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ABSTRACT

Soil liquefactionposesa major threat to human life and propefgttiement following liquefaction

has been one of the major sources of liquefagtidnceddamage in past earthquakesl creating
resilient infrastructure requires mettsdo predict this settlement for various types of soil and site
conditions. Empirical method are commonly utilizedn practiceto evaluate settlements.
However, thesemethodshave someinherent limitations that might hinder the accuracy of
settlement prdictions for specific soils and site conditiodumerical models arermay be wsed

to predict postiquefaction responses of soil while accounting for the complexities encountered in
the field such as variable stratigraphy, partial drainage, anessodture interactionln order to

have confidence in the results of these numerical models, they must first be validated using results
from physical models or wetlocumented case histories. Another important factor in evaluating
liquefactionrinduced damagis the effect of spatial variability in soil propertiddany previous
studies have focused on the responsesaf layers with uniform properties, but this is a
simplification of thetrue variability encountered in the fielld is notwell-understood how spatial
variability in soil properties affects reconsolidation settlements, more irdepth assessment is
required.The primary motivation for this studyas to improve the existing numerical protocols

for liquefaction modeling in @ler to accurately predict observed liquefaction responses for a range
of soil typesand explore important factors that influence the magnitude and distribution of
reconsolidation settlemen®revious studies in this area have primarily focused on a sitgler

a single type of soil. This precludes the ability to examine how soil type influences settlement
patterns or to assess whether a numerical protocol can predict accurate settlements under various
loading pathsThis study fills this gap by applying single numerical protocothe numerical

platform Fast LagrangianAnalysis of Continua, FLAC,and constitutive model PM4Santb

Xvii



model both excess pore pressure generation and dissipation for three types of problems (uniform
centrifuge and shake tablests, centrifuge tests with a retaining wall, and a spatially variable field
site) with six different types of soilhe necessity of segpecific calibration of podtquefaction
stiffness for reliable estimation of reconsolidation stramsvestigatel. The importance of using

an excess pore pressuiaio-dependent hydraulic conductivity to accurately model the pore
pressure generation and dissipation patterns is analyzed. A new relationship between increase in
hydraulic conductivity due to liquefaoth and grain size diameter is propobaded on the results

from this study and previous resear@ime importance of accurate estimation of relative density

for reliable numerical predictions of pdgjuefaction responses is alswestigated. Overalthe
displacementand settlementgredicted by the numerical framework used in this studyahen
50-200% of the corresponding experimental valathough this level of agreement can likely be
improved through calibration of Hotdynamic and reconsolidation propertidhis level of
uncertaintyis similar to thosebserved for other liquefaction problems by previous researchers,
such as laterapreadinglisplacements observed in pestrthquake reconnaissaraelcentrifuge

tess, and fredield settlements observed in numerical studied comparisons with empirical
relationships irChristchurchFinally, the numerical methodology developed in this study is used

to model a spatially variable soil depoBibm Hollywood, South Ceblina. The ability of the
numerical framework in capturing the physical mechanisms involved in such a problem is
investigatedThe effects of various soil properties and input motion parameters on reconsolidation

settlement arevaluated.
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CHAPTER 1: INTRO DUCTION

1.1 HQUEFACTION BACKGROUND

Liquefaction is a complex and important phenomenon in geotechnical earthquake engineering that
occurs as a result of cyclic loading, such as an earthquake and can lead to a complete loss in soil
strength causing it to bave like a fluid1]. Liquefaction occurs when excess pore pressures are
generated in solils, resulting in simultaneous reduction in effective stress and soil stiffness. For
gently sloping ground conditions, liquefaction can cause a liquefied soiltonass/e downslope,

(i.e., lateral spreading). Lateral spreads can extend over very large areas and can lead to
catastrophic damage to structures and foundations. Even feglewgld conditions, liquefaction

can result idarge volumetric strains and Hetnents ashe excess pore pressures dissipate due to
outflow of pore water from the liquefied mass. This gmgiefaction soil settlement is often
referred to as reconsolidation settlement. Settlement can cause cracks in overlying structures and
can eve cause them to tilt or collapgg 3]. Liquefaction research began in earnest following the
earthquakes of Alask&, 9.2) and NiigataNls 7.5) in 1964, where liquefactieinduced damage

like slope failures, bridge failures and floatation of buried stines took place on a large scgle

6]. Consequently, extensive liquefaction studieeg., 57] have been undertaken across the world

to understand its causés,better understand the mechanisms that govern liquefaatidralso to

guantify its effecton the basis of various parameters.

Many researchers have reported the occurrence of liquefaction during recent earthquakes.
Soga[8] reported severe liquefaction of loose fill materials, accompanied by ground settlements
of 20i50 cm and lateral spreadirf the range 2 m in the port and harbor regions of Kobe

following the 1995 Kobe earthquake. During the 2001 Bhuj earthquake inwestern India,



Rajendran et a[9] observed widespread liquefaction, giving rise to craters, lateral spreading that
cawsed damages to underground pipes and systems. Wakamatsu[&t ialiestigated the
liquefaction induced catastrophe (tilting of structures, ground settlement as high as 50 cm) caused
by the Chuetsu earthquake (2004) all across the alluvial plains ohih@n® River. During the
20102011 Christchurch earthquakes, Cubrinovski ef{H] reported severe manifestation of
liquefaction in the suburbs of Christchurch and its central business district. FHubestrates

some of the liquefaction induced dages observed during the 1964 Niigata earthquake and the
2011 Christchurch earthquake. Liquefactinduced damages had also been reported during the
2010 Haiti earthquake [112018 Indonesia earthquaKi?], the 2019 Greece earthqudk8], and

the 2020Croatia earthquakid 4].

1.2 HQUEFACTION TRIGGERINGCRITERIA

Liguefaction commonly occurs in saturated, loose, sandy soil depositsplékiit and
cohesionless coarse silts that have a bulky particle shape are also susceptible to lig{&5hction
Liguefaction has also been observed for gray&8§, especially, Wen excess pore pressure
dissipation is impeded due to the presence of thin impermeable layers that result in undrained
conditions. The liquefaction susceptibility of a soil decreases with an increase in relative density
(Dr), fines content, and plasticitf fines and it increases with an increase in confining pressure.
Cohesive soils are still susceptible to strength loss due to cyclic Idaduig], but this is not the

focus of this dissertation.

Several definitions have been used in the past to quantify liquefaction triggering. The onset
of liquefaction is commonly defined through the magnitude of excess pore pressure, raticch

is the ratio of excess pore pressure to the initial vertiéat®fe stress. Ay of 1, corresponding



to a zero effective stress condition, is often defined as the criterion that governs the onset of
liquefaction[20]. However, Ishihar§l5] suggested that liquefaction can occuratalues less
than 1, such as isilty sands or sandy silts wharevalues often level out at 0®95. Moreover,
ary value of 1 is not achieved in various other situations such as in dense clean sands and/or for

sloping ground condition@1].

Figure 1-1: (a) Liquefactioninduced foundation failure of Kawagistiho apartment buildings
during the 1964 Niigata earthquake (Source: Krdi2@)) and (b) consequences of liquefaction
following the 2011 Christchurch earthquake in New Zealand (Sowrge..geotech.h



http://www.geotech.hr/

The strainbased criterion to define liquefaction triggering has gained more popularity in
recent liquefaction studige.g., B, 21, 23]. The cyclic strairbased laboratory tests performed by
Ladd et al.[23] resulted in the conclusion that excess poessures do not buHdp below a
threshold cyclic shear strain of 0.01%. This threshold value was also reported to be independent
of Dr and confining pressure but dependent on the overconsolidation ratio (OCR). The strain level
corresponding to the occurrence of zero effective stressX), has been investigated based on
laboratory tests like cyclic triaxial (CTX) test or cyclic dirsognple shear (DSS) test. Seed and
Lee[20] considered a double amplitude (DA) shear strain of 20% as the liquefaction triggering
criterion based on CTX tests. Subsequently, liquefaction triggering criteria of 5% DA shear strain
based on CTX tests and 6%ABhear strain based on DSS tests were suggested by Idiiblara
and Wu et al[21], respectively. Figure-2 shows some of the stressain and pore pressure

responses due to loading in a cyclic DSS test.

Liguefaction triggering criteria have also besafined using sem@mpirical correlations
[e.g., 24-26]. These criteria use data fromsiiu field tests like standard penetration tests (SPTSs)
and cone penetration tests (CPTs) to develop charts that can be used to predict liquefaction
occurrence basedchasoil penetration resistances and earthquake magnitudes. These correlations
consider data from sites where earthquake events have occurred in the past and liquefaction

may/may not have been reported.
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Figure 1-2: Typical stressstrain and pore pressure responses observed during a cyclic direct
simple shear loadin@7]: (a) shear stress versus shear strain response, variatiorn o) (c)
shear strain with number of loading cycles.

1.3ASSESSMENT ORIQUEFACTION-INDUCED SETTLEMENTS

Several empirical models have been developed tkat laboratory experiments and field
observations to estimate liquefactimluced settlemestin the fredield [e.g., B-34]. These
models oftemely onSPTs or CPTs and use estimates of earthgaédesityto predict volumetric
strain (and, therefore settlementsjithin a soil profile. However, most of these simplified
empirical modelgxhibit distinctlimitations. For example, settlements preeéusing procedures
proposed byshihara and Yoshimine @ or Zhang et al.31] are often conservative for saturated
soil layers in deposits that do not reach initial liquefadtB®wh. Moreover, these empirical models

cannot take into account the effeof patial saturationor partial drainagg36], thin layers and
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lenseq37], nonliquefiable crust [38, 39] or soil fabric and aging40, 41]. These models also
cannot take into account the effects of stilicture or soifoundation interactions and they do
not have the ability to incorporate spatially variable soil properties. Figixallastrates the
popular empirical framework by Ishihara and Yoshin{2®] that estimates the pekfjuefaction

volumetric strain based upon the maximum shear strain developed during shaking.

5 T l T l 1
i D, = 40% ]

4 -
2 | D, = 50%|
=
o -
3 D= 60%
w
" i
= D.=70%
[T) =
g D,=80%
§ D.=90%]

1 —

0 | 1

0 5 10 15

Maximum Shear Strain (%)

Figure 1-3: Ishihara and Yoshiming9] correlation between volumetric stain and maximum
shear strain at various relative densities.

Experiments like centrifuge tedes.g., £, 43] and shake table te§esg., 4] are often used
to physically model liquefaction in a geosystem. These experiments can incorporate some of the
complexities encountered in the field such as sloping groundtomrs]isoil heterogeneity, seil
structure interaction to list a few. Fully transient earthquake motions can also be applied through
a mechanical shaker that is commonly connected to the appatatisfuge experimentare

conducted under an acceleratifbeld thatis several times larger than the acceleration due to



gravity @). This enabls the use of a smaticale model to represent a fatlale prototype
geotechnical system whose dimensiares scaled down as per relevant centrifuge scaling laws
[45]. Shake table tests, on the other hand, are conducteflaatcéleration field. The prototype
geometry is often modeled at a smaller scale in shake table tests, whereby, the model parameters

are scaled using relevant scaling lasisch as those proposikylai et al.[46]. Figure 14 shows

a typical centrifuge and a shake table apparatus.

Figure 1-4: (a) Centrifuge apparatus at Rensselaer Polytechnic Institute (Source: H4'4) al.
and (b) a shake table apparatus (Source: Srilatha[é8Fl.

Numerical modelfiave some advantages over empirical models as they can more directly
examine the effects of topographeterogeneous soil conditiorayd structural and foundation
interadions on liquefactiorinduced deformationg49-53]. Numerical models have their
advantages over laboratory experiments as they are quicker and often cheaper to perform.
However, proper validation of numerical models to laboratory experirpeitss0, 54] and field

case historiepe.g.,55, 56] is essential to be able to use them for liquefaction assessment.

The effectiveness of a numerical framework in modeling soil liquefaction depends on the

efficacy of the stresstrain constitutive relationship beimgnployed to model the soMultiple
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constitutive models are available that can be calibrated to simulate the triggering of liquefaction
and deformations during cyclic loading, suchUCSAND [57], PM4Sand58], WANG2D[59],
PDMYO02 [60], and modified Manzari andDafalias[61]. However, many constitutive models
underpredict the volumetric strains (and therefore settlements) associated with reconsolidation of
liquefied soils by an order of magnitude due to their inability to model sedimensatibajecta

[54, 62, 63]. Ziotopoulou and Boulanger 26 proposed a phenomenological approach to capture
volumetric strains during reconsolidation by reducing the elastic modulus of the soil following
seismic loading to increase volumetric strains. Themtagde of this reduction was calibrated
based on the empirical relationships developed by Ishihara and Yos@8jite predict the post
liquefaction settlemerand incorporated into the PM4Sand constitutive mfi&#}l It is unclear if

this single calibation is applicable to all soils and loading conditions or not. This approach has
been used to successfully evaluate reconsolidation settlements for several case [Bisto1@s

64], but uncertainty in both the numerical modeling and field obsengtimakes it difficult to

draw conclusions regarding model validation or calibration from these comparisons. Moreover,
multi-directional seismic loading that takes place in field is not replicated in 2D numerical models.
This might result inconsiderablaunderprediction of reconsolidation settlemgb]. Carefully
controlled physical models, such as centrifuge and shaking table tests, can be used to both validate
procedures for adjusting pesthaking compressibility in constitutive models and to examine

wheter a single calibration is sufficient for all soils.

1.4 SPATI AL VARI ABILITY

Mo s t of -otihreacdst @tee | i quefacti on assessment pr
frameworks and | aboratory experiments, consi deé
However, in most cases a soebudewoshtthe phept
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COVw defined as t heevriaattiioono fo ft hteh es tfal nudcét eudatt d e

function, is also commonl[y.used i n geotechnic

Therefore, it is Iimportant to incorporate
in order to produceespansaabferprnefii etdophehno
Empi r i ¢ adwingrio tdeer bnedjmensional (1D) formulation necessarily treat the soil as
laterally homogeneoudt is also extremely difficult to model the-gitu field variability in
laboratory &periments. Numerical models, on the other hand, can incorporate this variability using
data from soil exploration tests. Penetration resistance data from SPT or CPT tests are used in the
random field modeling framework to produce soil models with ge@atpertiege.g., ®, 75].

These geospatial properties may be used in numerical models to conduct liquefaction assessment
and predict posliquefaction responses such as excess pore pressures, lateral spreading, and
reconsolidation settlementhe effets of spatial variability in soil propertiésivebeentaken into

account by using numerical modégésg., B, 77], but these models are not commonly used in

practice

1.5PM4SAND: BRIEFINTRODUCTION

This study utilize$M4Sand Version 3.ormulation and implementation describedioulanger
and Ziotopouloy58], compiled for FLAC 8.0 in 201 7pr the numerical simulations. PM4Sand
is anonlinear constitutive model which was specifically develdpadodel the behavior of sands
and nonplastic siltsin earthquake engineeringoblens. It is a stressatio controlled, critical
state compatible, boundirgurface plasticity model, based on the plasticity model initially
developed byDafalias and Manzalfi78] and described in detail Byoulanger and Ziotopoulou

[58]. It is cast in terms of relative stade(i.e. the difference between the relative denBityand
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the relative density at critical stal® s for the current confining pressure), such that the soil
properties can change during the simulation as a function of the change in statkeafges in

mean effective stress and/or void ratd)schematic of some of the essential features of the model

are outlined in Figure-5.
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Figure 1-5: Schematic of the rotated dilatancy line added to PM4Sand along with the yield,
critical, dilatancy and bounding lines irpgspace (Source: Boulanger and ZiotopoU&a]).
Relative location of dilatancy and boung lines corresponds to dersEcritical states of stress.

The model has three primary input parameters, 21 secondary parameters, and two flags.
The primary PM4Sand model parameters @rethe contractionrate parametehny,, and shear
modulus coefficient(Go). Table :1 highlights some of the parameters that are commonly
calibrated to matcthe responsa specific soilThe model was developed such that it can be used
with only the three primary parameters, while all secondargrpaters have been calibrated by
the developers to reasonably approximate the range of behaviors exhibited by the broader body of
data on clean sands. The secondary parameters can be modified to better capture observed

behaviors when laboratory test or asther data are available. The parameters controlling the
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reconsolidation response (volumetric strain and, therefore, reconsolidation settlement) in
PM4Sand ar&edminandpsed,o These adjust the peshaking modulus in a liquefied soilaascount
for the effects of sedimentatid62, 63]. The values Ofsedminand psed,0o are calibrated to the

Ishihara and Yoshiming9] framework as described in the PM4Sand mafagil

Table 1-1: PM4Sand parameters that are commonly calibrated to &pgails.

Parameter Comments
Apparent relative density: Primary variable controlling dilatancy and strassin
O response characteristics
Shear modulus coefficientPrimary variable controlling the small strain shear
Go modulus,Gmax
Contraction rate parameter: Primary variable that adjusts contraction rates and he
hpo can be adjusted to obtain a target cyclic resistance ratio. Commonly calibrated
approximate the strength degradation during sttaintrolled loading.
€max Maximum void ratio: Default value is 0.8.
€min Minimum void ratio: Default valueds 0.5.
Dial controlling bounding ratio 4 4 m ® = 1K, dPefault value is 0.5Qchosen
in order to honor B o lCQordrolsiddatairy viaamdahoscals
nb the peak effective friction angles. If modified, it controls gtoigfgering strain
accumulation for undrained loading.
U %v Critical state friction angle: Default value is 33.

1.6 FLAC: BRIEFINTRODUCTION

FLAC 8.0 [79] is a twedimensional(2D) explicit finite difference program for engineering

mechanics computations. The program simulates the behavior of structures built of soil, rock or
other materials that may undergo plastic flow when their yield limits are reached. Materials are
representetly zones, or elements, which form a grid that is adjusted by the user to fit the shape of

the structure to be modeleldternally, FLAC divides each useefined quadrilateral zone into

12



two sets of overlaid constastrain trianglesEach element behavescording to a prescribed
linear or nonlinear stress/strain law in response to the applied forces or boundary reatraints.
each node of the zones the force vector is the mean force exerted by the overlaid trigimgles.
explicit, Lagrangian calculation scheme and the mutisdretization zoning technique used in
FLAC ensure that plastic collapse and flow are modeled accurately. The explicit formulation of
the program requires a small dynamic tistep be used to em® an accurate solutioRLAC can

simulate coupled hydrmechanical response which is critical for liquefaction modeling.

FLAC solves the full dynamic equations of motion for each zone and follows an explicit
integration scheme: the equations of motiorm &rst invoked to derive new velocities and
displacements from stresses and forces. Then, strain rates are derived from velocities, and new
stresses from strain rates. It takes one time step for every cycle around the loop. That time step is
small enoughoften an order of 1®s) that information cannot physically pass from one element
to another in that interval and this way the computational information is always ahead from the
physical information. No iteration process is necessary when computingestfesm strains in
an element, even if the constitutive law is wildly nonlinear (as is the case with PM4Sand). A
disadvantage of the explicit method is the small i8t&p, which means that large numbers of
steps must be taken, and thus long computatitumed is required for an analysiBigure 16

illustrates lateral displacement contours obtained from a typical numerical model in FLAC.
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Figure 1-6: FLAC model to monitor horizontal displacements in a sand deposit retained by a
sheetpile wall structure

1.7REASONSNG BEHIND CHOICE OF FLAC AND PM4SAND

FLAC being an explicit finite difference numerical code has its own advantages over finite element
codes whicloftenusean implicit schemeThe explicit nature of FLAC allowfr a noniterative
calculation schemateach element in the model at everydstep. This means that the responses
at an element do not depend on the responses of the surrounding et¢raeeryg stepl his might

seem contradictory to the actual mechanisms that are in action in a physical, $ystéme
timestep selected is smahoughthat no information can ggphysically transmitted across the
elements within that small amount of tinTéis means that the computational wave speed is faster
than the physical wave speexhd over several timesteps the disturbances in an elemeit w
propagate to the surrounding elements as would be expected physitalglementevel
stiffness matrices need not be convertead global stiffness matxi at each timestem FLAC
unlikein finite element programs. This makes FLAGMputationally faster at each timestem
requires less memaroreover, since global stiffness matrices are not required in FLAC, it is a
trivial task to update thcoordinates of the numerical grid at each timestep. This allows the usage

of the Lagragian scheme in FLAC where the grid moves and deforms with the material it
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representsFLAC also requires lesser computational effort in solving nonlinear, large strain

problems than finite element programs.

PM4Sand presents its advantages over many otimstitutive models on sand owing to
its kinematic hardening formulatioralong with bounding surfacevhich capture the lpstic
responsef cyclically loadediquefiable sand welllt is also a stresgatio controlled model which
means that the deviator fseis normalized with respect to mean effective sttessmaking it
convenient to compare the current stress state with the yield and failure suialcesetric
strains that develop during pestaking reconsolidation of sand are difficultmodel using the
traditional constitutive approach of separating them into elastic and plastic components since a
large portion of these reconsolidation strains are due to sedimentation effects which are not easy
to incorporate in either the elastic or plastrain componentf2, 63]. Most of the traditional
constitutive models underpredict the reconsolidation strains observed in experiments by an order
of magnitude due to their inability to capture sedimentation strainBM4Sand a pragmatic
approach bpostshaking modulreductionis used thereby compensating for the sedimentation
strains that are not explicitly modelékhis approactenablesa much moreeasonald prediction

of volumetric strains as compared to many other constitutive frameworks.

The numerical simulations described in this study were performed uwsimggh
performance workstation withtwont el E XeonE s@oltdh BWBEO® cBRE s
The RAM capacity of this computer was 128 GB.

bet ween 4 to 8pbouithelde® emedsmgand per meabil ity
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18 2D VERSUS 3D NUMERICAL MODELING APPROACH: ADVANTAGES AND

LIMITATIONS

In this study, the geosystems are modeled using a 2D approximation of soil profiles from
experiments or from the field. This approaciheasonablén case of planatrain conditions [8]
where there isi0 significantasymmetry in model geometry or boungdaonditions in the cross
lateral perpendicular oubf-plane) directionTherefore, 2D numerical modelingappropriaten
case of soil deposits with consideration of uniftyrdistributedpropertiesuch as those described
in Chapters 2 and 3 in thissdertation Under these circumstances, a 2D numerical model is
computationally more efficient than a 3D madelhile not sacrificing significant accuracy
However, for a soil deposit with properties varying spatially in bothamd out-of-plane
directiors, a 3D modelivould be more suited in capturing tigl responseeventhoughpseudo

3D analysis using multipl2D sectionshave been used for such scenarios in previous stigfies
81]. This is a limitation of the work presented in Chaptarh&re multiple 2D soisectionsn the
out-of-plane direction are used tepresent 3D spatially variablesoil geometry The interaction
effects between the sections are not cagturehis pseudo 3D analys@nd this remains an area

for future reseait

1.9 MOTIVATION AND GOALS

Soil liquefaction poses a major threat to human life and property, as had been disctissed in
previous sectionsf this chapterReconsolidation settlements observed during liquefactiva ha

been a major source of damage in past earthquakes. Hence, it is necessary to design methodologies
to be able to predict this settlement for various types of soil and site conditions. Numerical models
are a efficient tool that can achieve the abawenticned targets. Assessment of the parameters

that have the most severe effects on the liquefaction prediction capabilities of a numerical model
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is an important step iexpanding the use of these mod@&kany previous studies have evaluated

the efficacy of costitutive models in predicting liquefaction responses by comparison to responses
observed in physical models like centrifuge or shake table&egtgi4, 50, 54, 82, 83]. However,

most of these numerical methodologies were focused on simulating tbesesyor one particular

soil type and might fall short if used for a different soil. The primary motivation for this study is
to improve the existing numerical protocols for liquefaction modeling in order to accurately predict
observed liquefaction respses for a range of soil types. The goal is to establish a standard
numerical approach and constitutive model calibration procedure that can be employed to predict
reconsolidation responses (with primary focus on settlements) successfully for a varaly, of s
input motions and boundary conditions. Moreover, most of the existing numerical frameworks are
limited to evaluating the liquefactienduced responses of soil deposits whose properties are
assumed to be uniformly distributed to simplify calculatiddewever, a uniform soil layer is
often an ovesimplification of the field reality. Hence, the predictions from a numerical model
with the consideration of a uniform deposit may not reflect the real field behavior. Therefore, a
more indepth assessment the effects of spatially variable soil properties on reconsolidation
settlements is required. In this study, spatial variability is incorporated in the numerical modeling

framework to investigate its effects for actual site conditions.

1.10RESEARCH OBECTIVES

The main objectives of this research are outlined below:

U To evaluate the ability of the numerical platform FLAC and constitutive model PM4Sand

to capturehe liquefactioAnduced responses observedh -f r eled uni f orm soi
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variabl e properties

U To examine the necessity of sepecific calibration of reconsolidation parameters for a
constitutive model to ensure reasonable predictioncon®olidation settlements.

U To investigate the effect gbotential changes in hydraulic conductivity) (due to
liquefaction on excess pore pressure, lateral displacement and settlement responses of
geosystems

U To explore the influence of inherent spatiariability in soil properties on the pest

liquefaction response of a levgtound site.

1.11 DISSERTATION ORGANIZATION

This dissertation is divided into 5 chapters as follows:

U Chapter 11 Introduction This chapter presents a general backgrountigorefaction
induced reconsolidation settlement, and numerical modeling approach to capture
liquefaction responses. Additionally, it highlights the motivationl objectives for this
study and outlines the dissertation structure.

U Chapter 2i Observations ad challenges in simulating pelsjuefaction reconsolidation
settlements from centrifuge and shake table :tégtss chapter utilizes centrifuge and
shaking table tests to examine the ability of the PM4Sand model to capture the observed
reconsolidation ddements including the need for sspecific calibration of
reconsolidation parameterdThe effect of hydraulic conductivity variation due to
liquefaction is also investigated and a variable hydraulic conductivity relationship is

incorporated into the maerical model.
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U Chapter 3 Investigation of the key issues in simulatiegtrifuge experimegabn a sheet
pile wallembedded in a liquefiable santhis chaptepresents the results from a numerical
study performed as part of the Liquefaction Experimami$ Analysis Project (LEAP)

2020 exercise that aims at simulating centrifuge tests modelingratsaiing wall system.
The key soil and model parameters that affect the prediction of liquefaction responses are
studied.

U Chapter 4i Numerical modeling ofeconsolidation settlements for a spatially variable
soil deposit This chapter focuses on estimation of reconsolidation settlements for a soil
site at Hollywood in South Carolina incorporating spatially variable soil properties.
physical mechanismssociated with liquefaction in such a deposit are evaluated.

U Chapter 51 Summary, conclusions, and future researthis chapter summarizes the
findings from this research and discusses their applicability in practice. Future research

opportunities in this area are also discussed.
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CHAPTER 2: OBSERVATIONS AND CHALLENGES IN SIMULATING POST -
LIQUEFACTION RECONSOLIDATION SETTLEMENTS FROM CENTRIFUGE AND

SHAKE TABLE TESTS

This chapter is based on a paper submitted by Devdeep Basu, Jack Montgomery and Armin

Stuedlein to the journ&oil Dynamics ad Earthquake Engineering

Basu, D. , J. Mont gomer vy, and A. Stuedl ei n. 2 (
postl i quef acti on reconsolidation settl eSouent s f

Dynamics and Earthquake Engineer{&gdsevier) Paper Under Review.

This chapter was altered from the version that stdsmitted toSoil Dynamics and Earthquake
Engineering for the purpose ofavoiding redundancy andhaintaining better flowin this
dissertationMy primary contributions to the papercinded: (i)evaluating the importance of soil
parameters like hydraulic conductivity and ssplecific constitutive model calibration to
accurately simulate laboratory tedii§) gathering and reviewing literature, (iii) development and
design ohumerical approagliv) processing, analyzing, and interpregatf theresults (v) most

of the writing.

2.1 ABSTRACT

Liguefactioninduced reconsolidation settlements occur &&ex pore pressures generated during
shaking dissipate and can lead to significant damage to overlying infrastructure. Designing
resilient infrastructure in areas affected by liquefaction requires methods to predict these
settlements for different soil tgs and boundary conditions. Simplified empirical models are
commonly utilized to evaluate settlements but they exhibit several limitations that might hinder

the accuracy of settlement predictions, including effects of partial drainage, thin layers, non
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liquefiable crusts, or soil fabric. Numerical models can capture these effects but require proper
calibration and validation. This study uses a numerical approach to simulate centrifuge and shake
table experiments with frefield level, ground conditions arfove different sands for evaluating
reconsolidation settlements. The numerical platform FLAC and constitutive relationship PM4Sand
are utilized. The necessity of sapecific calibration of podtquefaction stiffness and an excess

pore pressure ratio depdent hydraulic conductivity to accurately model the observed pore
pressures and settlements is analyzed. A new relationship between the increase in hydraulic
conductivity due to liquefaction and grain size diameter is proposed. The numerical simulations
are able to capture the general trends, but the bias in the results appears to be correlated with the

grain size of the tested soil.

2.2INTRODUCTION

This chaptereverages centrifuge and shaking table tests to examine the ability of the PM4Sand
model to capture the observed reconsolidation settlements including the need-$pesibit
calibration. Numerical simulations are developed and calibrated using évdébldata and the
recorded experimental responses during the dynamic phase of the tests. All of the tests represent
freefield and level ground conditions in order to isolate the effects of reconsolidation of the
liquefiable soils from other aspects, Buas spatial variability or sedtructureinteraction, which

will be examined in future studies. The objectives of the study are to examine the effects of the
model calibrations and potential changes in hydraulic conductivity due to liquefaction on the
sdtlements of different soils subjected to various shaking intensities. The results show that the
numerical simulations capture the overall patterns of settlement and dissipation, but the dissipation
rates observed in the centrifuge tests are not captekduwmerically. Using a variableydraulic

conductivity model[1] improves the agreement of the simulations and experiments and the
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magnitude of the increase in hydraulic conductivity due to liquefaction correlates to the effective
grain diameter of theamd. The use of sedpecific calibration for podiquefaction stiffness

considerablymproves agreement for the experiment where such data is available.

2.3CENTRIFUGE AND SHAKE TABLE EXPERIMENTS

Three centrifuge tesf2-4] and two shake table te4& 6] focusing on fredield settlement of
liquefiable deposits with level ground conditions were examined in this study. The- above
mentioned experiments were selected because they had sufficient data to characterize both the
generation and dissipation of excggse pressures and the original authors did not report any
issues with settlement measurements that may have impacted the validity of the comparisons.
Table 21 highlights the geometry of the test specimens in prototype units and the centrifugal
acceleréion used for each experiment. The ground water table was located at the top of soil surface
in all of the tests, and all of the experiments were performed using laminar box containers. Some
of the input motion characteristics are also included for easth Table 22 outlines selected
properties of the uniformbgraded, fineio-medium coarse sands used in the study. The grain
shapes of the sands are included in TakRewhen available. The centrifuge experiments were
performed on either singlayered (vo experiments) or muHayered (one experiment), saturated,
homogeneous soil deposits replicating level ground conditions in prototype. The sands were placed
using air pluviation techniques and saturated with a viscous fluid scaled to match the vidcosity

water during spin in the centrifuge tests.
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Table 2-1: Parameters for the setup of the centrifuge experiments and shake table tests
considered in the present study. The dimensions are presented in prototype units.

No. Authors Centrifugal | Width | Height Input PeakAcc. | Duration Arias
Acc. (9) (m) (m) Motion (9) (s) Intensity
Type (m/s)
1 Adamidis and 50 25 12 Synthetic; 0.29 20 5.01
Madabhush[2] pseude
harmonic
2 Ramirez et al. 70 67.7 18 Recorded 0.41 50 1.99
[3] 1995 Kobe
earthquaké
3 Mehrzad et al. 80 56.8 24 Synthetic; 0.18 10 1.69
[4] pseude
harmonic
4 Ecemis[5]® 1 14.4 14.4 Synthetic; 0.09 38 2.06
pseude
harmonic
5 Thevanayagam 1 5 5 Synthetic; | 0.01; 0.05; 35 8.86
et al.[6]* staged 0.15; 0.3
harmonié

1. The centrifuge modebas a multilayered deposit with a 6 m thick loose liquefiable OttawgbFsand layer
(Dr = 40%), overlain by a 2 m thick dense Monterey 0/30 sand l&er §0%) and underlain by a 10 m
thick dense Ottawa-B5 sand layer[§; = 90%).

2. Theearthquake motion was recorded at Takatori station in Kobe, Japan.

3. Themodel units for theshake table test bycemis [S]werescaled according to relevant scaling lawdddy
et al.[7], as recommended by the original authors

4. The shake table test Ghevanayagam et 4b6] was simulated without scaling.

5. A wave packet consisting of four harmonic motions were applied successively.

Table 2-2: Geotechnical properties of the sands used in the numerical models for this study.

Sand Dr Gs Emax €min U crit k Grain shape Dso Do Cu Ce
(%) (mm/s) (mm) (mm)
Hostun 40 | 2.65| 1.01 | 0.555| 33 0.5 Angular to 0.335 | 0.209 | 2.01 | 1.03
subangular
Monterey 90 | 266 | 0.84 | 0.54 33 0.53 Subangularto| 0.4 0.28 1.3 | 1.11
0/30 subrounded

Ottawa F65| 40 | 2.65| 081 0.53 30 0.141 Subrounded 0.21 0.16 1.71 | 0.86

Ottawa F65 | 90 2.65| 081 0.53 30 0.119 Subrounded 0.21 0.16 1.71 | 0.86

No. 306 55 | 265 | 0.92 | 0.59 33 0.747 - 0.193 | 0.147 | 1.21 | 0.99

M-1t 28 | 261 | 0.79 0.6 33 0.23 Subangular 0.21 0.12 1.17 | 1.29

Ottawa F55 | 40 2.67 0.8 0.61 33 0.12 Subrounded 0.24 0.155 1.57 | 1.04

1. Thisis a mixed sand that was prepared by mixing a few different natural[Shnds
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2.4NUMERICAL MODELING

Thelaboratoryexperimentsvere modeled using the 2D finite differengegram FLACversion

8.0[8]. FLAC uses an explicit finite difference formulatitmsolve the equations of motions and

is capable of modelingomplex behaviors like multistage problems, large strandnonlinear

material behaviorThe problem domain idiscretized into quadrilateral zones or elements that
form a mesh. Prescribed constitutive laws are used at the element level which govern the response
of elements to applied forces and boundary constraints. For the current study, P{$} Seasl

used ashe constitutive model for all stages.

All of the tests in this study examined the ffesdd response of laterally homogenous sand
deposits in laminar containers to approximate a-dimensional (1D) response. These
experiments were therefore simulatesing a 1D column of elements in FLAC (baseline
simulations) for computational efficiency. The baseline simulation for each test uks&dma
square mesh. Figuz1 shows the numerical mesh for a typical mo8elnsitivity studies were
performed using a 2Dnesh (also shown in Figure1d to verify the 1D simulations were

representative.
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Figure 2-1: Typical FLAC meshes for (a) fuicale 2D model and (b) 1D column from the
center of the 2D modélighlightingpore pressure transducers (PPTs) and settlement sensors
(LVDTSs). Note: W and H correspond to thvdth and heightrespectively from the experirants
as stated in Tab21.

Each simulationwas performed in three phased) static equilibrium,(2) dynamic
shaking and (3yeconsolidation. During the first phasiee model geometnypoundary conditions,
and soil propertiesere definedand the gestaticstressstate was obtainetHorizontal movement
was restrained at the model sides and both horizontal and vertical movemeenfxed at the
basdan the first and third phaseldydrostatiqpore pressureonditionswere set up across the model
to match the depth of initial ground water table reported in the experimmésdynamic phase
analysiswas performed by applying the input moticas acceleratioctime historiesat the model
base(as discussed in Section 2.4 BRgriodic boundary conditiogere applied to the nodes along
the sides of the modelo match the displacement conditioesforced by the laminar bexg
Vertical and horizontallbw and corresponding redistribution of excess pore pressures within the

model were allowethroughout the duration of simulatioridrainage could occur from the top of
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the model, but the sides were considered no flow bound&edeigh damping of 0.5% centered
at the predominant frequeesof the input motionsvas used tanitigate numericahoise During
the reconsolidation phasthe soil depositvas allowed to settleintil all excess pore pressures

developed during shakirttad dissipated
2.4.1CONSTITUTIVE MODEL

The stressatio controlled, bounding surface plasticity constitutive mode#iBadhd v3.19] was
usedto capture thecyclic mobility and reconsolidation phases of liquefactibhree primary
parameters were used to calibrate the cyclic response of the modelative densityD:), shear
modulus coefficien{Go), related to the maximum shear modulGax and contraction rate
parametefhpo). The reported; for eachexperimeniwas used, where&% was defined based on
shear wave velocityMg) measurements @max relationships developed for each of the sands, as

shown in Equations 1 and 2.

O ) Q)

0o — — 2)
where,} is the soil densitypa is the atmospheric pressure gnddjthe mean effective confining
pressureThe contraction rate parameter controls the cyclic strength of the soil and must be
calibraedto match liquefaction triggerindataasdetermined through laboratory tests or empirical

models or comparisons of the observed excess pore pressure generation during the experiments

and described belaw

Stress ratidbased constitutive modelsexhibit inherent limitations in capturing the

recons®lidation strais following liquefactionas they are unable to captwedimentation effects
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thus, the reconsolidation process is typically elastic and produces small volumetrid 5irgii$
PM4Sandattempts to compensate for this limitation by redudhng elastic modulduring the
reconsolidation process to increase the volumetric stfaibls The reconsolidation process is
activated by the user through a flag varialtestShakeand the magnitude of the volumetric
strainsis controlled by twgarameterssed,minandpsed,o Which control the magnitude of modulus
reduction and the rangé mean effective stresses over which the reduction is active, respectively.
Boulanger and Ziotopoulo[®] developed & -dependent relationship fdgeqd,min(Equation 3)
through calibration to the empirical relationship suggested by Ishihara and Yoshid2he

"Q T8t A @ RHPO (3)

5¢

Boulanger and Ziotopould®] selectedsed,o= 20 kPa noting that volumetric strains were
relatively insensitive to increases eq,o beyond 20 kPa (Figure-2). The effects of these
parameters are shown in Figur€ 2ising data from single element, cyclic direct simple shear
(DSS) simulations ora hypothetical sand attx of 35% described in Boulanger and Ziotopoulou

[9]. For any particular soil at a predetermirid thevolumetric strains increase with an decrease

in fsea,min@and iNncrease ipsed,o

(o0]

| @ ficimn= 0.075, Py~ 20kPa
@ focomn=0.075, p .y~ 5kPa

+ fsed_rm‘nz 0075: psedn= 4OkPa
| A foqmin= 014, Py .= 20kPa D,=40% T
@ Foimin= 0.04, p .y ,= 20kPa

@
1

Volumetric Strain (%)
N -8

o

0 2 4 6 8 10
Maximum Shear Strain (%)

Figure 2-2: Volumetric strain versus maximum shear strain from stetgenent cyclic DSS
simulations compared to Ishihara and Yoshinjitfj curves. Simulations are for a relative
density of 35% with &, of 476 and am,, of 0.53 after Boulanger and Ziotopoulf8].
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2.4.2 SOILSPECIFIC CALIBRATION

Soil-specific Gmax Or Vs data was available for Hostun safi®, 14], Monterey 0/30 san§B3],
Ottawa F65 sand15], No. 306 sand16], and Ottawa 55 sand6]. The default ref@onship
betweenGo vs. Dr suggested by Boulanger and Ziotopoul@uwas used for ML sand due to the
lack of available information on smadtrain stiffness.This relationshipwas developed by
combiningthe Andrus and Stokofl 7] correlationbetweemormalizedshear wave velocifyWsa,
andcorrected SPT blow counfN1)so, and the Idriss and Boulangés8] correlation betwee;

and (y)so.

Laboratory data on liquefaction triggering (Figur8)2was available for Hostuyi9-21],
Ottawa F65 [15, 2224], and Monterey 0/3(Q25] sands and was used to calibrage. This
calibration was performed using single element cyclic DSS simulations to match the cyclic
resistance ratio to reach 3% single amplitude shear strain in 15 cyclesdgSRhis number of
cycles was selected sintt®e input motionsusedfor all the testsused10 to 20 cycles ofstrong
loading The relative density of laboratory test specimens did not exactly matba tised in the
experiments, so an interpolation wasfpened by fitting a cyclic strength curve with a functional
form similar to Idriss and Boulang¢i8], to the available data (Figure3}. As insufficient
laboratory data was available to develop such triggering curvéofd06 Ottawa F55 and M
1 sand, the hpo values for thesesand were selected to match tle&cess pore pressure builg
observed during the dynamic portion of the corresponding experigiésecondary PM4Sand
parameters were set to their default magnitudes with the exception of the parariwet@ttawa
F-65 sand. For Ottawa-65 sandn, was slightly modified from its default value to mattie rate
of strain accumulation that occurrefter triggering asliscussed irBasuet al.[26]. Table2-3

outlines the calibration parameters selected for each sand.
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Figure 2-3: Liquefaction triggering curves developed from fitting experimental data on (a)
Hostun (b) Ottawa 65 and (c) Monterey sands tlaeused forhpo calibration.The cyclic
stress ratio (CSR) corresponds to 15 cycles of sinusoidal loading in cyclic DSSytebbls
correspond to experimental data and solid lines represent the simulation data fit.

Table 2-3: PM4Sand calibration parameters used for the sands in the numerical simulations.

No. Sand hpo Nob Go

1 Hostun 1.5 0.5 670
Monterey 0/30 0.15 0.5 1324

2 Ottawa F65 0.35 0.6 195
Ottawa F65 0.31 0.6 725

3 No. 306 0.025 0.5 522
4 M-1 0.01 0.5 480
5 Ottawa F55 0.12 0.5 192

The default values for the reconsolidation calibration parameieks andfseqmi) were
selected by the model developd€d to reasonably approximate the empirical relationships
developed byshihara and Yoshiminfl2]. As discussee@arlier, calibration of these parameters
against so#specific data might improve peshaking volumetc strain estimates in cases where
such data are available. Vargas ef{24] performed hollow cylinder cyclic torsional shear tests
on Ottawa F65 sand and found that the Ishihara and Yoshirfii@grelationships work well in

predicting volumetric strasfollowing liquefaction foD; between 50% and 70%damidis and
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Madabhushi [27performed oedometer tests on Hostun sand in order to measure the constrained
modulus at low effective stresses (Figurd)2 These stiffnesses are much larger than those
produced by the default reconsolidation calibration used in PM4Sand (Figdire Atljusting
fsea,minfrom the default value of 0.085 to 0.22 produces a much better fit to the experimental the
data for effective stress less than 15 kPa (critical for reconsolidation). This type-sjjesufic
calibration for reconsolidation settlement is not commonlygoeréd, butonsiderablymproved

the agreement of the simulation and observations as discussed later
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Figure 2-4: Soil-specific calibration of reconsolidation paramétesminfor Hostun sand using
data from Adamidis and Madabhu$2v].

2.4.3HYDRAULIC CONDUCTIVITY

Previous literaturge.g., 2831] has suggested that liquefaction causes hydraulic conduchyity,

to increase due to loss of contact between soil grains in its liquefied state. As the liquefied soil
reconsolidates, the contacts between grains aestedlished and the hydraulic conductivity
returns to some magnitude that may or may not reflechitsli fabric. Ueng et al[32] and
Bayoumi et al[33] had observed a-fold and 1.5fold increase irk during centrifuge tests on

Vietnam and Ottawa @09 sands, respectivelgu et al. [30had observed an increasekinp to
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six times larger in centuige tests on Toyoura sand, wherédéang et al. [31had observed a-4

fold increase irk during shake table tests on the same sand. Balakri§BdhgandShahir et al. [1]

had observed a maximum increasé of 20-fold corresponding to an excess pore pressatio,

ru (defined as the ratio of excess pore pressure to initial vertical effective stress) of 100% in
centrifuge tests on Nevada sand. Gao ¢88].had observed a maximum increas& of 25-fold
(atry=100%) through numerical simulations of centrifuge tests on Fujian sand. Other numerical
studies on Fraser River saf8b], Ottawa F55 sand[37], Toyoura sand38] had reported a
maximum increase ik of 10, 25 and 4olds, respectively. HoweveAdamids and Madabhushi

[27] noted a negligible increase krduring liquefaction of Hostun sand, on the order of 1.2 times
the initial hydraulic conductivityki, when effective stresses were smaller than 0.1 kPa. Thus, the
findings in previously reported stuadi suggest some disagreement on the role of elevated excess

pore pressures da

Ishihara[39] had observed that settlements can take place during shdkentppartial
drainage. Since the rate of excess pore pressure generation exceeds the rate of dissipation during
intenseshakingthe net accumulatiof excess pore pressure is observed. However, with a
considerable increase ky the rate of dissipation durirghaking might increaseonsideraly to
result in a lower overallate and magnitude afxcess pore pressure genedaduring ground
motion compared to the case of conska@hahir et al. [Lgxtended the Manzari and Arulanandan
[40] variable hydraulic ceductivity model to account for the apparent dependehken ry, and
it has been used in subsequent numerical stydigs 35, 4143]. The hydraulic conductivity

relationship for dynamic phase is given by:

oI p i i p 4)
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whereas theelationship for reconsolidation phasegiven by:

Q o P [ T
P p i p (5)
| ip

wherekn is the modifiechydraulic conductivityUis the factor by whichhydraulic conductivity
increasestry=1.0,andb: andb, control the rateat whichhydraulic conductivityncreases with

ry during and decreasesvith ry following, shaking,respectively Usually, the rate at whictk
decreases during reconsolidation has been observed to be higher than the ratekahoreiabes
during shakingAt any particularry, k has been observed to be larger during shaking as compared
to during reconsolidation [1, 35]. This is due to the fact that a reconsolidating liquefied soil mass
haslessvoid spaces between the graassthey settle in comparison to the same soil mass ivhen

is in the process of getting liquefied (and hence the grains getting separated from each other) during
cyclic loading.Shahir et al. [Lfecommended values of 20, 1 and 8.9 for the variable hydraulic
conductivity model constants by andby, respectivelybased oralibraion to match the dynamic
excess pore pressure generation and-gluating dissipation rageobserved in centrifuge tests on
Nevada sandRahmani et al[42], Shahir et al[44] and Gao et al35] had suggested that the
corstants of the Shahir et §l] hydraulic conductivity model be calibrated for different sand types

through laboratory studies.

In the present study, two sets of simulations were carried out for each test to examine the
effects of using an-dependenk. The first simulation was performed using the repokt€thble
2-2), which was kept constant throughout thenulation, whereas the second simulation

implemented Egatiors 4 and 5 to allow the variation kwith ry using a FISH function that
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updatedk in each element every 0.01 s based on the-éiveeaged,. Exponent$; andb, were
setto 1 and 2, respectivelyipr all models wheread) wasiteratively adjusted until a reasonable
match was observed with the dissipation rate in the experiment (discussed in 3&tibable
2-4 summarizes the variablehydraulic conductivitymodel parameter used for the sands

considered in this study

Table 2-4: Variable hydraulic conductivity model parameters used for the sands considered in

this study.

No. Sand b1 b2 V] D10 (mm)
1 Hostun 1 2 1.2 0.209
2 Ottawa F65 1 2 5 0.16
3 No. 306 1 2 20 0.147
4 M-1 1 2 15 0.12
5 Ottawa F55 1 2 5 0.155

The Uvalues found in this study were combined with those from previous sfadiesl,
30, 32, 33, 388] to examine possible correlation, and indicated an apparent relationship with the
effective grain diameterDio; Figure 25). The sands represented in Figuré Zre clean,
uniformly-graded fine to medium sands witho between 0.09 and 0.22 mm. Previous studies
have found that hydraulic conductivig5s, 46]and capillary risg¢47] in clean sands can also be
correlated withD1o. A negative power lavtype correlation withDio provides a reasonable
approximation to muchfdhe data (R= 0.42). The original recommendation by Shahir ef13l.
is highlighted in Figure -5 and is in general agreement with the proposed correlation. The
numerical study by Dobry et §87] is also highlighted as they reportediralue of 25or Ottawa
F-55 sand, higher than that obtained in this study &) for the same sand and théfBr the
proposed correlation improves to 0.64 when this data point is exclUkisdcorrelation could be

used to estimatgfor clean sands when saipecific data is not available, although a reasonable
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range should be considered to estimate the sensitivity of the results to the séledtexbased

on the scatter in Figure2
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Figure 2-5: Relationship betweetdandD1o developed based on numerical simulations of
experiments for five different sands. The power law correlation fit is based upon the results from
the present study while the results from other numerical and expeainstudies are also shown.

The 95% confidence interval on the best fit relationship is highlighted with hatched lines.

2.4.4 INPUT MOTIONS

The various input motions used in the experiments selected for thisastiditown in Figure-2

6. The tests were subjected to a variety of motions, including pseargoonic, staged harmonic,

and transient and are quantified in Tabld.2Synthetic pseudbarmonic motionswvith peak
accelerations of 0.29g, 0.18g and 0.09g wesed for the experiments on Hostun, No. 306 and M

1 sands, respectively. The frequencies of the motions used for these three tests were 1, 2, and 2
Hz, respectivelyThe experiment on Ottawa35 sand used a series of synthetic harmonic input
waves at a quency oR Hz that were applied in four stages. The peak accelerations for the four
successive motions were 0.01, 0.05, 0.15 and 0.3g. The first motion was applied for a duration of

5 s whereas the following three motions were applied for durationssoéa6h. A linearly scaled
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version of the fault normal horizontal component of the 1995 Kobe earthquake nvbtiert(9)
recorded at the Takatori station in Kobe, Japan was used for the experiment on Gitasang.
The motion had a peak accelerationOoflg, significant duration of 12 s and a meaectral
period of 0.87 s (1.15 HZJ hebase acceleratidnom theexperimentsvere appliedo the base of
the modelsas horizontal acceleration time historaagring the dynamic phase of the simulation
proedure.The recorded base motion was available for the test on Ott@sas&nd, while target

motions were used for the other experiments.
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Figure 2-6: Acceleration time historiegsed as input motions for the experiments by (a)
Adamidis and Madabhusff] (b) Ramirez et a[3] (c) Mehrzad et al[4] (d) Ecemig5] (e)
Thevanayagam et 4b].
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2.5RESULTS

Numerical simulationsvere performed in FLAC 8.@r each of the five experiemtsconsidered
For eaclexperimenttwo simulationsvere conducted: one assuming a constg@K) throughout
the entire duration, the othesing ther,-dependenk (VK) relationship byShahir et al. [1] with
the coefficents in Table-2 Additionally, simulations using aalf timestep, half meskize and
2D modelwereperformed for the test on Hostun sandexamine the sensitivity of the results to

these model conditions

2.5.1SIMULATION OFCENTRIFUGE TESTS

This section highlightdhe excess pore pressure and settlement responses from the centrifuge test
simulations and their comparison to experimental observations. Figusb@wvs the time histories

of excess pore pressure during shaking and reconsolidation from the CK and VK model
simulations compared to corresponding experimental observations. The original [ZT{idy
presented isochrones of excess pore pressure at fixed time intervals at the center of the Hostun
sand model for the dissipation phase. In general, thefsldakingexcess pore pressures were
reasonably predicted for all three tests although the excess pore pressures at greater depths are
slightly underpredictedby the simulations. As compared to the CK model, greater excess pore
pressure dissipation occurred in the VK model during the last few seconds of shaking (when the
motion intensity starts decreasing). The excess pore pressure dissipation rate follokimg sha
was underpredicted with the CK simulations, requiring as much as 30 times the duration of
dissipation compared to the experimentalhserved excess pore pressures for the tests on Ottawa
F-65 and No. 306 sands. The VK simulations resulted in an wegrprediction of dissipation

rate, especially for the tests on Hostun and No. 306 sand. Howewsigerablelifferences in the

shape of the dissipation curves exist between simulated and observed responses. The reasons for
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this difference are unclearybcould be due to a simultaneous dissipatioexaess pore pressure
in vertical and radial directions that took place in the experiments which was not possible to
replicate in a 1D or 2D numerical simulation (e.g., horizontal flow in the out of pla@etidir

and/or upward flow at the boundaries of the laminar boxes).

The results shown in Figures72 and 27d use & of 75% for the dense Ottawads
sand layer (8 18 m) at the model base instead of Eheof 90% reported by Ramirez et {3).
The ex@rimental results showembnsiderableexcess pore pressure generation within this layer,
which was not seen when the reporiedvas used in the simulation (Figure8® It is common to
observeconsiderablenismatch irD, estimated from mas#lume based measurements in contrast
to Dr evaluated from CPT based measurempt8s No CPT measurements are available for this
study, but the modified value B substantiallymprovesthe prediction of excess pore pressures

for thelayer (Figure 27c).
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Figure 2-7: Excess pore pressure time histories for the centrifuge tests on (a) Hostiircéand

model (b) Hostun saridVK model (c) Ottawa 65 sand CK model (d) Ottawa 65 sand

VK model (e) No. 306 saridCK model (f) No. 306 sanitl VK model.Dashed lines represent
the experiment and solid lines represent the simulations.
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Figure 2-8: Dynamic phasexzess pore pressutiene histories compared between the numerical
simulation and experiment considerin®aof 90% for the dense Ottawad5 sand layer (as
reported) and the CK model. Dashed lines represent the experiment and solid lines represent the
simulations.

The simulatedsettlements are compared with the corresponding experimental values in
Figure 2-9. For the test on Hostun sand, the default PM4Saudnsolidation parameters
overestimate the magnitude of total settlement (dynamic + reconsolidation) by a factor of
approxmately two (Figure Ba) However, using the sedpecific reconsolidation parameters
(Figure 24), thetotal settlement$rom the simulation$or both thehydraulic conductivitymodels
agree \ith the experimental settlemengwithin 2%) as shown in Figure-2b. For the test on
Ottawa F65 sand, the CK simulation predicted the settlement fairly accurately (within 3%)
whereas the VK simulation resulted in an underprediction of 21% (Fig®®. ZSignificant
settlement (21.6 cngccurred during shaking in the experiment, an observation that was not well
replicated in the numerical simulations, which produced settlements of 0.86 cm and 2.04 cm for
the CK and VK models, respectively. The rate of settlement from the experimenttveaptured
by either simulation. For No. 306 sand, the total settlement was underpredicted by both the CK

(36% underprediction) and VK (32% underprediction) simulations (Fige®d)2The small
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dynamic settlement of 1.1 cm that was observed in the expetriwas reasonably estimated by

the VK simulation. The settlement rate generated by the VK simulation, however, agreed with the

experimental settlement rate, whereas the CK model simulation did not.
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Figure 2-9: Settlement time histories for the centriéuggsts on (a) Hostun sandefault
reconsolidation calibration (b) Hostun sd@nohodified reconsolidation calibration (c) Ottawa F

65 sand (d) No. 306 sand.

Simulations were repeated for the Hostun sand centrifuge model using half the default

timestep half the mesh size (0.25 m square elements instead of Ddndih 2D with the same

dimensions as the centrifuge model (excluding the container). All of these simulations used the

modified reconsolidation calibration (Figure42 The settlement resultsom these simulations

are compared with the baseline results (constanth the modified reconsolidation parameters)
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in Figure 210. The changes in tirgep and mesh size have a negligible effect on the model
responseResults from the 2D mesh arecdliose agreement with the settlement from the 1D model
for points at the center of the container. This result is expected as the experiments selected for this

study were attempting to approximate 1D conditions.

|
— Emmﬁmem-OA2\_
==== Experiment - OA3
— Simulation - CK
== Simulation - HT -
—=— Simulation - HM
= = Simulation - 2D

mod

J

Settlement (cm)
N~
T

0 100 200 300 400
Time (s)

Figure 2-10: Time histories of totasettlenentfor Adamidis and Madabhus[] centrifuge tests
and numerical simulatiorfsom the sensitivity analysis study using half timestep (HT), half mesh
size (HM) and 2D mesh.

2.5.2SIMULATION OFSHAKE TABLE TESTS

The excess pore pressure and settlement responses from the shake table simulations and
corresponding experimental obsdigas are outlined in this section. Figurel2 compares the
observed time histories of excess pore pressure to the results of the CK and VK model simulations.
The endof-shaking excess pore pressures were reasonably predicted for the two shaking table
teds, although the excess pore pressures at greater depths witbad simulations were slightly
underpredicted (FiguresPlab). Both simulations returned partial-shaking drainage which

was not observed for the shaking table test on Otta®a &anl (Figures 2Ll1cd). The post

shaking excess pore pressure dissipation rate was underpredicted with the CK simulations,
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requiring 6 times the duration of dissipation compared to the experimeoleskyved excess pore
pressures. The VK simulations resuliacan improved prediction of dissipation rate for the test
on M-1 sand. However, other than the VK simulation ofl idand, the shape of the dissipation

curves produced from the simulations were different from the corresponding experiments.
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Figure 2-11: Excess pore pressure time histories for the shake table tests ol (garM sand
CK model (b) M1 sand VK model (c) Ottawa 5 sand CK model (d) Ottawa 5 sand
VK model.Dashed lines represent the experiment and solid lines represent ttegismsul

The comparison between the experimeatalsimulated settlemenis presented in Figure
2-12. TheCK and VK modelsinderpredictedhetotal settlement fothe M-1 sandshaking table
test by 23 and 10%, respectivelyhereas total settlement was under predicted by 12 and 20%,
respectivelyfor the Ottawa F55 sandshaking table tesDynamic settlements were observed in

the experiments andalculated inthe VK simulations and although underprediet, produced
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slightly improvedagreementompared to the Cikhodelsimulations. In contrast to tig&K mode]

the VK modelsimulations were able to predict the settlement rate beseecially for the ML

sand
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Figure 2-12: Settlement time histories for the shake table tests on-{ajplhd (b) Ottawa-b5
sand.

2.6 DISCUSSION

The total settlements from the constant and variable hydraulic conductivity simulations are
compared with the experimentalierived settlements ifigure2-13. For ease of comparison, the

total settlement (includingynamicand reconsolidatiorsettlementsfrom the experiments and
simulations were@ormalizedby the total height ofhe liquefiable layer The numericallyderived
settlement from all of the tests was observed to lie within 60 to 125% of the corresponding
experimental settlement, with settlenteeanderpredicted on average. Part of this underprediction

of settlements could be due to experimental conditions that were not replicated in the simulations,
such as compression of nbguefiable layers, displacement of sensors in liquefied soil, on-mult
directional shaking. This level of uncertainty is slightly smaller than the magnitudes that have

been observed for other liquefaction problems (commonly 50200%), such as lateral
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displacements observed in pesirthquake reconnaissand8], as wellas in centrifuge tes{g6],

and freefield settlements observed in numerical stjig§], as well as in the field such as in
Christchurch{51]. Simulations based on the Hostun and Ottavéb ISand models exhibited the

best agreement in settlement for betits of simulationsWhile soilspecific reconsolidation
calibration was performed for Hostun santhrgas et al. [24]found that thelshihara and
Yoshimine [12]framework (and, therefore, the default PM4Sand reconsolidation calibration) were

a reasonablmatch to the volumetric strains observed during reconsolidation of Ott&a&nd.

This indicates that a soil specific calibration may be necessary for both excess pore pressure

generation (as is commonly recognized) and dissipation.

The use of the,-dependentk improved settlement predictions for the No. 306 sand and
M-1 sand, while overpredicting settlement for Ottawa&5Fsand. Goodness of fit statistics
summarizing the accuracy of simulations using thgependenk (Table2-5) indicate thathe VK
simulations exhibited improved coefficients of determinatioR, [Bwer mean squared errors
(MSE), and prediction bias (defined as the ratio of observed and simulated normalized settlement).
Prediction uncertainty, quantified by theetficient of variation, defined as ratio of the standard
deviation in bias and the mean bias, equaled 24 and 22% for the CK and VK models, respectively.
These results demonstrate that the VK simulations were more accurate and exhibited less
variability in prediction accuracy than the CK model simulations in predicting total settlements,

but the magnitude of the improvement was not large.

The variation in bias in predicted settlement with effective grain diamé&grandDig, is
shown in Figure 24 for each of the simulations. The simulations with the default calibration tend
to overpredict settlements for those tests with finer soils, and underpredict settlements for tests

with coarser soils. Settlement was accurately prediftir Hostun sand (as discussed earlier) using
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the soitspecificfseq,mincalibration, as is indicated by a bias of 0.98 in Figuel2These data
suggest that the pektjuefaction stiffness (and therefore the settlements) may be correlated with
the gran size of the soil, but all of the soils tested were relatively uniform clean sands characterized

by a limited range iD,. Additional study of nonplastic soils of smaller and larger grain size should

be performed to verify the observed trend and possbigblish correlations between the grain

size distribution of the soil and their reconsolidation behavior.
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Figure 2-13: Normalized settlements from simulations using the (a) CK model and the (b) VK

model compared to the normalizexperimental settlements.
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this study.

Table 2-5: Statistical parameters corresponding to the numerical fit of centrifuge settlements

based on the tests ®dered in this study.

Parameter CK model VK model
R? 0.818 0.873
MSE 1.394 1.335
Mean bias 1.154 1.134
COV(bias) 0.24 0.22

Table 26 lists both the dynamic andtal settlements for the five experiments considered

a7

in this study. The VK model was more successful than CK model in reasonably predicting the
dynamic andotal settlement simultaneously, when dynamic settlement was a small fraction of the
total settlement, saobserved for No. 306 sand. Since reconsolidation effects (set through the
PM4Sand flag variabl®ostShakein PM4Sand are not activated during shaking, PM4Sand is

incapable of predicting large dynamic reconsolidation settlements. Therefore, when dynamic

settlement was a large fraction of the total settlement, the VK model underpredicted this



component of settlement, as observed for th&, NDttawa F55 and Ottawa 5 sand model, a

limitation of the phenomenological approach used with the PM4Sand model.

Table 2-6: Experimental and numerical settlements observed for the five different tests
considered in the current study.

No. Sand Settlement- Experiment (cm) Settlement- Simulation (cm)
CK model VK model

Dynamic Total Dynamic Total Dynamic Total
1 Hostun 0 5.5 0.46 5.64 0.78 5.6
2 Ottawa F65 21.6 22.9 0.86 22.1 2.04 18.2
3 No. 306 11 28.82 0.29 18.33 1.08 19.5
4 M-1 19.5 37.1 0.5 28.6 9 33.2
5 Ottawa F55 4.15 9.59 0.18 10.8 0.72 115

The current study has focusedreconsolidation settlements for fréeld sites with level
ground. The simulations and experiments examined heietimod address many other important
influences on settlement, such as ejegtat observed in these experimentspilstructure
interactian, stratigraphysloping groundsoil fabric or aging, fines content, and spatial variability.
The uncertainty in agreement between the simulations and the expemragwithin areasonable
range for geotechnical systems (COV in bias of 22 to 248%)ile factors such as ejecta and
stratigraphy are commonly recognized as important influences on reconsolidation settlements, the
effect of the posliquefaction compressibility of the soil deposit has not been commonly
recognized as being important. The cutrstudy demonstratethat different soils may require
different calibrations for both the magnitude of volumetric strains and chandegdiaulic
conductivitydue to excess pore pressynebere the latter effect appears related to measures of
grain size A preliminary correlation between the magnitude of hydraulic conductivity increase

due to liquefaction has been developed in this study and may allow a tentative adjustment to
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hydraulic conductivity to be made until this effect is further investigatedtlaadcorrelation

validated for other soils, including natural soils.

2.7CONCLUSIONS

This chapter highlighted some of the key aspects on numerical modeling of liquefaction and post
liquefaction responses. Three centrifuge experiments and two shake tablestestsimerically
modeled in FLAC using the constitutive model PM4Sand. PM4Sand was calibrated to match the
cyclic strength of the soils at the target relative dengiy (sing either laboratory test results or

by matching the excess pore pressygaeration during shaking. An excess pore pressure ratio
(ru)-dependent hydraulic conductiviti)(model was implemented to examine the effedt oh

the responses. PM4Sand was able to reasonably reproduce the excess pore pressure generation
from the expaments, but the prediction accuracy of the observed rates of dissipation varied.
Similarly, the magnitude of settlement from the simulations was within 60 to 125% of the observed
settlements for all of the experiments. On average, settlements were adbepr by
approximately 15%This may be partially attributed teettlement mechanisms that were not
present in the simulations, such as compression ofligoefiable layers, ratcheting of

displacement sensointo liquefied soi or possible multdiredional shaking in the centrifuge

Some of the other key findings and observations from this study are outlined:

U A new, tentative relationship was developed between the increase in hydraulic conductivity
due to liguefaction and the effective grain diametethe soil Dio). This relationship
considered the five experiments from this study along with data from eight other studies.
While the dataset exhibits scatter, the magnitude of the increase in hydraulic conductivity

is observed to decrease with increading This obgrvation helps to reconcile some of
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the conflicting observationgreviouslyreported in the literature and provides a means to
estimate the hydraulic conductivity of liquefied clean sands when laboratory data is not
available.

The results of this study Hifjght the importance of sedpecific reconsolidation
parameters in numerical simulations examining liquefaction. The dynamic calibration of a
numerical model is often sespecific but standard empirical relationships l#&hara and
Yoshimine [6] are commonly used to calibrate reconsolidation parameters. The
experiments in this study show that this can resultdnsiderableoverestimation or
underestimation of reconsolidation settlements.-§udcific reconsolidation calibration

may be needed to impre agreement of simulations and observations. The centrifuge test
on Hostun sand demonstrated that calibrating the model to laboratory data for the
compressibility of soils at low effective stresses can greatly improve the prediction
settlement. Additiorlawork is needed to measure the compressibility of other liquefied
soils, including natural soils to confirm this finding.

The bias in settlement predictions was observed to correlate to measures of grain size for
the sands examined in this study. Addidbtests on other soils with a wider range of grain
sizes are needed to determine if correlations can be developed between reconsolidation
parameters and the grain size of the soil.

Reconsolidation behavior in the PM4Sand model is activated after shedsrended and
therefore largelynamic settlementcannot be predicted with this approagthout losing
substantial excess pore pressures. For example, the experiment on QG@awsarkd
showed most of the settlement to occur during dynamic phase whaoh lisplicated in

the simulations even though the total settlement was accurately estimated. However, small
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dynamic settlements like those observed for the tests on No. 306 sand can be predicted
using a variablé& model while also preserving the excesseppiressures during shaking.

The variablek model incorporated in the present study was found to be useful in accurate
prediction of both small dynamic settlements as well as settlement rates but requires soil

specific calibration.

The current study considered the relatively simple problem of 1D reconsolidation
settlement but highlighted some of the significant sources of uncertainty that exist when attempting
to model this problem numerically. Other authors have pointed out otheresoof uncertainty
that exist when moving to field conditiofisl-54]. An important area for future study, numerical
examination of these factors is needed using-orekracterized field sites where liquefaction

induced settlements have been recorded.

51



CHAPTER 3: INVESTIGATION OF THE KEY ISSUES IN SIMULATING
CENTRIFUGE EXPERIMENTS ON A SHEET -PILE WALL EMBEDDED IN A

LIQUEFIABLE SAND

This chapter is based on a paper about to be submitted by Devdeep Basu, Jack Montgomery,
Renmin Pretell and Katerina Ziotopoulou to the joursail Dynamics and Earthquake

Engineering

Basu, D., R. Pretell, J. Mon goatoeadfthekeyassudsinK. Zi
simulating centrifuge experiments on a skatt wall embedded in a liquefiable sandsoil

Dynamics and Earthquake Engineer{agdsevier). Manuscript Ready.

This chapter was altered from the version thilitbe submitted tdsoil Dynamics and Earthquake
Engineering for the purpose of avoiding redundancy and maintaining béter in this
dissertationMy primary contributions to the paper includedeffpluatinghe ability of the chosen

set of numerical tools angkotocols to reasonably capture the responses obsenaemtrifuge

tests (ii) investigating the importance of accurate estimation of relative density in simulating
centrifuge testdiii) gathering and reviewing literaturey)idevelopment and designmdimerical

approach(v) processing, analyzing, and interpretatf theresults (vi) most of the writing.

3.1 ABSTRACT

This chapter presents results from numerical simulations of a series of centrifuge model tests
performed as padf the LEAP 202Gimulation exercise.The prescribed centrifuge experiments
featured a sheet pile retaining wall supporting a liquefiable deposit of Otteéddasand.A
description of the selectamnstitutive model PM4SangB.1 andthe numericaplatform FLAC

v8.0are presemd Theconstitutive modgbarameterareobtainedhrough calibration to available
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laboratory data on Ottawa-65 sand The simulations use the achieved soil density, base
excitation, and structural properties of the wadlisichapter presentgiascription of th@umerical
modeling approach and a comparison of the simulation results with the experimental. results
Accurate estimation of relative density is observed to be important for reasonable prediction of
responses. The influence of permdbivariation due to liquefaction on the responses is

evaluated. A sensitivity study is conducted to examine trends in the simulation response.

3.2 INTRODUCTION

The previous chapter discussed the ability of the selectexdrical tools and protocdis capture
postliquefaction responses for fréield sand deposits. This chapter aims to extend the numerical
framework discussed in the previous chaptera geosystem that involgesoil-structural
interactions. Centrifugexperiments on a stratified sand deposit retained by a sheet pile wall are
numerically modeled tevaluataheefficacy of the numerical approarhpredictingthe responses

observed from the experiments

Laboratory tests like centrifuge experiments presesir own set of uncertainties in terms
of achieving the target geotechnical properties and boundary conditions. The relative Behsity (
achieved across a soil layer often shawsisiderablevariability due to physical constraints
encountered during placement of sand into the centrifuge container or inaccuracies in
measuremen{d]. Hence, considering a single representative vall&r an entire layer might
be an ovesimplification. Moreover, there could also be a mismatcivéen theDr estimated
based on the mass and volume of sand placed arfdrthstimated using cone penetration test
(CPT) measurements]. Permeability of a sand layer is also likely to increase by a factor with the

onset of liquefaction as soil grainsrstepsing contact with each othgt, 3]. Estimation of this
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factor is often difficult and not commonly performed in the laboratory. Therefore, careful
consideration of these uncertainties is essential while validating numerical results to laboratory

obsevations.

The Liquefaction Experiments and Analysis Project (LEAP) is an international
collaborative project undertaken with the goal of verification and validation of numerical
liquefaction models utilizing higljuality data from element tests and ceng@experiments. This
chaptemresents the results from a numerical study performed as part of the 2EB28Rexercise
that aims at simulating centrifuge tests modeling arstélining wall system. The simulations
described herein use the numerical platféioAC 8.0[4] and the constitutive model PM4Sand
v3.1[5]. The main objectives for the analyses are: (1) to establish the ability of the chosen set of
numerical tools and protocols to reasonably capture the experimentally observed responses, (2) to
investgate the importance of accurate estimation of relative deri3iyfgr reliable numerical
predictions of posliquefaction responses; and (3) to study the influence of permeability on
observed responses like excess pore pressure, lateral displacensaitlament. This study also
provides a description of the simulation approach and features of the selected numerical platform
and constitutive model. The constitutive model is calibrated using the results of laboratory
experimentg6] conducted on Ottawa-65 sand. The calibrated model is used to perform system
level simulations of the centrifuge model tests, followed by comparisons between numerical and
experimental responses. Effects of variationB&and permeability on the system response are
evaluatd in order to assess the overall efficacy and sensitivity of the selected numerical framework
and constitutive model in predicting the centrifuge responses. Implications of this study for future

simulations involving liquefaction and satructure interaen are discussed.
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3.3 BRIEF DESCRIPTION OF CENTRIFUGE MODEL TESTS

Simulations are performed for the 11 centrifuge tests of the LEAP 2020 eX@&tqseformed at
different geotechnical facilities across the world. Five centrifuge tests were performed at
Rensselaer Polytechnic Institute (RPI), two at Kyoto University (KyU), and one each at University
of California Davis (UCD), Zhejiang University (ZJUEhime University (EU), and Korea
Advanced Institute of Science and Technology (KAIST). The centrifuge experiments were
conducted under an acceleration field that was several times IBgyéndn the acceleration due

to gravity @). This enabled the usef a smaHlscale model to represent a fattale prototype
geotechnical system whose dimensions were scaled down as per relevant centrifuge scaling laws
[8]. The specimen was built in a container having rigid walls. The soil was saturated using a
viscousfluid having a viscosityN times higher than that of water to ensure consistency between
dynamic and diffusion time scaling factors. The centrifuge model was spun up to the target
acceleration field in stages. CPT tests were conducted prior to shakialy ioe experiments
except KyUl and KyU3. Thereafter, the model was subjected to an input motion (earthquake

shaking) applied at the base.

The geotechnical system modeled was a sheet pile wall retaining a deposit of liquefiable
backfill. The prototype ganetry (20 m width) along with the numerical mesh is shown in Figure
3-1. The model consisted of two soil layers and a sheet pile wall (RglixeTable3-1 outlines
the details of the acceleration field and wall properties utilized for each test. iThaitsowere
comprised of a layer of dense Ottaw&% sand Dr = 90%) at the bottom of the model overlain
by a layer of loose Ottawa®b sand (mass and CPbasedr estimategor various tests outlined
in Table3-2),subdi vi ded i nt o Itéwo( iunniftrsoontd toofe ftihe wal | )

wall). Unless noted otherwise all units and analyses presented aer@iprototype scale. The
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aluminum sheet pile wall was embedded 0.5 m into the dense sand layer, and it extended between

2.5 m to4 m above the backfill surface for the various centrifuge tests. Pore pressure transducers

and accelerometers were installed at various depths in the soil deposit both behind the wall as well

as in front of it to record excess pore pressures and acamberate histories, respectively. Linear

variable differential transformers (LVDTSs) were installed at the soil surface to record settlements

and on the sheet pile wall to monitor its lateral movements during the test.
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Figure 3-1: Geometry of the numerical setup in FLAC (prototype scale). The locations of the
sensors correspond to R®

Table 3-1: Some of the main features of the centrifuge experiments.

Centrifuge Facility | Test Acceleration (g) Wall properties
No. (E =6.89 GPaJ = 0.0001 )
Density (kg/m?) Crosssectional area (n)

RPI 9 23 2740 0.11
RPI 10 23 2740 0.11
RPI 11 23 2740 0.11
RPI 12 23 2740 0.11
RPI 13 23 2740 0.11
EU 2 40 2680 0.12
KyU 1 40 2710 0.12
KyU 3 40 2710 0.12
KAIST 2 40 2720 0.112
UCD 1 27 2740 0.11
ZJU 1 26 2800 0.12
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3.4 NUMERICAL MODEL

In this study, the geotechnical model described in section 3.3 is numerically sinudeigthe
numerical platform FLAC 8.04] and the nonlinear constitutive model PM4Sand ¥3]1Time
histories of excess pore pressure, shear strain, horizontal and vertical displacements were recorded
during the simulations at locations corresponding to the sensors (as shown in Fiyumettse

centrifuge experiments.

3.4.1 CALIBRATION

The malel calibration is performed through singleement simulations of undrained cyclic stress
controlled direct simple shear (herein denoted as DSS) tests with a goal to reasonably capture the
behavior observed for undrained cyclic stresatrolled DSS testsn Ottawa F65 sand performed

in the laboratory. The bef#it triggering curve to the laboratory test data on Ottawibsand is

used as the target for the calibration procedure. The primary PM4Sand model parameters that are
calibrated areDr (selected @lue as reported or calculated from CPT measurements), the
contraction rate paramethbdo,, and shear modulus coefficie@¢. Additionally, then, parameter,
maximum void raticemax minimum void ratioemin and critical state friction angle'cy are also
calibrated based on the relevant data available on Ottedfadand. Default values reported in
Boulanger and Ziotopouldib] are used for all other PM4Sand parameteysandn, control the
bounding ratio and therefore the dilatancy and pefaktefe friction angles whil&, relates to the

shear wave velocity of the sand. The valudgedre adjusted according Bk (Table3-2) to reach

a double amplitude shear strain of 6% in 15 loading cycles at the cyclic stress ratio established by
the tiggering curve (Figur&-2). The triggering curve is developed by fitting the available cyclic
strength data on Ottawa@5 sand9-15] using afunctional formsimilar to the one developed by

Idriss and Boulangdd.6]. It must be noted that this curve does pass exactly through all of the
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data points but attempts to provide the best fit to the combined data set, paeameter is
assigned a value of 0.6 to match the rate of strain accumulation for OtévsaiRd as suggested
by Tasiopoulou et al[17]. The values fofs, are selected by using the same functional form as
PM4Sand manudb] but modified slightly to better match the shear wave velocity (and therefore
maximum shear modulu&may data for Ottawa 5 sand[6]. Equation 1 shows th&,

relationship used for this study.
& = 10.606 (Dg) 7229 (@8]

whereDris in %.The critical state friction angl@ay is reduced to 3Grom the PM4Sand default
value of 33, to better match the slope of the frictional envelopes (bounding line) of the stress path
plots from the cyclic DSS tests. A friction angle of 30° for Ottaw@bFsand is also consistent
with the results reported by Parra Bastif® based on work by bers[12, 1925]. Some of the

other properties of Ottawa &5 sand that are used in the simulations are outlined in Behle

Table 3-2: Relative density estimates from mdmssed and CRbased measurements in the
centrifuge tests and correspondhpgvalues selected for the numerical simulations.

Test PM4Sand model calibration parameters (liquefiable layer)
Mass-based CPT-based
Dr (%) hpo Dr (%) hpo
RPI-9 63 0.072 60-65 0.0950.065
RPI10 65 0.065 59-64 0.1050.068
RPI11 65 0.065 59-64 0.1050.068
RPI12 55 0.138 52-58 0.1680.11
RPI13 75 0.038 6570 0.0650.048
EU-2 65 0.065 57-66 0.1220.06
KyU-1 55 0.138 - -
KyU-3 65 0.065 - -
KAIST-2 65 0.065 6376 0.0720.038
UCD-1 70 0.052 74-88 0.0380.161
ZJU-1 75 0.038 5881 0.11-0.045
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Table 3-3: Properties of Ottawa-B5 sand utilized in the numerical simulations.

Maximum void ratio, emax 0.78
Minimum void ratio, emin 0.51¢
Specific gravity, Gs 2.65
Permeability, k (cm/s) 0.012

1. emnaxandeminare based on Carey et |6].
2. Ggsis based on Vasko et §27].
3. kis based on El Ghoraiby et #l1].
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Figure 3-2: Triggering relationship for Ottawa &5 sand used for calibrating PM4Sand

parameters.

3.4.2 INPUT MOTIONS

The centrifuge models are subjected to a horizontal ramped sinusoidal input motion applied at the

base of the model that has a peak acceleration of approximately 0.16g. At some of the centrifuge

facilities an additionatecordedvertical motion componentaving a peak amplitude about 10

times smaller than the horizontal component is applied at the base. For the numerical simulations

the samerecordedinput motions are appd. Figure 3-3 shows the response spectra and

acceleration time histories of the hmmmntal input motion components used for the centrifuge tests
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performed at RPI. The RPI motions have similar peak accelerations and a predominant frequency

of 1 Hz except for the RPI1 motion which has an additional high frequency component of 3 Hz.
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Figure 3-3: Accelerationtime histories andesponse spectra (5% damped) for horizontal
components of the RPI motions.

3.4.3SIMULATION PROCEDURE AND BOUNDARY CONDITIONS

The numerical simulations performed in this study use square zones having a dimension of 0.5 m.
A time-step of 1.0E5 seconds is used for the analyses presented ichidyiger Analyses repeated

with a smaller (one half of the original) mesh size andallentimestep (one half of the original)

to check the solution stability showed no notable effect on the numerical respbasgs
deformations are enabled for all simulations, which allow the mesh nodes to update their
coordinates as the model geomgtrggressively change3he sheet pile wall is modeled in FLAC

using elastic beam elements with nodes at every 0.5 m to match the soil discretization. The
properties of the wall had been provided by each centrifuge facility (BableThe sheet pile is
connected to the soil using unbonded interfaces at both sides to simulate the friction between these

two materials. The simulations use a-suélll interface friction of 30which is equal to the critical
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state friction angle of the soil. This value oféarfaice friction is utilized as smaller values results
in instabilities within the model. Since the experimental facilities did not provide any data or
recommendations on the normal and shear stiffness for the interface, these are selected based on

the reconmendations provided in the FLAC man{#4|.

For each centrifuge test, three simulations are performed at three different relative
densities: one corresponding to remeasured based on the mass of sand used during pluviation,
and two simulations corresponding to the lower and upper bound valDesesfimated through
correlations to CPT measurements in the centrifuges (outlined in 3@)ldhe CPT tests were
performed in the centrifuge models prior to shaking and the measured tip resistances between
depths of 1 mi 3 m were correlated t®r using the Bolton and Gui[28] relationship.The
correlated values were provided by Prof. Mourad Zeghal from RPI as part of a LEAP workshop.
Most of the centrifuge tests showed a fumiform tip resistance and thus the upper and lower
bounds were taken (TabB2). The difference between these upper and lower bounds-6fs 5
for the RPI tests and as high as 23% as observed fefl 4Jdble3-2). As discussed earlier, due
to the uncertainties associated with centrifuge experiments, it is not clear which oDthese

estimates is the most accurate and so all three are used in the simulations.

The mechanical boundary conditions in the simulatemesintended to replicate the rigid
container used in the centrifuggsts However, the analyses do not explicitly simulate the rigid
box that surrounds the soil. Instead, the constraints it imposes on the geosystem are applied as
boundary conditions. Alhodes at the bottom of the model are fixed in both the x and y directions
whil e al/l the side nodes are fixed only in t
for rocking of the container to be replicated. Although some of the experimentsaapgfiical

motion component along with the horizontal motion, significant rocking is not expected to be
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produced as the vertical motion amplitudes are 10 times less than the horizontal motion amplitudes
for all the tests. Therefore, the inability to nuroally model rocking is not expected to have a

notable effect in the predigi capability of the simulations.

The reported centrifugal accelerations from each facility are used for the simulations to
establish the prehaking conditions (static stresstigiization phase). To achieve the {sfeaking
conditions, the entire soil deposit is constructed in layers followed by excavation of the soil in
front of the sheet pile wall. During this static stress initialization phase, a gravity gislused
to simulate the prototype conditions and the M@woulomb modeWith the critical state friction
angle and a cohesion of 4 kPa is used for all soil units. This cohesion is necessary to ensure stability
at the toe of the wall during initialization but is remowedlore the dynamic stagénce the static
stresses are established, the water table is applied considering a water elevation of 5 m (backfill
surface) based on the centrifuge setup. The presence of water is modeled by applying pressure on
the nodes belowhe water surfacelhis approach cannot consider the hydrodynamic response of
the water, which is a limitation of this studyhe appropriate pressure on the top boundary of the
toefill area and on the front side of the sheet pile wall is applied to establbmerged conditions.
Saturation is set to 100% across the model and equilibrium of pore pressures is established.
Porewater flow is allowed along the top surface of the model, whereas flow across the container
boundaries is restricted. To allow for dralrainage of porewater from the top surface, pore
pressures and saturation are fixed at the top nodes. These boundary conditions allowed porewater
drainage out of the top boundary of the model, but not along the sides or bottom. Thereafter, gravity
is seqientially increased in increments of }/M order to approximate the centrifuge spm
process, allowing the prototype stresses to establish without arching or other boundary effects.

After initial conditions have been established, the nonlinear PM48addl is assigned to all soil

62



units.

Following the static stress initialization, the input earthquake motion is applied to the
model. The recorded horizontal acceleration time historieyenidal acceleration time histories
(when availableprovided by each centrifuge facility are applied at the base of the model. To
simulate the effects of the rigid box container the recorded horizontal acceleration time histories
are applied to the sides of the model. Rayleigh damping is set to 0.5% ¢ aficuency of 1
Hz (frequency of input motion). A local damping of 5% is assigned to the Wal. value is
slightly higher than the-2% range suggested for metal structures by Adams and Askenazi [29].
An additional simulation using a l@wvalue odamping ofLl% was performed as a sensitivity and
it resulted in a 5% increase in wall displacement from the baselineltasshaking is continued
for the duration of the recorded event for each test (approximately 22 seconds). After the end of
shaking, he base of the model is brought to a 2&tocity condition by applying both a horizontal
and vertical deceleration to the bottom boundary of the model. These decelerations are opposite in
direction to the average velocities along this boundary and thjaitude is calculated to reduce
the average velocity to zero in 0.2 seconds. This procedure is meant to approximate the stopping
of the centrifuge containemdthe ramping procedure described herein is used to avoid sudden
changes in velocity within the adel. After the base of the model is brought to a-xetocity

condition, the model is allowed to reconsolidate under its own weight.

3.5 SIMULATION RESULTS

This section presents the simulated soil and wall responses compared to those from the centrifuge
experiments. Response parameters like excess pore pressures, spectral accelerations, surface

settlements, and wall displacements are examined. A detailed discussion is presented fer the RPI
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9 simulation results. Additionally, the effects of permeabildg, and input motion on the
responses are investigated. Finally, an overview of the numerical prediction of wall displacements
for all 11 centrifuge experiments is presented. The overall range of uncertainty associated with the

predictions is examined.

3.51 DETAILED RESULTS FOR RBI

This section presents the responses of the soil and sheet pile wall obtained from the numerical
simulations corresponding to RPI ThereportedmassbasedDr is used in all the simulations
describedn this sectionFigure3-4 illustrates the excess pgreessure time histories at different
sensor locations within the model. The figure also highlights the excess pore pressurg ratio,
which is the ratio of the excess pore pressure to initial vertical effective stress. The simulations
capture the generéiend of excess pore pressure generation and residual excess pore pressure at
sensor PB3 and PM2 (far away from wall) in the backfill reasonably (Fejures 3-4ab).
However, the dilation spikes observed in the experiment at PB3 is not captured inulagians.

This is due to the high frequency acceleration components in the experimeané that present

in the simulation (as shown later in Figuré)3 The reason behind filtering of high frequency
components in the simulation is likely due to theeasize selected in FLAC. Howevegnes

having half the width asthose used irthe baseline caseods not improve the prediction.
Simulations using an even smaller zone sizay help capture the spikes, btitey are not
reasonabléo performfrom the standpoint of computational tinTéne excess pore pressure build

up at sensor PW1 (close to the wall) in the backfill is not accurately predicted for the tests (Figure
3-4c). This is likely due to the sestructure interaction effec{80] obseved in the centrifuge
experiments close to the wall that is not captured adequately in the simulations. Dilation is

observed in the dense sand close to the toe of the wall (sensor PD) and in the toefill (sensor PFWB)
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in case of simulation (Figuré&s4d-e) unlike the experiment, which shows a contractive response
at the same locations. A zone of suction around the toe of the wall has also been observed for the

other simulation$31].

The spectral accelerations from the simulation steasonablagreement wh those from
the experiment at periods close to the predominant period (1Hz) of the input motion (Bigures
5ae). At lower periods, a discrepancy in spectral accelerations between the simulation and
experiment is observed. This is due to the high frequetilation spikes observed in the
experiment as opposed to the simulation. The general trends in excess pore pressujpeaingild
spectral acceleration observed for the RRimulation is consistent with those from the other

simulationg31].

The simuléed wall displacement marginally overpredicts the experimental wall
displacement (Figurd-6a) by about 8 cm (10% overprediction). The simulation overpredicts the
surface settlement behind the wall by approximately a factor of 2 (F6i®. The wall
displacements for the simulations corresponding to other centrifuge tests both underpredict and
overpredict experimental observations, as discussed in s&cfidn Both overprediction and
underprediction of the surface settlements are also observed &héneests (as shown in Figure

3-14 and discussed Basu et al[31]).

A sensitivity study is performed to account for the effect of mesh size and time step on the
responses. The effect of mesh size and time step on excess pore pressure and acceleration responses
are negligible. Figur&-7 shows the wall displacement time brs¢s at the top sensor (WY
1/WY+7) for the baseline simulation corresponding toRRinesh size of 0.5 m and tirstep of
1.0e5 second fine mesh (mesh size of 0.25 m) and Hiaifestep (mesh size of 0.5 m, same as

baseline case). The final wall diggements are similar (varying less than 5%) among the three
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cases. Considering that there is no basis or data to guide the selection of -l wakrface
properties, namely the interface friction angle and the interface stiffness, a study is pewidme

three additional cases of 25% increased interface stiffness, 25% decreased interface stiffness and
an increased interface friction angle of 36°. Vhdation of these interface properties results in a

10% variation in wall displacement at most &ir11 test§discussed in Basu et §1]).

40 L] I T I T I T I T

_20 L I L I L I 1 I ((I:)

0 5 10 15 20 25
Time (s)

Excess Pore Pressure (kPa)

Excess Pore Pressure (kPa)

Experiment
— Simulation
--- r,=100%
0 5 10 15 20 25 0 5 10 15 20 25
Time (s) Time (s)

Figure 3-4: Excess pore pressure time histories at the end of dynamic phase for t6satRPI
sensors: (a) PB3 (b) PM2 (c) PW1 (d) PD (e) PFWB. Dashed lines represent excess pore
pressure corresponding tagof 100%.
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3.5.2 EFFECT OF PERMEABILITY

For the simulations discusséa the previous sectiora constant permeability (referred to as
baseline case in this section) defined for Ottawibsand6] is used throughout the duration of

the tests. However, in past studies permeability has beemnvetis® increase during onset of
liquefaction as soil grains start losing contact with one another and it starts decreasing post
liquefaction during the reconsolidation procg2s 32, 33] as the grain contacts are again re
established. Shahir et $83] had observed an increase in permeability by a factor of 20 during
liquefaction of Nevada sand. Ueng et[84] and Bayoumet al.[35] had observed a-fold and

1.5fold increase in permeability during centrifuge tests on Vietnam and Ottal¥® Gands,
respectively. Other experimental and numerical studies have also reported an increase in
permeability during liquefactiof8, 36, 37]. Contrarily, Adamidis and MadabhugB8], through
centrifuge experiments on Hostun sand, suggested that permeabilipsgsi®y a factor of 1.2 at

the most and such an increase occurs only at effective stresses less than 0.1 kPa. In this study, the
excess pore pressure ratiQ) (dependent permeability relationship (Equation 2) by Shahir et al.

[33] is used to simulate the test R®to investigate the effects of increased permeability during

liquefaction.

kml ki =1 ru<=0
=1+(/-Dxr/ ru<=1 2
=y rv>1

wherekn is the modified permeability is the initial permeability at,=0, Uis thefactor by which

permeabilityincreasestr,=1 andb controls the rate at which permeability increases with
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Maximum permeabilities of 5 times and 20 timesr(afl) the original baseline valuae
used in the simulations. The factor of 5 is selected based on findings from simulation of centrifuge
experiment on the same saasl discussed in Chaptemdereas théactor of 20 is based on the
recommendation from the original authdB3]. These two cases will be referred to as; HP
(maximum permeability 5 times higher than baseline) ang(riBximum permeability 20 times
higher than baseline) hereafterbA&alue ofl, which has been shown to produce reasonable results
by Shahir et al[33], is used in this study. During shaking, some amount of drainage (therefore,
excess pore pressure dissipation) occurs simultaneously along with generation of excess pore
pressurgd39]. Usually, in the early stages of earthquake loading, when the shaking amplitude is
high, the rate of excess pore pressure generation is much higher than dissipation. Therefore, an
increase in excess pore pressures is observed. However, this dissgiataould be much higher
as the permeability goes up by an order of magnitude or more. This is observed in case of the
simulations using higher permeabilities (Figude&ab), especially HR Considerablelissipation
is observed to occur at teensor PB3 (far away from the wall) around the end of shaking for HP
The overall excess pore pressure generation at sensor PW1 (close to the wall) is lower than the
baseline case for HPFor HR, large dissipation occurs around the end of shaking aneinitiof-
shaking excess pore pressuredssideraly lower than the baseline case. The wall displacements
are observed to be less sensitive to variation in permeability. For the permeability ¢abe HP
wall displacement is almost the same as the baselse (4% higher), whereas it decreases by
about 15% for HP (Figure 3-9a). The differences in surface settlement behind the wall is
negligible among the three cases (Figsi@b). The abovwenentioned simulation cases highlight
that the simulated resporssghow the best agreement to corresponding experimental observations

when increase in permeability is less thaiold.
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3.5.3 EFFECT OF R

The Dr (massbased or CP-based) selected for the sand layer is observed to have a major effect
on the simulated liquefaction responses for the soil as well as the retaining wall. This is consistent
and expected with the overall configuration of the experimenvel as with the constitutive

model usedfor whichDris a primary parameter. This section presents a detailed comparison of
soil and wall responses between the numerical simulations and centrifuge experiments. The
parameters like excess pore presswspectral acceleration, surface settlement and wall
displacement are examined. Specifically, the RPI tests are selected for the discussion, owing to the

similarity in centrifuge setip and quality control among the different tests.

The excess pore pressigeneration is notonsideraly affected bythe rebtively small
changes irDr (around 5% observed in these tegtsigure3-10) except for RR1L3. For RP13,
the massasedDr value of 75% ionsideraly higher than the CRbasedDr range (6570%).
It is observed that the excess pore pressure generationatrogideraly as theDr changes from
70% to 75% indicating that the simulation is very sensitive to this charidgee spectral

accelerations are less sensitive to changBsind no clear trend is observed (Fig8rel).

The variation in wall displacements (Figl8-d.2) and surface settlements (Fig@¢&3) is
much more prominent with changesbs. Both wall dispacement and surface settlement are
inversely proportional t®r. Typically, the higher thBr of the liquefiable sand layer is, the lower
the wall displacements and surface settlements are. The input motions used for the tests are similar
among the RPI sts except for RP11, which uses a motion with an additional high frequency
component. The displacement prediction forRPlisconsideraly higher than the experimental
value which could likely be due to the high frequency component whose effectephated by

the simulations.
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Figure 3-12: Wall displacement time histories at sensor WW/'Y .1 for the five RPI tests.
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3.5.4 DISCUSSION ON WALL DISPLACEMENT: NUMERICAL AND CENTRIFUGE

COMPARISON

This section presents a detailed comparison between simulated wall displacements and the
corresponding values from thé centrifuge experiments. FiguBl4 shows the normalized wall
displacements (wall displacement normalized with respect to wall hdéight)the simulations
compared to those from the experiments. The wall displacements are predicted reasonably
accurately when using the méasaseDr for tests RPB, ZJU1, and KyU1. While considering

the CPTbaseddr range in the case of simulationsg fbredictions of wall displacements improve
consideraly for tests RR{0, RPt12, RP#13 and EU2, all of which show marginal to

considerableinderprediction when using the mdmsedr. For example, in case of RB2 and
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RPF13, theDrvalues corresponding to the lower bound of cone tip resistance result in a reasonable
estimation of wall displacement. In case of RBland EU2, it is observed that a mean GPT
basedDr value from the range prescribed for each test results in a reaspnadtiletion of wall
displacement. In case of RP1, the wall displacement monsideraly overpredictedat all Dr
valuespossibly due to the high frequency component present in the input motion, which causes a
discrepancy between experimental and numlergsgponse. It must be noted that the experimental
wall displacement observed in case of RPIlis almost half of those observed for tests-®Bhd

RPF10 even though the relative densities (raasedDr and CPTbasedDrrange) are similar
among the thre of them. For tests UCGD and KAISTF2, the CPTbasedDr do not improve the
prediction of wall displacement. Overall, it is observed that the numerical predictions of wall
displacements for all 11 tests are within 509200% of the corresponding experimaint
displacements, utilizing either the mdsssedDr or aDr value falling within the range estimated

from the CPT correlation. This level of uncertainty is similar to the magnitudes that have been
observed for liguefactioinduced fredield settlementsn numerical study40] and in the field

such as irChristchurch41]. Table3-4 presents several goodness of fit statistics that are estimated.
The simulations using th@r corresponding to the lower bound of CPT show a slightly befter R
value than the other two simulation cases. These simulations also show a lower mean squared err
(MSE) and bias (calculated as the ratio of observed to simulated normalized wall displacement)
than the other simulations that use the nfmssedr or theDr corresponding to the upper bound

of CPT.It must also be taken into consideration that thedyyghamic pressure of water acting

on the wall from its front side in the experiment is not replicated in the numerical simulations. The

water sloshing on the face of the wall and the wall movement during shaking could occuf both in
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phase and owdf-phasg42] and thiscould haveaffectedthe amount of wall displacement in the

experiments.
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Figure 3-14: Normalized wall displacements at sensor WA'Y .1 for each of the 11 centrifuge
tests (KyUl and KyU3 do not have CPT data). Solid symbols correspond to thelmaaesDr
values while hollow symbols correspond to lower and upper bounds 6b&$ErDr.

Table 3-4: Statistical parameters correspondinghte numerical fit of centrifugebserved wall

displacements based on the 11 tests considered in this study.

Parameter Dr (Mass) Dr (CPTis) Dr (CPTus)
R? 0.569 0.577 0.568
Mean bias 2.278 1.029 2.253
MSE 13.39 1.40 7.77
COV (bias) 1.32 0.60 0.77

For the RPI tests, the dependance betvieaf sand and normalized wall displacement

is shown in Figure8-15. For the numerical simulations, a fairly linear trend betw2emnd

normalized wall displacement is observed (FigsuEsa), given that the other model and input

motion parameters are similar. It must be noted that the input motions used for the RPI tests have

similar peak accelerations and frequency content excefitddRP411 motion, which has a higher
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frequency component in addition to the predominant frequency of 1 Hz. No clear trend between
Dr and normalized wall displacement is observed for the experiments (RgLbb). It is
interesting to note that RRL and RP#13 are significant outliers in terms of the observed
experimental wall displacement. The deviation from the linear trend, as is observed from the
simulations, for RRILL1 is attributed to the higher frequency component in the input motion.
However, br RPF13 the experiment showscansideraly larger displacement (91% larger) as
compared to the simulation (utilizing the reported n@ssedDR). This further highlights the
uncertainty in masbasedr estimation procedure as it is likely that fDe achieved in this test

was much lower than the target value, as was indicated by the CPT measurementd BorTRE!|
simulation of RPI13 test utilizing thdr corresponding to the lower bound of CPT measurement

improves the predictiooonsideraly (8% undeprediction) as has been indicated previously.
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Figure 3-15: Normalized wall displacement vs relative density for (a) simulations and (b)
experiments corresponding to RPI tests. Solid symbols correspond to thbasaed3r values
while hollow symbols caoespond to lower and upper bounds of @RiEedDr.
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3.6 DISCUSSION AND CONCLUDING REMARKS

Thischaptehighlights some of the key parameters that affect the liquefaction prediction capability
of a numerical model utilizing the numerical platform FLAC and the PM4Sand constitutive
relationship. Herein, numerical modeling of centrifuge experiments invohsog-aheet pile wall
systemsubjected to seismic excitation is studied. A total of 11 centrifuge tests are simulated with
the goalof identifying the key soil and wall properties which need to be provided from the
experiments to improve the prediction pbstliquefaction responses numerically. The model
geometry involves a twiayered stratified deposit having a top layer of loose liquefiable Ottawa
F-65 sand overlying a dense Ottaw®% sand layer. The soil deposit is retained by a ghiket

wall. A pseudeharmonic excitation is applied at the model base. The patterns of simulated wall
displacement are investigated, and the findings are compared to experimental observations.
Additionally, soil responses such as excess pore pressures, acceleraticrtiemdrgs are also
evaluated. The primary goal of this task is to bridge some of the existing gaps betsgmrses

from centrifuge experiments and numerical models.

For centrifuge experiments, the differencesDin estimates from direct masslume
measirements and indirect correlations to CPT tests is often observeddonbielerablgl].
Moreover,Dris likely to vary with depth. Therefore, selecting a single representative vase of
for numerical simulations remains a challenge. It is observedhatcurate estimation Dk for
the liquefiable layer is extremely important in the prediction of responses like wall displacement
and ground surface settlement. Increase in wall displacement and ground settlement is observed
with a decrease iBr. Therdore, considering the uncertainty D estimates is important and the
prediction of numerical responses is often improved while using the entire range-bb€&Dr

instead of a single representative mbasedDr value. The most significant improvement in
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prediction of wall displacement utilizing a CBasedDr is observed for test RAI3 where the
reported masbasedDr (75%) results in 91% underprediction, wherdesDr corresponding to

the lower bound of CPT measurement improves the prediction (8% underprediction).

Permeability is another key parameter that is observed to have a significant impact on
numerical prediction of responses. It has been previouslywdusdrat permeability can increase
by as much as an order of magnitude during liquefaf3@r83]. Therefore, it is not ofteaccurate
to use a constant value of permeability during liquefaction occurrence in a numerical simulation.
Thus, this study exaimes ary-dependent permeability model developed by Shahir 483,
capable of increasing permeability by a udetermined factor. The differences in responses, when
using constant permeability throughout the test duration versus-dapendentvarialde
permeability relationship, is investigated. Excess pore pressure generation pattern is observed to
change drastically when permeability increases by a factor of 20=Bt as was suggested by
Shahir et al[33]. Considerable dissipation of excess ppressure during seismic shaking is
observed. Consequently, it also affects the magnitude of simulated wall displacement and ground
settlement. However, the best agreement to experimental observations is obtained when
permeability is increased at most byaator of 5 which is consistent with findings the same
sandfrom Chapter 2Some of the other important observations from this study are presented

below:

U The input motion frequency affects the numerical prediction of responses. The numerical
simulationfails to capture the experimental wall displacement accurately when there is an
additional high frequency component in the input motion as is the case fdriRFie

reasons for this are unclear.

81



U Significant dilation is observed around the base oftieet pile wall and in front of ih
the simulationsunlike the experiments which showed contractive response in the same
region. It ispossiblethat the suppressed dilation of the experiments is due to a suspected
increased friction on the side walls thie centrifuge container and would likely not be
present in a true plane strain problem as the one represented in the numerical simulations.
It is also possible that flow conditions or hydrodynamic pressures influenced this response.
Moreover, the denseasd layer that was simulated with the repoideaf 90% might have
had a looser configuration in the experiment. Inflow of water from radial direction and
movement of sensors from their reported locations during shaking are other events that
could have ocurred in case of the experiments. These factors could be contributing to the
discrepancies observed in the simulated excess pore pressures as some of these might not
be possible to replicate in a 2D numerical model.

U A proportional relationship between nueailized wall displacement arizk is observedn
the simulationsgiven that other parameters of the model and input motion are similar.

U The displacements from numerical simulations for all the tests (excegdtdRRdll within

a factor of 2 of the experiméal displacements.

Overall, from this simulation exercise, it can be concluded that the predictions generally
show reasonable agreement for most of the tests when the important soil and wall properties from
the experiments are reported. However, the neRintexcess pore pressure generations and wall
displacements could be an area to focus on in the fi8aree of these could be addressed through
better characterization of sdkr by taking into account the uncertainty associated with the-mass
based Dr, considering the uncertainty in correlations utilized to estimagefrom CPT

measurements or by considering spatially variable soil properties for the dejyosadynamic
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forces arising from the water in front of the wall are not considered in the sionslperformed
herein. This could also be a source of some of the discrepancies in the simulated responses.
Additional studies also need to be conducted to verify the effect of high frequency motion

components on responses
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CHAPTER 4: NUMERICAL MODELING OF RECONSOLIDATION SETTLEMENTS

FOR A SPATIALLY VARIABLE SOIL DEPOSIT

This chapter is based on a paper in preparation by Devdeep Basu, Jack Montgomery and Armin

Stuedlein for submission ttournal of Geotechnical and Geoenvironmental Begring

Basu, D. , J. Mont gomery, and A. Stuedl ei n. z
settlements for a spatially variable soil dep

Engineering ASCE). Manuscript Under Preparation.

This chaptefmvas altered from the versidhat will be submittedo Journal of Geotechnical and
Geoenvironmental Engineerirfgr the purpose of avoiding redundancy and maintaining better
flow in this dissertationMy primary contributions to the paper included: éyaluating the
liquefaction responses with a focus on reconsolidation settlements for a soil deposit with spatially
variable properties(ii) gathering and reviewing literature, (iii) development and design of
numerical approagh(iv) processing, analyzin@gnd interpretadin of the results (v) most of the

writing.
4.1 ABSTRACT

Assessment of earthquakeluced liquefaction is an important topic in geotechnical engineering
due to the significant potential for damage to infrastructure. Assessments -tifgpe&ction
deformations is commonly done using empirical models, which often assume laterally
homogeneous soil layers. Numerical models offer the potential to examine the effects of spatially
variable properties on liqguefactionduced deformations, butighapproach is not common in
practice. This studgxploresthe predictions of podiquefaction reconsolidation settlement of a

spatially variable siten Hollywood, South Carolina usinthe numericalplatform FLAC and
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constitutive model PM4Sandhe effe¢s of motion parameters on reconsolidation settlements and
differential settlements are investigated. The physical mechanisms associated with post
liquefaction responses such as excess pore pressures and shear strains are also examined.

Correlations betweaeinput motion characteristics and reconsolidation settlement are investigated.

4.2 INTRODUCTION

The previous two studies outlined in Chapters 2 and 3 consitieedlly uniform sand deposits
for numerical assessment of liquefactiaduced responses. Hever, as discussed in Chapter 1
natural soil deposits aléely to be heterogeneous with the properties varying spatially in both
vertical and lateral directionhe effects of spatial variability in soil properties aamined
using numerical model[d-4], butthis approach isot commonly used in practickie to both the

difficulty in modeling liquefaction and measuring spatial variahility

In thischaper, the numerical framework described in the previous two chaistased to
simulate the response of twdimensional (2D) crossections of awell-characterizedsite in
Hollywood, South Carolina, USAA number of CPT tests, downhole shear wave velocity tests,
and mudrotary borings had previously been performed at thees[b, 6]. This extensive
characterization program provided good estimatdmes$-corrected cone penetration resistances
(geiney at the site, which was examined Bgng and Stuedlein[7] to estimate the magnitude of
liquefactiorinducedreconsolidatiorsettlement that would be expected at the site using empirical
models. Thischaper will extend the work performed in this previous study by using numerical
simulations with the constitutive model PM4Sas3d1 [8]. Thefinite differencebasechumerical
platform FLAC v8.0 [9] is used Numerical simulations used in this study incorporate spatially
variable soil properties such as relative dendity &nd shear modulus based on correlations to

Jeines Uniform soil profiles, using ndian and peragtile values from thecincesdistribution for the
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stochastic deposit, are also simulated to determine their ability in estimating reconsolidation
settlements as compared to the stochastic model. This study uses ramped sinusoidal motions
having different pak acceleration levels and a suite of recorded transient mditieasly scaled

to acceleration intensities of 0.25g and 0.528g that correspond to the expected hazard at the
Hollywood site. The effects of input motion parameters like peak acceleratioulative absolute

velocity (CAW) and acceleration spectrum intensitS{) on the magnitude of simulated
reconsolidation settlement and differential settlement are investigated. The necessity of soll
specific calibration of podiquefaction stiffness taccount for the possible bias present in
predicted settlements is evaluated. Thefigeefaction responses such as excess pore pressures
and shear strains are also examined. Excess pore pressures are observed to vary vertically but not
in the lateral diection whereas shear strains mobilized at the end of shakingamsiderablyn

both directions. Finally, correlations between input motion characteristics and reconsolidation

settlements are evaluated.

4.3 DESCRIPTION OF THE HOLLYWOOD TEST SITE

This study focuses on a geotechnical test site in Hollywood, SC. The Hollywood test site was
previouslyused to evaluate liquefaction mitigation using driven displacement piles and controlled
blasting techniqu€g$, 6], pile spacing and installation effean driving and penetration resistance
[10], time-dependent regain of smasirain stiffnes$l11, 12] spatial variability of silty fine§l3],

and liquefactioAinduced settlemen{3]. The site has been extensively characterized statg

and seismicCPTs downhole and surface wavbased shear wave velocity tests, and {raidry
borings with splitspoon samples. Figu#el presents a plan view of the test site showing the

locations of theCPTs andmud-rotary boreholes
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Figure 4-1: Plan view of the Ildllywood test site showing the locations of the various
explorations performed (modified from BoagdStuedlein7]).

The generalized stratigraphy at the Hollywood site is shown in Fig@rel'he upper 2.5
m is a loose to medium dense siltyctayey sand fill, which overlies a potentialiguefiable layer
comprised of loose to medium dense poorly graded sand with lenses of silty safiquéfigble
layer is the focus of the current study. The liquefiable layer is underlain by a 1.5 nstitdic,
medium stiff clay layer which in turn is underlain by a dense sand layer. The thiekoktse
various layersaregenerally uniform across the site. The depth to groundwater exhibits seasonal

variation and can be as shallow as 2 m below thengksurface.
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Figure 4-2: (a) Crosssection of the general soil profile at Hollywood siteng with the FLAC
mesh andb) cone netratiorresistancé€qgc) measurementst two locations through CPT tests
(based on Stuedlein and Bofig}]).

At the Hollywood test siteBong and Stuedlein[13] used random fieldheory[15] to
produce a thredimensional3D) geostatistical model of the copenetratiorresistancedc) and
fines content within thdiquefiable layer at the test sit&ubsequently, a 3D geostatistical
distribution ofgcineswas estimated for this laygr3]. The geostatistical model was discretized at
intervals of 5 cm vertically with depth (from 2.5 m to 11 m) and 25 cm in horizdim&dtions
(from O m to 3 m in BWV direction and 0 m to 26 m in-8 direction).It resulted in 13 cross
sections ofjcincsSeparated by a distance of 25 cm along HWe 8irection.The current study uses
a 2D numerical approach, afar each crossectionthe original fields were averaged to produce
grids with a 50 cm spacing in the vertical direction and a 50 cm spacing irShdirEction. This
averaging was done in order to reduce the number of elements in the simulations and decrease the
time requiredfor eachcomputation Two crosssectiors through the 3D model d@.0 m (EW
direction) and 2.75 m (BN direction) are shown in Figure4-3 as an example of the spatial

variability in penetration resistance at the skegure 44 shows the cumulative distribution
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function (CDF) ofgcines for all 13 soil sections at Hollywood sit&here are onlynegligible
differences in the shape of the CDF among the sections and so the various lines are nearly
indistinguishable in Fige 44. The CDFs for all 13 sections exhibited adiaagcincsvalue of 80

and a standard deviation of 14.5.
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Figure 4-3: geinesdistributionattwo sections at distances b (Section 5and2.75m (Section
12)in the EW direction.
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44 NUMERICAL MODELING

In this study, numerical simulations were conducted for the 13 soil seatiomsig along the N
S direction (Figuret-2) and each section hadwidth of 26 m and a total depth of 14 ithe
simulationsused the numerical platform FLAC v8[9] and the nonlinear constitutive model

PM4Sand v3.18].

The simulationsn this studywere performedising square elements each having a width
of 50 cm. There werthree stages each simulationin the first stage, thenodel geometry, soil
properties and boundary conditions were defined, and the geostatic stress state (static equilibrium)
was achievedThe baseof the model wasgixed against movement and only vertical movements
along the sides of the modekre allowedHydrostatic pore pressure conditions were established
across the model to match the depthhefgroundwater tablewvhich was at a deptof 2 meters
from the surfaceln the second stage of the analysis, earthquake shakegpplied to the base
of the model as a horizontal acceleration time history. Duringdiiiamicstage, the base of the
modelwas fixed against vertical movement gomeriodic boundary conditionsere applied to the
nodeson the side®f the modelDrainage could take place from the model top, but the sides of
the model were considered no flow boundaries. To mitigate numerical noise, a Rayleigh damping
of 0.5%centerecht a frequency of 1 Hz was used. The tisbep was selected by FLAC to ensure
solution stability. Simulations were performed for one of the esestions using halbf the
defaulttime step and mean settlements differed by only BP4he final stage, # modelwas
allowed to reconsolidatentil all the excess pore pressures generated during shaking had

dissipatedThis final stage used tteame boundary conditions @ static equilibrium stage
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4.4.1 SOIL PROPERTIES AND PM4SAND CALIBRATION

The fill layer, liquefiable layer, and the dense sand layer at the model base were modeled using
PM4Sand8] while the clay layer was modeled using an ekpdéstic MohrCoulomb modelThe

cyclic response is modeled in PM4Sand using three primary paranvetéech areD,, shear
modulus coefficient@), related to the maximum shear modulGsdy or shear wave velocity

(Vs), and contraction rate parametedof. While Dr andG, are selected based on laboratory or field
measurementdipo must be calibratedsing single elementyclic direct simple sheafDSS)
simulations to obtain the desired cyclic strengthe postshaking reconsolidation process is
difficult to model numerically since stress rabiasedconstitutive modelsexhibit inherent
limitations in capturing theeconsolidation stragfollowing liquefaction This is due to their
inability to capturesedimentation effectshus, the reconsolidation process is typically elastic and
produces small volumetric straifi6, 17] Ziotopoulou and Boulang¢t6] proposed an approach

to compensate for this limitation by reducihg elastic moduliuring the econsolidation process

to increase the volumetric straiffi$ie reconsolidation processPM4Sands activated by the user
using a flag variable PostShakewhich attempts tamimic the sedimentation effects using the
elastic moduli reduction approach sugigel by Ziotopoulou and Boulandé6]. The magnitude

of the postshakingvolumetric strains is controlled by two parametéss, minand psed,a Which

control the magnitude of modulus reduction and the range of mean effective stresses over which
the reduction is active, respectivek. D,-dependent relationship fdgedmin(Equation 1) was
developed byBoulanger and Ziotopoulo[8] through calilbation to the empirical relationship

suggested by Ishihara and Yoshimjh8].

Q 0 R B8O (1)
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where A and B are constants, whose values were seleaed.03 and 2.6, respectively, by
Boulanger and Ziotopould8]. Boulanger and Ziotopould8] selected value of 20 kPa f@osed,o

noting that volumetric strains were relativansensitive to increase ipsed,o above 20 kPa
However,asdiscussed previously in Chapter 2, reconsolidation parameters should be calibrated
to specific soil types, whenever relevant-spiecific data are available, to estimate reconsolidation
settlements accuratel\.herefore, a sensitivity analysis study wamducted by adjusting the
defaultfseq,minrelationship suggested by Boulanger and Ziotopoulou [8] to account for the predicted
bias in reconsolidation settlement based on the effective grain dianbateardDso (as discussed

in Chapter 2)

In this stud, stochastic properties were used for the liquefiable layer whelteather
layers inthe model were assumed to have uniform properties in order to isolate the effects of
spatial variability in the liquefiable layefFor the liquefiable layer, the primaparameters were
correlated to thecincsvalue at each zon®; was estimated based gancsusing the Idriss and
Boulanger[19] correlation (Equation 2)5, was correlated tgcinesthroughthe stress normalized
shear wave velocityMs1) of the soilas shown irEquatiors 3 and 4 These relationshipswvere
developed by adjusting the default PM4Sand correlation bet@eandD; to better match the
averageVs: measured at the Hollywood sity Gianella[20] andMahvelati et al[11]. hyo was
calibrated to matcthe CPTFbased cycligesistance rati¢proposed by BoulangandIdriss[21])
to reach 3% single amplitude shear strain in 15 cycles {§£Rn cyclic DSS test (Figure-8).
This calibration proces#/as repeated for5dvalues ofgcinesranging from30to 250, which covers
the range oficincsvalues in the random fields. Valueshgh for intermediategcines values were
obtained through linear interpolatioAn upper limit of 0.8 was put on the triggering curve for

very dense soilsThe maximum void ratioghay), minimum void ratio €min), critical state friction
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angle (¢it) and hydraulic conductivityk] were selected based on the recommendations by
Gianella[20]. The properties for thether three notfiquefiable layersareoutlinedin Table4-1.
Most of these properties were provided by Giar{éltd exceptl «it, which was assumed to be 33

for the fill and dense sand layers based on the recommendation by Boulanger and Zio{8poulou

for sands.
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Figure 4-5: Boulangerandldriss[21] liquefaction triggering curve used fog, calibration. The
cyclic stress ratio (CSR) corresponds to 15 cycles of sinusoidal loading in cyclic DSS test.

Table 4-1: Uniform il properties for th@on-liquefiable layers.

Layer Input properties
Dr Cohesion | Gt (°) }d Vs1(m/s) Emax €min Gs k (cm/s)
(kPa) (kg/m3)
Fill 0.7 - 33 1481 188 1.1 0.65 | 2.65 0.01
Clay - 38 0 1500 168 - - - 0.0001
Dense sand| 0.9 - 33 1550 215 1.1 0.65 | 2.65 0.01
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As discussed in Chapter 2, previous stuffi@s?4] have suggested that liquefaction causes
hydraulic conductivity to increase due to loss of contact between soil grains in its liquefied state.
As the liquefied soil reconsolidates, the contacts between grains -astabdished and the
hydraulic conductivy returns to some magnitude that may or may not reflect its initial fabric. In
this study a sensitivity analysis wasnducted using the excess pore pressure rafiaépendent
variablek model developed by Shahir et §4] to investigate the effeaif variation ink on
reconsolidation responses. is defined as the ratio of excess pore pressure to initial vertical

effective stress. The hydraulic conductivity relationship for dynamic phase is:

Q 9 P i T
p

e b1 (5)

~Q p | Tt
p I p i rop (6)
| L p

wherek is the initial hydraulic conductivity at, = 0, km is the modifiechydraulic conductivityU
is the factor by whichhydraulic conductivity increases ry= 1.0, andb; andb, control the rate
at whichhydraulic conductivityncreases with, during anddecreasewith r,following, shaking,
respectively Exponents; andb, weresetto 1 and 2, respectivelyyhereas at)value of 12was

used for Hollywood sand based on toerelationdeveloped in Chapter 2 .
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4.4.2 INPUT MOTIONS

Rampedsinusoidal and transient inpottotions(Figure 46) wereusedfor the simulations in this
study The mamped sinusoidal motiofsd peak acceleration$ 0.05g, 0.13g, 0.25@.329,0.4g

0.6g and each of these psetdymonic records had a duration ofs&nd a frequency of 1 Hz.
Seventransientmotionswere chosen from the suite of motions recommended by Jayaram et al.
[25] to approximate a strikslip event with a moment magnituddy) of 7 at distance of 10 km.
This event is an approximate representatf theMy and closestlistance to rupture plane)
combination for the most probable earthquake evemizected at the Hollywood site that
correspond to return periods of 475 years and 975 y28fsThese return periods correspond to
the maximum credible earthquake events at the Bltgeover, the most severe earthquake
recorded in the vicinity of Hollywood areéhe 1886 Charleston earthquak27]) also
corresponded to By of 7 and it had an epicgral distance of 30 km from HollywoodThese
seven motionshat were selectedere recorded at rock sites and have a range of spectrakshape
as shown in Figure-4. Each of these motions were linearly scaled to produce two different peak
accelerationsfd).25g and 0.528g that correspond to probability of exceedances of 5% (475 years
return period) and 2% (975 years return period) in 50 y&atde4-2 lists some of the important

characteristics of the select®dnsientrecords.

95



Table 4-2: Characteristics of recorded earthquake motaorsidered in this study

Earthquake Recording | Year Mw Duration Predominant CAVs (m/s) ASI (m-sy
Motion Station (s) period (s) Peak Peak Peak Peak
acc.= acc.= acc.= acc.=
0.25¢g 0.528g 0.25¢g 0.528¢g
M1 - Imperial | Cerro Prieto| 1979 | 6.53 63.7 0.3 25.52 53.91 271 5.73
Valley-06
M2 - Duzce, | Lamont531| 1999 | 7.14 41.5 0.26 9.41 19.89 2.48 5.25
Turkey
M3 - Taiwan SMART1 1986 | 7.30 32.9 0.2 10.19 2154 2.56 5.42
SMART1(45) E02
M4 - Helena, Carroll 1935 | 6.00 40.0 0.14 2.08 441 1.56 3.3
Montana01 College
M5 - Victoria, | Cerro Prieto| 1980 | 6.33 24.4 0.06 3.87 8.18 152 321
Mexico
M6 - Duzce, Mudurnu 1999 | 7.14 28.83 0.3 8.49 17.94 2.53 5.34
Turkey
M7 - Sitka, Sitka 1972 | 7.68 55.0 0.12 10.57 22.33 1.89 3.99
Alaska Observatory

1. CAWis the cumulative absolute velocity corresponding to input acceleration amplitudes greater thdn 5 cm/s

[28].

2. ASlcorresponds to acceleration spectrum intensity.
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Figure 4-6: Some typical input motions used in this study: (a) a ramped sinusoidal input motion
with a peak acceleration of 0.25g and three linesebled transient motions: (b) Mimperial
Valley-06 (M1) (c) M4- Helena, Montan®1(d) M771 Sitka, Alaska.
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4.5 RESULTS

Numerical simulations were performed in FLAC for the 13 stochastic edibsis considered in

this study using both ramped sinusoidal motions and transient motions. Additionally, simulations
were performed fofive representative uniform soil sections havimpgnes values equal to the
median (80), 18 percentile (65.5)339 percentile (72.7), 87percentile (87.33nd 84" percentile

(94.5) as obtained from the CDF for the stochastic sections. Ramped sinusoidal input motions were
used for these uniform sections. Simulations of both stochastic afwinnmhodels performed

using half of the default timstep and a half mesh size (25 cm elements) resulted in differences of
less than 3% for settlements. A sensitivity study was performed to assess the effect ofwising a
dependent variable permeabilitynction on reconsolidation settlement and to investigate the
necessity of modifying the default PM4Sand reconsolidation parameters to remove any bias in
settlement predictions. All the other simulations described in this study used a chistdrihe

default PM4Sand reconsolidation parameters.
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4.5.1EXCESS PORE PRESSURE RESPONSE

Figure 48 highlights the excess pore pressure time histories observed at different depths within
the stochastic model using ramped sinusoidal motiénd. of shaking »xcess pog pressureat

any depth did not vary laterally even thougincsvaried in the lateral directioffrigure 49). This

can be further verified through tlowerlappingexcess pore pressure histories observed at four

adjacent zones within the model whegencsvaried between 68 95 (Figure 410).
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Figure 4-8: Excess pore pressure time histories for the stochastic section 12 (2.75 m in EW
direction) under ramped sinudal motions at three different peak accelerations of (a) 0.13g (b)
0.25g (c) 0.4g. The dashed black lines correspond fofal at the three depths.
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Figure 4-10: Excess pore pressure time histories at a depth of 7.75 m within the stochastic
section 12 using ramped sinusoidal motion having a peak acceleration of 0.25g. The dashed
black line corresponds toraof 1.

In case of the simulations subjected to trartsieations, the excess pore pressures also
exhibited no lateral variation as observed fromrthdistribution in section 12 (FiguresX and
4-12). Figures 413 and 414 outline the excess pore pressure time histories during shaking for the
seven transient motions having peak acceleration levels of 0.25g and 0.528g, respectively. The
excess pore pressures were recorded in a soil column at the center of the sectiom (43.25
distance) at depths of 3.25 m, 7.25 m and 10.75 m within the liquefiable layer, Vdiee of 1
corresponding to each depth is highlighted in the pts, of 100%, corresponding to a zero
effective stress conditigrcommonly referred to as initidiquefaction, is often defined as the
criterion that governs the onset of liquefactjaf]. However, it must be noted that as suggested
by Ishihargd 30], liquefaction can occur at values less than 1, such as in silty sands or sandy silts
wherery values often level out at 6®95. Moreover, &, value of 1 is not achieved in various
other situations such as in dense clean sands and/or for sloping ground cornfdifjomo

liquefection was observed in the upper half of the liquefiable layer using any of the transient
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motions at the two selected acceleration intensities. For the acceleration level of 0.25g, the motions
M1, M2, M3 and M6 resulted in close to initial liquefaction citiods within a depth of -41 m

in the liquefiable layer (Figure-#3). In case of the acceleration intensity of 0.528g, initial
liquefaction was observed withirIZZL m depth in the liquefiable layer in case of all the transient
motions except M4 (Figure-#4). This is likely due to the fact that M4 had the smal(@ais

value among all the seven motions (Tab2) 4
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Figure 4-11: ry distribution in stochastic section a2the end of shaking using the motions (a)
M1 (b) M4 and (c) M7. Allmotions correspond to an acceleration level of 0.25g.
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Figure 4-14: Simulated engbf-shaking excess pore pressure histories at different depths within
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4.5.2 SHEAR STRAIN RESPONSE

The endof-shaking shear strain distribution within the liquefiable layer of stochastic soil section

12 is shown in Figures-#5, 4-16 and 417. In case of the ramped sinusoidal moti@hgar strain
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localization was observed in a narrow band at the bottom of the liquefiable dapeak
accelerationintensity of 0.25g andlarger (Figure 415). The bottom of the model had a
concentration of lowemcines values (Figure Bb) and ary of approximately 100% after
approximately three seconds of shaking for the most intense motions (Figur@rce this zone
liquefied, the reduction in stiffnessdd¢o damping of the seismic energy and a reduction in the
loading on the shallower zones. For the least intense motion (0.13 g), it takes several additional
cycles to reach m of approximately 100% and the shear strains are more evenly distributed across
the various depths. This can also be seen in FigdB which shows the shear strain in various
rows of zones plotted against ttpencsof that zoneFor all three motions, there is a general trend

of increasing shear strain with decreadipgics butfor the most intense motions the shear strain

magnitude within the lower layersasnsiderablyhigher.

In case othe transient motions, shear stsamerenot limited to narrow bansibut were
generally distributeavithin a depth of 8L1 m inthe liquefiable laye(Figures 416 and 417). At
a peak accelerationf 0.25g, only M1 triggeredonsiderabldiquefaction (Figure 4.3) and for
this motion shear strains can be seen concentrating within a few localized zones (Hiégire 4
This patterrof shear strain is similar to that observed by Montgomery and Boulg@jder gently
sloping ground where shear strains were observed to localize in a path of interconnected weaker
zones when liquefaction was triggered. This can also be observed wineartw the shear strains
with the gecines for various depths (Figure-¥a). For a depth of 7.75 m (within the localized
deformation band in Figure-%6a), the highest strains occur within the weaker zones. For other
depths without these localizations, #tgins are more evenly distributed across the various zones.

This is also true for the other two motions (M4 and M7), which did not trigger high pore pressures.
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This demonstrates that the deformation patterns are not only dependent on the distrilitign of

values, but also on the intensity of the motion.

For the more intense transient motions, the results (Figetésandd 420) fall somewhere
between the weaker transient motions and the sinusoidal motions. For Ndéakt acceleration
of 0.528 g, high excess pore pressures are quickly triggered near the bottom of the layer and strains
concentrate in this zone (Figuresld ard 4-20b). This leads to a reduction in the stresses
transmitted to shallower layers. For the other two motions, high excess pore pressures are

generated across multiple zones within the model and large strains tend to localize in weaker bands.
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Figure 4-15: Shear strain distribution in section 12 using ramped sinusoidal motions at peak
accelerations of (a) 0.13g (b) 0.25g (c) 0.4g.
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