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ABSTRACT

A new approach to allow the modelling of the viscous behaviomatfralclay soils including creep,
stress relaxation and the effects of applied strain rate on soil stiffressbgeen developdzhsed on the
BRICK constitutive model (Simpson, 1992he new model, SRDStrain Rate Dependent) BRICK, was
used in a series of simulations to demonstrate its capabilities intprgdigalistic behaviour during one
dimensional compression and undrairedxial tests in which applied strain rates were variktaxial

stress path tests conducted by Gaspatreg (2007 to assess thiafluence of creep, resulting from recent
stress history, on soil stiffneggere also simulated. The observed trends concerning the stiffness at small

strains were successfuligodelled.
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INTRODUCTION

Accurate prediction of ground displacementare essential for the succesd§ complex construction
projects incrowdedurban environments, where existing structures must be safeguarded fronp#oe i

of new constructionAlthough phisticated finite element analyses can be used to predict deformations,
their accuracy depends on tipeality of the underlying constitutivenodels. There is a continuingeedto

refine and improvéhesemodels.

The prefailure deformation of overconsolidated clays, which underany cities, is known to be
governed by their highly nelmear aaxd mainly inelastic behaviour. Variou®nstitutve models have
been developed tallow the modelling of this behaviour (e 8l-Tabbaa & Wood, 1989lardine, 1992;
Simpson, 1992; Whittle, 199Rolton et al 1994;Stallebrass & Taylor, 8¥; Grammatikopouloet al

2008 and laboratory testing isommonly performed to provide input parameters at small strain levels.
Recent testing conducted on London Clay has shown that, not onlysisiéitiestrain behaviour inelastic
and nonlinear, but it is also susceptible to the effects of creep and otlteusiphenomena (Gaspaete

al., 2007 Sorensert al, 2007). Indeed, the adto take account of creep when conducting triaxial stress
path testss well recognised (e.dClayton and Heymann, 2001). It may be reasoned that such effects must
also be modétd if truly accurate predictions of deformations are to be made, yet thiseig dane.
Exceptionally, Kanapathipillai (1996) showed that by accounting for theteffécreep, the prediction of

displacements around tunnels could be improved.

Strain rde dependent behaviour of clay sod#tributable to viscosityis seerdirectly in constant rate of
strain (CRS) onglimensional compression tests, where different normal compression rinebtained
with differentappliedstrain rates (e.g. Lerouat al., 1985; 1996)and in undrainettiaxial tests, where
faster testing leads to increased strer{gthy. Vaidet al, 1979). In order to overcome the problem of

natural variation between samples in a series of CRS tests, step change imtstg8RE) testing on a



single sample can be used to investigate viscous effects at different strain rates.om tegtiral clays a
change in strain rate leads to a persistent change in the stress levetdleagne? al,, 1983 Leroueil et

al., 1985, termedisotach behaviour by Tatsuokaal. (2002). This implies that there is a unique stress
strain curve or isotachdSukje, 1957) for each strain rate. Other formswi$cousbehaviour have been
identified in tests on reconstituted clays and sandsalsuthese are not applicable to natural cleysy

will not beconsideredere.

Until now, constitutive modelling of viscous behaviour has egally involved adaptingime-invariant
elastoplastic modelswith yield surfacedormulated in stress space so thairthesponselepend on the
current rate of plastic straikxamples of such approaches are giverKbiter and Satlaingam (1992),

Yin et al. (2002, Rocchiet al. (2003),Hinchberger and Rowe (2008nd Kellnet al. (2009).However,

use of he BRICK constitutive model (Simpson, 19%@&rmitsa radically different approacBRICK can

be regarded as a multiple kinematic yield surface mioaleis developed within strain space and does not
rely on classical plasticity concepts such as a plastic potentlaw rule. This facilitatesthe creation

of a model which is able to deabt onlywith the influence otomplexstress history and theonlinear
behaviourf geomateaals but alsavith the effects obtrain rate Of coursewith this versatility comes the
expense of determining a larger suite of parameters, some of kelgigine advanced or time consuming

testing.

This paper reports work done tacorporate the modelling of viscous effects, referred to above, into
BRICK. The paper provides a brief description of the model, as originally developets pebposing
modificaions to cater for viscosity. The performance of the modified model is thieal teg simulating
laboratory test results in the literature (Leroweibl, 1985; Grahmet al, 1983; Sorenseet al, 2007.
Finally, tests conducted Iyasparreet al (2007) are simulated with the aim of studying the influence of

creep, resulting from recent stress history, on soil stiffness.



THE BRICK MODEL

The principles of theBRICK modelare best explained usirtige analogue of gersonwalking around a
roomand draggig a series of bricks tied to thewith separate strings of differing lengtBach brick
represents a proportion of the soil and each string length represents the afmstuain required to
generate plasticity in #t proportion of soil. The sided the room are taken to be the arésolumetric

and shear strainAs the personmoves througtthe strain spaceepresented by the roofas strain is
applied tothe soil)initially all the strings are slack so the bricks remain stationaryttendoil $rains
elastically; as thpersonmoves furthesomebricks start to move toand there is some plastic strairhe
more bricks that movehe highelis the proportion of soil undergoing plastic deformation and the lower
the stiffness of the soil becomd@distrend is expressed lie stepped shaped curve used in BRICK to
model the progressive reductionstiffness with strain, Figure In effect each brick and its string define

a yield surfacen strain spacdor a portion of the soil. Stress changee calculated from the elastic
strains only but there is provision forstress levels to increase due to consolidation involving full
plasticity. Stress history is accounted for by the current positions of the brickis/eeta theperson To
allow an accurate representation of stress history, the entire geological bfstoe soil is modelled b&c

to when thesoil was first depositedncluding the deposition and erosion of the various overlying strata.
The positions of the bricks giwése toa unique stiffness response which depends on the path followed
when straining recommences. The failure surface in the BRICK motteissly defined by the longest
string length and the positions of the bricks relative to the currertiguost thepersa. All the strings

must be taut in shear (i.e. all shear strain istjgafor the model to predicfdilure’.

Sinceit wasfirst publishedthe BRICK model has beageneralisedo facilitate full 3D analyses by the
inclusion ofthree extra components okhea strain @dditional tothe two shearcomponents andne

volumetric strain component required in the original BRICK model). $ixecomponents of straiand



six conjugate stresseme listed in Apendix Al andfurther details of the 3D modehay be faind in

Ellisonet. al 2011.

MODELLING OF VISCOUS EFFECTS

Strain rate dependent string lengths

The modelling of viscous effects ihe BRICK modelcan be achieved by making the string lengths strain
rate dependent, as proposed by Sorensen (2B0BRICK the string lengthsire directly related to the
soil strengthas a longer string length allows more elastic straining beforgtrihg becomes taut and the
attachedorick behaves plastically. This leadsadigher stiffness at any given stress level hedce a
greate strength. If string length is taken to be proportional to soil strength, thextiensdeveloped
previously todescribe strain rate dependatitengthcan beapplied to govern the string lengths in the
modified model namedSRD (Strain Ra¢ DependentBRICK. Many laws have beeproposedo relate

the undrained shear strength of a clay soil to the applied strain rate (e.g. @tathadd83; Biscontin &
Pestana, 2001; Di Benedettbal, 2002; Einav & Randolph, 2006\dapting one of thes (Grahamet

al., 1983) and substitutingtring lengthfor undrainedshearstrength, 8rensen(2006) proposed the

following:

é
SL = SLref[1+ﬁln<é| |f+1>]
re

[1]

whereSL = string lengthSL,..r = referencestring length¢,.r = reference strain rate,= strain rate and

B =rate sensitivity coefficienfTatsuoka 2005).

Importanty, this equation only affest moving bricks, i.ethose proportions of the soil undergoing plastic

strain and hence is a plastic strain ratealculated from the movement of the bricks on a brick by brick



basis. The brick strain rate is also deemed to be the vectorial strain rdite ioidividual brick as

calculated in Equation 2:
£= @32+ ()3

[2]

where v = volumetric strain ratey = vecbrial shear strain rate. It should be noted that for three
dimensional applications the vectorial shear strain rate is calculated as themoot the five shear

components of strain shown in Appendix Al.

BeforeEquation 1can be used, a reference set of string lengths must be specified, along witereceefer
strain rate String lengthsmay beobtained bymeasuring th&egradation oftiffness after a 180° change
in the direction of the stress path in a laboratory test. Such tegjsranallyconductecat a much higher
strain rate than the reference strain.rbli@vever, asong as the strain raté,.;, at which the test takes
place is known, the reference string lengths can bk balculated using EquatioBy, with the testing
string lengthsSL;.s:, being defined by a stepwisgproximation tadhe generated stiffness degradation
curve(Figurel). Elastic strains may usually be neglected in specifying.

SLiest
1+ IB ln(étest/éref + 1)

SLT‘ef =

[3]

Equation 1 governs thehangein string lengths for strain ratébat are normallyabove the reference

strain rate. For rates below the reference strain ttatestring lagths converge on the referersteing

lengths as the strain rate drops to zero.

Control of strain rate changes



Alone, Equation 1 is able to model persistent effects of strain rateasesre@nd decreases but without
some other control all the effects would be instantaneous. This would precludedéking of creep and

stress relaxain.

The control of the maximum rate of strain rate reduction is based equationpresented by Singh &
Mitchell (1968)descriling the natural decay of strain rate with timeder constant stress conditipas

simplification of which is

[4]

whereA = strain rate at some arbitrarily chosen time,m = negative of the slope of the relationship
between the logarithm of stramte and the logarithm of time@ndt = currenttime. In SRD BRICK
whereverthe applied strain rate is decreased, it is assumedhthaeduction in the rate pfastic strain
cannotexceed that predicted layrelationship of this formf the applied strain reduces at a faster rate,
there issome degree dftress relaxatioarising from plastic movement of brickslative to theperson
caused by the shortening of strings, @ahndompensatingelease of elastic strai®f course, pre stress
relaxation can be predicted by holding the soil @stant strain, which corresponds to a stationary person
in the analogueTo achieve pure creep behavidincreasing strain at constant stretb® movement of

the bricks induced by the shortening of the string lengths must be balanced by traemiowef the

personso that no stress chanigepredicted.

To calculate the decayf strain ratdfrom a logarithmic relationship, such as Equatipthd time since the

start of the decay must be knawtere there is a difficulty in that the BRICK model is implemented in an
incremental routinécoded by Simpson (1992hat does not track the passage of time and hence both
andt; in Equation4 are unknown. However, at any stage the string lengths during the previwus ti

increment SL,,.,, are knownand so the previous straiate, £,,.,,, can be calculad by rearranging



Equation 1 and substitutirig,., for &:

(=) )

Eprev = Eref

[5]

If the period ovemwhich the strain rate is decreasggts maximum rate is set to have an upper limit and
a specific strain rat@.e. the reference strain rate)associated with that limigach strain rate can be
associated with a unique time as shown in FiguRr&sentlyit will be assumed that the upper time limit
tmaw IS 10 seconds which roughlgquates to 31 years aBdmonths andnay be consideresufficiently
longto model creep or stress relaxationmost practical applicationBased on test data for London Clay
from Bishop (1966)the strain rate ahis time wouldbe 1x10~13s™. Later this will beadopted ashe

reference strain ratélso, by fitting Equation 4o the same data a valuemf=1.039can be found.

Knowing £, the corresponding time governing the subsequent decay of steacarabe calculated as

follows:

(log (tmax)- (log (2’4‘;”) m))

tprev = 10

[6]

wheret,,.,, = time at the end of the previous BRICK incremdiite current strain ratgredicted by the
logarithmic decayan then be calculatdsy introducingan incremental measure of time into BRICK, dt,

so thathe currentimet =t + 6t and

: log (tmax)— log (t)
log(&yer) + ma <O, >
10 (Erer) +max{0,( " )

[7]



With the reduced strain rate for each brick thus determined, alfesponding string length can be

calculated using Equation 1.

While it is clearlynecessary to control the rate of strain rate reduction (string shortehinguld not be
unrealistic to assume thtie effectof anincrease in strain rate (string lengthenjnganifested as an
increase in stiffness, iastantaneous. Howevet hasbeenfound that implementing such an assumption
leadsto numerical instabilities. Thereforegesponses to strain accelerations are governdegbgtion 8

which smoothes the convergence of the current string lengths upon thetemggesting lengtts:
OSL = a(SLtarget - SLprev)

[8]

wherea = convergencdactor (0.5), SLqr4ec = the string lengths calculated during the current BRICK
increment.As the response takes place over a series of increments, the incremental time, as,well as
affects the behaviour. For the simulations in this papeintremental time was 1 second and responses

were substantially complete in a few seconds.

Appendix A2contains guide to the implementation tfe SRD BRICK modein a computer program.

MODEL PARAMETERS

The BRICK model requires appropriate stiffn@sgsameters to define the behaviour of a given gal
shown previouslythe shape of the stiffness degradation curve is defined in a stepwise maarsarias

of vectorial strains (stringehgths) and soil proportionsieally, the stiffness degradation would be fitted
to experimental dathut, where sitable data are not availableyodelling can be based on a set of string
lengthsfor London Clay proposed bgimpson (1992)For simplicity hese can be scaled by a constant

factor to suit a given soil, thereby translating the curve shoviangure1l while preserving its shagéhe
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step heights remain unchangetiypically, ten steps areonsideredsufficientto capture the shape of the

degradation curve.

The BRICK model also requirgsam Clay style parameters® and «*, to define the compression and
swelling lines, thee parameters being defined in terms of volumetric strain rather than voiols Aat
further parameter, 1, is also required to govern the very small strain (elastic) stiffnessFor the SRD
modification to the BRICK modegthree extra parameters are requirdttt reference strain raté.{), the
decay constanm) and therate sensitivity cefficient (). For the simulations reported in this paper
reference strain rate ok10™ s* has been used, along with a decay constant of 1l038cst cases the

rate sensitivity coefficientouldthen be fitted to the obsestrain ratdehaviour.

SIMULATED BEHAVIOUR PATTERNS

In order to explore theapabilities of theSRD BRICK modela numberof published experimestvere

simulated

Simulation of one-dimensionsieprate of strain compressiaests

The SRD BRI® model wasfirst used to simulat&RStestsunder onedimensional compression, as
conducted omaturalBatiscan Clayby Leroueilet al (1985). Thephysicaltests demonstratedotach
behaviourso thata change in applied strain rate led tpersistent change in the stselevel for a given
volumetric strain. Thesimulations inorporatedthe modelling of the stress history of the swith a
preconsolidation pressure of BBa and aestimated irsitu vertical effective stress of &Pa.The model
parameters are shown irable 1.The A* value was fitted to the gradient of the compressiorsline
Leroueilet al. (1985) when rglotted on a logarithmic scale of effective vertical strEggure3. The test
procedurefollowed in the simulation is given in Table Ror structured soilssuch as natural Batiscan

Clay, the approximation of a linear relationshsponly valid over a limited strain rangehus, in Figure3

11



the physical and simulation datse seen to agree welp to 13% volumetric straibut then to diverge
The transitios between isotachlines are well predictedwith both the controlled increase in strain rate
(Equation § and decrease in strain rate (Equation 6) showing realistic behaviour whearedmwith the

physical test data

Simulation of tiaxial step rate of strairand relaxatiortess

Grahamet al (1983)reportedresults ofan undrainedSRStriaxial test on a sample ofatural Belfast
Clay. During two relaxation periodbe stresses on the samplere allowedo relax while the axial strain
was maintainedThe duration of each test stage was back calculated Figore 4a). Table 3gives
details of thetest stagesnd Table 1againlists the model parameters used.he stress history of the
Belfast Gay was modelled by consolidating the stwilan effective vertical stress of &Paandthen
allowing it to swell back toan estimated irsitu vertical effectivestress of 40kPa. This gave an
overconsolidation ratio of 1.5 which lies within the range ofll®quotedy Crooks & Graham (1976).

Thel* and«* values were back calculated from the data given in Crooks & Graham (1976).

Figure4 shows a comparison between the stress strain curve presented in @tatiafh983) and tat
generated by the SRD BRICK mod@’,, = in situ vertical effective pressure). It can be seen that
generally the comparison is very good with similar behaviour being obsenwétg boththe step
changes in strain randtherelaxation periods. This demonstrates that the SRD model is ginlediat
strain rate depatent behaviour in undrained shearing. The strain softening of that soilal strains of
more than 2%s not predicted well, although this ideficiencyof the underlying BRICK model rather

than the SRD adaptation.

Sorensen et al. (20ptonducted undraine8RStriaxial testson natural London Clay samples/hich
were foundto exhibit sotachbehaviour. The samples were taken from between 18.9Hd 1545 m
below ground level at the Heathrow Terminal 5 site. From Gasparre (2005) the ighit @f¢he London

Clay (for the same horizon) is 19KN/m®. This leads to an estimatddsitu mean effective stress of

12



between 283 and 3038 a, assuming K, value of 188 (Gasparre, 2005and the water table to It a
depthof 4.5m. At the sampling dpth Sorenser(2006) estimated that the previous overburden pressure
was aroud 2 MPa based on results presented in Skempton & Henkel (1957). This givesiaugpre
maximum mean effective stressagfproximately 1448Pa based on &, value of 0.58 (Simpson, 1992).
The above information was used to maithestresshistory of thesoil prior to testingln additionto step
changes obxial strain rate(é,), the tests involved some small unload/reload cythesdetails of which
are gven in Table 4As before, he model parameters for this simulation are given in Thllbere the
reference string lengths are taken to be half the Simpson (19%fthderhis latter assumptionwas
necessitatecby a lack of informationto allow the determinationof the insitu reference stiffness
degradation curvandwasbased orsomeprevious experience ofodelling creep effecis London Clay
(Kanipathipillai, 1996) However, firther worksuggests thatesultsfor behaviour at practically relevant

strain ratesnay be relatively insensitive this assumption (Clark009).

Figure5(a) shows the prpeak behaviour cd naturalsampleduring theSRS test anéigure5(b) shows
the predictionof the SRD BRICK model It can be seeronce againthat the twocompare well. The
effects ofthe step changes in strain ratee accurately simulatedalthough the regain of stress after
unloadingtakes longer in the simulatiarit should be noted that the period of crémmediately prior to
some of the unloadleload cycles was left out of the simulation as the focus was to determiretethe r
sensitivity ceefficient B for London Clay (0.23) for use in the simulation of the Gasparre et al (2007) test
series.By comparisa of Figures 4 and 5 it can be seen, as would be expdhsgdn the more heavily

overconsolidatedoil the rateeffects are less pronounced.

THE INFLUENCE OFRECENTSTRESS HISTORYAND CREEP ON STIFFNESS

It was shown by Atkinsoast al. (1990)that the nitial stiffness ofoverconsolidatedlay soilobserved, for

example, in a triaxial testepends on thdirection of the stress path followed to reach the initial stress

13



state in the testA larger change of direction from the approaching to the testiagsspatiresults in a
higher initial stiffnessThis behaviourwas reproduced byhe original BRICK model (Simpsof©992)
However, inlatertests conducted by Clayton & Heymann (2001)dtiness responseas found tde
independent of the degree of rotation in the stress Qaitically the tests conducted by Atkinsenhal
(1990) and Clayton & Heymann (2001) utilised different methodologies. Atkigisain(1990) used long
approach stress paths (BBaon a conventipal plot of deviator stresg, versus mean effective normal
stress p”) and allowed 34 hours rest between test stages (Richardson, 198&reas Clayton and

Heymann (2001) used shertapproach paths and a period of 6-12 days to allow fatehayof creep

The effects of creep and the length of dipproactstresgpathwere investigated by Gaspagtal. (2007

to better understand the relationship between creep antfehts @f recent stress histoiy. triaxial tests

on natural London Clay sampl#svas foundthat a period of creep can eliminate the effects of the recent
stress history (as found by Clayton & Heymann (20Qdfpviding the approach patlengthis less than

10 kPg Figure6(a) in which G is the tagential stiffness angl is the shear strain, & - €,)/3 (¢,= axial
strain ands,.= radial strain)If creep is not alloweafter similarlyshort approach paghthen the results
show the sam&rendassesn by Atkinsonet al (1990),Figure 6(b). Gasparrest al (2007) also showed
that for longer (100kPa) approach petie influence of the recent stress histags soon evideneven

whencreepwas allowed to occuFigure6(c).

The tests performed b@asparrest al (2007) were simulatedisng the SRD BRICK modelThe stages
followed in the simulatiomre given inTable 5and includednodelling the geological stress history of the
soil, the sampling process (albeit in a simplified manner) anttitheal testing which itself wasplit into
separate stress and strain cofiabtagesin test stages involving creggtressesvere held constariibr a
number of daysscreep strains decayed. In stagathout creep stressesvere only heldconstantfor
three hoursin line with the procedureused by Atkinsoret al (1990).The geologicaktresshistory was
modelledin the same manner as in tienulation of the test bgorensen (20063escribed above. During

this stage viscous effectgere not explicitly modelled but the string lengths were set equal o the

14



shortest (reference) values. Had viscous effects been explicitly nthdkléeto the large times involved,

the effects of creewould soon have letb the stig lengths reducintp thesereference values.

As the Gasparreet al (2007) tests were conducted on natural samples of London, Glayable
parameters for the SRD BRICK model, TabJeveredetermined by referring tprevious experiencand
available laboratory datdhe values off5, m and reference strain rateere takenrom the simulation of
the work done by Sorensenal. (2007) while the string lengths were fitted stiffness degradatiodata
obtained by Gasparre (200%)igure?. Thefit deviates in the very small strain region to take account of
the elastic shear modulu§., Mmeasurd using bender elementSigure 7 also shows a comparison
between the BRICK parameters given in Simpson (1992) and thieskté Gasparre’s data. Tfarmer
can be seen to allow higher strains before the stiffness starts to degrade, [essablse they were
derived from back analysis of geotechnical structures rather thaatatyotesting. Given that Gasparre’s
results were obtained on similar samples to thiodhe tests being simulatedhey were considered the
most appropriate ones to ugEuation 2 was used to calculate the reference string lengths, wittigtie f
stiffness degradation curve fraRigure7 providing the testing string lengtiSL.s). Theaxial strainrate
used to generate the stiffness degradation curve was assumed0t00B8%/h,similar to the rate
achievedin the tests being simulatedVhile the 7* and «* values were taken directly from Simpson
(1992) thevalue of: waschosen so ato predictthe maximum stiffness shown Kigure7. It may be
noted that once thenodel parametersshown in Table 6 had been determindafore starting the

simulations, no adjustments were subsequently made.

Short approach path witthe effects of creep

This simulation aimed to produce results for comparison with those shokiguire 6(a). Following the
earlier stages (ba in Table B goproach paths were followed in both compression and extension

directions before creep was allowedgiing a long holding periadrhe stiffness was then evaluatkding

15



the exension undrained shearing stage drtangential stiffnessas plotted against shear strakiigure

8(a). Qualitative agreement between Figui@®) and &a) is reasonably good.

Figure 8(a) shows that the SRD BRICK model can successfully simulate the erasing of stesst
history effects by creemiventhe close match of the curves low and high stress path rotatiofisis
behaviour can be understood in terms of the analéguthe BRICK modelAfter a period oimovement

by theperson in the unmodifiedBBRICK modelsome ofthe strings attached to bricks tlae currently
moving arelikely to remaintautif the personcontinues to movéunless there is a complete reverdal o
their direction) giving riseto some plastic strairn SRD BRICK during the simulated creep perjadl

the taut strings shorten with timgithus movingat least soméricks) but, when thepersors movement
acceleratesanytaut strings lengthen agaitnitially, therefore the response of the soil weholly elastic

and is generallgtiffer thanit would have been had it not been for the holding period. As the bricks do not

move a large amount during the short approach patisp is able to erase the effects easily.

Short approach path without the effects of creep

This simulation was identical to the previous one except that, aftapletom of the approach stress
paths, only a short holding period was allowed severely restricting the exoeirof creep. The results
shown inFigure 8(b) may be compared with thepetimental data inigure 6(b). In both cases a higher
stress path rotation produces a higher initial stiffness slgothi@ influence of recent stress history, as
described by Atkinsoret al. (1990). However, after a shear strain of about 0.01% the differe
effectively disappearas the influence of the common, earlier stress history asserts Agglin,
guditative agreement between simulation and experiment is reasonably good, although theeexaler
data display scatter at very small strains and there is an unexpected peakigh treation curve at
about 0.003% strairnn terms of the analogue) the low rotation testomestrings are still taytwhereas

in the high rotation testwith the direction of movementeversedthe samestrings are iitially slack

leading to a higher stiffness.
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Long approach path with the effects of creep

The final simulation was identical to the first one except that the apprvash paths were much longer.
The simulated and experimental results are shown in Fd(® and 6(c) respectively. Although
agreement is perhaps less good than in the other two cases, the trestitlsr@echedDue to creep, the
initial stiffness is almost the same for both low and high stress pattongtabut as strains increase the
expected influence of previous stress history reasserts itself and ¥ks diverge. This shows that creep
cannotcompletelyerase, for example, the effect of theil's geological stress historfs in the first case
the creep period acts to shorten the string lengths allowing elaatidrgg in all directions following the
approach paths. As many bricks were moved a largauairduring these approach patbeep cannot
fully erase the effects and hence the stiffassiéverge as the bricks on longer stigrigecome engaged

once more.

CONCLUSIONS

In this paper aew approach to the modelling wiscousbehaviour ofnatural chys has been presented,
based on the BRICK model (Simpson, 1994 .originally proposed by Sorensen (200683couseffects
are modelled by allowing the current strain rate to dynamically affedenigéh of the strings in BRICK.
The modified model haselen called SRDS{rain Rate Dependent) BRICK. Controls are placed on the
maximum rate of string length reduction usinduaction derived from the work of Singh & Mitchell
(1968) in order to model effects such as creep and stress relaxatmeases of téng length are

achieved almost instantaneously.

The SRDBRICK modelwasable tosimulateconvincinglythe sotach strain rate haviour(Tatsuokaet
al. 2002 observed as strain rates were varied duringdimensional compression tesig Leroueilet al.

(1985) and during undrained triaxial tests@nahamet al (1983) andSorenseret al (2007).
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A series of tests bgasparreet al (2007, aimed at investigating the effects of creep and recent stress
history on soil stiffness, was also simulated. Trends in the experimergalvabons were well
reproduced and it was confirmed that creep can erase the effect of recent strggsbhistmly if the

recent stress paths are sufficiently short.

Experience is now required of applying the SRD BRICK model to case historgmsifuction in the
course of which it should be possible to determine the significance of visceots &bllowing the work
describedhere the SRD BRICK model has been implemented in a finite element program and used to
back analse two construction projects in London whehe fit of the analysis was improved by

incorporatingviscous effectgClarke, 2009). A further paper describing this experience is in priparat
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NOTATION
A = strain rate at some arbitrarily chosen time,
G = tangential shear modulus
Gax = elastic shear modulus
Ko = lateral earth pressure coefficient at rest
m = negative of the slope of the relationship between the logarithm of stimiane the logarith
of time
p” = mean effective normal stregs”, + 267,)/3
g = deviator stress, (65 —0y)
SL = string length
SLprey = previous string length
SL,er = reference string length
SLiarger = the string lengths calculated during the current BRICK increment
SL;:est = testing string length
t = currenttime
tmax = Upper limit to the time allowed for creep

18



torev= time in seconds at the end of the previous BRICK increment.
ot = time increment

v = volumetric strain

v = volumetric strain rate

a = decay factor

B = rate sensitivity coefficient

y = vectorial shear strain rate

1= parameter governing elastic modulus
«* = gradient of the swelling and recompression line
\* = gradient of the normal compression line
& = applied strain rate

&rest = testing strain rate

&, = axial strain

&, = axial strain rate

&, = radial strain

&rep = reference strain rate

&s = shear strain2(g, - €,.)/3

&rest = testing strain rate

61 = major principal stress

o3 = minor principal stress

o , = vertical effective stress

6 vo = in situ vertical effective stress

REFERENCES

Al-Tabbaa, A. and Wood, D. M. 1989. An experimentally bdsatble’ model for clay,NUMOG 3,
Niagra Fallspp. 91-99.

Atkinson, J. H., Richardson, D. and Stallebrass, S. E.. EX¢ct of recent stress history on the stiffness
of overconsolidated soizéotechniqud0, No. 4: 531-540.

Bolton, M. D., Dasari, G. R. and Britto, A. M. 19%utting small strain nelinearity into Modified Cam
Clay model.

Biscontin, G. and Pestana, J. M. 20Wifluence of peripheral velocity on vane shetength of an
artificial clay, Geotechnical Testing Journ2dl, No. 4: 423—-429.

Clarke, S. D.2009.Enhancement of the BRICK constiite model to incorporate viscoedfects, PhD
Thesis, University of Sheffield.

Clayton, C. R. I. and Heymann, G. 20(tiffness of Geomaterials at very small stra@éptechnique
51, No. 3: 245-255.

19



Crooks, J. H. A. and Graham, J. 197%eotechnical properties of the Belfast estuarine deposits,
Géotechniqu@6, No. 2: 293-315.

Di Benedetto, H., Tatsuoka, F. atghihara,M. 2002 Time-dependent shear deformation characteristics
of sand and their constitutive modellirgpils and Foundation42, No. 2: 1-22.

Einav, I. and Randolph, M. 2006. Effect of strain rate on mobilised strength and thickoasgedfshear
bandsGéotechniqu&6, No. 7: 501-504.

Ellison, K., C., Soga, K. and Simpson, B.120 A strain space soil model with evolvirgliffness
anisotropy. Submitted to Geotechnique.

Gasparre, A. 200%Advanced laboratory characterisation of London CIBWD Thesis, Imperial College
London.

Gasparre, A., Nishimura, S., Minh, N. A., Coop, M. R. and Jardine, R. J. 286%tiffness of ntural
London ClayGéotechniqué&7, No. 1: 3347.

Graham, J., Crooks, J. H. A. and Bell, A. L. 1988ne effects on the stresgrainbehaviour of natural
clays,Géotechniqu&3, No. 3: 327-340.

Grammadikopoulou, A., Zdravkovic, L. and Potts, D. M. 2008. The influence of previous stressyhistor
and stress path direction on the surface settlement trough induced by tunG&ébterhniqué8, No.
4: 269-281.

Hinchberger, S. D. and Rowe, R. K. 208%aluation of the predictive ability of two elastitscoplastic
constitutive modelsCanadian Geotechnical Journd®: 1675-1694.

Jardine, R. J. 1992. Some observations on the kinematic nature of soil stfokssnd Foundations
29, No. 3: 436—447.

Kanapathipillai, A. 1996Review of the Brick model of soil behavioMSc Thesis, Imperial College,
London.

Kelln, C., Sharma, J., Hughes, D. and Graham, J. 2009. Finite element analysis dakneemt on a
soft estuarine deposit using an elastgrodastic soil model,Canadian Geotechnical Journdb:
357-368.

Kutter, B. L. and Sathialingam, N. 199lasticviscoplastic modelling of the ratdependent behaviour
of clays,Géotechniqud?2, No.3: 427441

Leroueil S., Kabbaj, M., Tavernas, F. aBdbuchad, R. 1985. Stresstrainstrain rate relation for the
compressibility of sensitive natural clag@otechniqué5, No. 2: 159-180.

Richardson, D. 1988Investigations of threshold effects in soil deformatioR&D Thesis, City
University, London.

Rocchi,G., Fontana, M. and Da Prat, M. 2003. Modelling of natural soft clay destructiorspescesing
viscoplasticity theoryGéotechniqué3, No. 8, 729-745.

20



Simpson, B. 1992. Retaining structures: displacement and désigtechniqud2, No. 4: 541-576.

Singh, A. and Mitchell, J. K. 1968General stresstraintime function for soils Journal of the Soil
Mechanics and Foundations Division, AS@& No. SM1: 200-220.

Skempton A. W. and Henkel D. J. 1957. Tests on London Clay from deep borings at Padiiictida
and the South Bankroc. 4th Int. Conf. S.Mand F.E., London, 1, pp. 100-106.

Sorensen, K2006.Influence of viscosity and ageing on the behaviour of cRigB, Thesis, University
College London.

Sorensen, K. K., Balet, B. A. andSimpson, B.2007. Influence of structure on the tintkependent
behaviour of a stiff sedimentary clagéotechniqué7, No. 1: 113-124.

Stallebrass, S. E. 1990. The effect of recent stress history on the daforofaoverconsolidated soils.
PhD Thesis, Cityniversity, UK.

Stalebrass, S. E. and Taylor, R. N. 1997. The development and evaluation of a ceastindel for the
prediction of ground movements in overconsolidated ¢kptechniqud?, No. 2: 235-253.

Tatsuoka, F. 2005. Effects of viscous properties and ageing on thesstagsdehaviour of geomaterials.
ASCE Geotechnical Special Publicatit48, 1-60.

Tatsuoka, F. 2007. Keynote lecture: Inelastic deformation characteristiesraterial Soil stressstrain
behaviour: measurement, mdiiteg and analysis. Proceedingd the Geotechnical Symposium, Rome,
2006pp. 1-108.

Tatsuoka, F., Ishihara, M., Di Benedetto, H. #&uadvano, R. 2002. Timeependent shear deformation
characteristics of geomaterials and their simulatgwils and~oundations42, No. 2: 531-540.

Vaid, Y. P., Robertson, P. K. aif@hmpanella, R. G. 1979. Strain rate behaviour of S&iakVianney
clay, Canadian Geotechnical Journ&b: 34-42.

Whittle, A. J. 1993Evaluation of a constitutive model for overconsolidattays Géotechnique3, No.
2: 289-313.

Yin, J-H., Zhu, JG. and Graham, J2002. A new elastic viscoplastic model for tirgependent
behaviour of normally and overconsolidated clays: theory and verifica&lianadian Geotechnical
Journal39: 157-173.

21



APPENDIX Al

Generalised strain components and associated stresses

For 3D applications the 6 componenfsstrainare:

Volumetric strain V Secteyte
Shear strain componeni Ox= &7 —&x

Shear straircomponent 2 9y = (2, —&x &) W3
Shear straircomponent 3 Pxy

Shear straircomponent 4 Vyz

Shear straircomponent 5 Vax

where x, y and z are Cartesian coordinate axes.

The followingcomponents of stresge respectively linked through the appropriate elastic moduli:

Mean stress p =(ox+oy+0,)3
Shear stress componerit tx = (0, —0oy)/2

Shear stressomponent 2 ty = (20, —ox —0,)I2V3
Shear stressomponent 3 Txy

Shear stressomponent 4 Tyz

Shear stressomponent 5 Tox
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APPENDIX A2

Implementation guide fahe SRD BRICK model (to be read in conjunction with Simpson (126&)
Ellison et al.(2011))

The BRICK models implemented as an iterative routine which identifies the sthessges producday
a given strairincrement. mplementing a second iterative routine within st ong to deal with the
plasticstrain rate dependency thfe string lengths;ould prove computationally expensive. Toés be
avoidedby determining the modified string lengths (Equation 1) in onlyfitiseiterationof the BRICK
routine.

Passtheapplied strain incremeimto the BRICK routine, then:
1.) For each brickndividually:

a. Calculateall 6 components dhe current plastic strain (AppendiXlpbased othe
applied straincurrent brick positiomnd reference string lengths.
(Note the reference lengths are normally substantially shorter tharirthibedinal
iteration.)

b. Calculates using Equation 2

c. During thefirst BRICK iterationcalculatethe modifiedSRD string lengthSLusing the
SRDsubroutine:

d. Enter SRD subroutine:

i. Set convergence criteria five SRDsubroutine as 10% dahe reference string
length SL.. This isa check on the variation the calculatedSLper SRD
subroutindteration

ii. Redefines using Equation 2.
iii. Record the grrent string lengthSLe..
iv. CalculateSLusing Equatiori.
V. If SL> Sl calculateSL=SLyrey + (SL-Slyrey) *a
where a is the convergence factor (Equation 8).
vi. If SL< Sl apply Equation 5 to predict thgevious strain rafé ., .
Usingé,., calculatetye using Equation 6.
Calculatethe current timgt = t e, + .
Calculatethedecayed using Equation 7.
vii. Modify the position of the brick to account for changBig
viii. Define error a§SL— Slyre|
ix. Repeat €ix) until convergenceas definedn (i)
e. Exit SRD subroutine

2.) With the modifiedstring lengtls derive the associatethsticstrairs and hence stress changes
3.) Repea(1-3) until stress convergence is reached.

MATLAB code forthe SRD BRICK model is given in Clarke (2009).
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BRICK parameter Leroueiler al. | Grahamer Sorensent
(1985) al. (1983) al. (2007)

Reference string length factor SL,r | SL;c 0.050 0.50 0.50

Lambda* A* 0.60 0.37 0.10

Kappa* K* 0.030 0.054 0.020

lota 1 0.0041 0.0041 0.0029

Time decay constant m 1.039

Maximum creep time L 10°s

Reference strain rate Erer 1x10 ®s?

Rate sensitivity coefficient i 0.1 [1 | 0.23

The string lengths are initially slack and the original position of all the bliekst the originSL,care
the original LondorClay string lengths given in Simpson (1992).
The step heights remain unchanged unless stated and are also given an$ir8pg).




Volumetric strain rate Strain limit

(%/h) (% volumetric strain)
0.97 3.7

0.038 7.2

0.97 12.1

0.038 235

0.97 25.7




Axial strain rate
(%/h)

Strain limit
(% axial strain)

0.5 6.0
Relaxation -
0.5 7.8
5.0 10.0
0.5 12.5
0.05 13.5
5.0 15.8
0.5 18.0
0.05 18.5
0.5 19.0
Relaxation -
0.5 20.0




Shear strain rate
(%/h)

Strain limit
(% shear strain)

0.05 0.58
Unload- reload
0.80 0.68
0.05 0.80
0.80 0.92
0.20 1.02
0.05 1.11
0.80 1.34
Unload- reload
0.80 1.63
0.05 2.31
Unload- reload
0.80 2.73
0.20 2.91
0.05 3.00




Natural

Strain
control

Stage 1

1D compression up to the geological maxim
mean effective stress of 1442 kPa.

Stage 2

1D swelling to the irsitu mean effective stress
330kPa.

Sampling

Stress
control

Stage 3

Stress path directly taking the soil frottme insitu
mean stress (330kPa) to the st mean stress of
171kPa (17SH) or 136kPa (17.3SH) with a deviator

stress of zero. Creep strains are generated during this

stage.

Triaxial

Stress
control

Stage 4

Isotropic consolidation back to the-$itu mean

stress of 330kPa with a small deviator stress being
applied dependent on the test to be conducted. Greep

allowed.

Stage 5a

Outgoing approach paths conducted under cong

mean stress. This affects the magnitude and dire¢tion

of the approach patfor the final stage stiffness.
Creep allowed.

Stage 5b

Incoming approach path. Creep allowed.

Strain
control

Stage 6a

Dissipation of creep strains generated during
approach paths, if allowed (12 hours).

Stage 6

Undrained extension @ompression test.




BRICK parameter

Identifier

Value

Reference string lengths SL,.s 5x10 7, 1.5x10°, 3.125x10° 5x10 ° 1x10 >, 1.75x10°,
2.5x10°, 3.5x10°°, 5x10°°, 0.0001 0.0002 0.00035 0.0005
0.001, 0.002
0.004 0.01, 0.0323

Stiffness reduction G/ G 0.9,0.85, 0.815, 0.79, 0.74, 0.69, 0.61, 0.5, 0.4, 0.3, 0.22
0.17, 0.13, 0.09, 0.06, 0.02, 0.009, 0

Lambda* A* 0.1

Kappa* K* 0.02

lota 1 0.0054

Time decay constant m 1.0386

Reference strain rate Eref le st

Maximum creep time Enax 10°s

Ratesensitivity coefficient 0.23

The string lengths are initially slack and the original position of all the blieeksit the origin.




Soil stiffness

Soil stiffness

Elastic

Plastic

String length -

= Strain

Step height =
Proportion of material

]

log (Strain)



log &

‘prev

ref
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