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ABSTRACT

THE ASSESSMENT OFSEISMIC LIQUEFACTION TRIGGERING OF
GRAVELLY SOILS

k a h Araa
Master of SciengeCivil Engineering
Supervisor : Prof. DK e ma | ¥nder ¢etin

June 2023402 pages

Gravdly soils had beerconsidered to be neiquefiable due to their high capacity
for pore pressure dissipation, resulting frémeir larger grain sizeCase histories
from recent earthquakebBave produced the evidencéhat gravelly soils are
susceptible to sghic sol liquefactiontriggering Even thouglone of the first case
histories forgravelly soil liquefactiorwas datedack to 1964 Alaska Earthquake,
significantnumber of gravelly soil liquefactiocase historiesvere reported during
2008 Wenchuan Earthquak#/ithin the scope of this thesis, available gravelly soil
liquefaction case histories ammpiled and assessedeadingto a high quality
databasgwvhere the resistance term is selected fsdminvestigatiomdex measures
of StandardPenetration Test (SPT) blowcounts,sdl Cone Penetration Test (CPT)
tip resistance, & shear wave velocity, & Dynamic Penetration TegDPT)
blowcounts Ni2o, etc. Due to limited number ofcase historiewith other site
investigation indices, the nesing database included only the case histories Mith
and/orVs. The database summarizes #ignificantparameters includingffective

grain sizes Dso and o) along withthe gravel content (GClhy dry masdor the



identified critical layer In orcer to estimate the Peak Ground Accelerati®GA)
values, ShakeMapsn conjunction with siteamplification factorsare used The
resultingdatabase is used to develobability-basednodek for the assessment of

seismicliquefactiontriggeringof gravelly soils.

Keywords: Liquefaction, Gravelly soils, Earthquake, Dynamic Penetration Test,
Shear Wave Velocity
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CHAPTER 1

INTRODUCTION

1.1 Research Approach

Soil liquefaction can be defined as the loss of shear strength and stiffness due to
increased excess pore pressure induced by cyclic loddiagdition to monotonic
loading, his phenomenon is triggered bisorapid and repetitive laks which can

be caised by earthquakelated loads or vibratory machinery. Such loading causes
saturated soils to liquefy. The groundwater within the soil voids experiences an
increase in pressure due to the rapid cyclic loading, resulting in a decrease in
effective stressConsequently, the soil skeleton begins to move independently, and
loseits capacity to resisheloads applied by the structur€igurel.1is showing the

mechanisnof liquefaction phenomenon.

o
©

a) b) c)
Figurel.1l. Schematic view of a) in static loading condition, b) forces acting

static loading condition, and c) liquefied soil matrix

The recognition of the devastating consequences of seismic soil liquefaction in
geotechnical engineering began with two severe earthquakes: the 1964 Alaska
Earthquake (M = 9.2) and the 1964 Niigata Earthquake(#¥7.7). Subsequently,
researchers, starting with Seed and Idi1€51) and later Seed et al. (1984, 1985),

initiated the development of deterministic empirical correlations to estimate the



initiation of seismic soil liquefactiony(oud and Noble, 1997; &fin, 2000; Cetin et

al. 2004, 2018a; Moss et al., 2006; Idriss and Boulanger, 2004, 2010; Boulanger and
Idriss, 2012, 2014, Kayen et al., 2013; etasing variousindices from site
investigation methods. Furthermore, to address the need for risk assemsatgsis,

many researchers have proposed probabilistic liquefaction triggering relationships
(Youd and Noble, 1997; Cetin, 2000; Cetin et al. 2004, 2018a; Moss et al., 2006;
Boulanger and Idriss, 2012, 2014; Rollins et al. 2021, 2022; Pirhadi et 22; 20

etc.)

These correlations were developed basedase histories, documented as part of
reconnaissance studiesearthquakesThese field studies involve investigating the
performance of the foundations, including excessive settlement, tilting-oifftop

the structure, as well as assessing the performance of industrial facilities, dams, ports
and other structuresAdditionally, the reconnaissancgroups examine surface
manifestations in the free field, suchsasl ejectaslateral spreading, anceessive
settlements. The siteare classified as either 'liquefied’ or 'ntiquefied’ and
documented, providing valuable data for future researchers to establish the boundary

for differentiating seismic soil liquefaction triggering.

After completion of lhe reconnaissance efforts, a series of site investigations (e.g.
Standard Penetration Test (SPT), Cone Penetration Test (CPT), Shear Wave
Velocity (Vs), Dynamic Penetration Test (DPT), Large Penetration Test (LPT),
Becker Penetration Test (BPT), etc)arenduct ed to assess t
resist seismic soil liquefaction. These investigations, combimeth the
reconnaissance and field studies, contribute to the compilation of a database of field

case histories, enabling the assessment of seisihlmsefaction initiation.

Until the mid2000s, gravelly soils were generally considered to have a relatively
low probability of liquefaction due to their high excess pore water dissipation
capacity, attributed to their larger grain size. However, fallgwthe 2008

Wenchuan Earthquake (M= 7.9), a significant number of case histories emerged,

highlighting the liquefaction triggering potential of gravelly soB®th manmade

he

S
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fills (2016 Kaikoura EQ, M=7.8) and natural deposits (2008 Wenchuan EQ,
Mw=7.9 have experienced gravelly soil liquefaction. Surface manifeastations

observed during these earthquakes are showigurel.2.
| | -

Figurel.2. Surface manifestation observed in a20)6 Kaikoura EQ, M=7.8
(Cubrinovski et al., 2018and ¢)2008 Wenchuan EQ, #47.9 (Cao et al., 201:

Consequently, recent developments in probabilistic seismikc ligpiefaction
triggering models have been made (Cao et al., 2013; Rollins et al., 2021 and 2022;
Pirhai et al., 2022).

It was observedhat due to theifargergrain sizesconventionakite investigation
methodssuch as Standard Penetration Test (Sit)Cone Penetration Test (CPT)
yield biasedndicesfor assessing the resistancegodivelly soilsagainst liquefaction
triggering Therefore, alternative approaches @egelopedo accurately assess the
capacity of gravelly soils. One approach to addrthis issue is to use largeale
samplers such as theones used inLarge Penetration Test (LPT) or Becker
Penetration Test (BPT), which hetp mitigate the devicgrain size problems.
However, these specialized tools may not alwaysaveslable oreconomically
feasible. Another relatively more economical method, developed in China during the
1950s, is the Dynamic Penetration Test (DPT), whsclhusedto determine the
bearing capacity of gravelly soils. Additionally, many researchers have suggested
usng shear wave velocity measurements) (8 anothem-situ testto overcome

these challenges.

Although the literature discusses various approaches to represent the capacity of
gravelly soils, this thesis aims to provide a case history dataset for gragd,



irrespective of the specific site investigation method. The dataset will include raw
data from site investigation efforts, as well as grain size distribution characteristics
such as mean grain size sg) fines content (FC), gravel content (GChda
coefficient of uniformity (Q). It is important to note that, due to the relatively large
grain size of gravelly soils, the influence of grain size charactergtitiguefaction
resistanceis to be assessedMoreover, utilizing tle resulting comprehensive
database of field case histories, a probabilistic seismic soil liquefaction assessment

procedure is proposed

1.2  Organization of the Thesis

The thesis scope and outline is organized as follows:

After this introduction,Chapter 2 presents a summary of gtedies regarding
seismic soil liquefaction behavior of gravelly spdempiled fromexisting literature.
The chapter includes a discussion of the parameters involved in elcgtieigction

triggeringmodels for gravelly soils.

Within Chapter 3, a database protocol is introdueddch is consistently used
assess the field case histories. A set of critetigésiin this evaluation process, and
theideasbehind theselection of thee critefa arediscussed. The raw data and the

parameters developed byetscreening process are presented in the Appendix.

Chapter 4 presenthe databas¢hrough a set of statistical measuréise mean and
their scatter argresented to highlight the unbiaseduna and suitability of the

resultingdatabase fodeveloping engineering models

Chapter Siscusses thproposedseismic soil liquefaction triggering modelwhich
are developed bysing the maximum likelihoodassessment procedurebhe
uncertaintiesn parameter estimations atite protoca followed forassessment of
eachmodel input parameter, atiscussed. Theesultingmodels for probabilistic

seismic soil liquefaction triggering are presertteth numerically and graphically



Chapter 6 presentsdhmain conclusions of the thesis and provides a summary of the
conductedresearchstudies. Additionally, recommendations for future studies are

presented.






LITERATURE REVIEW

2.1 Introduction

Within this chapter, basic definitions of the terms used in the assessment of seismic
soil liquefaction triggering methodologies for gravelly soils are presented, along with
the existing liquefaction triggering models. The effecyrdin size characteristics

on the seismic soil liquefaction triggering potential is discussed. Additionally, a brief
summary of the site investigation methods used to evaluate the capacity against soil
liquefaction and their limitationss introduced.

2.2  Sasmic Soil Liquefaction Triggering

Soil liquefaction phenomenon can be subdivided into two, considering the
differences in the type of loading : static soil liquefaction and cyclic soil liquefaction.
Static soil liquefaction occurs when the static loadliagpexceeds its capacity,
resulting in rapid loss of its ability to support the applied load. This can lead to flow
and displacement and deformation problems. Cyclic soil liquefaction refers to the
reduction of stiffness and shear strength due to apphelained cyclic loading.
This loading can be caused by earthquiakieiced shaking or any type of vibration
loading. Soil liquefaction that occurs as a result of earthquakeced loads is

classified as seismic soil liquefaction.

The behavior of soil isnfluenced by various factors including stress state, density
state, and boundary conditions. These factors determine how soil responds under

different loading conditions.

Under both drained and undrained conditions, the behavior of dense and loose soil
differs depending on the mean effective stresses. In undrained loading conditions,
loose soils tend to soften and generate excess pore pressure. In contrast, dense soils

experience hardening with negative excess pore pressure. In drained loading



conditions, bose soils tend to harden and contract. On the other hand, dense soils
exhibit softening and may display a dilatant behavior. The ultimate objective for soils
is to reach the Critical State Line (CSL), which represents the ability to deform

infinitely without any volume change under constant loading intensities.

Based on these assessments and considering the boundary conditions experienced,
static liquefaction can be classified as occurring under drained loading conditions. It
should be noted that both derend loose soils can experience static soil liquefaction.

In the case of dense soils, stéfnesssoftening leads tocreased deformationk

contrast, for loose soils, the contracting behavior resulsgyimficant reduction in

shear strength anddgerssoil liquefaction.

On the other hand, seismic soil liquefaction occurs under undrained boundary
conditions due to the rapid loading nature. Seismic soil liquefaction is further
classified into two categories based on the definitions provided byrfRobeand

Fear (1997): cyclic softening and flow liquefaction.

Flow liquefaction, also known as liqguefactiorduced flow, refers to the loss of soil
strength and stiffness, causing the soil to behave like a viscous liquid under
monotonic or cyclic loadingonditions. As the name suggests, flow liquefaction can

result in high strain levels, as observed in the 1995 Kobe Earthquake.

The cyclic softening phenomenon can be further divided into twesscions:
cyclic mobility and cyclic liquefaction. These seas are directly influenced by the
duration and magnitude of cyclic rapid loadifdgure 2.1 presents an illustrative

graph depicting the transition between cyadfigbility and cyclic liquefaction.

During cyclic rapid loading, excess pore pressures develop and contribute to the
decrease in the mean effective stress of the soil. Two failure planes, which are related
to the soil's resistance, are identified. Until kbading reaches one of these failure
planes, cyclic mobility occurs. During cyclic mobility, the stiffness and strength
parameters of the soil decrease as the mean effective stress decreases, resulting in

small deformations. However, when the loading reaatne of the failure planes,



cyclic liguefaction occurs. In this stage, the soil starts to liquefy, with the stiffness
and shear strength parameters approachin

in the soil.

Failure Plane

A J
©

Failure Plane

Figure2.1. Schematic view of undrained cyclic loading

Various parameters control the behavior of cyclic softening and flow liquefaction.
These parameters include the initial mean effective stress, magnitude of loading,

duration, and soil type, drthey influence different aspects of the behavior.

The initial mean effective stress influences the duration of the cyclic mobility phase.
Higher initial effective stress values tend to prolong the cyclic mobility stage before
reaching cyclic liquefactianThe magnitude of loading determines the level of
deviatoric stressry) experienced by the soil. Higher magnitudes lead to higher
deviatoric stress values, which can cause cyclic liquefaction to occur in fewer cycles.
This means that the loading may He#ue failure plane earlier in the loading process,
resulting in cyclic liquefaction. The duration parameter affects the number of loading

cycles experienced by the soil. Longer durations allow for a greater number of



cycles, which can influence the toatrease in excess pore water pressure. This can
push the soil from the cyclic mobility stage to cyclic liquefaction. The soil type plays

a crucial role in its capacity to store and generate excess pore water pressure.
Different soil types have varying d@eteristics, such as permeability and
compressibility, which influence their ability to accumulate excess pore water
pressure during cyclic loading. This, in turn, affects the likelihood of experiencing

cyclic mobility or cyclic liquefaction.

The signifiance of soil type liesnits impact on the capacity to store and dissipate
excess pore water pressure, which has been extensively studied by researchers to
assess the susceptibility of different soil types to seismic solil liquefaction. The aim

is to undestand the behavior of these soil types and their potential for seismic soll
liquefaction which can be done by grouping the phenomenon into toarse

grained (sandy and gravelly soil mixtures) and -finained (clayey and silty soll

mixtures)soils

The importance of soil type due to its influence on the ability to store and dissipate
excess pore water pressure is investigated by many researchers in order to determine
the susceptibility against seismic soil liquefactidor different soil types.
Accordingly, soil types will be investigated in the means of cegramed (sandy

and gravelly soil mixtures) and firgrained (clayey and silty soil mixtures) soils.

Based on the literature survey on the susceptibility of capesaeed soils, it is

widely ackhowledged that sandy soil mixtures have a high potential for seismic soil
liquefaction. Many researchers have established boundaries based on grain size
distribution curves, such as the ones proposed by Tsuchida (1970), to assess the
susceptibility of coaegrained soils, including silty soilsFigure 2.2). These
boundaries serve as guidelines for evaluating the liquefaction potential of different

soil types within the coarsgrained category.
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Figure2.2. Liquefaction susceptibility boundaries (Tsuchida, 1970)

However, upon closer investigation of these boundaries, it has been observed that
the susceptibility of gravelly soil mixtures to seismic soil liquefaction appears to be
nonexistent. Hisbrically, it was believed that the large grain size of gravelly soils
provided a higher resistance to liquefaction. However, recent case histories and
studies have demonstrated that gravelly soil mixtures do indeed exhibit a
susceptibility to seismic sdliiquefaction (Cao et al., 2013; Rollins et al., 2021 and
2022). This new understanding challenges the traditional perception and highlights

the importance of considering gravelly soils in liquefaction assessments.

The investigation of liquefaction potertia fine-grained soils is crucial for selecting

the critical layers during the assessment of each case history. The Chinese Criteria
(Wang, 1979) introduced the first set of criteria to assess the potential for seismic
soil liquefaction in finegrained sds. According to these criteria, three soil
characteristics need to be examined: clay content and liquid limit should be less than
15% and 35%, respectively, while the water content is higher than 90% of the liquid
limit.

11



Subsequently, Andrews and Mart{2000) proposed a modified approach by
considering the values of clay content and liquid limit. They divided the liquefaction
susceptibility into four zones, which are presentefiable2.1. These zones provide

a framework for evaluating the potential for seismic soil liquefaction ingraged

soils based on the clay content and liquid limit values.

Table2.1. Liquefadion susceptibility criteria proposed by Andrew and Martin
(2000)

S eap 4

Fu =|=F'“ " Ayt ® Susceptible Further Studies Require
Fm s = <g* #® Further StudieRequired Not Susceptible

Two significant earthquake events, the Kocaeli earthquake in 1999 and t@#iChi
earthquake in 1999, serve as key examples of soil liquefaction wgriaireed soils.

These events are essential for assessingubeeptibility of finegrained soils to
seismic soil liquefaction. Furthermore, laboratory testing has been conducted on soll
samples collected from these earthquakes to further understand this phenomenon.
Studies conducted by Seed et al. (2003), BraySamatio (2004), and Boulanger and
Idriss (2006) have utilized laboratory test results to investigate the behavior-of fine
grained soils and assess their susceptibility to seismic soil liquefaction.

In summary, clayey, silty, sandy, and gravelly soils have varying degrees of
susceptibility to soil liquefaction, and it is important to consider their liquefaction
potential during assessments. However, this thesis will specifically focus on
examples of @il sites with gravelly sand and sandy grawelitical layersthat
experienced liquefactiofor not)after earthquake events. The thesis aims to provide
case studies and analysis specifically for these types of soil compositions to
contribute to the undeimnding of their liquefaction behavior and the development

of seismic solil liquefaction models.
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2.3  Site Investigation Methods

Seismic soil liquefaction triggering relationships are typically assessed ussiig in
tests that provide an indication of soilistance. Different site investigation methods
and their indices can be utilized to correlate with the soil resistance, including
standard penetration test (SPT), cone penetration test (CPT), anedwskiear
velocity (Vs). However, when dealing with gravelgpils, Becker penetration test
(BPT), large penetration test (LPT), and dynamic penetration test (DPT) are
preferred. This is because the particle size of gravelly soils can lead to biased

estimates of resistance when correlated with SPT and CPT indices.

A detailed schematic view of an SPT sampler and CPT cone is presefigdrs

2.3. The CPT cone typically has a diameter of around 36 mm, which may encounter
obstrudion from gravel particles since the particle size of gravels ranges from 4.75
to 100 mm. Similarly, the SPT sampler has a diameter of 50 mm with a wall
thickness of 1.6 mm, which can also be affected by the presence of larger gravel
particles. Thereforezaution should be exercised when interpreting relatively high

values obtained from these tests on gravelly soils, as they may be biased.

In summary, to overcome the limitations of SPT and CPT in gravelly soils,
alternative methods, such as BPT, LPT, aRd [@re utilized to accurately assess the
soil resistance and liquefaction triggering potential. These methods account for the
grain size characteristics of gravelly soils, ensuring more reliable results for the

analysis of seismic soil liquefaction.
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Figure2.3. Schematic view of a) CPT cone, and b) SPT sampler

To address these concerns and ensure an unbiased assessment, alternative site
investigation method&.g., DPT, BPT, LPT etc.$pecifcally designed for gravelly

soils, are employed to determine the strength parameters of the soil skdleéon.
advantage of using LPT as the site investigation method is the diameter of the
sampler. Due to its larger diameter when it is compared with Fffesampler, an
easier penetration by the sampler to gravelly soils is achieved. Similarly, BPT
apparatus has a larger cone when it is compared to CPT cone. Accordingly, it makes
the apparatus to be a more appropriate to determine the resistance of galgelly

The application of LPT and BPT are similar with SPT and CPT methods,
respectively. Accordingly, schematic views of these apparatus are giveguire

2.4
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Figure2.4. Schematic view of a) BPT cone, and b) LPT sampler

An often preferred site investigation method by researchertheisDynamic
Penetration Test (DPT) due to its ceffiectiveness and capability to acquire
representativeata for the entire soil profil@he mobilization cost of DPT apparatus

is lower than LPT and BPT apparatus.

TheDynamic Penetration Test (DPappaatus consists of a larger cone with 74 mm
and 60 apex angle with a 120 kg hammer dropped from a height of 100 cm to
generate the required energy for penetraid?l apparatus was developed in China
during the early 1950s to assess the bearing capdataweelly soils. In the recent
years starting with 2008 Wenchuan earthquakg=(M0), DPT apparatus is used for
the assessment of gravelly soil liquefaction potential since hethespecifications
DPT apparatus creates unbiased and reliable resuéigresent the resistance unlike
SPT and CPT apparatus (Rollins and Amoroso, 20I8¢ schematic view and
application steps of the DPT apparatusnewn inFigure2.5 andFigure2.6. During

the test, the number of blowscounted for 10 cm intervals Bynamic Penetration
Test (DPT)blow counts N (Cao et al., 2013).
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Figure2.5. Schematic view of DPT cone

Moreover, 00 "Y1 is defined as the cumulative blow counts for 30 cm
penetration of the cone, which can be calculated by multiplying every value with 3.

The subscript it is owes to 120 kg hammer weight of the DPT apparatus.

Mobilization Hammer Drop Measurement

W *

For every

~ O . 4

Figure2.6. Application of DPT apparatus

The normalizedO 0 Y0 for overburden stresses are defined as given in
Equation(2.1)

16



0 o D (2.1
whereis defined a® — 8., & is the initial effective overburden stress and
h

0 is the atmospheric pressure.

Moreover, measurements of sh@ave velocity (\) areconsidered to be reliable
for assessing the liquefaction potential of soils, as they do not involve sampling
mechanisms that can introduce biases. The evaluation and correction procedures for

both DPT and Ymeasurements will be extensively discussed iap@#r 3.

2.4  Cyclic Stress Ratio (CSR)

The Cyclic Stress Ratio (CSR) is utilized to quantify the magnitude of cyclic loading
imposed on a soil layer during seismic events. In the subsequent section, the CSR
term and its associated correction factors will heotuced. The seismic demand is

assessed by considering the CSR value.

To assess the demand, shear stredseslopedat the base of a rigid soil block are
consideredThe Cyclic Stress Ratio (CSR) is defined as the ratio between the average
shear stressnd the vertical effective stress acting on the analyzmazontally
layeredsoil element. Mathematically, it can be expredsgdsing Equatiorf2.2).

6 YY (22)
Seed and Idriss (1971) proposed that the Cyclic Stress Ratio (CSR) can be estimated
as 65% of the maximum shear strelss () divided by the average shear stress)
of the flexible soil columns A simplified procedure for calculating CSR is then
introduced, which involves multiplying the horizontal acceleration acting on the soil
columnby a normalization factpand dividing it by the effective vertical stress. The
CSR term proposelly Seed and Idriss (1971) can be represented by Eq2tpn

o) “y'YT_ w T[EQJLDOO—Q 2 -9

(2.3)

17



where® is the peak horizontal acceleratign, is the effective vertical stress,

. IS the total vertical stress, andis the mass participation factor.

The concept of mass partiafon factor was initially proposed by Seed and Idriss
(1971). Subsequently, several research groups, including Liao and Whitman
(1986b),Golesorkhi (1989)Idriss (1999), Youd and Idriss (2001), and Cetin and
Seed (2004), investigated thigctor by condwting 1-D site response analyses.
Initially, the estimation of the mass participation factol) (vas based on a limited
number of site profiles. However, Cetin and Seed (2004) expanded the analysis by
considering 253 site response analyses using 42ugd motions applied to 50

actual soil stratigraphies.

An alternative and more reliable approach for estimating CSR at a specific depth is
to perform site-specific site response analyses using specialized software such as
Shake and Deepsoil. These softwawels enable the performance of equivalent
linear and nonlinear-D site response analys&3n the basis oivave mechanics
principles it is possible toasses the response of a soil site astdmatethe
parameters nc | u di rmgmumsacdeleratisnddm ) andinduced cyclicshear
stresgs which are essential for calculating the CSR values. This approach allows
for a more accurate assessment of CSR by considering the specific characteristics of

the site and the seismic input.

The CSRterm can be furthemormalizedthrough a series of corrections to account

for the effects of overburden stress, static shear stresses, and earthquake duration
(magnitude). These corrections are represented by the factors , andv
respectivey. Reference values qf pOofi 1 (flat surface), and X®

are used for these normalization factors. By applying these normalization factors to
the CSR term, the resulting normalizedyY g term, as presented in
Equdion (2.4), provides a more comprehensive and standardized measure of the
cyclic loading level experienced by the soil. The details and purposesclof ea

normalization factor will be further discussed.
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The influence of confining stress on tiedrained shear strength of saturated soils

is significant for both monotonic and cyclic loadings. As mentioned earlier, the CSR
term incorporates the effective overburden pressure in its denominator, indicating
that increasing confinement stress leads tdecrease in CSR. Thislationship
reflects the fact that soils generally exhibit higher resistance to cyclic loading as the

confinement stresses increase.

To account for the effect of overburden pressure, it is necessary to normalize the
CSR term. Thisrormalization becomes particularly important when assessing soil
layers with high confinement values, such as in the case of dams or deep foundations.
In order to establish a standardized measure, researchers have proposed relationships
to represent an efttive overburden pressure of 1 atm (100 kEgluation(2.5) is
proposed by NCEER Working Group (Youd et al., 2001) to have a normalized

resistance term for an initiaffective overburden stress of 1 atm.

The purpose of normalizing the CSR term for overburden pressure is to ensure that
the assessment of soil liquefaction susceptibility is not biased by variations in the
confining stress conditions. It allows for arglardized comparison of soil behavior
under different confinement levels, facilitating more accurate and reliable

evaluations of soil liquefaction potential.
0°"Y 0°Y 19)] (2.5)

Based on the NCEER Working Group (Youd et al., 2001) and Cetin et al. (2004)
suggestions, an equation is proposed given in Equgié)y) where the power term
("Qis dependent on the SHN values. These two suggestions are good conformance

between each other.
V " (2.6)

The duration or magnitude correction is an important factor in assessing the

liquefaction potential of soils. The number of cycles a soil experiences during
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seismic loading plays a crucial role in determining its susceptibility to liquefaction.
The effectof duration is often referred to as a "fatigue” problem, as repeated cyclic
loading can lead to the softening and eventual liquefaction of (Bwldanger and
Idriss, 2014)

To account for the influence of earthquake magnitude on the duration of cyclic
loading, a magnitude correction is applied. This correction aims to normalize the
number of cycles experienced by the soil for earthquakes of different magnitudes,
ultimately creating an equivalent uniform cyclic stress ratiéY ) as defined in

Cetin et al. (2004) The reference magnitude typically used for this correction is

0 x®. The normalization factor is presented in Equat{@Vv) with the

equivalent repesentation of number of cycles) condition.

0"Y 0 (2.7)
6"Y 4 0 g

It is worth noting that there is a significant variation in the estimation of this
correction parameter, pantilarly for earthquakes with magnitudes less than

x®. Different researchers have proposed different approaches and relationships to
account for the duration effects of seismic loading. This variation is attributed to the
complex nature of the prolste and the lack of consensus on the appropriate

correction factors for different earthquake magnitudes.

The aim of the magnitude correction is to provide a standardized measure of cyclic
loading duration, allowing for consistent assessments of soil ligisfac
susceptibility across different earthquake events. By applying appropriate correction
factors, the CSR values can be adjusted to account for the varying durations of cyclic
loading associated with different magnitudes, leading to more accurate iabterel

evaluations of liquefaction potential.

Effects of having initial static shear stresses)(due to existing sloped surfaces to
the liquefaction resistance is the least studied topic. The normalization tersn,
proposed as Equatid@.8).

20



T (2.8)

Based on the available studies in the literature, cyclic loading resistance is affected
by the initial sheastress and cyclic shear strain level. Tduncensus regarding
considering theffects ofo  dissolves whenuantifying the correction fact¢€etin

and Bilge, 2013).

2.4.1 Existing Seismic Soil Liquefaction Triggering Relationships of

Gravelly Soils

Commonly sed Iquefaction triggering relationshipsebased on case histories. The
individual case histees involve the informatiomeported by the reconnaissance
teamswho visited the sitllowing the earthquake. These teams report the observed
surface manifstations (or the lack of them)Moreover, insitu field tests are
performed to characterize the soils sitéhe number of case histories involving
gravelly soil liquefaction is relatively low, making it challenging dompile a

database with a sufficienumber of data points to develop a probabilistic model.

On the other hand ftar the 2008 Wenchuan earthquake, a significammhber of

case history datdecame availabldue to the widespread occurrence of gravelly soil
liquefaction. In response, a geotetal team led by Zhenzhong Cao, supported by

the Institute of Engineering Mechanics (IEM) and China Earthquake Administration
(CEA), conducted reconnaissance studies. As a result, Cao et al. (2013) developed a
gravelly soil database comprising 47 sitebjoh included site investigations using

DPT and \{ methods. Furthermore, they proposed an espatific probabilistic
liquefaction triggering relationship for gravelly soiégspresented in Equatiai2.9)

andshownin Figure2.7.

| |p z U8 T T W) ¢ g 16°YY 29
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The availability of the gravelly soil liquefaction database created by Cao et al. (2013)
has played a significant role in advancing the understanding of gravelly soll
liquefaction. Researchers have increasingly utilized the DPT test as a means to assess
the liquefaction potential of gravelly soils, not only for recent earthquake events but
also forhistorical onesThis database has served as a milestone in the field, providing
valuable insights and enabling more comprehensive evaluations of liquefaction
susceptibility in gravelly soils.
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Figure2.7. Probabilistic liquefaction triggering curves proposed by Cao et al. 2013
for gravelly soils

In the aftermath of the Wenchuan earthquake and in the process oilimgpmp
gravelly soil liquefaction database, significant effort was put taseess earlier
earthquake events, where gravelly liquefaction was observed. In these cases, proper
methods were not initially adopted to determine the resistance of the grayetly la

As a result, further investigations were conducted using the DPTameNU- tests.

For instance, the Alaska earthquake in 1964 was revisited by Roy et al. (2022), and
site investigations were performed by using DPT andteéts to assess the
liquefaction potential of the gravelly soils. Similarly, the Friuli earthquake in 1976
was revisited by Rollins et al. (2020), and site investigations utilizing DPT and V
methods were carried out.
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Moreover, in more recent earthquake events such as the hiditqgeake in 2010
(Olson et al., 2011), the Cephalonia earthquake in 2014 (Zekkos et al., 2019), and
the Musine earthquake in 2016 (Lopez et al., 2018),-D&3ed site investigations
were conducted along withsVheasurements to evaluate the potential favelly

soil liquefaction.

These revisited earthquake events and the accompanying site investigations have
contributed to the understanding of gravelly soil liquefaction, and have provided
valuable data for further analysis and the development of impriyeefaction

triggering relationships.

A database focusing specifically on gravelly soil liquefaction case histories was
developed based on the efforts of Hu et al. (2021). This database includes 234 case
history data from 17 different earthquakes, praowda comprehensive collection of
information. Additionally, Rollins et al. (2021) have contributed to the efforts by
presenting an additional database consisting of 137 case history data from 12

earthquakes.

Using the data from these case history datab&ssbns et al. (2021) have proposed

a global liquefaction triggering relationship for gravelly soils based on DPT
measurements. The relationship, along with its graphical representation, is presented
in Equation(2.10) and(2.11), respectivelyFigure2.8 displays the graphical form of

the proposed relationship, providing a usehol for assessing the liquefaction

potential of gravelly soils.

P

v p A gmst ) p® L& CiTTé Y'Y (2.10)
) w1 1B
6YYAODB 0a (2.11)

It is worth noting that in the proposed liquefaction triggering relationship by Rollins
et al. (2021), the model parameters considered are limited to the magnitude of the
earthquakel( ) and the nomalized blow countl{ ). It appears that the correction

factor 0 , which accounts for the effect of overburden pressure, has not been
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included as a model parameter in their analysis. This indicates that the researchers
have focused on the influenoé earthquake magnitude and the soil's resistance as
represented by the blow count, without explicitly incorporating the correction factor

for overburden pressure in their model.
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Figure2.8. Probabilistic liquefaction triggering curves proposed by Rollins et al.
(2021) for gravelly soils

A database focusing onsdased analysis is also introduced by Rollins et al. (2022),
which expands upon the earlier work by incorporating 174 case hishanesl8
different earthquakes. This database also includes the data from the Rollins et al.
(2021) database, leading to a consolidated database that encompassesahdth V
DPT-based case histories. Utilizing this comprehensive database, probabilistic
liquefaction triggering models are developed. The resulting relationship is presented
in Equationg2.12) and(2.13), and a graphical representation of the model with the

associated case histories is showRigure2.9.
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It is important to note that for thesWased assessments, a similar set of parameters

and exponents as used in the Rollins et al. (2021) model foiis implemented.
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CHAPTER 3 DATABASE

3.1 Introduction

Discussions in the literatuhas focused ome most suitable #situ test index metric
(e.g., (N)so, N%20,Vs1) for estimating the liquefaction potential of gravelly soils. This
is because the presence of larger grain sizegawelly soils can lead to biased
indicesin common site investigation methods like SPT and CPT. Additionally, due
to the limited availabity of case history data for gravelly soil liquefaction, relying
solely on a single site investigation method is insufficient to fully capture the
behavior of gravelly soils in relation to seismic soil liquefaction. Therefore, it has
been decided to creat® comprehensive database that combines multiple site
investigation methodg¢e.g. DPT, \, BPT, LPT) This chapter will provide an
evaluation oDPT and \{ method since these two methods are considered to be the

resistance term in modelling efforts

This study aims to develop a comprehensive database of seismic soil liquefaction
case histories specifically focusing on gravelly soils. The database will include a re
evaluation of previous studies mentioned in Chapter 2. Inspired by previous seismic
soil liquefaction triggering databasexluding various soil typegCao et al., 2013,
Rollins, 2021, 2022, Cetin, 2000, Cetin et al., 2004, 2018a,c, ligac, 2022, Pirhadi et
al. 2022) a probabilistic assessment based on the newly created database will be
conducted. Previous seismic soil liquefactibiggering relationships primarily
considered the duration correctiain ( ), but did not account for the overburden
stress correction)( ) in the CSR term. Therefore, this study aims to address this
limitation and incorporate both corrections into the assessment. To ensure the quality
and unbiased nature of the case history database for gravelly soils, an assessment
protocolis providedto assesgach case historgata This methodology invohse
applying a sess of screening criteri@r each parameter, ensuring the inclusion of

high-quality case historiem thefinal database.
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3.2  Selection of Input Parameters

The newly proposed database comprises 110 case history sites, each represented by
56 input parameterée.g., PGA, GC etc). In order to perform a probabilistic
assessment, mean and standard deviataloes are estimated foreach input
parameter. Additionally, for parameters that are correlated with each other,
correlation coefficient values asstimatedo ensure accurate evaluapsuch as

the correlation betweanitial verticaltotal stress §v) andeffectivestress¢v9. This

section will provide a summary of the protocol followed to estimate the input
parameters for each case history, ensuringladnality database.

Detailed information for each case history is provided in AppendixAhis chapter
acase historyrom the1964 Alaska arthquake is presented for illustration purposes
(Figure3.1). This case history highlights the process of gathering relevant data and

estimating the input parameters required for the assessment

Case Number: 1

Earthquake: 1964 Alaska

Magnitude: 9.2 (Mw)

Location: 0ld Valdez Site 1

References: Roy et_al. (2022)

Nature of Failure: Large fissures are observed in the site

Eruption of gravelly soils from fissures have been seen

Liquefied layers below non-liguefied block of soil layers has been encountered

Comments: Located at Port Vakiez, Alaska (61.10758N, 146.23781W)
GWT is reported as 0.7m from ground surface
PGA is estimated as 0.44q by Roy et al. (2022)
PGA is estimated as 0.43q from ShakeMap of USGS for Rock
Seed et al. 1997 soil amplification has been performed for B1 soil type

PGA is selected as 0 44g with a standard deviation of 0.09g

Soil Classification: Medium Dense to Dense Sandy Gravel with Cobbles and Boulders

Summary of Data

This study Roy el al. (2022) This study Roy el al. (2022)
Liquefied? Yes Yes Avg. Dsg 630087
Data Class B Avg. Do 030+004
Critical Depth Range 42-680 80-92 Avg. D3 250+0.39
Depth to GWT (m) 07 07 Avg. Cy 31.002 267 277
&, (kPa) 109366 1837 Avg. FC (%) 6.0+10 00
&, (kPa) 881250 104.4 Avg. GC (%) 580280 340
Amax (@) 0.440 £ 0.088 0.44
ra 0.82%0.079 Avg. V, 1615145
CSR 0.389 * 0088 047 Avg. V., 1925105 242
Equivalent Magnitude 92 92 Avg. Nz 128127
MSF 0.59 Avg. Nz 156231 123
CSRN 0.656

Figure3.1. An illustrative example of the summary sheet for Songbai VHIERf
Alaska earthquake case history
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3.21 Estimation of Case History Input Parameters

Several screening criteria have been developed to judge the quality ofstasesi

A high quality case history must fulfill the requirements of i) having a-well
documented site investigation effort immediately performed after the earthquake,
including information about the soil stratigraphy and groundwater table, ii) reliably
determining the ground motion characteristics (e.g., rupture distance, epicenter, M
etc.). By applying these screening criteria, the initial selection of case histories is
made. It ensures that the database comprises case histories witloouatiented

site investigations and necessary information about the ground motion
characteristics. In the subsequent sections, individual evaluation of other input

parameters will be conducted based on the selected case histories.

3.2.2 Evaluation of Liquefaction Field Performance

During the assessment of individual field performances, the presence of surface
manifestations at the site is used to judge the triggering of liquefaction. If surface
manifestations such as lateral spread, soil ejecta, or ground cracks are olbiserved,

case is categorized as liquefied ("Yes"). On the other hand, if no surface

manifestations are observed, the case is considered digjuefed ("No").

The observed surface manifestations primarily consist of lateral spreading and water
or soil ejectims. It is worth noting that excessive settlement phenomenon is not
commonly observed in gravelly soils due to their relatively small rangggf emin.

In cases where the top layer of the site is composed of high plasticity soft soils and
exhibits lateal spread, it is considered that the cyclic mobility of these soft high
plasticity layer may be the potential suspect. Such cases are excluded from the

database.
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3.2.3 Critical Layer Determination

The identification of the critical depth involves identifyiing tpotentially liquefiable

layer, particularly the fully saturated non plastic layer. This layer might continue to
deeper levels which have less potential to create surface manifestations. On ther
other hand, the whole layer with the same resistance sdmyad as the critical

layer.

In cases where both sandy and gravelly soils are present within the same soil profile,
the evaluation is based on the density and stress states. Although sandy soils
generally have a higher liqguefaction susceptibility as @megbto gravelly soils, the
critical layer is determined based on their density states. In cases, where a lcoser sub
layer is observed in a gravelly soil layer, it is considered as the critical layer.

Once the critical layer is selected, the digitized bole information is utilized to
determine the upper and lower bounds of the layer. The digitized borehole
information for all the case histories is available in Appendix A. For the assessments,
mean and standard deviations are estimated for depth ramgelotritical layer.

The mean value is set as the adepth of the selected critical layer. The standard
deviation of the critical layer depth is determined by dividing the depth range of the
critical layer by 6, which ensures that the layer boundariewisine the range of

medi an N 30, consistent with Cetin (2000).

3.24 Evaluation of Soil Properties

The definition of the soil unit selected as the critical layer should be consistent with
the definitions of USCS soil classification where both define the ugrea®lly sand

or sandy gravel (GW, GP, GM, and GC). During the liquefaction assessments,
various representative soil parameters need to be estimated for the critical layer to

be able to estimate the cyclic stress ratio (CSR). These parameters include

gromdwater table (GWT), unit weight (2), and

are uncertainties associated with these parameters.
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In this section, a detailed discussion will be presented regarding the parameters and
their uncertainties. The focus wilelon understanding the uncertainties associated
with the determination of parameters such as total vertical streyseffective

vertical stress,( ), and others, which are crucial in calculating the CSR.

3.2.4.1 Groundwater Table Level and Related Uncertanty

The groundwater level is determined directly from the related borehole information
provided. In some cases, the groundwater level may differ at different measurement
dates. The measurement differences might be caused by, i) the borehole drilling
methal: if water is used during drilling, it can temporarily raise the groundwater
table, and ii) the low permeability of the soil unit at the groundwater level, resulting
in a slow stabilization of the groundwater level in the borehole. For these cases, the

last measurement is considered.

The uncertainty associated with the groundwater table level is determined by
considering the seasonal changes that can occur between the time of the earthquake
event and the site investigation efforts. If data does not sugihestvise, a standard
deviation of 0.2 m is assigned to the mean groundwater level, denoted\as ,

taking into account this effect, consistent with the suggestions of Cetin (2000).

3.2.4.2 Unit Weight and Related Uncertainty

The unit weight is determined uginthe relationshipsproposed by Chen and
Kulhawy (2014). Tlkse relationshipaitilize the grain size characteristics of
cohesionless soils to estimdtesir index properties. The relationship between dry

unit weight andso values is presented Equatior3.1).

' p® o0 (3.1)
However, it should be noted thatjuation(3.1, developed by Chen and Kulhawy

(2014), is applicable to all cohesionless soils. According to the authors, this
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relationship overestimadghe dry unit weight foDso values between 0.3 and01.
mm, and underestimate wejfaded soitry unit weights To address this limitation,
a correction is proposed by adding 2 kR/for well-graded soils, which is
consistentlyincorporatedfor well-graded soils The relationshiputilized in the

protocol ispresented ifEquation(3.2).
I o® o 10 I§Wwa O xuwa (3.2
This method is compared with the maximum and minimum values suggested by

Kulhawy and Mayne (1990). The comparison of these values are presehtdden
3.1

Table3.1. Comparison of unit weight estimations

Chen and Kulhawy  Kulhawy and Mayne

(2014) (1990)
Minimum estimatepl
- 20.5 16.0
QG
Maximum estimated
. 24.1 23.7
QG

The standard deviation of the unit weight parameter is associated with the used
relationship and its uncertainty. Accordinly, is assigned a8.6 kN/n? for the
method proposed by Chen and Kulhawy (2014) by consideringpéxénum and

minimum values pr&ented iffable3.1.

3.2.4.3 Total and Effective Overburden Stresses and Related Uncertainty

Based on the identified critical layer and its range, it is necessary to calculate the
total and effective overburden pressures for estimating the CSR term. To do so, the
median values of total and effective overburden pressures are calculated atthe mid
depth of the critical layer, taking into account the associated uncertainties and

correlation coefficients as suggested by Cetin et al. (2004). Equé3i8ho (3.8)
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are employed in the assessment to calculate theofulst approximations of the

mean and variance.

i Q J Q Q J (3.3
, Q J Q Q or [ (3.4)
(35)

Q 2 Q Q 29

” r9 [ .
(3.6)

Q 9 0 o 9
' S : S

wéph e Q 93 [ roor 9 (3.7)

© @ 93 ¢ o [ 92
) Q& PR (3.8)

Pe——
)

where, and, are the median total and effective overburden stress, respectively,

, and, are the standard deviation of total and effective overburden stress,

respectively,Q  and, are the median and standard deviation groundwater
table level} and,, are mean and standard deviation of moist unit weight,
i and,, are mean and standard deviation of saturated unit wé&ghtand

» are the median and standard deviation of critical layer depthp h, is the
covariance between total and effective overburden stresdés an is correlation

coefficient between total and effective overburden stresses

3.25 Earthquake-Related Parameters

After selecting the soilelated parameters, it is essential to determine the earthquake
related parameters to evaluate the type angnmale of loading that the soil has
experienced. Subsequently, the upcoming sections will provide specific information

regarding the selection of parameters associated with earthinahiced forces.
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closest distance between the surface rupture associated with the specific earthquake

and the case history site.

The ShakeMap recommended PGA value is adapted to consider solil site effects. The
uncertainty associated with  is assiged as 0.20 for both sipecific and event

specific GMPE, based on the recommendations of Cetin (2000).

3.2.5.3 Data Class

A data classification schemeimplementedo rankthe quality ofeach case history
data The scheme, based on fhr@tocolsproposed by €tin (2000), categorizes the

data into different levels of data classes.

These data classes reflect the level of documentation, accuracy of site investigation
reports, and definition of seismic paramet&sginal borehole data is presented in

the Appendk where they are distinguished as the following data class levels:
L= L) T} T

FmE|we 1 ob Ti® U

FeE W o ©Ob ™ T

Case history data that do not have a reliable soil profile oritdgkmation related

to seismicity are classified as Class D. These data are excluded from the database

due to the insufficient or unreliable nature of the information.

3.2.5.4 Moment Magnitude (Mw)

The moment magnitude (Wis chosen as the magnitude parametettfe database

due to its wide acceptance in the literature. Other magnitude alternatives such as
local magnitude (M), body wave magnitude (§] and surface wave magnitudedM

are not included in the database due to tha&iurations at larger magnituddhe

moment magnitudasdetermined by the U.S. Geological Survey (USGS)sisd
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Local and international earthquake catalogs are not used in order to maintain

consistency and avoid potential inconsistencies.

Due to smaller uncertainty involved withJVand its relative unimportance, it is not

attempted to be modeled

3.2.5.5 Cyclic Stress Ratio

Assessmentsegarding the cyclic stress ratio (CSR) are conducted using the
simplified procedure proposed by Seed and Idriss (1971), as presented in Equation
(3.12). In order to estimate the coefficient of variation, , the firstorder
derivatives of each parameter are taken and their squares are summed. However, it
is impor&ant to note that this approach assumes independence among the parameters,
and it is not valid for total and effective vertical overburden stresses, as these
parameters are not independent. For these two parameters, the@esndoment

about the mean isalculated and subtracted from the calculated, as shown in
(Equation(3.12)).

T W ”
6°YY — 1@ W-—5 0 3 (3.11)
1 el 1 | | ¢d 5, 93 I (3.12
3.2.6 Site Investigation Method Parameters

Regardless of the site investigation method used for each case history, all of the
gathered data is processEdrthermore, these site investigatidfods are evaluated
similarly, regardless of whether they are conducted before or after the earthquake
event.The details of the procedure fois and DPT m#hods are presented in the
following sections.For the other methods, the raw and/or corrected dega
automatically assigned for the case histditye data is fully digitized and provided

in the Appendix. In some cases, the data obtained from existing research is presented
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in the form of corrected valuder DPT and \¥ measurementslo obtain the raw
data, a baclkevaluation procedure is applied to these values, taking into account the
correction factors defined in the relevant research. This procedure allows for the
estimation of theaw anduncorrected data

Moreover, for some case histories in théabase, certain parameters suclé §s

and6 ; may not be available. In such cases, these parameters are estimated by
considering another closelgcated case history that shares similar geological
characteristics. Since these parameters are oftemndepe on the underlying
geology, using a nearby case history allows for a reasonable estimation when direct

data is not available.

Furthermore, it is important to note that some case histories involve multiple site
investigation methods, and it is necegstr ensure consistency in selecting the
critical layer using these different methods. However, the precision of these methods
can vary due to differences in their data acquisition procedures. For example, shear
wave velocity (\Y) measurements atgpically taken at dmeter intervals, while the
Dynamic Penetration Test (DPT) provides measurements@niftervals. In such
cases, considering the DPT values for the selection of the critical layer offers a more

precise approach.

To illustrate this issue, let's consider a specific case history where/d¢he
measurements indicate a critical layer depth of 5.8M0 meters with a resistance
value of 200 m/s, while the DPT measurements suggest a critical layer depth of 4.80
i 7.60 meers with aDPT-N value of 8 blows/30 cm. In this case, to ensure
consistency and precision in the critical layer selection, the critical layer is chosen as
4807 7.60 meters, based on the DPT measuremeitts resistance ofw

¢ mafi andOD "YU Yo £16 o a
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3.2.6.1 Shear Wave Velocity (\9

Shear wave velocity measurements play a crucial role in the database, serving two
main purposes. Firstly, they are utilized for estimating the resistance values of the
soil layers. Secondly, shear wave veloaityasurements are used as input for various

other parameters in the database.

In the context of using shear wave velocity as a resistance parameter, it is necessary
to consider the correction of shear wave velocity values with respect to the
overburden presure. The general form of the overburden pressure correction
equation is given aBquation(3.13). The coefficient " in this equation depends

on thesoil type and its characteristics. For sandy sail$,i5 selected a.25based

on the suggestions afiao and Whitman (1986). However, it is important to note
that the correction coefficient may vary depending on the index parameters of the
soil, suchas fines content, gravel content, and uniformity coefficient. Several studies,
including those by Cetin and Ozan (2009), Moss et al. (2006), and Cha et al. (2014),
have highlighted the influence of these index parameters on the correction
coefficient. Theefore, further investigations are necessary to estimate the
appropriate value of the correction coefficient for specific soil conditions.

6 ©d—  »Io— 8 (3.13)

n h n b

In Equation (3.13), ; represents the initial effective vertical stress, andeiRotes

the atmospheric pressure. When the critical layer consists of two or more
measurements, the standard deviation value is detedrdirectly. On the other
hand, for cases where only one measurement is available for the critical layer, a
standard deviation value pof p @ 7i is assigned. This value is based on the
average standard deviation calculated from the entire diatbase, providing a

reasonable estimate of the uncertainty in such cases.

Secondly, shear wave velocity values are required for all the case histories in the

formof6 and6 .6 is used as an input parameter for calculating the mass

38



participdion factor (q), while 6 ; is used for soil classification to incorporate site
effects in the method proposed by Seed et al. (1997). For case histories that include
shear wave velocity measurements, Equati@$4) and (3.15) are utilized to

calculate6 ; and6 j, , respectively.

(3.14)

- (3.15)
whereo is the time interval for'l layer.

3.2.6.2 Dynamic Penetration Test (DPT)

As discussed, the dynamic penetration testngeereliable tool for estimating the
resistance of gravelly soilggwing to its large dimensions and ability to take

measurements with a 10 cm interval.

A correction scheme needs to be adopted for the dgnaemetration test (DPT),

similar to the correction procedure used for the SPT method. The DPT measurements
need to be corrected based on energy efficiency and overburden pressure. The energy
efficiency correction is carried out following the procedureposed by Cao et al.

(2012), where the conventional DPT system energy is determined a¥89% ()

and used as the reference value (EqudBdrb)).

In thedatabase, all the case histories included have used the Pile Driving Analyzer
(PDA) type DPT apparatus, which allows energy measurements to be taken during
the test. The DPT measurements in the database include field energy measurements
ranging between 85%nd 91%. By comparing the conventional energy efficiency of

the DPT apparatus with these measurements, it has been concluded that the

significance of the energy correction is low.
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60 2 (3.16)

Overburden correction for DPT measurements will be conducted similaraodv

SPT measur ememd si.s Tahceo dtaecd oa sVAGirrestiowhi ch i s t
as proposed in Cetin and Ozan (2009) and Liao and Whitman (1986). The correction

method is presented in Equati@l7).

. . 0
0 6 O0— 8 (3.17)
” F|

40



CHAPTER 4
COMPILATION OF FIELD CASE HISTORIES

4.1 Introduction

Within the scope othis chapter, the compilation efforts for the new case history
database are discussed. The database includes new case histories from 8 major
earthquakes that occurred worldwide. The data covers a period starting with 1964
Alaska Earthquake till 2016 Muisrigarthquake. However, it should be noted that

for the older events, newly performed site investigations by using the dynamic

penetration test (DPT) method are discussed as part of our research efforts.

The database includes digital information that pravideecise GPS coordinates of
the site locations. This allows for the determination of the distance to the fault, which

is important for examining the intensity and duration parameters of the earthquakes.

Furthermore, a rigorous evaluation and screeninggswas applied to the existing
database in the literature, which resulted in a reduction in the number of case history
data points used for modeling purposes. The case histories that did not meet the
screening criteria, along with the reasons for thealusion, are discussed in this
chapter. The resulting database serves as the basis for the development of
probability-based liquefaction triggering relationships, which are further elaborated

on in Chapter 5.

According to the existing literature, a totdl26 earthquake events over the past 120
years were reported to have caused surface manifestations of gravelly soil
liuefaction. Various site investigation methods have been used for these
earthquakes. However, the focus of the database is on incluaBedistories with
dynamic penetration test (DPT) or shear wave velocity 6ite investigation

methods, as these methods are considered to provide unbiased results.
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Unfortunately, some recently performed site investigation results were only provided
by summary tables without the raw data, making it impossible to include these case
histories in the database. As a result, a total of 8 earthquakes with 110 case history
data points with mostly multiple site investigation methods were processed and
evaluatedbased on the screening criterieable 4.1 provides a summary of the
earthquakes included in the database, Eigdre 4.1 shows the locations of these

earthquakes.

Table4.1. Summary of the earthquake events included in the database

Earthquake Year Mw Number of Caselistory
Alaska, USA 1964 9.2 12
Friuli, ltaly 1976 6.4 4
Borah Peak, Idaho, US# 1985 6.9 16
Wenchuan, China 2008 7.9 73
Muisne, Ecuador 2016 7.8 3
Chi-Chi, Taiwan 1999 7.8 1
Haiti, Dominic Republic 2010 7.0 2
Kobe, Japan 1995 7.2 1

/ 1995 Kobe,
1964 Alaska, USAY ~ Japan (7.2)

L0

Y /

1985 Borah Peak,
USA (6.9)

2010 Haiti,
Dominic Republic
(7.0)

1999 Chi-Chi,
Taiwan (7.8)

2016 Muisne,

Ecuador (7.8) v )7
3’1‘

Figure4.1l. The location of the earthquake events in the database

It should be noted that, gravelly soil liquefaction surface manifestation in 3 more
earthquakes (1999 Kocali EQ (M 7.6, Turkey), 2013 CooRtrait EQ (My = 6.5,
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New Zealand, 2016 Kaikoura EQ (M 7.8, New Zealand) have observed by the
reconnasiance teams. On the other hand, SPT and CPT site investigation methods
are performed for these earthquakes case history sites. Accordingly, they are
exduded from the database presented in this thesis.

4.2  An lllustrative Example of Case History Processing

In this section, an illustrative case histagsessmemtrocedure is presented for the
2008 Wenchuan earthquake, which caused liquefaction with surfacidestation

in the Chengdu region of China. A geotechnical investigation team from the Institute
of Engineering Mechanics (IEM) and the China Earthquake Administration (CEA)
was assigned to conduct reconnaissance studies. The case history site selected fo
illustration purposess located inXinglong Village, and the information gathered is
based on the findings presented by Cao and Mi@g5.

The specific location of the site is identifiaith the coordinates 1.29688N and
104.16772E, where surfaceamfestations of seismic soil liquefactidsy the means

of ejecta and lateral spreadjmgere observed. The site investigasancludedooth
shear wave velocity (Y measurementand DPT. During the site investigat&ithe
groundwater table wameasured and recorded at a depth of 2.4 meters by the
investigation team. The summarizeesitu results of the YandDPT measurement
results are presentedfiigure4.2 andFigure4.3, respectively
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Figure4.3. Summary of Vresults

For the Xinglong Village case history site, the selection of the critical depth is based

on identifying the potentially liquefiable soil layer, which is characterized as the fully

44



saturated nomlastic to lowplasticity layers with low resistance indices. By
considering the results of both the dynamic penetration test (DPT) and shear wave
velocity (Vs) measurements, the critical layer is determined to be the sandy gravel
layer overlaid by plastic silty clay layer, locdtat a depth of 4.0 5.4 meters. The

total and effective vertical stress values are calculated for thedepidth of the

critical layer, resulting in 109 and 87 kPa, respectively.

During the site investigation studies conducted in 2008 for the Wenchuan
eathquake, the average hammer energy efficiency is measured using a Pile Driving
Analyzer (PDA) and reported as 89%. The mean shear wave velocity at the first
depth (b ) and the corrected blow courit ( ) for the critical layer ardetermined

to be 136 m/s and 3.9 blows/30 cm, respectively, with standard deviations of 7 m/s

and 1.4 blows/30 cm for the sandy gravel layer.

The mass participation parameter, is estimated as 0.80 by using the approach
proposed by Cetin and Seed (2D0Considering the fault type (strike slip) and the
distance parameter defining the site location and the fault plane (23 km), the Peak
Ground Acceleration )( '® ) is estimated as 0.38 g by using the USGS
ShakeMap. Based on the available soifipronformation and considering the soil

type descriptions proposed in BReetdypée. al
A site-specific conversion scheme produded®  value of 0.40 g. The cyclic

stress ratio (CSR) is estimated as 0,2@h a standard deviation of 0.058, based on

the parameters estimated above.

The variation of0' |, @y, and CSR is presented Figure 44 a, b and c,
respectively. The selected critical layer is shaded in red (red indicates liquefaction,
blue indicates notiquefaction). A summary of the input parameters is presented in
Table4.2.
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Table4.2. Summary of input parameters for Xinglong Village case history site

This study
Liquefied? Yes U g8 a 33.40
Data Class B I da 0.17 N
Critﬁg'nggpth 40-54 gty @ 1.30 K
Depth to GWT (m) 2.4 Il g+w @ 238.42
a, (kPa) 109. 3 K MeanFC @ 2.0 N
a,(kPa) 86. 7 N MeanGC a4 66.8 N
+ +(9) 0.400 N
bu 0.80 N dg+q, a 132.5 K
CSR 0.261 N 4 g+, a 136.0 K
Vagniude 79 Y mTd a 3.9 N
MSF 0.88 U gl da 3.9 KN
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4.3 New Database

43.1 Cases Fullfilling Data Quality and Completeness Requirements

This section presents the resulting case history database, which consists of 110
liquefaction case history data complied from the existing literature.

Table 4.3 provides a summary of the mean, standard deviation, and range
information for some of the input parametdig.,Q , "Ow"Y B
GC,FC,6, 0, 0,0 ,0 ,o,® ,0 ,i,07 j ) forthe 110

liquefaction case history data.

Table4.3. Statistic of input parameters for the case history database

Parameter Mean Mean St. Dev. Range
Q a 4.79 0.40 1.707 11.20
"0 "Ya 2.43 0.20 0.30i 8.00
r Qura 21.26 0.50 17.007 23.00
T Qira 21.76 0.50 17.50i 23.50
., Q0O 106.04 8.95 31.70i 262.50
, Q0 & 81.81 6.07 27.30i 192.80
GC (%) 57.35 4.89 19.00i 80.00
FC (%) 4.00 1.33 1.007 20.00
6 82.77 10.56 3.781 1300.00
0 aa 0.32 0.06 0.017 2.30
O ada 2.49 0.40 0.157 13.00
0 &d 12.87 1.23 0.351 36.20
0 waéfomoa 13.66 3.93 3.001 47.90
0 oaéfomoa 15.08 4.16 3.90i 41.50
w an 185.87 11.36 93.80i 379.00
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Parameter Mean Mean St. Dev. Range

w arm 195.73 8.21 107.301 327.00
W Q 0.39 0.08 0.267 0.53

0 7.83 - 6.501 9.20

i 0.83 0.08 0.571 0.97
0"Y j 0.28 0.06 0.157 0.40

Figure 4.5 au presents the distribution of the input parameters Qe., "Ow "Y
r 1r ,,,,,,,GC,FC,(':’),,O,,O,'O,[’) ,6 ,(b,d),d’) ,i:) ,‘l

0 "Y ) listed inTable4.3. Descriptive parameters are showrFigure4.5. The

black dots represent the liquefied sites, while white circles are reserved for the non
liquefied sites. The mean and standard deviation values are shown améfegsae

with dark red and dark grey, solid and dashed lines for liquefied antiquerdied

sites, respectively.
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432 Excluded Case Histories

Due to screening procesgoor quality case histories along with the ones with
incomplete or contradictory data wesgcluded fromfurther consideratianTable
4.4 provides a list of the excluded case histories along with the reasons for their

exclusion.

Table4.4. The excluded case histories

Earthquake Site Reason of exclusion

1976 Friuli #75_Avasinis
Earthquake Site 4

Inconsistent DPT and Mdata

#31 Jiangyou Thermal Fine sandejecta, whereasnly gravelly

2008

Power Plant ZK5 sand units present in the soil profile.
Wenchuan
Earthquake Multiple susped for the criticallayer.

#34_Jingiao Village _ ) ) )
Hard to identify the liquefied layer
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#38_Changzheng
Village

#39_Yongquan Village

No original boring log available. Asoill
profile from a nearby case histosjte

was assigned

#40_Xiaojia Village

Multiple susped for the criticallayer.
Hard to identify the liquefied layer

#45 _Songbai Village

Different critical layerdy DPT and Vs
Multiple susped for the criticallayer.
Hard to identify the liquefied layer

#47_Shihu Village

Multiple suspect layers, thin sand lay

VsS. gravé

#50_Zhenjiang Village

Different critical layersdoy DPT and Vs
Multiple susped for the criticallayer.

Hard to identify the liquefied layer

#52_ Baihutou Village

#53_Baiyang Village

#54 Linyan Village

#55_Qingliang Village

#56_Siyuan Village

#57 _Jiangyou Railway
Station- 1

#65_Shuangquan
Village

No original boring log available. Asoill
profile from a nearby case histosjte

was assigned

56
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Table4.6 summarizes # mean and the standard deviation, and the range for some

of the input parameters (i.€), , Ow"Y oI

0,0 ,0w,®

in the final database.

Table4.6. Statistics of final case history database

1 1 1 GC! Fclé 1 ,O 1 ’O )

,0 ,1,07Y  )fortheresulting 80 liquefaction case history

Parameter Mean Mean St. Dev. Range
Q a 4.64 0.40 1.707 11.05
"0 "Y& 2.28 0.2 0.307 6.10
I foli'(e 21.26 0.5 18.00i 23.00
r Qo 21.76 0.5 18.507 23.50
, Q0 & 100.09 8.90 36.20i 257.50
., Q0O 76.88 6.03 27.30i 191.30
GC (%) 57.90 4.68 19.00i 80.00
FC (%) 4.40 1.15 1.007 20.00
6 82.47 11.17 9.00i 1300.00
0 da 0.32 0.05 0.017 1.00
0O ada 2.52 0.35 0.15i 13.00
0O aa 11.82 1.20 0.691 36.20
0 oaéfoma 14.84 4.52 3.901 47.90
0 oaéfomda 16.85 4.86 3.901 41.50
w an 177.81 12.68 93.80i 379.00
© G 189.98 8.86 107.30i 327.00
» 0 0.40 0.08 0.261 0.53
) 7.84 - 6.50i 9.20
i 0.84 0.07 0.571 0.97
6"Y i 0.29 0.07 0.157 0.40
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Figure4.7 presents the histograms of some of the imput parameter€i.g., ,

0 ,o,® ,0 ,07 ;).
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Figure4.7. The histograms of the parametaJ ,b), ,c)0 ,d)w ,e)
@ ,Ho ,90°7Y j
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Figure4.8 a and b present the corrected values for ldoth andw versus field

0"Y y (without any normalization fob , 0 , 0 ) data pairs for the final

database, respectively.
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CHAPTER 5
DEVELOPMENT OF SEISMIC SOIL LIQUEFACTION TRIGGERING
RELATIONSHIPS

51 Introduction

Within this chapter, the emphasis will be given on the development of mathematical
expressions to describe the seismic soil liquefaction triggering phenomenon. The
goal is to establish a probabilistic model that can estimate the probability of seismic
soil liquefaction triggering using the gravelly soils database introduced in Chapter 4.

The normalization factors, namely magnitude correaiion, and overburden stress

correctiony , are determined and presented in this context.

In the final part of tts chapter, a comparison is made between the existing
liquefaction triggering relationships found in the literature, such as those proposed
by Cao et al. (2013), Rollins et al. (2021, 2022), and Pirhadi et al. (2022), and the
probabilistic model derived irthis study. This comparison aims to assess the
performance and validity of the probabilistic model in relation to the existing

approaches presented in the literature.

5.2  Probabilistic Assessments by the Maximum Likelihood Method

The objective of the mathemedil model for seismic soil liquefaction triggering is

to establish a clear boundary that distinguishes between liquefied aitidunefred

field observations. This is achieved by considering a set of parameters and their
corresponding coefficients withitné model. To determine this set of descriptive
parameters, boundary curves developed by researchers for other soil types, such as
those proposed by Seed et al. (1985), Cetin (2000), and Cetin et al. @0h8),

with the boundary curves developed for oghavelly soils, such aRollins et al.

(2021, 2022)are examined.
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From the proposed model by Cetin (2000), it is observed that several factors
contribute to the mathematical expression for liquefaction triggering. These factors
include aresistance term derived from site investigation effos({ ; ), grain size
characteristicsi., FQ, a load term representing cyclic loading effects (CSR), the
influence of overburden pressure(, ), and the effects of seismic magnitude.(

0 ). Equation (5.1) presents the mathematical expression incorporating these

parameters.

h, hFh— 0y Op —O06 (5.1
) —3d 1, —2086 — -

Q
c
%
2
=5
©)
- S

The formulation presented in Equati@nl) represents the limit state function, which
serves as the criterion to separate the occurrence of liquefa€iort) from the
absence of liquefactioiQ ). It is important to note that tHenit state function
selected by Cetin (2000) may not include all the descriptive parameters that can
influence seismic soil liquefaction, such as grain size effeetd=C) However, for

the purpose of this thesis, a similar form is adopted as the miatilcal expression.

In Cetin (2000), the likelihood of liquefaction is expressed as the product of the
probabilities of "k" liquefied sites and "n" ndiguefied sitesas presented in

Equation(5.2), assuming that the data points are statistically independent

0 :ﬁ—&_ﬁ 0 0 Q0 M ﬁFﬁ "Y R F,HQ) h, HFP h— 1

(5.2)

O 0Q0 i YRD (FD A, R

¢
| f‘
=

where—is the set of model parametersiB h—h is the measured set of descriptive

variables (i.e0 ; I "Y,étc.) for each case historyis the realization of #amodel

error for the ' observation, and is the set of parameters of the distribution .of
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To ensure the development of an unbiased model, it is assumed that the uncertainty
of the model follows a normal distribution with a mean value of zer@atdndard
deviation of, . This assumption allows for the consideration of random variations
and errors in the model. Consequently, the likelihood function is expressed as shown
in Equation(5.3), which takes into account the probability density function of the

normal distribution.

=x
=

g(
_<
E(
=

35¢
&
¢
¢

=
IT"

Q0

bR 0 B

(5.3)

¢
¢
8(
_<
ET(
¢
25
&
¢
=
P
T

Q0

wherelz is the standard normal cumulative distribution function.

By considering the likelihood function and the specifiareltteristics of gravelly
soils, a modifiedimit statefunction is proposed in Equatidb.4) for the DPT and
Vsbased models. In #semodified functiors, the finescontent term is excluded due

to mostly clean nature ants minimal effect orthe response @fravelly soils.

W Q0 M YR ih, ;b h—
0 —h O 5 =
Q6 YR i, jh h—
2 B =

(5.4)
. Qo M"Y zh, b h—
0 —h O B =
Qo B YR jh, (b h—

SO B

Different from the error term defined above, the descriptive varigbles w , ,, ,
0 handd "Yafe subject to uncertainties and measurement errors. In order to develop

a probabilistic model, it is necessary to account for these uncedaintithe
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variables. The estimation or measurement of each variable can be expressed in terms
of a mean value and a zemmean random error term, assuming that the error term

follows a normal distribution, as suggested by Cetin (2000).

5.2.1 Sampling Bias of theObservations

During the development of probabilistic liquefaction triggering correlations, one of
the challenges is the unbalanced distribution of data points between liquefied and
nortliquefied case histories. In the gravelly soil database, as mentiompeevious
chapters, there are 55 liquefied and 25-hgumefied case histories. This imbalance

is mainly due to the focus of reconnaissance teams on studying liquefied sites rather

than nonliquefied sites.

To address this issue and account for the unbethdistribution, weighting factors
can be applied to the likelihood function. By introducing weighting factors, the
importance of the nehquefied case histories can be increased, ensuring a more
balanced representation of the data. The weighting faeterincorporated into the
likelihood function, as shown in Equati@¢h.5). This approach helps mitigate the
impact of the uneven distribution of data points and improves the reliability of the
probabilistic model by giving appropriate consideration to both ligdedied non
liquefied case histories.

0 A o 0Q0 M"Y ih shh— m °
o) 0"Q0 M"Y ih h h— ®
- (5.5)
0 A o 0 Qo "YW A A h— m °
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o) 0 Qo M"Y §h i b= ™ °
where0 @ndv gare the weighting factors and they are defined in Equation
(5.6).

, o PO
U g = WE 0] 8 7
0 p 0 (5.6)

where0 is the true (population) proportion of occurrences of liquefactiorbarisl

the corresponding sample proportidie difficulty in applying this correction lies

in the fact that the true proportion of liquefaction cases in nature is not known. There
IS a consensus among researchers that the bias resulting from this uncertainty is real,

and the correction factor far gshould be greater than 1.0, as mentioned in

Cetin (2000). The scaling factos—2-, will be implemented as 1.5 (i.e.,
8

0 g P&, andd g T, as proposed by Cetin (2000).

5.3  Probabilistic Seismic Soil Liquefaction Triggering Curves

The limit state function proposed in Equati(@4) defines the boundary between
liquefaction and notfiquefaction case histories. The patlility of liquefaction
triggering includes the model error){ uncertainties in model parametes, (and
descriptive parameter§ ( ,® ,, ,0 handd "YjYit can be calculated by summing
(integrating) the probabilities of all combinai® of parameters that define
liquefaction as "Q ', as proposed by Cetin (2000). The mathematical form is
presented in Equatiq®.7).

0 Qshh  m - -5 O0h OQs Oh Oh, UB (57
Ak
wheres is the normal distribution function —8h—,ands 0 ,o ,, ,

0 O "Y'YIn the case where the uncertainties, except for the model error term, are
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neglected and the mean estimates are substituted into Eq{tafipm closeeform
solution for the probability of liquefaction triggering can be obtained as presented in
Equation(5.8).

0 Qsh-A
1 16 Y'Y —I 10 —I 1= =0 —
B
. . 5.8
0 Q3hh T 8
116 °YY —1 10 —1 Tfr)— — Wf —
B

wherelz is the standard normal cumulative distribution function.

By using the mathematical expression defined in Equaid), the maximum
likelihood estimation (MLE) method is incorporated into the assessment to
determine the model coefficients for each descriptive term along with the model
error. The methodologyehind the MLE method is to calculate the total likelihood,
which is the summation of the probabilities of each case history according to the

model, until it converges to the maximum value.

To understand the effect of each descriptive parameteous models are evaluated

for both the DPT and Vs methods, and the predictive capacity of each model is
compared. The first attempt is to implement an expression similar to Cetin et al.
(2004, 2018) and llgac (2022), referred to as MddeAdditionally, specific
gravelly soil liquefaction triggering models taken from Rollins et al. (2021, 2022)
for DPT and \, respectively, are considered as Me2eThe final model, Modes,

is evaluated based on the effect of gravel conté&d ¢n the DPT valuesyhere’O0

is included as a descriptive parameter in the modeling effotts a®06and 04

In contrast to the DPT model, for Modelof the \§ method, particle size is
considered to be more effective on the CSR term rathercshaiccordingly,the

"Odterm is included in the modeling efforts as®@ for Vs Model3. The respective
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limit state functions for each model for both DPT and Vs are presenfablia5.1
andTable5.2.

Table5.1. Limit state function alternatives for Modell, 2, and 3

Model ~ Model Limit state function alternatives
Type #
Q6 WY h hh— —00 —3d 1
1 4 —dBYY — -
V)
Q0 YWY h hh— —20 —3J 1
DPT > -
Models —3 Tf)_ —3 1YY — -
Q0 P W h, ROdrh— — —2 006
° —d® 3Ty —006 —3 BYY — -
Qo B "YWY h hh— —Ow —3
1 —3d 1= —=3d1BYyYy — -
L
v Qo "YW h hh— —Oow —3J 10
S
Models 2 —3J TG— —3J 1YY — -
Qo M "YW h, FoOhhh— —2 —3 1706
3 —3 1 —3aJ 1= —3J 10°YY — -

The probability of liquefaction and the cyclic resistance raiioY()Yfunction for
Modeli 1, 2, and 3 are summarizedTiable5.2. 6 'Y "‘¥rm refers to the resistance
term of the soil layer for a specific probability of ligaetion. The difference
between0 'Y "#nd 0 "Y'i¢ that the former term represents the resistance of the soil

block, while the latter term represents the load, indicating the amount of excitation
the soil block experienced.
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Table5.2. Probability of liquefaction and the cyclic stress ratio (CRR)

Ml_(;ggl N:?fe Limit state function alternatives
. —00 —3Jmn  —3diyF —3MYY -
v B
1
—20 — o & — O — 2 0
OYYADDB —
. —20 —3d 1 —aiﬁ- —3J 6 Yy —
v B
DPT
Model 2 -
s —20 —3d —3 Tﬁ— 2 0
OYYADDB
0
— — 206 —3J 1 —3 Tﬁ— —20086 —3J 16"YY —
B
8 EWY
— —2) 2086 —d —3d 1y  —008 — 2 0
AdpB —
3 —ow -3 =30 —J3MYY—
v B
1
—ow —3d —3 TG— — 2 0
O5YYADB —
) —2%0  —d W =30 —3JBYY—
v B
Vs
Model 2
S —ow —3J —3J TB— — 2 0
OYYADB —
—x» —dJdros —3d —aiﬁ- —3J 1YY —
0 B
3
—» —dJiTos —3d —diﬁ — , 0 0
O5YYADB
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The model coefficients and model error terms are determined using the MLE
method. The resulting parameters are summarizédhie5.3 for both DPT and ¥
models, utilizing the mathematical forms definedTiable 5.2. Furthermore, the
summation of the likelihoods of liquefied, ntiquefied, and allcase histories is

presented, along with the median probability calculated for each modablieb.3.

Table5.3. Reslting parameters for both DPT and &paces

DPT - space Vs- space
Model Parameters Model Model Model Model Model Model
1 2 -3 1 2 -3
0 0.8
0 1.2
_ 0.0086 X ®®C 0086 000574 @IV 000468
D D
— 1.3300 0.8295 g“’:{p P 09699 1.17 0.00075
— 0.9140 0.1941 09544 1.5 0.1 1.5
— 0.1937 1.2214 0.1877 0.15 1.3 0.15
_ 12125 o P&V g 0.1 15
P
— 0 - 1.1959 0 - 0
— - - 0 - - -

" 0.1925 0.2046 0.1895 0.247 0.278  0.253

SumLikelihood of Non
Liquefied Case Histories
Sum Likelihood of
Liquefied Case Histories
Sum Likelihood of Nen
Liquefied Case Histories

Median Probability 80.89 79.81 80.93 81.60 80.44  81.43

-6.01 -6.56 -5.94 -9.25 -11.40 -9.24

-7.24 -7.20 -7.36 -7.63 -9.27 -7.62

-13.25 -13.75 -13.30 -16.88 -20.67 -16.86

Figure 5.1 to Figure 5.6 present seismic soil liquefaction triggering probability
curves corresponding to 5%, 20 50%, 80%, and 95%, which are estimated by
using the model ceofficients and model error term presenteahie5.3.
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A model with a lower error term does not necessarily mean it is supettherathers
From statistis perspective, a higher median probability and a higher maximum
likelihood value indicat@ better model, as th@yebetterindicesfor the separation

of liquefied and nodiquefied case historglatabaselUpon visual inspection of each
model revealed that, Model2 exhibits a very low initiaslope followed by arapid
increaseii) Modell has a gradually increasing slomad iii) Model3 maintains
almost constant slopes throughout the madehe DPT spaceAlthough, similar
observations are observed in thesgace, no obvious change between Mddehd

-3 is observed.

Based on these findings, it can be concluded that the effect of gravel content (GC) is
more pronounced in the DPT spaa®compared to theesponse in th&s space.
Furthermore, ssigning an exponemd the site investigation indigeitially leads to
suddeen change imesistance to soil liquefactiaturing the modeling process. From

a statistis perspective, although there is a small variation in the maximum
likelihood, model error term, and median probability valae®ngmodels, Model

1 and Modef3 exhibt higher statistical valuemscompared to Mode®, as shown in
Table5.3. To further compare thdifferences in resulting predictivaodels the 50

% probability of iquefactioncurves, and the resulting , and0 correction terms

are presented for each model in both DPT asdpacesas given in Figures 5.7
through 5.9Figure 5.7b consists of the model suggested by Kayen et al. (2013) based
on shear wave vetity for sandy soils. Based on the comparison between the
suggested models and proposed model, a higher resistance is suggested for the shear

wave velocitiesd® ) below 175 m/s, however, a lower resistance above this value.
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Figure 5.9b. Comparison of corrections for Model, -2, and-37 Vsspace

Although the statistical assessments indicate small variations betveepredictve
capabilities of the resultinghodels, it is difficult tojudge about thenodel that is
significantly superioras comparedo the othersAs mentioned earlier, the sudden
changes observed in Moelfor both DPT and ¥Yspaces indicate lessgberable
predictions. Additionally, as seen kigure 5.9b, the effect of gravel content is
judged to benegligible. Therefore, it is recommended to use M&lahd Malel-1,

for theDPT and \(-based assessmentaspectively. Theecommendegrobability
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of liquefaction and CRR boundary equations are presented in Equéiiehand
(5.10) for the DPT and \ spaces, respectively. Furthermore, the and v
corrections fothese models are given in Equati¢fd.1) and(5.12), respectively.
The nornalization of the CSR terpapplicable to both spaciesprovided in Equation
(5.13).

T8t ¢ (0P ®oppm A 006 v 1 D nzﬁ)tp)@(T%r p8tu T T D08 pH w udwis Y'Y

6 5 ™ Y wu
(5.9)
T8t ¢ (0P Coppm I 008 mou tdr 1 n@m)dx%— pgtu T ™ 008 T Youu O
5YYADDB
PP WL W
; minu o 8 p®d 10 ™ J i%f p®d 16 Y'Y
05 @ T X
(5.10)
™inuPod 8 p®d 1 rﬁplﬁifr TR O
6'YYADD
[o1)]
—_ I3 8 " 8
o =0 L Q00 YN HHQ
S e X X8 1
(5.11)
I3} 8 o
= E N . R T X
X® X8 X8 1
_ 2 8
0 - — - "QEDD YR OOQ
L U V]
(5.12)
8
- - 8 ~
0 - - - "QEDLYN OW'Q
U U
v ow v PP P
oY R sh oY ; i GU_GU_:)U_ (513)

where 0 is the inverse of the standard cumulative normal distribution.
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54 Recommended use of the Correlation

For illustrative purposes, a potentially liquefiable site with the corresponding site
parameters is presented Figure 5.10. The protocol used to determine these

pamameters is thoroughly explained in Chapter 3.

Depth (m)

1.5m [—— My, =80
Amax = 035 g

3.0m d, =50m

Ni,o = 10 blows /30cm

Vey = 210m/s

GC = 60%

o, = 105 kPa
7.0m

g, = 70 kPa

Vi12 = 250 m/s

Figure5.10. Typical potentially liquefiable layer

In the evaluation process, two methods are employed to assess the site parameters.
Both graphical and mathwatical solutions are presented in this example for both the

DPT and \{spaces.

To begin, the CSR term is calculated for the given site using the method proposed
by Seed and Idriss (1971). The only parameter that requires calculation is the mass
participaton factor { ) for the mid depth of potentially liquefiable layer. The
calculation steps for determining are presented in Equati¢h.14), based on the
method described in Cetin and Seed (2004).
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Based on the given parameters and calculated mass patrticipationdadfoy,

is calculated and the result is presented in Equéhids).
5°Y ; T@WS— O— JWOOTR X p (5.15)

The suggested andv , which are presented in Equatiofs16) and (5.17),

respectively for thenormalization of 6 Y . 0 Y i g is the
normalized term based gn p @ 6 ando X® shown in Equatior(5.18).
. 8 8 8 P Lo e N
0 = Y ™o UQE DL Ve QB
(5.16)
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The siteinvestigation results are presented after applying the pratoadined in

Chapter 3. The cyclic resistance ratio (CRR) for a reference stress leyel of
pwo andi Xx®, as well as the probability of liquefactiod J, are calculated
separatly for boththeDPT and \é-based assessmenteresultingvalues are given

in Equationg5.19) and(5.20), respectively.
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Using these calculated values, an evaluation of the probability of liquefactioe for th

critical layeris conducted by comparing the resistance and load terms.

TBIC YT CB O P T P IO T L T iYst T YK 11 P TR T p T T Y @

S5YYAQDB ) ™® U@
(5.19)
] mnopp Y pad e W XN mix ™
6YYADB B p ™ 0T
. TBUC YT C o P P 0p T @ T st T YK 1T pBIU TR T p B w kTR X p
voB 0 8t P
™ Y wu
(5.20)

minu P p 1P p®3d Tyt ™ W iﬁn p®3d TR X p
T® T X

(0N TRVN =)

Additionally, for both DPT and ¥based assessments, the chart solution is also used

as shown irFigure5.11 andFigure5.12, respectively.
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0 10 20 30 40 50 60 70
N

126

Figure5.11. The probability of liquefaction triggering in the DPT space
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Figure5.12. The probability of liquefaction triggering in the $pace

The probability of liquefactiond( ) and cyclic stress ratio (CRR) is calculafed

the same illustrative case by using the methods proposed by Rollin2éf4l) and
Rollins et al. (2022) for DPTand Vsbased assessments for comparison purposes.
In the proposed procedure, mass participation factor is calculated based on the
suggestions of Golesorkhi (1989) and Idriss (1999) which are presented in Equation
(5.21).

i Q ° (5.21)

where
PR o |
: 8t E— 5.22
| a P8I P ¢ PP ¢ P & o (5.22
PPN ¢ |
: E—— 5.23
Fa m™menp pJO pﬁwufﬁﬂc (5.23
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The| and] values are calculated a8.2662 and 0.0302 far v & by using
Equation(5.22) and(5.23). Moreover, tha value is calculated as 0.97®."Y
valueis calculated by using Equati¢d.15) as 0.333.

In the proposed methods, magnitude scaling factor is presented in EqB&#®n
for DPT- and & based assessments, however no normalization is suggested in these

models. 6 Y g Value for each model is calculated and presented in Equation

(5.25).

0YOx& v A @Prg ¢ W X8 VR ODM DY T X QE DO Y
(5.24)
0YOp@®oR oD p P PHOR IO p QP TR LRE D

8Y g 6°Y O— T®O0D— ™ X Q& D0 YR O0©Q

(5.25)

8Y 5 6°Y O— M OB, ™ WRE d"YN OoQ

For this example scenario case, Equati@i0) and(2.11) for DPT and Equations
(2.12) and(2.13) for Vs based assessments are used to calculat@ad CRR values
as presented in Equati¢®26) and(5.27), respectively.
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CHAPTER 6
SUMMARY AND CONCLUSION

6.1 Summary and Conclusions

Vsand DPTbased seismic soil liquefacti@ase historylatabaseare compiledor
gravelly soils On the lasis of the resulting databaspsgbabilty-based seismic soil
liquefaction triggering modelare developed-igure6.1 andFigure6.2 present the
recommended seismic soil liquefactiooundary curvesorresponding to 5%, 20%,
50%, 80%, and 95% probabilitied liquefaction triggering irthe Vs and DPT
spacesrespectively.
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Figure6.1. Liquefaction triggering curves (DRTModel-3) for the gravelly soil
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Figure6.2. Liquefaction triggering curves (¥ Model1) for thegravelly soill

database

The closed form CRR equations are also presenteable6.1 andTable6.2 for the
DPT- and \s-based predictive models, respectively. The corresponding correction

factors (i.e.p ,0 ) are also included ifiable6.1 andTable6.2.
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Table6.1. Mathematical expressions of the proposed DB3ed seismic soil

liquefaction triggering models

DPT-based seismic soil liquefaction triggering model equations

T8t ¢ (0p ¢coppm A 008 mdou 1k O nfplpx:j(it—

pdtu My T 008 ™ Yuv O
5YYADD

PP WL W
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p8tu M T D06 PP wudwié "Y'Y
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, b — D 8 0 8
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Table6.2. Mathematical expressions of of the proposeebdsed seismic soll

liquefaction triggering models

Vs based seismic soil liquefaction triggering model equations
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A concise summary of the scope ahd mainfindings of the research studies are

presenteas follow:

1 A comprehensive database for gravelly soils was compiled, consisting of 110
liquefaction field case histms After the screening efforts, 30f thesecase
histories were excluded, resulting ifimal databasevith 80 case histories.
This database was used to develop DPT antbaged probabilistic
liquefaction triggering models.

1 Anewcase history processipgotocol was defined fassessingase history
data. Theresulting database includesasehistories, wherdifferent site
investigation methods such as SPT, BPT, and 1aPg used to characterize
the site.

1 In addition toin-situ test indicesthe grain size characteristics of #edected
critical layer were documented.

1 The final database encompassase history sites shaken Byearthquakes
with moment magnitudes ranging frain  @® «®. The selected case
history sitesvere shaken bintensity levelsrarying in the range afg {Q
@ T® € The corresponding cyclic stress ratio (CSR) valaes
estimated t@ange from 0.152 to 0.400.

1 The effect of gravel content (GC) was investigated in both DPT and V
databases. It wagsveakedthatGC has more pronouncexffectonthe DPT-
basedmodel. The effecs of GC in the Vs databasaevas concluded to be
negligible.

1 Aliquefaction triggering assessment was performed at an illustrative soil site.
The probability of liquefaction was estimated under a scenario seismic event
with the proposed maids. The estimated probability of liquefaction values
were also compared with the values by existing predictive models. The

agreement in the estimated PL values were judged to reasonable.
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6.2

Future Recommendations

The following studies would contribute to thesessment of seismic soil

liquefaction triggering in gravelly soils:

T

The permeability of the soil unit is closely related to the liquefaction
mechanism, allowing for a further assessment of soil layers based on this
parameter.

Further studies should beormducted to determine the overburden stress
exponent for gravelly soils with different grain size characteristics.

To increase the number of case histories, investigations of past earthquakes
that resulted in surface manifestations in gravelly soil asieasld be carried

out. This can be achieved by using methods such as DPT sodagsess
liquefaction potential and eliminate the effects of grain size variations.

After a newly occurred earthquake, the selection of the appropriate site
investigation method should be based on the soil unit observed as the surface
manifestatiorio eliminate the biased in site investigation method.

More highquality laboratory testing is needed to assess the effects of grain
size characteristics on the lgfaction initiation of gravelly soiland the pore
pressure generation mechanism of these soil units should be closely
investigated.

The investigation of finer soil units within the soil matrix and their effects on
liquefaction triggering is also important. Understanding the interactions
betweercoarseparticles and finer soil fractions can provide insights into the
overall liquefaction potential and help improve the accuracy of liquefaction

models for gravelly soils.
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APPENDICES

A. Liquefaction CaseHistory Database

Case Number: 1

Earthquake: 1964 Alaska

Magnitude: 9.2 (Mw)

Location: Old Valdez Site 1

References: Roy et. al. (2022)

Mature of Failure: Large fissures are observed in the site

Eruption of gravelly soils from fissures have been seen

Liquefied layers below non-liquefied block of soil layers has been encountered

Comments: Located at Port Valdez, Alaska (61.10798N, 146 23781W)
GWT is reported as 0.7m from ground surface
PGA is estimated as 0.44g by Roy et al. (2022)
Rupture distance is estimated as 93 km for this site
PGA is estimated as 0.43g from ShakeMap of USGS for Rock
Seed et al. 1997 soil amplification has been performed for B1 soil type

PGA is selected as 0.44g with a standard deviation of 0.09g

Soil Classification: Medium Dense to Dense Sandy Gravel with Cobbles and Boulders

Summary of Data

This study Roy el al. (2022) This study Roy el al. (2022)
Liquefied? Yes Yes Avg. Dsp 6.30 +0.97

Data Class B Avg. Dy 030+ 0.04

Critical Depth Range 42-60 8.0-92 Avg. D g 2501039

Depth to GWT (m) 07 07 Avg. C, 31.00 £ 2,67 277
o, (kPa) 109.3+68 183.7 Avg. FC (%) 6.0+1.0 0.0
a, ' (kPa) 66.1+50 104 4 Avg. GC (%) 58080 340
a mar (9) 0.440 + 0.088 0.44

ra 0.82+0.079 Avg. V. 1615+ 145

CSR 0.389 + 0.088 0.47 Avg. Vg 1925+ 105 242
Equivalent Magnitude 92 92 Avg. N a9 12827

MSF 0.59 Avg. N 42 156+3.1 12.3
CSRN 0.656
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Case Number:
Earthquake:
Magnitude:
Location:

References:

2
1964 Alaska

9.2 (Mw)

Old Valdez Site 2

Roy et. al. (2022)

Mature of Failure:

Large fissures are observed in the site
Eruption of gravelly soils from fissures have been seen

Liguefied layers below non-liquefied block of soil layers has been encountered

Comments:

Located at Port Valdez, Alaska (61.11426M, 148.28833W)

GWT is reported as 1.0m from ground surface

PGA is estimated as 0.44g by Roy et al. (2022)

Rupture distance is estimated as 83 km for this site

FPi3A is estimated as 0.43g from ShakeMap of USG5 for Rock

Seed et al. 1907 soil amplification has been performed for B1 soil type

FP3A is selected as 0.44g with a standard deviation of 0.08g

Soil Classification:

Medium Dense Sandy Gravel

Summary of Data

Thig study Raoy el al. {2022) This afudy Ray el al. {2022)
Liguefied? fes fes Avg. D'z 8.30 £ 0.97
Data Class B Avg. D zg 0.30 £ 0.04
Critical Depth Range 8.0-7.5 8.0-7.5 Avg. D 35 250+0.38
Depth fo GWT (m) 1.0 1 Avg. G 31.00 £ 2.67 T
o, (kPa) 1448+ 6.1 1413 Avg. FC (%) 6010 0.0
o, (kPa) 882+50 845 Avg. GC (98] 580+80 4.0
3 max (q) 0.440 + 0.0B2 044
L 0.768 £ 0.100 Avg. V; 131.65+£23
C5R 0.359 + 0.0BT 045 Avg. Vo 132.5+8.5 144
Egquivalent Magnitude B2 a2 Avg. Nz gox+20
MSF 0.58 Avg. Nyzmp" 85+30 9.2
C3SRN 0.8605
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Case Number:
Earthquake:
Magnitude:
Location:

References:

3

1964 Alaska

9.2 (Mw)

Old Valdez Site 3
Roy et. al. (2022)

Nature of Failure:

Large fissures are observed in the site
Eruption of gravelly soils from fissures have been seen

Liquefied layers below non-iquefied block of soil layers has been encountered

Comments:

Located at Port Valdez, Alaska (61.11491N, 146.26974W)

GWT is reported as 0.8m from ground surface

PGA is estimated as 0.44g by Roy et al. (2022)

Rupture distance is estimated as 93 km for this site

PGA is estimated as 0.43g from ShakeMap of USGS for Rock

Seed et al. 1997 soil amplification has been performed for B1 soil type

PGA is selected as 0.44q with a standard deviation of 0.09g

Soil Classification:

Medium Dense Sandy Gravel

Summary of Data

This study Roy el al. (2022) This study Roy el al. (2022)
Liquefied? Yes Yes Avg. Dsy 6.30+0597

Data Class B Avg. D 1o 0.30+£0.04

Critical Depth Range 30-55 3.0-55 Avg. Dy 250039

Depth to GWT (m) 0.6 0.8 Avg. G, 31.00 £ 267 277
oy (kPa) 91.0+91 947 Avg. FC (%) 60110 0.0
@, ' (kPa) 57.1+£59 57.5 Avg. GC (%) 58.0+8.0 340
8 max (Q) 0.440 + 0.088 0.44

rg 0.85 + 0.068 Avg. Vs 1654 +86

CSR 0.386 + 0.086 0.45 Avg. Vg 185.0+88 185
Equivalent Magnitude 9.2 92 Avg. N g 71425

MSF 059 Avg. N yzp' 94+28 78
CSRN 0.652
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Case Number:
Earthquake:
Magnitude:
Location:

References:

4
1964 Alaska

9.2 (Mw)

Old Valdez Site 4
Roy et. al. (2022)

Nature of Failure:

Large fissures are observed in the site
Eruption of gravelly soils from fissures have been seen

Liquefied layers below noniquefied hlock of soil layers has been encountered

Comments:

Located at Port Valdez, Alaska (61.11552N, 146.26688W)

GWT is reported as 1.0m from ground surface

PGA is estimated as 0.44g by Roy et. al. (2022)

Rupture distance is estimated as 93 km for this site

PGA is estimated as 0.43g from ShakeMap of USGS for Rock

Seed et al. 1997 soil amplification has been performed for B2 soil type
PGA is selected as 0.44g with a standard deviation of 0.09g

Soil Classification:

Medium dense sandy grasl

Summary of Data

This study Roy etal. (2022) This study Roy et al. {2022)
Liquefied? Yes Yes Avg. D g 6.30 £0.97
Data Class B Avg. D 4 0.30 £ 0.04
Critical Depth Range 50-120 47-6.0 Avg. D 5 250039
Depth to GWT (m) 1.0 1 Avg. C, 31.00 = 267 27T
&, (kPa) 182.3+254 1159 Avg. FC (%) 60+1.0 00
o' (kPa) 108.7 £ 144 70.8 Avg. GC (%) 58080 30
8 max (Q) 0.440 + 0.088 0.44
ra 07220122 Avg. V, 186.0+14.0
CSR 0.345 + 0.091 0.440 Avg. Vg 1800 £ 51 189
Equivalent Magnitude 92 92 Avg. N a9 1659+40
MSF 0.59 Avg. Nzg” 164+35 16.1
CSRN 0.582
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Case Number:
Earthquake:
Magnitude:
Location:

References:

5

1964 Alaska

9.2 (Mw)

Old Valdez Site 5
Roy et. al. (2022)

MNature of Failure:

Large fissures are observed in the site
Eruption of gravelly soils from fissures have been seen

Liquefied layers below non-liquefied block of soil layers has been encountered

Comments:

Located at Port Valdez, Alaska (61.11420N, 146.27200W)

GWT is reported as 0.7m from ground surface

PGA is estimated as 0.44g by Roy et al. (2022)

Rupture distance is estimated as 93 km for this site

PGA is estimated as 0.43g from ShakeMap of USGS for Rock

Seed et al. 1997 soil amplification has been performed for B1 soil type
PGA is selected as 0.44g with a standard deviation of 0.09g

Soil Classification:

Medium Dense Sandy Gravel

Summary of Data

This study Roy el al. (2022) This study Roy el al. (2022)
Liquefied? Yes Yes Avg. Dsg 6.30+097

Data Class B Avg. D 4 0.30 £ 0.04

Crtical Depth Range 20-115 52-80 Avg. D 5 250+0.39

Depth to GWT (m) 0.7 07 Avg. Cy 3100267 217
o, (kPa) 14484342 713 Avg. FC (%) 6.0+10 0.0
o' (KPa) 854 +19.0 439 Avg. GC (%) 58.01 80 340
8mar (G) 0.440:0.088 0.44

ra 0.76 £ 0.100 Avg. N 45 56+19

CSR 0.369 +0.090 D.45 Avg. Ny 62+20 51
Equivalent Magnitude 92 92

MSF 0.59

CSRN 0.623
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Case Number:
Earthquake:
Magnitude:
Location:

References:

6
1984 Alaska

2.2 (Mw)

Old Valdez Site 8

Roy et. al. (2022)

MNature of Failure:

Large fissures are observed in the site
Eruption of gravelly soils from fissures have been s=en

Liquefied layers below non-liquefied block of soil layers has been encountered

Comments:

Located at Port Valdez, Alaska (61.11480M, 146266 10W)

GWT is reported as 1.0m from ground surface

PGA is estimated as 0.44g by Roy et al. (2022)

Rupture distance is estimated as 93 km for this site

PGA is estimated as 0.43g from ShakeMap of USG5 for Rock

Seed et al. 1987 soil amplification has been performed for B1 soil type
PGA is selected as 0.44g with a standard deviation of 0.08g

Soil Classification:

Medium Dense Sandy Grawvel

Summary of Data

Thiz sfudy Raoy el al. (2022) Thiz study Roy el al. (2022)
Liquefied? Yes fes Avg. D 6.30 £ 0.97
Dats Class B Avg. D'y 0.30+ 0.04
Critical Depth Range 6.0-7.8 6.0-75 Avg. D 5 250+0.30
Depth to GWT (m) 10 1 Avg. G, 31.00 + 287 7T
o, (kPa) 1478 £7.1 147.7 Avg. FC (%) 80+1.0 0.0
o, (kPa) 800154 E7.9 Avg. GG (%) 580+80 340
3 max (9) 0.440 +0.088 0.44
Le ] 0.75 + 0.102 Avg. ¥V 126.3+ 0.8
CSR 0.352 + 0.086 0.45 Avg. Voy 120.0+3.0 138
Equivalent Magnitude 2.2 a2 Avg. Nz 81227
MSF 0.59 Avg. Ngmp” 8727 2.1
CSRN 0.5084
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Depth (m) CSR V, Ver
0 No Lig. 135 238
0.25 No Lig. 131 187
0g No Lig. 202 268
1.65 0.327 187 221
285 0.362 203 229
4.15 0.369 162 175
51 0.366 127 132
6.15 0.3589 126 126
725 0.349 237 23
8.3 0.339 207 196
94 0.327 179 161
11.3 0.308 262 229
13.25 0.290 219 192
C. Layer Avg. 1263 | 1290
C.LayerSt.Dev| 08 30
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Case Number:
Earthquake:
Magnituce:
Location:

References:

7
1984 Alaska
0.2 (Mw)

Valdez Site 7

Roy et. al. (2022)

Mature of Failure:

Large fissures are observed in the site
Eruption of gravelly soils from fissures have been saen

Liguefied layers below non-liguefied block of soil layers has been encountered

Comments:

Located at Port Valdez, Alaska (81.12864N, 146.35003W)

GWT is reported as 3.4m from ground surface

PGA is estimatad as 0.44g by Roy =t al. (2022)

Rupture distance is estimated as 92 km for this site

PGA is estimatad as 0.43g from ShakeMap of USGS for Rock

Seed et al. 1987 soil amplification has been performed for B1 soil type
PGA is selected as 0.44g with a standard deviation of 0.08g

Soil Clagsification:

Medium dense to very dense sand and gravel

Summary of Data

This study Roy el al. (2022) This sfudy Ray el al. (2022)
Liquefied? No Mo Avg. D gy 4.00 + 0.83
Data Class B Avg. D 0.20 £ 0.05
Critical Depth Rangs 8.0-9.0 8.1-8.1 Avg. D 3 1.20 £ 0.43
Depth to GWT (m) 34 3.4 Avg. C, 21.03 £0.03 220
a, (kPa) 176.8 +47 122.4 Avg. FC (%) 80108 0.0
T, (kPa) 1268245 130.6 Avg. GC (%) 45030 45.0
8 may () 0.440 + D.088 0.44
Mg 0710122 Avg. Nz 223238
CSR 0.285 + 0.075 0.37 Avg. N iz’ 200+£33 207
Equivalent Magnitude p.2 0.2
MSF 0.59
CSRN 0.480
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Case Number:
Earthquake:
Magnitude:
Location:

References:

8

1964 Alaska

9.2 (Mw)

Valdez Site 8
Roy et. al. (2022)

Nature of Failure:

Large fissures are observed in the site
Eruption of gravelly soils from fissures have been seen

Liquefied layers below non-liquefied block of soil layers has been encountered

Comments:

Located at Port Valdez, Alaska (61.13106N, 146.36006W)

GWT is reported as 3.4m from ground surface

PGA is estimated as 0.44g by Roy et al. (2022)

Rupture distance is estimated as 92 km for this site

PGA is estimated as 0.43g from ShakeMap of USGS for Rock

Seed et al. 1997 soil amplification has been performed for B1 soil type

PGA is selected as 0.44g with a standard deviation of 0.09g

Soil Classification:

Medium dense to very dense sand and gravel

Summary of Data

This study Roy el al. (2022) This study Roy el al. (2022)
Liquefied? No No Avg. Dsp 4.00+0.83

Data Class B Avg. D g 0291005

Critical Depth Range 35-44 66-8.2 Avg. D3 120+043

Depth to GWT (m) 34 34 Avg. C, 21.03 £ 0.03 229
o, (kPa) 813136 154.4 Avg. FC (%) 80+08 0.0
o, " (kPa) T59+37 1155 Avg. GC (%) 450+ 3.0 45.0
8 max (9) 0.440 £ 0.088 0.44

Fa 0.86 + 0.064 Avg. N 4o9 208£30

CSR 0.262 + 0.057 0.36 Avg. N yap’ 239£35 214
Equivalent Magnitude 92 9.2

MSF 0.59

CSRN 0.443
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Case Number:
Earthquake:
Magnitude:
Location:

References:

9

1964 Alaska
9.2 (Mw)
Seward Site 9

Roy et. al. (2022)

Nature of Failure:

Flood plain surface fractured due to liquefaction induced lateral spreading

From the fissures eruption of gravelly sand has been observed

Lateral spread displacements caused significant damage to ralroad and highway bridge structures

Comments:

Located at Seward, Alaska (60.14146N, 149.418396W)

GWT is reported as 3.0m from ground surface

PGA is estimated as 0.52g by Roy et al. (2022)

Rupture distance is estimated as 51 km for this site

PGA is estimated as 0.56g from ShakeMap of USGS for Rock

Seed et al. 1997 soil amplification has been performed for B1 soil type

PGA is selected as 0.53g with a standard deviation of D.11g

Soil Classification:

Silty sandy gravel

Summary of Data

This study Roy el al. (2022) This study Roy el al. (2022)
Liguefied? Yes Yes Avg. D5 12.00 -
Daia Class B Avg. Dy 041 +-
Critical Depth Range 36-50 7.0-8.3 Avg. Dy 3.00+-
Depth to GWT (m) 30 3 Avg. G, 48.76 £ - 471
o, (kPa) 931154 156.7 Avg. FC (%) 20%- 0.0
o, (kPa) 803+43 1.9 Avg. GC (%) 640 +- 64.0
A max (0) 0.530 £ 0.106 0.52
Mg 0.88 + 0.068 Avg. Vg 25261124
CSR 0.353 £ 0.077 0.43 Avg. V4, 262010 215
Equivalent Magnitude 9.2 9.2 Avg. N a0 15053
MSF 0.59 Avg. N ' 16.6+59 13.8
CSRN 0.595
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