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ABSTRACT

Soil liquefaction is conventionally evaluated thgbuan empirical framework based on accumulated
experience from case histories - the "NCEER Metho#fowever, the empirical framework contains
inconsistent physics and characterizations thatiarelated to modern understanding of soil cortstiu
behaviour. This paper considers cyclic mobilitythin the context of a modern constitutive model,
NorSand, to illustrate a proper approach to evalgahe effect of soil type ('fines content'), sgdevel
and initial stress state on liquefaction. A twoipged approach is used with soil state in situ dein
inferred from the CPT, while the cyclic strengthtet relationship is computed using measurable,
standard, soil properties (compressibility, et€omputed liquefaction resistances are consistetht thve
case history record, but the approach now offedersianding as to how that experience should be
extrapolated to other situations. And, contraryvttat might be expected, the proposed approacls turn
out to be both straightforward and readily doneemgineering practice - the calculations run in a
spreadsheet. Of course, it now becomes necessameasure soil compressibility and elastic shear
modulus.
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INTRODUCTION

Soil liquefaction is a phenomenon in which soildesnuch of its strength or stiffness. These stteng
losses are generally of short duration, but neeéetis long enough for liquefaction to be the caafse
many failures, deaths and major financial loss&guably liquefaction is the most difficult situati any
geotechnical engineer will deal, with consideraligortance from both public safety and financial
standpoints.

The difficulty with liquefaction stems from threkeinngs. First, although the nature of the processasy

to understand — soil particles re-arranging to destate under a stress perturbation and causitesex
pore water pressure to develop because of inseffiticime for the displaced water to escape — it is
complicated to quantify these processes in cotistitunodels; it is only in the past twenty years of
liquefaction experience that proper models haveinecavailable, and few (if any) are comprehendible
most geotechnical engineers. Implementation ohsmodels in useable modelling packages (finite
element codes or the like) is a further issue, withe of the good liquefaction models readily aal#

for engineering practice. Second, the stress tiondi that arise during liquefaction are diffictitt
simulate with standard laboratory tests: the tdbxest, the backbone of most understanding of soil
behaviour, is a particularly poor analogue for legquike induced stress paths; the simple shearatppar
is attractive at first sight, but leaves horizonstess unmeasured and suffers from non-uniform
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conditions; the hollow cylinder test, while allowjivery good simulation of appropriate loading patbs
complex and difficult to use with only a handfultekt programs at very few research universiti2isect
measurement of soil behaviour is not practical, eamein calibrating those liquefaction models that do
exist is problematic. Third, direct physical sintida using models in a centrifuge has limited use f
most engineering projects because of the highicestved. And, physical modelling is not exactly a
good basis to develop understanding as far toosBiables and soil properties are investigated.

Given these three broad areas of difficulty, itimsurprising that geotechnical engineers have teddo

a ‘case history’ based approach in which experieiscassimilated into charts indicating probable
performance. In the case of static liquefactionther available strength at large deformation foitaya
liquefaction event, back analysis of past failufeermally using familiar limit equilibrium methods)
provides estimates of liquefied streng#).( In the case of earthquake induced liquefacteamthquake
ground motion is idealized as a vertically propagashear wave in the soil from the underlying rock
The average horizontal cyclic shear stregg (hduced by the vertically propagating wave isreated by
site response analysis for the recorded strongngroootion, and this stress is normalized by thgaini
vertical effective stresg' o to give the cyclic stress rati,/c',o (= ‘CSR’) as a measure of the imposed
loading of the ground by the earthquake. Condétiah ‘liguefaction’ and ‘no liquefaction’ being
distinguished as a GO/NO-GO criterion for desigiguFe 1 shows an ‘expert consensus’ version of the
cyclic resistance from Youd et al (2001). In eithase, the soil condition corresponding to thésngth
estimates is characterized by its penetration teexie with a further slight indexing by fines canite
Given sufficient time, and detailed back-analysagehbeen accumulating for some fifty years, suttgky
knowledge should provide the best-approach to fapten assessment? And, that is indeed the dlkaim
the state-of-practice publication on this approacecade ago (Youd et al, 2001).
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Figure 1: SPT Clean-Sand Base Curve for Magnitude.3 Earthquakes with Data from
Liguefaction Case Histories (Youd et al, 2001). (Mtified from Seed et al. 1985)
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However, there are serious flaws in the presergiamerof the case history approach. One of thiesesf

is readily appreciated from an example. The frsluation of thes. from the case history data was by
Seed (1987) and correlateddirectly to the normalized penetration resistafitgso, see Figure 2. This
was despite exactly the same penetration resistameesure being correlated to a stress ratifo(,o) in

the case of liquefaction triggering (Figure 1, arfoof which was first proposed by Seed & Idriss710
Both correlations cannot be correct, since the fimrelation implies (Neso has the dimensions EL
while the second correlation implies that this peat@én resistance measure is dimensionless. Almos
unbelievably, advocacy that Figures 1 and 2 (orati@ns on the same) should be used even arose in
invited workshops to progress the understandindicpfefaction sponsored by the National Science
Foundation during the 1990’'s despite the mutuatblesive nature of the implied mechanical framework
The situation appears to be now resolved with gecee that the post-liquefaction strength correlébe
penetration resistance as a stress ratio (seexémnme Robertson, 2010). But, between 1987 an& 200
many clients paid for engineered construction/réatexh based on a methodology that even the simples
mechanics showed to be wrong. Does this servecostomers well? Is this denial of elementary
mechanics appropriate for a learned profession?
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Figure 2: Correlation for post-liquefaction strength as modified by Seed & Harder (1990) from
original proposal by Seed (1987)

There are further issues with the case historyagmtr. First, penetration resistance depends araev
soil properties, with theoretical analyses indiogtithe importance of compressibility in particular
(apparently first suggested by Robertson & Campan&l83 and considered at length in Shuttle &
Jefferies, 1998). But, the case history approdckoud et al (2001) only admits one measure of soil
type: fines content (the fraction finer than th@@&aieve). In reality, although fine grained sodad to

be more compressible than coarse grained soiles faontent on its own is poorly correlated to the
compressibility that affects penetration resistand@ther properties that markedly affect penetratio
resistance (elastic shear modulBs.x and the critical friction angle are two) are nger admitted as
factors in the case history method. Second, tleen effect of stress level, and a perceived efbéc
static shear stress, on the assessed strengthtakieg it forward into design; these issues arecased
with ‘correction’ factors. But, what is the basiar fthese factors? Might they change with soil ®pe
Might they change with initial geostatic stressaatAre they even dimensionally consistent? |nebhe
adjustment of penetration resistance for finesemntorrect?



5th International Conference on Earthquake Geotechital Engineering
January 2011, 10-13
Santiago, Chile

These difficulties with design methods based elgtiom correlations to experience are neither new no
limited to liquefaction. The proper way forward tis use case-history data within a framework of
understanding based on applied mechanics — tbisaistly what is done in other branches of engineeri
including other branches of civil engineering. tire mechanics approach the case-history data is not
neglected, but rather used to determine the efiéctnodel uncertainty’, thus calibrating a possibly
idealized understanding to the practical realityfudEscale civil engineering works. In the cadesoil
liquefaction, however caused, liquefaction is astibutive behaviour subject to the laws of physits,
becomes necessary to describe the mechanics maitedipa- that is, the starting point to a mechanic
based understanding is an appropriate constitutieglel. There are now several such constitutive
models.

In this paper, we consider liquefaction inducedelaythquakes because of cyclically varying stregses
the ground. In this situation the available stiésgth to resist earthquake induced liquefactsoaailed
the cyclic resistance ratio (CRR = cyclic sheaesgr/ initial vertical effective stress) and thé&ugao be
used for an element of soil in the ground take<dhm:

CRR = CRRsKy Ko Kq (1)

where CRR; follows from Figure 1 or similar andy, K, Ky are factors to scale the design curve from
Figure 1 for, respectively, earthquake magnituttess level, and pre-existing shear stress oniadmgal
plane.

In assessing a proper framework for [1], the com$tie model used is general and transitions snigoth
from cyclic mobility to outright large displacemestatic liquefaction as appropriate. We brieflgciébe

the model (this is not a mechanics paper...) and tillestrate its calibration to a reasonably
comprehensive set of laboratory data. We then movecompute a framework for the standard
liquefaction charts in terms of measurable soipprties and determine the true nature ofkhandK,
‘correction’ factors. We do not consider the miagaie correction factoKy,. All calculations, including
the constitutive model, run within an Excel spréemt. The authors are happy to supply copiesisf th
spreadsheet to interested workers under the tefrie .GNU open software foundation license; alleod
is open-source, and there are no hidden or blagkrbatines. The applied mechanics involved is
straightforward modern soil plasticity, and not fmunore complicated than the widely taught Cam-Clay
model. The soil properties involved are largelpwantional (only a couple of new soil propertiedl Wwé
introduced) and all are measured in standard lafgréests. In situ conditions are determined gisire
combination of measured soil properties and medspenetration resistance; these aspects are also
discussed in illustrating the correct form for kdaction assessment.

ROLE OF CRITICAL STATE SOIL MECHANICS

Density affects the behaviour of all soils — crydelense soils are strong and dilatant, loose sazk
and compressible. Now, as any particular soilexdst across a wide range of densities it is ureaisle
to treat any particular density as having its owopgrties. Instead what is needed is a framewhak t
explains why a particular density behaves in ai@#ear way. The aim is to separate the descriptibn
soil into true properties that are invariant witbndity (e.g. critical friction angle) and measuoéshe
soils state (e.g. current void ratio or densitfyoil behaviour should then follow as a functiontlvése
properties and state.
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To date, all constitutive models for soil that bBesed on density-invariant soil properties falhivitwhat
is usually called ‘critical state theory’. The ramritical state derives from anchoring the thetrya
particular condition of the soil, called the criticsoid ratio by Casagrande in 1936. The crit&take is
the end state if the soil is deformed (shearedimoously. The neat thing about the critical statdeast
mathematically and philosophically, is that if thed-state is known it then becomes simple to coaofstr
well-behaved models. You always know where yougaieg. As a quick aside, some US workers have
referred to the end-state condition of loose sasnfdéed in rapid undrained loading as steady state.
However, there is no difference between the dédingt of steady and critical states and they refdhé
same soil behaviour. We retain the modern usageeoferm critical state throughout (interestedieza
can find a history of this subject, and detailestdssion, in Jefferies & Been, 2006).

The critical void ratio varies with stress levehdathis variation with mean effective stress,| is
denoted as the critical state locus/line (CSL)is Itommon to treat the CSL as semi-logarithmicéibr
soils:

&=/-AIn(av) 2)

in which /~and A are intrinsic soil properties. Caution is needdn looking at quoted values 4f as
both log base 10 and natural logarithms are udédural logarithms are more convenient for constieu
modelling, whereas base 10 logarithms arise whettipl experimental data. We distinguish between
the two using the notatioh and Ay, (= 2.3031). The parametef also has an associated stress level,
which isgy = 1 kPa by convention. More sophisticated repredimns of the CSL exist, but the validity
of the CSL as a frame of reference does not deparalsemi-log approximation — it is only a modgjlin
detail.

The CSL also involves continued shearing and ttesseés to cause this shearing are denoted byttbe ra
M (M= 7. wheren = oo, whereg, is the deviatoric stress invariant in the critistte and,, the
mean effective stress, with the subscript ¢ degatimearing at the critical state). The numericdli® of

M depends on the intermediate principal stress,itaisdthe value oM under triaxial compressioV,
that is taken as the soil property by conventidhe variation oM with intermediate principal stress then
becomes a feature of the constitutive model (seris & Shuttle, 2010 for further discussion).

One of the attractions of the CSL is that it isaegé deformation state, and as such is indeperafent
initial soil fabric. This leads to the great coniemnce that the CSL can be measured by testing
reconstituted samples in the laboratory.

Constitutive models for soil based on the CSL wreeloped in the mid-1960’s including Granta Gravel
Cam Clay and Modified Cam Clay. Granta Gravel @aan Clay were presented in the bddiitical
State Soil Mechanic&Schofield and Worth, 1968; downloadhdtp://www.geotechnigue.injoand there
is a widespread tendency to infer the descripticnitital state soil mechanics" implies Cam Clayaor
derivative of it. This tendency is unfortunate,adlsgood soil models adopt a CSL as their badierival
reference, but no other of the good models havedhgcular idealizations of Cam Clay. By "goodéw
mean models that predict the effect of void ratiosoil behaviour, these models having the featuag t
their properties are independent of soil density.

All these modern, good constitutive models involasticity. Plasticity is based on their being gioa in
stress space in which small changes in stressesduggoonly small, recoverable changes in sall
deformation — described by elasticity. The boupdarthe region is a yield surface and stress obsng
directed outwards from this boundary cause largecoverable deformations — ‘plastic’ strains.
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Cam Clay and its variants are based on the ide@mlizéhat the soil’s yield surface intersects thHelLC
This idealization, while simple and convenientésther necessary nor helpful in general (it isrégeson
why Cam Clay is a very poor model for sands). Btadconstitutive models do not link the yield sagfa
directly to the CSL, instead relating the yieldfage to the offset of the soil’s void ratio fromet@SL —
the ‘state parametery, defined on Figure 3. Dense soils have negafivand loose contractive soils
have positivey. Like void ratio,iis dimensionless.

The way modern models use the CSL is by making péatlonal strength or peak dilatancy a functidn o
(it does not matter greatly which approach isdieltd because dilatancy and strength are related
through stress-dilatancy behaviour; again this isaglelling detail rather than something fundaméntal
Figure 4 shows test data from some twenty sandsauiinge of fines content to illustrate the relathip
between the dilational component of strengthp and¢. On average, the simple relationship emerges:

¢Ic:¢%—50¢/ (3)

where ¢. is the maximum frictional strength in triaxial cpression andg is the critical friction angle;
both are measured in degrees @nd determined at peak strength, not the initisiditions of the test.

When this basic idea of relating soil strength/tavas suggested (Been & Jefferies, 1985) it wasghbu
that the coefficient (‘50’) in [3] was independaeriitsoil type — an enormously attractive idea. c8ithen,
with the testing of a wider range of soils and igatarly well-graded soils, it has become appatbat
greater accuracy is obtained in constitutive maniglif the coefficient is recognized as a soil @y
that is measured using drained triaxial comprestasts.

Turning to cyclic loading of soils, the same idsadaained compressive strength continues. Theakctu
cyclic behaviour depends on a strength/dilatan@t ih related directly tay through an analogous
relationship to equation [3]. It turns out thisriot so very different to the liquefaction assessnchart.
However, althoughy is known from the sample void ratio in laboratoegting, that does not work for
field application because of the effective impositjbof getting undisturbed samples of sands ailtd.s
The in situy is therefore found from penetration testing (thethndology for this is given later in the

paper).

/ Critical State Locus (CSL)

Void ratio, e

Current void ratio of the soil

Mean effective stress

Figure 3: Definition of state parametery
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Figure 4. Stress-dilatancy component of peak strgth of twenty soils in
drained triaxial compression

When using a mechanics based approach, it is peswibeliminate between the CPT evaluation
methodology and the cyclic strength assessmentvi® gpmething similar to the familiar liquefaction
assessment chart (Figure 1). We prefer to nadhdbbecause soil properties affect cyclic streragttd
penetration resistance differently, and clearereustdnding is found if these aspects are kept agpar
There are also more parameters involved than fooegent (or compressibility) and it is difficult to
develop a clear chart that captures these mulitifleences. Conversely, it is straightforwardstet up

the framework within a numerical solution schemed ahis can even be done in a spreadsheet
environment — which is the approach we have folhwe

ROLE OF PRINCIPAL STRESS ROTATION

From a purely mechanics perspective, there areohjections to characterizing the earthquake loabing
the CSR. First, characterization by the CSR ingpdidhorizontal plane controls the soil responseredse

all modern constitutive models, which are foundedaboratory element tests, are derived in terms of
stress invariants with no attribution of a coniral plane within the element. Second, the CSRules

the periodic change in principal stress directioat tactually occurs and which appears the fundaahent
driver of soil response at the micromechanicalifgta grain contact) level.

Consider an element of soil lying at some deptlowed horizontal ground surface, under geostatit (“a
rest”) conditions - the principal stresses will\matical and horizontal. Restricting our thoughigptane
strain loading, if we consider the casg 0y, theno;=c, and this can also be viewed as an angié
wherea is the angle betweem and the vertical direction. If a horizontal shetress is imposed, as say
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from a propagating shear wave in an earthquakés no longer principal since the plane it now amts
has a shear stress. Becaggseemains constant (controlled by self-weight) unctarstant K conditions,
the relationship between the shear stress on admal planey and the angle is

2, _ 2Ar,/oy)

TAN(2a) = =
(2a) o, -0, 1-(o,l0d))

(4)

If we look at the maximum values, then substitufimigT,/o,, (= CSR) in (4) shows there is a one-to-one
relationship between CSR and the magnitude of gerimtation in the principal stress direction But,
notice that the initial geostatic stress st@fés now also a factor:

2CSR

TAN(2a,) =
1-K,

()

The importance of principal stress rotation has nbessentially neglected within geotechnical
engineering. Even today, many of the advancedtitotige models for soils use changes in the stress
invariants as the basis for how they simulate cytdiading by invoking idealizations such as yield
surfaces that move in stress space rather thargicttatheir size. But, there is some forty yeat data
that indicates it is principal stress rotation tbantrols soil behaviour.

Arthur and co-workers (Arthur et al., 1979) develdm@ Directional Shear Cell (DSC, which is somewhat
like a simple shear test except that all princgiedsses are measured. Using the DSC, the prirstipas
was smoothly varied in a sine-wave at near constass ratio. The soil tested was Leighton Bukzar
sand, and it was placed dense at approximddely 90%. When this dense sand was subjected to
principal stress rotation, at near constant mafilishear stress, strains accumulated readily veitih e
loading cycle. The greater the principal stresation the greater the plastic straining inducefl.more
detailed study was reported by Wong and Arthur 6)98till using the DSC apparatus. This 1986 study
used the same Leighton Buzzard sand, but now loakddio sand densitidd, = 20% andD, = 90%.
Because the DSC could only impose rather low camdiistress (maximuroz = 20 kPa), when sheared
monotonically in plane strain with fixed principsiress direction, the loose samplg~<®.73) gave a
peak friction angle of 40° and 5° dilation. Thaske sample ¢e= 0.52) gave a peak strength of 49° and
18° dilation. Figure 5 plots the relationship bedw volumetric and shear strain for differing levef
mobilized frictiong, (i.e. the imposed ratio’y/ d'3) and different imposed rotations of principal ste It

is apparent from even casual inspection that gralctress rotation has dominated the sand’s betwavi
and that even rather small stress rotation canregppdilation. In their conclusion Wong and Arthur
(1986) stateCyclic rotation of principal stress directions iared which causes strain radically alters the
behaviour of the material from that seen in sheader constant directions of principal stress

The DSC equipment never became widely used, pgdsdaause it was never able to test at stressslevel
of practical importance. Japanese work never gedfén this regard because the hollow cylinder was
adopted from the outset, Ishihara and Towhata (1883orting on the effect of a pure cyclic rotatiah
principal stresses in drained tests on loose Tayeand at a mean effective stress of nearly 300 KRe
direction of the principal stresses was rotatedtiinaously from 0° to + 45° following a semi-circula
stress path as shown in Figure 6. That is theatlmvand mean stress were kept constant. Even lthoug
these familiar measurements of soil loading didatf@nge, principal stress rotation on its own cdwése
irrecoverable volumetric strain but its incremeraduyally decreased as the number of cycles inadease
The trend of decreasing volumetric strain increnimrh cycle to cycle is a hardening response.
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These early studies of principal stress rotatiorevarected at illustrating the importance of ttagation,

at a fundamental level, to sand behaviour (andHatr matter soil in general). There can be no tithat
principal stress rotation is fundamental from thigerimental data, since if stress invariants alsase
sufficient then any constitutive model based sotei invariants would predict essentially no stsaiim

the experiments of either Arthur et al. (1980) shithara and Towhata (1983) - contrary to what is
observed. Further experiments involving principakess rotation to begin quantifying the effect of
rotations in a range of situations have been chmig. For example, Tatsuoka et al. (1986) preaent
comprehensive set of data on Toyoura, Fuji and &grama sands in which they compare results of
hollow cylinder with cyclic triaxial tests. Sampbeeparation methods were also varied, and indilciite
substantial effect of preparation method (i.eiahioil fabric) on the results.

Despite these elegant experiments indicating thiatcipal stress direction change is an important
'loading' for soil, to date, only one constitutivedel for soils includes both a critical state feamrk and
principal stress rotation: NorSand. This modeldgv described.

OVERVIEW OF NORSAND

In choosing a constitutive model to represent saam$ silts, the goal is to predict the spectrum of
behaviours caused by changes in the soil's void wtd confining stress level. There are now sdver
such models in the literature, all of which aredshen the state parametgr NorSand (Jefferies 1993;
Jefferies and Shuttle 2002, 2005) was the firssuath models. Falling within the general framewofk o
critical state soil mechanics, NorSand is an idedlimodel in the sense that it is based on postulat
about soil behaviour rather than trying to fit tlerto experimental data. It is this idealized $akat
gives NorSand its power, since it is always coesistmechanics. NorSand’s validity derives from its
ability to simulate soil behaviour under arbitrdoading paths, after calibration of its few propestfor
the soil in question.

Critical state soil mechanics is based on two agiommich define the framework: (1) a unique CSL
exists; (2) soils move to the CSL with shear strafixiom 1 is still regarded as controversial byngo
but invariably this traces back to workers who csef what is variously called the phase transition
condition or the pseudo steady state with thecalitstate. A detailed experimental investigatiérihe
CSL was given in Been et al (1991, 1992), and whidtiresses issues of uniqueness in particular.

The key idealization introduced by NorSand is thate is a spectrum of normal compression loci (NCL
rather than a single locus that parallels the CBLut, like realizing that principal stress rotatioatters, a
spectrum of NCL's was not a new idea - Ishiharal €1.975) identified this aspect of soil behavidur
laboratory test. It is this fact that a spectrdlNGL exist that requireg/ as an index of soil state, since a
spectrum of NCL make the statement that a sdildemally consolidated' an insufficient descriptioh
the soil's condition.

Where NorSand differs from existing ‘good’ plasiycmodels for soil is that NorSand includes theeff
of principal stress rotation. Since plasticity as abstraction of the underlying micromechanical
behaviour, and grain contacts align to carry thpased principal stresses, it follows that any fotaof
the major principal stress will result in load kgimpplied at sub-optimal grain contact arrangemdéiitis
implies softening of the yield surface, as illuggthon Figure 7. The softening rule used in NodSan
that softening is directly proportional to the exttef principal stress rotation with the coeffidienf
proportionality being a material constant.
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Figure 7: NorSand yield surface softening inducedyoprincipal stress rotation

NorSand is a sparse model with just eight soil hpdeameters, all of which are dimensionless. &hre
parametersM, /, A) are used to define the critical state. Two patans are associated with plastic
hardening,xy determining the influence af on maximum dilatancy anH being the plastic hardening
modulus. Two propertied, andv, define elasticity. The last property is the pagtanZ which is the
coefficient describing the softening (shrinking)tioé yield surface caused by principal stressimtat

The hardening modulus is required as a direct apresgce of a spectrum of NCL's. Unlike Cam Clay in
which the NCL and the CSL are parallel, making pagameterl a general measure of compressibility,
decoupling the NCL from the CSL meaAso longer relates to the soil compressibility eter soil
property is needed, and thisHs However, there is a general sense thahdA are related:

l+e

oS ©)

where the proportionality in (6) depends on bgtand soil fabric (sample preparation method).

NorSand has seen progressive revisions and th@rneassed here is an extension of Jefferies & Shuttl
(2002). Further details, including proceduresdusedetermine the properties, and validation examp
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over a range of stress paths, can be found inrieffand Shuttle (2005). Using NorSand is nofaliff.
Although its equations cannot be solved in ‘closedn’, they are trivial to solve numerically - a
spreadsheet is sufficient for 'element’ tests wiiegestress or strain path is defined. This willrbe
illustrated by calibrating NorSand and then predatyclic strength behaviour.

EXAMPLE CALIBRATION
Fraser River Sand

Fraser River Sand (FRS), is an alluvial depositesfitead in the Fraser River Delta of the Lower
Mainland of British Columbia, Canada. The aredudes the city of Vancouver and is of considerable
economic importance. Lying on the west coast ofttNémerica, the area is vulnerable to earthquakes
and the FRS deposits are known to have liquefigrhst earthquakes.

Given the wide distribution of FRS in the highlyputated and seismically active area near Vancouver,
FRS has been quite well researched, and FRS si#esincluded as part of the CANadian Liquefaction
EXperiment (CANLEX) research initiative. Propestief FRS have been reported in the literature,
including contributions from Wride & Robertson (199 Chillarige et al. (1997), Konrad (1997),
Sukumaran and Ashmawy (2001), and Ghafghazi & #h(2010), among others. However, despite the
number of contributions in the literature, the mujes of FRS are not well defined. The problerthi
FRS being natural sand, with varying proportion foies, shows significant natural variation
geographically. Therefore it is necessary to testRRS gradation of interest.

The FRS gradation tested contains around 0.8% fioesent and has pand O, of 0.271mm and
0.161mmrespectively. FRS is a uniform, angular to subedargwith low to medium sphericity, medium
grained clean sand (Figure 8) with,g 0.627, g.= 0.989 andss = 2.719 (Shozen, 1991). The average
mineral composition based on a petrographic exdinimais 25% quartz, 19% feldspar, 35%
metamorphic rocks, 16% granites and 5% miscellasdetritus.

Figure 8: Microscopic picture of FRS grains
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Monotonic Calibration to Fraser River Sand
Testing program

The testing program comprised 9 drained and 7 umellatriaxial compression tests prepared using the
moist tamping technique. All tests were conduatrdamples that were 142min height and 7Inmin
diameter, and using lubricated end platens to mediiess non-uniformity. The samples were flushed
with CO, and de-aired water and back pressurised ufivalue of 0.95 or greater was obtained. They
were then consolidated and sheared until a stetadg was reached, apparent shear localisation was
observed, or the equipment limitations were meie Strain controlled shearing was applied at ateoihs
rate of 5% per hour. At the end of the shearingsphthe drainage valves were closed. The sam@e wa
then removed from the cell and the cell base, mangeand cap were dried before putting the settiray i
freezer for 24 hours. The frozen sample was tharaeted carefully to ensure no water or grainsewer
lost during the process. This technique effectivdiminated loss of water during sample extragtion
enabling accurate determination of water conterisrepeatability of 0.01 or better was obtained for
three pairs of tests that were targeted to starnhfidentical conditions. Corrections were applied
membrane penetration (Vaid and Negussey, 1984jremdbrane force (Kuerbis and Vaid, 1988).

Critical State Parameters
The stress paths of the 14 of the 16 availablgi&didests which did not include unload-reload le@re

plotted in Figure 9. This figure also indicates #tart of test, end of test, and whether the sampk
dilating, contracting, or undergoing negligible wole change at the end of the test.

1.10
: o
1.00+ \
: =
®0.90+
Re) 3
§ L
e, [ —%—A
o - —x—a
> 0.80+
: —— CSL power
r X Start of test X
0.70 _: © End of test, contracting
3 B End of test, no volume change
: A End of test, dilating
0.60 e
1 10 100 1000 10000

mean effective stresgp' (kPa)

Figure 9: Power law CSL for Fraser River Sand



5th International Conference on Earthquake Geotechital Engineering
January 2011, 10-13
Santiago, Chile
These data indicate a non-linear critical stataidom e-log(p’) space for a range of stress frooutb
10 kPa to 1000 kPa. Because reasonably good tiesobf the critical state is required at the lovean
effective stresses often measured during liqguefacfor FRS it was decided to move beyond the famil
semi-log idealization of the CSL and to adopt a @olaw for the CSL:

e.=1.09-0.05 % (7)
where gis the void ratio at the critical state.

The critical state friction ratidyl,,, where ‘tc’ refers to triaxial compression, wagadbed using Bishop’s
method (Bishop, 1971). In this approach the strasi® at peak f.x = g/p) is plotted against the
corresponding dilatancy (B = é‘v/é‘q where the subscripte and g refer to the volumetric and shear
invariants of strain respectively). Making usetloé requirement for a soil reaching peak at thecati
state to have zero dilatancy (i@, = 0) the value oM, may be obtained from the 'y intercept’. The
Bishop plot for FRS is shown in Figure 10 and gilvhs= 1.486. Note that only dilatant samples are
plotted.
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A L
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Dilatancy at peak; D i,

Figure 10: Peak triaxial stress-dilatancy §max VS. Dnin) Of FRS

Plasticity Parameters

The slope of the stress-dilatancy plot is also usetkbtermine the volumetric coupling parametérthe
slope of the line in Figure 10 being equal to {I).- This gives a value of N = 0.5807 for FRS.

The parametef; is the slope of the trend line for minimum dilatgrf= Dyeay Versus the state parameter
at peak. The determination for FRS is shown in Figure 11 anag= 3.17.
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Elasticity Parameters

Elasticity during shearing was measured using besldenents. The data was modelled using:

e (p J ®)
pref (e_emin) pref

A good fit of this elasticity idealization (Figude, previous page) to the measured data was obtaine
usingA = 416.6, g, = 0.293, andb = 0.463.

Hardening

With the basic soil properties determined as justcdbed, the hardening paramekeris found by
iterative forward modelling of entire drained trialxtests (in a spreadsheet). In this processnisial
value of H is guessed and the theoretical stress-strain bmitacomputed using NorSand. Visual
comparison of the computed and actual data leads tmproved guess fét, the process being iterate to
best align the computed and actual behaviour. &wample calibrations on completion of this iterativ
procedure are shown on Figure 13 for a loose atehae sample of FRS.
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Figure 13: Example calibrations of NorSand for FRS
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Calibration for Principal Stress Rotation in Fraser River Sand
Procedure

Soil properties do not change just because the noddeadings imposed on it are now different.
However, determining the effect of principal stresttion on soil behaviour requires laboratoryses
which principal stress is rotated. Although mugaiderstanding about the fundamental influence of
principal stress rotation has come from hollow myér tests, this equipment is too difficult anddim
consuming for engineering practice. But, the modd#gvelopment of computerized cyclic simple shear
(CSS) testing is adequate to assess the effedtirafipal stress rotation once other soil propertiase
been determined by triaxial compression testingmg@uter controlled CSS testing is now routine.

Like the calibration to drained triaxial compressidterative forward modelling is used in which the
computed behaviour is compared to the measuredvioeinaover the entire test, with model parameters
optimized to best align model with data. The pailameters already fitted using the drained trladada

are largely unchanged, ‘'largely' because elastauthdepend on fabric but the shear modulus in@8%
sample cannot be measured in the present CSS esntipming bender elements; accordingly, some
modest changes in elastic moduli are reasonablds [€aves two parameters for optimizing the fit of
NorSand to data: the initial geostatic stress r#tipand the softening parametet,

Undrained CSS loading is preferred because thmlimjeostatic stress is not measured in present CSS
equipment (at least not on a routine basis thataslable to most engineers). This makes theairstress
state in the test uncertain and leaklg®s somewhat of a ‘free’ parameter in the optindratsince there

is quite a range of plausible values (and dependmghe sample preparation method). However, the
excess pore pressure induced during liquefactiostrizngly related to the mean streks;is used to
optimize this aspect of the fit.

Testing Program

The cyclic simple shear tests on samples of FR® wadertaken at the University of British Columbia
(UBC) bhetween 2002 and 2003 as part of the ‘Eadkquinduced damage mitigation from soil
liquefaction” initiative. The testing is describéd detail in Sriskandakumar (2004). The UBC siepl
shear apparatus is of the NGI type (Bjerrum anddiian1966) and tests a cylindrical sampleni@in
diameter and about 26min height. Two relative densities were testedjll0% and about 80%. All
samples were air pluviated to about 40% relativasilg. The denser samples were then manually
tamped prior to confinement being applied. Thesstrcontrolled cyclic tests were undertaken by
enforcing a constant-volume boundary conditionpgtiad strain rates of 10% or 20% strain per hour.

Calibration

The softening parameter controls the rate at which excess pore pressuwenadates and optimizing
this parameter is straightforward. Figurel4 shéitgsachieved to two of the FRS tests, being loasé
dense samples respectively. It is unclear whefhisra soil property or something more fundamental.
We have carried out detailed calibration of NorStmthe cyclic behaviour of Nevada and Fraser River
sands. Despite being rather different soils, tgation ofZ with ¢ appears common to both, Figure 15,
with a trend that is given by:

Z =134 +93y+21y? (9)
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Figure 15: Apparent variation in principal stress rotation softening parameter Z
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Summary of FRS Calibration
The calibrated parameter sets for this FRS gradéaiprovided in Table 1.

Table 1: NorSand Calibration for Fraser River Sand

Property | value | Remark

CSL

A 1.09 CSL is a power law function

B .05 of the form

C .25 e.=A-B(p)"

Plasticity

M 1.49 Critical friction ratio

N 0.58 Volumetric coupling coefficient

H 40-550y) with Plastic hardening modulus for loading, often f(y)
min. of 40

Xic 3.17 Relates minimum dilatancy to ¢ [[J10ften taken as

3.5.

Z Eqgn (9) Calibrated using CSS

Elasticity

Iy G _ A p ) | A=416.6, €=0.293, b=0.463
Pe (6= emln)[ Dres ]

v 0.2 Poisson’s ratio, commonly 0.2 adopted
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DETERMINING THE IN SITU STATE

What has been established so far is that the CRBndis on both soil properties and the state paesmet
Of these inputs, soil properties are determinedldioratory tests on reconstituted samples as just
described. This leaves the state parameter tocasumed.

Sands and silts, the soils normally of interestlifguefaction assessment, are essentially impassbl
sample and test undisturbed — some form of inteiting must be used to determigie In the case of the
NCEER method (Youd et al, 2001) there appears ta peference for the SPT. However, the SPT is a
complex test to understand with dynamic energydessariable tip area as soil moves into the sample
and poor repeatability. These issues do not avite the static penetration soundings, and leathéo
modern electronic piezocone penetration test (CR¥Bgoming a basic reference test for assesging
in situ. But, because the CPTu measures tip eesist shear force on the friction sleeve, and paiter
pressure at the tip, the measured data must berpieted” to determingy. The interpretation
methodology has evolved over the past twenty feary.

Penetration test resistance is very dependententthss level, all other factors being equal.sThakes

the in situ stress one of the key considerations in inversiddithin North American practice, it has
become common to “correct” the measured data &ferance stress level. Correction is a misleading
word, however, as there is nothing wrong with thigioal data. What happens in the reference stress
level approach is that the measured data is mafmpadhat would have been measured at the reference
stress level if nothing else (e.g. void ratio) wehanged. We will return to this method laterjtas the
reason why the factd{; has to exist. But, the reference stress apprisaghestionable mechanics and it
is better to properly understand the nature of esponse to a penetration test before dealing tivigh
reference stress method. The relevant dimens®masmeters for the CPT are presented in Table 2.
The parameter group Q(1981 appears to be especially useful (Shuttle & @umn2007) as it unifies
both sands and silts into the same framework @ads B, = 0).

Table 2: Dimensionless parameter groupings for CPinterpretation

Dimensionless parameter Description
group
Qp = (ArPo)/pPo” Tip resistance normalized by mean stress
Q = (q-Go)l T Tip resistance normalized by vertical stress
F=fs/ (q-Go) Normalized friction ratio (usually expressed in %)
Bq = (U-Uo) / (G- Gro) Normalised excess pore pressure
Q (1-B) + 1 = (g— u)/d'vo Suggested by Houlsby (1988). Appears fundamental.

Although it may seem appealing to model the aggeaimetry of a CPT in finite element simulations] an

a few workers have attempted this (e.g. van derg B884; Yu et al. 2000; Lu et al. 2004), there are
presently difficulties with large displacement farations. The widely used approach has therefeenb

to rely on systematic calibration of the CPT ingarchambers. Although these calibrations are sand-
specific, over ten sands have now been systemgtiested with the range of soil types for elevén o
these illustrated on Figure 16 (Jefferies & Bed)& provides a useful summary of the data).
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Figure 16: Grain size distributions of soils useddr CPT calibration

Each of the tested sands in a calibration chanadear(correction for chamber boundary effects) shaw
trend in the relation between CPT measurementg/ethdt has the form:

y- ~In@Q, /k)
m

(10)

wherek ,mare soil-specific coefficients. Because matherahtor numerical modelling of the drained
penetration of the CPT is extremely difficult, etjoa (10) was proposed on dimensional grounds and
correlated to chamber test data. However, althoeghation (10) is both appealingly simple and
dimensionless (as would be expected for somethiisgd in mechanics), it was criticized on the greund
that careful examination of the chamber test dathcates substantial bias with stress level (Sladen
1989). At leask, and possiblyn, were functions of mean effective stress. Theterice of a stress level
bias is curious given the dimensionless formulatigw the time of the original work (1986-7) thexere

not theoretical methods available to go further these became available some ten years later and
showed how to proceed.

A large-scale numerical examination of equation) (@@s undertaken by Shuttle and Jefferies (1998)
using cavity expansion analysis and the NorSandeinotihis then developed into a universal framework
for evaluatingy from the CPT. An example of the results obtaingdhuttle and Jefferies is shown on
Figure 17 for a single sand (computed using prageedf Ticino sand). If Figure 17 is examined elygs

a very small curvature can be detected in the therdof the results, but this is much less tharoad
order and for all practical purposes equation (0x very good representation of CPT resistance at
constant modulus. However, if the mean stress el@mged, and all other properties kept constant,
different Q, values were computed. Changi@g such that the rati®/p, was returned to its original
value, put the computed results exactly back onpttgr trend line. The explanation here is that th
earlier work on determining the state parametemfrthe CPT missed a dimensionless group,
I, = GIp,, the soil rigidity. TheQ, vs. ¢ relation for Ticino Sand from Shuttle & Jefferiesas
subsequently independently verified by Russell &akh(2002).
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In addition toG being part of the theoretically important dimemééss groupinglr, accounting for G

also translates into better accuracy in practizaletermination Applying the NorSand cavity expansion

methodology described above, Ghafghazi & Shutt@8? found that for a database of nine soils, the

most accurate determination gfwas obtained for the three soils where G has bezasured. And the

methodologies for determiningy that account for a soil's actual properties, idahg G, do better than

those that do not (Ghafghazi & Shuttle, 2010)

The implication of this understanding of the CPT f@uefaction assessments is straightforward:
assessments requiring precision must be suppoytéa §itu measurement of the elastic shear modulus.
Penetration testing alone is not sufficient. Foately, this requirement is not onerous and inv®lvging

a seismic cone for at least a few of the soundingmy CPT investigation. Alternatively, cross-alr
downhole seismic survey can be made in the invat#big borings. Figure 18 shows how the CPT
coefficient in (10) maps with elastic shear rigidit (= Ga/p’)-

In order to evaluate the effect of soil properiiesddition to rigidity on the penetration resistanthe
simulations of Shuttle and Jefferies were extentdeeixamine separately the effect of soil properties
the penetration resistance. In addition to theafdf rigidity, it was found that both intercédpand slope
m were strong functions of the plastic hardening uhosiH, as well as the critical friction ratid. There
was a much weaker influence Nfand the soil compressibility. Poisson’s ratio had essentially no
effect. To determine the most accurate interpietaif the CPT in any soil, the methodology outtir®y
Shuttle and Jefferies requires detailed numerigaligtions to ascertain the values lofand m as a
function of rigidity and soil properties. This figirly time consuming. However, Shuttle and Jeffsr
offered an approximate general inversion obtainefitting trend lines to the computed results:

k= (i G/p) f(M) fs(N) fu(H) fs(A) fo(1))1-45 (11a)
m= 1.45f;( G/p) fg(M) fo(N) fio(H) f11(A) f1o V) (11b)

where the fitted functions f f;, are given on Table3.

Table 3: Approximate expressions for general invese form ¢=f(Q,)

Function Approximation

f1 (G/po) 3.79 + 1.12 In(G/p")
f, (M) 1+1.06 (M—1.25)
f2(N) 1-0.30(N-0.2)
f, (H) (H/100)%3%°
f5 (1) 1-1.55(1-0.01)
fe (V) Unity

f7 (G/po) 1.04 + 0.46 In(G/p’)
fs (M) 1-0.40 (M- 1.25)
fo (N) 1-0.30 (N-0.2)
f10 (H) (H/100)°*
f11 (A) 1-221(A-0.01)

f12 (V) Unity
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The performance of the proposed general inversias werified by taking 10 sets of randomly generated
soil properties/states and computing @gevalue using the full numerical procedure. This patedQ,
was then input to the general inversion to recdher estimated value of. The proposed general
inversion recoverg/with an accuracy diy =+ 0.02.

What about silts? Recall that an issue with th&EER method is its treatment of 'fines' as the amdigx

of soil behaviour. Use of the CPT in siltier sdisinterpret soil type is not uncommon in therhtere
(e.g. East et al 1988; Dasenbrock 2005; Yafrate adbng 2005), but such work has concentrated on
silty sands (typically less than 20% silt). Eve®d5% silt, problems have been noted with thadsed
liquefaction assessment approach (e.g. Carrarb 20@5). Quantitative evaluation of CPT datarimet

silt is rarer, typically relying on the use of s@igecific correlations (e.g. East et al. 1988; kbal. 1991)
and an appropriate framework for such correlatimaunclear. Moreover, to date, CPT chamber
calibration tests have not been undertaken usihgasid correspondingly there are no directly meagu
empirical behaviour trends to underpin a methodglog

Some initial steps for evaluating the CPT in s#iing an effective stress approach have been pezsbgpt
Been et al. (1988), Plewes et al. (1992) and BeehJefferies (1992), but these methods are vechmu
first approximations and indeed might be arguedpeulative. On a theoretical level, effectiveessr
solutions for undrained CPT soundings have beewigied by Cao et al. (2001) and Chang et al. (2001)
using the Modified Cam Clay model. However, MaglifiCam Clay is not an appropriate model for silt
as it cannot dilate properly with dense soils risplay liquefaction behaviour in loose soils.
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Figure 19: Normalized results of numerical simulatbns (all 36 simulation results plotted)
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An effective stress CPT approach using the NorSzmtitutive model was developed by Shuttle &
Cunning (2007) for application to tailings with higilt content; this work was an extension of Sbut
Jefferies described above, with similar idealizati@nd so forth. Just as with sands, Norsand itiad f

to measured silt behaviour in the triaxial compi@sgest and then used in a cavity expansion model.
The difference for the silts was that the simuladiavere made undrained. The results are shown on
Figure 19 for the calibration to silt-sized tailsndrom the Faro mine (Yukon, Canada). Houlsby's
expectation of normalized behaviour is a remarkéibte the results.

Work remains to link the silt and sand evaluation® a completely general method, presumably
involving hydraulic conductivity as a further parater. Equally, running the large displacementtdini
element model is quick and it is straightforwarccteate soil-specific CPT evaluation parameterbat T
is the state of our current work.

UNDERSTANDING CYCLIC MOBILITY
The Physics

The nature of cyclic mobility is evident from thenosputed behaviour illustrated on Figure 14. Bo#sth
samples were dense of the CSL, so that althougitipél stress rotation causes softening of thedyiel
surface and concurrent compressive volumetriciplagtain, for the soil to achieve a failure stiteas to
dilate at some point. The amount of dilation regkdepends on the CSR. So, a balance develops in t
soil with "butterfly" like stress paths and a softey in shear stiffness.

Of course, this cyclic mobility is generally onlyogsible if the soil is dense of the CSL, with
correspondingly negative values gf The exception is very low CSR where the pealaskeess is
within the residual strength of even very loosé, swid in this case essentially elastic behavioisea. It
follows from this that the first step in any ligaefion assessment is to determine if the soil iestjan
has negativgy. That step is missing in the NCEER method, bueihains fundamental. The 'CPT +
Gmax procedure outlined should be used, and this piurechas the additional merit of working for the
spectrum of liquefiable soils of pure silts (oftencountered as mine tailings) through typical hetac
silty sands to the clean sands found with hydrdillg

Once it is established that a soil has negaifvehen its available cyclic 'strength' can be dised.
However, strength is in many ways misleading. Whaseen in both the test data and the numerical
simulations is that the soil softens - deformatiatiisdepend on the extent that the “load followse soil”

and on the duration of the load cyclic. What islaar in the NCEER approach is the tacit defornmatio
limits in the field data - depending on the sitaatithe inferred strength could be useful or mudileg.

In all likelihood, it is deformations that mattardathese are not dealt with in the NCEER metholdat Ts
one utility of a calibrated model like NorSand isittapable of providing deformation simulations.

Mechanics vs Field Experience

Although the original work in evaluating the cadsttry experience of liquefaction was based on the
SPT, the many deficiencies of the SPT are widelgwkn and several workers developed comparable
liquefaction assessment charts to Figure 1 usiegQRT as the input information. This effort stdrte

some twenty years ago with Robertson and Campafi€lgb) and continued with contributions by Seed
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and de Alba (1986), Olsen (1988), Olsen and Mald888), Shibata and Teparaska (1988), Suzuki et al.
(1995), Stark and Olson (1995), Olsen and Koe4®9%), and Robertson and Wride (1998).

To clarify the situation from the case-history datehas been sorted to include only case histowiéls
sands having less than 5% fines. Plausibly, thited sub-set of the case histories should haveahas
restricted range of properties and reasonable 8gedr properties can be estimatdd.(= 1.25,
A10=0.05,y= 3.5,1,= 600). These case histories also had ratheritetimange of initiain situ vertical
effective stress, in the order af,,= 100 kPa, and so it is reasonable to accept fon thatQ = g.;n. The
individual Q values can then be mappedgousing the estimated average material propertiegcfwgive
CPT coefficientk = 31.5,m = 9.4). Making the one further assumption thag¢@resentative stress ratio
is Ko= 0.7 provides a relationship betweeRRand ¢ from the field case history data: Figure 20. Fégu
20 has similarities to the original NCEER form (lig 1) but is now transformed to something
approaching a proper representation of that casteriiiexperience based on mechanics (‘approaching'
because each case history should have its own neeapuoperties to obtain a fully mechanics-based
figure).

0.5
- Case history data adjusted to M7.5 equivalent
- Numerical simulations for 5% double amplitude strain in 15 cycles
e
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Figure 20: Field case history data on liquefactioexpressed in terms ofy

The calibration of NorSand to Fraser River Sandiesn illustrated. This calibration can then bedu®
systematically simulate how changiggaffects the available cyclic strength. In doihdgsta criterion
defining the strains or pore pressures associaiéd 'sirength’ is needed. Here we adopt a double
amplitude shear strain of 5%. Likewise, it is reszgy to choose a reference number of stress cycles
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Here we have chosen the strength mobilized inefiftaniform cycles of stress variation. The resaits
shown on Figure 20 and compared to experience fin@encase history record.

Looking at Figure 20, it is readily apparent thiag tcyclic NorSand simulations are under-predicting
strength for lightly dilatant states. It is unaleahether this is caused by the CSS tests used for
calibration or by the mis-match between the 'stit@ngriterion used for the case-histories and the
simulations. On the other hand, the computed hebais based on model self-consistently derivexdnfr
simple postulated physics and this degree of medcitd even be viewed as remarkable. And thereeis t
possibility that Fraser River sand is unusually kvea

In the end though, what matters is getting the &aork right. And it is evident from Figure 20, whe
considered in light of the calibrations to simplemsent tests presented earlier, that setting tise ca
history data directly against the characteristicitu state parameter is the correct way to capfulie
scale experience. The best-fit to the case histata on Figure 20 is the simple equation:

CRR = 0.0%xp(-11¢) (12)

where CRR is the conventional available strenggressed as the cyclic resistance ratio analogaasly
the CSR. An important attraction of this equati®rthat there is no adjustment for stress levelired
when using the strength.

Insight from Mechanics: K

There is much confusion within Youd et al (2001¢othe nature ok, and how it may vary. In fact, this

is a very easy topic to deal with using simple namits. Recall the elegant experiments discussdidrea
that demonstrate it is principal stress rotaticat dontrols (or at least dominates) the respons®itd to
cyclic loading. The relationship between sheaesstron a horizontal plane and the principal stress
direction, equation (4), is now written to breale thorizontal shear stress into cyclic and statas bi
componentst.,. ants, respectively:

2(Tcyc/a\,/ + Z-st/a-\’/)

TAN(2a) =
() 1-(o, o))

(13)

The effect of static bias on the rotation of prpadistress is illustrated on Figure 21 for a CSRE5 an
analogous static bias ratio of 0.1, dfg= 0.5. It can be seen that although the direatiotihne principal
stress changes, the magnitude of the cyclic varidd unchanged by static bias. Given that ityidic
rotation of principal stress that drives soil bebay, it follows that K,=1 under all circumstances.

Insight from Mechanics K

The NCEER method is based on normalizing the patietr resistance to that which would have been
measured for the soil at the same void ratio bat stress level ofy, = 100 kPa. This automatically then
requires a compensating adjustment to map there@dearyclic strength back to the actual stress lavel
the soil,K,. Like other aspects of the NCEER approach, thtofa¢; was estimated from soil testing
associated with various case histories and, astrilted on Figure 22, there is a wide range oftseand

an equally wide range of recommendations as to lKgehanges with soil conditions. Frequently density
itself is cited as a parameter with differéft being suggested depending on the initial relatiepsity.
These suggestions cannot be substantiated by atidms.
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Figure 21: Effect of static bias on principal stres rotation
12 - L4 ksig-asf.grf OLSEN 09/21/98
1.4 3
1.0
0.9 4
0.8 f=0.9
3 A
0.7 1/\?'@//{%////;{////// A
<) ] s
X 0.6 Z////%f%///% Byrne&H f=0.8
] i Cle. arder 19
0 x & Mg, sand T
5 3 v G
; Bk o o 105 Fancs)
0.4 2 & eed&,i (Olsen, 1984)
3 %r;};—- f=0.6
0.3 3 20 _o5
0.2 _f A pluvAialed clean sands and silty sands f=0.4
3 ® undisturbed silty sands and sandy silts _ 'Q b 4
0.1 —: X moist-tamped gravels Ko= (0")
5 T Olsen, 1984
B U S ——
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Vertical effective stress (atm units, e.g. tsf)

Figure 22: lllustration of the range of opinion abait K 4

(after Hynes & Olsen, 1999)



5th International Conference on Earthquake Geotechital Engineering
January 2011, 10-13
Santiago, Chile

With the understanding from laboratory tests thatstanty implies constan€RRfor constant intrinsic
soil properties (and in particular fabric), we aalculate just how, should vary. Recall thaf, was
intended to allow for then situ stress conditions assuming that soil density resnainchanged. A
constant density requirement implies progressivelhanging ¢ as the confining stress changes.
Equation (12) is the best-fit f@RRbased on the sorted field data and can be usedmputeK, as a
function of stress level and soil properties. Fé&gR3 shows values #f; as a function of the slope of the
critical state lined (which is the soil property that determines hgwaries with stress level for constant
density). It is readily apparent that Figure 2aiglausible explanation of Figure 22 - 'plausibktause
the soil compressibility associated with the vasialata points in Figure 22 is not reported and afgpe
unmeasured.

What is more important, however, is the simpliagtytained if the entire adjustment of the penetratio
resistance to a reference stress level is abanddheduation (12) is used as it is, and/ifs determined
using the combination of CPT and in si. as presented earlier, then the needKgrvanishes.
Liguefaction assessment becomes a whole lot sinaglevell as being based on measured soil properties
rather than geologically-based speculation.

12

Slope of the CSL when approximated as
14 semi-log relationship, Ao

0.8 4
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0.6 1 \

gma
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041 o \

0.2 4
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Figure 23: Computed K; based on soil properties

CONCLUSION

The nature of the NCEER method for assessing sistamce to cyclic mobility has been discussed from
a standpoint of consistent applied mechanics.omRhis perspective the NCEER method has two basic
flaws: (i) Soil properties are neglected; and (iere is no mechanistic basis for the proposed
extrapolations.
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However, an important feature of the NCEER methsothat it is anchored to a now considerable body of
case-history experience. But that does not megmeers should, or have to, accept the proposdd bas
for how that experience is used. As illustratedhis paper, if a proper framework of applied medbs

is used based on the state paramefgerthe same case-history data is honoured but gmel$rwithin it
now become far simpler to understand. Necessdhiy,means a few soil properties must be measured,
but that can hardly be seen as onerous given thke st $ involved with liquefaction failures and
remediation to prevent them.
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