterand so the higher valuegere observed inte cohesive laygr The pore
pressures dissipated quickig the sand layer buslowly in the clay, with excess pore
pressures remaining even one year after constrydtienfloating columns only penetrated

the clay to a deptlof 3.5m and so the drainageas not as quick below the base of the

columns as it was above.

Figure 2.11 Installation SequenceGabet al. (2007)

Stone column installation can also generate significant surface heaveetEaa2008), the
amount of which is dependent on the number of columns and the column spaco.
column grids generate more surface heave than single columns or small groupst(&gan
2008).Heave measurements have only been recorded in a small nohsibedies, e.g. Watts

et al. (2001), Castrq2007), Géabet al. (2007) and McCabeet al. (2013). McCabeet al.

(2013) have showrthat the volume oheavedmaterial displaced corresponds closely to the
volume of the column and thtte variation oheave mgnitudewith radial distance from the
column agrees well with corresponding measurements for driven piles when normalised by

the column radius.
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2.5.3 Laboratory Experiments

While Castroet al. (2013) state that the reconstituted soils used in laboratory testing are not
fully representative of natural clay behaviouge et al. (2004) Weberet al. (2010), and
Gautrayet al. (2014)have made efforts to model column installation in the ooy using
centrifuge testingLee et al. (2004) measured thshortterm radial stress and poggessure
changes that occurred subsequent to the installation of sand compaction piles (i.e. stone
columns) in a remoded and reconsolidad soft Singapore maringay using total stress
transducers (TSTs) and pore pressure transducers (PPTs). The installation protess$ invo
jacking a hollow casing inta soft clay bedand thenwithdrawing the casingvhile usingan
Archimedes screw to forcibly inject sand into tblay bed. The casing jadh process
resulted in a gradual stress and poressure buildip, peaking at the point where the casing
reached the transducer levels during the-jacirocessl(ine 1 in Figures 2.12). During the
withdrawal and compaction press, the pore pressures and total stresses peak again at the
transducer level (Line 3 in Figu12). The magnitudes of the stresses and pore pressures
decreased with distance from the sand compaction qulesistent with the aforementioned
field measuements of Castro (2007) and Géttal. (2007).

The study by Webeet al. (2010) concentrated on investigating the smear and disturbance
effects that occur as a result of the column installation process, both of which negatively
impact upon the consolidati performancésmear is when soil and column particles mix at

the soitcolumn interface) Reconstituted samples of natural silty clay from Birmensdorf in
Switzerland were used to form the clay bed, with the columns constructed from quartz sand.
The columis were installed in the clay bed using a specially developed installation tool that

replicates fullscale stone column installation using a dry, botfeed displacement method.

Environmental scanning electron microscopy and mercury intrusion porosimetry methods
were used to identify three zones of disturbed soil -pss$allation (Figure2.13): (i) a
penetration zone where the sand particles are squeezed through the clagm@drazone

where the soil particles were significantly reotaad, and (iii) a densification zone
(extending to 2.5 column radidenotedr,, in Figure2.13 from the column axis) where the
structure of the clay does not change but where compaction is measurable. Beyond this zone,
no compaction or change of clay structure was observed.
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Gautray et al. (2014) used an electrical needle to measure the impedance (electrical
resistivity) of the soil surrounding a column installed in a centrifuge using the installation tool
developed by Webesat al. (2010). The needle can be used to measure the densitgdadre
the soil subsequent to installation (impedance increases with increasing d@hsitygsults

whichwere compared with th@bservations made by Websdral. (2010), indicated:

1 In the densification zone identified by Welsdral. (2010), Gautrayet al. (2014) found
that the impedance was marginally less than that in the undisturbedFiguee 2.14b
compared withFigure 2.14a). This is inconsistent witlihe findings in Webeeet al.
(2010).The impedance in the undisturbed zone was relatively uniform with depth.

1 Within the smear zon@-igure2.14c), an increased impedance was observed in the upper
third of the profile, attributable to the compaction of the column during installatios.
was also evident in the densification zone (Fig2uHb).

1 The significant drop of impedance below the top third of the profilkhe smear zone
was interpreted as being consistent with the findings of Wetbal: (2010), i.e. the clay
particles have becora reorientatedthus indicating that the smear zone will not be parallel
to the axis of the column over the whole defthis reorientation was also evident in the

densification zone, although not to the same extent.
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Figure 2.14 Impedance aftetolumn installatior(a) Undisturbed Zone, (b) Densification
Zone, (c) Smear ZoneGautrayet al.(2014)

2.5.4 Numerical Studies

25.4.1Global K/Ky Increases

Several authors have analysed stone columns using 2D (e.g. Ambily and Gandhi, 2007) and
3D (e.g. Killeen and McCabe, 2016E analyses. Some of the analyses have involved

0 wi simipelda c e 6 (moonbtallationseffects)in whichK is assumed to be uraéted

by the vibratory action of the poker and subsequent compaction of the coldthasshave

aimed to capture thinstallatioreffectby usi ng 6 gl Kwahldsleyw.dGabtal.cr eas e
(2008), based on approaches adopted by Priebe (1976, 1995pa@mghnour & Bayuk
(197%) have adopte& = 1, while Domingue®t al. (2007ab) have used = 0.7 (between

the conservativ&p = 1 - sint $Hfor normally consolidated soil@laky, 1944)and K = 1,

wheret fdenotes the friction angle the soi). Elshazlyet al. (2006) have backfigurepbst
installation K valuesby matching measured loagttlement behavioun the field to FE
analyses carried out using PLAXIS and found thatlues postnstallationmay range from

1.1 to 2.5, with best estimate$ approximately 1.5However, the assumption thidtvalues

are the only soursf difference between measurements and FE output is questionable.
2.5.4.2 Cylindrical Cavity Expansion (CCE)
Although not directlyrepresentative of the vibratory action of the poker and the progressive

compaction of the columns from the base upwards, CCE nevertheless provides a convenient

means of simulating the lateral expansion of a granular column into the surrounding soil.
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In practical situations, column installaticffectively involves expanding a cavity from a

zero initial radius to the final radius of the coluifit3). However,any expansion imposed in

a numerical simulatiomust begin with a finite cavity radius to avoid ttievelopment of

infinite circumferential strain. Consequently, it must be ensured that the internal cavity
pressure reaches the limit pressymg), as defined by Gibson & Anderson (1961) in EQ

(po is the original irsitu horizontal total stresgi s t he Youngds Meisdgul us

its Poissonb6s ratio).

Piim = Po +Cy }§1+ eLﬁ (2.2
a2c, (1+n) V7 '

Carteret al. (1979) have described the use of the cavity expansion technique in two different
types of elastglastic soil, and report that doubling the cavity size is sufficient in most cases
to reach annternal cavity pressuréhat will be within 6% of pim; any further expansion
beyond this will only cause further growth of the annular region of yielded $ioite the
cavity expansion process must start from a finite radius, the final cavity radisspuld be
obtained by rearranging Eg.3 (i.e. observing volume conservation), whegds the initial

cavity radius

a;’- ay°= R’ 2.3

Guetifet al. (2007)(and also Debatst al. (2003))used CCE to evaluate the improvement
E as a result of column installatiom a soft clay The analysis was carried ousing the
PLAXIS 2D MC modelby expanding a cylindrical holef 'dummy material' (weak Young's
modulus)from a radius of @5m (vibrating poker radiusio R. = 0.55m. TheUpdated Mesh
option was used to account for the large strains generated during the installatigrafyase
which large excess pore pressures dewalopt the soitolumn interfaceFollowing the
dissipation of excess pore pressure (~11 months after installation), the mean effective stresses
increased by an average of 30% in an influence zoréRfaroundthe column axis (Figure
2.15). The meareffective stress increase (frooy to p') wasused to evaluate the increased
soil stiffness (fromEy to E) using Eq.2.4, where the powem, dictates the dependence of
stiffness on stress levelhe authors usesh = 1 (logarithmic compression behaviour), which

is typical for soft soils, e.g. Brinkgreet al. (2011)
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Figure 2.15 Normalised mean effective stress versus distance from o@wis r, after
consolidation Guetifet al.(2007)

Castro & Karstunen (2010) have applied the cavity expansion technique to the undrained
installation of a singlelOm long 0.8m diameterstone column, confirmingthat column
installation generates excess pore pressipas see Figure.16a and?2.16b (for depths of

3m and 7m respectively)fhe SSCLAY1 and S-CLAY1S mode$ referred to in the legend
incorporate anisotropyand anisotropy and destructuration respectively. The excess pore
pressures, whbkh increase with depth, can be normalised dgyto allow for a direct

comparison between different depths (and soil models).

=z
G

80

Excess pore pressure, Au (kPa)
Excess pore pressure, Au (kPa)

15
Distance to column axis, r/ r. Distance to column axis, r/ r,

Figure 2.16 Excess pore pressures after instadin at depths of (a) 3m (b) 7€Castro &
Karstunen (2010)
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The radius of influence foexcess pore pressu(el3.5R;) is constant with depth, and
dependent on the amount of soil surrounding the colunhids reached a plastic statee(t
radius ofinfluence is different for different parametgrdhese pore pressures dissipate
following consolidation, leading to a mean effective stress increase, and in particular a

horizontal effective stresacreasdand hence&) in the soil see Figur@.17a

In the same study, Castro & Karstunen (2010) reported an erasure of interparticle bonding at
the column interfacafter the undrained expansion phésaited to 4-5R; for the numerical

model in question) usinthe SSCLAY1S model This led to a reduction ithe undrained

shear strength of theoil, the majority ofwhich wasrecovered following consolidatioisee

Figure 2.17b. The ®il models not accounting for destructuratiiCLAY1 and Modified

Cam Clay MCC)) predicted an increased undrained shear stinerfgllowing the
consolidationphase In general, he computed values &#/K, werelower forthe SSCLAY1S
modelthan forthe SSCLAY1 model(but K/Kq > 1 nevertheless) owing to the destructuration

caused by column installation
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Figure 2.17 (a) K/K after consolidation, (bjd./cuo after consolidation Castro & Karstunen
(2010)

Castro et al. (2013) have used also used theCIAY1l and SCLAY1S models to
demonstrate changes in solil fabric caused by the installation pr@ees§igure2.18), i.e.
installation leads to particle reorientation (similar to the laboratory smear zone identified by
Weberet al.(2010)).
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@|— —

(b)

Figure 2.18 Visualisation of the soil fabric: (a) before column installation, (b) after column
installation and consolidatioradapted from Castret al. (2013)

2.6 Stone Column SettlemenBehaviour

A significant amount of field trials, numerical studies, and tatmry experiments have been
conducted to investigate si® column settlement behaviour. The majority tbese
concentrate orprimary consolidation settlemeniThe dearth of datéhat existsregarding
stone columns and their effect on letlggm creep setments in the fielthas been recognised
by McCabeet al. (2009) and Mitchell & Kelly (2013)Creep effects can contribute to a

significant proportion of théotal settlement iisoft cohesivesoils (see Sectiod.1).

2.6.1 Field Studies

The field performance of stone columns in soft clays and silts has been thoroughly reviewed
by McCabeet al. (2009). The revievpaper focused olong-term settlements from fuicale

load tests and construction projects (both published and unpublished Tataauthors
developed a comprehensive databaseno¥alues (Figure 2.19) for wide area (i.e.
embankments) and small area (i.e. footings) loading situations, in the process highlighting the
effectiveness of stone columns at reducing total and diffefesgtdementsHowever, the
measured values in the McCabetal.( 2009) database tend to be
distinction between initial compression (which admittedly tends to be low in soft soils),
primary consolidation and creep settlements. The monitoring duration required to capture
creep settlements relighin the field is an obvious obstacle in this regard.
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The potential of vibro stone columns to reduce largn creep settlements in the field has
received little attentin, although Cooper & Rose (1999) and Wattsl. (2000) are notable
exceptions.

Cooper and Rose (1999pted a reduced creep rdt#dlowing the construction of a stone
column foundation (comprising wet bottom feed stone columns and vibro coochatens)
supporting a 7m high embankment to the River Avon bridge of theh8ipds Causeway in
Bristol in the UK. The soil profile consists of thick alluvial deposits of soft clay and peat and
thus creep belh#@ur was considered importanExcess pore pressures measured using
piezometers indicatetthat primary consolidation was complete at an early stage¢handhe
majority of postconstruction settlement would be due to creep. \Watad. (2000)performed

a number of fullscale instrumeted load tests comparing the effectiveness of vibro stone
columns supporting a strip footing to a similar strip footing on untreated ground. The
columns effectively reduced both the creep rate and the total settlement under sustained
loading applied througkentledge blockdn both studiesguantitativeestimateof a Gcreed

settlement improvement factor were not provided.
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2.6.2 Numerical Studies

Numerous authors have investigated stone column settlement behaviour using numerical
techniqueswith the aim of understanthg how columns contributdo improving the
settlement performance of soft/marginal soflsctors such as column length:), column
spacing(s), and column stiffness were investiggtedy. Balaanet al.(1977), Poorooshasb &
Meyerhof (197) and Domingueset al. (2007ab). The majority of studies havesed
simplified 2D analysis techniques, e.g. plane strain (&#bal, 2008) or axisymmetry
(Ambily & Gandhi 2007 Domingueset al. 2007a,h Castro & Sagaseta 201 BD modelling

has been uselly Weberet al. (2008), Kamrafietraszewska & Katrgnen (2009) and

Killeen (2012).

2.6.2.1 Numerical Approaches

There are a number of different approaches than can be used to model stone column

behaviour:

1 Plane Strain:Plane strain idealisations can be used to simplify compli&Dgaroblems
for use in conjunction with the FEM.he plane strain concept can be used to model a
situation where one dimension is large in comparison with the otheMwuaelling stone
columnbehaviour using the plane strain approach involves replacing the stone columns
with stone walls (trenches) hriisvis useful farn 6 e g |
long foundations such as embankments and strip footk@s$hien, 203).

1 Homogenizaton: The homogenization technique involves modelling the stone column
and treated soil as aingle composite material withequivalent properties and is
formulated assuming that the infume of the columns is uniformly aritbmogeneously
distributed throughat the treated soil, e.g. Schweiger & Pande (1986 method can
be used for flexible footinga nd ri gi d rafts (dequal verti.
straind as s umpwhereastbe unitrcellsgneept tan only beyuyed for rigid
rafts

T Unit Cell (Axisymmetry): Axisymmetry is a2D simplification applicable wheran
objectproblem has rotational symmetry with respect to both the geometry and applied

load (Mar, 2002). The geometry is usuallgfined using a cylindrical codinate system
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(r, z, d), wherer, z, and d represent the radial, verticand circumferential directions
respectively.The unit cell approach is based on the assumption of a large grid of
regularlyspaced colmns subjected to a uniform load, e.g. Fig@€0. The area
replacement ratioAJ/A (whereA is the crosssectional area of a unit cell treated with a
single stone column of crosgctional ared\;), is used as a measure of the amount -of in
situ soil replaced with stone and is dependent orcéidéreto-centrecolumn spacings,

and column diamete). (Eq. 2.5, wherek is a constant depending on the column
arrangement. W of the columnsare assumed texhibit identical behaviour andso an
analysis of one such column and its tributary soil gtegtchedin Figure 2.20) is
sufficient. Owing to the symmetry of the problem, the shear stresses along the perimeter
of the unit cellcan beassumed to be zero. The unit cell approach is valid except for
columns near the edges of the loaded area (BalaadBodker 1981, McKelveyet al.
2004), which are assumed to be in the minority for large graueh as migt be used to
support embankments or large floor slabs, for example

AL
Ak

0O NQo
?o
|- 001\)

(2.5)

1 3D Analyses:The columnsoil system can be modelled fully in three dimensions. Such

analyses require significantly more computational effort.

Column (Diameter = De, Area = Ac)

Unit cell (Area A)

Triangular grid Square grid Hexagonal grid
k=(2V3)/n k=4/n k=(33)/n

(a) (b) (c)
Figure 2.20 Typical columngrids encountered in practice; (a) triangular (b) square (c)
hexagonal
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2.6.2.2Numerical Results

The majority of numericastudies have tended to use the Linear Elastic (Mg}, or HS
models (e.g. Ellouze 8ouassid&2009 Killeen & McCabe 201 Other studies have used
more advanced constitutive models incorporating anisotropy and destructuration, e:g. the S
CLAY1 andS-CLAY1S modes$ (Géabet al.2008, KamrafPietraszewska &arstuner2009).

However, none of these have accounted for cdeéprmation.

Findings from 2D studies

1 Ambily & Gandhi (2007) demonstrated an improved settlement performance for closer
column spacings and soils with higher undrained shear stramgtigstheMC model

1 Domingueset al. (2007a,b) carried out a serief garametricstudies using a program
incorporating Biot(1941) consolidation theory with the-g-d Model (extension of the
MCC mode| based on thMohr-Coulombfailure criterion) Their study indicatethatthe
settlementand consolidatiodehaviourof stone columns supporting an embankment on
soft soil improved (reduced horizontal and vertical displacements and accelerated
consolidation) as column stiffness afvdA increased.

1 Castro & Sagaseta (201dlgmonstrated an accedted rate of consolidation tHement
for closelyspaced columnsising theMC model The authors also investigated the
variation ofstress concentration factor (SERl,/Us, wherel is the stress in the column
and Us is the stress in the spiith time and found that it remained aéiely constant
after yielding, although it was overestimateglanalytical solutionsssuming full lateral
confinemen seeSection2.7.1.1

Findingsfrom 3D studies

Killeen (2012) thoroughly analysethe majority of variables affectingtone column
settlement behaviour e.g. AJA, L., column stiffness, column strength, and column
installation effects using the HS model in conjunction with PLAXIS 3D Foundation

(Brinkgreveet al, 2007) The findings can be summarised as follows:
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1 The settlement performance improves wititreasingAJ/A, L., column stiffness, and
column strengthThe interaction between these variables was also found to be important,
e.g. longer columns are more effective at closer spacings.

1 Theinfluencesof the diffeent variableshave been linked to modes of deformation, e.g.
punching failure, block failure, and bulging failur€éhese deformation modes were
examined by analysingpe distribution of shear strawithin the column and surrounding
soil. The variation ofSCFwith depthwas also linkedo the modef deformation.

1 Punching failure was observed for short columns at close spacings whereas bulging
failure occurred in long columns at wider spacings. The bulging failure mode is
dependent upon the lateral supgandvided by the soil and occurs near the surface where
overburden stresses are lower. Block failumhere all the columns act together and
punch into the underlying soil, is an extension of the punching failure modecancs in
large groups ofloselyspacedolumns

1 Accounting for column installation by using an increagedalue contributes to an
improved settlement performandé has a higher influenceehen columns are spaced
further apart

1 The presence of a stiff crusypical of soft clayprofiles, contributes to increased column
confinement in the upper layers, thus transferring column bulging to deeper layers, which
in turn enhances t h e amosktilementd Eerformanedihis n g
highlights the significance of careful inktion practicesand the consequenced
damagingthe stiff crust material. This was notable in the field trials carried out by
Serridge & Sarsby (2008).

1 The influence of column position beneath a footing is important; improved settlement
performance is@ieved when columns are spaced closer to the footing edge, attributed to
the fact that higher stress concentrations occur beneath the edge of rigid footings.

Threedimensional modelling work carried out by Haretaal. (2013)andKok Shien (2013)
has been usetb identify how the mode of failure of a single column differs to a column
group.The findingsare consistent withboth Killeen (2012)and with the laboratory findings
reported in the next sectipangle columns fail by bulgingvhereas column groups exhibit
multiple deformation modese.g. the outer columns bend outward (more pronounced in
longer columns) and the ceatcolumns bulge (but agreaterdepths compared to single

columns).
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2.6.3 Laboratory Studies

2.6.3.1 Analysingstone column performance in the laboratory

A significant amount of laboratorscale testing has been carried out to investigate stone
column behaviour (e.@harles & Watts 1983iuir Wood et al. 2000, McKelveyet al.2004,

Black et al. 2011). Accuratelymodelling stone column behaviour in the laboratoay be

hindered by scale effects, sample disturbance, and difficulties in replicating field boundary

conditions. To date, the majority of laboratory work, with the exception of Moorhead (2013),

has focusedn either bearing capacity or shoetm settlement response. Modelling leng

term creep behaviour in the laboratory would require additional considerations, including:

(i)

(ii)

(iii)

(iv)

Remoulding effects:Significantly more creep azurs in undisturbed soils than
remoulded soils.Additionally, remoulding decreases the rate of secondary/creep
compressione.g. Mesri (1973)

Sample disturbanceSample disturbance is very difficult to avoid in laboratory testing
but is important when analysing primary consolidatioml @reep effects. It leads to
difficulties in evaluatinghe preconsolidation pressureliably, one of the main factors
dictating soil response with respect to both time and stress compressibility (Degago,
2011); in general, lower quality samples are abtarised by lower preconsolidation
pressures and hence lower appamrdrconsolidation ratios (OGR This effect has

been studied in detail by Degago (2011), e.g. if the OCR is underestimated, an elasto
plastic model may fortuitously yield good predicts because the lower OCR would
compensate for the missing creep effects. However, if OCR is estimated correctly, an
elasteviscoplastic model is necessary to reliably predict the settlement response.
Temperature effects:According to Fox & Edil (1996), dboratory and field tests
conducted on samples of Middleton peat from the US have shown an increased rate of
creep compression with increased temperature. Early work by Buisman (1936) also
showed there to be more creep at higher temperatures and sodiabtesting shold
generally be carried out average irsitu soiltemperatures in order to correspond with
field conditions.

Layer thickness:Consolidation takesignificantly longer in thick soil layers than thin
layers, i.e. field versus laboratory ¢s8ection3.2), and so monitoring creep behaviour
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(V)

in the laboratory has its advantages. Yin (1999) suggested a minimum duration of one
week for oedometer tests examining creep behaviour in the laboratory. The prediction of
creep settlements longer than theation of the test involves extrapolating the test data
and any proposed fitting functions (e.g. logarithmic, hyperbolic).

Strain rate effect:Laboratory strain rates tend to be larger than field strain rates (e.g.
Figure 2.21). Clay soils exhibit sigficant ratedependency (Graharat al, 1983);

higher strain rates yield higher undrained shear strengths and higher preconsolidation
pressures, e.g. Segikuchi & Ohta (1977), €ual. (2010), see Figur@.22 (although
advocates oHypothesis Asee Sectio3.2) assume that the- | o gelafionshipis the

same in both the laboratory and in the field, whedenotes stress)
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Figure 2.21 Field strain rates versus laboratory strain rategapted from.eroueilet al.
(2006)
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Figure 2.22 Influence of strairrate on preconsolidation pressuréin et al.(2010)
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2.6.32 Investigation techniques

The majority of laboratory studies havesed reconstituted soil samplesthough the

techniques employed in eastudyvaried considerably:

1 Hughes & Withers (1974) used radiographic techniques to examinedfe@mational
behaviour of a single column installed in normally consolidated kaolin clay.

1 Muir Wood et al. (2000) used an exhumation technique to examine the deformed shapes
of model columnsconstructed in reconstituted kaolin clay. Subsequent to the loading
phase, the quartz sand used to form the columns was sucked out and a wire framework for
building a sculpture was inserted in the hole left by the column. Plaster of Paris was
poured into he hole and allowed to set before the clay was excavated and the columns
exhumed. The exhumation technique enabled the load transfer mechanisms that occurred
between the columns and surrounding soil to be evaluated.

1 McKelvey et al. (2004) useda transparent clajke material (specially developed at
Trinity College Dublin) to enable visual examination of the failure mechanisms and
deformed shapes of modibating columnssupporting strip footings, pad footings and
circular footings.A digital camera was used to monitor column deformation as the tests

proceeded.

A number of dferent methods have been used to constmmtiel columnsthe majority of
which involved using helical augers.g. McKelveyet al. (2004), Sivakumaet al. (2004),
Wehr (2004).

2.6.33 Findings (aitical depth and mode of deformatign

The mainfindingscan be summariseas follows:

1 Hughes & Withers (1974)ooking at the behaviour of singll®ating columrs, identified
a critical depthl(i) at which @d-bearing and bulging failure oceed simultaneously as
4D;; columns withL/D. < 4 would fail in endbearing (punching) before bulging.
Additionally, negligiblestrairs wereobservedoelow depthof 4D.. This led the authors

to postulate that columnenger than B. will not provide additional loagarrying
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capacity increases since the ultimate capacity of a column is dependent on the lateral
resistance provided by the soil in the bulging zone.

1 Muir Wood et al. (2000) concentrated on identifying the @ of deformatior{fand also
the manner in which columns transfer load to the surrounding clay) in groups of floating
columnsusing the af@mentioned exhumation techniquheir findings indicated that
columnswhich arenot prevented from expanding radially by closely adjacent columns
will bulge whereasloselyspaced columnwill form diagoral shear planes (points A and
B respectively in Figur®.23). Short columns will penetrate the underlying clay (load

transmitted tobase Figure 2.23a) whereas long columns will not because less load is

transmitted to the base (see FigRredhb).
(b) |

(a)

Figure 2.23 Photographs of deformed sand columns (a) short columns, (b) long celumns
Muir Wood et al.(2000)

1 McKelvey et al. (2004) demonstrated that bulging wagnificant inthe upper zones of
long columnswith little or no load transferred to the base whesdaster columns tended
to bulge over their entire length and theshibited a punching mechanisis significant
load was transferred to the ba3ais is constent with the findings of Hutes & Withers
(1974). McKelveyet al. (2004) also oted that columns increased the lazalrying of the
treated clay (although columns longer ti6éh did not contribute any addinal capacity,
thus suggesting an optimum column lendtm bearing capacily However, it was
suggested that columns longer th@&M. would improve settlement performanbecause

they increase the stiffness of the compositeaiimn sample.
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1 Sivakumaret al.(2004)measured the loacarrying capacity increase obtained using sand
columns of different lengths to reinforce specimens of kaolinutaler both unit cell and
foundation loadingsupported by a single columnpnditions The resultsshowed that
full-depth columns substantially increased the Hoaalying capacityof the clay; floating
columnsalso contributed to increased leearrying capacitiegn the majority of cases.
Their findings indicated an optimum column length5®@. under foundatiorioading,
beyond which no dditional capacity was achieved, consistent with earlier findings by
Narasimha Raet al.(1992).

1 Blacket al. (2011) investigated the influence bf/D. and AJA on the performance of
singleisolatedcolumns and small and large column groups. Their findings point to an
optimum AJA of between 3% and 40% for settlement control purposes, noting that
settlement control can be equally effective using either short col(lgis < 6) at close
spacingor longer columngL/D. > 6) at wider spacingsAdditionally, they established a
critical length of ®.-10D. beyond which columns did not provide any additional

settlement control.

2.6.34 Moorhead (2013)

Moorhead (2013) carried out a series of laboratory tests to investigate the effectiveness of
granular columnsat reduéng eachcomponentof settlement;initial settlement primary
consolidationsettlement and creeffhe tests were carried out on reconstitisamples of
kaolin and Belfast sleech, soils considetedavevery little creep potentiahnd significant

creep potential respectivelyhe testing programme was separated into two components

1 The first set of testaere carried out iiD loading chanbers with a diametaf 254mm
and a height of 100mm. They focusedexamining the settlement performance of a rigid
raft (entire surface area loadexi)pported by either a singdmdbearingcolumn atA/A =
15% (L/Dc = 1) or a group of seveandbearirg columns(L/D. = 2.7)at an equivalent
AJA. ThelL /D, ratios are lower than would typically be encountered in practice.

1 The second pagxamined the behaviour of an isolated footing supported by a sindle
bearinggranular column af/A = 33%. These tests were carried out3D test chambers
incorporating flexible boundary conditionfarge enough to test samples 300mm in
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diameter and 400mnhigh. Load was applied through a circular footing 70mm in
diameter supported by a 40mm diameter coluifbg = 10).

Casagrande'€1936) method was used tdentify the EOP consolidation timand also the
initial and primary consolidation settlements. The creeps nagre quantified based on the
slopes of the settlemenliog(time) curve after the EOP time.

The findings for the raft loading scenario were as follows:

The initial settlements were negligible at each stage of loading in all tests.
In the kaolin, both the single column and the sesa@nmn group accelerate
consolidation (fourfold and sevenfoldhcreases with respect to the untreated case
respectively). Then values for primary settlement ranged from-8.@ at low bearing
pressures when the clay was overconsolidated (OC). For higher pressures, the
correspondingn values for the normally consolidated (NC) conditiamged froml.3
1.8. The correspondingvalues for creep ranged from 1264 and 1.61.3 in the OC and
NC states respectively.

1 For the sleech, the values for primary settlement weirethe range3.7-5.7 and 1.23.8
for the OC and NC states respectively and the corresponding rcrepes were in the
range 1.83.0 and 1.2.7 respectively. The consolidation time increases were fivefold and
tenfold for the single and group configurations with respecth#® untreated case
regectively.

1 In general, the granular columns are more effective at low pressures when the samples are
in an OC statewith n values for primary settlement larger than those for creep in all
cases. Tha values for creep become neghitg at very high pressures.

For the isolated foundation loading:

1 Thenvalues for initial settlement were approximately 1.0 in all cases.

1 In the kaolin, then values for primary settlement were lower than the raft loading case,
ranging from 1.3L.4. Then values for creep ranged from 1104.
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1 In the sleech, tha values for primary settlement ranged from-2.8 and then values for
creep from 2.8.8.

1 This suggests a material dependent response. However, the authorsdhblédvibe
highern values in he sleech may be misleading; the initial conditions in the sleech bed
for the unreinforced andeinforced cases were different; for the reinforced case, the
undrained shear strength of the clay bed was 20% larger. This would explain tha larger
values forprimary settlement. In addition the organic content in the reinforced clay bed
was lower, which would intuiely producelower Cy values, even in the absence of

granular columns.

The main conclusion from this study is that columns have no effect on initial settlement,
reduce consolidation settlement at low pressures but are not as effective at higher pressures,
and only have a minor influence on reducing creep. The findings néedsigbstantiated for
differentvalues ofL. andAJ/A.

2.7 Stone ColumnDesignMethods

2.7.1 Settlement

Numeroussemiempirical and analyticapproaches exist for the prediction of the settlement
improvement offered by the vibim@placement techniqua weak or marginal soil deposits
the first of which was suggested by Greenwood (1970) using a set of empirical durees
majority of the settlement prediction methgegich tend to assume eit@aring columns)
are based on the unit cell assumptionhvatsmall number based on plane st(aiig. Van
Impe & De Beer, 1983)r homogenization techniqués.g. Schweiger & Pande 1986, Lee &
Pande 1998)The settlement prediction approaches are reviewed in det&éxtonet al.
(2013) with a view to establling which approach(es) is/are comgdeawith a series of

PLAXIS 2D axisymmetriainit cell analysesn an enebearing column

Analytical design methods typically relatdo AJ/A, and/or modular ratidz/Es (whereE. is
the modulus of the column artf is the modulus of the soil). A number of other influential
variables have been considered in analytical formulatitimsse include the effect of

installation, load leve(p,), - & andthe dilatancy angle of the column materfgl). The
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publishedsolutions account for these variables in different wayhpabgh few capture all of
them.Additionally, the majority of design methodsnd topertain to primary settlement only
a notable exception being Madhetval. (2009, 2010)which accounts for cep. This method
is discussedn Section2.7.1.3

2.7.1.1 Underlying Theoretical Considerations in Vibrdreplacement Design

Introduction

Analytical settlement design approaches tend to be either elastic (e.g. Baumann & Bauer
1974 Aboshiet al. 1979, Balaam & Booker 1981, Han & Ye 200k elastieplastic (e.qg.
Priebe 1976, Goughnour & Bayukl979a Balaam & Bookerl985 Van Impe & Madhav

1992 Priebe 1995Pulko & Majes2005 Borgeset al. 2009, Castro & Sagaseta 206lko

et al. 2017). A selection of settlement design methods and their inherent assumptions have
been summarised in tabular form in Sex¢bral. (2013. The majority of the methods neglect
immediate settlement; Baumann & Bauer (1974) and Balaam & Booker (1981) are notable

exceptiams.

Elastic vs. ElastidPlastic

The elastieplastic methodsire typically based on the MeRroulomb failure criterion, with

some assuming that the granular material deforms at constant volume as itydetd®)(

and others accouirg for dilation of the granular column material at yield using a constant

Y. Balaam & Booker (1985) and Pulko & Majes (2005) have highlighted that ghdessiic
methods are preferable to purely elastic methods because the elastic methods tend to
overpredct the settlement improvement offered by column installation,cedpefor high
modular ratios This overprediction is as a result of the fact that elastic methods overpredict
the SCE

Vertical and/or Radial Deformation

Approaches to modelling the befaur of the columesoil system vary; some, such as Han &

Ye (2001)accountonly for vertical deformation, while otheeccountfor both radial and
vertical deformation. For elastic methods that consider vertical deformation only, the SCF is
equal to theatio of the oedometric moduli of the column and soil mate(Bl&;). Elastic
solutions that consider both radial and vertical deformation result in slightly lower SCFs
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(lateral deformation reduces SCFs, e.g. Balaam & Booker (1981)). However, theseilbCFs
still be overpredicted because yielding of the column material is not considered (column
yielding and plastic strains will reduce SCFs). Barksdale & Bachus (1983) have suggested
that SCFs in practice range froril8 depending on the column spacingted in the field.

Installation

The densification effect resulting from column installation and subsequent bulging has been
accounted for in different ways. Priebe (1976) has assumed an inane&séollowing

column installation to the liquid earth pressure of the $0# (1). Other methods allow for

the input of di fferent values depending on
(1974) have limited allowabl& values to the rangk, < K < 1/K,; Goughnour & Bayuk
(1979a) have limited allowabl& values to the rangk, < K < K,, whereK, denotesthe

passive earth pressure coefficient of the soil; Borgfeal. (2009) have formulated their
closedform expression based on fitting curves to theltesaf numerical analyses assuming

K =0.7 petweerKo = 1- sint HandK = 1); Van Impe and Madhav (1992) have suggested

the use of an increased oedometric soil modulus depending on the method of installation and

the column spacing.

Drained vs.Undrained + Consolidation

Solutions have been developed for drained conditions and for undrained conditions with a
follow-up consolidation period to allow for the dissipation of excess pore pressure. The
undrained plus consolidation solutions (e.g. Han &2001, Castro & Sagaseta 2Q)0tave
been based on Barronés (1948) solution for
that the vertical stress on the soil is constant during the consolidation process), but with
modified coefficients of consolation used to account for the fact that the columns carry a
considerable proportion of the applied load (vertical drains have a radobedstiffness and
diameterwhen compared tetone columns)The Castro & Sagase(a009) solution has been
derived forthe case of an elastplastic column (radial deformation has been considered)
while Han & Ye (2001) have based their solution on an elastic column subjected to full

lateral conihement.
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2.7.1.2 Unit Cell Approaches

A flow chart(from Sextoret al, 2013) detailing the development and origin of the majority

of the design methods based on the unit cell approach is presented in2R2guidese unit

cell methods are reviewed in detailSextonet al.(2013).

19488 ——-
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2001-2011
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7777777777777777777777777777777777 Balaam &
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(2011)
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Figure 2.24 Developmenbf Settlement Prediction Methods (Unit Cell)

The O6Equilibrium Method?©
The simplest analytical
met hodé. The approach
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based

approach
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t o

edtalst i

(1979). Itis based on vertical equilibrium between the soil and the col{Em<2.6) with

oedometric (i.e. elastic behaviour with full lateral confinement) conditions in the soil. This

approach necessitates prior knowledge of the ,S§&#e EQ.2.7 (e.g. experiencééld
measurements) whereas other methods such as Priebe (1976, 1995) h&€HRbetbry to
establish the SCF.
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Priebe (1976, 1995)

Despiteits serse mp i r i c al basi s, Priebeds (1995) meth
design methods (European practice) for evaluatirfgr vibro-improved ground. Prieb6 s
(1995) method is an extension of Priebeds (1
to evaluate the radial strain assuming zero vertical strain (and hence the SCF). Priebe (1976)
makes a number of simplifyg assumptions to calculatebasic impovement factorng:

bulging is constant over the length of the column, the column material is incompressible, and

the bulk densities of the soil and column are neglected Eq2.8 (Eq. 2.8is based upoa

Poi ssonds r a3 of@®.33fadrt htolug hs @ ihle, met hod al |l ows
ratiog. Pr i eb e ds ( tepr8sénjs a hmueherhdewdlopment whietcounts for the

column compressibilityr;) and the bulk densities of the soil and column matenm)s (

e %)
pé  5- l
N s A A 7 29
24.%- A8 iaraas- 8§ 3
g ¢ A= C 2+ 0
Analytical Methods
Balaam & Bookerés (1981) analytical el astic

displacement. It forms the basis for later solutions developed by Balaam & Booker (1985),
Han & Ye (2001), Plo & Majes (2005), Castro & Sagaseta (2009), and Peilad. (2011),
all of which are closedorm with the exception of Balaam & Booker (1985). This method is

iterative, requiring numerical implementation to obtain a solution.

The elastieplastic methods derived by Pulko & Majes (2005), Castro & Sagaseta (2009), and
Pulkoet al. (2011) account for dilation of the granular column material (congtarat yield
whereas Priebebs (1976, 1995) mad to ldefadm ad s s u me
constant volumey(. = 0°). Pulko & Majes (2005) and Castro & Sagaseta (2009) are elastic

plastic extensions of the earlier elastic solution developed by Balaam & Booker (1981) for
drained conditions. Castro & Sagaseta (2009) have coadider undrained loading situation

followed by a consolidation process to allow for the dissipation of excess pore pressures
whereas Pulko & Majes (2005) and Pulkkbal. (2011) have studied the unit cell problem

under drained conditions. As noted by Casf&roSagaseta (2009), both approaches are
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considered to be limiting cases of the real situation because load application is not rapid

enough to be considered as undrained nor slow enough to be considered as a drained process.

The method developed by Pulkbal. (2011), which deals with encased stone columns, is an
extension of the previous solution derived by Pulko & Majes (2005). The new method by
Pulko et al. (2011) can also be applied to mRencased stone columns by setting the
encasement stiffness terp. The solutions derived by Castro & Sagaseta (2009) and Pulko &
Majes (2005) ignored the elastic strains in the column during its plastic deformation whereas

the newer solution by Pulket al.(2011) has taken them into account.

Figure 2.25 (from Casto & Sagaseta (2009)) shows the different stress paths followed

depending on whether the problem is studied under drained or undrained (plus consolidation)

conditions.
a) elastic case b) at yielding c) elastic-plastic case
/ ' / ' /
Src/ Szc:Kac / / Src/szc:Kac / srclszc:Kac /F /
U)N (/)N (/)N
%) 0 7
(%] [} (%]
g g g
2 10,1 2 2
IS IS ©
O 4 O Q
) 5] )
> > >
K
pc_~
/
Radial stress, S, Radial stress, S, Radial stress, S,

ed Vi I: initial
De—« Drained analysis U: undrained loading
ce~—e Consolidation analysis Y: yield

F: final, drained

Figure 2.25 Stress paths in the colunfsubscript c)(a) elastic case (b) gielding (c)

elasticplastic case Castro & Sagaseta (20)
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For an elastic column, both approaches produce the same result. For a yielding column
(elastiecplastic case), although the stress paths are different, the final settlements are very
similar (provided that the drained solutions account for elastic strains of the column during its
plastic deformation), as shown by Castro & Sagaseta (2009) usiagdHsesFor drained
analyses that neglect the elastic strains of the column during its plasticndedor (e.g.

Pulko & Majes, 2005), the final settlement will be underpredicted. For undrained plus
consolidation solutions (e.g. Castro & Sagaseta, 2009), neglecting the elastic strains of the
column during its plastic deformation leads to negligible arrdine solutionThe differences
between the drained and undrained plus consolidation analyses will effectively vanish
providedthe drained solutionaccountfor the elastic strains of the column during its plastic
deformation(i.e. Castro & Sagaseta (Z)0and Pulkoet al. (2011) will produce almost

identical solutions for neencased columns).

SummarAppraisal
An appraisal of a number of empirical and theoretical solutions for evaluatialgiesin the
context of comparable PLAXIS 2D axisymmetric unit cell analyses orbeadng columns

by Sextonet al.(2013)has indicated the following:

1 The majority of elastiplastic methods yield similar predictions as the modular ratio
increases (more raslic for soft soils), highlighting the fact that regardless of the basis or
corresponding assumptions made in the derivation of each method, prediciedsare
in reasonable agreement with one anather

1 The predictedn values andSCFsobtained using &stro & Sagaseta (2009) and Pu#o
al. (2011) offer the best agreement wittie FE analysesfor a wide range ofnput
parameters, e.9a, - Y, andK. This was the main conclusion arising from this work.

1 Small differences between the numerical and analytical results were attributed to the
stress dependency of soil stiffness present in the numerical model (a more realistic
assumption); the analytical solutions assutingt the soil behavein a linear elasti
manner

1 Sextonet al. (2013) have suggested ththe Castro & Sagaseta (2009) and Pugkal.
(2011)design methods should be used more often in geotechnical practice because they
give more realistic results and allow for the consideration of significarore input data.
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2.7.1.3 Madhav et al. (2009, 2010)

The method developed by Madhatval (2009, 2010) is based on an extension to an earlier
method by Shahat al. (2000), also based on the uoéll assumption (ertdearing columns).
However, in contrast to the methods in the Sexbal. (2013) flowchart (Figure.27), the

method developed by Shabktial. (2000) incorporates the effect of a granular mat in omler t
combat/reduce the high stress concentrations that occur near the top of the granular columns.
Shahuet al. (2000) have used elastic theory to calculate the settlement of the granular
column.The elastic assumption is reasonable provided adequate tlacknest is provided

but n valueswill be overpredicted in the majority of other cases (especially in soft soils with

large modular ratiosgeeSection2.7.1.1

Madhavet al. (2009, 2010)have extenckd the Shahuwet al. (2000) methodo account for
creepbased on the principle that the stress on the soil will decrease as it creeps while the
column (which doesgot creep) willcarry the surplutad. A similar load transfer mechanism

has also been suggested by Mitchell & Kelly (2013), who have noted thaidtement of

load transferred to the column as the soil creeps has yet to be quaAfiadesult of the

stress unloading, the soil becomes overconsolidated; however, this overconsolidation effect is
di fferent t&) oRijcanslidatioméfisct duelt® ageinglhe design equations

for boththe Shahwet al. (2000) and the Madhaat al. (2009, 2010)methods are presented in
Appendix C.

2.7.2 Bearing Capacity

Thorburn & McVicar (19@®) were the first to suggest an empirical design approach for
evaluating the bearing capacity of stone coleimproved ground. Analytical solutions have
sincebeen developed to predict the increase in bearing capacity of calypnoved ground,

e.g. Hughes & Withers (1974), Madhav & Vitkar (1978), Bouassida & H#ti885), Etezad

et al. (2006). The approach developed by Hughes & Withers (1974) is the most popular
bearing capacity prediction approach. It is formulated using pione€@tgtheory (Gibson

& Anderson, 1961) to calculate the ultimate capacity of a sistglee column based on the
undrained shear strength of the soll, thesitn radial stress at the bulging depth, ang
Whereaghe Gibson & Andersofi1961) approach is based on a frictionless material, Vesic
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(1972) has developed a solution to includelss@iith both friction and cohesion (both
solutions coincide for frictionless soils). The aforementioned approaches have been
developed to predict the ultimate bearing capacity of single stone columns. Etezhd
(2006) have developed a theoretical moatelpredict the bearing capacity of a group of
columns. The theoretical model has bgmompted by priornumerical nodelling and
experimental data.

2.8 Summary and Implications of Literature Review |

The stone column technique is becoming increasingly popular for treating soffpcoeep

soils. The majority of field studies have measured 'lumpedalues with no division

between 'primary’ and 'creep'values This research will aim to address tlgap in the

|l iterature by <cal cul at i nyaluesang estaldighing howpthei ma r y
conventional 'lumpedi value (which includes primary and creep contributiomajieswith

time. Numerical studieqthe majority of which use simplifiedrgcedures to account for

column installation effectspvestigating stone column behaviour have used models that do

not consider viscous behaviguand laboratory studies, although informative, tend to be
limited by scale effects and sample disturbanceoread (2013) is the first to investigate

stone column creep effects in the laboratory.

A thorough review of the vibroeplacement design methods also highlights the gap that
exists with regard to the effectiveness of the stone column technique inpcoeepsoils, a
notable exception being Madhat al. (2009, 2010)However, this method does not account
for yielding of the granular material and so significantly overpredicti® this research, a
simplified design procedure that accounts for thituence of creep will also be developed
(Chapter9). This methodcan be used in conjunction with an existing primary settlement
design method that captures all key features of primary settlement behawestigated in
Sextonet al. (2013)).A novel procedure that can be used to incorporate installation effects
into numerical models has also been explored in ChdgieThe majority of numerical
studies to date have tended to used either ‘wishpthce' columns and/or glob#/Kg
increases. The peceduredescribedin Chapterl10 involves a twestep process whichses
CCE theory (which has been used by numerous aufihchsding Castro & Karstunen

(2010)) in conjunction with the ‘wishad-place' installation technique.
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3. Literature Review Il - Modelling Time-Dependent Behaviour

3.1Introduction

The purpose of this chapter is to introduce ithportant technicahspects that need to be
considered withregard to modelling creep behaviour using tHeM. The FEM is an
approximate technique which can be used to solve complicated emggneesblems for
which exact analytical solutions do not exist. It involves discretising/dividing the continuum
of interest into a number of smaller subdivisions (finite elememgrconnected through
nodes located on the element boundaAesapproxinate form for the solution is assumed in
each finite element (usually in terms of nodal values) and then techniques stloh as
principle of virtual work, the weighted residual method, or the variational method can be used

to evaluate the strairsd stresssin the continuum.

The first sectionexplains the difference betweétypothess A and B and summarises the
recent work that has been carried out wisdpportsthe latterhypothesisThe next section
describeglifferent classes of constitutive modéds describing the timelependent behaviour
of soft soilsandthe concepts that have been used in their developnidrgfinal section

summarises a selection of relevabtelastoviscoplastic constitutive models.

3.2Hypothesis AversusHypothesis B

The question of whether creep acts as a separate phenomenon in parallel with primary
consolidation was first posed by Laeédl al. (1977). Two different theoriesjypothesis A

(e.g. Mesri & Choi 1985, Feng 1991) aHgipothesisBbr i1 s ot ac he lenl®%rel s ( e
Nash & Ryde 200lsee Sectior8.3.1.9 have emerged to explain the influence of creep

during the primary consolidation phase (FigBr®. Hypothesis Aostulates that the strain at

EOP is independent of sample thickness, wherblgpothesis Bassimes that creep is
significant during primary consolidation, meaning that thicker soil layers (in field conditions)

show larger EOP strains than thinner (laboratory) layers. Isotache mHgeplstliesis Bare

based on the principle that the prevailing preste at any time is defined by the current state

of the soil only, namely the current void ratio and effective stress, e.g. Dega(2011).
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Degagoet al. (2011) have noted that tirdependent settlements of thick soft clay layers in
the field tendto be analysed based on the behaviour of thin laboratory samples (despite the
significantly longer primary consolidation times associated with the thicker field layers).
Accordingly, the authors thoroughly reviewed and evaluated a selection of previously
published laboratory and field experiments that were specifically conducted with the aim of
examining the effect of layer thickness on the toe@endent compressibility of soft soll
layers, e.g. Feng (1991), Aboshi (1973), Imai & Tang (1992), and KonogaBgzvolev
(2005) and concluded that the timdependent behaviour of clay is best described by
Hypothesis BExperimental observations that were previously used to sudypdthesis A

have been explained consistently using a numerical model based motdehe concept
(SSC model) while it has been highlighted that other results used to stiypathesis A

have been presented in a misleading fashienthe data was plotted in terms of change in
nominal strain rather than total nominal strain (Degag@l, 2011) In an earlier study,
Kabbaj et al. (1988) also validatedHypothesis Bfor four specific test embankments:
Berthierville, St. Alban, Gloucester, and Vasby by comparing effective sttess curves

obtained from laboratory oedometer testdhwin-situ curves.

log t
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~
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-
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3.3 Model Classification

Constitutive models for describing the tirdependent behaviour of soft soils can be
classified as either empirical models, rheologicateis, or general stresgraintime models
(Liingaardet al, 2004).A comprehensive review of each class of model has been carried out

by Liingaardet al.(2004) mostof which are discussed herein.
3.3.1 Empirical Models

Empirical models are generally obtained by fitting mathemlatmastitutive expressions to
experimental data, e.the results otonstant rate of strailCRS) tests. The expressions tend
to be closedorm and limited to the boundary conditionsloadingsituations for which they
have been formulated (Liingaardt al. 2004, Bodas Freitas 2008). However, the
models/expressions can be usasl a basis fodevelopng 3D constitutive relationsin

generalised stress space.
3.3.1.1 Semilogaithmic Creep Law

The Semilogathmic Creep Law use<y to describe the linear relationship between
settlement (or void ratio) and the logarithm of timeg( as observed in conventional
oedometer tests). This was figgtoposedby Buisman (1936) to match experimental data
obtained from a series of short awehd duration stefpading oedometer tests on samples of
clay and peatfThe model requires a time origfty) defining when creep beginThe vertical
strain C),y) during a creep period frotpto a time,t, is calculated as in E@.1, whereg, is the
initial void ratio (note thatCy[1+e(] is sometimes denotedy yi.e. the creep coefficient in
terms of strain)

Ca

e =
Yy 1+e0

|-OOO

at, +t
loggg n (3.2
¢ o

Ci/C. Concept

Mesri & Godlewski (1977)developed theCy/C. concept by examininghe relationship

between the compression ind€, andCy for a variety of natural soilg:or the purposes of
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their investigation, the symbofs. (ge/qdl o] @ndCy (qe/gdl ogf]) wereused to represent

the compressibility in botthe compression and recompression ranglee CyC. concept is

based on the theory that the magnitude and behavidty with time mirrorsthe magnitude

and behaviour ofC; with stress Cy and C. increase as effective stresses approach the
preconsolidatio pressure. The values peak at or just beyond the preconsolidation pressure,
then decrease slightly and remain constant there&femost natural soil€/C. values lie
between 0.025 and 0.1Qy/C; values for inorganic soils generally lie in the range 0.025
0.06. HighCyC, valuesrelate to highly organic soiluch as peats and muskegs

The validity of theCy/C. concept has been questioned Watabeet al. (2012) who have
highlighted that th€/C. concept, while appearing valid for the strain rate range encountered
in typical laboratory testing, is not applicable for the lower strain rates encountered in the
field. Leroueil (2006) has also suggested that@H€. ratio will decrease with decrsiag

strain rate.

Limit Creep / Constanty

The assumption of whether or not a const@ntcan be used to describe secondary/creep
compression has received much debate. Investigations by Berre and Iversen (1972) and
Leroueil et al. (1985) have shown thghe slope of the settlemelutg(time) curve decreases

with time (i.e. indicating that secondary/creep compression mengteally cease, although

Mesri & Vardhanabhuti (2005) have suggested that creep will not come to a complete stop,
but wimpeltcepbiebl6ed at | arge ti mes).

Yin (1999) developed hyperbolic creep function to predict nbnear creep behavioysee
EqQ. 3.2 to overcome the fact thabdarithmic functions yield infinitesettlements at infinite
times If the ratioy / (aheres = 1 +eis the specific volumejs constant, then the hyperbolic
law simplifies to the logarithmic law, witph = Cy/In(10). In generaly / decreases with time
(C}yD is the vertical strain when time is infinite agd = yo/ at timet = 0), Whereﬁ}yg, Yo,
andtp are model parameters.

e
Won &ty £ where

% é’[o+t5 y y'
=2 1In J — 0
% n

T 14 () € ) NIt +1) /1] (32
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Oedometer tets carried out on samplessaft Hong Kong marine clay were used to examine
its validity. Robinson (2003) has further evaluated uke of a hypdwlic creep function
concluding that it is suitable for predictingcreep behaviour occurring both before and

subsequent to th@oint at which excess pore pressures have fully dissipated.

In contrast to the majority of numerical models dssad inSection3.4 (which tend to use
logarithmic lavs), the 3D elastevi scopl ast i ¢ (Eqoivaknt iTimarmodet e OET
developed by Bodas Freita$ al. (2011) incorporates the hyperbolic law proposed by Yin
(1999).For a hyperbolic law, thgertical spacing between any two isotaches or equivalent

time lines (concepts elgned in theSection3.3.1.9 decreases at increasing times whereas
models incorporating a linear logarithmic law have evenly spaced isotaches at all times
(Bodas Freitastal., 2011).

3.3.1.2 Isotache Models

The isotache concept (strain rate approach), which was first proposgdi by (195@), is

based on a unique relationship between the creep rate, the current stress state, and the current
strain or void ratio"¢-G &), irrespective of the previous loading history (Bodas Freitas, 2008).

The modeisbasedora s et o f or imediresWwhichlare ssystem of parallet - log

0 curves representing void ratio or strain after a constant time of delayed comprédséon)

model acknowledgeghe existence of creep during primary consolidation (a theory first
proposed by Taylor & Merchant (1940)). The model also accounts fodepenience of
time-dependent strains on layer thickness, permeability, and drainage conditions (Olsson,
2010).

Bjerrum (1967)developed a model similar 8 u k 1(39%7) sotachemodel, alsoassunng

that primary consolidation and creep are not separate gg@£&he Bjerrum (196Y model
alsoexplainshow ageing affects the apparent preconsolidation pressure and OCR of normally
consolidated claysln Bjerrum's model (Figure3.2), each line (or isotache)represents a
specific time of sustained loading and corresponds to the equilibrium void ratio at different

values of effective stress.
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Figure 3.2 Parallele - log U curves illustrating the compressibility and shear strength of a
clay exhibiting delayedonsolidation Bjerrum (1967)

Bjerrum (1967) has separated the compression into two components: (i) instant compression

and (ii) delayed compression (Figlgs).

1 Instant compressioms the sdtement that would occur if the excess pore pressures
generated due to an increase in effective stress dissipated instantgnemuslihe soil
were to behave as a drained matefiéle effective stress increase causes a reduction in
void ratio until an equilibrium value is reached, at whpdint the stucture effectively
supports the overburden pressure.

1 Delayed compression represents the void ratio / volume reduction at unchanged effective

stress.

Instant and delayedompression are distinct from primary and secondary compression.
Primary and second@ compression are separated based on the dissipation of excess pore
presswes following load application wheredBe termsinstant and delayed compression
describe the reaction of the clay to an increase in effective stiesslotteccurvein Figure

3.3 (defining instant and delayed compression) shows what would happen if the pore water in
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the soil could not sustain the effective stress increase, hee.applied pressureould be
instantaneously transferred to the soil structure as an effective présswever, due to the
viscosity of the water, the pore pressure will dissipate gradually (corresponding to a gradual
effective stress increase). This response is portrayetiebgdlid curven Figure3.3. The

time required for this dissipation of pore gsareis dependent on layer thickness,
permeability, and drainage conditions aswl ths division is unsuitablefor describingsoil

behaviour with respect to effective stress (Bjerrum, 1967).
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Figure 3.3 Instant and delayed compression versus primarysaodndary compressien
Bjerrum (1967)

The additional curve in Figur8.2 shows that the undrained shear strength increases as a
result of the void ratio reduction that occurs during delayed compression. The decreased void
ratio (and hence water content) means that the number of contact points between clay
particles increasesnd hence the cohesive component of the shear strength in plastic clays

will increase. This increased strength means that cohesive clays develop a reserve resistance
against further compression (the clay behaves as if overconsolidates)is commonly
referred to as an apparent preconsolidation p
effect in natural clays is different to overconsolidation caused by groundwater level

fluctuations, erosion, weathering, cementation, etc. (Liingatwd, 2004.Bj er r umd s i d e
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were expressed mathematically by Garlanger (19@3rlanger usedioid ratio €) as
opposed to engineering straiy, (which was used by Buisman (1936). Butterfield (1979)
then used natural strain (or logarithmic straitl}, (see H. 3.3), noting that it supersedes

engineering strain for cases involving large strain.

e = |n§_g +e°§ 3.3

Yin & Graham (1988,b, 1994) I ntr od equralent tilééo descobe the p t
1D time-dependent behaviour of clay sdilses caus e Bj errumdés (1967)
duration of loading are not unique in all ca@egydo notinclude the influence of the rate of
straining) and so cannot describe the full range of laboratory proceduresmneliistage
loading, relaxationtests and CRS tests.The equivalent time model is also capable of
modelling unloaereload behaviour and overconsolidated stress stdies. concept of
eguialent time used by Yin & Graham (1988a1994) corresponds to an equivalent loading
time rather than an absolute time or duration of loading (Bodas Freitas, Zh8&quivalent

time relates to a unique creep strain rate; larger equivalent times aceatess with smaller

creep strain rates.

Similar to the work ofBjerrum (1967), Yin & Graham (198%, 1994) have divided the
settlement into instant and delayed compression. Howevéne equivalent timapproach

the instant deformatiors consideredo be elastic whereaBjerrum (1967) considers it as
compression that occurs simultaneously with effective stress appli¢egiorlastieplastic)
assuming no hydrdynamic hg. Therefore, in the equivalent time model, the position of the
instant timeline occurs at higher void ratios than in Bjerrum's ()9®6del The model is
formulated using a combination of an equivalent time, a reference time line, an instant time
line and a limit time lingFigure 3.4). These have been explained by Liingaetrdl. (2004)

and Bodas Freitas (2008):

1 The equivalent timé) is the time needed to creep from the reference timetlireQ) to
the current value of vertical straand vertical effective stresasmder constant effective

stress.
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1 The reference time lines the reference state for calculating equivalent time. Equivalent
times below the reference time line are positive whereas equivalent times above the
reference time line are negativihe reference time line corresmisnto the elastiplastic
line in soik that do not creep.

T The i nstant time | ine defines instantaneou
(1967) elastigplastic instantime line), i.e. it describes the instant elastic response of the
soil skeleton that occurs due to effectiveess changes.

1 The limit time line {c = D) defines the time beyond which the creep rate is zero.

Limut time line

]

Figure 3.4 Equivalent times, instant time line, reference time line and limit time- line
Liingaardet al. (20049

3.3.2 Rheological Models

According to Liingaarcet al. (2004), rheological models tend to be used to gain a conceptual
understanding of time effects in soil. The models, which have typically been developed for
metals, steel, and fluids, describe uniaxial conditions and tend fwesented in either
closedform or differential form. There are three main categories of rheological model: (i) the
differential approach, (ii) engineering theories of creep, and (iii) the hereditary appitlach.
three catgories have been reviewed in d@tin Liingaardet al. (2004), with only those based
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on the differential approach described herein; the engineering theories of creep are more
suitable for materials where the stress states are below the yield limit (e.g. metals and
concrete) whereas thereditary apprach (based on the principle that the current strain can be
obtained by integration over the entire loading history) is generally considered too complex

for describing the behaviour of geomaterials (Liingagrdl, 2004).

3.3.2.1 Differential Approach

In the differential approach, material behaviour is represented by a combination of
elementary models, e.g. the elastic Hookean spring, the viscous Newdasigrot, and the
Saint Vernanplastic slider (Bodas Freitas, 2008), seguF¢3.5. The syperscriptse andv in
Figure3.5denote elastic and viscousjs the spring constand,is the viscosity constant, and

Uy is the yield stress above which plastic deformations are allowed, with the stress difference

-0y often termed the @rstress (Liingaardt al, 2004).

a. Linear spring b. Viscous dashpot c. Plastic slider

v
o o

e

E N
y
> —MWW— ¢ | "> —A}— <"
c-0, for c >0,
o€ = Eef crvznév (c—cy>=
- 0 for O’SGy

Figure 3.5Hookean elastic spring, Newtonigiscous dashpot, Saint Venaiastic slider
Liingaardet al.(2004)

The mostpopular models used in the field geomechanics arthe Maxwell model, the
Kelvin-Voigt model and the Binghanmodel. The Maxwelmodel consists of a spring and a

dashpot connected in series, the KelVimigt model consists of a spring and a dashpot in
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parallel, and the Binghammodel consist of a dashpot and slider in parallel which are
conneted in series with adiear springsee Figures.6, whereJ and UP denote elastic and
viscoplastic strains)The Binghammodel concept has close parallels with overstress theory
(see Sectior8.3.3.). The response is purely elastic and tim#ependentvhen the applied
stress isbelow 0,. The timedependent part of the model, consisting of the parallel unit with
the slider and dashpot, becomes activen the applied stress is abadye The total strain

rate is composed of the elastic and viscoplastirstates.

Bingham Model

a,
E
o WA, o
1]
P . -
—

Figure 3.6 Binghammodel- Liingaardet al.(2004)

The linear constitutive relationships applied in theseologicalmodels are too simple to
accurately capture nonlinear soil behaviour. Additionally, extension of these ntoc&ils

space is complicated (Liingaagtial, 2004).

3.3.3 General stressstrain-time models

General stresstraintime modelsare capable of describing the radependent behaviour of
soils under a variety of different loading conditions. Shencludeeslasb-viscoplastic models
and viscoelast-viscoplastic models (not discussed). The majority of eleisicoplastic
models are based mverstress theorgr non-stationary flow surface (NSFS) theorfhere

are also some alternative approaches which armeantioned here.

3.3.3.1 Overstress Theory

The most popular general stregsaintime models for describing tirrgependent soil

behaviour have been bas g¢l968,1966).Oversiressanivdels o v e r
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assume a static yield surfagrists,inside which only purely elastic straidsvelop This idea

is similar to a traditional timéndependent yield surface dividing elastic and plastic strains
(Liingaard et al, 2004). In overstress wdels, elastic strains are timmeependent while
inelastc strains are timedependentThe total straimrateis composed ofraelastic strairrate

and aviscoplasticstrainrate

The elastic strain rate is calculated wusing
calculated using a flow rulélhe sizeof the viscoplastic strain increment depends on the
distance between the current loading surface and the static yield Jitaes Freitagt al,

2011).This is termed the overstress, asthe 3Dequivaleniof the stress differencé;dy, in

the Binglammodel (Bodas Freitas, 2008).

In overstress models, inelastic strains are not related to the stress history but rather to the
current state of stress only (Liingaaet al, 2004). This differs to traditional elastoplasic
theory which implies a consistey rule so that stresses outside the yield surface are not
possible (in overstress models, the stress state can be on, within, or outside the yield surface).
Overstress models cannot model tertiary creep (increasing creep strageeAtegusteseret

al. (2009) and hence undrained creep rupture (Adathal, 1987 because they predict an
increased undrained shear strength with increagiscpplastic (creep) strain ra{®odas
Freitaset al, 2011).

The models based on the overstress theory described here have been further classified by Yin
et al.( 2 0 1 Ocpnveat®nal@®verstress mod@lParameter determination for these models
requires very low loading rate laboratory tests, which tend not toedsibfe, and thus
overstress models tend not to be suitable for practical useetyah, 2010).Additionally,

Yin et al. (2010) have noted that the fundamental theory behind conventional overstress
models is flawed because experimental data indicatevib@plastic strains always occur,

thus implying that the static yield surface never actually exdsigended overstress modigls

which assume viscoplastic strains inside the static yield sudaessome this limitation.
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3.3.3.2 Non-stationaryFlow Surface (NSFS) Theory

The NSFS theory is an extension to the theory of classical elastoplasticity, the major
difference concerning the definition of the yield condition. In classical elastoplasticity, the
yield condition does not change with time when plastic strains remastacwnwhereas in
NSFS, the yield condition depends on time, changing every moment, even when viscoplastic
strains remain constant (Liingaaetal, 2 0 0 4tatipnarp . & .enmo@stagonadd yi el d
surface. As is the case with overstress theorytafiaé strain rate in NSF®ieoryis composed

of an elastic strain rate and a viscoplastic strain rate.

NSFS models cannot capture time effects in the overconsolidated reiggothey cannot
satisfactorilyreproduce creep/relaxation phenomena whesetlpgocesss are initiated from

stress states within the yield surfdt@ngaardet al. 2004, Bodas Freitas 200&)ingaardet

al. (2004) have summarised the differences between overstress theory and NSFS theory in
tabular form.The SekiguchiOhta(1977 model developedor normally consolidated clays,

is probably the most weknown model in this categorfhe model can capture creep rupture

in undrained conditions (Liingaareét al, 2004) whereas overstress daets cannot.
Additionally, NSFSmodels yield timendependent elastplastic behaviouwhen loading at

a very fast strain rate (thus mimicking the soil response that would be found using an
equivalent timendependent elastplastic model) whereas overstress models would only

yield an ehstic response (Bodas Freitas, 2008).

3.4 Three-dimensional Elasto-Viscoplastic Models

This section describes a selection 38 isotropic and anisotropic elastiscoplastic soll
models, some of which additionally account fantding and desucturation(the invisad
counterparts to these models are not discus3éd). models described in this sectiaf of
which are based ohlypothesis Bare classified as general strasaintime models(see
Section3.3.3.

The focus of this section is toghlight how modelling the tim@&ependent behaviour of soft
clays has evolved since the isotro@8C modelVermeeret al. 1998, Vermeer & Neher

1999) was implemented in the PLAXIS FE codlae elasb-viscoplasticmodels used in th
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thesis §SC modebnd CreefSCLAY1S mode) are described in detail @hapters4 and 8
respectively The purpose of this section is not to review every elasicoplastic soil model
but rather to trace how the Cre8LAY1S modekvolved from earlier modet® provide a

frame ofreference for the analyses in Chapter 8.

3.4.1 Isotropic Models

The SSC model(Vermeeret al. 1998, Vermeer & Neher 1999)s ¢ | a s sextendedd as
overstress modébecausereep strains are permitted inside the yield surface so that there is

no puely elastic regionThe SSC modet an al so be QGreegmodd e@defit o as
al., 2 0Qréep modah LCsas the soil viscosity input parameter. TB8C models a

3D isotropic modekuitable fomormally consolidated clays, silts, and peair{greveet al,

2011). A1D form of the model was first developed based on pioneering work by Buisman
(1936), Bjerrum (1967), and Garlanger (1972) and has since beemlexktents 3D form.

The development of the model has been described in detail by Veetnabr(1998) and

Vermeer & Neher (1999)The model is based on the isotache concéfyp@thesis B
proposed by GSe#iong.21.2( 1957), see

As noted by Vermeer & Neher (1999),ettmajority of oedometer tests carried out to
investigate secondary compression behaviour tend to be based on step loading rather than
natural loading processes (which tend to be continuous or transient in nature). As a result, the
1D equations proposed bpuisman (1936) and others first need to be formulated
differentially to enable a straighforward extension to 8D form. The procedure is described

by Vermeer & Neher (1999) and Brinkgrestal. (2011).

The isotropic EVP model developed by Yiretal.(2002) i s al Geep ndodéh ot e d
based on the classification by Yt al. (2010) It has been developed basesh the
Gequivalenttimé concept of Y i, 1984) IGincarpoeates a( nbhiBedr9 a
creep functiorandcan be used to model thehaaiour of normally consolidated and lightly

overconsolidated clays.
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3.4.2 Anisotropic Models

Anisotropic elasteviscoplastic soilmodels have been developad extensions to theVP
andSSC moded, e.g.Zhouet al. (2005),Leoni et al. (2008).Clay soils exhibit anisotropy in

both strength and stiffness and to disregard it could mean inaccurate predictions of soil
response under loading (Zdravkowt al. 2002, Grimstacdet al. 2010). The Anisotropic

Creep model(ACM, Leoniet al.2008) uses rotatetCC ellipses as contours of volumetric
creep strain rates and a rotational hardening law (Whee#dy 2003) to account for changes

in anisotropy with viscous strairfthe rotational hardening law explainedin Section8.3).

In contrastthe anisotropic EVP model developed by Zhoet al. (2005) is based on fixed
anisotropy (i.e. the model accounts for inigalisotropy but does not incorporate a rotational

hardening law for describing changes in anisotyopy

Yin et al. (2010), noting that the assumption made regarding the flow direction of
viscoplastic strain in the aforementioned models some limitationdhave proposed new
anisotropic elasb-viscoplastic soil modelbased on extended overstress thedrip €redp

mode$d incorrectly predict straksoftening behaviour forundrained triaxial test on
isotropically consolidated sampgléand the stress path canmobssthe critical state line

(CSL) for normally consolidated clayecause they assume that the viscdigla®lumetric

strain rate is independent of the stress stsea result, unrealistically large viscoplastic
volumetric strain rates are predicted as the stress state approaches critical state, whereas in
reality (i.e. experimental results), the visc@pia volumetric strain rate should be nearly zero

(Yin et al, 2010). This leads to instability in the model due to the ekeely large volume
contraction.The new model overcomes this deficiency by making the volumetric strain rate
dependent on the stress ratips q / (a$d approaches th€SL, the volumetric strain rate
diminishes accordingly taeroratherthass uddenl y &éj umpingdé trao zero

volumetric strain condition at critical state

The majority of models discussed this sectionassume isotropy of elastic behaviour as
incorporation of elastic anisotropy adds enormous complexity to soil models in which the

anisotropy is not fixed,e. evolving anisotropy (Wheelet al, 2003).
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3.4.3 Anisotropic Models with Bonding and Destructuration

Soft soils and most other geological materials exhibit bonding/structure between their
particles. According to Bland (1990) and Leroueil & Vaugha(1990), the effects of
structure should be considered equally important to basic soil mechanics concepts such as
initial void ratio and stress history in de
the progressive breakdown/degradation ofdsoduring straining (Lerouedt al, 1979).The

soil models described in this section incorporate bonding and destructuration using the
concept ofan intrinsic yield surface, first used by Gens & Nova (1999). intrinsic yield

surface is an additional glid surface introduced to represent bedhaviour of an equivalent
unbanded soil (which would yield at lower stresses than its bonded equivalent). The
difference in the size of the yield and intrinsic yield surfaces is a measure of the amount of
bonding (Karstuneret al, 2006).

Yin et al. (2011) extended the&in et al. (2010) model to account for bonding and
destructiration. The model, termed th&niCreep mode| takes account of both initial
anisotropy and also the development/erasure of anisotropy digctplastic strains using a

rotational hardening laysame basis as the Yeat al. (2010 mode). The EVP-SCLAY1S

modelis also capable of accounting for smiropy, bonding, and desttucation. The model,

described by Yin &Karstunen (2008), is based on the overstress theory of Perzyna (1963,
1966) and the elasfolasticS-CLAY1S model(Koskinenet al. 2002, Karstuneet al.2005).

The S-CLAY1S modelaccounts foranisotropy, bonding, and desttu@ation but does not

include viscous effects (se8ection8.2). The EVP-SCLAY1S model is categorised as a
¢&conventional overstress model and so does not predict Vviscc

surface.

The majority of soil models discussdtere assume associated flowule, which tends to be
a reasonable approximation when used in conjunatith an inclined yield surfacé.e.
inclined reference axisg.g. Wheeleet al. (2003). However, Grimstaet al. (2010) arguing
that this assumption may not prove vafir all natural clays(based on experimental
observations made by Feng (1991)jave developed theon-associated structured
anisotropic creep (nSAC) model The nSAC modelusesJ a n b(1D@9¥time-resistance

concepto incorporate creep effects.
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According to Jabu (1969), the resistance of any medium is defined as the incremental cause
divided by the incremental effefthe resistance is the tangent to the caffext curve when

the behaviour is nefinear). The time resistanc®, is defined aR = d t / Rivéties with

time and stress. Janbu (1969) has highlighted that thetéongtime resistance for predicting

the amount of secondary/creep compression in clays varies linearly with timgs idR/dt=
constant(see Figure3.7). This longterm dimensionless timeesistance numberg, is the

input creep parametansed for the +8AC modeland can be determined from a standard
incremental loadl() oedometer test. This parameter is not as familiar as the widelyQgsed

or its isotropicequivalent,e * The n-SAC modelalso enables a creep limideyond which

creep will not occurto be introduced by either defining a maximum time or maximum OCR

value.

1

R=dt/de
Pure Creep

t
Figure 3.7 Graphical determination of the time resistance number from an IL oedometer test
- adapted from Grimstaet al.(2010)

The key feature of this model is that the time resistance concept is introduced on the
viscoplastic multiplier rather than on the vistagtic volumetric straiso that the viscoplastic
volumetric strain can be either positive or negative depending on whether the stress state is
on the aryb or dvetd side of critical stateThis is advantageous because it allows soil
behaviour on thedryd side of critical state to be properly capturéed.g. highly
overconsolidated soils).nladdition postpeak deviatoric stress jumps observed for rate
variations in undrained shear tes@n be properly capture@rimstadet al, 2010). The
models by Yinet al. (2010, 2011) have accomplished this using an extended version of the

overstress concept (Grimstatlal, 2010).
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Models which assume constant contours of volumetric creep strairs@dpr ACM) yield
unrealistic creep strains for almost all strpashs (Ollson, 2013)Additionally, anisotropic
elastoviscoplastic soilmodels incorporating the evolution of anisotropy using a rotational
hardening law will predict a continually rotating yield surface because viscous strains will

always exiswwhereasheir inviscid counterpartwill not (Ollson, 2013).

The Creep-SCLAY1S model described by Sivasithamparaet al (2014), also uses the
conept of a constant rate of vig@astic multiplier to calculate creep strain réesimilar

idea to what has been adopted by Grimsadl. (2010) in then-SAC model) This is in
contrast with theACM, which uses the concept of contours of constant volumetric creep
strain rate which means it is limited in some aspeastdisted belowsee Karstuneret al.
(2013), Sivasithamparast al.(2013 2014):

T TheACMis | imited to the o6wetd side of crit
condition is imposed at <critical state, an
Unrealigic strain softening behaviour is predicted in undrained triaxial tests.

The ACM uses an associated flow ruleadingt o a o6jumpé in the vol
when approaching critical state (i.e. volumetric creep rate suddenly reduces tdkero).
CreepSCLAY1S modelovercomes this problem because creep is formulated using the
concept of a constant rate of viscoplastic multiplier.

1 The ACM also experiences problems reproducing-stemges in strain rate and hence

cannot appropriately simulate the isot@blehaviour observed in natural clays.

The formulation of the CreefCLAY1S modelis described in detail isection8.3. The
viscosity input parameter required for the CHHPLAY1S model(Cy or € ¥ is instantly
recognizable, making the model attractfi@m an international modelling perspectiigame

input parameter as the SS@odel and theACM). The viscosity paramets used in the
AniCreep EVP-SCLAY1S and rSAC mode$ are not as straigtiorward to establishAs

noted by Jostad & Degago (2010), itwid be convenient if all creep models had a common

set of input parameters so that any output differences would be easier to comprehend and also
a common database of parametersild be assembled to studyethreep behaviour of all

clays.
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3.5 Summary and Implications of Literature Review I

Ladd et al. (1977) were the first to pose the question of whether creep occurs concurrently
with primary settlement or whether creep only begins once primary consolidation is finished,
theories now referred to &bypothesis Band Hypothesis Aespectively. A thorough review
carried out by Degaget al. (2011) has suggested that that the taependent behaviour of

clay is best described by CreBgpothesis BKabbajet al. (1988) also validatetypothesis

B for four specific test embankmentsan earlier study.

Three different classes of model exist for describing-ii@eendent soil behaviour; empirical
models, rheological models, and generaéssstraintime models. Empirical models are
limited to the specifissituations from which they have been derived and tend to be €losed
form, although they can be used as the basis for develd@ngonstitutive models.
Rheological mode|swhich also tend to be closeidrm, are useful to gain a conceptual
understanding ofime-dependent soil behaviour. General sér&traintime models ar8D

and are often formulated incrementally and so are readily adaptable for numerical
implementation into FE cod&he majority of general stressraintime models described in
Section3.4 are based on either conventional or extended overstress theory. These models

have evolved and now incorporate anisotropy, bonding, and destructuration.

The majority of the FE modelling work described in this thesis has been carried out using the
commera@lly available elasteviscoplastic SSC model based on constant contours of
volumetric strain rate. Thiassumption can result in unrealistic creep strains. The results
obtained using th8SC mode(Chapters 6 and Have beerorroboratedy comparison with

the CreepSCLAY1S model(Chapter 8) which uses the concept of a constant rdte o
viscaplastic multiplier. This allows soil behaviouon the dryd side of critical state to be
properly captured and also means the model is capable ofdiegng thepostpeak

deviatoric stress jumps observed for rate variations in undrained shear tests.
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4. Material Models and Preliminary Finite Element Considerations

4.1 Introduction

The PLAXIS 2D program can be used to analyse and model a wide range of geotechnical
problems, e.g. groundwater flow, excavation, embankment construction, tunnel construction,
etc. This chaptenntroduces the principles of material modelling and gives detailed
descriptions of thedifferent material modelthat have been used in the subsequent chapters
of the thesisAlso includedis abrief description oBome of he preliminary checks that have
been carried out to guarantee the accuracy of the FE r@saltaling somespectgparticular

to themodellingof stone columrbehaviour with the FEMThese checks and mesh sensitivity
studies are described in more detail in AppenlliXThe axisymmetric unit cell FE model
used for the modelling work in the subsequent chapters of the ihekdscribed to provide

context for the preliminary checks.

4.2 Material Modelling

The main difference between geotechnical analysis and other types of structural analysis is
thecomplexityassociated with real soil behaviour and the presence of pore fluid (Mar, 2002).
Soil is a multiphase material which consists of solid particles and pore fluid, e.g. water and
air (Mar, 2002). The stresstrain response tends to be highly #iorear with strength and
stiffness strongly dependent on the particular stress or strain level (Potts and Zdravkovic,
1999)and on the stress path followed (Mar, 2002).

Soil behaviour is further complicated by the fact that it exhibits anisotropy, perityeabil
dilatancy and timedependency or creep (Mar, 2002). In contrast to steel and other structural
materials, modelling real soil behaviour requires advanced métenatitutive models to
accountfor its multi-faceted natureélThe accuracy depends on bahe appropriateness of the
selected material model for the problem in question and the atwlitghoose suitable

parameters for the chosen madel
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Material models (differing in rigour and assumptions made) approximate real soil behaviour
using mathematal equations to formulate strestsain relationshipsThe material models

that have been used in the subsequent chapters of the(8e€isSSand HS are described

in this section The most fundamental soil models commercially available with PLAXIS 2D
are alsointroduced(LE, MC) and abrief description of theMlCC model is included as a
precursor to th&SandSSCmodesk.

4.2.1Linear Elastic (LE) model

TheLE model is based ondtbke's Law of isotropic elasticityaterial behaviour is dictated
by E and 3. The model is unsuitabléor capturingsoil behaviouraccurately Alternative
stiffness modul{which are related as shown in Egl) such as the shear modul{@), bulk

modulus(K), or EqegCan be used as auxiliary input parameters

__E _ E _ _ (-nE

201+n) 31- ) E"e"_(l- 2n)(1+n)

4.7

4.2.2Mohr Coulomb (MC) model

The linear elastic perfectly plast’dC model is universally recognisable in geotechnical
engineering. Hooke's Law is used to describe elastic behawsdore the onset of yielding.
Failureis dictated by the Moh€oulomb vyield criterionin addition toE and 3, the model
requiresthree additonalinput parameters,’, ¢' (cohesion)andy. The yield surface assumes
the shape of a cone with a hexagonal ceesgion in principal stress spasze Figuret.l
(the corners of the yield surface sometimes lead to computational problEnesmodel
involves six yield functions and six plastic potential functiomshe p @ plane The yield
functions are defined by andc' with the plastic potential functiordictatedby y. The MC
model assumes(unrealistically) a constant rate of dilation durindhesaring (leading to

negative pore pressures in undrained conditions).
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Figure 4.1 Mohr Coulomb vyield surface in principal stress spacé& (OkPa)- Brinkgreveet
al. (2011)

4.2 .3 Modified Cam Clay (MCC) model

The MCC model (Roscoe and Burland, 1968) is suitable for modelling the behaviour of
normally consolidated clays (Brinkgreee al, 2011). It is an extension of the original Cam
Clay model proposed by Rosccoat al. (1963). The yield surface of thtMCC modelis
elliptical in p'-q spacewhich makes it more suitable for constitutive FE modelling than the
original model(in which thetear shaped yield surfacecorporatesa discontinuity. Stress
stateswithin the yield surface resulh purely elastic straind he size of the yield surface is
dictated by the magnitude of the pansolidation pressure (Mar, 2002). The maddbased

on a logarithmic relationship between mean effective st(p9sande. The behaviour in
primary loading(Eq. 4.2) is dictated by tB compression inde») while the unloaeeload
behaviour(Eq. 4.3)is dictated by the swelling inde®)( The CSL describes the relationship
betweenp' and q (deviator stressht failure, see Egq4.4 The parameteM (Eq. 4.4)
determines the height of thedlipse and hence the shape of the yield surfabe. model is

based on the Druckétrager failure criteriofconical yield surface in principal stress space)

Q_)o

e- g=/In L

0

(4.2)

Lo
|-OO0O
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4.2 4 Soft Soil (SS model

The SS models suitable for modelling the primary compression behaviour of near normally
consolidated clayype soils (Brinkgreveet al, 2011).Similar to the MCC mode] the SS
modelis based on a logarithmicressstrain relationship, e.d=qgs.4.5 and 4.6 for primary
loading and unloadingeloading respectivelyFigure 4.2). The unloaereload response is
assumed to be elastic, as bdand4.6eThe rhogel is h e
formulated in terms of volumetric strait) instead of void ratio v & *anda *related toe-
anda as definedn Eg. 4.7. The relationship between the isotropic material paramesders (
anda ¥ and the conventiondlD compression and swelling indiceS.(and Cs) is described

by Eq. 4.8 There is nauniquerelationship betweea *andCs because the ratio of horizontal
to vertical stress changes duribi) unloading (Brinkgrevet al, 2011). An approximation is
obtained assuming an isotropic stress state during unloadingaisohéh horizontal and

vertical dresses are equal.

0=/ wluP 8
e - e = n%g 4.9

3 p' &
e - e =k*|n%‘.’8 (4.6

p, P

Figure 4.2 Logarithmic stresstrain relationship Brinkgreveet al.(2011)
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Kk /

* = . * =
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* 0

(4.9

The vyield surface of thBS models based on th®1CC modelbut for the SS modehe yield

surface is decoupled from the failure lise that failure is not necessarily related to critical

state This gives betteiK, predictions than the MCC model which predicts unrealistically

high Ko values in the NC range. The SS model is basedhenMohrCoulomb failure

criterion but the slope of the failure line is smaller than the slope d¥itee (Figure4.3).

The parameteM (Eq. 4.9) in theSS models used to determine the height of the ellipse in

thep @ plane whereg,,denot es Poi s s on éraloading The loeight of the unl o a
ellipse is responsible for the ratio of horizorttalertical stresses in primatyp compression

and sohe value oM should becompatible witha known value oKy (coefficient of lateal

earth pressure in thrmally consolidated conditiofr) primay 1D compression.

v = \/(1- K§)? (- KEYA- 21, )(/ * 1 k* - 1)

W+ 2KE)2 | (L4 2KENA- 21)] * k- (A- K§OArmg) 9

Figure 4.3Yield surface of th&S modeln thep -@ plane- Brinkgreveet al.(2011)

The total strair(() is composed of an elastic compondiitand a plastic componentf, (see
Eqg. 4.1Q rate effects are not included). Stress changes below the yield cap induce elastic
strains. Once the yield stress is exceeded, plastic strains are developed. The mean yield stress

is updated based on the amount of accumulated plastic strain (Degafjo2011). As a
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result,an infinite number oéllipses exist during loading (Figu#e3), each orresponding to
a different preonsolidation stresgy). In order to ensure the cap remains in the compression
zone (e.g. when an effective cohesionds assiged to the failure surface or whenég 0), a

dhresholdellipse(Figure4.3) with a minimump, =c 6 ¢ @itonetstress unit is defined.

e=¢e®+éeP (4.10

4.2 5 Soft Soil Creep (SSC) model

The SSC modelis the only elastwiscoplastic soil model commercially available with
PLAXIS software andhereforet has been usedls the basis for the majority of the numerical
modelling work described ithis thesis The total strain({ in the SSC models composed of

an elastic componentJ] and a viscoplastic (creep) componet®),(see Eq.4.11 The
viscoplastic component can be furtidivided into strains during and after consolidation
respectively (see Figurt4), wherel dis the initid effective stressil @& the final effective
stress, Uy is the initial preonsolidation stress before loading. is the preonsolidation
stress aEOP, andt 8t - t. is the effective creep time (withandt. denoting the timefrom

the beginning of loading anto EOPrespectively). The parametdrcan be determined from

a standard oedometer test using the construction developed by Janbu (1969), e.g4.5-igure

The physical meaning ¢ is still unresolvedBrinkgreveet al, 2011).

o

as'a as .0 ar. +t'Q
e=¢e® +e° = Aln?8+ BInaEP<0 + Clnge—g (4.11)
cSo-+ E%'pog ¢ lc =
a'o Tp0 ope o In( o)

AT~ .

1

A+B

1

NC - line i Cin(t +£/7¢)

Figure 4.4 Idealised stresstrain curve fronan oedometer tesBrinkgreveet al.(2011)
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fe Int -V
1
c tc C
1
]
' t
~ t'
a. Consolidation b. Creep behaviour

Figure 4.5 Consolidation and creep behaviour in a standard oedometeBraskgreveet al.
(2011)

The parameters, B, andC are related to the conventionHD parameters as shown in Eq.

412
C. . g. G-C . .__C

- (1+e0)sln10 ' T (1+e)In10 T (1+e0;In10 (413

The yield surface of th€SC modeis similar to theMCC mode) but, based on Bj er
(1967) conceptthe preconsolidation streggy) is assumed to depend on the amount of
viscoplastic strain that is accumulated with ti(@egagoet al, 2011) i.e. the yield surface

of the model expands due to creem. Eq4.13

0
[¢]

S, =5 po €X

4.13

OR
oy}
OO

The elastic strain rate depends on the rate of increase of mean effective stress whereas the
viscoplastic strain rate depends on the current state of effective stress and strain relative to a
reference creep rate (defined at a reference intrinsic time corresponding to a reference
preconsolidation pressure on the reference isotaEbepnlL oedometer test with a loading
duration of 1 day, the reference tim@ {s usually 1 day for load steps orthe normal
consolidation lineHowever, the value of the assumed preconsolidation pressure is related to
the duration of the test and thus a different test time would lead to a different

preconsolidation pressueeoniet al, 2008)
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Egs 4.11 and 4.13 describe the relationship between accumulated creep and time under a
constant effective stress. They have been converted into a differentialEorm.15 by
deriving an expression fa} (Eq. 4.14); for solving transient or continuous loading problems,
the constitutive law needs to ka differential form, e.g. Vermeer & Neher (1999).
Additionally, all inelastic strains are assumed to be 4ilpendent so that the total strain rate

is composed of an elastic strain rate and a-tieygendent creep pdrf + If).

tc =té%$_§ (4.14)
B
o ~ 2 ] 6C

g=of + & = AnaT 9+ C&5' 0 (4.15
¢cS'+ ¢ g%pQ

The stress invariantg6 and g are then used for the extension of #i2 model tothe 3D
model.A new stress measurg}’ (Eq. 4.16), is defined which is constant on ellipses in the
péq plane (Figure4.6). p°®is equivalent toll an the 1D modeland p,"® (a generalised

preconsolidation pressure) is equivalentito

2

eq — v q
aa
w
- A
= M
Q 1
e T
(] 7 .
= .
= / “‘\ \\
!(;eq 5}:"3(? > bo

isotropic stress

Figure 4.6 p°%ellipses in thedq plane- Brinkgreveet al.(2011)
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For the 3D model, the isotropic material parametersd fande ¥ are used in place of the
1D parametersA; B, andC), e.g.Eq.4.17. The creep coefficient, ¥ can be determined from
a standard oedometer test by plottiiggainstn t, e.g. Figuret.7. The time period must be
sufficiently long to ensure that the slope of the settleftier@ curve is a straight linafter
consolidation. fl the time period is notong enoughthe consolidation ratevill not be low
enoughand the creep rate will be overestimatbécause the consolidation rate will be

mistakenly added to the creep ratgy Waterman & Broere (2005).

k*° 2A ; B=/*-k* ; m*=C=—Ca (4.17)
(1+¢e)In10

Int

£V

Figure 4.7¢ *determination{} versusn t) - Waterman & Broere (2005)

The 3D form of Eq.4.15is given by Eq4.18 with p,° related top® as shown in E¢4.19
(3D form ofEQ.4.13).

/- k*
A #%95 apnead
&=& + & =k*|nae#;q8+ﬁ%0qu (4.18
gep = 1 8epp +
a4 &£ O
pei= p&d ex%% (4.19

In addition to volumetric creep strains, soft soils will also exhibit deviatoric creep strains. The
formulation of the3D model was completed (to includkeviatoric creep strains) by adopting
a flow rule for the rate of creep strain based on the assumption that creep strain is simply a

time-dependent plastic strain (Vermeer & Neher, 1999).
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The volume change during a creepipey gt is given by Eq4.20 The creep ratio, s *
9 ¥/e * governs the change of creep rate with time, whetspecifies the creep rate at the
reference timgJ(U = 1 day for theSSC modél

(4.20

a
& aeq 0
Dt
DeC = 1 Ing+ &P 0
& t 0
2 e
G

1-0:0: O: OO

The OCRdefines the creep rate at which the PLAXIS calculation starts

1 The amount of creep is heavily dependent on the ORBR.correct value of the OCR
should take into account the time elapsed since thavasilformed and started cpieg
(Waterman & Broere, 2004).

T Even for o6normally consolidated soil sé, Br
OCR value greater than 1.0 so that the predicted initial settlement velocity is not
excessivgusing OCR = 1.@ives an unrealistic initial creep raté) such situations, it is
recommended to resd¢, = Ky"° as opposed to the valu&y > Ko™ suggested by
PLAXIS (Brinkgreve, 2001).

1 The initial OCR can be estimated based on the age of the soil in questidDegago
(2011) Itisunr eal i stic to have a o6énor mal ayn conso
general,soft clays will display a small overconsolidation effect due to agéeng.
Degago2011)and water table fluctuationdsingan OCR of 1.0toremee nt a O nor ma
consolidated cl|l ay 6 onpludhydld (Degadoy201i)he cl ay t o

The SSCmodel is based on the Mol@oulomb failure criterionThe parameteM (Eq. 4.9)
governs the height of the ellipse (similar idea to$lgemodél, whereM is again determined
basedon Ky, i.e. failure does not correspond to critical statéime step or interval should
be defined for theSSC model otherwise the yield cap (which is responsible for plastic
deformations) will not be able to move and as esult the model will predict an

unredistically stiff soil response.
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4.2 6 Hardening Soil (HS) model

TheHS modelis a hyperbolic elastplastic model which models the dependence of stiffness

moduli on stress level but does not account for viscous effects such as creep and stress
relaxation. The model is based on the M@mulomb failure criterion and its yield surface

can expand due to @tc strains. The formulation of the model has been described in detalil

by Schanzet al. (1999). The MCC an@&S mode are based on volumetricompression)
hardening. These models work well onbut he ow
arenot representative on thérydside. In theHS model the volumetric hardening has been
complemented by deviator{shearhardening to overcome this.

The HS modelis an extension of the hyperbolic model developed by Duncan & Chang
(1970). The formulation ofthe shear hardening yield surface is basedadmyperbolic
relationshipbetweenLil,y and g in primary triaxial loading, e.g. Figuré.8 whereE; is the
initial modulus Esp is the secafriaxial modulus g, is the asymptotic value of the shear
strength,gs is the ultimate deviatoric stregbased on the MokREoulomb failure criterion)

andR is the failure ratioR = gi/qy).

asymptote

Qa

-1
\\%

Figure 4.8 Hyperbolic stresstrain relationship in primary loading for a standard drained
triaxial test- Brinkgreveet al.(2011)

In addition to the plastic shear strains that develop in primary deviatoric loading, the model
accounts for plastic volumetric strains occurring in triaxial stress states based on an
adaptation of Rdilatasn @y gheofy.A Séc@ngl yietd tsurfees(sap yield

surface) is introduced to account for the plastic volumetric strains that occur in isotropic
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compression, without which it would nog Ipossible to formulate a modeith independent
input of Esp andEgeq The size of the cap yield surface is goverbgdhe preconsolidation
stressThe stress dependency of soil stiffness is dictated by the pow&he model requires

ref and

the input of three stiffness parameters at a chosen reference preEues¢®’, Eow
E."" (unloadreload modulus). The position of the shear hardening yield surface is largely
controlled byEsy while the position of the yield cap (compression hardening) is largely
controlled byEqeq The yield surfaces are plotted in principakss space in Figude9. Both

yield surfaces assume the shapée MohrCoulomb failure criteriotn thep -@ plane

G,

Figure 4.9HS modelyield surfaces in principal stress space for a cohesionlesstibnz
et al.(1999

For soft soilsih = 1), the stiffnesparametergan alternatively be entered in term3gfand

C,, which are related to the stiffness moduli as in&£f1L

oed CC (1_ n)CS oed (42])

4.2.7 Soil modelcomparisons

The SSC, SS, andS mode$ are compared in this secticBomparisons between these three

models are the basis for 'ApproachBSection6.4.
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4.2.7.1 Constitutive Model Yield Surfaces

For the SS an&SC modal, M should becompatible witha known value oKy" in 1D
compressionIn contrast, the yield surface of ti#S model(which incorporates a more
complex and realistic hardening mechanism) is shaped differently in order to model a more
realistic Ko"® value in 1D compression. Brinkgrevet al. (2011) have suggestetiat the
modelling capabilitiesof theSS modebre superseded by thts model TheHS and SS/SSC

models will only be in agreement for oedometigre loading pathse.g.Vermeer (1999)

4.2.7.2 &oil TesbFacility

In this thesis, different approaches (introducedChmapter 6) have been used to assess the
effectiveness of using stone columns to arrest creep settlerbate approaches are based

on comparing PLAXIS ouput for different soil models (HS, 88 SSC) and for different

scenarios using the SSC model.(inéth creep and without creep). As a precursor to this, the
PLAXI S 6Soil Testd facility has been used t

using the three different soil modédts five different scenarios:

1. SS model (standard)

2. HS model (stadard)

3. HS model with the mobilised relative shear strength to one (MRSS = 1), in effect turning
off the shear hardening yield surface so that only the cap hardening remains. This cannot
be effected in a full FE calculation.

4. SSC model (standard)

5. SSC model witlt *set to the minimum allowable value.

The soil properties used for these comparisameespond téhose quoted in Tabk 3for the
singlelayer profiles described inSectiors 4.3.1and5.4. The soil stiffnesse®r the single
layer profileshave been altered to achieve a deskgés, and as such the simulated soil
response will not be directly comparable with the test results reported by Atlehsain
(1992) Hight et al. (19923), and Smithet al. (1992).The purpose of this section is soldly
assess how the models behave relative to one another. &e8tibnill focus on quantitative
comparisonsvith the test dateeported in ICE (1992).
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Isotropically consolidated undrained (ICU) triaxial compressiongest

1 Firstly, isotropically consolidated undrained (ICU) triaxial compressists teave been
simulated; the stresstrain behaviour ish®wn in Figure4.10a. The SS and&&SC model
stiffness responses are simjldre HS modelpredicts a softer stiffness respse. Similar
deviator stresses at failure gmedicted for all three models.

1 The response of th8SC models strainrrate dependent; a higher strain rate leads to a
higher deviator stress drthus a higher shear strength.

1 The corresponding stress pathi-@ space are compared in Figwtd (. In this case,
the inviscid model stress paths are almost coincident whil&8@ modektress paths
show strairrate dependence; higher strain rates result in less of a reduction to the mean
effective stressvhich in turn contributes to a larger deviator stress at failure.

1 When the MRSS is set to one for the HS mpdslresponse is very similar to tI&S
model(note that the HS and HS (MRSS = 1) limes coincidenin thep @ plot in Figure
4.1m).

1 The simulations using the SSC model with*set to the minimum allowable value
highlight that creep is not only difference between the SS and SSCaythdebSC £ *a
0) and SS model lines on Figurés.Ga and4.1( shouldcollapse on one anothdrit
were Thebehaviourfor SSC € *a 8 ho longer straimate dependent but the stiffness
responsén triaxial compression is different nonetheless.

1 In Figure4.1(a, the SSGnodel withe *& poedictssoftening pospeak whereas the SS
model does notThe postpeak softening behaviour predicted by the S8d@tlel occurs
because the viscoplastic volumetric strain rate is independent of the stress state (see
Section3.4.2. The SS and SS@odels also deal with plasticity in different wajote
thatthe Sand SSCg(*a 0) model cur ves 4d@entidche strass i d e n't
path reaches the CSL, at which pointthe SSG( 0) v i straimspddenly jurhps

to zero.

Incrementallyloaded(IL) oedometer tests

An incrementallyloaded(lL) oedometer test with a loadep duration of 1 day has also been
simulated in order to compare the behaviour of the moddl® icompression (similar to the

unit cell scenario modelled inatfollowing chaptens In this case (Figurd.1Q, U ) denotes
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the verticalaxial effective stregs the models are in better agreement. As expecte8 3@
modelpredicts a larger preconsolidation pressure than either of the inviscid models (although
the differene is minor); this is due to the influence of creep, Bgerrum (1967). In the
normally consolidated range, the differences between the predigted & *values in all

cases do not exceed 10%.
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4.3 Preliminary Finite Element Considerations

A number of preliminary checks have been carried out to guarantee the accuracy of the
results obtained using the FEM. These chealtsch aredescribed in detaiin AppendixA,

are summarised hereAdditional considerations relevant to modelling stone column
behaviour with the FEM are also discuss&ddescription of the axisymmetric unit cell FE

model is included to provide a frame of refiace for the subsequent checks.

4.3.1 Unit Cell Model

In the same vein as the work of Debatsal. (2003), Ambily & Gandhi (2007) and others,
axisymmetric unit cell analyses have been used for the majority of the FE modelling carried
out in this thesis. A small number 8D analyses (desibed in Sectiorb.3) have been carried

out using PLAXIS 3D Foundation to validate the adopted soil profile. A column diameter of
D¢ = 0.6m (column radiugy. = 0.3m) was adopted as typical of columns in soft cohesive soil
deposits constructed with a stand 430mm diameter poker, e.g. Wadtsal. (2000, Bell

(2009. The initial analyses have been @adrout for a simplified singlayer profile (5m

deep unit cell), see Figuell Further analyses have been carried ouldioger singlelayer

unit cells measuring 10m and 15m in length (Figude). These column lengths correspond

to Lo/D. ratios of 8.33, 16.67, and 25.00 respectively.

100kPa
!!,l,l,', Water table
B | at surface
Plate
Column Sm

Clay ——— Fixed in radial
! direction
Symmetry boundary :
Re=03m \ Fixed in vertical and radial
directions
Unit cell
radius

Figure 4.115m Unit Cell Model
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100kPa 100kPa 100kPa
! L

¥
Plate
Column
Clay

{ [10m

Re=103m
Unit.cell 15m
radius
Rc=0.3m
Unit cell
radius
Re=03m
Unit cell
radius

Figure 4.12Different Unit Cell Lengthsl{= 5m,L = 10m,L = 15m)

The sol parameters for the simplified profiles have been based upon the hessahrched
Bothkennar Carse clay test site in Scotland. For these initial studies, the stiff crust has been
omitted in the interests of clarigndthe soil stiffnesses have beereadid to achieve desired

EJ/E; ratios. Additional unit cell analyses have also been carried out fonmthki-layer
Bothkennarprofile consisting of a 1.5m crust overlying two layers of Carse clay. The soil

profiles and soil prametes are described in detail @hapter 5.

Boundary conditions applied to the unit cell models are reflective of oedometric conditions;
the vertical boundaries are restricted laterally (i.e. roller boundaries) while the base is fixed in
all directions.The \ertical boundaries are modelled as closed consolidation boundaries while
the top and bottom layers permit groundwater fldwe columns have beefwishedin-

placed (as used in previous studies by KilleRnMcCabe (2010) and Gé&dt al. (2008)) and

are modded as enébearing on a hard stratum. Initial stress generation has been carried out
using theKy procedure; thé&o procedure can be used in situations in which the top surface in
the soil model is horizontal and all remaining soil layers, including theerwable, are
parallel to the surface, e.g. Brinkgresteal. (2011).
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The majority of the unit cell analyses have been carried out for a range of commonly
encountered reciprocal aresplacement ratios, 3 A/A; < 10, as identified in the McCalat
al. (2009) database. Differer&d/A; values have been obtained by varying the unit cell

diameter (i.e. the spacing,in Eq.2.5) while maintainingd.= 0.6m.

4.32 Mesh Sensitivity and Iterative Control Parameters

The following points have been considenedhis section

1 The sensitivity of the FE output has been examined to ake#sthe impact of Ement
type (6node or 15node see Sectiom2.1) and mesh coarsengsee Sectio2.3). The
mesh sensitivity studies described in Appendlixave been carried out for the 5m unit
cell with the soil modelled using the SSC modehese studies indicate that meshes
consisting of ~2000 or more nodes produce sufficiently accurate predictions for the
maximum displacementuf) at the surface of thenit cell and for the average mean
effective stressep(in the column and soil at the end of the fiaahlysis phaseBased
on the results, fine meshes consisting-oib@ed elements were deemed sufficient for this
unit cell. Similar mesh sensitivitygdies for the multlayer Bothkennar soil profile also
confirmed the appropriateness of a fine mesh consistinghotiéd elements.

1 The choice of element type influences the time steps adopted by the PLAXIS program
when carrying out consolidation analys&fe program selects appropriate time steps
using the automatic timstepping procedurésee SectionA2.2.1), and although it is
possible to overwrite the default setting to use isteps smaller than the suggested
minimum value, this can lead to osciitay pore pressures (e.g. Vermeer & Verruijt,
1981). The mesh sensitivity studies have been carried out using the default setting to
isolate the influence of element type and size.

1 The influencs of alteringsomeotherdefaultiterativecontrol parameterssed by the FE
programare alsodiscussedn Appendix A (see Section#\2.2.2 and A2.2.3. These
include the desired maximum and minimum settings (which encourage the program to use
larger or smaller steps), the tolerated error (which enstivas local andglobal
equilibrium errors remain within acceptable limits), and thelemgth contol procedure

(used in loaetontrolled calculations to accurately determine failure loads).
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4.3.3 Modelling Stone Column Behaviour using the Finite Element Method (FEM)

Additional aspects that need to be considered when modelling stone column behaviour with
the FEM include:

1 Interface elementgsee SectiorA3.1): The majority of numerical studies investigating
stone column behaviouincluding those in this thesishave @clined to use interface
elements at the boundary between the granular column material andsthe sail, e.g.
Ambily and Gandhi (2007), Domingues al. (2007a,b)Géabet al. (2008).0One series of
analyses carried oais part of this researelsing inerface elementsasindicated thathe
time-settlement behaviowndhence theesultingn valuesarerelativelyunaffected.

1 Choice ofmodel for stone columr{see SectiorA3.2): The HS model has been used in
this thesis to model the granular column material. The influence of using the LE and MC
models for the column material has been examined. The results indicate that the MC and
HS modelsyield similar n valuesbut the LE modekignificantly overpredia n values
(i.e. column yielding is not considered, see Secignl.].

1 Column installation (see SectionA3.3): T h e O vinkpsl haecde 6 c ol umn [
technique, which has been uded the majority of analyses in this thesmay result in
out-of-equilibrium stresses which need to be restored prior to load application. This has
been achieved using a plastic-siép, which needs to havdime interval when applied
in conjunction with the SSC model. A parametric study has lbaeried out tastablish

an appropriate nistep duration thatoes not impact upon the final settlement.

4.3.4 Other Considerations

The followingadditionalaspect have been considered

1 Permeability (k see SectionA4.1): Parametric studies have Ipeecarried out to
investigate how the permeability of the clay may affect the FE output. The results indicate
that although increasing the permeability accelerates the rate of consolidation, the
correspondingp values are unaffected.

Change of Permeabilityndex (G, see SectiorA4.2): Cy defines how the permeability

changes during a consolidation analy3ise permeability changes according to £§2
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wherek is the updated permeability akglis the initial permeabilityParametric studies
have been carried out to assess whether using the default setfig=o1x10" (no
change of permeability with void ratio during consolidationTpe 0.5¢, (Leroueilet al,
1992) has any influence on the resultantalues. The outime of this study was as
expected; usin@y = 0.5 results in a marginally slower rate of excess pore pressure
dissipation but the correspondimgvalues are unaffected. The default setting has been
used for the singlayer profiles (Chapter 6) whil€ has been defined = @pfor the
multi-layer profile (Chaptex7 and §.

k

Iogéﬁ;. =

De
Ck

QOO

(4.22

1 Modelling Soft Soil Behaviour(see SectiorA4.3): Soil behaviour can be modelled as
drained or undrained. Drained behaviour is suitable for highly permeable materials for
which no excess pore pressures are generated during loading whereas undrained
behaviour should be used for low permeability soils whiekelop considerable pore
pressures when loaded. PLAXIS includes three options for modelling undrained
behaviour. The Undrained A approach (undrained effective stress analysis with effective
stiffness and effective strength parameters) has been used thekis Analyseswere
carried out which have verified thatvalues are similar whether modelling the clay as a
drained material or as an undrained material with a felipveonsolidation period.

1 Updated Mesh Analysesee Sectiod4.4): The influence of using an Updated Mesh on
predictedn values has been examined fmth the singlelayer and multi-layer profiles.

The results indicate that the final settlemeats less when using the Updated Mesh
option but the correspdmg n values & unaffectedHereafter the singlelayer profiles
have been analyseabsuming no mesh geometry change as settlement prdogtethse
Updated Mesh option has been usedtifi@multi-layer profile to account foithe larger
displacements

1 Oedometersimulations (see SectionA4.5: Oedometer simulations were carried out
using the SSC model prior to the axisymmetric unit cell modelling work described in the
subsequent chapters. These served the purpose of: (i) verifying that the output values of
C. andCy corresponded to their respective inputs, (ii) establishing the effect of using an

Updated Mesh on these parameters, (iii) identifying how the creep parameter is affected
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by the preconsolidation pressure, and (iv) confirming thatGhend Cy outputs ae

unaffected if modelling on a larger scale

4.3.50ne-dimensional compression behaviour validation

The settlementsvithout columnsfor the 5m, 10m, and 15m unit cells for the different soil
models and soil stiffnesses are validated udibgcompression formulae. Theercentage
differences between the PLAXIS 2D output and thechBipression formulagredictions are
less than 4% in all caseaffirming the reliability of both the modelling procedure and the
PLAXIS output.

4.4 Summary

In this chapter, the commercially available PLAXIS 2D soil models that have been used in
this research have been described in detail. The inviscid SS model is suitable for normally
consolidated clayype soils and is based ansimilar logarithmic stresstrain elationship to

the MCC model. The SS model is based on the M&sulomb failure criterion and yields
better Ko predictions than the MCC model in the NC range. €lasteviscoplasticSSC

model is also based on théCC mod el , but, b a socerteptpthe yBIfl e r r u m
surface expands due to ageing or creep.ifiViscid HS modelincludes deviatoric hardening

to complement volumetric hardenimghich makes it suitableor overconsolidated soils. The
second half of this chapter briefly introduces samportant considerations in FE modelling

of stone columns and soroéthe checkshat have been carried out to guarantee the accuracy
of the FE results. Thesmnsiderations and checlkse described in more detail in Appendix

A.
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5. Finite Element (FE) M odel Parameters

5.1 Introduction

The primary focus of this researcis to ascertain how creep influences stone column

behaviour in soft soils. The Bothkenrsaft clay tessite, located on the southern bank of the

Forth estuary, near Grangemouth in Scotlawds purchased by the UK Science and

Engineering Research Council (SERC) in 1987 as a national soft clay teg&dbekiennar

providesa suitable solil profile for the purpose of tRE study; the creep ratige- *o ¥ ¥ of

Bothkennar claynay be considereds admid-rangévalue of the selectiorof soft clay sites

worldwideshown inFigure5.1
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The first section of this chapter describes the Bothkennarstestand the associated

parameters adopted for the PLAXIS 2D Fi&del. An adapted version of theS modelsoil
profile used by Killeen (2012)based on ICE (1992)s usedKi | | eends

focused on examining a wide range of behavioasplectselevant tosmall groups of stone

(2012)

columns supporting small area footinggowever, ceep was not consideresio alditional

material parameters have been derived foStB€ modein this thesis.

The PLAXIS 2D profileis thenvalidated against Killeen's (20LPLAXIS 3D Foundation

profile (which has in turn been validated against a field load test described by &drdine
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(1995) foran unreinforced rigid pad footing). Additionally, simulations carried out using the
PLAXIS 'Soil Test' facilityin this thesiqsee Sectiorb.3.4 have been useid calibrate the
adopted soil parametevdth high qualitytest dataeported byAtkinsonet al. (1992), Hight

et al.(19923), andSmithet al.(1992)

The Bothkennar profe usedby Killeen (2012) is a miti-layer profileconsisting of a crust
overlying two layers of Carse clay. The initial FE analyses describ€thapter Gare based
on simplified singldayer profiles (with the stiff crust omitted in the interests of clasge
Sectiors 4.3.1 and 5.4). The parameters are based on the Bothkennar pararetetse
complexities associated with interpreting tlesults for a multlayer profile are avoide(the
multi-layer Bothkennar profile is used in Chapters 7 and'B¢ behaviour of stone columns
in creepprone soils has received very little attention andt seas deemed prudent to start
this research by studying singkeyer profilesinitially, described in thpenultimatesection of
this chapteSection5.4). The final section summarises the mtleparameters used for the

stone backfill, also based on Killeen (2012).

5.2 Bothkennar Soil Profile

5.2.1 Site Description Soil Classificationand Clay Mineralogy

The Bothkennar soft clay test sitelocated close to the Kincardine Bridge midway between
Edinburgh and Glasgow (Figut2a). The Bothkennar soft clays were deposited under stable
estuarine conditions and tendle relatively uniform across the si{edeal for geotechnical
researchapat from a laminated zone in the sowghst corner (Nasht al, 1992a) Figure
5.2b.

The Bothkennar soil can be classified as a silty clay using tlweefof the BS5930 (1999)
plasticity chart. This classification is based on clay fractions ranging 359% measured

by Paulet al. (1992) using ultrasonic methods to disperse the clay. The clay can be
subdivided into four main facies types (bedded, laminated, mottled and weathered), e.g. Paul
et al. (1992). It is highly structured and possesses a sogmifiorganic content of between

3% and 5% (measured by loss on ignition) with notably lower and higher values evident in

the laminated and mottled facies respectively (Heghal, 1992b). As reported by Higlet
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al. (1992b), the clay mineralogy and comnspimn is relatively uniform but it does exhibit
natural variability in structure, fabric and state depending on the facies type.
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Figure 5.2 (a) Bothkennar Site Locatiofb) Bothkennar Site PlarNashet al.(1992a)

The majority ofthe insitu testing was carried out in the sowtast corner of the sitéas
marked in Figureé.2b). The geotechnical profile for a borehole at this location is shown in
Figure5.3. The natural moisture conterw)(ranges from 305% while the liquid limit(w)
ranges from 5@0%. The plastic limifwp) is relatively constant at 25%. Tlpeofile of bulk

unit weight(derived from samples recoverading Delft continuous and piston sampling) is

relatively constant below the weathered crust layer at appraediyr8061650kg/ni.

90



Finite Element (FE) Model Parameters

Description Maoisture content and Unit weights: Particle size Loss on ignifion;
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Figure 5.3 Geotechnical profile at borehole D1 in the sewtstcorner of the site Nashet
al. (1992a)

The Bothkennarsoil profile adopted by Killeen (2012¢onsists of a 1.5msilty clay crust
overlying two lightly overconsolidatedpper and lowetCarse claylayers(Figure5.4). The

clay is in turn underlain by a gravel/bedrock layer. The groundwater conditions at the site are
hydrostatic.The water tables locatedat a depth of 0-8.0mbelow the surface, e.g. Nash

al. (1992a), Leroueiét al.(1992),Jacobs and Coutts (1992
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Figure 5.4 Bothkennar Soil Profile
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5.2.2Initial conditions

The geological history of the Bothkennar clay reported by Hegldl. (1992b) indicates a
maximum unloading of 15kPa due to erosiaich would have givemise to a profile of
OCR reducing with deptirom about1.25 at 5mbelow ground levelto 1.15 at 15m
However,incrementaload oedometer testarried out by Nashtal. (1992a) indicate yield

stress ratio (equivalent to OCRBJ) betveen 1.5 and 1.6 for the loweafSe claye.g. Figure

55. Nashet al. (1992a)have sggestedthat these higher OCR valugshan would have
occurred due to the unloading process alosre)due to ageing of the Carse clajhe
structured nature of the natural clay at Bothkennar could also contribute to the higher values,
e.g. Hightet al. (1992). Based on these findings, the initial stress state for the FE model has
been generated usingee-overburdempressure (POP) of 15kPa for the crust and upper Carse
clay layersandan OCR of 1.5 for the lower Carse clay. These two different methods of

defining the initial stress state atescribedy Brinkgreveet al.(2011), e.g. Figuré 6.
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Figure 5.5 Yield stress profile Nashet al.(1992a)
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Figure 5.6 Initial stressconditions (OCR and POPPBrinkgreveet al.(2011)

Nashet al.(1992a) have carried out a series of spade celtbseilig pressuremet¢EBPM),

and Marchetti dilatometdests to evaluate the initial horizontal stress profithich can be

used to obtain suitabke, values forthe FE model Thevariation ofKq with depth calculated

from the differentin-situ testsis scatterede.g.Figure5.7. The K, values whichtend to be

high in the crust and less than 1.0 belowdécrease slightly with depth but generally lie
between 0.6 and 0.9 for most of the profile (with a reduction locally at a depth of about 7m).
These insitu test results have been usedKijeen (2012)to deduceK, values of 1.5, 1.0,

and 0.75 for the crtisupperCarse clay, and lowetZarse clay layers respectively
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Figure 5.7 Variation ofKy with depth- Nashet al.(1992a)

5.2.3 Strength characteristics

Undrained shear strengtheeported by Nash et al. (1992a) using both laboratory
(unconsolidated undraingtlU) triaxial tests on specimens prepared from piston and Laval
samples) and #situ techniques (field vane tes&B3PM tests, dilatometer (DMT) piezocone
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tests) indicate that the shear strength of the Bottdeeclay increases linegrivith depth,

Figure 5.8. The uncorrected field vane strengttend to be larger than the umsolidated
undrained triaxial strengths while the SBPM values tend to overlap thelheomeasured
undrained shear strengths are considerably higher than would be expected for a normally
consolidated clay with a plasticity index in the region of 40%ese high values may be as a
result ofbonding of the claydue toageing (Naslet al, 1992a), the angularity of the silt
particles (Pauét al, 1992) or the fact thahe clay has a significant organic content (Nesh

al., 1992a)
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Figure 5.8 Variation of undrained shear strength with depth (a) unconsolidated undrained

triaxial tests (b) ®ld vane tests (c) SBPM tests, DMT piezocone testashet al.(1992a)

Allman & Atkinson (1992) conducted a series of triaxial stress path testsnoples obne
dimensionally normally consolidated and lightly overconsolidated reconstituted Bothkennar
soil. The soil samples were obtained between depths af 8l 6.5m below ground level

and were reconstituted at their natural water con@nitical state frition angles of §= 34

in compression and §= 37° in extension have been computed base@8hs given byM, =

1.38 andM. = -1.00(c' = OkPa)respectively.The authors have attributed thedatively high

friction angles to the significant proportion sift-sized grain particles arttie high organic
content.

However, Hightet al. (1992) have noted that these selections®(@4d 37) form a lower

bound to the data at large strains for the intact soil. Friction afglése Bothkennar clay
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generallyvaried between 3and 45 (c¢' = OkPa) at strains of 180% for intact soil samples,
with particularly high values evident in specimens from the bedded and laminated facies. The
authors concluded that a critical state is not reached in triaxial tedB®tbkennar clay

samplegossessing a wetirdered fahc.

The PLAXIS Undrained A(SectionA4.3) option has been used to model the Bothkennar
Carse clay for the purposes of the F&del. A critical state friction angle of 3sas been
used in conjunction wit nominal cohesion values of 3kPa and 1kPa (e.g. Killeen, 2012) for
the crust and clay layers respectively for numerical stability purpéSksen (2012) has
attributed the higher adopted nominal cohesion in the crust to the lower overburdenrstress.
addition, a dilatancy angle ofys = 0° has been chosen othe basis that lightly
overconsolidated clays tend to exhibit very little dilatarieyother FE studiesfriction angles
ranging from 3437° have been use(ee Table.1). These fall within the range quoted by
Hight et al. (1992). However, as explained in Secti6rB8.4.6+ = 34 is more comparable
with other soft clay $values, e.g. Tabl@.1.

5.2.4 Stiffness parameters

The stiffness parameters adopted by Killeen (2012) are based on a comprehensive testing
programme of ILoedometettests, CRS tests, and restricted flow (RF) tests carried out by
Nashet al. (1992b) on both intact and reconstituted clay samples obtdiioed various
depthsusing a 200mm thiwalled Laval sampler. The variation of void ratio with depth was
determined assumirg constanspecific gravity,Gs = 2.68 for the whole profile. The IL tests
involved 2030 daily load increments (four equal load incests up to the hsitu vertical
effective stress, 10kPa load increments to determine the preconsolidatibstressand
larger load increments with load increment ratigLIR = qpl ) di 1.0 thereafter up to
2000kPa). The CRS tests were carried odiifédrent strain rates ranging from 0.015mm/min

to 0.00015mm/min in order to determine its efféldbe compressibility of the Bothkennar
clay at stresses well above theld stresswas found to be relatively constaat 0.3 <
CdJ(1+ep) < 0.4 e.g. Figures.9a. The behaviour of the reconstituted specimens were notably
different, e.g. Figuré.9b (samples from a depth of about 5m). The test data presented in
Figure5.9b alsoreflect strain rate effect¢faster strain rates result in higher yield stresses)
and sample variability
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Compression index
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et al.(1992b)

Results from the IL testing programme indicate that the maximum rate of creep occurs just
after yield, thus highlighting the link between creep and the structural breakdown at yield
(Nashet al, 1992b).Ci/C. was found to remain relagly constant in theange 0.03.05(Cy

was determined from the slope of void ratio versustiimg) curves 1620 hours after load
increment application)lriaxial stress path testing on reconstituted soil samples by Allman &
Atkinson (1992)yieldeda= 0.181. Allman & Atkirson (1992) also investigated the swelling
behaviour and concluded thatwvas relatively constant at about 0.025. Killeen (2012) used
the ratio ofa- / neeasured by Allman & Atkinson (19920 work outCs from the C; values

presented by Nasdt al.(1992b) fo the naturaintact soil samples assumiag/ =&C//C..

The stiffness behaviour will be appreciably different depending on whether the soil profile
for the FEmodel is built using the test results on intact soil samples or reconstituted soil
samples, e.g. the compression index for natural(adilis almost 2.5 times larger than that

for reconstituted soila*). Killeen (2012) has used the intact soil sampketha basis for the

HS modelstiffness parameters. The sastdfness parameters aaelopted in this thesi®r

the SSC modelThe ICE (1992) publications have also been used by a range of other authors
(Table 5.1) to develop a suitable FE soil profile f8othkennar. Thesparametersexhibit
significant variabilitythat is dependent orboth the interpretation of théest dataand the

adopted soil model
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1 Nash (2001), Castro & Karstunen (2010) and Killeen (2012) have usedlDhe
compression data on intact soil reported by Neishl. (1992) for the selection of the
compression index.

1 Killeen (2012)has then used the ratio af/ derived by Allman & Atkinson (1992) for
reconstituted soil to work owwhereas Castro & Karstunen0@) have used the actual
a valuefor reconstituted sotllerived by Allman & Atkinson (1992). Nash (2001) appears
to have used an intermediate value.

1 The remaining FE studies have used lower compression indices closer to those for
reconstituted soil. Thehoice is dependent on model type, e.g. for models that include
bonding andlestructuration, the value entered should correspond to that for reconstituted

soil, e.g. Karstuneat al.(2013.

Killeen (2012) derived a value oh = 1 (power dictating the stss dependency of soil
stiffness)for thelower Carse clayat Bothkennar based on thE test data presented by Nash
et al. (1992b).Insufficient data wereavailable to derive a value offor the upper Carse clay
and crust layers and so = 1 was also used’he same valiehave been adopted in this

research.

5.2.5 Permeability characteristics

The variation of the hydraulic conductivity (permeability) of the clay with depth has been
studied by Leroueikt al. (1992) using both ksitu (eg. pushedn-place piezometers, self
boring permeameters, BAT system) and laboratory (e.g. oedometer cells, triaxial cells, radial
flow cells) methods. The authors have noted thattseihg permeameters tend to produce
the most representative profile gtipushedn-place piezometers and BAT system tend to
underestimate the permeabilities). The laboratory measurements generally fall between the
outer limits of these measurements. The results show a hydraulic conductivity anisotropy
ratio (k/ky,, wherek, and k, denote the horizontal and vertical permeabilities respectively)
falling between 1.5 and 2.0 witt = 0.5. The hydraulic conductivity profile was found to

be similar to the water content profile, increasing up to 5m, remaining constant to 8m, and
then decreasing with depth. Permeabilities measured by éiadh(1992b) using CRS tests

fall in a similar range to those measured by Leroetedl. (1992) withC, values generally in

the region of 0.4@.4%.

97



Finite Element (FE) Model Parameters

Authors Soil model | t (%) o * F* a* e* |a*/ |/ 9 a*/
Killeen (2012) | HS model 34.0 | 0.162 - 0.023 - 7.2 - -
Castro & SCLAY1 34.6 | 0.160 | 0.06 | 0.0067 - 24.0 9.0 -
Karstunen & S-
(2010) Castro| CLAY1S
et al.(2014) models
Nash (2001) EVP - 0.13% - 0.0089| 0.0053| 15.0 - 250
BRISCON 0.189 - -
model 0.0122| 0.0075
Bodas Freitas| 3D EVP 36.0 | 0.084 - 0.0105| 0.0038| 8.0 - 22.3
etal.(2011) | model based
on
overstress
theory
Liu et al. MCC model | 34.0 - 0.085 | 0.0088 - - 9.66 -
(2013) with
anisotropy
&
destructurati
on
Karstuneret Creep 36.9 | 0.100 | 0.06 | 0.0067| 0.0051| 15.0 9.0 19.6
al. (2013), SCLAY1
Sivasithampar| model &
amet al. ACM
(2013)
Kamrat SCLAY1 37.10 | 0.100 | 0.05 | 0.0067 - 15.0 7.5 -
Pietraszewska & S-
etal.(2008) | CLAY1S
models

Table 5.1 Variation in parameters chosen fothkennar

5.2.6 Adopted soil parameters

The adopted soil parametdos the multi-layer soil profileare summarised in Tabe2 The

parameters correspond to those used by Killeen (2012). The addifigraD.04C. values

(i.,e.e *= 0.04- ¥ for the SSOmodel soil profile used in thesis were calculated based on the
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results of the IL testing programme carried out by Nasdl. (1992b). Theparameters for the

simplified singlelayer profiles will be described in Sectiér.

Crust Upper Carse Clay Lower Carse Clay
Depth (m) 0.0-1.5 1.5-2.5 25-145
a2 (kN/m?) 18.0 16.5 16.5
OCR 1.5
POP 15.0 15.0
Ko 1.5 1.0 0.75
L 90 34 34 34
¢ (kPa) 3.0 1.0 1.0
¥s() 0 0 0
& 1.0 1.2 2.0
o * 0.015 0.049 0.162
a* 0.002 0.006 0.023
g * 0.0006 0.0020 0.0065
m (power) 1.0 1.0 1.0
Bur 0.2 0.2 0.2
ky (m/day) 1x10° 1x 10 1x10°
ky (m/day) 6.9 x 10° 6.9 x 10° 6.9 x 10°

Table 5.2 Bothkennar Material Parameters

5.3 Validation of Soil Profile

The adopted soil profile ialidated agollows:

1 Jardineet al. (1995) described two field tests an unreinforced rigid pad footing at the
Bothkennar site. The first test, simulated Kijleen (2012) to validate the adoptéts
model profile in PLAXIS 3D Foundation, has also been simulatsthg theSSC model
in this thesisto investigate potential soil model differencdhe second test, which
incorporated significant creep settlements, was also simulated in thistthesisstigate
the suitabilityof the SSC modeparameters.

1 Simulations hae been carried out to compare PLAXIS 2D and PLAXIS 3D Foundation

in order to confirm the wvalidity of using
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program.Time-settlement and stressrain behaviour has been compausthg both the
HS and SSC models

1 The PLAXIS 2D undrained shear strength profile has been validated aglaebigh
quality test data reported by Nagh al. (1992a). Using the PLAXIS Undrained A
(SectionA4.3) option means that the undrained shear strength is an output rather than an
input parameter and thus needs to be validated against a known shear strength profile.

1 PLAXIS 'Soil Test' facilitysimulationshave beercomparedwith the triaxial test data
published in ICE (1992).

5.3.1 Field Tess

Killeen (2012) has validated the adoptd8 modelPLAXIS 3D Foundation soil profile by
simulating an instrumentedfield load test onan unreinforced rigid pad footingt the
Bothkennar site. The simulated field load test (Pad A) was documented by Jetrdihe
(1995). An additional field load $& (Pad B) was also documented by Jardira. (1995) but

its behaviour was not modelled by Killeen (20b&cause the test incorporated significant
creep settlements over a twearperiod The loading ratefor Pads A and Bre presented in
Figure5.10. Pad A was loaded to failure over 3 days while Pad B was loaded to 67% of the
ultimate bearing capacitygf Pad A(the load on Pad B was maintainadd monitoredor

more than 2 years).

E 120 - _,-"_ T _i Test B (continues
= T L 17 for 2 years)
= |
Z |
s — Test A
S
- |
T 1
= |
= 1
a T T T
80 100 120 140
Time (hrs)

Figure 5.10 Loading rates for Pads A and-Killeen (2012)
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53.1.1Pad A

Pad A was 2.2m square and 0.8m thick. It was loaded using kentledge blocks. Loading was
paused overnight and whenever the settlement rate exceeded 8mm/hour. The footing was
modelled in PLAXIS 3D Foundation adiaear elastic material witk = 30GPa3 = 0.15 and

9= 24kN/nT. The Carse clay layers were modelled as undrained materials (owing to the short
duration of the load test) while the crust layer was modelled as a drained material. The
simulated loaesettlement behaviodor both the HS ad SSC modedis compared to the field

measurements in Figukell.

140

120 1

T
% 100
IS
Z 80 -
%]
o
o 4
5 60 o
= . Jardine et al. (1995
o /
2. 40 A ,
R HS Model
20 A
— — — SSC Model

0 20 40 60 80 100 120 140 160 180 200
Vertical displacement (mm)

Figure 5.11 Pad Aloadsettlement behavioyPLAXIS 3D Foundation versus Field

Measurements)

The HS modelload-settlement curve in Figurg.11l corresponds to that in Killeen (2012
The loadsettlement behaviour is in relatively good agreement with the field, data
highlighting the validity of theHS modelsoil parameters. However, the stiffness respagse
underestimated at low load levels. Killeen (2012) has attributed the underestiiSateddel

stiffness response to thalowing:

1 The model parameters were determinedifitargestrain laboratory tests
1 TheHS modeldoes not account for increased s#f$s at smalltgins (e.g. the HSsmall

model).
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1 The field test was carried out in an area with a 0.3m shelly idNa&shet al. 1992a,
Jardineet al. 1995)with the Carse clagccurringat a shallower deptfthis would lead to

a stifferresponse in undraiddoading).

The SSC modeloadsettlement behavious in better agreement with the field data at small

strains, with deviation after an applied pressure of ~80kPa.

5.3.1.2 Pad B

The field test on Pad B (2.4m square and 0.8m thietlided a25kPa lod-unload cyclgto
evaluate the ground response at small strains) poidhe application of a 90kPdoad,
correspoding to about67% of the ultimate bearing capacitgf Pad A Loadsettlement
behaviour is documented in Figsel2. The SSC modesktiffness response at small strains is
much closer to the field measurements thanHiemodel(the HSsmall model would be
more apt in this case). The simulated tise¢tlement behaviour is compared to the field data
in Figure5.13. As noted by Jardinetal. (1995),PadB included significant creep settlements
under the sustained load. TBSC modelesponses in good agreememwith the field data,

while (as expected), the invisdit modelwill under-predict the longerm settlement.

100
90 1 P =
80 ~ T

70 | - e :

60 P -
50 - s T

401 77 Jardine et al. (1995
30 - P
d

Applied pressure (kPa)
\

20 2 N N B HS Model

101/4- — — — SSC Model

0 10 20 30 40 50 60 70 80
Vertical displacement (mm)

Figure 5.12 Pad B loaesettlement behaviour (PLAXIS 3D Foundation versus Field

Measurements)
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Figure 5.13 Pad B timesettlement behaviour (PLAXIS 3D Foundation versus Field

5.3.2 PLAXIS 2D

Measurements)

versus PLAXIS 3D

In this section, unit cell settlement behavidar PLAXIS 2D and PLAXIS 3D Foundation is

compared in order to confirm the validity of using the 3D parameters for the 2D program.

Firstly, loadsettlement and timesettlementoehaviourhavebeen examined fdooth the HS

and SSC modd for the untreated cas€he loadsettlement behaviour under a 50kPa |oad
applied through a 0.6m thick concrete footifig= 30GPaa = 0.15 2 = 24kN/nT) over the
entire surface area of the unit asliplotted in Figureés.14 and the timesettlement behaviour
is plotted in Figures.15. The PLAXIS 2D andPLAXIS 3D Foundationpredictions are in

excellent agreement

60

50 PLAXIS 2D and
— 3D curves are
o] .
o coincident
= 40 A
(]
5
[}
& 30 -
s
B
= 20 A
g PLAXIS 2D (HS)

10

------------- PLAXIS 3D Foundation (HS)
0 T T T T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60

Settlement (m)

Figure 5.14 Load settlement behaviouPLAXIS 2D versuPLAXIS 3D Foundation)
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Figure 5.15 Time-settlement behaviour (PLAXIS 2D versus PLAXIS 3D Foundation)

Addi tionall vy, the behaviour of the uHBiI t cel
modelresults atA/A. = 8. Killeen (2012) has examined vertical stralf;;,), horizontal strain

(G, and SCF with depth for an infinite grid of columns using PLAXIS 3D Foundafioe

PLAXIS 2D and PLAXIS 3D Foundation prietions are presented in Figusels; (l, and Qy

arein excellent agreemel(Figures5.16a and5.1e). The maximum values occur atdepth

of approximately 3nbelow ground leveftheresults in Killeen (2012) aneresengéd as depth

below footing levewhereas the results in Figubel6 are presented as depth below ground

level).

The variation of SCF with depth predicted by PLAXIS 2D and PLAXIS 3D Foundation is
compared in Figuré.16c. For convergence reasons, Killeen (2012) has Kg&d= 0.50 for
the granular column material. Two sets of PLAXIS 2D predictions are includeis ifigire,
the first usingq™ = 0.50 and the second using a more realistic valu&6f= 1 - sint &=

0.296. The following conclusions can be drawn:

1 When using the same values 4", the SCF with deptpredicted by PLAXIS 2D is in
good agrement vith PLAXIS 3D Foundation

f When usingKo™ = 0.296 PLAXIS 2D vyields a more or less constant SCF with depth
However,usingKq"™ = 0.50 resultsn areduction to the stress carried by the coliand a
corresponding increase (although minorjhe stress carried by the soil, hence yielding a
reducing SCF with deptiThis results in morsettlement anthuslower n values, i.e. the

columns are not as effective
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1 For theHS mode] K¢ controls the position of the cap yield surfage=(M p)pusing a
lower Ko results in a larger value & and hence a larger elastic region (thus there will
be less settlement and the column will be able to take more load thus giving a higher
SCF).

 The more realistic value ¢fy"°= 1- sint &= 0.296 has been used for the PLAXIS 2D
work in this thesis.

(a) (b) (c)

g, U SCF @ J6 9
60.00  40.00 2000 0.00 Oo.oo 20.00  40.00  60.00 ) 4 6 8 10
0 0
£ 5
F 3 %, °'
% | 2 2 Vg . 2 ﬁ:- *
a *u?uu? g %“n‘und’ if:g.
# g, I
- 4 4 4 L
6E £6 Ee
~ ey
£ B 3
& &8s oy
88 o8
x 2D (KOnc = 0.50)
10 10 10
a a PLAXIS 2D
PLAXIS 2D = 3D (KOnc = 0.50)
« PLAXIS 3D 12 12 x PLAXIS 3D 12 .
Foundation Foundation + 2D (KOnc = 0.296
14 14 @& 14

Figure 5.16 Distribution of(a) Uy, (b) G and(c) SCF with depth (PLAXIS 2D versus
PLAXIS 3D FoundationHS model,A/A; = 8)

5.3.3 Undrained Shear StrengthProfile

The PLAXIS 2D undrained shear strengthofile is compared with average field vane
strengths and average UU triaxial strengths reporteNdshet al. (1992a)in Figure5.17.
These measurementshow a linear increase of sheastrength with depth. SBPM
measurementsverlapping the field and UU strengths are also included. The match between
the measured and predicted undrained shear strasgfhise goodconfirmingthe suitability

of the Undrained A approach. The predicted undrained shesngbs are independermf

whether the soil profile is modelled using the SSC model or the inviscid HS or SS models.
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Figure 5.17 Undrained Shear Strenginofile - FE Validation

5.3.4&0il Testd(Lower Carse Clay)

Extensive laboratory testing on tiBsothkennar clay has been carried out by a number of
different Universities in the UK (e.g. Bristddniversity, City University London,Surrey
University, Imperial College) and by Laval University in Canaddie results of both
unconsolidated undrainédlU) triaxial compression tests and undrained triaxial compression
tests on samples reconsolidated to estimateitunstresses (CKJ) on Bothkennar clay have

been reported by Atkinsoet al. (1992), Hightet al. (19923), and Smithet al. (1992).Only

the SSC model has been used in conjunction with the 'Soil Test' Facility for comparison with
the test data. The majority of the FE simulations in this thesis are carried out with the SSC
model. The SS and HS models are only used as the basis fooagp@®' in Chapter 6 and as

such the previous soil model comparisons in Seeai@ry.2are sufficient.
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5.3.4.1 Sampling Proceduse

Soil samples for the different testing prograss have been obtained using Laval Samplers,
Sherbrooke Samplersid PistonSamplers. SherbrooKéeast disturbanceggnd Laval samples

are preferable to Piston splhas (significant disturbancewhen compared with the latter, the
former were found to have retained much higher effective stresses after trilsimgesult

the Sherbrooke samples exhibit higher peak strengths in both triaxial compression and
extension e.g. Hightet al. (19923). The piston samples are unsuitable for reliable peak
strength and/or yield stress predictiombBe majority of test specimens were prepausihg

either wire saw trimming (using a wire and soil lathe to shave a sample to the required
diameter) or tubing (pushing a tube into a larger tube sample). Atkatsain(1992) have
noted that wire saw trimming cawssthe least sample disturbance.

5.3.4.2Summary ofTesting Programme

1 Smith et al. (1992) tested intact samples of Carse clay obtained from depths-of 5.3
6.2m. The samples were anisotropically consolidated to ts#tuneffective stresses
following a swelling loop to mimic the recent stress history (thus retracing the soil's
light overconsolidation), and were then sheared at an axial strain rate of 4.88&ype

1 Atkinson et al. (1992) carried out a series of undrained triaxial compression tests on
samples reconsolidated to thesitu anisotropic stress stgi@ swelling loop) The soll
samples were retained from depths of 12.6m and 15.4m using a LayaksaFour
different methods were used to trim the sample for testing in the triaxial apparatus (wire
saw trimming, tubing, and two methods described by Landva (1964)). The samples were
sheared at an axial strain rate of 5% per day up to a maximumtaxialaf 15%.

1 The CKyU tests reported by Higlet al. (19923) were used to assess the effect of sample
disturbance and sample quality on the Bothkennar clay. These results were obtained
from tests run at Imperial College (reconsolidation paths involvedediisg loop) and
tests run at Surrey University (no swelling loop). The Laval and Sherbrooke samples
were obtained from depths of@n. The specimens were prepared for testing using wire
saw trimming. Undrained shearing was carried out at an axial sttainof 4.5% per day

at Imperial and 5% per day at Surrey.
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5.3.4.3Comparison with Smith et al. (1992)

Figure5.18a compares th&SC modestressstrain response for the lower Carse clay i
test data presented mith et al. (1992) wherep’, is the mean effective stress at the
beginning of shearing’he SSC modelinderpredict the peak undrained shear strengtiren
adopting a critical state friction angle ofy = 34. The significant angular silt content

contributes to the very high peakestgths.

(a) (b)

2.0 2.0
1.5 //. o ,1
/ Vi
o 7 i
510
os| |- Sherbrooke os| =/ Sherbrooke
SSC (18 =34) SSC (18 =34)
0.0 -—— SSC (s = 40) 0.0 -—— SSC (s = 40)
0.0 5.0 10.0 , 15.0 20.0 0.0 0.5 1.0 15 2.0
Axial Strain, U, (%) p/p',

Figure 5.18 Comparison with Smitlet al.(1992)(a) CKyU Triaxial: g/p vs. Qy (b) CKoU
Triaxial: g/povs.p 6d p '

As noted in Sectiob.2.3 the Bothkennar clay samples possessing aavdired fabric tend
not to reach a&ritical state using a value of 40in conjunction with the SSC model (Figure
5.18a) givesa better match to the measured data. The gpatbs inp'-q space alsdlustrate
this approach (Figurg.18b). Additionally, the SSCmodelcannotfully reproducethe post
peak strength loss due to destructuration evident in Figd8a. This would require enore
advanced constitutive model, ethe CreepSCLAY1S model Thereason for thgostpeak
softening behaviour predicted by the S&Gdelis discissed in Section3.4.2and4.2.7.2

5.3.4.4Comparison with Atkinson et al. (1992)

The SSC modestressstrain response is compared to thst dataeported by Atkinsoret al.
(1992)in Figuresb.19a and5.20a at depths of 12.6m arith.4m respectivelyin general, the
predicted peak strength is in relativggood agreement with the test data but the model is
againincapable of accounting for the pgmak strength loss due to desturation. The

corresponding stress paths pirg space also show good ragment with the test results
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(Figures5.19b and5.20b). Atkinson et al. (1992) noted that thpeak strength predictions
indicate a mobilised friction angle of 3° owing to the fact that none of the samples reach
a critical stateSSC modesimulations using &= 4(0° yield peak strength predictions that are

in excellent agreementith the test data (Figurés19-5.20).

(a) (b)
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——-— SSC (¢S = 40) 0 ——— SSC (s = 40)
0
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Axial Strain, U, (% p' (kN/m?)

Figure 5.19 Com

ison with Atkinsoet al.(1992)- 12.6m depth samplda) CKyU
Triaxial: q vs. C}y (b) CKoU Triaxial:qvs.p 6

(b)
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Figure 5.20 Comparison with Atkinsoet al.(1992)- 15.4m depth samplda) CK,U
Triaxial: g vs. C}y (b) CKoU Triaxial:qvs.p 6

5.3.4.5Comparison with Hight et al. (1999

The SSC modekesponse is again igood agreementwith the test data from Highdt al.
(1992) in Figuress.21-5.22 (plotted in terms of B[y UfJ2ands 6 5+ KQlROwhere

0 ,Q denotas the radial effective stressisingt ¢ = 34 but the agreement is much improved
adopting <= 40
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Figure 5.21 Comparison with Highet al. (19929) - Imperial College Test&g) CKU
Triaxial: t vs. §y (b) CKoU Triaxial:t vs.s'
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Figure 5.22 Comparison with Higheét al. (1992) - Surrey University Test&@) CKyU
Triaxial: t vs. Uy (b) CKoU Triaxial:t vs.s'

Hight et al. (19929 have also reported on QW tests carried out at City University on
specimens trimmed from Laval, Sherbrooke, and Piston sampiese are summarised in
Figure 5.23. Simulating these tests with tf&C modelields the same conclusions as all
previous cases, e.g. the intact sarmdle notreach critical state and so a higher friction angle

is necessary to provide a good match with the measured data. This is clearly evident in Figure
5.23awhich has been taken froHight et al. (19929).
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Figure 5.23 City University Testga) CKoU Triaxial: t vs.s' (b) CKoU Triaxial: t vs. lf’.}y-
figure taken fronHight et al. (19923)

5.3.4.6Summary

1 TheSSC modeproduces a relatively good match with the measured datd.dasasthe
strain at which the peak axisiresss reached isomparablalthough the peak undrained
shear strengttends to be lower

1 This can be explained by the fact tha¢ tintact sam@s do notreacha critical state.

However, PLAXIS requires the input of the critical state friction angle and as such, the

selection of 3%4based onthe work ofAllman & Atkinson (1992) was deemed appropriate

(as noted by Bodas Freitas (2008), Allman & iAton's (1992) selection forms a lower

bound to the data at large strains for intact soil samples). There is a predisposition by

some authors to use a higher critical state angle for the Carse clay, e.g5.Tablat
usingt $= 34 is more comparable Wi other soft clay $values, e.gTable9.1.

1 Advanced constitutive models (not yebmmercially availablg would be needed to
account for the anisotropic nature of the Carse clay and also its lbsesadihg due to
destructurationFurther 'Solil Test' facility simulations using the CH&pLAY1S model
will be described in SectioB.5.
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5.4 Simplified SingleLayer Profiles

Simplified singlelayer profiles measuring 5m, 10mnd 15min length (with the stiff crust
omitted in the interests of claritygsee Sectiot.3.1) are used for the initial FE analyses
described irChapter 6

1 The soil parameters are largely based upon the Bothkennar lower Car&e #ld/162
9 *= 0023 ¢ *= 0.0065 but the complexities associated with analysing a raytr
profile are avoidedThe water table is located at the soil surface in all cases.

1 The soil stiffnesses have beeraried (as executedby Six et al. (2012)) in order to
investigate the influencef d&&/Es on the ability of columns to arrest primary and creep
settlements. Four different nomindk/Es values (defined as the ratio of the
constrained/oedometric moduli at a reference pressure of 100kPa), of 5, 10, 20, and 40,
values spanning the samange as adopted by Balaam & Booker (1981), Poorooshasb &
Meyerhof (1997) Castro & Sagaseta (2009nd Sixet al. (2012) have been used. The
clay properties for each modular ratio are presented in Bable

1 Apartfrom K (which has been set equal to titeest value oKy = 1-sint $= 0.44), the
parameters in Tablg.3 are the only parameters that have been changed (solely to isolate
the effect ofE/Es) with respect to the values quoted by Killeen (2012) for the lower
Carse clay at Bothkennar (withga- % *andsat/e *atios remaining fixed).

1 The soil stiffnesses in each case are dendigd2&;, E;, and 0.& representing modular
ratios of5, 10, 20, and 40 respectively.

1 The creep ratio(e %o ¥e *is constant at 21 for all SSC model simulationg/aterman
& Broere (2005) have suggested this value should normally be between 5 and 25, with
low values representing soft soils with considerable creep and high values representing

stiff soils with little creep. In most practical cases, 1@&<g ¥e *< 20.
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Modular Ratio (E/Ey) Soil Stiffness Notation a* 9 * € *

5 4E, 0.0072 0.0010 0.00029
10 2E 0.0144 0.0021 0.00058
20 Es 0.0288 0.0041 0.00115
40 0.5 0.0575 0.0082 0.00230

Table 5.3 Soil parameters for modular ratios of 5, 10, 20, and 40

It should be noted that because the soil models used are not linear elastic, the soil stiffness
depends on depth, stress level &R, so therefore the values Bf/Es quoted above are

only an estima of what is actually modelledh€& values oE/Es would only be exact for a
normally consolidated soil for which the reference pressures in the soil and column materials

areequal

As noted by Killeen (2012), the lower Carse clay is highly compressible. The average
modular ratio is approximately 100. Ths much higher than quoted in the aforementioned
studies but it is not unrealistic, e.g. Barksdale & Bachus (1983), Domietj@g2007a,b)

and Borgest al. (2009) have all investigated stone column behaviour for modular ratios as
high as 100 while Haraet al. (2013) have analysed stone column behavioua modular

ratio of 116.5.

5.5 Properties of Granular Column Material

Suitable material parameters for the stone backfilve also been derived from Killeen
(2012) e.g. Table5.4 The bulk unitweight of 1900kg/m used by Killeen (2012) was
selectehased on the work of Mitchell &uber (1985), Dominguest al. (2007a,b and Gab

et al. (2008).A friction angle of 48 has been selected for the stone, representative of bottom
feed columns (e.g. Mabeet al, 2009), whiley. was calculated ag. =+ & - 30° (e.g.

Bolton, 1986). The nominal cohesioti € 1kPa) has been used for numerical stabitityg®

was assumed equal Faq® andE," was taken asBg®'

al. (2011). The values dfyed®, Esq, andE,™ for the stone quoted in Tab%e4 are based

, as recommended by Brinkgregt

on Gabet al. (2008) as is the value of the powan = 0.3. The horizontal and vertical

permeabilities of 1.7m/day were chosen based on Elsleadl (2008. Thesek values are
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lower than would typically be associated with parent column material because they allow for
the infiltrationof silt and clay particles into the column during installation.

3 t (‘j Yec c' Eoedref E50rEf EurrGf Pref m kx I(y
kN/M®) | O | O | (kPa) | (MPa) | (MPa) | (MPa) | (kPa) | () | (miday) | (m/day)
19.0 45 15 1 70 70 210 100 0.3 1.7 1.7

Table 5.4 Properties of the granular column material

Killeen (2012) has noted that the Young's moduli quoted in Tadeat a reference pressure
of 100kPa,are higher than those backlculated by Barksdale & Bachy4983) from
measured field settlements (88BMPa). Killeen (2012) hasttibutedthe differences to the
method of column construction. The values quoted bkd®kie & Bachus (1983) pertain to
top feed columns. Bottom feed columare likely toyield better settlement performance and
thereforehigher moduli. However, this author has noticed thatcth@ining pressure has a
significant influence on the working value the FEmodel e.g. at a confining pressure of
50kPa (closer to the confining pressure in the subsequent numerical simulatioris), the
value for the granular column materialapproximately 5ViPa (calculated using E&.1).

This value falls in the range quoted by Barksdale & Bachus (1983).

apa
E — Eref = 8 (51)
SR
5.6 Summary

The BothkennaPLAXIS 3D FoundationHS model soil profileusedby Killeen (2012)
conssts of two layers of lightly cercansolidated Carse clay overlain by a weathered crust
layer. The additional parameters necessary foPib&XIS 2D SSC modelprofile used in
this research were obtained from Nashal. (1992h. The profile for the 2D model has been
validated against field tests carried out by Jar@al. (1995) and also using the PLAXIS
'Soil Test' facility.Simplified singlelayer profiles basedn the Bothkennar parameters have

been used for the initialEFmodelling work described in Chapter 6.
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6. Preliminary Numerical Modelling (Single-Layer Profiles)

6.1 Introduction

This chapter describes the axisymmetric FE analyses carriddrdhe singlelayer profiles

described irSectiors 4.3.1and5.4, measuring 5m, 10m, and 15mlength The evolution of

settlement improvement factor with time is examined and separate 'primary’ and ‘creep'
settlement improvement factors are evaluategrivary and Ncreep. T O t he aut ho
knowledge, this is the first study in which the evolutiomafith time has been examined.

This chapter mainly focuses on deformatiobehaviour of granular columns, whereas the
distribution of stress and strain is examined in dé&tgekin Chapters 78, and 9.

The first section of this chapter describes thdRIS 2D analysis stage#\s the research
project evolved, different approaches (A, B, and C) were useddty® the behaviour of
columns in creegpronesoils; each approach is described in turn and the results for each are
presentedThe influence of madlar ratio, column lengthand column spacingn settlement

performances thoroughly examined

6.2 General Analysis Stages

The stages in each analysis are as follows:

Initial stresses are generated usingKh@rocedure (se8ection4.3.1).

The columns aréwishedin-placeé(seeSection2.5.4.)).

A plastic nitstep with a small time interval (s&ection4.3.3andAppendix A is applied
to restore any owtf-equilibrium stresses generated by dwveshedin-placedinstallation.

1 A plate elements placed over the surface of the unit cdlhe plate properties are
arbitrary its purpose is merely to provide a sufficiently stiff (axial stiffnésa= 5x10
kN/m, flexural rigidity, El = 8.5x1G kNm?/m, 3 = 0) loading platform and to prevent any
substantial differential settlements between the surfaces of the ca@uadihe soil, e.g.
Brinkgreveet al.(2011).
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1 A 100kPa load ispplied in undrained conditions (the unreinforced rigid pad footing at
the Bothkennar site reached an ultimate bearing dgpEcl38kPa, see Sectidn3.1.).

1 A consolidation phase is then allowedlfter full pore pressure dissipatiprcreep is
observed for th&SC modelSettlements cease completely at this point for the S&8nd
modes, i.e. there are no viscous effedike duration of the consolidation phase has been
set at 1000 year$Vhile this exceeds the design life of structures typically treaved
granular columng40 to 100 years, e.g. Mitchell & Kelly (20)3)he actual duration
selected in PLAXIS 2D is ofttle importancen can be establisheat different times.

6.3 Approach A: Extrapolation Method

6.3.1 Description

The SSC modelbased on the isotache concept Seetion3.3.1.9, predicts creep occurring
concurrently with primary consolidationThis renders Casagrande(d936) method
unsuitable for sepatiag primary and creep settlement componegiatsd hence separate
valueg under a given load incremerfior an initial estimation of the amount of primary and
creep settlement preseatmethodof extrapolatiorassuming a constant rate of creep from 1
day after loading onwards has been u@sk Figures.1). This approaci{Approach A)has
been used for the isolated casé 6f 5m andE/Es = 20(i.e. soil stiffnessks, see Tabl&.3).

Time (days)
0.01 0.1 1 10 100 1000 10000 100000 1000000
0.00

-0.05

-0.10 Primary
Consolidation

-0.15 Settlement

-0.20
-0.25

Settlement (m)

-0.30 e —
-0.35 5 Bl ety o s s e e s S i
-0.40

Extrapolat/edo 1 day

Figure 6.1 Separating primary and creep settlement using extrapolation

By extending the straighine portion of the settlemetg(time) plot back to the 1 dakne,

assuming the immediate (undrained) compression to be small for soft soils acdedmat
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occurring before 1 day is insignificant (reasonable for overconsolidated soils), the primary

and creep settlemen{and hencaprimary@ndncreep can then be evaluated.

6.3.2 Validation

The validity of the methoavas verified for 5 < (&% ¥e *< 25 typical range, see Section

5.4) by varying onlye * see Figures.2 The intersection point of afive time-settlement
curvesin Figure6.2 occurs at dime of 1 day, indicative of little or nprior creep The creep
settlements obtained using this method are dependent on the length of the consolidation
period; although thecreepvalues, calculatedased orthe slopes of the settlemeog(time)

plots after EOP, are not.

Time (days)
0.01 0.1 1 10 100 1000 10000 100000 1000000 10000000
0.00 ==
0.10
_ 020 |
E
1=
2 030 (a8*) p5§* =
o (o8*) 20g* =
8 Intersection  (e8*) 158* =
-0.40 at1 day (es*) 104* =
-0.50
(e8*) [ g* = 5
-0.60
Figure 6.2 Validation of separation method b (&~ %8 ¥ /e *< 25
6.3.3 Results

Settlemerdog(time) plotsfor the untreated case anddéferentvalues ofA/A; are presented

in Figure6.3. For the untreated case, primary consolidation takes approximately 500 days,
with creep alone observed thereaft€he columns significantly accelerate consolidation,
consistent with Munfaklet al. (1983), Han & Ye (2001), and Castro & Sagaseta (2009).
With the inclusion of highly permeable granular columns hawdg. = 10, the EOP

consolidation time is in the region of 50 days, and decreases thereafter foAloywaalues.
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The data in Figuré.3wereinterpreted as described in SecttB.1andthe corresponding

values argresented in Figuré.4. Also included in Figuré.4 are predictions obtained using

a selection of analytical settlement design meth@ds primary settlement, seBection

2.7.1.9. For this case, the methgitelded nprivaryValuesthat were in good agreement with
therecent Castro & Sagaseta (2009) and Petkal. (2011)analytical predictions while the

ncreep Values although positivewere significantlylower.6 Tot al 6 sett | ement
factors (roraL I.€. primary plus creep) aeffectively a weighted average of the primary and

creep component@ependent on the percentages of primary and creep settlement in the

untreated profile)

Time (days)
0.001 0.01 01 1 10 100 1000 1X1Qlx1CP 1x1CF 1x10

0.00

010
E A.=3
= Ac:4
Q
£ 020 AA.=6
S A.=8
A A =10

-0.30 [ b

treated
-0.40

Figure 6.3 Settlement vs. log(time); = 5m, EJ/Es = 20

—e— nPRIMARY

——nTOTAL

—— nCREEP

- = - - Priebe's n2 (1995
Castro & Sagaseta (200

------------- Pulko et al. (2011)

— - — - Balaam & Booker (1981]

A/Ac

Figure 6.4 Approach A Resultd = 5m,EJ/Es = 20
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6.4 Approach B: Comparison of commercially available SSC, SS, andS modek

6.4.1 Description

ApproachA will not hold in every casand so anew approach (Approach Bjas devised in

which settlements and correspondimgalueswere derived from analyses carried out with

the clay modelled using the SSC,,S8d HS modelsAlternative versions ofn are
consideredin (i)-(iii) below. The symboll is used for settlements,itw TOTAL or
PRIMARY denoted in the subscript, as well as the model used and whether the settlements
relate to treated or untreated ground.

() The SSC modekan be used on its own to wahnkw n valuesfor total settlemenfi.e.

primary plus creep, see B 1) vary with time.

_ OYOTALSSG - UNTREATED
MNroTayssg =

6.1
OroTALSSG - TREATED 6.3

(i) Analyses using th&S modelusing equivalent soil parameters to those inputted for the

SSC modélallow for a direct estimate Obrmary S€€ EQ6.2

_ OpRIMARY(SS - UNTREATED
NprIMARY(SY ~

(6.2)

dPRIMARY(SS - TREATED

(i) An equivalentnprimary Can also be calculated using the HiBdel (see Eqg6.3). Soil
parameters equivalent to those used for the SSC and SS models are used for these

analyses.

_ OPRIMARY(HS) - UNTREATED
NpRIMARY(HS) =

(6.3
dPRIMARY( HS) - TREATED

Appropriate comparisons between thasaluesare identified below:

(i) Both nprimary(ss@nd NeriMary(Hs)CaAN be compared with analytical methods to provide

context for the FE predictions.
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(i) A comparison betweemroraLssc)andnprivaryssfan be used as a gauge of the influence
of creep; somewhat justified as the SSC and SS models share a common yield surface.

(iii) A comparison betweemrora sscANdNprivaRY(HS) @lthough less theoretically justifiable,
has value as theadelling capabilities of the HS model supersede those of the SS model
(Section4.2.7.)).

6.4.2Results
6.4.2.1End of primary (EOP) consolidation

Settlemerdog(time) plots for untreated soil predicted by the SSC,e&8 HSmodelsare
presented in Figuré.5 for the 5m long unit cells. The soil stiffnesses are annotated on the

figures Esis defined inTable5.3). These figures illustrate:

EOP settlements for the inviscid SS and iH8dels are approximately equal in all cases.
The EOP consolidation timeset er mi ned wusi ng Ca qidegtfiednde 6 s
approximately in Figuré.5) associated with the SSC model are slightly larger than those
for the HS or SS modelshis is consistent with an increase in consolidation time to
creep.Pore pressure dissipation plots generated in PLAXIS indicate slightly larger EOP
times

1 Primary consolidation occurs more quickly in the stiffer sdiig(4 EOP & 125 day s
in the softer soil (0B, EOP &4 1000 days Xxkfiguredoawverages p on d i
coefficients of consolidation (using Casagrand&336) method) for the clay of, & 2 0
m?/year and 2.5 fyear respectively.

1 The EOP consolidation times for the intermediate cadesaf®lEs) are in the region of

250daysand 500 daysespectively.

The settlementog(time) plots for he 10m and 15m long unit cekshibit similar trends and
are i n keepi n@943ytheorl of Toasoldaianhprindasy consolidation takes
approximately (10/%)= 4 times longer for the 10m longnit cells and (15/3)= 9 times
longer for the 15m longnit cells. The relevant 10m and 15m unit cell plots for the SSC

model are presented in AppenddXor illustration purposes.
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Time (days)
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Figure 6.5EOP Consolidation Times for Untreated Profdés= 5m (a) SSC (b) SS (c) HS

Settlemenlog(time) plots (SSC model) for differed/A. valuesfor the 5m unit cell are
presented in Figured.6a-c for EJ/Es = 5, 10, and 40@espectively The correspondinglot for
EJ/Es = 20 ha been presented Figure6.3. Thegranular columns significantly accelerate the
consolidation process for all modular ratios, and the duration reduces fiorthewer A/A
values The same trends are observed for the longer ahdt and for the analyses carried out

with the clay modelled using the inviscid models; the 10m and 15m SSC model output is
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presented inAppendix B. The consolidation time reductions are comparable whtise
reported by Kok Shien (2013) who also modelledstone column behaviour using

axisymmetry under a 100kPa load instantaneously applied through a rigid plate element.

Time (days)
0.001 0.01 01 1 10 100 1000 1%10x1C 1x10¢° 1x10
(a) 0.00
-0.02
E
= -0.04 =3
[} B‘c:4
g A =6
£ -0.06 A =8
by A= 10
-0.08
treated

-0.10

Time (days)
0.001 0.01 01 1 10 100 1000 1X1Qlx1CP 1x1CF 1x10
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-0.04

A.=3
""""" A =4
OEJ A.=6
.i_,) ,,,,,,,,,, AL =8
o A =10
n
-0.16
treated
-0.20
Time (days)
0.001 0.01 01 1 10 100 1000 1x1Qx1CP 1x1C¢ 1x10
(c) 0.00
— -0.20 | T \* - N R:3
£ \ A, =4
5 A =6
£ 040 |- VA=
o A =8
o A, =10
n
-0.60 | \
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Figure 6.6 Settlement vs. log(time); SSC modek 5m (a)EJ/Es x5 X0) E//Es = 10 (C)EJ/Es

= 40
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6.4.2.2 Evolution of settlement improvement factor with time

The evolution oh with time for the 5nunit cell is plotted in Figue6.7-6.10(E/Es = 5, 10,
20 and 40) for the SSC, S&d HS model$or A/A. = 10, § and 3. These plots are derived
from the relevant data in Figureés3 and 6.6. The results highlight the importance of

considering the time since the start of consolidabecause is time-dependent.

4.0
nPRIMARY(HS) A/Ac = 3
3.5
------------- NPRIMARY(SS) A/Ac = 3
3.0
- --- nTOTAL(SSC) A/Ac =3
2.5

NPRIMARY (HS) A/Ac = 6

20 S esmmmmmmm— E ] nPRIMARY(SS) A/Ac = 6

15 - - - - nTOTAL(SSC) A/Ac = 6

10 NPRIMARY(HS) A/Ac = 10

------------- NPRIMARY(SS) A/Ac = 10
0.5 |-

- - - - NTOTAL(SSC) A/Ac = 10

0.0
0.1 1 10 100 1000 10000 100000 1000000
Time (days)
Figure 6.7 Evolution ofn with time- L = 5m,E/Es=5
4.0
nPRIMARY (HS) A/Ac = 3
3.5

------------- NPRIMARY(SS) A/Ac = 3

- - - - NTOTAL(SSC) A/Ac = 3

NPRIMARY (HS) A/Ac = 6

------------- NPRIMARY(SS) A/Ac = 6

......................................................... - - - - nTOTAL(SSC) A/Ac = 6

NPRIMARY(HS) A/Ac = 10

------------- NPRIMARY(SS) A/Ac = 10

- - - - NTOTAL(SSC) A/Ac = 10

0.1 1 10 100 1000 10000 100000 1000000
Time (days)

Figure 6.8 Evolution ofn with time- L = 5m EJ/Es= 10
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4.0
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Figure 6.9 Evolution ofn with time- L = 5m,E/Es= 20
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Figure 6.10Evolution ofn with time- L = 5m EJ/Es= 40

Upon instantaneous loading of the unit cell, the excess pore water pressur@umdthaed)
soil carries the entire applied load so that the stress on the column starts from zero. As
consolidation proceeds, the stresses are gradually transferred feosoithto thefree

draining column materiaExamination ofigures 6.7-6.10indicates the following:

1 At any early stage (up to ~10 days), the differencas values for all three models are

relatively minor. The apparently unfavourable values @ (ivhich have no practical
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significance)reflect the fact that the settlement of treated ground occurs more rapidly
than that of untreated ground, and as such, a true appraisallofgiterm magnitude of
n can only be made once full pore pressure didsipas satisfied in both cases.

1 The n valuesthereafterincrease, untithe time at whichEOP for the untreated case
occurs at which point a constant( 0 s t-setaadtye 6) i s reached.

1 The nroraissc) values reduce slightly at large times beyond EQfthough at
impractically large times}his is more noticeable at higher modular ratios.

1 Thenroraissc@andnprivaryssialues are consistently lower than thgmaryHsyvalues.

The ICU triaxial tests simulated in Sectidr2.7.2indicate that the B model predicts a

softer stiffness response than the SS molel result, the stresses after column yielding

are higher in the column and lower in the soil than the corresponding stresses when using
the SS model. This results in a higher SCF for thenitflel and thusiprimary(Hs)>
NPRIMARY(SS)

T The 06-st angothiksci@andnerivaryssialuesare similar, especially at lowey/A.
values.

1 The similarity between theroraisscyand nerivary(ssvalues would suggest that creep
does not influence for the scenario modelled and thus a commamay sufficein stone
column design

1 However, a comparison of theroraissc)yand nprimary(Hs) Values indicates that the

presence of creep reduces the overahlues.

The evolution ofn with time for the 10mand 15m unit cells, presented in Appen8ixis
similar to that for t hes tSantvau@siare reackeet atjargeal t h o
times owing to the greater drainage path lengths.

6.4.2.3 Comparison of ‘primary' and 'creep’ settlement improvement factors with analytical

solutions

The nprimary Values (after EOP) calculated using thenviscid soil models have been
compared to predictions obtained using a selection of analytical settleasgh anethods
(Section2.7.1.9 in Figure6.11(the corresponding figures for th@®t and 15m unit cellare

presented irAppendix B). For the purposes of clarity, therora sscyvalues have not been
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plotted (because as is evident in Figl6&-6.10 t h e -s & stoREEHNANPRIMARY(SS)

valuesare similar).

Also included in Figurés.11lar e Ocr eep6 sett | e(meetcalculateplr o v e me
using the SSC model. Thesgreepvalues (se Eq.6.4) are calculated using the slopes @ th
settlemerdog(time) plots to deduce * after the complete dissipation of excess pore
pressures. The relationship betweerand the slope of this straiglime creep portion (see
Figure6.12 is given in Eq6.5. Essentiallyncgreepis only applicable after EOP, i.e. for pure

creep. This approach gives the same valuedg¢epas calculated using Approach A.

mnr
_ (SSQ - UNTREATED
Ncreep = (6.4

M (Ssq - TREATED

Slope= L:Z.SOM‘ H =2.300—a H (6.5)
log(t,/t;) (1+&)In10
(a) 5.0
45 NPRIMARY (HS)
4.0 ---B--- nPRIMARY(SS)

—— nCREEP
- - - - Priebe's n2 (1995
Castro & Sagaseta (200!

------------- Pulko et al. (2011)
— - — - Balaam & Booker (1981

(b) 5.0
NPRIMARY (HS)

---8--- nPRIMARY(SS)

—a— nCREEP

- - - - Priebe's n2 (1995
Castro & Sagaseta (200!

------------- Pulko et al. (2011)

— - — - Balaam & Booker (1981’

A/Ac

Figure 6.11Analytical comparisonsL = 5m (a)E/Es=5 (b)EJ/Es= 10
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Figure 6.11Analytical compariens- L = 5m (C)EJ/Es = 20 (d)EJ/Es = 40
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Primarydsettlement improvement factors

9 For the lowest modular ratio (LBJ/Es= 5) , Balaam & Bookerds (1
in reasonable agreement with themaryvalues but for modular ratios of 10, 20 and 40,
the method significantly overprediats(yielding of the granular material is ignored and
the SCFis too large).

1 For all unit cell lengthspprimarysspnNdnprivarYHsAIE IN relatively good agreement with
the majority of the analytical methods and especially the recent Castro & Sagaseta (2009)
and Pulkoet al. (2011) approaches. This gives general confidence in the FE modelling
procedure.

1 For the lower modular ratios, th®rimaryssyvalues are in better agreent with the
analytical elastigplastic methods (Castro & Sagaseta 2009, Patkal. 2011) while for
the higher modular ratios, theerimaryHs) Predictions are superior. The methods
developed by Castro & Sagaseta (2009) and Petkal. (2011) are in almst perfect
agreement with the numerical predictionegimaryHsfor E/Es = 20 and 40 for all unit
cell lengths Coincidentally, theprimaryHsivalues for thee/Es = 20 scenario are almost
identical to thecorrespondingiprimary Values for Approach A in Sectidh3.3

1 The PLAXIS 2Dn values increase marginallyith column lengthfor all E/Es values

The analyticamethods also predict marginally biggevalues for longer columns.

Possible reasons for theetter agreemertietween thenprmary valuescalculated using the
PLAXIS soil models and those predicted by the elgstistic methodg¢Priebe 1995, Castro
& Sagaseta 2009, Pullat al.2011)at higher modular ratiogclude

1 In the case of Priebe (1995he predictios are better for the more 'realistic’ higher
modular ratiosdue to the sermempirical nature of the method. This dueto the
assumption of a significant bulging mechanism which is more prevalent in softer soils,
(e.g. CCE theory has been used by Hughe$ Withers (1974) to model the lateral
bulging failure of a single column and hence predict its ultimate bearing capacity while
Priebe (1995) has also used CCE theory as the basialéotatingno, Eq.2.8).

1 For Castro & Sagaseta (2009) and Pwdkal.(2011), the reason for the better predictions
at higher modular ratios is likely to be due to the variability of soil stiffness with stress

level. The analytical formulations assume a constant stiffness modulus for the soil and
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column. However, the PLAXI&odels account for the stress dependency of stiffness. As
a result, the modular ratio used in the analytical solutions will not be exactly the same as
that in the FE calculations. For low modular ratith& confining pressure in the column

will be lower and so it vill not take as much of the load as it would take for higher
modular ratios Accordingly, the confining pressure in the soil will be higher at lower
modular ratios. In general, the differences between the analytical and FE predictions will
be mae evident in situations where elastic strains are more prominent (e.gA/Rw

values).

Creemsettliement improvement factors

The ncreep Values suggest that stone columns are helpful in reducing creep settlements,
with greater improvement at lowArA. values.

However, thencreep valuestend to be lower thanprivaryand less than approximately

1.5 forA/A: > 6in all cases.

Thencreepvalues are also lower than thgyraysscyvalues

6.4.2.4 Influence of modular ratio on 'primary' and ‘creepsettlement improvement factors

The influence OEC/ES ON NpRrIMARY(SS) NPRIMARY (HS) and nCREEPiS studied in this sectiomhe

influence ofEJ/Es on nprimaryin Figures6.13and6.14 for the 5m, 10mand 15m unit cells

indicates the following:

T

T

EJ/Es has a significant influence anrivary regardless of/A; or L. This is the premise

on which some analytical settlement design methods (especially elastic methods) are
based; a&£//E; increases, there is a corresponding increase ég. Balaam & Boodr

(1981), Borge=t al. (2009).

The nprivary Valuesbegin to convergas EJ/Es increases as its influence becomes less
dominant thisis more evident for the 5m unit cell than it is for the 15m unit cell. Kirsch
(2004) also noticed that the influence BfEs on n diminished aboveE/Es a 50, e.g.
Figure6.15 the study pertained to a fowatebn supported by four columns.
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Figure 6.13'Primary’ Settlement Improvement Facto&S model (a). = 5m (b)L = 10m

(c)L=15m
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Figure 6.14'Primary' Settlement Improvement Factor$S model (al = 5m (b)L = 10m
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Figure 6.15Influence ofE/Es onn - Kirsch (2004) p representshe applied load

The influence ofE/Es on ncreepis plotted in Figire 6.16 As EJ/Es increases, th@creep
values remairalmost unchangedlight differencesareevident for the longer columns (15m

unit cells)at close spacings.

The reason for the slight differences for the longer columm$oaér spacings is due to the
absence of yielding at dept h, confirmed in t
poi nt erés6.1(7 B8y and6.19 . The Oplastic pointsd opti
shows the stress points that are in a plastite, e.g. stresses lying on the MGoulomb

failure surface (red points) or on the shear hardening envelope (green popiestic point

is indicated in the PLAXIS output only when the stress state is exactly on the relevant
yield/hardening surfacdn some cases, when the stress state is reversed by a small amount,

the plastic point is no longer shown. However, the stress point is still effectively in a plastic
state. Therefore the | ower O&éhorizon6 of t he

confirm the presence of yielding.
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(a) 3.0
2.8 SSC (Ec/Es =5
26 (s SSC (Ec/Es = 10
e ) [ SSC (Ec/Es = 20
% 25 ..... SSC (Ec/Es = 40
S N

(b)

SSC (Ec/Es = 5)

SSC (Ec/Es = 10
SSC (Ec/Es = 20|
SSC (Ec/Es = 40

Ncreep

(c)

SSC (Ec/Es = 5)

SSC (Ec/Es = 10
SSC (Ec/Es = 20|
SSC (Ec/Es = 40

Ncreep

AlAc

Figure 6.16'Creep’ Settlement Improvement Facto&SC model (a). = 5m (b)L = 10m (c)
L=15m
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(a) (b) (c) (d)
4 = Hardening Point
M = Mohr-Coulomb Point
z = Yield Depth
Z=~35m Z=35m Z=35m Z=35m

Figure 6.17Column Yielding,L = 5m @A/A. = 3) (a)EJ/Es= 5 (b)E//Es = 10 (C)EJ/Es = 20
(d) EJ/Es= 40

(a) (b) (c) (d)
& = Hardening Point
. ardening Poin
B = Mohr-Coulomb Point
z = Yield Depth
z~7m
z~10m z~10m

Figure 6.18Column Yielding,L = 10m @/A. = 3) (a)E/Es=5 (b)EJ/Es= 10 (c)E/Es= 20
(d) EJ/Es= 40
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(a)

— z~4m

& = Hardening Point

Fz=7m B = Mohr-Coulomb Point
z = Yield Depth
- 7= 15m
Figure 6.19Column Yielding,L = 15m @/A. = 3) (a)E/Es=5 (b)EJ/Es= 10 (c)E/Es= 20
(d) EJ/Es=40

6425 Effe®t )df *( o*

The clay properties used in the previous simulations are representative of Bathkkay

with the creep ratio (e-% ¥e *& 21 For the untreated 5m long unit cell, the relative
percentages of primary/creep settlement after 1, 10, 30, 100, and 1000 years are 89/11, 85/15,
84/16, 82/18, and 79/21 respectively (and sontkga sscivalues are dominated by primary
settlement).These percentages have been worked out uEihgompression theorye.qg.
SectionA4.6) and verified using PLAXIS 2D.

The ncreep Values calculated in Sectigh4.2.3are likely to have a greater influence in
reducingnroraisscyfor soils with lower &% ¥/e *ratios. This theory has been tested by
carrying out a series of analyses with a highéso that the ratio ofe{ #o ¥¢ *= 5, i.e. at the

lower end of the range quote@dFigure5.1 Thea- *anda *values were left unchangethe

relative percentages of primary/creep settlement after 1, 10, 30, 100, and 1000 years in this
case are 66/34, 58/42, 55/45, 52/48, and 53/47 respectively.

The evolution ofn with time for the 5m unit cellE/Es = 20) is potted in Figure6.20 for
A/A. =10, 6, and 3Theng x ye = 5 values are lower than thg, s ye = 21 values supporing

the theory that the lowetcreepvalues will have a greater influence on therasscjvalues
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when creep makes udargerproportion of the total settlemerithe nroraLsscyivalues for this

new case are lower than batbrimaryrHsNdNerRIMARY(sS) This would suggest thatcounting

for creep gives lowen values than would be obtained if primary consolidation alone was
considered(based on a comparison of the SSC model output with the SS and HS model
outputs) However, it also highlights that the conclusions obtained using Approach B are

parametedependety Approach C, described in Sectiérbovercomes thismitation.
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Figure 6.20Influence of &% ¥e¢ * SSC modell. = 5m,EJ/Es = 20 (a)A/A. = 10 (b)A/A. =

6 (C)A/A = 3
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It is also interesting to note that there are ladjferences between the-¢s ¥/¢ *= 5 and
(% ¥e *= 21nvalues at the highexndof modular ratios considered in this study than at
the lower modular ratios, e.gigure6.21(EJ/Es = 5). This occurs because thgzimaryvalues
are much higher thathe ncreep values at higher modular rati@d so a larger effect is
observedin the weighted averagd.he corresponding figures fdé/Es = 10 and 40 are

presented in Appendik.
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Figure 6.21Influence of &% ¥/¢ * SSC modell. = 5m,E/Es=5 (a)A/Ac = 10 (b)A/A: =

6 (C)A/A = 3
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6.5 Approach C: SSC modelwith and without creep

6.5.1 Description

Approach C is based on thee of theSSC modeélone. The detail is as follows:

1 Two sets of analyses aperformed;one set foithe 'normal’ case usirg standard creep
coefficient for the soilandthe other set usinga very low creep coefficiertb eliminate
creep behaviourin the latter casethe soil state will closely follow the reference
compression line independently of thpplied strain rate so that for practical purposes,
the response may be considered tindependent, e.g. Bodas Freitsal. (2011) Direct
comparison between the two sets is used to isolate the impact of creep.

91 This approach is based on a fair filce-like comparison and is technicalbuperior to
approaches A and B.

1 PLAXIS does not permit the use ©f*= 0. Thiswould be unrealistidecause only purgl
elastc behaviour would be predictedplastic strais are incorporated in the
creepYiscoplastic s@in componente.g. Bodas Freitaat al. (2011)

1 Additionally, the use of very low creep coefficients leads to numerical difficulties so the
selection of the most appropriate valuedeto be a trial and error process. Imgel, it
was found that using *values in the range 1xfOto 1x10* tends to yield suitable
predictions (the settlementswithout columnsare in good agreement with bottD
compression theorgSectionA4.6) and theinviscid SS andHS modelpredictions e.g.
Figure6.22. These low vales ofe *correspond to betweel¥ and D% of thee *values
for the simplified profile with soil stiffnesgs (Table5.3), and to between 0.2% and 2%
of the creep coefficient for the Bothkennar lower Carse @abple5.2).
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Figure 6.22Comparison of settlementgthout columngsoil stiffness =k, L = 5m)

6.5.2 Results

6.5.2.1Dependencef @rimarydsettlement improvement factom soil model

The settlement improvement factors values calculated using the SSC model without creep are

denotedr r1 maRrY ( s s-dhedolloying) points are relevant

1 There are slight numerical differences betweenriguaryVvalues calculated using the
SSC model without creep, the HS model, and the SS modelmodel dependenad
NprimaryIS highlighted inFigure6.23for the 5m unit cellThe corresponding plots for the
10m and 15m unit cells are presentedppendixB.

1 For the 5m long profilespprivaryHsy™ NP R1 MARY ( 48 Neeimary(ssin all cases. The
same trend holds for the 10m and 15 long unit cells

1 For higher modular ratio={/Es = 20 andE/Es = 40), thenp r| mar Y ( sg¥alugs begin
to approach theprivaryrsyalues.

1 Settlement improvement factors obtained using Castro & Sagaseta (2009) andtRililko
(2011) are also included in Figufe23to provide context for the PLAXIS 2Dprimary

values.
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6.5.2.2 Evolution of settlement improvement factor with time

The evolution ofn with time for the 5munit cell is plotted in Figuré.24 (E/Es = 20) for
A/A. =10, 6 and 3 respectivelyThe standard creep coefficient is used for the case with creep
so that thecreep ratio (e % ¥/e *a 21. Definitive conclusions can be drawn from these

comparisons:

1 ThentoraLsscyvalues are less than ther| mary ( s s valugs ak alhfA: values.This
indicates that the incorporation of creep leads to a Ie@tlemenimprovement factor
than would be obtained had primary consolidation settlement been cedsadiene.

1 Larger differences between r| mary ( ssa8ndnreragsscyvould be observed dlarger
creep coefficient were used for the case incorporating dseepuse the lowencgreep
values would holdjreateweighing.

1 After EOP, then values for the case with creep continue to reduce marginally, i.e. the

effect of the lowencreepvalues omroraisscys perceptible after EOP.

The same conclusions can be drawn from the 10m and 15m unit cell profiese results
are presented in AqgndixB, as are the remainining 5m unit cell resultsEgEs = 5, 10, and
40. Larger differences betwea@Roraissc@ndneri maRrRY ( s's care Obseqrvegh situations
wherene r| maRY ( s st Mych larges thancreer €.9. at close spacings (eAdA. = 3) orat
highermodular ratios (e.d=/Es = 40), supportinghe inference made in Sectiém.2.5
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Figure 6.24 Approach G L = 5m,E/Es= 20 (a)A/Ac = 10 (b)A/A. = 6 (C)A/A. =3
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6.6 Summary

Threedifferent approaches (A, BBndC) have been described in this chapter with a view to
establishing the effect of using vibro stone columns to treat qemm® soils.These
approachebave been deployed to analyse the settlement behafisimplified singlelayer
profiles The results indicate that incorporating creep yields lower settlement improvement

factors than would be achieved if only primary consolidation settlement waslexatsi

The analyses have identified that the relative proportions of primary and creep settlement are
relevant, as is the length of time after construction over which the ground performance is of
interest.The influences of modular ratio, column lengihd column spacing have also been
investigated.For practical purposes, the design of stone columns ignoring creep appears
unconservative. If considerable creep is present, lowerlues should be applied by
practitioners.

Approach C will be used for theemainder of the analyses in this thesis as it is technically
superior to approaches A and B (for which the conclusions obtained are parameter/scenario
dependent).
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7. Analysing the nulti -layer Bothkennar profile using the SSC model

7.1 Introduction

This chapter describes the simulations carriecbadbhe multilayer Bothkennaiprofile using

the SSC modeln the first half of the chapter, the focus is placed on investigating whether
the findings in Chapter tr the singlelayer profilesalso hold ér the more realistiomulti-

layer profile. The variations of the relevarstresesand strais with time anddepth arghen
examined in detail with a view to establishing how cregmifests itself in the combined
soil-column systemAdditional analyses have also been carmedito establishbehavioural
differencedor floating columnsThe analyses in this chapter have been carried out using the
Updated Mesh option to account for large displacements.

This chapter issuldivided as follovs:

(i) The timesettlement behaviour for the muléiyer profile predicted by the SSC model
with and without(denoteck *a h@reaftey creep is presented in Sectidr?; differences
with the singlelayer profileresultsare pointed out.

(i) The evolutios of n with time with andwithout creeparecomparedn Section7.3 The
calculatedn values are compared withose fromanalyticd solutionsin Section7.4 to
provide context

(ii) In Section7.5, the variatios of stresswith time at discrete positions in both tkeil and
column are examinedto establishthe influence (if any) of creep. The stress variations
with time for the untreated cases with and without creep are presastedframe of
reference.

(iv) Full profiles of stress and strain with depth in the soil esldmnat a fixed point in time
(after EOR are then examined in Sectighb. The corresponding profile®r floating

columns are examined in Sectidn.
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7.2 Time-settlement behaviour

The analysis stages are analogous to those described in Sgetitor the singlelayer
profiles a 100kPa load is applied in undrained conditions with a fellpwconsolidation
period to allow pore pressure dissipatidypproach C is used tostablish the influence of
creep. Bttlementlog(time) plots generated using ¢hSSC modefor the untreated case with
and without creep are presented in Figtre The correspondinglissipation of excess pore

pressure at midepth of the lower Carse clay with and without creep is plotted in Frgre
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Figure 7.2 Excess pore pressure at raidpth of lower Carse class. log(ime) for untreated

soil
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The following points are of interest:

1 The EOP consolidation times with and without creep approximately 4000 days
(~100years) and 5,000 days+{40years)respectivelyThe long consolidation times arise
due to (i) the long drainage path, (ii) the low clay permeability, and (iii) the high clay
compressibility, e.g. Nash (2001and are consistent with leackfigured coefficient of
consolidatioofc,& 1 ?y@ar wsing the Casagrande (1936) method.

1 Thepore pressure dissipation plotglicate longer EOP consolidation times tivaould
be obtained based on thetttementlog(time) plots using Casagrandé1936) method
Similar observationdave beemadeby Moorhead (2013) from smallscale laboratory
tests.

1 The slight kink in the pore pressure cuaféer approximately 900 day&igure7.2) for
the case without creep occurs due to the change in stifbfedse clay as it passes
through yield, e.g. Nash (2001).

Settlemerdog(time) plotsfor different A/A; valuesare plotted in Figureg.3 and7.4 for the
cases without and withcreeprespectively In both cases, the columns significantly accelerate
consolidation the consolidation time reductions aepproximately50-fold, 100fold, and
200-fold for A/Ac = 15, 10,and 6 respectivelyThese reductions are consistent with the
resultsfor the 1%n long singlelayer profile(which has aomparable drainagpath length) in
Chapter6.
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Figure 7.4 Settlement vs. log(time)standard creep coefficient

7.3 Evolution of settlement improvement factorwith time

The evolution oh with time for the cases with and without cregpresented in Figuré.5at

A/A. = 15, 10, 6, and.3rhis figure clearly illustrates thah¢orporating creepesults inlower

n valuesthan would be obtained if onjyrimary consolidation settlement wassaered; this

is in keeping with the findings in Chapter 6. Tpercentagedifferences between the

NPRI MARY ( s s @Ndgrorm sscyvalues are larger than those for the sidgleer profiles in

Chapter 6 fotwo reasons:

(i)

(ii)

For the multilayer profile,the relative percentages of primary/creep settlement after 1,

10, 30, 100, and 1000 years are 73/27, 66/34, 63/37, 60/40, and 55/45 respectively and

so the weighted effect of creep is more prominent than for the daygle profile.

Thenpri marY ( & s ¥alugs for the multlayer profile are larger than the corresponding

NprI MARY( sscvalues far the singlayer profiles this is mainly due tdhe larger

initial Ko values.As will be shown in Sectiof.5.1, Ko affectsner| mary( ssdnNore= s o)
thaneithernroraisscPr Ncreerand so thgercentageifferences betweemp | MmarY(ssc, & *

5 @ndnroraLssg Will be larger. In generalpercentagel i f f er ences bet weet

and 6total 6 settl ement nincregsesovement factors
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7.4 Comparison of settlement improvement factors with analytical solutions

Thenpri maRrY ( ss8NdnreTagsscyalues (after EOP) have been compared to the analytical
predictions for primary settlementin Figure 7.6. The analytical methods, which are
formulated in generalfor singlelayer profiles, have been modified to account for the
additional stresses from thaverlying layers for the muHayer profile For Pulkoet al.
(2011), the final yield depth to which plastic strains appear in the cojyielding starts at

the surface and progresses downward as the applied load incresests o be modified and
the settlementshouldbe integratedrom the top to the bottom of each layer rather than from
the surfaceThe Castro and Sagaseta (2009) solution uses a fdgtdelastic degree of
consolidation at the moment of column yielding) to work out whether atheatolumn is in

a plastic state (i,° > 1, no yielding takes place, otherwise yielding of the granular material

occurs). This factoalsoneeds to be modified.

11

L:\ = = = Priebe's n2 (1995

\
o\ = — = Castro & Sagaseta (200!

L\

%\ — — = Pulko et al. (2011)
Y

NN e nPRIMARY(SSCg * &

o \ -x

5 N \-\ NTOTAL(SSC)

Figure 7.6 Comparisorof settlement improvement factosgth analytical solutions
From an examination of Figui®6, the following can be deduced:
1 As was the case with the sindéyer profiles, the analytical predictions by Castro &

Sagaseta (2009) and Pulkbal. (2011) are in excellent agreement with the PLAXIS 2D

NP r1 MARY ( % skglugsslight differences arenly evident atA/A; = 3.
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T Addi ti onaln} ($995) pradictiens aré also in very good agreement with the
PLAXIS 2D npri marY ( s s cvalues, withpslight deviation for closefpaced columns
(e.g.AIA. < 5).

1 Thenrorausscyvalues are lower than thevalues predicted by the analytical methadls

all A/A. values confirming that incorporating creep resultdawer n values

7.5 Variation of stress with time at fixed points

The variatiors of vertical, radi§ and hoop stress with tim@vith and without creepare
examinedin this section These variations of stress with time have been exanahéxlr
stress pointgshown inFigure7.7), two at the surface of thmlumn and soi(C1andS1) and
two ata depth of 8.5mrfid-depth of the lower Carse cldgyer) in thecolumn and soi(C2
and S2). Although rarely measured in practiceCFswould most likely bemeasured at the

surfacedue to ease of installing tiwstrumentatione.g. Killeen (2012).

The stess variations with timarea useful starting point to establish the pattern of behaviour
at a given stresgoint. In Section7.6, the distributions of stress and strain with depit be

examined tdighlight the effect of creep throughout the entirpttleof the profileat a fixed

point in time.
C1 S1
—————— AP r——P—— 0.00m
S Lsom
U C Cl A =0 =7 A
pper Carse Clay eIt KIEIEIIIE PP,
Stone Column R = - = _ = @z stress point in column
i _ : : : i - == ®=stress point in soil
- - - Py _rsa
Lower Carse Clay —= — - — . = —~]-850m
— —~=—=—3 14.50m

Figure 7.7 Stress points at which the variations of stress with time are examined
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7.5.1 Variation of stress with time (untreated case)

The variations of verticakadial andhoop stress with time for the untreated caséh and

without creepare presented in FiguieB to provide context for the subsequent comparisons

a
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~---ssce* &
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0
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Time (days)
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Figure 7.8 Variation of stresses with time for untreated soil; (g (b) & ,@(c) 0 £
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Examination ofigure?.8indicateshe following

1 At mid-depth, be long-term stresses are slower to develop for the case with creep,
correspondindo larger EOP timesAt the surface, the drainage path length is shorter so
the EOP time iselatively unaffected by creep.

f The vertical (i§,) stresses at the surface and at-degth are comparable after EOP for
the cases with and without credipe soil carries thentireapplied load of 100kPa.

1 After EOP, heradial (06 andhoop (¢, stresses for the case with creep a@rginally
larger than those without cre€fhis occurs due t@n increase dKq during creepwhich

can be predictedccording to Eqg7.1, e.g.Mesri & Castro (1987).

Ko =(1- sinf) &L Q | 7.0

1 The radial and hoop stress reductions up to ~3000 days for the case with creep occur
because there is dight pore pressure buiddp due to creepaé evident inFigure 7.2)

before net dissipation begins to taéect the kink is explained in Sectiogh2
7 5.2 Variation of vertical stress with timefor the treated case

The variatios of vertical stressvith time at A/A. = 3 are compared to the untreated cemse
Figures7.9 (surface, C1 and SBnd7.10 (mid-depth, C2 and S2A/A. = 3 was chosen for
presentatiorpurposes becse he mechanisms of intereate mosbbvious at this spacindt.

is apparent that:

1 The stonecolumns reduce theertical stress carried by the s@leen by comparing the
untreatedsoil stresses with the soil stressed\é; = 3).

1 For the case without creep, the stesssn the soiland column areongant after EOP
which is approximatel daysfor A/A. = 3, basedon Figures7.3and7.4.

1 Forthe case with creeptress is transferred from the soil to the column as the soil creeps.
The additional increment of stress transferred to the already yielded column reduces its

efficacy. Optimum column design should induce plasticity but the additigiedding
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caused bythe additional stress transferred to the column dueréep results in a

suboptimal performanadge. lowern values)

The same trend holds at &llA. values considered in this study ranging from B/4; < 15,
not all of which are presented for clarity purposéswever, he stress transfer mechanism is
moreprevalentat closer spacings

300
A/A. = 3 (Column) —— == Untreated (SSE, * &
25Q [ B B e
T | Untreated (SSC
200
g ———~ AJAc=3 (SSCg * ad 91
Z 150
IE UntreatedSoil) | | -------- AJAc=3 (SSC) at S1
o3
100 [ e T S B S LS P T ST SRS oS FE TS S B s S PR TR e
/,r—*“" : ———— AJAc=3 (SSCg * 4l §1
50 | ” AJA = 3 (Soil)
T e SSLSLTITIS S SIS TITITI T T T || A/Ac=3 (SSC) at C1
0
0.1 1 10 100 1000 10000 100000 1000000
Time (days)
Figure 7.9 Variation of vertical stressi§,) with time at the surface
400
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ———= Untreated (SSE, * a
350 eI I L ____.
300 | AlA =3 (Column) | [| -------- Untreated (SSC
«~ 250 .
E —— -~ AJAC=3 (SSCg * &0 92
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z 1l || e A/Ac=3 (SSC) at S2
5 150 s
100 b e ~— — ~ AJAc=3 (SSCg * Ad (2
s = =
AA=3Soal) | || AJAc=3 (SSC) at C2
0
0.1 1 10 100 1000 10000 100000 1000000

Time (days)

Figure 7.10 Variation of vertical stressi(§) with time at middepth

The corresponding variations of SC$ee Sectior2.6.2.9 with time for A/A. = 3 areplotted

in Figure7.11. Without creep, the SCF at the surfdbased on points C1 and S%)6.50
With creep, the SCht the surfacéncreases from 7.85 after 100 days to 8.75 after 30 years
The corresponding SCF without creep based on points C2 aald1®2is 3.8hfter 30 years;
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with creep, the SCF based on these points is 5.4 after 30 yegeneral, the&SCFsfor the

6wi t h c aremyctdhigltentisar the corresponding SIClesr withbuécreép c a s e

=
o

— === A/Ac=3 Surface SCF (SSE,* 4 0
= ClMs1

st S | AJAc=3 Surface SCF (SSC)
=C1aS1

LIRS cthtu N S /S S N -~~~ AJAc=3 Mid-depth SCF (SSE,* &
- cams?

ffffffff A/Ac=3 Mid-depth SCF (SSC)
= 6C2/1S2

SCF
O RPN W A U1 O N © ©

0.1 1 10 100 1000

Time (days)

10000 100000 1000000

Figure 7.11 Variation of SCFs with time foA/A. = 3

SCFs in the <crust
caseat A/Ac = 15, 10, 6, and are compared to SChsedicted by Castro & Sagaseta (2009)

in Table7.1 (the Castro & Sagaseta (20®)C F s d e The predidtions @r&is 6 )
good agreement foA/A. = 15 and 10 but the PLAXIS values in the lower Carse clay are

For contextaver age and | ower

ar e

lower thanthose ofCastro & Sagaseta (2009) at closer spacings, particulafffat 3. As

noted in Sectior2.7.12, the Castro & Sagaseta (2009) soluti@ils to account for elastic
strains in the column during its plastic deformatiahcloser spacings, these elastic strains
are more important and could account for the differences between the FE output and the

analytial predictions.

AA. =3 AIA.=6 AJA. =10 AJA. =15

C&S | PLAXIS | C&S | PLAXIS | C&S | PLAXIS | C&S | PLAXIS
Crust 6.64 | 6.22 5.93 | 5.96 5,54 | 5.45 5.32 | 5.29
Lower Carse Clay 4.70 | 3.86 498 | 4.51 496 | 4.88 491 | 5.00

Table 7.1 Comparison of PLAXIS SCFs withoateep with Castro & Sagaseta (2009)
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7.5.3 Variation s of radial and hoopstres®swith time for the treated case

The variatios of radial and hoopstress with timen the soilat middepthat A/A. = 3 are

compared tahose forthe untreated case in Figure42 and7.13. These figures illustrate:

1 The radialand hoopstresgsin the soilat A/A; = 3for the case without creeggreconstant
after EOP.The radial stess isapproximately 90% of that for the untreated case and the
hoop stress is approximately 80%tlodtfor the untreated case.

1 The correspondingadial and hoopstresss for the case with creep reduce after EOP.
Because of the radial stress reductitre lateal support imparted onto the column by the
soil diminishes This leads to additional bulging of the granular column matégiaing
rise to more settlemerdnd a lower loagtarrying capacity

1 The percetage reductions in hoop stress due to craeplager than the corresponding

radial stress reductions

In reality, particle rearrangement and the decay of organic material will lead to a reduction in
soil volume. This may also contribute to additional bulging of the granular column in soils
with significant creepThe corresponding radial and hoop stresses istthreecolumns show

a degree of scattan some casegcaused by shegolane formation.seeSection7.6.1.2);

examining their variations with time at a particulaesspoint is thus prolematic.
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/ ;,
65 i s e
gt T KA
60 A e SN ;/” /
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E 55| __/ o / :
2 o OSSN SV — '
= 50 B AR .
n_:,x 45 Tl ————-A/Ac=3 (SSCg * &b 92
40
O | A/Ac=3 (SSC) at 52
30
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Time (days)

Figure 7.12 Variation of radial stresgi(§) in the soilwith time at middepth
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Figure 7.13 Variation of hoop stressi( in the soilwith time at middepth

7.6 Profiles of stress and strain with depth

In this section, the distributions of stress and strain with diepthe soil and colummre
comparedafter a period of 100 yeafwhich isafter EOP for the untreated cas&he stress

and strain profiles at each depth in the soil have been obtained at the same radius as the plane
throughpointsS1 and S2n Figure7.8. However, the stress and strain profiles in the column

require averaging over the column cresstion and thr ef or e t he Mi crosof
Tabled function has been used for this pur|

obtaining the data using the 6Pivot Tabl ed f

(i) Select all of the relevant datstress, strain, or deptin PLAXIS 2D.

(i) Copy thedatainto Microsoft Excel.

(i) Createa 0 Pi v ading fhedath.e 6

(ivy Use t he 0 Pcakuatehetweradestreds ot strain value at each depth.
(v) Plot the relevanhveragediatawith depth

7.6.1 Stressprofiles in the soil

7.6.1.1Vertical stresgrofiles

The distributions ofvertical stressin the soilwith depthfor A/A. = 3 and 15 (closest and

widest spacings considered in this stuahg plotted in Figureg.14 and7.15 respectivelyfor
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the casswithout andwith creep Also included in these figures are the stresses carridteby

untreatedsoil in each caséo provide a frame ofeferenceThe profiles are plotted from the

ground surfaceSincethe Updated Mesh option was usdte final ground surface will be

lower when there is more settleméing. for the analyses incorporating creéf)e following

points are noteworthy:

1 Thestonecolumns reduce th&tress carried by the soil Both A/A. = 3 and 15 This trend
alsoholdsfor 3 <A/A: < 15.

1 For the case without creep (Figuigd4a and7.15a), the stress reduction is uniform with

depth. This is reflected by thelativelyc onst ant

and

treated

for optical purposes.

0.Ma andZ. 54 illustnatedrusing greea arrows and markers

1 For the case with creefigures7.14b and7.15b), the stress reduction is largand

6di stance/ gap6 b

increases with depth as a result of the stress transfer process from soil to column due to

creep (as disessed inSection 75.2). This indicates that the magnitude of stress

transferred from the soil to tlgganularcolumn increases with depth
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Figure 7.14 Profiles of vertical stresi the soilfor A/A.=3;(@) SSC¢§ a2 0) ,
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Figure 7.15 Profilesof vertical stres# the soilfor A/A.=15;(a) SSC¢ *a 0) , (b) SS

7.6.1.2 Radial stresprofiles

The correspondinglistributions of radial stresa the soilwith depth forA/A. = 3 and15 are
presentedn Figures7.16 and 7.17 respectively The following can be deduced from these

figures:

1 Without creep(Figures7.16a and7.17a), the radialstressegor the urreated and treated
cases are similathestonecolumns mobilise the majority of this when bulging.

1 With creep(Figures7.16b and7.17b), the radial stresss less than the corresponding
radial stresdor the untreated casat close spacingsA(A:. = 3). Howevers,little or no
change is observed at wide spaciny#\{ = 15).
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Stress oscillationare visible in the profiles of radial stress with depth in Figuré$ and

7.17, especially ér the analyses incorporating creap A/A. = 3 (Figure 7.1@). These
oscillations are predominantly caused by additional column yielding which manifests itself in
the form of (additional) shegolane formation in the colummesh refinement studies have

been carried out to verify that the oscillations are not meperdient

The shear planes can be seen by examining the plots of total shear strain irv ARyure
general, Bear planesend toform in closelyspaced columns (e.g/A. = 3, Figure7.18a).
For the case with creep, significantly more shear planes (e.g. FigureZ.18). Columns at
wider spacings (e.g/A: = 15), which are not radialiphibited by closely adjacent columns,
will tend tobulge more. This is consistent with the findings reported by Muir Waical.
(2000) see Sectior2.6.3.3 The osillations disappear below the level of shear plane

formation (yielding begins at the surface and progresses downward with time).

Soil-column
interface

| =00 Soil-column

interface 160.00

| 140.00

—— 120.00

100.00

15.00

10.00

5.00

0.00 0.00

Figure 7.18 Total shear straingtA/A.=3; (@) SSC{*a 0), (b) SSC
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Other factors which may contribute to the oscillations are:

1 Radial stress reductionstor the analysewith creep, the radial stresses are lower so

there idess lateral restrairib resist column bulging.

1 Pore pressure oscillations?ore pressure oscillations that occur due to viscoplastic creep

strains:;

essent.i

al

Iy

6constitut

i ve

mod el 0

The base of the unit cell is fixed in the horizontal and vertical directiemsthe analyses

without creep the radial straiffCly) in the soil6t aper s 6

t o of the uniocelleily.

Figure7.19a. However, there ia sharp decrease of radial strain at the basthe case with

creep e.g. FigureZ.19%. This explaing h e

sudden

dr

ops

or

t

he b

0j umps 6

radial stress with depth at the basd-igures7.16b and 7.17b. Analyses have been carried

out in Section/.7 which show that h e s e

albeit for a dferent reasorfsee Sectio7.7.2).
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161

at t

SSC



Analysing the mlti-layer Bothkennaprofile using the SSC model

7.6.1.3 Hoop stresprofiles

The distributions of hoop stregs the soilwith depth forA/A. = 3 and 15 are presentedn
Figures7.20 and 7.21 respectively The plots are presented in a similar format to those for

radial stressThe followingpoints are noteworthy:

1 With and without creep, the hoop stresses in the soil are lower than the corresponding
hoop stresses for the untreated cis®hoop stress reduction is larger at closer spacings.

1 The observed hoop stress reductiare larger than the corresponding rddgress
reductiongseen by comparing Figurés20 and7.21 with Figures7.16 and7.17).

1 Without creep(Figures7.20a and7.21a), the hoop stress reduction nsore prominent
towards the surface of the soil profile in the vicinity of the bulging dépttich can be
approximated from Figur&.19 as being between 3m and ¥nin general, plastic
deformation leads to the dissipation of energy; more deformation at the bulging depth
leads to more of a stress reduction than at the base where the corresgtaghsgare
less.

1 With creep(Figures7.20b and7.21b), the hoop stresseductions are largeghanthose
without creepbecausedhere ismore plastic deformationn existencehroughout the full

depth of the profile (see Figurel9.

162



Analysing the mlti-layer Bothkennaprofile using the SSC model

(a)

Depth (m)

10

11

12

13

14

15

Figure 7.20 Profilesof hoop stres# the soilfor A/A. = 3; (a) SSC £ *a

i
-
.
.
.
.
.
]

(@ o
1

2

Depth (m)

10

11

12

13

14

15

Figure 7.21 Profiles ofhoop stresi the soilfor A/A. = 15;(a) SSC § *a

¢ Untreated

oA/Ac=3

No Creep

B e
© e

50

', (kN/m?2)

100

150

No Creep

* Untreated

A/Ac = 15

3
‘%
.

*

50

100

', (kN/m?2)

150

b) ,

Depth (m)

10
11
12
13
14

15

(b) o
1

2

Depth (m)

10

11

12

13

14

15

* Untreated
oA/Ac =3
Creep
.X
°
*
50 100 150
U',, (kN/m?)
0), (b)
i
L 2
*
*
b Creep
*
* Untreated .X
AlAc =15 A
50 100 150
U',, (kN/m?)
0), (b)

163

SSC

SSC



Analysing the mlti-layer Bothkennaprofile using the SSC model

7.6.2 Stress and strain profilesin the column

7.6.2.1Column gressprofiles

The distributions of vertical, radial, and hoop stiesthe columrfor A/A. = 3, 6, and 1%re
presented in Figuré&22, 7.23, and’.24 respectively The key findings are:

1 The total loadqvertical stressjaken per column is larger at wider spacings.
The output shows a significant degree of scatteegions where column bulging occurs
or shear planesformfhe scatter for the Owith creeptd
to the additional yielding and subsequent sk@ane formation.

1 The vertical stress carried by the column increases due to creep (comparison of Figures
7.22a and7.22b). This is more evident at depth than at the surfia¢kese figureslue to
the scatter.

1 The radial stresses for the case without c{Eégure7.23a) aresimilar in magnitude to
those for the case with credpigure 7.23b), although significantly more scatter is
evident in the latter case. Thasaa slight radial stress reductidor the cas with creep
for A/IA. = 3 (this corresponds with the radial stress reduction in the soil, i.e. radial
equilibrium is maintained).

1 The hoop stress chang@sgures7.24a and7.24b) observed in the columns ror the

radial stress changes.
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Figure 7.24 Profiles ofhoop stress in the column; () SC® 0) , (b) SSC
7.6.2.2 Column drain profiles

The distributions of vertical, radial, and hoop str(afjp) in the columrfor A/A. = 3, 6, and 15

arepresented in Figureg 25, 7.26, and7.27 respectively Key observations include:

1 Maximum column bulging, which occurs at the weakest point in the soil profile (top of
the lower Carse clay layer), is larger for the analyses incorporating creep.

1 The vertical, radial, and hoop strains are lalgewider spacings (both with and without
creep); column bulging is more pronounced because columns are freer to expand radially,
e.g. Muir Woocdket al.(2000).

1 For the case with creep, there are significant oscillations in the distributions with depth
(shar-plane formation, see Secti@r6.1.2).

1 The distribution of vertical strain (Figuie25) with depth appears to be related to that of
the radial and hoop strains (Figuré26 and 7.27); this is consistent with the results
obtained by Killeen (2013)ased ontheuse of the HS model in PLAXIS 3D Foundation.
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7.7 Floating column analyses

The impact of creep on the stress transfer process for flogttingcolumns is examined in

this section; 10m long columnserminated in the lower Carse clay layeve been adopted

for these analyse@~igure 7.28). Axisymmetric analysis techniqudsmsed on Approach C

have again been usé¢a establish the influence of credpe analysis stages are identical to
those described in Secti@i® for endbearing columngp, = 100kPa.
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Figure 7.28 Floatingstonecolumn terminated at a depth of 10nthe lower Carse clay

Plots showing the settlemelaig(time) behaviour and evolution afwith time for floating
columns have not been presented $pacepurposes.n summary, he floating columns
accelerate consolidationlt@oughobviouslynot to the sae extent as erdearing columns
The n valuesfor floating columnsare lower than the correspondingalues for enebearing
columns; differences are most pronounced at close spacings. &psebd columns transfer
a significant proportion of load to éhbasethis load is supported by a rigid stratum for-end
bearing columns and a compressible stratum for floating col@inesigid stratum provides
much more supporte.g. Killeen(2012). The analyses incorporating creep give lower

valuesthan those without creeponsistent with the findings heretofore.

7.7.1 Vertical stressprofiles

Thedistributiors of vertical stresén the soilwith depthfor the cases without and with creep
for the floating columns ad/A. = 3 areplotted n Figure7.29 (profiles of vertical stress for
the untreated soil are also included to provide a frame of referdiee§tress profile for the
endbearing columns aA/A. = 3 (previously presented in Figureld) is also superimposed

on Figure7.29. The findingsare as follows:

1 As was the case for edzbaring columns, the floating columns reduce the cadrtress

carried by the soiflabove the column base)
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1 The stress reduction is larger and increases with depthefoasie withcreep.

1 The floating columns mch into the underlying soil resulting in the development of
vertical stress and strain below the base; this is why the stresses for the treated case are
larger tharthose for the untreated case below the jptmse stresses are approximately
equalforthe6 cr eep 6 and . Dhesressrduetierpabovectize Hase outwesgh
the stress increase below the halses isreflected in then values
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Figure 7.29 Profiles ofvertical stresin the soilfor A/A.=3;(a) SSC¢§ a 0) , (b) SSC

7.7.2 Radial stressrofiles

The distributions of radiadtressand strainin the soilwith depthfor the cases without and
with creep for the floating columns afA/A. = 3 are plotted in Figures7.30 and 7.31
respectively These figures indicatiat he behaviour is very similar to that of ebdaring
columns(superimposed on Figuig30, previously presented in Figurel6). Without creep
(Figure 7.30a), the radial stress fdhe treatedcaseis similar tothat for the untreated case.
With creep(Figure 7.30b), the radial stress in the soillmwver, the stres®scillations(shear
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planes)are also evident for these floating columAs. with the enebearing columns, the
6jumpdé in radial stress at the base of the
stonecol umn is not f i x etdcaused by zsro latérdl graimdounadlary 6 i s
conditionimposedat the baseror the floating columnshte s e 6 ] u aiphe ldaseloec ¢ u r

to a change in the failure mechanjsah the basethe radial strairreduces(Figure 7.31)

because thdloating columnspunch into the underlying soresultingin a sudden lateral

strain reduction anthereforea str ess &6j umpo.
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Figure 7.30 Profiles ofradial stress in the soil fé&¥/A.=3; (a) SSCqd & 0) , (b) SsSsC

7.7.3 Hoop stress profiles

The distributions of hoop stress the soilwith depth forthe floating columns a#/A. = 3
without and with creep are plotted in Figufe32. The pattern is similar to that for end
bearing columnssuperimposed on Figui®32 previously plotted ifFigure 7.20). Both with
and without creep, the hoop stresses in the soil are reduced inrsmnpaith the untreated

case.The hoop stress reduction is larger for the eatiecreep (more plastic deformation).
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7.8 Summary

The multilayer Bothkennarmprofile has been analysed usiAgproach C inconjunction with

the SSC modelThe findings can be summarised as follows:

1 Incorporating creep leads to lower settlement improvement factors than would be
obtained had primary consolidation been considered alone.idlasisnsistent withthe
findings inChapter &or the singlelayer profiles.
1 The percentagalifferences between th® g marY ( s s @nNdfrorssegvalues for the
multi-layer profile are larger than those for the sidglger profiles in Chapter 6 because
creep contributes to a largeroportion of the total settlement and so its weighted effect is
more prominent.
1 Creep results in a stress transfer process; as the soil cvegpsal stress is transferred
from the soil to thestonecolumn. The additional load carried by the columduces
additional yieldingand(additional)sheasplane formation in closelgpaced columnghe
magnitude of thevertical stress transferred from soil to column increases with damth
is more pevalent in closelyspaced columnsThe additional increment of stress
transferred to the already yielded column reduces its efficacy, resulting in a suboptimal
performanceleading tdowernv al ues f or d¢atee O6wi th creepb
1 The radial and hoop stressés the soil for the treated caseeatower than the
corresponding radial and hoop stresses in the soil for the untreated case. The hoop stress
reductions are larger than the corresponding radial stress reductions. With creep, both the
radial and hoop stresses for the treated case contnterltice after EOMWhereasthe
corresponding st r epsos ecsa sfeo ra rteh ec oonwsittahnotu ta fctre
T The radi al stress reduct i on he dateral tsupmort 6 wi t h
imparted onto the column by the swillower; thiswill also contribute to lowem values
but is not as influential as the additional yielding caused by the vertical stress transfer.
1 The additional plastic deformatohor t he oOwith <c¢creepd case i
hoop stress reductiofowever, the hoop stressduction appears to be an effect rather
than a cause of the larger settlements (and hencetowerl ues) f or the O6wi
1 The influence of creep on the behaviour of floating columns is consistent with its

influence on endbearing columns
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8. Analysing the multi-layer Bothkennar profile using the CreepSCLAY1S

model

8.1 Introduction

This chapter describdarther analyseson the multilayer Bothkennar profile thdtave been
performed using the CreefSCLAY1S model, which requires implementat into the
PLAXIS FE code as a usekefined model. The CreegSCLAY1lS model incorporates
ani sotropy, bondi ng, and dest rindiwidually artini o n,
various combinationd®y adjusting the input parameters (e.g. Sec8&). This work was
performed during an academic visit to Chalmers University of Technology in Gaotigenb
Swedenin October/November 2013he purpose of this study is &@sessvhether using this

more advancedodel instead of the SSC modelpacts uporthe generalconclusions made
heretoforerather than understanding the reasons for any quantitative differences in the model
outputs This chapter isuldivided as follows:

() The backgroundand formulation ofthe CreepSCLAY1S model are described in
Sections8.2 and8.3.

(i) The development of additional model parameters for the Bothkennar astay and
above those already presentedhaptels, is described in Sectiod.4.

(i) 'Soil Test' facility simulations carried out comparing the CGi8GbLAY1lS model
response wit the SSC model response anith thetest data reporteith ICE (1992)are
described in Sectiod.5.

(iv) The approach used to analyse the mldtier profile using this modeas described in

Section8.6, theresultsof whicharepreented and discussed in Sect&id.
8.2 Backgroundto the CreepSCLAY1S model
The development of the Cre§CLAY1S models described in detail by Sivasithamparam

al. (2014). The modeluses the cormapt of a constant rate of vig@astic multiplier to

calculate creep strain ratand so overcomes some of the limitations associated with the
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ACM (Anisotropic Creep modelWwhich uses the concept of contours of constant volumetric
creep strain rateThis is discussed i8Bection3.4.3.

The anisotropy and de&ucturation componentsf the model are formulated using the
constitutive equations from the rate independe@l3Y1 (Wheeleret al, 1997, 2003) and
S-CLAY1S (Koskinenet al, 2009 modest:

1 The S-CLAY1 modelis an extension of th®ICC modelwhich usesan inclined yield
surface (angle of inclination,U) and a rotational hardening law to describe the
development/erasure of anisapy due to plastic straining.

1 The vyield curve inclination of the&ssCLAY1 model changes due to both plastic
volumetric strainsand plastic shear strains (thus predicting a unique vyield curve
inclination at critical state) whereas an earlier model by Dafalias (1986) assumes that any
changes to the inclination of the yield curve are caused by plastic volumetric strains only
(Wheeleret al.2003, Grimstand & Degago 2010).

1 TheS-CLAY1 modelalso incorporatethe basic volumetribardening law that describes
the change to the size of the yield curve due to plastic volumetric strain (sa@Cas
mode).

1 TheS-CLAY1S modelis an extension to th&CLAY1 modelthat accounts for bonding
and destructuration using an intrinsic yield surface and a third hardening law to describe
the breakdown of bondg caused by plastic straining.

1 Both modet assume an associated flow rule aigtiore the anisotropyf elastic
behaviour as this could potentially result in 21 additional elastic parameters (Wdteeler
al., 2003).

8.3 Formulation of the CreepSCLAY1S model

In this section, the formulation of the model is presented in triaxiasssgacébased on the
stress invariantg' andq, see Figure 8)1for which the anisotropy can then be defined by a
single scalar parameter (Wheetdral, 2003). However, in order to model principal stress

rotation effects, stress and strain tensoesused for the generalised form of the model (stress
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invariants canot be used for an anisotropic model), with anisotropy defined by a deviatoric
fabric tensor, e.g. Wheelet al.(2003), Ollson (2013).

Critical state
line (CSL)

Normal consolidation
surface (NCS)

Current state
M surface (CSS)

\

eq eq
ppi pp

Intrinsic yield
surface

Figure 8.1 Yield surfaces of the CreepCLAY1Smodel in triaxial stress space

The total strain rat€’) is composed of an elastic componéf} &nd a creep componerif)(
see Eq8.1 Similarto extended overstress maosgjehe Creef5S5CLAY1S modehas no purely

elastic domain.

Hd=& + & (8.1

In the CreegS5CLAY1S model the hardening laws depend on viscoplastic/creep shear and
volumetric strainsThe rotational hardening ladescribing the changinigclination of the

yield surface de to creep straintgakes the form shown in E§.2 wherey andvyq are two
additional soil constantsl (¥andd &9 arethe incremerstof creepvolumetric anddeviatoric
strairs respectivelyand®Odenote Macaulay bracketsq controls the relative effectiveness

of the shear and volumetric strains in determining the overall target valug dad ¥

controls the absolute rate at whidapproaches the target value.
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o] ~

_ 30/, c & o, ¢
da = Wé%z- :s@o<da,>+l/l/d §3° aH‘ded

g (8.2

The destructuratiorhardening law takes the form shown in BB, wheres-and 3y are two
additional soil constants controlling the absolute rate of destructuration and the relative
effectiveness oViscaplastic volumetric and deviatoric straingspectivey in destroying the

bonding(i.e. the degree of bonding,will reduce to zero).
de = - x d[def] + x, |de] ) 8.3

The initial amount of bondings) relates the size of the natural yield surfggg) (o thesize

of the intrinsic yield surfacgi), see Eq8.4
Ppo = (1+ CO)ppOi (8.4

Similar to the SSCmodel and the ACM, the vyield surfacgnormal consolidation surface,
NCS) evolves with creep volumetric strains according to £49 The equivalent mean
stress measur@®) in this casdi.e. the intersection of the current stress surface (CSS) with
thep a@xis see Figure.l) is given by Eq8.5 whereM ( ds)the stress ratio at critical state,
which in this model has been made a function of Lode Ardf)léo( incorporate a smooth

failure surface, see Sivasithampar&@14).

(q- ap)?
(M?(@)- a?)p

p™=p'- (8.5)

In contrast to the SSC model and the ACM, which calculate the volumetric creep strain rate
according to Eg8.6, the CreefSCLAY1S modeluses thaate ofviscoplastic multiplief(Q),

see Eq8.7. The additional ternfiM?( dUjkond/(M*( ddfikond is addedo ensure that the creep
strain under oedometer conditions corresponds to the concept of constant contours of
volumetric creep strain rate, where the subséifit denotes the normally consolidated stress

State.
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/*- k*
/T’ké. eqQ
¢rp =
/*_k*
g MEPTE T MA@ - @tk 8 87)
2% SEA- THORE. -

8.4 Additional Model Parameters

The determination of model parameters for the GRERAY1S modelis straightforward.
The anisotropy paramesss, U (initial yield surface inclination)¥q, and¥ can be calculated
from the critical state friction anglesing Eqs.8.8, 8.9, and8.10 wheredy = qo/ p ® 3(1-
Ko )/(1+2Ko™).

ag = (8.9)
3
3 4M?- 48, - 3,
w, = —
VT, (8.9)
2_
_ _1In 10M 2a Wy (8.10)
/* MZ- 2a,m

In some cases, E&.10 can result in an unrealistic value of in which caséhe empirical
correlation suggested by Zentdral. (2002) should be used instead (Bdll).

10 20

S Cwe (8.11)

The initial amount of bondingy, can be calculated based on the sensiti@fysee Eq8.12.
Co=§-1 (8.12)
The other destructuration parameté€ss and 3) can be calibrated using the optimisation

procedure described in Koskinenal. (2002). For this modethe intrinsic compression and

creep indicesg* andei* (measured from oedometer tests on reconstituted samples), should
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be used as opposed to thefand € *(measured from oedometer tests on natural samples)
values used for the SSC model. The intrinsic compression indices used for the crust, upper
Carse clay, and lower Carse clay layers are shown in Bahleaken fromKarstunenet al.

(2013). Also shwn are the compressioand creepindices used for natural clay for

comparison purposes.

Crust Upper Carse Clay Lower Carse Clay
% 0.0152 0.04% 0.1621
a* 0.0056 0.0183 0.0600
e * 0.0006 0.0020 0.0065
€* 0.0002 0.0007 0.0024

Table 8.1 Compression indices for the muléiyer Bothkennar profile

The additional soil parametersquiredfor the FE modelare summarised in Tab&2 The
¥, 34, and3parameters have beealibrated byKarstunenet al. (2013)for the Bothkennar
Carse clay.The slopes of theCSLs in compressionNlc) and extensionM¢) have been
reportedoy Allman & Atkinson (1992), see Sectic@®R.3.

1.375 -1.00 0.5267 0.9281 50 8 0.2 9

Table 8.2 Additional Material Parameters

8.5&0il TestH(Lower Carse Clay)

The PLAXIS 'Soil Test' facility has been used in conjunction with the CB€HpAY1S
model to simulate the GK triaxial tests reported by Atkinscet al. (1992), described in
Section5.3.4. Thestressstrainresponses plotted in Figues8.2a and3.3a at depths of 12.6m
and 15.4m respectively and the corresponding stress paths are plotted in &@urasd
8.3b. These simulations have been carried out using a critical state friction angle G#.
Three separate scenarios hagerbconsidered for the Cre§CLAY1S model
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() Anisotropy and destructuraticme6 s wi t ched off & by setting t
zero. These isotropic analyses enable a stréaghvard comparison with the isotropic
SSC model output.

(i) The anisotropy parameteese 0 s wi t ched onao. Direct compar
CreepSCLAY1S moderesultsenableghe influence of anisotropy to be established.

(i) Both the anisotropy and bonding/destructuration parameter® s wi t ched oné.

influenae of soil destructuration can then be examined.

ISO is used hereafter to dendtee isotropic response of the Creé8BLAY1S model with
anisotropy and dest.rANStisuusedttdodenote thes amisatrapice d o f
response with delsé¢ dwunerdadh@Dadenotesnthe desparise with both
anisotropy andondingl e st r uct ur at i ThenSSO smadel tespbnsedushapn 6 .

34° has been includeoh Figures8.2 and8.3 for comparison purposes.

It should be noted thabf the isotrops analysesMe has been set equal td. = 1.375.
Additionally, for the isotropic analysethe anisotropy parameters), ¥ ¢, and¥ have been set

to zero; the rotational hardening law (Bg) i s 6 s wi tKgwilldealovespfeflicied,a n d
analogous to the MC@odel. The intrinsic compressioand creepndices quoted in Table
8.1are used for the analyses incorporating destructuration.
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Figures8.2 and8.3 indicate the following:

1 The predicted undrained shear strength for the scenario incorporating bonding and
destructuration is in relatively good agreement with that measured by Atkatsain
(2013).

1 The peak undrained shear strength for this bondnagdestructuration scenario is higher
than that predicted by the other scenarios considered (isotropic, anisotropic, and SSC
model) due to the bonded nature of the solil (i.e. safc&< o }. The peak undrained
shear strengths for the isotropic and amggmt cases are in relatively good agreement
with those predicted by the SSC model.

1 In all casesa larger friction angle would provide a better match with the measured data
becausea critical state tends not to be reached in triaxial tests on Bothkefaar
samples possessing a wetblered fabri¢see Sectioh.3.4.

1 The CreepSCLAY1S model will only predict pogteak softening for the case that
incorporates destructuration. As noted in Secti®ds2 4.2.7.2 and 5.34.3, the post
peak softening behawr predicted by the SS@wodel occurs because the viscoplastic
volumetric strain rate is independent of the stress state.

8.6 Analysis Approach

The approach used to establish the influence of caepstone column behavious
equivalentto Approach Cfor the SSC modebescribed in Sectio®5. Two sets of analyses
are performedwith the CreepSCLAY1S model the first set using the standard creep
coefficient for the soil and the second set using®y low creep coefficienas beforeThe
analysis stages are the same as those in the previous chapters, described i6.3¢ation
100kPa. For the CreefsCLAY1S model, these two sets of analygesth and without

creep)will be implementedor thethree separate scenariofroduced inSection8.5:

(i) Then valueswith and without creefor the isdropic casewill be denotedroraso)and
NeriMARYISO) lESPectively Direct comparison with the SSC model output will enable the
influence of the chosen constitutive model, if aimbeidentified.

(i) Then values with and without credpr the anisotropic caseill be denotethrorayanis)

andnprivaryanis) respectively
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(i) Then values with and without credpr the analyses incorporating anisotropy, bonding,

and destructuratiowill be denoed nrotayaep) andneprivaryaco) respectively

8.7 Results

The results section will beuldivided as follows:

The timesettlement behaviour predicted by the Cr8&€LAY1S model for the three
different scenarios for the untreated soil profile will dmmpared with the SSC model
outputto provide context for the subsequent comparisons.

The nprivary@ndnroraL vValues predictetdy the Creeg5CLAY1S modeffor the different
scenarioswill be compared to thse predicted by the SSC model. Settlertegitime)
plots comparing the untreated and treated cases for each segaaraipresented
Comparisons will be made with a selection of analytical settlement design methods.
The evolution oh with time foreach individual scenariwill be examined to establigh

if this model also predicts that timecorporationof creep leads ttower n values, and (ii)
if incorporating anisotropy and/or bonding/destructuration affects the conclusions.
The distributiorof stress with depttvill be examined to establish if/why the behaviour of
the CreepSCLAY 1S model differs to that of the SSC model.

8.7.1Time-settlement behaviour- untreated case

Settlemenlog(time) plots for the untreated casathout and withcreepfor the Creep
SCLAY1S and SSOnmodek arepresented in Figuss8.4 and8.5 respectively These figures

indicate:

T

T

The timesettlement behaviour predicted by the Cr8€H_AY1S model for the isotropic
and anisotropic cases almost identica(both with and without creepYhis wil be the
case for 1D loading provided the anisotropy parameters are derived basedgstéte.
The behaviour predicted bthe SSC modek comparablealthough the finakettlements

are marginallyower.
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1 The settlemestpredicted by the CreepCLAY1S analyss incorporatingoonding and
destructuratiorareless tharthose for thether caseésincea* <<a ‘andei* <<g ¥.
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Figure 8.4 Settlement vs. log(time) plots for untreated soil without creep
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Figure 8.5 Settlement vs. log(time) plots for untreated soil with creep
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8.72 Comparison of settlement improvement factors

The nprivaryandnroraL valuesfor the different models/scenariasepresented in Figus8.6
and8.7. At all values ofA/A., the highesi values arise for the isotropic Cre§gCLAY1S
model analyses and the lowest for the analyses incorporating destructuration.

The overpredicted, valuesfor the isotropic casésee Sectio.6) result in larger horizontal
soil stressegpresented irBection8.7.5.) which provide more resistanegainstbulging of

the granular columnsThis resultsin lower settlement$or the treated casat all values of
A/A;, andsince he settlement of untreated soil for the isotropic and anisotiegses is
similar (the lateral strains for the untreated case (1D) are neg)igifdaerimaryiso) values

are greater than thermaryanis)values.

The values ofa* andegi* for the case incorporating bonding and destructurarenlower

than the values & *ande *for the other analyses; the soil profile is thus stiffer and lawer
values would be expected (lowegEs). However, then values are still lower than would be
expectedecause is not very sensitive to soil stiffee above a threshold value, as illustrated

in Section6.4.2.4 There is a further reason for these lowaalues: the presence of columns
leads to additional bond degradation (in comparison with the untreated case). The extent to
which destructuration should be accounted for in design will depend on the initial amount of
bonding,c, which is dictated by theoil sensitivity,S (see Eq8.12). In highly sensitive soils

(e.g. Swedish clays, see Talflgl), destructuration will be more problematic than in soils
with a lower sensitivity, e.g. Batiscan clay (Tablé&).
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Figure 8.7 Comparison ohroraL values

Analytical predictions obtained using Priebe (1995), Castro & Sagaseta (2009), an@tPulko
al. (2011) are superimposed with th@grmary Values obtmed using the different
models/scenarios Figure 8.8. The n values predicted by Castro & Sagaseta (2009) and
Pulkoet al.(2011) fall between thBe r| MAR Y ( s s @NdNpriMarYAN)s)fOr 4 <AJ/A; < 15.The
NeriMaRYISO) aNd Nprivaryagp) Valuesare larger and smaller than the analytical predictions
respectivelyHowever it should be noted that the analytical predictionBigure8.8 are not
applicableto the caseincorporating bonding and destructuraticm lower soil stiffness
(corresponding t@*) should be used to obtain the relevant lowealues.

186



Analysing the multlayer Bothkennar profile using the CreSELAY1S model

[y
N

NPRIMARY(SSCg * &

=
[N

nPRIMARY(ISO)

=
o

' NPRIMARY (ANIS)

nPRIMARY (A&D)
- - - - Priebe's n2 (1995
- - - - Castro & Sagaseta (200¢
- === Pulko et al. (2011)

kN W A~ OO N 0 ©

Figure 8.8 Comparison ohprivaryVvalues with analyticadolutions

8.7 3 Evolution of settlement improvement factor with time

The evolutions ohprivary @and NrotaL With time for the three different scenarios with the
CreepSCLAY1S model are compared in Figl8® at A/A. = 6. Also included in Figur8.9

are the correspondingvalues obtained using the SSC model (presented previously in Figure
7.5¢). In all cases,hie n values are less than unity initially because the settlement of treated
ground occurs more rapidly than that of untreated ground; however,nleses are of no
practical significanceRe gar dl ess of t he nsotdastbeGaloes aftarr | o
EOP are less than the correspondipguaryvalues; this holds at all values &fA;; A/Ac = 6

is chosen for illustrative purposes.
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As was apparent in Figur@s5 and8.6, n values are different for each model/scenario. The
relative differences between theora. and nprivaryVvaluesfor each case are investigated in
Figure8.10 by plotting froraL - 1) against ferivary- 1) at different values of/A; for an
untreated soil, botimrora. and nprimary Will be equal to 1.Each datapoint in Figur8.10
corresponds to aprivaryValue and aroraL Value at a single value @&/A.. Bestfit lines
have been added to each figure, along with their correspondef@cients of determination
(R). The relationship takes the form shown in Bol3 whereC is the slope of the line;
smallerC values indicate larger differences betwegrmvaryandnrora.. For the SSC model,
and for the isotropic and anisotropic cageth the CreefsCLAY1S model, 0.61 € < 0.64,
suggesting that the relative valuesngra. and nprimaryare independent of model type and
of whether anisotropy is taken into account. For the case incorporating anisotropy and
bonding/destructuration, the value Gfis higher because (i) thesrimarv(aep) vValues are
lower to begin with and (ii§i* <<¢& *so he weighted effect of creep is less visiete that

C would be smaller if the ratio of creep to primary settlement was larger and vice versa.
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Figure 8.10 (ntotaL- 1) VS. (Nnprimary- 1) (@) SSC Model (b)CreepSCLAY 1S model [SO)
(c) CreepSCLAY1S model ANIS) (d) CreepSCLAY1S model A&D)
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(frotaL- D = C. (Nprimary - D (8.13

8.7 4 Profiles of stressin the soilwith depth

The distributions of stress in the soil with depth withaad with creep for the different
models/scenarios #&/A;. = 3 and 15 are compared in this section. The corresponding stress
profiles for the untreated case are presented in Sekfighl to provide a frame of reference

for the subsequent comparisons.

8.74.1 Stress profiles for the untreated case

Firstly, it should be noted théte inital stresses for all models/scenarawe equal (based on
the same input parameter$he stresses for thentreated case witlut and with creegboth
after 100 yearsarepresented in Figuss8.11 and8.12. The main points to note are:

1 Without creep, the profiles of vertical stress with depth (Figutea) are almost identical
in all cases apart from the eamcorporating bonding and destructuration; the difference
occurs because the final settlements are almost 50% lower for this case (e.g8Bjgure
and the stresses are calculated based on updated nodal coordirgitedar comment
applies to the vertal stress profiles for the ‘with creep' céSigure8.12a).

1 The radial stressewith and without creep(Figures 8.11b and 8.12b) are almost
equivalent in all cases except for the Cre§ECLAY1S model isotropic case
(overpredictedKo, see Sectior8.6). Note that he hoopstressesre eqal to the radial

stresse$or the untreated case.
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8.74.2 Vertical stresgrofiles

The vertical stress profiles in the satlA/A. = 3 are plotted in Figur®.13 for the different

models and scenariagithout and with creep respectivelyines are included othe figure,

for optical purposes only, to hel pochrieglpldi gh
profiles. Examination of this figure indicates that for each model/scenario (both with and
without creep)thestonecolumns reduce the vertical stress carried by the soil in comparison

with the untreated case (comparing Fig8r&3 with Figures8.11a and8.12a). The stress

reduction is larger for the analyses incorporating creepkeeping withdiscussions in
Sections/.6.2and7.7.1.1 The stress transfer due to creep (i.e. the stress reduction in the soil)

is smallest for the analyses incorporating destructurdkmure 8.13b) because of the lower

creep coefficient (i.eei* <<¢ ¥.

8.7.4.3Radial stress profiles

The corresponding radial stress profilesthe soil atA/A. = 3 are presented in Figui&l4;

lines havealso been included for ease of compariddre radial stresses in the soil are lower

for the analyses incorporating creep (comparison of Fig@&#&d4a and 8.14b). The
magnitudes of the radial stress reductians independent of model typ&hearplanes (i.e.

stress oscillations) extend to a greatlpth for the anisotropic case with the Creep
SCLAY1S than for the isotropic cageverpredicted horizontal stresses, Seetion8.7.5.1

provide more resistance against lateral column bulging, and masiieé formation of less
sheaplanes in the colmn). The magnitudes of the shealanes are similar for the

6ani sotropy and destructurati og*t<glaferéghis despi
scenario, column presence triggers creep strains which result in further bond degradation

(especidy if close to the preconsolidation pressure).
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8.74.4 Hoop stresgprofiles

The corresponding hoop stress profiles in the abih/A. = 3 are presented in Figugls.

The hoop stresses without creep (Fig8iba) are almost identicah all casesWith creep

(Figure8.15b), the corresponding hoop stressesl@aneer. For the CreefSCLAY1S model, a

larger hoop stress reduction occurs for the anisotropic case than for the isotropic case

(additional plastic deformation and shear plane formation léads larger hoop stress

reduction). The hoop stress reduction predicted by the SSC model is larger than that predicted

by the isotropic CreeCLAY1S model analyses (less lateral deformation due to the

overpredictedKp); however, the profiles with deptheaapproximately parallel. The profiles

for the analyses incorporating anisotropgd bonding/destructuratiormre approximately

parallel to those for the anisotropic case, although the hoop stress reduction is lower because

gr <<g ¥
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8.8Summary

In this chapter, thenulti-layer Bothkennarprofile has been analysedasing the Creep
CLAY1S model.Three different scenarios have been considered; (i) isotropy, (ii) anisotropy,
and (iii) anisotropy and bonding/destructuratidhe output has been compared to the SSC

modeloutput developed in Chapter Themainfindings are as follows:

1 For all three senarios with the CreeBLAY1S model, incorporating creep leads to lower
settlement improvement factors than would be obtained had primary consolidation been
considered alone. This is consistent with the findings obtained using the SSC model.

1 Theratiosofot 6t primar set t |l ement | mprovement fact
the O6ibsamtdr oppdrci sotropicd cases, suggesti ng
effectiveness of stone columns with regards arresting creep settlements are independent
of model type and of whether anisotropy is taken into account. A smaller ratio is observed
for thec as e i ncorporating 6ani sotropy and b o
O6primarydé settl ement i mprovement factors f
(i) the 'intrinsic’ creep index is less than the creep index for natural clay so theoéffect
creep on the weighted average is less visible.

1 For the analyses incorporating bonding and destructuration, the ‘primary’ settlement
improvement factors are lower because the columns will destroy some of the bonding and
t he 0t ot al 6 s et fadtoesnaeenldwer ibesauseo creepmsrairts trigger
additional bond degradation.

1 The extent to which destructuration should be accounted for in design will depend on the
initial sensitivity of the clay; in highly sensitive clays, destructuration will be more of a

factor.
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9. The influence of creep on stone columns: applicability to other clays

9.1 Introduction

In the first half of thischapter a parametric study has been carried out using the SSC model
with a view to establishinthe soil parameters that have the largest influencépamary’,

'total’, and 'creep’ settlemeninprovementfactors and the corresponding stretmnsfer
process from soil to column due to cre@pe soil parameters have been altered in a specific
range so thathey representhe range of parametetgpically encounteredor soft (creep

prone) claysin practice In the second half of the chaptexr,design approachas been
developed based on the FE outpuat¢oountfor creep in the design of granular columnke
approach can be used in conjunction with any primary settlement design method, although it
is suggested to use one that captures all key features of primary settlement behaviour; see
Sextonet al.(2013).

9.2 Soft clay soil parameters

Soil parameters for @electionof different soft claysat wellresearched sitearound the
world are summarised in Tab®1l Creep ratios( ag** ),/haveé already been plotted
againste %n Figure5.1to put the Bothkennar values in contexttus range. Ceep ratios for
Norwegian clays tend toecomparable to those at Bothkenrawedishclaystend to be very
soft with e *values double those of Bothkenr@ay, additionally, they tend to have a lower
creep ratip( ag** ) ,/amd*socreep contributesnoreto the total settlemen&innish clays
tend to be firmer with lowee- *values andcigher creepatios Creep ratios as low &ds a *

@ * ) E & have been reported by Lopes (2011) for the soft soils of the Tagia in
Portugal However,this appears to benautlier becausthe highe fo- ratio of 0.146appears

out of kilter with the correlation proposed by Mesri & Godlewski (1977) for a variety of
natural soilssee Sectio.3.1.1 Nash & Ryde (2001) have attributed the hagle- ratio of

the estuarine hlvium bordering the estuary of the River Severn near Avonmouth to the

presence of minor peat bands.
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Portugal

Soil Type L0 | S o 9 * € * ( @g* ) /| References
Bothkennar Clay | 34.0 | 5-13 | 0.162 | 0.023 | 0.0065 21.43 Killeen (2012) Hight
et al.(1992b)
SwedishClays
Véasby Clay 300 |- 0.326 | 0.038 | 0.0195 14.74 Degago (2011)
Sk&Edeby Clay | 30.0 | 7-20 | 0.364 | 0.050 | 0.0185 16.96 Degago (2011)Lo &
Hinchberger (1990)
Béackebol Clay - 25 0.410 | 0.010 | 0.0205 19.51 Yin & Graham
(1989a)
Finnish Clays
Haney Clay 32.0 | 6-10 | 0.105 | 0.016 | 0.0020- 22.25- Vermeer & Neher
0.0040 44.50 (1999), Yin &
Karstunen (2011)
Hut Clay 30.0 |10 0.089 | 0.015 | 0.0018 40.11 Suhonen (2010)
Otanemi Clay 27.7 | 7-14 | 0.150 | 0.015 | 0.0035 38.57 Neheret al.(2003)
Norwegian Clays
Drammen Clay - 10- 0.158 | 0.004 | 0.0070 22.00 Yin & Graham (1994,
12 1996)
Ellingsrud Clay - - 0.237 | 0.008 | 0.0103 22.26 Degago (2011)
Other Clays
Boston Blue Clay | 30.0 |7 0.052 | 0.013- | 0.0015- 26.25 Fatahiet al.(2012)
(BBC) -0.196 | 0.049 | 0.0066 Azzouzet al.(1990)
Estuarine - - 0.110 | 0.013 | 0.0116 8.37 Nash & Ryde (2001)
Alluvium
(Avonmouth, UK)
Batiscan Clay, 250 |25 0.140 | 0.013 | 0.0055 23.03 Yin & Karstunen
Canada (2011)
SaintHerblain 31.0 |10 0.126 | 0.007 | 0.0074 16.12 Yin & Karstunen
Clay, France (2011)
HongKong 31.0 |16 0.079 | 0.018 | 0.0027 23.03 Yin & Karstunen
Marine Deposits (2011)
(HKMD)
Tagus Basin Soils, - - 0.121 | 0.029 | 0.0177 5.20 Lopes (2011)

Table 9.1 Soil parameters for worldwide clays
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9.3 Soil profile

The parameter variability shown iflable 9.1 demonstrateghat clay properties vary
significantly at different locationgroundthe world. A standargedstratigraphy as showin

Figure 9.1 was preferred for the parametric study, rather tmaodelling each soilprofile
individually; this enables the effect of changing a single parameter to be isolEtex
adopted profile (crust + clay) was preferred to a siayer profile because the majority of

clay sites reported in the literature tend to possess a crust (formed by weathering and

groundwater level fluctuations).

Crust-
- - _-_-_5_-"1.00m
::::__:_:::::: Water table
~~_~_.Cly _-_-_  at-1.00m
— = = = 10.00m

Figure 9.1 Soil Profile (Crust + Clay)

Themajority ofpar amet ers for the O6base cased are b
layers of the multlayer Bothkennar profilelocumented in Table5.2 The water table is

located at a depth of 1.0m. The analysis stages are analogous to those described in Section
6.2Approach C is used to evalwuate the influe
percentages of primarykep settlement to the total settlement of untreated ground pyvder

100kPa after 1, 10, 30, 100, and 1000 years are 79/21, 74/26, 71/29, 68/32, and 64/36
respectively, although a wider range was captured by the parametric ShedyJpdated

Mesh option s not been used for these analy$es dhase cagsiesimulations are carried out

with Ko = 0.%4 for the clay,calculated usingeqg. 9.1 (Brinkgreveet al, 2011). A higher value

of Ko= 1.0 is used for the crust.

K, = K;"OCR- - "u__ (OCR- 1) (9.9
- Ny,
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946 Base Cased Results

The Obase cased resul ts arafraperobreferentbethe i n t

subsequent parametric stualy the adopted profile is differentttiose in Chapters-8.

9.4.1 Settlementimprovement factors

Thenpri marY ( sschosassey(oth after EOP) andncreepsscyvaluesfor the base case
are plotted in Figur®.2 'Total' settlement improvement factors are effectively a weighted
average of 'primary’ andreep’ settlement improvement factditse percentage differences
betweennp g1 maRY ( ss@Ndgfrorm ssoyrelative tonp g1 marY ( s stareglarger atycloser
spacings (36% difference AtA: = 3 versus 15% difference AtA. = 10), consistent ith the
findings heretofore.

NPRIMARY(SSCg * &
- - - - NTOTAL(SSC)

6 | oo — - — - nCREEP(SSC)
0

AlAc

Figure 9.2np R mARY ( s s dlToTasSE) ARGINCREEP(SSC)

9.4.2 Soil and column stresses

The average vertical effective stresses in the soilstmaecolumn after 100 years(without

and with creepjor A/A. = 3, 6, and 10 are plotted in Figl#e3. The average stress in the soill
(Figure 9.3a ) for the Owith creepdb case is | ower
unloaded due to creep is transferred to the column (Figu®. Accordingly, SCFs are

higher for the 0wi 94 asdiscassean ih Sectéfih.8 The Frésg tramster
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process from soil to columtue tocreep is more g@valentat closer spacings.e. A/A; = 3),
as demonstrated in Sect®n.5.2and7.6.1.1.

(@) (b)

120 700

100 600
— «— 500
E £ 400
2 601 AN
2 10 1 —=— Without Creep 300 —=— Without Creep
= > 200

20 ---®--- With Creep 100 ---®--- With Creep

0 . . . 0 ; ; ; ; ; ;
3 7 8 9 10 3 4 5 6 7 8 9 10
A/AC AlAC

SCF

—=&— Without Creep

---e--- With Creep

O P N W~ 1O

3 4 5 6 7 8 9 10

Figure 9.4 SCFs afted 00years

9.4.3 Stress distributions with depth

The distributions of radial, vertical, and hoop stress in the soil with @d@hl00 yearsare

presented irrigure 9.5 at A/A. = 3 with and without creepl'hesegraphs will be discussed in
the context of the subsequent parametricysin@Gection9.5.
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(a) (b) (c)
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Figure 9.5 Profiles of stresi the soilfor A/A. = 3 afterl00years () & ,Q(b) & @ (c) 4 H

9.5 Parametric Study

Theparametric studwill assess the effect of a range of differsoil parameter¢C. or & ¥Cs

ora FCyore *Ko, b §. The parameters of the crust layer are fixed througivaititt only the

relevant parameter ithe clay layer alteredThe influence of load levelpf) will also be
investigated.In all cases, the effects of the different paramet®rp r| MARY(SSC), €* & o0
NrotaLssa) and NcreepsscyWill be presented, as will their effect on the average vertical
effective stresses in the soil and column. Profiles with depth will only be presented in cases

of interest.

95.1 Effect of Kq

The effect ofKo ONNp r1 MARY ( s s.dTTomAESSE) aONCReER(SSCIS Shownin Figure9.6. The
initial horizontal stresses generated in PLAXSrease a¥, increases; tha valuesshould
increase accordinglpecausehe larger horizontal stresses provide more lateral support to
resist column bulgingFigure 9.6 indicates thatp r| maRrRY ( &5 dliCreases ak increases
but ncreep(ssc) is relatively unchanged. Accordinglypercentagedifferences between
NeRrI MARY ( ssc andnroralssgincrease a¥o increasesThe average vertical effective

stresses in the soil and column aft®0 yearsfor the differentK, valuesare compared in
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Figure9.7. As expected,he vertical stresses (with and without creep) are sirfataall three

Ko values, with a maximum difference &6 %

(a)

&, (KN/m?)

(b)

', (kN/m?)
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- NCREEP (KO = 1.0)
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L TTmmm e TR ]
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Figure 9.7 Effect of Ko on averagell | after100years (a) soil, (b)stonecolumn

creepbo
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The distributions of radial, vertical, and hoop stress in the soil with @d#ethl00 yearsfor
Ko = 1.0are presented in Figu@8 for A/A; = 3 with and without creepl’he magnitude of
the vertical stress reduction due to creep is similar to the bas¢coagearing Figure9.8b
and9.9b). However, the radial stress reductionghe soildue to crep are dependent on the

initial Kq value ofthe in-situ soil:

1 For the lowerKqy value considered Ko = 0.54) the radial stressas the soilfor the
Owi t houwuhdd avi & & masas are gndlar in magnitude, see FiguBa (although
theshear planeappear to progress deeper thedwvith c r e e p liecagsa thecadditional
vertical stress carried by th&onecolumn due tocreepinduces additional yielding).
Accordingly, radial stress reductiomsthe soildo not seem toontributesignificantly to
shear plane formation the stone columns

1 For the higheK, value considere@K, = 1.0), the radial stressas the soilfor the case
with creep are lower than those for the case without creep (F8&g8ag the granular
columns appear to trigger viscoplastic creep strains that reduce the larger horizontal

stresses that arise due to Khgncrease.

The latter is comparable with the conclusions in Chaptinr the multilayer Bothkennar
profile (which hassimilarly high initial Ko values).Accordingly, te findings in Chapter

regarding the radial stress reductions in the soil due to crepprameter dependent.

Thehoopstresdi f f erences between the &6dwithout cree
for theKo = 1.0 scenario (Figur.8c) than for theKo = 0.54 scenario (Figur@.5c); as with
the radial stresses;olumn presencdriggers viscoplastic strains whicresult in stress

reductions.
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Figure 9.8 Profiles of stresi the soilfor A/A; = 3 afterl00years(Ko = 1.0} (@) & ,Q(b) 0
(ODFe

9.5.2 Effect of ¢ *

As established in Sectiof.4.2.5 higher € *values (lower creep ratiosesult in lower
Nrotasscyalues because the weighted effectigephas more influencdn this parametric

study,e *has beemothhalved and doubled from the base caslee, resulting in creep ratios

of 42.8 and 10.7 respectively, spanning the rangegare5.1 Thefindingsin Figure9.9are

consistent with those in Secti6m.2.5 nrorasscyeduces as *increasegthenpri marY( Ssc, &=

5 Wwalues are unaffeed) It is interesting to note that close spacings, thereepsscyalues

increase marginally for lowes *values because full yielding of the granular material does

not take placeThe average vertical effective stresses in the soil and columnldffeyears

for the different * al ues ar e owvghoytcarreeedp @ oc a%iéeFordnghdfi gur e
€ *values, additional stress is unloaded from the soil (FiQuté) and transferred to the

column (Figured.1(). Consequently, the SCFs increase dscreases (Figurg.11).
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Figure 9.10Effect of ¢ *on averagel § after 100years; (a) soil, (b3tonecolumn
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Figure 9.11Effect ofe *on theSCFs afted 00years; (a) soil, (b¥tonecolumn

Thecorrespondingrofiles of vertical, radial, and hoop strésshe soil with depttior A/A; =
3 are comparedo t h withoditc r e e p &n Figuee®d.42 The vertical stress reduction
(Figure 9.10) is most significant at the base. The additional stress trafosféighere *
values induces additional yieldingrhich in turn leadso the formation of more shear planes,
i.e. the radial stress oscillations (Figuf123) are morepronouncedat greater depthfor
highere *values.The hoop stresseductions(Figure 9.1Z) are also greatefior highere *

values; more plastic deformation results in more energy dissipation and hence more stress
reduction.
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Figure 9.12 Profiles of stress the soilfor A/A. = 3 after100years(effect ofe ¥; (a) G ,Q (b)
VIIONe
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95.3 Effect ofe *

The effect of both halving and doubliry*(to 0.012 and 0.046) ONpRr| MARY( SSG, &* &
NrotaLsse and NereepsscfS shownin Figure9.13. Again, theses *values are towards the

lower and higher endespectivelyof those quoted in Tabl®.1 Lower o *valuesresult in
highernp g1 maryY ( ss@nNdreragssayalues although the latter do not increase to the same
extent as the formdyecause thacreepsscyalues are relatively unaffected by* The higher

n values alower a *valuescan be explained as follows: for lowertvalues the settlements

of untreated and treated ground redudewever, the settlement of untreated ground will
only reduce marginally (lightly overconsolidated soil), whereas the mettie of treated
ground will experience more of a reduction as the columns reduce the stress carried by the
soil (resulting in an overconsolidation effect) so tkat'has more of an influence.
Accordingly, the denominaton (= Uuntreated tMdated reduces rare than the numerator and 150

increases.

nPRIMARY (@ *
nPRIMARY (@ *
nPRIMARY (@ *
----nTOTAL (8 *
-=---nTOTAL (& *
----nTOTAL (® *
— - —-nCREEP§ *
— - — -nCREEP§ *
— - — nCREEP§ *

e e e e e e m—m o e— i —— : —

Al/Ac

Figure 9.13 Effect ofa ™onnp r| maRrY ( s s droTarsss)aB§Ncreerssc)

The average vertical effective stresses in the soil and cdiomnthe three differend *values
without and with creepreplottedin Figure9.14. The amount of stress transferred from the
soil to the column due to creep is relatively unaffedtg@ 7 this indicates that thihe load

transfer process from soil to column due to creeposinfluenced by the unloackload

index.
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Figure 9.14 Effect of & “on averagel § after 100years; (a) soil, (btonecolumn

9.5.4 Effect of & *

The effect ofe-onNnNp R MARY ( s s, dToTAESSE) ARG NCREERP(SSCIS Shown inFigure9.15. The
influence of using a value @ *> 0.162 has not been studied as the soil profile would be too
soft to provide sufficient lateral support for granular columns without some form of
geotextile encasementower a *values correspond to higher oedometrigl snoduli;
accordinglyEJ/Es reduces, resulting in lowervalues The average vertical effective stresses
in the soil and columafter 100 yearsor the differenta- *values compared in Figur®.16,
indicate thathe stresses are relatively independerg &br the range ofalues considered in

this study gofter creegprone soil.
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Figure 9.16 Effect of & on averagell \§ after100years; (a) soil, (bjtonecolumn
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9.5.5 Effect of - &

The friction angle of théothkennar Carselay ¢ §= 34°) is higher than that of other soft
clays reported in the literature (see Tabld), attributable to the significant amount of

angular silt particles and the relatively high organic conténe effect oft Hon n (in the

range 28 to 34) is shown in Figured.17. bothnp r| mMaRY ( s s cANddroraLssgincrease

marginally ast fincreaseqncreepsscys unaffected) The increases arattributable to an

increased,, which is automatically updated whends changed, e.g. EQ.1with Ko™ =1 -
sint $ The average vertical effective stresses in the soil and columnlffdeyearsare

unaffected, e.g. Figui@18(as was the case for the differé@tvalues, se€igure9.7).

NPRIMARY (¢« $= 26)
NPRIMARY (« $= 30)
NPRIMARY (« $= 34)
NTOTAL (¢« $= 26)
NTOTAL (¢« $= 30)
NTOTAL (¢ $= 34)

- nCREEP ¢ = 26)

S 5 s — - — nCREEP { = 30)
4 S3ss - nCREEP § $= 34)
3 <
o,
-
2 ~-§.§‘§.~ ----------
1
3 4 5 6 8 9 10
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Figure 9.17 Effect oft OoNNpr1 MARY ( s s EAToTAKSSE) ABGNCREEP(SSC)
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Figure 9.18 Effect oft fon averagell \§ after100years (a) soil, (b)stonecolumn

9.5.6 Effect of pa

Theeffect of load level omp r| maRrY ( s sdlToTarsse) aRGNcreepsscis presented in Figure
9.19 At lower load levelsh values are largerstone columns are more effective because
thereis less yielding As a resultncreepsscyvalues atp, = 50kPa are larger than those at
either p, = 100kPaor p, = 200kPa which are almost coincidéenThe average vertical
effective stresses in both the soil and column incraapg increasege.g. Figue 9.20, after
100years).The stress transfer process freml to columndue to creefs more significant at

pa = 50kPathan atp, = 100kPa op, = 150kPaAt p, = 50kPa without creep, the column has

not fully yielded and so there is more scope for stress transfer from soil to column due to
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creep.However p, = 50kPa is lower than would be typically used in design, e.g. Mitchell &
Huber (1985), Castro & Sagase?®(9), Ellouze & Bouassida (2009).

nPRIMARY (pa = 50kPa)
nPRIMARY (pa = 100kPa;
nPRIMARY (pa = 150kPa;
- - - - nTOTAL (pa = 50kPa)

- --- nTOTAL (pa = 100kPa)
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— - — nCREEP (pa = 50kPa
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Figure 9.19 Effect ofpaonnp ri mARY ( s s droTa(sse) aRGNcReEP(sSC)
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Figure 9.20 Effect of p, on averagell § after100years (a) soil, (b)stonecolumn
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Profiles ofradial, vertical, anchoop strese the soilafter 100 yearsfor A/A. = 3, presented
in Figure9.21 at p, = 50kPa indicate:

The stresses are lower than thosg,at 100kPa(see Figuré.5).
The radial stressreduction due to creep is relativedpmparable with th@, = 100kPa
case(comparing Figure8.21a and9.5a).

1 The verticalstress transfer processmore significant closer to ¢hsurfacdor p, = 50kPa
than forp, = 100kPa (seehy comparing Figure8.21b and9.5h).

1 Thehoop stress reduction due to creeplmore pronounced closer to the surface for

pa = 50kPa (Figur®.21c) than forp, = 100kPa (Figur®.5c).
(a) (b) (c)

* Without Creep

A With Creep

Depth (m)
6]

A% 3
10 e = - —e
0 20 40 60 80 100 O 50 100 150 O 20 40 60 80 100
' (kN/m?) &y (kN/m?) 0, (kN/m2)

Figure 9.21 Profiles of stress the soilfor A/A. = 3 (p, = 50kPa) afted00years (a) i ,Q (b)
090

The relative impacts ahcreasing thalifferent parameters ok r| marY ( s's clTorat(sst) 0)
Ncreep(ssg)and thestress transfer process from soil to column due to @eepummarised in

Table9.2( § i naniincreasee sZ i ndi cadred z idredireatsees no ef
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NpRrI MARY ( Ssc, Nrotalssc) | Nereerssg | Stress transfer from soil to column due to creep
Ko |V y y4 y4
e 1z z z g
a* | Z Z y4
>* 1y g g Z
A y z z
Pa | Z Z Z Z

Table 9.2 Relative impacts of increasig, € ¥ fa-t HandpaonnNpr| MARY(SSC, &* &

NrotaLssc) Nereepssc)@nd thestress transfer process from soil to column due to creep

9.6 Incorporating creep into the vibro-replacement design process

Granular columns accelerate consolidation, andcregp can contribute to a significant
proportion of the postonstruction settlemenfhe FE aitput in Chapter$-9 has indicated
that n values in creejprone soils will be overpredicted unless creep is accounted for in
design.The Madhavet al (2009, 200) analytical formulationas of yet the only attempt to
incorporate creep into the design of granular colyrhas been introduced in Secti?17.1.3
(the formulation is presentad AppendixC). The mechanism of stress transfer from soil to
column due tocreep suggested by Madhav al. (2009, 2010) is in qualitste agreement
with the FE output, as is the decay rofwith time after EOP As the creep coefficient
increasesthe method predicts thatd correspondingn valueswill reducefurther and the
amount of stress transferred from soil to columithincrease This isalsoconsistent with the
PLAXIS 2D FE outputHowever,the method is based on elastic theory, and walues will

be overpredicted unless adequate thickness of granulas pravided.Additionally:

() The method is based on the assumption that primary consolidation is finished before
creep beginsHypothesis A

(i) The method assumes the soil is normally consolidated so thaComffluencesprimary
settlemente.g. Eq.C3 (Cs is only taken into account when considering the unloading
from soil to column due to creep, e.g. ER).

(i) The method necessitates an iterative solution technique; a-¢tosedolution would be

more practical from a designeros point
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The Madhavet al. (2009, 2010) formulation also predicts a soil overconsolidation effect due
to creep. However, thEE analyses in this thesis (which account for plasticity) suggest that
the soil overconsolidation effect will not benefit the combined-calilmn systenbecause

the surplus load transferred to tstenecolumn, which has already reached its active state /
yield point, induces additional yielding.

The FE outputn this chaptehas been used to develop ampiricaldesignapproach to
incorporate creep intthe vibro-replacementesign processlThe approachdeveloped for
endbearing columnsis closedform, andcan be used in conjunction with apye-existing
primary settlement design methddbwever, analyses carried out as part of the research have
indicaied that the methods derived by Castro & Sagaseta (2009) and &udkto(2011)
consistently prediah valuesthat are in good agreement with FE output (Sextoal, 2013)
and allow for the consideration of significantly more input dat,these methodare

recommended.

The dataepresenteth Section9.5is presented as a ratio @kreep- 1)/(NpriMaARY- 1) VErsus
A/A: in Figure9.22 The ratio (icreep- 1)/(NpriMary- 1) iS used instead oNdreen/(NpriMARY

to ensure that the value nfreeppredicted using E.2 will always be greater than The
ratio is lowest alA/A. = 3 (i.e larger differences betwe@armaryandncreed and increases
as A/A; increases. In general, Ef.2 (superimposed on Figur@.22 provides a goocnd
slightly conservativematchto the FE datan the majority of caseghe deviation ap, =
50kPaoccurs due to the absence of yielding. the interestof simplicity, the formula
developed foncreepis a function ofA/A; only. This design equation will only be dpgable
to creepprone soils & *m 0.8, see Tabl®.1), for which the influence of modular ratio (i.e.
& ¥is small.

Nereer™ D = 5225+ 0.01(A/A) (9.2

(nPRIMARY -
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influence ofe Xd) influence ofKq (€) influence oft ) influence ofpa

Having established an expression mgreer NrotaL Can be calculated as a weighted average
of Nnprimary@s predicted by a prexisting settlement design method amadeep(from EqQ.9.2),
e.g. Eq9.3

MotaL = Nprivary -Wi + Negeep -Wo (9.9

wherew; andw, are weighting factors dependent on the percentages of primary and creep
settement in the untreated profile. The percentages can be worked out using the 1D

compression formulae outlined in Secti&#.6.
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9.7 Application to the multi-layer Bothkennar profile

As a check on the validity of E®.2 it has been used in conjunction with Castro &
Sagaseta's (2009privarypredictions to prediatcreepVvalues for the multlayer Bothkennar

profile, analysed in Chaptersand8, see Figur®.23 The predictiongre in good agreement

with the FE outpu{note that thesacgreep values have not been presented hithede}pite

the fact that the profile for which the empirical equation was developed is different to the
multi-layer Bothkennarprofile. The slight overprediction a&/A: = 3 occurs because Castro

& Sagasetads (2009) predicti omguaravalles, e@r ger
Figure8.7; accordingly, this feeds through to thgseepprediction.

4.0

NCREEP(SSC)
3.5

NnCREEP(ISO)

3.0 NCREEP(ANIS)

cos NCREEP(A&D)

----- nCREEP (Eq. 9.2

2.0
1.5
1.0
3 4 5 6 7 8 9 10 11 12 13 14 15
AlAc

Figure 9.23 ncreepVvalues for he multilayer Bothkennar profile

Using Ec. A4, A5, andA®, it is estimated that primary and creep settlements contribute to
60% and40% of the total settlement for the meiliyer profileafter 100 yearsespectively

(i.,e. w; = 0.60 andw, = 0.40). Based on these relative proportionsera. vValues for the
multi-layer profile can be calculated using Bg3 in conjunction withnprmaryfrom Castro

& Sagaseta (2009) amttgreep from EQ. 9.2 The predictions, shown in FiguB24, are in
good agreement with tHeE output for the different models/scenariognfirming the ability

of the expression to capture the reducedlue due to creep very well.
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nTOTAL(SSC)

nTOTAL(ISO)

NTOTAL(ANIS)

NTOTAL(A&D)

----- nTOTAL (Eqg. 9.3)

Figure 9.24 nroraL values for the muliayer Bothkennar profile

9.8 Comparison of Eq.9.2with Moorhead (2013)

To t he aawtedge, rthzre ar& no field measuremewith which to test the
applicability of Eg.9.2 In Figure 9.25, Eq. 9.2 1 s compared with Moor |
laboratory measuremen{see Section2.6.3.4 for the raft loading scenario. While the
laboratory results exhibit significant scatter, the predictionsiraraoderateagreement for
Nprimary> ~1.5, although there are some doubts as to the consistency of the laboratory data
The high values of the rati(ncreep - 1)/(NprivarY - 1) at low nprivary Values (normally
consolidated condition) arise because thgwary Values calculated by Moorhead (2013)
reduce dramatically with increasing load whereas theeep values either decrease
marginally or remain @nstant.For the isolated foundation loading scenario modelled by
Moorhead (2013), the initial conditions for the sleech layer were different for the untreated
and treated caseaq explainedn Section2.6.3.9, leading to sources of error in calculating

settlement improvement factors. Accordingly, the data are not included in Bigbre
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3.0
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Figure 9.25 Comparison with Moorhead (2013)
9.9 Summary

The influence of gracticalrange of soil parameters @ar| maryY ( s s @ndRroTagsscas
beenstudiedin the first half of thischapter to assess the applicability of findings heretofore to
worldwide clays.The influence of the different parameterstba average vertical effective
stresses in the soil and colurfor A/A. = 3, 6, and 10 haalsobeen studied, as has their
effect onprofiles of stress in the soil wittlepthafter 100 years atA/A. = 3. The outcomes

may be summarised as follows:

1 Regardless of thparameters adoptethe presence of creep gives rise to lowerlues
thanif only primary consolidationvas considered.

1 For the lowelK, value considered in this study, the radial stressése soilfor the awith
creefanddwithout creecases are similar in magnitydée additional shear planes for
the oOowith cr eferepdausethy the additioral vérticad streqadditional
yielding) transferred tdhe stonecolumn andnot by radial stress reductions the soil
For the higheKg value considered in this study, the radial stress#ise soilfor the case
with creep & lower than those for the case without creep; compatralte conclusions
in Chapter 7or the multilayer Bothkennar profile (similarly high initiddo values). The
columns appear to trigger viscoplastic creep strains that reduce the larger horizontal

stresses that arise due to Kagncrease.
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1 The magnitude of vertical stress transferred from soil to column due to creep is more
pronounced in soilgith highere *values; additional yielding is induced in the columns,
resulting in more radial stress oscillations (shear planes) and hewtr sscyvalues

1 The amount of stress transferred from soil to column due to creep is independent of
9 fand §

1 The stress transfer due to creep is more significant at the lower load level considered in
this study because full yielding of the gr
creepb6b case and so there i s momneuesocregpe f or

Additionally, the stress transf@rocess is more significanloser to the surface.

The FE output has been used to develggmple empirical approach to incorporate creep
into the vibrereplacement design process. The approach is caybdi to enébearing
columns in soft creeprone soils and can be used in conjunction with anyepgiging
primary settlement design method. It leeen validated using the FE output for the multi
layer Bothkennaprofile analysedn Chaptes 7 and 8.
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10. Development & a novel procedure to evaluate the influence of stone

column installation on settlement improvement factors for an infinite grid

10.1 Introduction

In this chapter, a novelo-stageprocedurebased on Cylindrical Cavity Expansi¢6@CE)
has been used tmodel the sine column installation procesEhis two-stage procedure has
not been used for the analysesGhapters @®; the influence of creep on the settlement
performance of stone column foundations is bémgstigated numerically for the first time
and so additional complexity was avoidethe analyses carried out in this chapter are
intended as aevelopmenion some of the aforementioned work by Debeitsl. (2003),
Guetifet al.(2007), and Castro & Katunen (2010).

This chapter isuldivided as follows:

() The twostage procedure istroducedn Sectionl0.2

(i) The steps involved in using CCE to model stone column installatenStage lpre
described in Sectioh0.3

(i) The results forStage lare pesented in Sectiod0.4 The PLAXIS 2D output is
compared with Gibson & Andersonés (1961)
field measurement® provide context.

(iv) Initial stress generation ftine second stage (i.e. Stages2jlescribed in Secn 10.5

(v) The results foStage 2are presented in Sectidg.6

For both stagesheé influence of creep has been examined by comparing the SSC model
outputwith and without creefi.e.¢ *a ).@This isbased on a similar idea to Approach C (see
Section6.5). The npr| marY( ssc.and Rrorassg)values obtained using thisvo-stage
procedure are compared in Sectibd.6 as an additional check on the conclusionade
heretofore
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10.2Two-stage procedure

The numerical modelling worlkerein is split into two distindtages.

10.2.1 Stage 1

Firstly, CCEis used taapproximatepostinstallationK values(and hence a poststallation
stressregime in the ground) arising due the lateral expansionmmposed bythe vibrating
pokeras colmns are installed in a soft cl@{, denotes the aiest earth pressure coefficient
prior to installation) The approach used to establish the festallation K values is
described in Sectiol0.3 As for the earlier work in this thesis, a comparison of the SSC
model outputwith and without creemvill give an indication of the possible effect of column

construction orK values surrounding columns in creggne soils.

The analyses in this chapter have bearried out for the singlayer 5m long unit cell
described in Secti@¥.3.1and5.4 (R. = 0.3m) The clay, with soil stiffnesd:s (see Table
5.3), has been modelled as an undrained material (PLAXIS Undrained A approach), while the

stone has been modellas a highly permeable drained material (see Tad)e

For this O6CCE®6 stage, the external fR)r boun
away from the axis of symmetry (to ensure that results are unaffected by boundary
proximity). For the uit cell radii required for typicalVA. ratios encountered in practice, the
boundary would have been too close (leading to numerical problems). Roller boundaries have
been applied to all sides. The FE mesh (Figurd), consisting of approximately 16,0@2

noded triangular elements has been refined in the region surrounding the cavity (largest

strains in this region).
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Figure 210.1FE Mesh for CCE stage
10.2.2 Stage 2

Secondly, the influence of the neMy values onn valuesfor an infinite grid has been
established by carrying out two sets afisymmetricvishedin-placed unit cell analyses

under an applied load fog)(a soft clay assuming the clay properties to be unaffected by
column installation (Case ,X/Kp = 1) and p) a soft clay with increased valuescalculated

using the CCE analys@s Stage 1(Case BK/Kq > 1). The procedure employed to obtain the

n values for Case B is novel because the FE mesh following the CCE stage is too distorted to

use as a realistic starting point to study settlement behaviour.

Castroet al. (2013) (also published in ICIEGE (2013)) also employed a two stage process to
incorporate installation effects into an axisymmetric unit cell model, in which the first step
(Stage 1)is similar, but the second stéptage 2)differs. They usedadvanced numerical
techniques (based on a cuifiting process) to match changes to the vekticadial, and

hoop stresses (all of which contribute to a postallationK value) The stress fields have
been modified prior to initial stress development whereas in the present study, the post
installationK values are incorporated into the initidiess generation phase. Additionally,
they incorporate changes to the void ratio and OCR state paraniéteysised the MCC,-S
CLAY1, and SCLAY1S models, none of which incorporate creég.is the case with the
work in this chapter, Castret al. (2013) only consider the installation of a single column

(overlapping stress changes caused by the installation of several columns are not considered).
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10.3Installation (CCE) stage for Case B

Simulating column installation in PLAXIS 2D using a cavity expansemhnique involves
three phases after initial stress generation (initial stresses have been generated #sing the

procedure):

@ I'nstaldl 6dummy material 6 over a BGuetifadatire c
(2007) suggest modelling the cylnd c a | hole created by the
material 6 with a veExr30kPhow Youngds modul us,

(i) Apply a prescribed displacement (undrained conditions) faammitial radius,ao, to a
final radius,as (Figure10.1). Three differeny values of 0.10m, 0.15m and 0.20m have
been used for whicks values have been calculated according toZEgjasas = 0.316m,
0.335m and 0.361m respectively.

(i) This cavity expansion stage is followed by a consolidation phase to allow excess pore
pressureso dissipatgto amaximumexcess pore pressure of 1kRagstablish the lonrg

term stress changes in the ground caused by column installation.

This approach is described in detail by Castro & Karstunen (2010). The application of a
prescribed displacemerin this manner was deemed to be the best option for numerical
stability purposes (Kirsch 2006, Castro & Karstunen 2010), as opposed to the application of a
volume strain to an expanding soil cluster. Based on the increased horizontal stresses (after

theconsolidation phase), peststallationK valuescan be calculated usirigg. 10.1

85t 45t 0
K:Mg (10.)

The Updated Mesh option (with subsequent updating of the water pressures) has been used to
account for the large displacements that occur in the region closest to the expanding cavity.
This results in a smoother variationk, with r/R. than if a normamesh (with no updating

of the nodal coordinates was used). Additionally, using an Updated Mesh yields marginally

higherK/Ky values.lt has been verified thalhe K/Ky values are independent of the amount of
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lateral expansion and so the predictions hégeagfertain to an initial radiusy = 0.15m; it
has also been verified that tHéK, values are independent of depky (vas set equal to 4
sint $= 0.44 for the normally consolidated clay considered in this study).

As highlighted in Sectiort.2.5 the SSC model requires tane interval to yield realistic
predictions. As a result, the cavity expansion phaseh®rSSC model should have a time
interval; atime interval of 0.01 days (~15 minutes, of the same order as the time to install a
column in pratice) was used. The influence of the duration of the expansion phase on the
shortterm (after expansion) and lotgrm predictions(after consolidation)s examined in
Section104.3.

104 Stage 1 Results

104.1 Comparison with Gibson & Anderson (1961)

The variations of radial and hoop (tangential) total stvafls r/R; (r is the radial distance
from the axis of symmetjyat middepth(2.5m)afterthe cavity expansion phapeedicted by
SSC modelvith and without creepre compared to Gibson & Ander€o$1961)undrained
analytical solutionn Figures10.2and10.3 The Gibson & Anderson (1961) elasfilastic
method is based on a single solil stiffness whereaS$i&@ model requirethe input ofe- *and

@ which can be related 65, andE,, using Eqs4.8and4.21); therefore two sets of Gibson
& Anderson (1961) predictions are included in Figui€s2 and 10.3 (for Esp and Ey).

Examination of these figures indicates:

1 The Gibson & Anderson (196pyedictions ofradial total stresgll,) with r/R. using Ey;
are in good agreement withe PLAXIS outpu{Figure10.2).

1 The SSC and SSQG (*a ) Predictionsare almost identical, as would be expected as
viscoplastic strains should be negligibke0.01 days

1 UsingEsg, Gibson & Anderson (1961) predittat the limit pressure shld reach a value
of 61.&kPa, whereas using,,, Gibson & Anderson (1961) predict that the limit pressure
should reach a vaé of 73.&Pa.For theSSC andSSC € *a 0) a theaihtgrmale s
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cavity pressureseach 71.9kPa and 7kParespectivelyFigure10.2. Theseare in good

agreement with GibsonE Andersondés soluti o
1 The variation ofhoop (tangential) total stresg,j with r/R; predicted by theSSC and

SSC¢ A 0) aisismbother ¢han that predictadingthe simplified elastiplastic

analytical formulatior(Figure10.3.

{1 Examination of the distributions @, with r/R. (Figure 10.3 indicates that the radii of
influence predicted by Gibson & Anderson (1961) arB~&nd ~1@R; usingEso andE,,
respectiely; the latter is in good agreement with the PLAXd8uence radiiof ~10R;
the influence radii can be seen more clearly in Fig8), despite the different shape

(as'would be obtained using the linear elastic perfectly plastic MC model).
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Figure 10.3Hoop (tangential) total stress,§) versus/R; aftercavity expansion
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10.4.2 K/Kq versust/R¢ (influence of creep)

The variatios of K/Kq with r/R; calculatedusingthe SSCand SSCq *a& 0) aaftex |

consolidationare compareth Figure104. In both cases, thk/K, valuesplateau at-15R..

yses

The predictiongndicate that creep (viscoplastic strain) marginally lowers the valuksgf

(the shorterm predictions, see Figur#8.2and10.3 were identical).

Also included in Figurel0.4 are field values ofK/Kq reported by Kirsch (2006) mostly
beyondr = 5R.. This study has been described in Secdn?2 the OField

comparable to the situation modelléthe SSC and SSQe *a ) Predictionsare in moderate

20 de

agreement with the field datdhe lowK/Kq values close to the column in the field (e.g.
where the field valuesra below those predicted using PLAXISvere attributed to
remoulding and dynamic effect§he purpose of théeld comparisons is simply to indicate
that the PLAXIS 20K/K, values (after consolidation) obtainedthis study are in reasonable
agreement witlfield predictions
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10.4.3 SSC model(influence of expansion phase duration)

As noted in Setion 10.3 the predictions using the SSC model were obtained using a time
interval of 0.01 days for the cavity expansion phdse influence of the expansion phase
duration on the shoterm (undrained) and lorgrm (after consolidation) predictiof@r the
casewith a standard creep coefficierg examined in this sectiohis is a worthwhile
exercise because the influence of créefing the SSC model or any other soil moabe)
postinstallation soil propertieswvith the exception of Castet al. (2012),hasreceived very

little investigation to date

The variations of radial and hoop (tangential) total stressthafter the cavity expansion
phasdor different time intervalsreshown in Figure405 and106. The 0.01 day, 0.1 day, 1

day, and 10 dayrpdictions are very close to one another. The predictions using-tirmero
interval (unrealistic for the SSC model because the yield cap will not be able to move, e.g.
Section4.2.5 are much highern general, the cavity pressure decreases marginally as the
time interval increases (attributable to the influence of viscoplastic strain), although the effect
is almost negligible apart from the zero time interval case for which the cavity pressure
appeas overestimated; intuitively, it would be expected that the SSC model standard creep
coefficient cavity pressure (using a zero time interval, Fiduy8) would be comparable

with the SSQe *a ) €avity pressure (0.01 day time interval, Figliée2).
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Figure 105 SSC model Radial total stresgl,) versus/R; after cavity expansion (influence

of expansion phase duration)
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expansion (influence of expansion phase duration)

Figure10.7 showsthat the influence of the duration of the expansion phase dortggéerm
K/Ko predictions is minor. The predictions for01 days,0.1 days, 1 day, and 10 days
collapse orone anotheralthoughthe K/K, valuesusinga zero timanterval are out of kier

with the other predictions; owing to the initially overestimated cavity pressure.
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104.4p 6 ¢ vpréusr/R. (influence of soil model)

The variatiols of pdp& (wherepd and pg are the final and initial mean effective stresses
respectively) with/R; after consolidatiopredictedusing theSSCand SSCq *a ) 8nalyses

are plotted in Figurel08. The radius of influencés ~10R.. The variation ofpdp& with

radius could be used to evaluate an increased Young's Modulus in the region surrounding the
cavity based on E.1 (this idea has been adopted by Guetiél. (2007)). However, for the
current study, only the effect &f in the region surrounding the cavity has been investigated

(the influence of would be less pronouncee.g. Sectio6.4.2.9.

2.4 ‘ ‘
2.2 oo e SSC-0.01 days
20 N :
18 = ~--=-SSC¢* &0.0adays |
16 [Frmn
14| S
12| eAng
1.0 Simemmmmio o i e e e e e ]
0.8
06|
04|
02|
0.0

p'/p'o

0 5 10 15 20 25 30
'R

[

Figure 108 pdp& versus/R. after consolidatiofinfluence ofsoil model)

10.5 Initial stress generation for Stage 2

10.5.1 Establishing an inputK profile

The influence of the modified initiaK profile onn valuesfor an infinite column grid has
been investigatefbr bothSSCandSSC(e *a ).0TheK/K, decay withr/R; is approximated
by a stepwise reduction as shown in Figure9 and10.1Q averageK/K, values have been
interpreted at intervals of 0.1m representing concentric rings around the axis of symmetry.

The K/Kp values are used as input parameters for the unit cell (Case B) madifferent
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initial K/Ko profile has been used for t&&CandSSC(e *a

énalysesAlso demarcated on

Figures 109 and 10.10is the radial extentrfR. = 3.16) relevant to the largeunit cell
modelledin this chapte(A/A: = 10).
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Figure 10.10 AdoptedK/K, Profiles- SSC

In the curvefitting process used by Casteb al. (2013), they have ensured that equilibrium is

fulfilled at all points in the stress field (see Hf.2. Shear stresses have been neglected to

minimise complexity.

l'LS'XX +SXX-SZZ = O
ur r

(10.2
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The initial stresggeneration procedure employed in the current chapter, based on stepwise
changes tK values in concentric rings around the axis of symmetry, could lead to the
development of shear stresses. To overcome this (and to ensure the equilibrium equations are
uphdd at all points in the FE model), a plastic-siép has been used to restore anyobut
balance forces. Smaller concentric rings (< 0.1m) would result in less opportunity to violate
equilibrium criteria because the variation Kfwith radius will be smather but the 0.1m

spacing was sufficient for the current study.

10.5.2Unit Cell Settlement Behaviour

The axisymmetric unit cell modeR{ = 0.3m,L. = 5m) has been described$ection4.3.1
The analyses are performed K A/A. < 10. The stages in each analysis areasinedin
Section6.2 However, initial stress generation is differémt Cases A and Binitial stresses
in the clay for Case A are generated using a unifiérm1 - sint $= 0.44(mean effective
stressesp(are plotted in Figurd0.11a and are the same for the SSC and $SG( ) 0
analysey while for Case Bthe profile is generated from the CCE analysasgeSection
105.1(Figures 10.11b and10.11c for the SSG *a ) &d SSGnalyses respectivély

(@ ., (b) (c) Km 2]
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Figure 10.11 SSCmodel,A/A. = 10(a) p @ith depth for Case Ab) p @ith depth for Case
B-SSC€ " ,Qc)p @ith depth for Case BSSC
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10.6 Settlement Improvement Factors for Cases A and B

Thenpri maRrY ( s s ¥alugs fog Case A have been compangtth Castro & Sagaseta (2009)

and Pulkoet al. (2011)in Figure6.23c. Settlement improvement factors generated for Cases

A and B are compared in Figut@.12. The main points to note are:

1 For both theSSCandSSC(e *a @nalysesaccounting for column installation (largér

values) leads t@ largern at all values ofA/A, i.e. largerK valuesindicateincreased

horizontal stresses in theoil; these providemore resistance to lateral bulging of the

granular material.

1 Thenpri mary(sscvalues (kigurel0.12a) increase more than thgorasscyvalues

(Figure10.12b), as can be seen by comparinghla¢chedd ar e a s 6
B curves(the hatching is used for optical purposes to help highlight differences between
the Case A and Case Bvalues for two scenaripsThisis to be expectetlecause lower

bet ween

postinstallationK values are used for the case with creep (see Edurd, 109, and

10.10, i.e. a different starting poinAdditionally, as shown in Sectiof.5.1, Ko has a

larger influence omp r| maRY ( s sthanBroTa(ssg)

1 Accordingly, the percentage differences between b mary ( s s cantnhrorai(ssq)
values for Case B are larger than those for Cabat#he conclusions are consistent with

the conclusionieretoforen values are lower when creepcisnsidered.

(b)

~
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Figure 10.12 n versusA/A. for Cass A and B (a) SSC modelg* & ), @) SSC model
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10.7 Summary

In the first half of thischapter CCE has been used to calculai@vity pressures (sherérm)
and postinstallationK values(long-term) following stone colmn installation in a soft clay.
The influence oftcreephas been investigatdsy comparing the SSC model output with and

without creep€ *a . he results indicate that:

() The internal cavity pressure after the initial cavity expansion pisaseaffected by
creep(based on a direct comparison of the SSC model output with and watieey, as
would be expected for the short time interval used (a gibtgi creep effectvould be
expected).

(i) However, ceep (viscoplastic strains) lowethe values ofK/K, and p 6 § gftér the
consolidation phasg@lthough the values of bo/Ky andp 6 ¢ apedhevertheless greater
than 10).

In the second half of the chaptdie K/K, profiles generatedusing the CCEprocedurefor
both caseshave been imported successfully as input prafifer axisymmetricunit cell
modeb. The modelling captures a variation KfKo with radius not usually considered by
other methodge.g. globalK increass). Settlement performandeas been analysddr two
Casa (A and B)with K/Kg = 1 andK/Kg as predicted by CCE respectively.

The approach used in Case B is novel; the prescribed displacements in the CCE stage would
cause both excessive heave and numerical problems (due to boundary proximity) for the size
of unit cell required to give typical/A. ratios (<< 10®.). Additionally, the FE mesh post
installation becomes too distorted to use as a realistic starting point to study settlement
behaviour, e.g. Castet al.(2013).

The results show that the approach can be used aspsavement uporthe conventional
0 wi simipelda ¢ e 6 installatiaonnethnique, with larger n values predicted when
installation (increasedK) is taken into accounRegardless, the results obtainesing this

procedure are consistent with thoseCimapterss-9; the nrorasscyvalues are lower than the

NPRI MARY( ss¥alugs. s o)
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11. Conclusions

11.1 Introduction

The vibrareplacemenstone columrechnique is becoming increasingly used in geotechnical
practice to improve the bearing capacity and settlement characteristics of soft cohesive
(andbr organic) soil deposits, in which creep can make up a significant proportion of the total
settlement. The majority of research to date has focused on the effectivensgmef
columns at reducing bearing capacity and/or primary consolidation settlement, with very little

consderationgiven to the potential of stone columns to reduce-teng aeep settlements.

In this thesis, a series of PLAXIS 2D axisymmetric unit cell analyses have been carried out
with a view to assessing the effectiveness of using uigptacement stone columns in creep
prone clays. The majority of analyses have beenechout using the commercially available
isotropic elasteviscoplastic SSC model. Selected analyses have been repeated using the
CreepSCLAY1S model, which incorporates anisotropy, bonding, and destructuration.

The Bothkennar soft clay test site in Saatl, which consists of an overconsolidated crust
overlying two layers of lightly overconsolidated Carse clay, has been used as a suitable soll
profile for theFE analysesits propertiesnay be considered asiaid-rangedof a host of soft
claysencountered worldwide. Simplified singl@yer profiles based on the Bothkennar Carse
clay were used for preliminary numerical modelling purposes prior to analysing the full
profile in order to remove the complexities associated with intergréimresuk for a mult

layered soil deposit.

11.2 Research findings

11.2.1 Approaches to analyse the effectivenessstbnecolumns in creepprone soils

The SSC model, based on the isotache condeypothesis B predicts creep occurring

concurrently with primary consolidatiolccordingly Casagrande's (1936) methodnnot

be used to calculate separgr@mary and creep settlement components (@mdesponding
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6pri maryd®é and impcovemenpfact@suadert al gven doad incrememts a
result of this three different approaches (A, B, and C) were used to analyse the effectiveness
of stonecolumns in creeprone soils.The benefits and limitations associated with each

approactareas follows:

1 Approad A, based solely on SSC modaitput will only hold in situations for which
creep settlements occurring before 1 day are insignificant.

1 Approach Bis based on a comparison of the settlements and corresponding settlement
improvement factors derived witlng clay modelled using the commercially available
SSC,SS,andHS models 6 Tot al 6 settl ement i mprovement
mod el have been compared to Oprimaryd set:t
the inviscid models. This approach useful to establish the dependence of settlement
improvement factor on soil model but the conclusions tend to be parameter dependent.

1 Approach C is based on carrying out two separate sets of analyses using the SSC model
on its own; one set using the standh cr eep coefficient for th
settlement improvement factors can be derived) and the other set using a very low creep
coefficient to eliminate creep behaviour
improvement factors can berdesd). Direct comparison between the two sets is used to
isolate the impact of creep. This approach is based on a fafoli&e comparison and
is technically superior to approaches A and B

11.2.2Settlement improvement factors

Examination of the evolution of settlement improvement factor with time, using PLAXIS 2D,

has indicated that the inclusion of creep leads to a lower improvement factor than would be
obtained for primary consolidation settlement alone. This effect is mmmoynced in

situations where creep settlements account for a greater proportion of the total settlement
Furthermorepercentaged i f f er ences bet ween Opri maryo and

factors tend to be larger when improvement factors are lardpgin with.

Additionally, the PLAXIS 2D output has been
settl ement I mprovement factors. The Opri mar )

found to be in relatively good agreement with a selectionpr@existing analytical
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formulations (which pertain to primary settlement only), tend to be much larger than the
6creepb settl ement i mprovement factors. Neve
suggesting that columns help reduce creepeseténts. The relative proportions of primary

and creep settlement wil!/ dictate how signi

affect the oOtotalo6é settlement i mprovement f

primary and creep components

11.2 .3 Vertical, radial, and hoop stresses (with and without creep)

Examination of the variations of vertical, radial, and hoop stress (with and without creep) has
indicated that as the soil creepsrtical stress is transferred from soil to coluntime amount

of vertical stress transferred increases with depth. The additional stress transferred to the
column induces additional yielding; this causes significant shieae formation, especially

for closelyspaced columns. The additional yielding rezhuthe efficacy of the column and
contributes to |l ower Ototalé settlement | mpr
transfer process for floating columns is similar to that for-leeaing columns; the soil is

unloaded and the magnitude ofstistress transfer (unloading) increases with depth.

Additionally, the radial and hoop stresses in the @mkh with and without creedpr the

treated case are lower than thosetlfier untreated cas€hese stresses are constant after EOP

f or t huet Ocwietehpod c the stressed\borttiiue to reduee @EEP. The hoop

stress reductions are larger than the corresponding radial stress reductions; both are more
pronounced at closer spacing$e radial stress reductideads to additional buigg of the

granular column material (giving rise to more settlement) and a loweickraging capacity

for the Oo6with creepb <case. The hoopmstistress
deformationf or t he Owi t h cr e e feédstcthesdmssipationhof emdrgy i n ¢
The hoop stress reductions appear to be a secondary effect, dependent on strain, rather than

vice versa.

11.2 4 Influence of chosen constitutive model (Creef8CLAY 1S model analyses)

The analyses on the muléiyer profile lave been repeated using the Cr&EHAY1S
model, which requires implementation into the PLAXIE code as a useatefined model.
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The model incorporates anisotropy, bonding, and destructuration, all of which can be
6switched off & by etdEmnphasisvas@lacedoa assessmgivwhetera r a m
using the CreefsCLAY1S model instead of the SSC moded any influence on the
conclusions made heretofore; the influence of anisotropy and bonding/destructuration have

then been studied by 0s wi manndings waseradfollowse r el e

1 Settlement improvement factors differ for each model/scenario; the largest values arise
for theisotropicCreepSCLAY1S model analyses (overpredicted horizontal stressek)
the smallest for the case incorpdrag bonding and destructuration. In the lattase,
stone column presence triggers bond degradation.

T Regardless of the model/ scenari o, 60total 6
their o6primaryd counterparts.

T The ratios of 6total & to O6pri mar yobthesett | e
isotropic case with both models, suggesting the findings are relatively independent of
model type. The findings are also independent of whether anisotropy is taken into account
or not.

1 For the analyses incorporating bonding and destructuration, igtins&ttlement
improvement factors are lower because columns destroy some ofdite loonding and
'total' settlement improvement factors are lower because column presence triggers creep
strains which result in further bond degradation (especially ifsecldo the
preconsolidation pressure). Because the 6p
scenario are lower to begin with, the effect of creep on the weighted average is less
visible and so a smaller rati g6i sebbbkeme
improvement factors. A lower ‘intrinsic' creep coefficient has also been used for these
analyses; this also contributes to a smaller 'total' to ‘primary’ ratio. Destructuration will be
a more important factor in highly sensitive clays.

1 For the CreepSCLAY1S model, shear plane formation is more significant for the
‘anisotropic' case than for the ‘isotropic' case. For the isotropic case, the horizontal
stresses in the soil are overpredicted and so additional resistance is provided against

laterd column bulging, resulting in the formation of less shear planes in the column.
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11.2.5 Applicability of findings to other soft clays

Various soft clays from around the world were reviewed with a view to identifying a range of
parameters encountered fparametric study using the SSC model. 6 cust omi sed?©o
was developed for investigation purposes so that the effect of changing a single parameter
could be isolated; this was preferred to analysing each profile individually. The main findings
were:

1 The magnitude of vertical stress transferred from soil to column due to creep is more
pronounced in soils with higher creep coefficients. This leads to additional yielding in the
stonecolumns(additional shear plangandl ower 6t ot al 6 mentfdctors.e me n't

1 In soils with lowerKg values, the reduction in radial strassthe soildue to creep is
almost norexistent; this clarifies that the vertical stress transfer from sablumn due
to creep is the main reason for additional siptane formation and ower Ot ot a
settlement improvement factors. In soils whilgherKq values, radial stress reductians
the soil due to creepoccur becausehé columns appear to triggerseoplastic creep
strains that reduce the larger horizontal stresses that arise du&gartbeease

1 Regardless of the adopted parameters, the columns reduce the hoop stresses in the soil in
comparison with the untreated case (plastic deformation carsagy dissipation);
additional hoop stress reductions occur f o

1 The vertical stress transfer due to creep is more significant at the lower load level
considered in this study because full yielding of the granular material is nmehdor
the oO6without cr eep b6opmrusitgfor atmress tramgder ftommeoil ® i s n
column due to creep. Additionallthe stress transf@rocess is more significantoser to

the surface.

11.2.6 Novel procedure to model stone column inatlation

A novel procedure which usé3ylindrical Cavity ExpansionGCE) theory in conjunction
with the conventional 'wisheih-place’ installation technique to account for column
installation was used for a selection of analyses. Adigp process wasnplemented: (i)
CCE theory was used to work out pasttallationK values caused by the lateral expansion
of the vibrating poker whestonecolumns are installed in soft clay, and (ii) the néwalues

239



Conclusions

were incorporated in a standard axisymmetric unitroeldel to establish their influence on

settlement improvement factofor an infinite column grid.

The results for the first stage have been used to examafluence of creepn cavity
pressures (shoeterm) and posinstallation K values (longterm) by comparing the SSC
model outputwvith and without creepl'he results indicate that the shtetm cavity pressures
are unaffected by creep but that the kbegn K/Ky predictions are lower when creep is
considered. The procedure empdyto obtain the settlement improvement factors for the
second stage is novahd is needethecause the FE mesh following the CCE stage is too

distorted to use as a realistic starting point to study settlement behaviour.

The results have shown that thepegach can be used as an improvement upon the
conventi onmpl adwds hceadl u mn I nstal | ageftleanent t ec hr
improvement factors predicted when installation (increaspds taken into account. The

findings are consistent with thoshetetofore;settlementimprovement factors are lower

when creep is considered.

11.3 Implications for stone column design

The majority of the existing analytical settlement design methods pertain to primary
settlement only, and in the absence of further guidance, designers will tend to apply the same
settlementimprovement factor to creep settlements as they have estimatgatifoary
settlements. However, for practical purposes, the findings in this thesis indicate that the
design of stone columns ignoring creep appears unconservative. If considerable creep is
present, lowersettlementimprovement factors should be applied practitionersor the
amount of stone replacement should be increased to maintain the desired settlement

improvement factor

To overcome thisan approaclwhich can be used to incorporate creep into the design of
granular columns has been developed basesl parametric study carried out using PLAXIS

2D with the SSC modelThe parametric study investigated the effect of a range of different
soil parameterson &6 pri maryo, 60total 6, and O&écreepbod

influence of load level was also considered.
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In the interest of simplicity, the expression develoged predict 6creepd
improvement factors is a function oéciprocal areaeplacement ratiqA/A;) only and

provides areasonablyc onser vati ve estimate for O0creepo
the majority of the FE outpuThe empirical design approach, developed for dehring

columns in creejprone soils,is closedform, and can be used in conjunction with any

primary settlerant design methqdalthough it is suggestdd use onehat captures all key

features of primary s#ément behaviour, e.g. Castro & Sagaseta (2009) or Retlkal.

(2011).

11.4 Recommendations fofuture research

In this thesis, the influence of creep on the settlement performance of stone column
foundations has been investigated numerically for the first time and so the emphasis of the
work initially was onobtaining practical estimates of thieely behaviour of stoe columns in
creepprone soils using the commercially available SSC model; the influence of using a more
advanced constitutive moldavas investigated thereafteRecommendations for future

research in this area are as follows:

91 It would be useful to investigate the influence of creep on the performance of small
column groupsising a 3DFE program as columns are often deployed in small groups to
support foundationsThis would involve a convergence of the work of this thesis with
that of Killeen (2012).

1 Laboratoryscale studies, supplementary to those carried out by Moorhead (2@L®&]),
also be beneficial with a view to investigating the effects of creep on tf@mance of
stone columns in different soil types and at different column spaciihgse tests could
be carried out using simpler apparati, e.g. enlarged oedometeosvercells.

1 It would also be beneficial to monitor the letegm performance of a stomelumn
supported structure in the field with a view to identifyiigthe manner in which
settlement improvement factors evolve with tilman agreement with the FE output in
this thesis

1 While settlement behaviour was the primary focus of the workisrtilesis, the influence
of creep on the bearing capacity of the compositecediimn system should also be

investigated. It is well established that the undrained shear strength of an untreated soil
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increases as a result of the void ratio reduction ¢katirs due to creep. However, the
bearing capacity increase of treated ground due to creep has not been investigated,;
accounting for this may allow for a more economical design.

1 While a simple procedure which aims to account for installation effects haa be
suggestedthe procedure was not used for a model that incorporates both creep and
bonding/destructuration. Natural clays possess an inherent degree of bonding; some of
which may be destroyed Istonecolumn installation (e.g. Castro & Karstunen, 2010),
thus negating some of the beneficial installation effects. Additionally, the-dmak of
bonding in the field may trigger the onset of premature creep behaviour (rendering the
soil near normally consolidated), which will be most significant at or ctos¢he
preconsolidation pressure. This could be a significant problem in-preep soilsand its
effect could be investigated.

T In this thesis, the effect of creep on column installation has been examined using CCE
conjunction with the FEM. However, migfree methods such as the Material Point
Method (MPM e.g. Jassinet al. (2013) have potential foranalysesinvolving large
deformations; the MPM models large deformations as particles moving through a fixed

mesh.
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Appendix A. Preliminary FE Checks

Al Introduction

This Appendix contains the following material:

Mesh sensitivity studies that have been carried out to easaueate FE output.
Sensitivity studies to establish how different PLAXIS Iterative Control Parameters
influence the FE results.

1 Investigations to establish the most appropriate way to model stone column behaviour
using the FEM. This includes parametriadies to ascertain how interfaces elements at
the boundary between the soil and column, the choice of stone column soil model (LE,
MC, or HS), and the influence of rstep duration (used in conjunction with tivéshed
in-placeédcolumn installation technique) affect the FE output.

91 Other considerations relevant to the FE modelling work, e.g. parametric studies to assess
how clay permeability affects the results, the choice of modelling soft soil behaviour
using drained or undraideébehaviour, and the influence of using an Updated Mesh.

1 1D compression formulae predictions used to verify the PLAXIS 2D settlements without

columns for the 5m, 10m, and 15m unit cells.

A2 Mesh Sensitivity and Iterative Control Parameters

The accuracyf the solution obtained using the FEM is dependent on the quality of the mesh
used to discretise the domain of interéisé mesh adopted needs to be sufficiently refined to
obtain an accurate solution without necessitating excessive computational hisieedtion
describes the mesh sensitivity studies that have been carried out for the axisymmetric unit cell
models. The influences of element type and element discretisation have been examined; also
discussed are the influences of altering a selectigdheoflefault iterative control parameters

used by the PLAXIS FE program.
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A2.1 Element Type

Mesh generation in PLAXIS 2D is based on a robust triangulation procedure, resulting in the
development of 'unstructured' meshes (numerically superior to regmlatured meshes)
consisting of either X5odeal or 6-nodel triangular elements (Brinkgrewet al, 2011), e.g.

Figure Al. 15nodea triangular elements provide a fourth order interpolation for
displacements whereasnédal elements provide a second ordaterpolation (numerical
integration involves twelve and three Gauss/stress points respectively). The displacements are
calculated in the nodemdthe stresses are calculated in the Gauss pointsod#®l elements

result in longer calculation times and romemory consumption. In generaknédel
elements produce sufficiently accurate results for standard deformation analyses (Brinkgreve
et al, 2011).

nodes stress points
a. 15-node triangle

" nodes ’ stress points
b. 6-node triangle
Figure A1 Nodes and stress points in soil elements {@de (b) 15node- Brinkgreveet al.
(2011)

The analyses described in SectmB using PLAXIS 3D Foundation are based onntislel
wedge elements (Figui&®2) having quadratic interpolation functions. Thesenb8lel wedge
elements are generated froamé@ded triangular elements (as used in a PLAXIS 2D Mesh) in

the horizontal direction and®@del quadrilateral elements in the vertical direction.
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stress points

RAWEAY

6-node triangle nodes 15-node wedge
15-node triangle

Figure A2 Comparison of 2D and 3D soil elemenBrinkgreveet al.(2007)
A2.2 Iterative Control Parameters
A2.2.1 Automatic TimeStepping Procedure (Critical Time Step)
When carrying out consolidation analyses, the automaticgtemging procedure is used to
choose appropriate time steps. Smaller time steps are used for calculations involving
increased amount®f plasticity. The first time step (overall critical time step) in a
consolidation analysis is dependent on the element type, e.gAEsb. (1D consoldation),

whereH is the element heiglainda, is the unit weight of pore fluid (e.g. water).

H?g, @- 27)(1+n)

D critcar = 15- node triangular (Ala)
80k, E(1- 17)
2 -

D criticar = H g, d- 2m)L+n) 6 - node triangular (Alb)
40K E(1- )

It is possible to use time steps smaller than the overall critical time step default set by
PLAXIS, althoughthis can result in stress oscillations and rapidly desirgpaccuracy. The
selected time step should be the maximum value of the critical time steps for all individual
elements in the mesh. The mesh sensitivity studies described igppgeadix have been
carried out based on the default setting so that the\arlables affecting the accuracy are

the type and size of element chosen.
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As noted in Sectiod.3.2 FE consolidation analyses can exhibit oscillating pore pressures
which tend to increase when the time steps are reduced, e.g. Vermeer & Verruijt (1981).
contrast to most numerical calculations, for which the accuracy would increase for smaller
steps, this may not be the case for consolidation when the soil is loaded at a drained boundary
(comparable with the FE studies in this thesis), e.g. Vermeeer€uit (1981). This was also
considered when deciding on the appropriateness of using eiheded or 15oded

elements.

A2.2.2 Desired minimum and desired maximum

The iterative parameters (desired minimum and desired maximum) can be altered to

encourage the program to use larger or smaller steps. The desired minimum and desired
maximum parameters are set by default to 6 and 15 respectively (specifying the desired
minimum and maximum number of iterations per step respectively). In situations where the

calculation program can solve a load step (converge) in less iterations than the desired
minimum, it will use a load step twice the size whereas in situations whepeotiram needs

more iterations to converge, it uses load steps that are half the size.

In a consolidation analysis, water flows out of the soil during a load step. Each load step
assumes a constant flow of water even though the flow will generally berhaghthe
beginning of the step than the end. The average flow during a time step is thus
underestimated leading to a higher consolidation time. For this reason, it is important to
ensure the desired maximum and minimum parameters are set accordinglgefabk

values have been adopted for the simulations in this research. Lower values should be used
for simulating laboratory tests on highly permeable soils where the consolidation problem can
be solved in very few time steps. The consolidation analysesided in this thesis take
hundreds of time steps so that the overall influence on consolidation time is negligible. The
computational saving that could be achieved using larger s&tuehe iterative parameters

was neglectetbr accuracy considerations
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A2.2.3 Arclength control

Arc-length controlis used in loagtontrolled calculations to accurately determine failure
loads it is not applicabledr consolidation analyses. It works by determining how much of a
specified load can be applied beforeluie@ occurs it can beactivated or deactivated
manually although &ilure loads tend to be ovestimated in situations where dength
control is switched off. This option is relevant for the labgblacement analyses described
in Sextonet al. (2013) used for appraising the reliability of different analytical settlement
prediction methods. In some cases, it was necessary to switch -téhgtic control due to
failure of the loaehdvancement proceduri€or these analyses, it was necessary to manually

assess whether or not failure had occurred.

A2.3 Element Discretisation

The initial studies havdeen carried out using axisymmetric analysis techniques basad on

5m long unit cell (se8&ectiors 4.3.1and5.4). The influence of mesh coarseness (i.e. lmem

of elements, see Tabkl) and element type (i.e-ifode or 15node) has been investigated

by examining the FE output for coarse, medium, and fine meshes (the number of elements is
effectively doubled in each case®,g Figures A3 and A4. The level of coarseness
corresponding to each selection is calculated based on the outer geometry dimensions and
shape of the FE model. The procedure is described by Brinkgrewg2011).

2.5m

Figure A3 Coarse, Medium and Fine MesHesthe Untreated Case
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