ABSTRACT

LORENZOVELAZQUEZ, CRISTINA. Integrating Effects of Local Soil Conditions into System
Level Assessments of Civil Infrastructure. (Under the direction of Dr. Ashly Cabas).

Local soil conditions influencearthquakenduced ground shaking, a phenomenon known
as site effects. Site effects correlate with the concentration of damage to the built environment in
areas prone to ground motion (GM) amplification. However, existing sylstesh analytical
frameworkdail to fully characterize the uncertainty in local geologic structures affecting spatially
varying earthquake GMs. This is an important gap in the literature, particularly for the assessment
of seismic hazards to large distributed civil infrastructustesyis such as lifelines (e.g., pipelines,
levees, transportation networks, power distribution system, etc.).

The spatial variability of GMs is a function of source heterogeneities, varying ray
propagation paths, varying local soil conditions, wave scattering, and directivity effects.
Evaluating spatially variable GMs is essential when investigating regional iselsmards,
portfolios of buildings, or large, geographically distributed infrastructure. Because soil properties
can be spatially correlated at nearby locations, the expected site response affecting civil
infrastructure systems will also be spatially etated. This correlation structure is important and
can inform the spatial correlation of GM intensity measures (IMs) used in seismic design, such as
peak ground acceleration.

The overarching goal of this work is to advance the sththe-art in seismic hazard
assessments of systdavel infrastructure by quantifying the spatial correlation in local soil
conditions and its influence on spatially variable ground matibirst, an extensive literature
review was conducted to identify current gaps in the incorporation of site effects into the

assessment of seismic hazards to lifelines, particularly pipelines. Then, case studies from the 2018



Mw 7.1 Anchorage Alaska and the 20/, 7.2 Nippes, Haiti earthquakes were investigated to
characterize the spatial distribution of GMs and geotechnical/geophysical parameters that can
capture important aspects of site response. These case studies presented opportunities to study
datarich anddatascarce regions in the context of the evaluation of spadiaklations. Lastly, a
region where both advanced parameterizations of site response that capture site effects and GM
IMs from multiple events were witleavailable (i.e., Japamjas investigatetb further investigate
how the spatial correlation of local soil conditions can inform the spatial correlation of GMs.
Particularly, residual analysis of GM IMs (e.g., spectral acceleration; SA) was performed using a
ground motion model (GMM) to removeetteffects of attenuation with distance and further
examine the correlation of the IMs at different periods of intefdésb, we investigated the effects
of spatiotemporal variation of site terms and soil nonlitg@n GM IMs following a strong
groundshaking.

Overall, thiswork shows that the spatial distribution of GM IMs is affected by the variation
of geology and topographic conditions captured by site param@wdugionally, the correlation
length of the studied site parameters is affected by the inherent limitations of available measured
data and the uncertainties of prelxgsed approaches, especially in capturing spatial variation of
subsurface conditions the field. This studyighlights the importance of integrating site effects
into systerdevel seismic hazardsaessments, which are oversimplified by current analytical
frameworks. In addition, recommendations are provided on the main factors that can drive and

represent the complex interactions between spatially variable geologic conditions and GMs.
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CHAPTER 1. INTRODUCTION

1.1 Background

Local soil conditions have a substantial influence on earthquake ground motions (GMs;
Seed and Idriss, 1969; Borcherdt and Gibbs, 1976; Borcherdt, 1994; Kramer, 1996). For example,
ground motions can be amplified or deamplified due to the presence ségoftents, while their
frequency content and duration can also change (i.e., site effects) as slogumeriil. Such site
effects that change the ground motion intensity may result in pipeline deformation (Rsyiras
Sextos 2018) and eventually disruption of service (Eigure 11). Because local soil conditions
can vary within a region, so can site effects on ground motion, which contributes to spatially
variable damage. Varying ground responses an
2010) subject geographically distributegistems covering thousands of square kilometers to
damage at multiple locations. Lifelines, such as utility services (e.g., potable water supply, gas
services, transmission networks of electric power systems, etc.), flood protection structures (e.g.,
levees), and transportation infrastructure (e.g., road and railway systems) are essential large,
distributed, infrastructure networks for communities. Therefore, lifeline failures due to seismic
activity can lead to significant rippling effects such as fireg do gas leakage inhibiting
emergency services, such as firefighting, due to broken water pipelines. Accordingly, improving
the seismic performance of lifelines is essential to achieve resiliency of urban environments to

extreme natural events.
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Figure 1.1. Ground motions source, path, and site effects on spatially variable site conditions.

Incorporating site effects in systdevel seismic hazard assessment of civil infrastructure
must overcome neotrivial limitations such as capturing the spatial variation of local soil
conditions, modeling nonlinear soil behavior, and implementing fatdtiprobabilistic analyses.

In addition to site effects, the spatial variability of GMs should be considered for large, distributed
infrastructure systems because it can greatly affect lifeline performance during earthquake events
(Zerva and Zervas 2002)h& spatial variability of GMs is a complex function of source, path, and

site effects(Figure 11). During a seismic event, the GMs arriving at multiple points of
infrastructure networks, such as water distribution systems, lack coherence due to variations in
arrival times and the influence of spatially varying local soil conditions. Although netvesdd

design approaches can address incoherent GMs, the impact of the spatial variation of site effects

on a pipelineds seismic vulnerability is rare



highlighted that an advanced framework for pipelines should consider the effects of the spatial

distribution of GMs.

1.2 Influence of Site Effects on Site Response and Damage in Past Earthquakes

Earthquakeprone regions in countries such as the United States and Japan have suffered
the devastating effects of these events, highlighting the critical role of site effects in amplifying
strong ground motions and impacting the performance of civil gtifrature and community
recovery efforts. Local geologic conditions significantly influence the amplitude of seismic waves,
acting as catalysts or inhibitors of substantial ground shaking and deformation.

The interdependence of lifeline systems was exemplified in the 1989 Loma Prieta
earthquake in California; the electric power supply's failure led torthairment ofwater supply
(O6Rourke 2010) . Il n San Franci sco, hi gher h
composed of Holocene Bay mud and loose fills (Campbell, 1991). Additionally, strong ground
shaking in soft soils triggered liquefaction in the Marinaahéghlighting a consistent relationship
between soil liquefaction and damage to lifelim ( O6 Rour ke et al ., 1990)
related to pipeline failure included: fires due to gas leakage, closure of access routes due to failure
of infrastructures, and broken water pipeline
emergencies.

The 1989 Loma Prieta earthquaddso illustrates the influence of site effectsground
motions at nearby locations such as Yerba Buena Island and TreasureBskanare located in
the San Francisco Bay area, but Yerba Buena Island is a rock outcrop, whereas Treasure Island is
an artificial island filled with dredged material from the bay, composed of fine sand ranging from

clayey to gravelly sand (Lee, 1969) aadelatively flat. Despite their proximity, the site response



on Treasure Island was significantly higher compared to Yerba Buena Island, with a peak ground
acceleration of 0.16 g and 0.06 g respectively (Kramer, 1996).

Examples of seismic damage to pipelines have been shown in major recent events such as
the 2011Myw 9.1 Tohoku earthquake (Cubrinovski et al., 201This earthquake in Japan
suspended the water supply to 2.3 million households in the Tohoku and Kanto regions (Miyajima,
2012), mainly due to ground shaking and/or ground deformation as obser¥égume 12.

Although the water service was about 90% restored a month after the event, more damage occurred

due to strong aftershocks.

Figure 1.2. Damage to an expansion joint of a 2400 mm diarret®] pipeline in Japan during

the 2011 Tohoku earthquake (Miyajima, 2012).

In the city of Sendai, a 4,458 km water supply network was disrupted at 1,064 locations
(Figure 13a), leaving approximately 230,000 households without service (Wakamatsu et al.,
2016). Similarly, Iwaki city's 2,099 km water supply system suffered damage at 483 locations
(Figure 13b; Kuwata et al. 2018), with 215 locations affected by tMe 9.1 event and 268

locations following theM,, 7.1 aftershock on April 11, 2011.
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Site conditions and topographic featureso
amplification triggering pipeline damagEigure 14 presents the impact of the 20M, 9.1
Tohoku earthquake on water supply pipelines in Sendai and Iwaki ¢itgeed 14a andFigure
1.4b, respectively), highlighting the relationship between damage locations and subsurface
geomorphologic conditions. Most of the damaged pipelines in Sendai were situated on soft soils
and hills, known to amplify GMs (Wakamatsu et al., 2016). SpecificalBt 65failures occurred

in hilly areas, and 16% on softer soil sites following the earthquake (Wakamatsu et al., 2016).
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geomorphologic classification map of (a) Sendai (modified after Wakamatsu et al., 2016) and (b)

Iwaki (modified after Kuwata et al., 2018).

Conversely, in lwaki, although the region is predominantly mountainous or hilly terrain,
the damage from the two events considered by Kuwata et al. (2018) was concentrated in areas with
softer soils. These sites included alluvial fashsltas, coastal lowlands, natural levees, and back
marshes, similar to the soft soil sites in Sendai (Matsuhashi et al., 2014; Wakamatsu et al., 2016;
Kuwata et al., 2018). The combination of strong seismic impedance contrasts with topographic
features amlfies GMs, contributing to the higher damage rates in these areas. While, during the
1989 Loma Prieta earthquake, the most affected sites in San Francisco were anthropogenic fills,
which amplified seismic wave amplitudes, caused ground deformation, amgraruised the
performance of lifeline systems. These examples demonstrate the important role that local site
conditions have on the site response to ground shaking during earthquakes, which is crucial in

seismic hazard assessment and earthquake enginappincations.



1.3 Current Gap

Current seismic hazard assessments of lifelines vary in complexityftenoverlooksite
effeds on the spatial variability of seismic demandFor example, simplified methods for
estimating soil strains due to a traveling wave of constant shape (e.g., Newmark, 1968; Hashash
et al., 2001) make assumptions regarding GM IMs (pegpk ground acceleratioRGA) and the
seismic wave velocity (Karamanos et al., 201ifegratingthese site effects into seismic hazard
assessments of spatially distributed Icimfrastructure requires quantifying site effects on a
regional scale. This is crucial because soil condition heterogeneity can influence spatial
correlationsof GM IMs (Jayaram and Baker, 2009; Sokolov et al., 2012), and both site and path
effects can cause evetatevent variability (Sokolov et al.,, 2012; Bodenmann et al., 2023).
However, current spatial correlation models treat site effects as &ftked amplification factor
or randomized, but site effects are neither. Therefore, the rigorous e@tsid of the spatial
correlation of local soil conditions and their influence on spatially variable GMs is essential to
reduce uncertaintigs earthquake reconnaissance efforts, regional assessments, dimde €zim

or shaking intensity maps (e.g., ShakeMaps from the U.S. Geological Survey, USGS).

1.4 Objectives and research tasks
The overarching goal of this study is to advance the-sfatee-art in seismic hazard
assessments of systdavel infrastructure by quantifying the spatial correlation in local soil
conditions and its influence on spatially variable ground motions. tsuguof this goal, the
specific objectives of this work include:
1. To quantify spatial correlations of site conditions and spatial correlations of ground
motion intensity measure§.asks 1, 2, and 3]

2. To quantify site effects on spatially incoherent ground motidrask 4]



3. To investigate the effects of spatemporal variations of site terms and soil
nonlinearity on estimated GM IMfTask 5]
To achieve the objectives the following research tasks are pursued in this work as
enumerated below.
Task 1. Analyze spatial distributions of ground motions from a given earthquake
Task 2. Analyze spatial distributions of site conditions for a region of interest
Task 3. Quantify spatial correlations between seismic demand parameters relevant to
regional or systerdevel scales
Task 4. Evaluate the spatial correlations of site parameters and analyze their relation to
the spatial correlation of ground motion intensity measures
Task 5. To evaluatespatiotemporal variations of site terms and soihlinearbehavior,
and their effecten estimated GM IMs.
1.5 Dissertation Layout
This dissertation includes sevenaptersand an overview of each chaptedescribé in

Figure 15 andoutlinedin this section.
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CHAPTER 2i s a conference paper entitled fAAcc
Seismic Resilience for Lilforedzeo-\Velazguezs @.publisheds 6 by
within the conference proceeding of the ASCE Lifelines 2022. This chapter provides a review of
seismic hazard assessments of pipeline networks and current practices to account for site effects
This review establishes the foundation for understanding the impact of site conditions on seismic
resilience, thus providing critical context for the objectives of this study.

CHAPTER 3i s ent i t IMetobn Spadal Distribation from theMy 7.1 2018
Anchorage, Al as komtenEdthis chagtar avks @ublished by €abas, A., Beyzaei,

C., Stuedlein, A., Franke, K.W., Koehler, R., Zimmaro, P., Wood, C., Christie, S., Yang, Z., and

Lorenzo-Velazquez, C in Earthquake Spectran 2021. In this work, we estimate the spatial



distribution of GM IMs such as the peak ground acceleration (PGA) and pspeadial
acceleration (PSA) frorthe 2018 Anchorage, Alaska earthqudldsing kriging, a geostatistical
interpolation method, we assess the spatial distribudfoground shakingcross the region of
interest. The estimated spatial distribution of those GMs IMs is then evaluated and compared to
advanced parameterizations of site response (e.g. site resonant frequbiscwork addresses
Task 1and inform3Objective 1 providing irsights into the spatial distributions of GMs.
CHAPTER4i s entitl ed ASpati al Distribution of
Pr i n c e The Eoatent df this chapter was published by Cabad,okenzo-Velazquez, C,
Ingabire Abayo, N. Ji, C., Ramirez, J., Garcia, F.E., Pérodin, J., Hwang, Y., Dashti, Y., Ganapati,
N.E., Nicolas, S., Whitworth, M., Guerrier, K., Saint Fleur, N., Contreras, S., Lagesse, R.,
Marcelin, L., Remington, C.Lin theBulletin of the Seismological Society of Amerilc2023.
This work investigates how the spatial distribution of site parameters, sMehogsan inform the
site response in a given region of inter@stlatascarce region waselectedi.e., Les Cayesand
the appropriateness of geospatial interpolation schemes was tested. Additionally, &imaapV
was developed for Les Cayes and RarPrince in Haiti, integrating geology prosased ézo
valueswith Vs3o measurementavailable in those regionghis work addresse$ask 2 and
contributes toObjective 1 by examining the spatial distribution of site conditions across two
regions in Haiti.Additionaly, Appendix A andAppendix B (Cabas et al., 202Zarcia et al.,
2022) presentspreliminary findings that follow theGeotechnical Earthquake Reconnaissance
(GEER) tearts efforts angrecede thanalysisdetailed inCabas et al. (ZB).
CHAPTERS5i s a conference paper entitled nNAssEe
Re s ponse ilorenioavelazguezoCandyCabas, A. It is included the proceedings of

the 4" International Conference on PerformaBased Design in Earthquake Geotechnical
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Engineering (PBEV) in Beijing (2022). In this chapter, a datiah region (i.e., Japan) was
selected, to quantify spatial correlations and obtain the interpolated spatial distribution of site
parameters (e.g.,9¢og) using kriging. From the Japanese databases, we identified and used 758
pairs of stations within 10 km of each other, for a total of 1033 stations. These included 483 Kiban
Kyoshin Network (Kik-net) stations and 550 Kyoshin Network-RET) stations NIED, 2019).

This work addresseRask 3 by amalyzingthe spatial correlations of site parameters in Japas,
contributing toObjective 1andestablishing doundationfor Objective 2.

CHAPTER6i s e nEffects of 8padtielemporal Variatios of Site ConditionSpatial
Correlations inGr ound Mot i o r/slazquezyC. and Cabas,ZRhis chapter will be
submitted for revision t&arthquake Spectravaluates the spatial correlations of site parameters
at KiK-net stations anadtompares theno the observed spatial correlation of the residuals from
GM IMs. The study investigates the implications of using measured or-pasad site terms in
GMMs and the effects of spattemporal variations of site terms on estimated GM [Mss work
addressesTasks 4 and 5, aligning with Objectives 2 and 3, respectively, and provides a
comprehensive analysis of the relationship between site response and site conditions in a region
with extensive ground motion records and detailed site datditionally, Appendix C and
Appendix D presentpreliminary work (Lorenzé/elazquez, C. and Cabas, C., 2pZhd
additionalmaterial related to this chapter, including plots and maps

CHAPTER 7 summarizes the main conclusions of this work, limitations encountered, and

future research directions.
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CHAPTER 2. Accounting for Site Effects to Improve Seismic Resilience for Lifelines

Systems

The content of this chapter is within the published conference proceedings of the American Society
of Civil Engineering (ASCE) Lifelines 20221971 San Fernando Earthquake and Lifeline

Infrastructure Conference (ISBN: 9780784484432).

Cabas, AandLorenzo-Velazquez, C (2022. Accounting for Site Effects to Improve Seismic
Hazard Resilience for Lifeline yStems In ASCE Lifelines 2022 DOI:
10.1061/9780784484449.018

2.1 Abstract
Improving the seismic performance of pipelines is fundamental to achieving resiliency of

urban environments against extreme natural events. The vulnerability of pipelines is inevitably

associated with their exposure to regional and local geohazards. Skesrard assessments of
pipelines are uniquely challenged by varying local soil conditions, as evidenced by the
concentration of damages in areas prone to ground motion amplification and liquefaction. This
paper focuses on the hazard associated with @atnseismic waves, which affects the entire
pipeline system as opposed to the localized effects imposed by ground failure. Our study provides

a review of seismic hazard assessments of pipeline networks and current practices to account for

site effects. Mag specifically, we review available methods to consider the effects of local soll

conditions on the seismic demands of pipelines;@p# interaction, spatial variability in soils,

and ground motion directionality. First, we summarize relevant obsamgaftiom past seismic

events and then, an evaluation of current practices to account for site effects is provided. Strengths

and limitations of simplified approaches are revised and compared to methods that target the

guantification of site effects and thetwork response on a broader regional scale. Areas of future
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research are identified as potential paths toward improved resiliency of pipelines to seismic

hazards

2.2 Introduction

Improving the seismic performance of lifelines constitutes a foundational block towards
achieving resiliency of urban environments to extreme natural events. Lifelines include utility
services (e.g. potable water supply, gas and liquid fuel transmisgidor distribution facilities,
telecommunications, transmission networks of electric power systems, etc.), flood protection
structures (e.g. levees), ports and harbors, and vehicular transportation infrastructure (e.g. road and
railway systems), which prode essential support networks for communities, especially in densely
populated cities. Reducing their seismic risk imposes unique, complex challenges because large,
geographically distributed systems may cover thousands of square kilometers, whichtbemoses
to varying ground responses and geotechnical

The estimation of losses and the development of@amshquake mitigation strategies and
policies for lifelines require an inventory of elements at risk, seismic hazard assessments, fragility
models, and restoration models (Mouroux and Le B2006). Because different types of lifelines
have unique demands and performance metrics, our study focuses on the resilience of pipelines to
seismic hazards. Among the physical phenomena of utmost importance to assess the seismic
performance of pipelineare the trasient wave action, the permanent ground deformation, and
soil-pipe interaction (Hays, 1987; Pitilaket al., 2006; ALA, 2005). Subsurface conditions
influence earthquakmduced ground shaking and deformation; a phenomenon known as site
effects. The latter have affected damage patterns along pipeline networks during past earthquakes.
However, the effects of lotaoil conditions are oversimplified by existing seismic hazard

assessments of pipelines.
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Engineers design for earthquake ground motions (GMs), which are inherently influenced
by variable source, path, and site conditidfigifre 21). Site effects can modify the amplitude of
seismic waves as well as the frequency content and duration of a GM. Source, path, and site effects
are responsible for different arrival times and amplitudes of the seismic waves at different
recording stationsand the gradual reduction in their coherency (because of scattering effects in

heterogeneous media; Psyrras and Sextos, 2018).

T

Ground Motion  Amplified Ground Motion

Bedrock

Sediments

Source Effect

Figure 2.1. Site effects on transient seismic waves affecting pipelines during earthquakes

This paper aims to (1) provide an overview of the effects of local soil conditions on the
performance of pipelines in past earthquakes, and (2) evaluate current practices to incorporate site
effects into seismic hazard assessment of pipelines, with ado¢he hazard from transient wave
propagation. First, observations from seismic events (e.g.,1971 San Fernando earthquake), where
local soil conditions affected the performance of pipelines are discussed. Theiof-gtate
practice approaches to accotortsite effects in the assessment of seismic hazards to pipelines are
compared in terms of the consideration of the spatial variability in soils, coherency of GMs, soil

pipe interaction, and the evaluation of nonlinear soil behavior. Strengths andidinsitaf

17



simplified methods to estimate soil strains around pipelines are revised, and compared to
microzonation efforts which target the quantification of site effects on a broad regional scale.
Component versus netwellased approaches are also discussed irotitext of their limitations

in accounting for site effects.

2.3 The role of site effects on pipeline damage in past earthquakes

Local site conditions that modify GM characteristics include vertical gradients in the shear
wave velocity (\é) profile (particularly, the presence of strong seismic impedance contrasts and
velocity reversals), depth to bedrock conditions, attenuation characteristics of the soil column and
the underlying bedrock, topographic features such as hills or basinsp@awhtal variations of
Vs. As depicted irFigure 21, the presence of soft sediments overlying hard bedrock along the
route of a buried pipeline can result in amplified GMs with a higher damage potentaltin
bedrock seismic excitations. Changes in the intensity of a GM (in addition to changes to its
frequency content and duration) may result in pipeline deformation (Psyrras and Sextos, 2018).

Devastating earthquakes have demonstrated
strong GMs, as local geologic conditions can induce amplification of seismic waves. Extreme
cyclic loading coupled with secondary geohazards responsible for perrgamemd deformation
(PGD) has directly affected the performance of lifelines in the past. Soils surrounding underground
infrastructure act as catalysts or inhibitors of significant ground shaking and deformations, which
greatly affects the performance @elines and the resilience of the communities they serve. For
instance, U.S. water utilities have had high damage rates resulting from significant earthquake
induced PGDs or high levels of ground shaking (ALA, 2005). Below we summarize relevant
observatios from past earthquakes based on the role of site effects in transient wavectataoh

damage to pipelines and their connection to PGDs.
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San Francisco was the first city where modern lifelines were affected by a major
earthquake, highlighting the critical interactions between ground deformations and the
performance of water distribution systems. The 1906 San Francisco earthquake res0td in
distribution pipe failures that contributed to a great fire conflagration (ALA, 2005). GMs from the
1971 San Fernando earthquake had peak ground acceleration values as high as 1.25g, which
severely affected civil infrastructure in the Los Angeles @@daud and Hudson, 1975). Pipelines
carrying water, sewage, storm water, gas, and petroleum were damaged mostly because of
differential PGD rather than vibrations (Cloud and Hudson, 1975). Significant damage to-the gas
distribution pipe system resultedgas service interruption for approximately 17,000 customers.

Areal patterns of these damages coincided with the spatial distribution of PGDs.

The 1989 Loma Prieta earthquake illustrated the interdependencies among lifeline systems,
as the failure of the electric power supply cascaded into the impairment of the water supply
( O6Rourke, 2010). Sites under | %ankrantisgorddarded c e n e
higher horizontal accelerations than sites with rock and alluvial soil conditions (Campbell, 1991).
The strong ground shaking triggered liquefaction in soft soils beneath the Marina area, evidencing
a consistent relationship betwesno i | |l i quefacti on, and etdhh mages
1990). Large transient shear strains and4pegod displacements were found to be responsible
for the damages to the water distribution sys
was no water pressure from either the main water systeng batfkup water system (ALA, 2005).
Cascading effects related to pipeline failure included: leaked gas producing fires, firefighters
lacking access routes as various bridges closed, and brokenpiyzlines leaving firefighters
with a temporary loss of resources. Notably, the fire loss damage in the 1989 Loma Prieta

earthquake was limited, which can be at least partially explained by the total absence of wind at

19



the time of that earthquake (ALA, 2005). The same favorable weather condition (i.e., almost no
wind) limited firerelated damages at the time of the 1994 Northridge earthquake (ALA, 2005).

The |l atter inflicted substanty sydtemdwhereamgper t o |
performance correlated with high ground shaking intensity. Buried transmission and trunk lines
had damages caused by transient GM, and the ¢
1996).

Major recent seismic events such as the 2011 Tohoku earthquake and tH202010
Canterbury Sequence (Cubrinovskial.,2011), also provided illustrations of seismic damage to
pipelines. The2011Mw 9.0 Tohoku earthquake resulted in a suspension of the water supply to
2,300,000 households in the Tohoku and Kanto regions. A 4«@bS8ater supply network in the
city of Sendai was affected at 1,064 locations, which resulted in cutoffs of water supply to
approximately 230,000 households (Wakamatsal.,2016). Most of the damaged pipelines were
located on site conditions (i.e., soft soils) and topographic features (i.e., hills) known to amplify
GMs (Figure 22).

Figure22s hows a map | ocating reported pipeline
of subsurface conditions classified via the Japan Engineering Geomorphologic Classification Map
for the region. The number of pipeline failures observed in Japanese hilBY¥®.after the 2011
Tohoku earthquake is unprecedented and comparatively higher than the amount of damage
observed at softer soil sites (i.e., 16%); Wakamatsal.,2016). Approximately 78% of the 437
water transmission and distribution pipeline repairs corresponded to areas where cut and fill
practices were in place. Land development on the hills in Sendai resulted in two in situ conditions:
native soils from the Joanic pumice flow deposit overlying Neocene sedimentary or volcanic

bedrock and fills camposed of volcanic pumice flow deposited in the valleys (Wakaneatsl,
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2016). In either case, the combination of strong seismic impedance contrasts with topographic
features is conducive to GM amplification, which could at least partially explain the higher damage
rates in those areas. Pipelines located at the boundary betwiseand fills, regardless of the
pipe's material and diameter had the most significant damages followed by those located at filled
sites (Wakamatsat al.,2016). Softer soil sites where damage was reported included areas with
gravelly terraces, deltaand coastal lowlands, alluvial fans, and back marsh (Matsubasih,i,

2014; Wakamatsat al.,2016). During the Loma Prieta earthquake, the most affected sites in San

Francisco were anthropogenic fills, which amplified the amplitudes of seismic waves, caused

ground deformation and jeopardized I|ifeline

Pipe Repairs

DIP (117) | == 5

:sp ((12; == Tsunami-

* VP (297) | inundated area [7]

sLP (2

°» PP (3)

* GP (6)

Geomorphologic Classification

Mountain
Mountain footslope
- Hill
Volcano
Volcanic footslope
I Volcanic hill
Rocky strath terrace

Gravelly terrace
Terrace covered with volcanic ash soil
Valley bottom lowland
Alluvial fan
Natural levee
B Back marsh
B Abandoned river channel

Delta and coastal lowland

Marine sand and gravel bars

Sand dune
B Lowland between coastal dunes and/or bars

Reclaimed land
B Filled land
B Rock shore, rock reef
Dry river bed
B River bed
Water body

Figure 2.2. Locations of pipe repairs (dots) and water distribution pipes (black lines) on the Japan
Engineering Geomorphologic Classification Map (modified after Wakaneatal,2016). DIP-
ductile cast iron; SPsteel; VP- vinyl chloride; LP- lead; PR Polyethylene; GPgalvanized iron

plating.
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2.4 Seismic hazard assessment of pipelines

Researchers have studied seismic hazards to large, geographically distributed systems and
their response to secondary geohazards (e.g., landslides and liquefetuiced lateral spreading)
from different perspectives. Component versus network perforniasdeeen evaluated including
structural characteristics of the pipeline, such as the joints or the quality of the connections,
material type and strength, diameter, wall thickness, and coating smoothness (&sahidg19).
O6Rour ke ( 2 Ceffofts on thee coraporiertt side using prototgpale experiments of
underground pipeline response to abrupt ground deformation. With respect to networks, the
systematic analysis of pipeline repair records after earthquakes has been used in the Ui/ to ident
potenti al |l ocations of ground failure (OO6Rour
been oriented toward the development of a meltel assessment approach of vulnerability
indexes for lifelines based on the vulnerability of specific camepts exposed to seismic risk
(Pitilakis et al.,2006).

Geotechnical and engineering seismology as|
earthquakes have also been investigated. Damage patterns observed after past earthquakes have
shown that the performance of buried pipelines is a function of indtredérakssn the ground (ALA,

2005). This characteristic of the seismic behavior of buried pipelines is contrary to that
corresponding to above the ground structures, for which inertial forces instead of the kinematic
response of the soil, control the perfaamc e ( O6 Rour ke anédtall2001; 1999
Tsinidiset al.,2019).

Strains associated with transient wave propagation are often smaller than their counterparts
from PGDs. Hence, PGDs from ground failures associated with surface fault ruptures, landslides,

liquefaction triggering, lateral spreading, and gapiefaction onsolidation have been studied
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extensively (e.g., O 6 Rebal.,2002 amepmy ebthelPsp Whiteetnansieni. 9 9 6 ;
ground movement has received rather limited attention (e.g., Psyrras and Sextos, 2018). However,
transient ground deformations are more likely to affect buried pipelines because they are spatially
distributed along thpipeline alignment. Their characterization is also complex and involves large
uncertainties. Additionally, nenegligible transient ground strains may still result at the boundary
between differensoil layers (ALA, 2005; Psyrras and Sextos, 2018; Tsimta.,2019), so their
effects on pipelinesé performance may be sig
crosses highly heterogeneous/variable subsurface conditions (Pitdakas., 2006). Other
phenomena of interest include spipe interaction, spatial variability of subsurface conditions
along the pipeline alignment (which affects the spatial variability of GMs), coherency of GMs or
lack thereof, and GM directionality.

The Japan Water Works Association was the first to propose inchasted guidelines for
water distribution systems (JWWA, 1997). The document presented different performance levels
for key joint parameters, such as expansion/contractiorpstipesistaoe, and the deflection
angle (Whanet al.,2017). The Seismic Guidelines for Water Pipelines by the American Lifelines
Alliance (ALA, 2005) use a performantased method to improve the functionality and operation
of the pipeline network of interest duringnd after design earthquakes. They include
considerations of the interactions among the seismic hazard, soil, and pipe. In practice,
vulnerability and risk assessments of pipelines often implement empirical fragility functions based
on repair rates with B intensity measures (IMs; Tsinidet al.,2019). The next generation of
seismic hazard and vulnerability assessment methods for the design of new distributed
infrastructure, along with the evaluation of existing systems after extreme events shoulpléde sim

but efficient (Tsinidiset al.,2019). Such frameworks should present a holistic approach capable
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of supporting informed decisiemaking towards improved resiliency of the system (Psyrras and
Sextos, 2018). The incorporation of site effects constitutes one step toward those goals.
2.5 Site effects, transient wave propagation and strains

Local soil conditions can greatly alter the damaging nature of earthquake GMs (Seed and
Idriss, 1969; Borcherdt and Gibbs, 1976; Borcherdt, 1994; Kramer, 1996). The incorporation of
site effects in assessments of seismic hazards to pipelines must oveoretnméal limitations in
areas such as spatial variation of local soil conditions, modeling of nonlinear soil behavior, and
the implementation of mulsite probabilistic analyses along the pipeline alignment. When it
comes to large, distributed infrastture, the spatial variability of GMs (in addition to site effects)
should be considered as it can greatly affect the performance of lifelines during earthquakes (Zerva
and Zervas, 2002). The spatial variability of GMs along thelipgies axi s i s fundar
function of source, path, and site effgEtgyure 21) GMs arriving at multiple points at the pipeline
lack coherence because of delays in arrival time and are also affected by spatially varying local
soil conditions along the alignment. Incoherent GMs can be addressed in Reasetkdesign
approaches, but he i nfl uence of the spati al variati or
vulnerability is rarely quantified (Yoomt al., 2020). Pitilakis et al. (2006) indicated that an
advanced framework for pipelines should consider the spatial distribution of GMs in terms of its
effects on the distribution of longitudinal and/or transversal strains as computed from seismic site
responsanalyses. The need to incorporate variable site effects in assessments of seismic hazards
to lifelines has also been highligiatin the context of pipelines with offshore alignments and other
subsea structures (e.g., Hossain and Suroor, 2016).

Coherency can be broadly described as a measure of similarity between two spatially

separated grounchotion time histories (Jayaram and Baker, 2009). More specifically, spatial
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incoherence may be caused by waassage effects, extended seismic source effectpathy
effects due to heterogeneities along the travel path, wave scattering, subsurface conditions, and
topographic features (Hashashal.,2001; Psyrragt al.,2019). The reduction of coherency by
wave scattering is greater for hiflequency waves, which have short wavelengths and
consequently are more affected by srsalile heterogeneities in the propagation path (Der
Kiureghian 1996). Thus, long period waves tetoadbe more coherent (Zerva and Zenz302).

The implications of spatially variable GMs depend on the properties of the GM and the structural
characteristics of the pipeline (Zeretal.,2018). Additionally, length effects are an important
aspect to take into consideration when analyzing spatially distributed infrastructure. Long
pipelines are subjected to incoherent GMs and ground failures (Eskadali 2017), as
subsurface conditions and topographic features can vary more significantly aayesspiatial

scales (Wakamatst al.,2016; Kuwateet al.,2018). Ground motion models (GMMs) have been
used to infer spatial correlations among predicted GM IMs (e.g., Jayaram and ZB&8)r but

these models only account for local site conditions to the extent that the site term parameterization
used in the GMM captures site effects.

The relative motion between a pipe segment and the surrounding soil caused by traveling
seismic waves arriving at multiple points along the pipeline alignment often induces stress in the
pipe (Psyrras and Sextd¥18). This sotpipe interaction is not the only reason why a pipeline
segment may deform though. Being embedded in highly heterogeneous media in the direction of
the pipeline axis can also result in deformation during an earthquake because of thatdiffer
dynamic responses of such medium. Adulilly, studies have shown that pipelines subjected to

asynchronous earthquake motions are likely to be affected by appreciable deformations and strains
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due to transient ground deformations, which in turn may leadnuageo the pipeline (Psyrras
and Sextos2018; Psyrrast al.,2019).

The Seismic Guidelines for Water Pipelines by the American Lifelines Alliance
recommends that fAa geotechnical evalwuation of
lateral spreading, seismic settlement, seismic wave propagatidnfault crossing for each
geol ogic area along t he pi,20605).iTheampficatanof@®dint be
amplitudes due to local site conditions is accounted for by applying amplification factors from
NHERP provisions (i.e., NHERR.997) to PGA and PGValues at bedrock obtained from the
USGS probabilistic seismic haz,2008). Haweeetthesi s 6
spatial variability of GMs is not explicitly addressed in these guidelines.

A broader, regional approach could prove useful when characterizing spatial variations of
site conditions. Microzonation studies have been proposed (e.g., Maetrali}2004; Pitilakis
2004), but they lack a rigorous consideration of site response, uncertaintig¢seir influence on
spatial correlations. Necessary simplifications of the response of a site under cyclic loading take
place in microzonation efforts to capture systematic patterns over larger areas. One of such
simplifications is the use tiorizontatto-vertical spectral ratios from microtremors or strong GMs
to estimate the fundamental frequency of a site (e.g., Asietaki,2020; Leytonet al.,2013).
Conducting multidimensional analyses of wave propagation through the near surface would not
be practical at large scales. Additionally, the necessary geotechnical and/or geological input
parameters for a more thorough regional site response siagyoh be available or consistently

obtained.
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Table21l.Approaches that incorporate -basecamalyssf f ects i nto pipelineso

Linear (L)
Regional or Ergodic (E) Component Large Spatial
Consideration ol  (R) or Nonlinear  Site effects or (C) or Computationally database Analytical variability References
Site Effects  Local (L) (NL) proxy Nonergodic Network (N) intensive required/ approach o
: L of soils
Scale Soil (NE) approach empirical
Behavior
Fa, F from
Chart Method L NL* NEHRP E C X ALA, 2005
1997
StEa%‘é“ﬁ'e'“:ﬁg g L w0 =PGV/c E C X ALA, 2005
F'&';fhi'g*ﬂem L LornL ~ Constutve g C X ALA, 2005
Soik-pipe _ _ Table 1 in
interaction L L or NL Soﬂ_sprm_g C X Psyrras an
models relationships Sextos
(2018)
. . Pitilakis,
Microzonation R L HVSR N N X X 2007
Site term in Vs30 Z1.0, Shahi and
GMMs R L or NL Zos E or NE N X X Baker (2014
Paolucci an
Pitilakis,
. 2007;
ID site Amplification Psyrras anc
respsonse L L or NL f NE C X X X X
models actors Sextos,
2018;
Yoon et al.
2020

*nonlinearsoil behavior considered to the extent captured in amplification factors in NEHRP provisions in 1997

** maximum ground strain; where PGV = peak ground velocity at pipe location and ¢ = seismic propagation speed in tiwe gipiedbcation.
***ysed in practice only for very important pipelines (i.e., Function Class Il and VI after ALA, 2005)

F.and k: amplification factors in the NEHRP provisions;

Zio and 45 site parameters thedferto the depth to a layer withs\f 1.0 km/s or 2.5 km/s
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Table 21 summarizes key characteristics of available approaches to incorporate site effects
into the assessment of the seismic performance of pipelines; from simplified methods to
multidimensional numerical methods. The selection of an appropriate method depethés on
importance of the lifeline under study and the response metric of interest (Psyrras and Sextos,
2018). Ideally, the performance of buried pipelines during earthquakes would includsdaleye
3D analyses of sepipe interaction with potential geomietnonlinearities, where the pipeline is
subjected to incoherent GMs at multiple points along its axis, and the nonlinear behavior of
heterogeneous soils with uncertain dynamic properties surrounding it is considered (Datta, 1999;
Psyrras and Sextos, 2018However, such level of complexity is not only impractical to
incorporate in a single model, but also not justified considering the large uncertainties involved.
Thus, simplifications are often made in one or more of the aforementioned conditions.

The chart method, the equivalent static method, and the finite element method are described
in detail within the Seismic Guidelines for Water Pipelines by the American Lifelines Alliance
(ALA, 2005). They represent different levels of complexity in the ymis| but share key
characteristics such as their treatment of site effects and the use of NEHRP amplification factors.
The finite element method is recommended for pipelines that may be subjected to large PGDs from
landslides or surface fault ruptures.those cases, the soil is modeled by lateral and axial springs
with nonlinear soil forcaleformation behaviors (ALA, 2005).

The ground strain in the longitudinal direction is the main loading mechanism of buried
pipelines subjected to transient ground deformations during earthquakes (Teiradi2019;

Yoon et al.,2020). Previous research efforts have focused on the quantification of peak ground
s t r agjfrons grourd displacement time histories along the axis of the pipe (e.g., Pioeda

and Najafi, 2010), but significant uncertainties are associated with obtaining displacement time
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histories and the installation of seismic arrays along the pipeline alignment might not be feasible
due to their cost gfrolsimpéfiedesptessions baged onvP&Y ane saveo f
propagation velocity can be used. However, the value of wave propagation velocity depends on

the type of wave, the incidence angle and local soil conditions (Tsatidis2019). Shear waves

dominate the seismic response of pipelines located near the seismic zone, while surface waves

control farfield conditiors. Unfortunately, there is no consensus on which value of wave
propagation velocity should be used for design purposes, which results in large uncertainties in the
e v al u a §evea for radafivelyduniform subsurface conditions. Likewise, a weaker correlation

b e t wgaachPGWhas been found for cases in which irregular topography and significant lateral
soil variability are observed (e.g., Paolucci and Pitilakis, 2007).

Soil-pipe interaction models are necessary when the stiffness of the soil is similar to that
of the pipe (Datta, 1999). Hindy and Novak (1979) investigated the seismic response of
underground pipelines implementing a guijpe interaction model where theilswas considered
to be either homogeneous or composed of two
waves travelling along a pipeline laid through two different soils cause peak axial and bending
stresses near the boundary of the two meatid, are larger than the ones in the homogeneous
case. 0 (Psyrras and Sextos, 2018).

Ergodicity implies that the variability over space can substitute the variability over time,
which is an assumption often invoked in GM modeling because it is not common to have multiple
GM records at the site of interest that include a long enough tanmeeffor analysis (Rodriguez
Marek et al.,2014). Partially nonergodic and fully nonergodic models have been proposed in
recent years (e.g., Kothet al., 2016, Baltayet al.,2017, Kuehnret al.,2019). Although quite

complex, these advancements show prerafsan upcoming new leap in the assessment of seismic
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hazards tolarge, distributedinfrastructure as well. As seen in Table 1, there are various
simplifications when it comes to account for soil nonlinear behavior, from using NEHRP
amplification factors, to implementing constitutive relationships in finite element models. GMMs
may alsanclude either linear only or both, linear and nonlinear site terms. However, GMMs and
microzonation efforts require large databases to develop empirical models and spatial distributions
of site parameters, respectively. Notably, only microzonation studhetl directly address the
spatial wvariability of soil s algareestimatadealongi pel i
the pipebs axis). Only one nonergodic GMM wit |
to date (Landwehet al.,2016), but its application to assess the vulnerability of lifelines is yet to
be explored.

A large number of 1D to 3D site response analyses could also be conducted to estimate the
di stribution of seismic hazards at multiple si
and Pitilakis, 2007). However, such a massive numerical ukdetaequires extensive
subsurface characterization over a large area as well as significant efforts characterizing the

induced wave field at multiple points correctly, which may prove to be not practical.

2.6 Limitations of current practices in incorporate site effects into seismic hazard
assessments of pipelines

Simplified methods developed to estimate soil strains due to a traveling wave of constant
shape (Newmark, 1968; Hashasthal.,2001), make simplifying assumptions regarding GM IMs
(e.g., peak ground acceleration and velocity) and the velocity of the seismic wave (Karamanos
al.,2017). The concerns are mainly related to the C values since they depend on the type of waves
the site is subjected to, and the soil classification (Karametrals 2017; ALA, 2005; O'Rourke

and El Hamadi, 1988). In cases whé&tayleigh waves are significant, lower apparent wave
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velocities should be considered (Trifunac and Lee, 1996). Despite considerable advances in site
response analysis, the integration of these effects into the assessment of seismic hazards to
pipelines requires the quantification of site effects on a bregidmal scale. The latter is not a
trivial task considering the large scales usually involved in assessments of the seismic hazards to
pipelines.

For example, the equivalent static method (ALA, 2005), which estimates the peak
longitudinal strain from PGV and the wave velocity does not account for the frequency content of
the induced wavelfield, its duration, and the effects of local soil condifitvesdynamic response
of structural and geotechnical systems that degrade by accumulation of damage under cyclic
loading is a function of not only the amplitude and frequency content of the motion, but also its
duration. Yoon et al. (2020) developed a mkestatic procedure to calculate the longitudinal
strain in pipelines caused by transient loading considering the influence of the incident plane,
transient characteristics of the wavedbiectional seismic loads, and nonlinear soil behavior.

Assuming a coherent seismic demand is truly problematic for assessment of vulnerabilities
of pipelines because it can gr eat-doyceregiaher est i
(Zer va, 1993) . Addi tional | y, tionallyelepgndeptddervan e 6 s ¢
1993), which means that its performance is a function of the angle between the pipeline axis and
azimuth associated with the ray path (Psyrra
during earthquakes has also been fooraet affected by the frequency content and the attenuation
of GMs in the direction along the pHiofghel i neds
practice approaches do not explicitly consider GM directionality effects (e.g., Reepod/eda
and Cabags2021). Finally, the complexity of pipeline networks does not only stem from the large

scales involved, but also from the interdependencies in the system. Approaches that fail to account
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for the complex connections and interactions among the different components within the system

also fail to characterize the true response during extreme events (Mouroux and Le Brun, 2006).

2.7 Conclusions and recommendations for future research

This paper provided a review of seismic hazard assessments of pipeline networks and
current practices to incorporate the effects of local soil conditions of incoherent seismic demands
along the pipeds axis. Avail athddeto accoant fgrtsiiec al ,
effects were compared, while highlighting the importance of-gp#@ interaction, spatial
variability in soils, and ground motion directionality. Advances in ground motion modeling were
identified as a promising new directionr fassessments of seismic hazards to large, distributed
infrastructure. Likewise, the consideration of site effects, their spatial distribution, and associated
uncertainty require further research. Lessons will continue to be learned from future earthquakes
as to the performance of various types of pipelines to ground shaking and permanent ground
deformations. Hence, reconnaissance efforts should work toward a more uniform and consistent
approach to collect and compile data of pipeline damages. More syistelatat collection can
strengthen current models and improve predictions in future events.

The identification of specific portions of the pipeline network at greatest risk will be key
to develop sustainable improvements in seismic performance during extreme events (ALA, 2005).
This is important b e cgoursstrudiurehgenerdlls mestrigted todhlat o n e
structure alone, but the damage at a certain location within a network of pipelines will affect other
portions of the systemo (Datta, 1999). Likewi s
levels should also provideore consistency to vulnerability analyses and improve the seismic
design of new pipelines. Understanding what is expected in terms of performance can help

manufacturers, while creating a healthy cycle between design and production. The quantification
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of the uncertainties involved should be a natural corollary of the aforementioned efforts (e.g.,
Tsinidiset al.,2019). The use of largecale scheme to account for spatially variable subsurface
conditions should also be explored in future research efforts, includingd3kl systems to map
damage and restoration effortso atallvaiability 0 05) .
include its physical modeling and its use in simplified design recommendations for all extended

structures (Zerva and Zervaf)02).

33



2.8 References

ALA (American Lifelines Alliance). (2005%5eismic guidelines for water pipeliné§ashington,
DC.

Asimaki, D., Mohammadi, K., Ayoubi, P., Mayoral, J. M., & Montalva, G. (2020). Investigating
the spatial variability of ground motions during the 204 7.1 PueblaVexico City
earthquake via idealized simulations of basin efféxd. Dynamics and Earthquake
Engineering 132, 106073.

Baltay, A. S., Hanks, T. C., & Abrahamson, N. A. (2017). Uncertainty, variability, and earthquake
physics in grounanotion prediction equation®gulletin of the Seismological Society of
Americg 107(4), 17581772.

Borcherdt, R. D. (1994). Estimates of Sdependent Response Spectra for Design (Methodology
and Justification)Earthquake Spectrad0(4), 617653.

Borcherdt, R. D. & Gibbs, J. F. (1976). Effects of local geological conditions in the San Francisco
Bay region on ground motions and the intensities of the 1906 earthgakietin
Seismological Society of Ameri@&#(2), 46%500.

Campbell, K.W. (1991). An empirical Analysis of Peak Horizontal Acceleration for the Loma
Prieta, California, Earthquake of 18 October 1dletin of the Seismological Society of
America,81, 18381858.

Cloud, W. K. & Hudson, D. E. (1975). Strong motion data from the San Fernando, California,
earthquake of February 9, 19BhBn Fernando, California, earthquake of 9 February 1971,
Bulletin 196, California Division of Mines and Geology 3 303.

Cubrinovski, M., Bradley, B., Wotherspoon, L., Green, R., Bray, J., Wood, C., Pender, M., Allen,

J., Bradshaw, A., Rix, G., Taylor, M., Robinson, K., Henderson, D., Giorgini, S., Ma, K.,

34



Winkley, A., Zupan, J., OO6Rourke, TT. De
aspects of the 22 February 2011 Christchurch earthqialtketin of the New Zealand
Society for Earthquake Engineerinf(4), 205226.

Chen, W. W., Shih, B. J., Chen, Y. C., Hung, J. H., & Hwang, H. H. (2002). Seismic response of
natural gas and water pipelines in theliJearthquakeSoil Dynamics and Earthquake
Engineering22(9-12), 12091214.

Datta, T.K. (1999). Seismic response of buried pipelines: A-efdtee-art review. Nuclear
Engineering and Desigri,92(23):271284, DOI: 10.1016/S0029493(99)00112

Demirci, H.E., Bhattacharya, S., Karamitros, D., & Alexander, N. (2018). Experimental and
numerical modelling of buried pipelines crossing reverse fa@ité. Dynamics and
Earthquake Engineerindg,14, 198214.

Der Kiureghian, A. (1996). A coherency model for spatially varying ground mott@amthquake
Engineering and Structural Dynami|c5, 99 111.

Eskandari, M., Omidvar, B., Modiri, M., Nekooie, M. A., & Alesheikh, A. A. (2017). Geospatial
analysis of earthquake damage probability of water pipelines due tehamdtid failure.
ISPRS International Journal of Géoformation 6(6), 169.

Hashash, Y.M.A., Hook, J.J., Schmidt, B., & Yao,-€C1.(2001). Seismic design and analysis of
underground structuresunnelling and Underground Space Ted&(2), 247293.

Hindy, A. & Novak, M. (1979). Earthquake response of underground pipeltathquake
Engineering and Structural Dynamics, 451476.

Hossain, J., & Suroor, H. (2016). Ndinear Dynamic Site Response Analysis for Subsea Pipeline
and Structures Seismic Design Considering Variable Site ConditionSffdinore

Technology Conference

35



Jayaram, N. & Baker, J. W. (2008). Statistical tests of the joint distribution of spectral acceleration
values Bulletin of the Seismological Society of Amer#(5), 22312243.

Jayaram, N., & Baker, J. W. (2009). Correlation model for spatially distributed groatodn
intensities Earthquake Engineering & Structural Dynami88§(15), 1687 1708.

JWWA. (1997). Seismic Design and Construction Guidelines for Water Supply Facilktpen
Water Works Association

Karamanos, S. A., Sarvan(s. C., Keil, B. D., & Card, R. J. (2017). Analysis and design of buried
steel water pipelines in seismic aredsurnal of Pipeline Systems Engineering and
Practice 8(4), 04017018

Kotha, S. R., Bindi, D., & Cotton, F. (2016). Partially rengodic region specific GMPE for
Europe and Middiast.Bulletin of Earthquake Engineering4(4), 12451263.

Kramer, S.L. (1996). Geotechnical Earthquake Engineering. Prentice Hall, Upper Saddle River,
NJ.

Kuehn, N. M., Abrahamson, N.A., & Walling, M.A. (2019). Incorporating nonergodic path effects
into the NGAWest2 grounemotion prediction equation®&ulletin of the Seismological
Society of Americd,09, 575585.

Kuwata, Y., Sato, K., & Kato, S. (2018). Seismic Vulnerability of a W&igoply Pipeline Based
on the Damage Analysis of Two Earthquakes During the Great East Japan Earthquake.
Journal of Japan Association for Earthquake Engineerir@&(3), 91103.

Landwehr, N. , Kuehn, N . M., Scheffer, T. , &
motion model for California with spatially varying coefficientBulletin of the

Seismological Society of Amerjc6(6), 2574583.

36



Leyton, F., Ruiz, S., Sepulveda, S. A., Contreras, J. P., Rebolledo, S., & Astroza, M. (2013).
Microtremors' HVSR and its correlation with surface geology and damage observed after
the 2010 Maule earthquak® g 8.8) at Talca and Curicd, Central ChiEengineering
Geology 161, 2633.

Matsuhashi, M., Tsushima, I., Fukatani, W., & Yokota, T. (2014). Damage to sewage systems
caused by the Great East Japan Earthquake, and governmental galilsy.and
Foundations54(4), 902909.

Miyajima, M. (2012). Damage analysis of water supply facilities in the 2011 great east Japan
earthquake and tsunami. 18th World Conference on Earthquake Engineering.

Mouroux, P., & Le Brun, B. (2006resentation of RISKJE projectBulletin of the Seismological
Society of America,(4), 323339.

Newmark, N.M. (1968). Problems in wave propagation in soil and #@ac., International
Symposium on Wave Propagation and Dynamic Properties of Earth Materials

ObRour ke, M. J. & Hmadi , K. E. , (1988) . Anal
wave effectsEarthquake Engineering Structure Dynamits, 917 929,

O6bRour ke M. J. & Liu X. (1999). Response of
University of Buffalo, USA.

O6bRour ke, T. D. (1996) . Lessons | earned for |
In Proceedings, Eleventh World Conference on Earthquake Engineering

O'Rourke, T. D., & Palmer, M. C. (1996). Earthquake performance of gas transmission pipelines.
Earthquake Spectrd 2(3), 493527.

O'Rourke, T. D. (2010). Geohazards and large, geographically distributed sySéatechnique

60(7), 505543.

37



O'Rourke, T. D., Druschel, S. J., & Netravali, A. N. (1990%hear strength characteristics of
sandpolymer interfaceslournal of geotechnical engineerintl&(3), 451469.

O6 Rourke, T.D., Toprak, S., & Sano, Y. (1998)
the Northridge earthquakBroc., Sixth US National Conference on Egk. Eng. EERI.

Paolucci, R. & Pitilakis, K. (2007). Seismic risk assessment of underground structures under
transient ground deformations. Pitilakis K. (eHarthquake Geotechnical Engineering.
Geotechnical, Geological and Earthquake Engineerwyinger, 433159.

Pitilakis, K. (2004). Chapter 5: Site effects. In: Ansal A (ed) Recent advances in earthquake
geotechnical engineering & microzonation, Kluwer Publications.

Pitilakis, K., Alexoudi, M., Argyroudis, S., Monge, O., & Martin, C. (2006). Earthquake risk
assessment of lifelineBulletin of Earthquake Engineering(4), 365390.

Psyrras, N., Kwon, O., Gerasimidis, S., & Sextos, A. (2019). Can a buried gas pipeline experience
local buckling during earthquake ground shakirng@il Dynamics and Earthquake
Engineering,116, 511 529.

Psyrras, N. & Sextos, A., (2018). Safety of buried steel natural gas pipelines under earthquake
induced ground shaking. A revie®oil Dynamics and Earthquake Engj06, 254277.

RamosSepulveda, M. & Cabas, A. (2021), Site Effects on Ground Motion Directionality: Lessons
Learned from Case Studies in JapASCE Journal of Soil Dynamics and Earthquake
Engineering 147, 106755.

Rodriguez Mar ek, A., Rat hj e, E. M. , Bommer ,

Application of single station sigma and si

seismic hazard anal yBuletin offthe ISeismologieamSociety ofl e ar

America,,104(4), 160116109.

38



Seed, H. B. & Idriss, I. M. (1969). The influence of soil conditions on ground motions during
earthquakeslournal of the Soil Mech. and Foundation Eng. Divisii8CE, 94, 93137.

Trifunac, M. D., & Lee, V. W. (1996). Peak surface strains during strong earthquake r8aiion.
Dynamics and Earthquake Engineerjid(5), 311319.

Tsinidis, G., Di Sarno, L., Sextos, A., & Furtner, P. (2019). A critical review on the vulnerability
assessment of natural gas pipelines subjected to seismic wave propagation. Part 1: Fragility
relations and implemented seismic intensity meastitesielling and Underground Space
Technology86, 279296.

Wakamatsu, K., Nagata, S., Maruyama, Y., & Ozawa, K. (2@B&)dai Water Pipeline Response
to the 2011 Tohoku Earthquakimurnal of Civil Eng. and Architectur&0, 461-470.

Wham, B.P., Dashti, S., Franke, K., Kayen, R., & Oettle, N.K. (2017). Water Supply Damage
Caused by the 2016 Kumamoto Earthquéksvland Tech. Intl. J., 19(3), 15160.

Yoon, S. W., Kim, S. J., & Park, D. (2020). Estimation of Seismically Induced Longitudinal Strain
in Pipelines Subjected to Incident Shear Wa{&CE Journal of Civil Engineerin@4(8),
23222332.

Zerva, A. & Zervas, V. (2002). Spatial variation of seismic ground motiypglied Mechanics
Reviews55(3), 271297.

Zerva, A. (1993). Pipeline response to directionally and spatially correlated seismic ground

motions.

39



CHAPTER 3. Ground Motion Spatial Distribution from the Mw 7.1 2018 Anchorage,

Alaska Earthquake

The content of this chapter is within the published Earthquake Spectra article:

Cabas, A., Beyzaei, C., Stuedlein, A., Franke, K.W., Koehler, R., Zimmaro, P., Wood, C., Christie,
S., Yang, Z., andlorenzo-Velazquez, C (2021). Geotechnical lessons from Mg 7.1
2018 Anchorage AK earthquake.Earthquake Spectra 37(4): 23722399,
https://doi.org/10.1177/87552930211012013.

3.1 Abstract

The 2018M 7.1 Anchorage, Alaska, earthquake is one of the largest earthquakes to strike
near a major US city since the 1994 Northridge earthquake. The significance of this event
motivated reconnaissance efforts to thoroughly document damage to the built envirdrmsent
article presents the spatial variability of ground motion intensity and its correlation with subsurface
conditions in Anchorage, the identification of liquefaction triggering in the absence of surficial
manifestations (such as sand boils or sedimjeata), cyclic softening failure in organic soils, and
the poor performance of anthropogenic fills subjected to cyclic loading. In addition to lessons from
observed ground deformation and geotechnical effects on structures, this article provides case
studies documenting the satisfactory behavior of improved ground subjected to cyclic loading and
the appropriateness of current design procedures for the estimation of seismically induced sliding
displacements of mechanically stabilized earth walls.
3.2 Introduction

The 2018Mw 7.1 Anchorage, Alaska, earthquake occurred at 8:29 a.m. on 30 November
2018. It was the largest earthquake to affect the Anchorage area since the Great Alaska Earthquake

(Mw 9.2) of 1964 and one of the largest magnitude earthquakes to strike near a major US city since
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the 1994V, 6.7 Northridge earthquake and the 200416.8 Nisqually earthquake. In the 54 years

since the Great Alaska earthquake, infrastructure in Anchorage (population about 300,000) has
expanded using a wide range of engineering practices from unregulated residential construction to
modern buildings thadhere to design procedures outlined in the 2012 Universal Building Code
(International Code Council (ICC), 2012). The city is underlain by-glastial deposits, including
sensitive clays, liquefiablgoils, soft organic soils, and seasonally frozen ground. Thus, the 2018
earthquake provides a unique earthquake reconnaissance opportunity to evaluate and document
the effects of a large magnitude, intermediate depth, intraslab earthquake, and its iaggineer
significance. In addition, the proximity of densely populated areas in AlagkaXhchorage and
Wasilla) to the epicenteF{gure 31) facilitates an assessment of the impacts on civil infrastructure
and communities, which was not possible after other large earthquakes in the region, such as the
2002My 7.9 Denali earthquake (West et al., 2019).

The National Earthquake Information Center (NEIC, 2018) located the earthquake
epicenter at 61.346 latitude ant49.955 longitude, approximately 12 km north of downtown
Anchorage. The epicenter is situated within the northeastern part of the iAb=kaan
subduction zone, which accommodates approximately 5.1 cm/yr of relative convergence between
the Pacific and North American plates. Inversion of seismic and geodetic data indicates that the
main shock occurred at a depth of 47 km within the upper péareafubducting plate and it was
characterized by normal displacement on a north striking plane, with a seismic moment release of
4.3*10"° dynecm (Liu et al., 2019; NEIC, 2018). This seismic event cannot be considered
exceptional when framed within the regional seismotectonics as large magnitude earthguakes (
M 7 and greater) occur approximately every other year on the Alakkdian subduction zone

interface (West et al., 2019).
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Figure 3.1. Locations of case studies described in this work along with their closest ground motion
recording stations. The inset provides the relative location of Anchorage with respect to the Cook
Inlet region. *Descriptions of the geological units shown in the afiegs Wilson et al. (2012) are
provided as follows: Qaf Alluvial fan deposits; Qdt Alluvium along major rivers and in terraces;
Qbci Bootlegger Cove Formation; Qdeolian deposits; Qdl Deltaic deposits; QésEstuarine
deposits; Qgé Glacioalluvum; Qgei Glacioestuarine deposits; QgGlaciolacustrine deposits;
Qami Modified glacial deposits; Qi Intermediate age glacial deposits; Qlt.andslide and
colluvial deposits; Qsi Lacustrine, swamp, and fine silt deposits; Qtfodern tidal flatand
estuarine deposits; JsthGreenschist and blueschist; KMnMcHugh, and Uyak Complexes

(undivided).
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The Anchorage metropolitan area has a relatively dense network of strong ground motion
recording stations, which is supplemented by instrumented structures and vertical arrays. Such
instrumentation is invaluable within the spatially varying native sailsluding moderately
sensitive claysd.g.,Bootlegger Cove clay), liquefiable soils, soft organic soils, and a seasonally
frozen crust that is generally i1 cm thick Figure 31 provides information about the geological
units underlying the Anchorage basin, which is later discussed in the cortexbbkerved spatial
variability of ground motions from the 2018 Alaska earthquake. Mod&ratgong ground
motions affected the region for approximately 12 s (Liu et al., 2019) with the highest peak ground
accelerations (PGASs) in excess of 0.5g. Acediens greater than 0.25g were recorded over an
area of approximately 8000 KniWest et al., 2019). Although ground shakirgjated damage
was low to moderate in the Anchorage region, partly due to the depth of the earthquake, reports of
widespread grounthilure immediately following the event initiated multiagency reconnaissance
surveys aimed at documenting the earthquake effects. These surveys included efforts by the US
Geological Survey (USGS), Alaska Earthquake Center (AEC), Geotechnical Extreme Events
Reconnaissance Association (GEER), Earthquake Engineering Research Institute (EERI),
Structural Extreme Events Reconnaissance Association (StEER), State of Alaska Division of
Geological & Geophysical Surveys (DGGS), and many local geotechnical engirfeensg

This article presents relevant geotechnical effects and lessons from the 2018 Alaska
earthquake supported by observations and dat a
activities. Poskarthquake reconnaissance activities consisting of fielgpimg@and aerial drone
photogrammetry were conducted from 8 to 15 December 2018. The 2018 GEER mission to
Anchorage presented a valuable learning opportunity for performing geotechnical extreme event

reconnaissance in severe winter conditions. Additionstrgations of field reconnaissance and
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ground failure observations are provided in GEER (2019) and Cabas et al. (2020). Relevant
geotechnical lessons are presented herein, including the spatial variability of ground motions
recorded from this event in the Anchorage basin, the identificatilbquefaction triggering in the
absence of surficial evidenoeg.,at the Fish & Game building), cyclic softening failure in organic
soils .g.,Vine Road), poor performance of anthropogenic fills, the satisfactory behavior of
improved ground subjected tyclic loading €.g.,the West Dowling Bridge and the Port of Alaska
(PoA)), and the agreement between the estimated and measured seismically induced displacements
at a mechanically stabilized earth (MSE) wall. The locations of the case studies presented herein
are provided irigure 31, in addition to the recording stations that are closest to each of the study
sites.
3.3 Spatial variability of ground motions in the Anchorage metropolitan area

Anchorage is built on the edge of a deep sedimentary basin at the foot of the Chugach
Mountains, with sedimentary thicknesses of up to approximately 7 km (Shellenbaum et al., 2010).
A distribution of National Earthquake Hazards Reduction Program (NEHRIP)isesite classes
C and D within the Anchorage metropolitan area has been proposed for the eastern and western
side of the basin, respectively (Dutta et al., 2000; Nath et al., 1997), along with a transition zone
referred to as C/D by Martirosyan et &002) as shown iRigure 32. The proposed distributions
of NEHRP site classes C and D were based on measurements of shear wave ve|ait36V
sites (Dutta et al., 2000; Nath et al., 1997), whereas the C/D site class was proposed as an
intermediate category for the case when the-imeraged Vs in the upper 30 nsaY is between
320 and 410 m/s (Martirosyan et al., 2002). Furthermore, Dutta et al. (2000) identified four
different lithological units in the basin, including glaciofluvial deposits and the Bootlegger Cove

formation (BCF) in the NEHRP site class D areajleviglaciofluvial deposits and glacial drift
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were associated with the area classified as NEHRP seismic site class C. The aforementioned
formations increase in thickness from the Chugach Mountains to the west side of Anchorage (Dutta
et al., 2000). Array measurements of microtremors in the metrapalitsa of Anchorage found

that engineering bedrock with agreater than 750 m/s lies at a depth of approximately 40 m in

the eastern part of the basin and it is around 100 and 150 m deep at theestnalhand western

parts, respectively (Dutta et &007).

The strong impedance contrast associated withvielacity sediments overlying the
metamorphic bedrock in the Anchorage basin has the potential of amplifying seismic waves.
Previous site response studies in the regeog.,Boore, 2004; Dutta et al., 2003; Martirosyan et
al., 2002; Moschetti et al., 2020; Smith and Tape, 2019) have found significant ground motion
amplification, particularly on the western side of the basin. For instance, Boore (2004) used ground
motions fromthe 2002 Mw 7.9 Denali earthquake and found that the spatial distribution of site
amplification in Anchorage for lovfrequency motions roughly corresponded to increasing depth
to bedrock in the basin. Moschetti et al. (2020) also found that the amiificgHtlongperiod
ground motions (with B 0.5 s) correlated well with basin depth in the Cook Inlet region (shown
in Figure 31), while the amplification of shorter period ground motions within the basin was
depthinvariant. The spatial variation in site amplification at shorter periods can be associated with

local variations in the ne@urface geology.
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To values computed in this study at selected stations, and (b) distribution of PSA at T = 3.0 s in the

Anchorage basin withglcomputed by Martirosyan et al. (2002) at selected stations.
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Strong ground motion records from the 20487.1 Anchorage, Alaska, earthquake within
100 km of the epicenter are used herein to evaluate the spatial variability of ground motions in the
Anchorage basin. The limited subsurface characterization available at or nearby strong ground
motion recording sttions and the lack of recorded motions at reference rock conditions (GEER,
2019) hinder a meaningful implementation of numerical site response models. Hence, the spatial
distribution of shortand longperiod &celerationsi(e., PGA, and pseudspectral acceleration,
PSA, at an oscillator period, T of 3.0 s) from recorded ground motions is evaluated in the context
of estimated fundamental site periods, dt selected sites in the Anchorage metropolitan area.
Values of b are used as a proxy for the depth to bedrdekle 31 presents the list of 27 stations
used to analyze the spatial variation of ground motions, in addition to recording sites close to the
case studies presented in later sections of this werk&027, 8043, 8038, 2716, K211, K217,
and K223).Table 31 provides the locations of selected stations, rupture distances (as reported by
the Center for Engineering Strong Motion Data (CESMD)), and/330, and NEHRP site class
when available, along with the maximum PGA (selected between recorded ground motion
horizontal components) and maximum PSA at T = 3 s (also corresponding to the maximum value
for the recorded ground motion pair). Values @gdlisted inTable 31 were obtained from Dutta
et al. (2000), except for stations K204 and K211, which were updated after the relocation of these
stations (Martirosyan et al., 2002). Data from stramgtion instruments located in structures (e.g.
Cxelebi, 2019) were not included in our data set to evaluate ground motion variability in the region.
However, the recorded ground motion from Station 274X6, 6ensor at the Hilton Hotel) is
included inTable 31 due to its close proximity to the PoA, whose performance during the 2018

Anchorage earthquake is investigated in this study.
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Table 31. Location of selected stroAgotion recording stations in the Anchorage metropolitan
area, along with their corresponding ruptdigtance, ¥zo (when available), d, NEHRP seismic

site classification, and maximum PGA, and PSA at T = 3 s values.

Station Latitude Longitude PGA PSA@©) To(S) To(S) Vszo NEHRP Ry

Name (NS) (WE) (g9 (T=3s) MHVSR EHVSR (m/s) Class (km)
2716 61.219 -149.892 0.21 0.03 -b - - D 52.4
8043 61.222 -149.885 0.44 0.10 - - - D 52.4
8011 61.209 -149.786 0.33 0.13 - - - C 54.2
K203 61.22 -149.745 0.30 0.19 - 0.32 474 C 54.7
8047 61.189 -149.802 0.41 0.15 - - - C 54.4
8028 61.193 -149.782 0.21 0.12 - - - C 54.7
8029 61.174 -14985 0.24 0.16 - - - C 54.1
8030 61.179 -149.806 0.29 0.15 - - - C 54.6
K209 61.185 -149.747 0.19 0.17 - 141 582 C 55.5
K212 61.156 -149.793 0.20 0.15 - 0.33 514 C 55.6
K222 61.088 -149.837 0.25 0.25 - 0.53 - C 57.7
RCO1 61.089 -149.739 0.66 0.02 - - - C 59.3
K215 61.086 -149.752 0.56 0.15 - 0.36 412 C 59.2
8023 61.205 -149.876 0.35 0.21 - - - C/D 52.9
8027 61.161 -149.889 0.47 0.40 - - - C/D 54.0
8025 61.147 -149.894 0.27 0.23 - - - C/D 54.5
K211  61.156 -149.858 0.43 0.29 0.25 - 394 C/D 54.9
K213 61.113 -149.859 0.34 0.23 0.26 - 354 C/D 56.3
K223 61.234 -149.868 0.27 0.35 - - - D 52.4
8038 61.218 -149.883 0.29 0.42 - - - D 52.5
8041 61.194 -149.947 0.19 0.21 - - - D 52.4
8036 61.178 -149.966 0.39 0.24 - - - D 52.7
K208 61.176 -149.922 0.26 0.32 - 0.83 274 D 53.2
K204 61.176 -150.012 0.18 0.17 - 1.34 309 D 52.4
8037 61.156 -149.985 0.36 0.19 - - - D 53.3
K221 61.152 -149.951 0.24 0.31 1.28 - - D 53.7
K220 61.149 -150.055 0.33 0.17 - 1.16 210 D 52.9
K210 61.129 -149.931 0.24 0.25 - - 269 D 54.8
K217 61.396 -149.516 0.03 0.05 - - - - 57.5
8021 61.113 -149.91 0.12 0.10 - - - D 55.7

PGA: peak ground acceleration; PSA: psesgectral acceleration; MHVSR: Microtremor record

horizontalto-vertical spectral ratio; EHVSR: Earthquake record horizetotakertical spectral
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ratio, NEHRP: National Earthquake Hazards Reduction Program; MSE: mechanically stabilized
earth. ®These stations were not used to develop the maps showigure 32. Station 2716 is
located at the Hilton Hotel, station 8043 is the closest one to the Port of Alaska, while station K217
is the nearest station to the MSE wall case study, which is not in the Anchorage metropolitan area.
bValues of MHVSR and/or EHVSR are not provided for some stations because a clear peak was

not identified.

The horizontato-vertical spectral ratio (HVSR) technique popularized by Nakamura
(1989) is a noninvasive technique used to obtain site resonant frequencies or periods that can be
determined using earthquake (E) and microtremor (M) records. The HVSRqigetprovides
firstor der est i mat, although it untlehestimateas the grasind Totion amplification
compared with other methods such as the standard spectral ratio (SSR; Rong et al., 2017; Zhu et
al., 2020). The advantage of the HVSR over3I$R is that it does not require a reference rock
ground motion, which is unavailable in the Anchorage basin (Boore, 2004). HVSR data analysis
for this study is performed using both MATLAB and Geopsy (Wathelet et al., 2020) according to
the general guideles developed by the SESAME project (SESAME, 2004). For HVSR based on
earthquake records, EHVSR, either the completaifd Swaves) or partial (typically -8/aves)
waveform exceeding a specified sigt@noise ratio is used (Zhu et al., 2020). The appnaxely
180-s-long records from the 2018 Anchorage main shock are processed usire;mé@d86s time
windows due to the short time records. The results are compared to assess the uncertainty in the
HVSR. The HVSR based on microtremors records WelVSR analyses) used 2érecords from
2 January 2019. These records are divided intesl&ihdows for processing. For each data set

(i.e,, E and M), the Fourier spectra are computed and then smoothed using & ®omazhi filter
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(with b = 40). Spectral estimates for the vertical and the horizontal components (geometric mean)
are used to compute the HVSR for each window, and a spectral average of all of the time windows
is used to represent the response of each station. Time vdrttlatvdo not produce acceptable
results {.e., clear peaks) are discarded. The locations of the seismic stations in Anchorage, which
produce acceptable peaks (either from EHVSR or MHVSR) are tabulafedble 31 along with

the estimated HVSR peak periad(, To).

Figure 32 depicts the spatial distribution of PGA and PSA (T = 3 s) values in Anchorage
from ground motion recordings corresponding to the 2018 Alaska earthquake mainshock.
Maximum values PGA and PSA (T = 3 s) between a pair of recorded horizontal components are
usal within a kriging operation to generate the contours showgure 32a and b, respectively.
Selected stations are located less than 10 km apart (with each station having more than two
neighboring sites located within a 10 km radius). Hence, an exponential empirical variogram is
used to calibrate the kriging operation assygmo directional trend.

Figure 32a shows that PGA has a nonuniform spatial distribution throughout the
Anchorage basin. Unconsolidated deposits in Anchorage are highly variable and create an intricate
configuration of subsurface conditions, including areas composed of glacioestuarisésgepo
alluvial fan deposits, deltaic deposits, the BCF, and moraine and kame deposits (Wilson et al.,
2012), while the eastern flank of the Chugach Mountains provide the highest PGAs reicerded (
between 0.4 and 0.6 g). The strong and shallow impedance contrast between the metamorphic
rocks and the overlying glacial deposits on the eastern side of the basin may explain the strong
ground shaking at higher frequencies observed in that regionateR01 and K215), but further
subsurface characterizati@required to confirm this assumption. Stations RC01 and K215 have

no direct measurement of the depth to bedrock, but HVSR computed at K215 in this study
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estimated ¥ as 0.36 s. This result is in reasonable agreement with previous findings at this site
(i.e., Tois 0.29 s after Martirosyan et al., 2002) and suggests that bedrock can be shallow and
associated with high spectral ratios. Moreover, the ground motion recorded at NSMP8027, located
in the C/D transition zone, appears to have experienced amplificatiggaced with the record at
NSMP8030 with a comparable rupture distance, but located at a stiffer site (see Table 1 and Figure
2a). High complexity obasin and regional amplification patterns was also found by Moschetti et

al. (2020).

Local soil conditions in the Anchorage basin could influence the distribution of site
response and the characteristics of ground motions spatially, particularly at high frequencies. The
Anchorage area is overlain by several hundred meters of Quaternasg@a@aned sediments
from at least five glaciers with widespread variation from the eastern to western side of the city
(Combellick, 1999). The BCF is one of the important Quaternary units present in the uppermost
few tens of meters, particularly in theestern and northeastern parts of the area; it consists of a
sequence of silty clays and clayey silts with interbedded silt and sand with scattered pebbles and
cobbles in widely varying concentrations (Updike and Ulery, 1986). There have been several
studies across the Anchorage area using HVSR to determine soil properties. However, there is
limited direct Vs information for the region. Higjuality subsurface characterization in the
Anchorage metropolitan area (and more broadly in the Cook Inlet regies}eéstial to capture
the variability in site response over short spatial scales due to changes-sunf@ee local soil
conditions (Moschetti et al., 2020).

Recorded and simulated ground motions from past earthquakes in large sedimentary basins
(on the order of kilometers) provide evidence for the potential amplification and complexity of

seismic wavefields at relatively long periods (larger than about 1der8on et al., 1986; Asimaki

51



et al., 2020; Bard and Bouchon, 1980; Frankel et al., 2009). Moreover, recent studies of the Cook
Inlet sedimentary basire(g.,Moschetti et al., 2020; Smith and Cape, 2019) have shown that it
amplifies ground motions in the region. However, those studies have not focused on the Anchorage
metropolitan area. Ground motions recorded in Anchorage may also be affected by basin effects
Hence, the spatial distribution of PSA at an oscillator period of 3 s is evaluated and its relationship
with estimates of Jafter Martirosyan et al. (2002). Martirosyan et al. (2002) included weakmotion
stations in their study (shown in Figure 2b
spatial distribution of PSA values at T = 3 s and estimates aif 35 sites. The long wavelengths

of low-frequency seismic waves are more influenced by basin effects, which may partly explain
the observation of larger PSA at T = 3 s toward the dipping side of the basin in Anchorage. Larger
PSA values coincide with Igrer Tovalues obtained by Martirosyan et al. (2002) as seen in Figure

2b and they also agree with longeyéktimated in this study at K223, K208, K204, and K221.
This observation supports previous findings in the Cook Inlet region with respect to the
amplification of longetperiod ground motionse(g.,Moschetti et al., 2020).

In general,Figure 32 shows that estimates ofp Ti.e., from this study and those by
Martirosyan et al., 2002) increase from the eastern side of Anchorage to the western region. This
trend correlates well with the expected increase in depth to bedrock toward the western edge of
the basin, as reported in prewsostudies (Dutta et al., 2007; Moschetti et al., 2020). Notably, the
estimated § value at K211 is lower and similar to their counterparts on the eastern side of the
basin. A lower § can indicate a shallower strong impedance contrast within the site profile, which
may explain the high PGA recorded in situ.

At some stations, there is a good agreement between estimaiad Targe peaks in the

spectrum at short oscillator periods (<0.5 s), potentially confirming strong site effects at that station
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(e.g.,K203, K212, K215, K211, K213). Interestingly, some of the ground motion pairs in this
group are highly polarized, and the estimatedrdm HVSR only coincides with a peak in the
response spectrum corresponding to one of the recorded horizontal components. Stations K211
and K213 correspond to areas of higher recorded PGA values, which seems consistent with
shallow local soil conditionsnaplifying high-frequency motion. At other stationsy &stimates
coincide with oscillator periods correspondingoaks in the spectrum, but not the largest ones
(e.g.,K209, K222, K208). In these cases, &stimates are longee.g.,1.41, 0.53, and 0.83 s at
K209, K222, and K208, respectively). Estimates @frdm HVSR in this study also correspond
to small peaks in the spectrum in the longeriod rangeife., .1 s) at a subset of study sites, for
instance, at stations K204, K221, and K220. Surface geology information in that region, as shown
in Figure 31, indicates the presence of modified glacial deposits and glacioestuarine deposits,
which can help explain the potential high variability in those quaternary soil deposits.
3.4 Identification of liquefaction triggering in the absence of surficial sediment ejecta

Within populated areas of Anchorage, surface evidence of liquefaction was difficult to
discern at the time of field reconnaissanice. (8 to 15 December 2018). Several centimeters of
precipitation (rain, ice, snow) had covered the ground since the 30 November earthquake,
obscuring or erasing much of the potential surficial evidence such as sand boils, ejecta, cracking,
or settlement. Lite sediment ejecta were observed by the GEER team and were limited to areas
immediately adjacent to the footprint ofveeal structures, suggesting that the liquefaction likely
occurred in poorly placed anthropogenic fill. However, settlement and cracking without ejecta
were observed at several lexggbund sites, indicating possible limited liquefaction and/or seismic
compression at those sites. Tinfikequency analyses of ground motion records are conducted

herein to provide further insights at these select sites.
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The Alaska Department of Fish & Game Building (Anchorage, AK, USA; latitude/
longitude: 61.159/149.888) is located approximately 150 m from the stnmogion station
NSMP 8027 (shown iRigure 31) and exhibited evidence of ground failure. Access to the property
and structural housing of NSMP 8027 was restricted at the time of field reconnaissance; however,
the GEER team was able to observe and document damage at the Fish & Game Building and

surrownding property Figure 33 presents a site and exploration plan superimposed upon aerial

imagery.
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During the December 2018 field reconnaissance, Hstor¥ wood frame ishaped
structure showed signs of significant distress from settlement beneath the footprint of the south
wing of the building. Ground cracking was observed within about 3 m of thefiseuand the
ground had visibly settled up to 0.16 m adjacent to the east side of the structure. Employees in the
building reported interior settlements of about 0.3 m; these reports could not be verified by the
GEER team during field reconnaissance biseahat portion of the building had been evacuated
and was closed to all nonessential personnel. No surface evidence of ground failure was visible
beyond 3 m from the buildind-i{gure 34), suggesting that these observed effects may have been
limited to the subsurface beneath the building perimeter or resulted from the effectd of soil
structure interactione(g.,Bray et al., 2016; Dashti et al., 2009) or deformations of poorly placed
fill beneath the structural footprint. No sediment ejecta were observed around the building or the
visible cracks, indicating that liquefaction may not have been the specific maohiwait caused

this observed damage to the structure.

baﬁle&Time Mon. Dec 10, 2018, 13:57.
i&i;smun 40611594021/ -149.887643

“Atfitude; 124ft

Figure 34.Settlement observed along the building perimeter at the Fish & Game Building during
GEER field reconnaissance (modified after GEER, 2019). The red arrowphdt®on the right

indicates settlement extending from the building perimeter to the closest adjacent utility box.
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Subsurface investigation data were not publicly available for the Fish & Game Building
site. However, nearby borings along Raspberry Road (locations shoWwigure 33) were
obtained from the Municipality of Anchorage (MOA, 2020) Soil Boring Map. Borings 2030C014,
2030C015, and 2030C016 were drilled in January 2007 at distances ranging from 15 to 100 m
from what would be the damaged wing of the Fish & Game Buildings& berings extended
approximately 5 m below ground surface and included standard penetration test (&g
and groundwatelevel readings. Subsurface conditions were logged as sand fill with varying silt
and gravel content overlying sand and silelsy Fill thickness ranged from approximately 0.9 to
2.3 m, with the thickest fill (2.3 m) in the boring closest to the Fish & Game Building (Boring
2030C014). Groundwater depths are indicated as approximately 2.8 and 2.1 m below ground
surface at the lot@ns of borings 2030C014 and 2030C016, respectively. SRaldes in the fill
range from approximately 5 to 7 blows per foot (bpf), whereas SRalies in the natural sand
and silt layers range from approximately 5 to 31 bpf. Plasticity indices weevaitdble for any
samples. Although the available borings are not located directly at the Fish & Game Building site,
the layer descriptions indicate soils that are likely susceptible to liquefaction. The MOA (2020)
seismic category for this siteisshownit he Soi |l Boring Map as 606Zon
Susceptibility. 66
3.4.1Timei frequency analysis of ground motion station NSMP 8027 (Fish & Game building)

Ground motion records from the NSMP 8027 station (marked as a bullsEiggime 33,
and located approximately 200 m novwtest from the damaged wing of the Fish & Game
Building) are evaluated, and tiiifeequency analyses are performed using the Stockwell transform
to infer whether liquefaction was triggered at the Fish & Game builtirgmer et al. (2016),

Greenfield (2017), and Ozener et al. (2020) show that the normalized Stockwell power spectrum
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(i.e.,the spectral amplitude is divided by the peak Stockwell amplitude at each time increment) of
the horizontal components of a recorded acceleration time series can be used to identify the timing
of liqguefaction. They show that if the frequency content efrtiotion abruptly drops at a specific

point in time, that moment defines the timing of liquefaction triggering, due to-sithared
softening and reduced potential for transmission of high frequencies. As a result, if liquefaction
initiates, the frgquency content of the horizontal component of the motion suddenly drops. Such
an analysis must recognize alternate sources of variation in the frequency content, including (1)
Swave arrival, (2) surface wave arrival, and (3) site effects, which are distint changes in
frequency content associated with the initiation of liquefaction. The comparison of Stockwell
spectra of the horizontal and vertical components serves to mitigate these potential contributors to
uncertainty in timing liquefaction: a redian in frequency content after the arrival eh@ves of

both the vertical and horizontal components is likely related to the arrival of surface waves,
whereas liquefaction initiation may be suspected if reductions in the horizontal components are
unacconpanied by similar responses in the vertical component (Ozener et al., 2020). This is
especially true in the fdreld, where the vertical component of the motion mainly comprises P
waves and some surface waves.

Figure 35¢c and d show the amplitudermalized Stockwell power spectra for the
horizontal components (taken as the norm of the Stockwell transform amplitudes of the two
horizontal components, Ozener et al., 2020) and the vertical component recorded at NSMP 8027,
respectively. It is possible to identify thev@ave arrival after approximately 7 s, while the surface
wave arrival seems to occur at about 21 s. No sudden drops in the frequency content are visible in
the horizontal components. However, there is a gradeeatedse in their frequency content

between 8 and 21 s. This may be indicative of some softening in the soil beneath the recording
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station. Similar conclusions can be drawn by analyzing the Stockwell power spectra for the EW
and NS components separately. The analysis of these spectra indicates that severe liquefaction
likely did not occur at this site. Given that there is an indicabb some softening, and the
subsurface investigation data indicate likely susceptible soil in the vicinity, cyclic softening or
isolated pockets of liquefied soil may explain the trends showhkigare 35a through d.
Subsurface investigations and laboratory testég.(Atterberg limits) are needed at this site to

fully document a potential case study on the partial initiation of liquefaction. Such a case study
could represent a valuable contribution to the Next Generation Liquefaction database

(Brandenberg et al., 2019)
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Figure 35.Acceleration time series of the horizontal components (a) EW and (b) NS recorded at

NSMP 8027, (c) normalized Stockwell horizontal norm power spectrum at NSMP 8027, (d)
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normalized Stockwell power spectrum for the vertical component recorded at NSMP 8027, (e) and
() acceleration and velocity time series of the NS component recorded at K211 (Fire Dept);
normalized Stockwell power spectrum at NSMP 8027 for the (g) NS aneitical components

at K211 (Fire Dept). The surface wave arrival is identified at both sites, but the timing of

liquefaction triggering is only clearly identified ini (&).

3.4.2Timei frequency analysis of ground motion station K211 (fire department)

A second site where a normalized Stockwell power spectra clearly shows the initiation of
liquefaction was identified and is presentedrigure 359 and h show the normalized Stockwell
power spectra for the NS and vertical components recorded at the K211 (Fire Department) station
(latitude/longitude: 61.149% 149.858), where an abrupt drop in the frequency content for the
horizontal motion is observed at 14 s. At this site, the NS component shows more clear evidence
of liquefaction triggering than the EW component. The change in the frequency content of the
horizontaNS motion does not correspond to a change in the frequency content of the vertical
component (which occurs approximately 7 s later, likely due to the surface wave arrival). The
analysis of Figure 5e through h seems to indicate that liquefactistriggered at 14 s in the time
history at this site. Unfortunately, station K211 was not visited by the GEER team during field
reconnaissance, so field observations following the earthquake event were not documented. The
team did not visit this statiomecause no reports of visible damage at the site were received, and
due to the limited personnel and time in the field, other sites were prioritized for visit instead.
However, an important lesson from this experience is that completion of a Stockwell pow
spectral analysis of these time histories prior to the GEER team visit in the field would have

identified the likely subsurface liquefaction at this site and resulted in a site visit by the team. One
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of the challenges often associated with field reconnaissance following an earthquake unfortunately
is the timely availability of the recorded ground motions in the affected region.
3.5 Bearing capacity and cyclic softening failure in organic soll

Although the majority of ground failure observations adjacent to structures indicated
potential liquefaction or seismic compression, ground failure observations at embankments
suggested primarily cyclic softening or liquefaction of the foundation sou#iresin a squeezing
failure of the underlying soil and significant damage to the embankment. Bearing failures in
cyclically softened organic soils produce damage similar to that typically associated with lateral
spreading.Figure 36 demonstrates such a failure in a peat bog underlying Vine Road
(latitude/longitude: 61.56D149.602) south of Wasilla, with manifestation of compression
mounds indicating a bearing and squeezing failure beneath the embankment. During post
earthquake recaraissance, GEER team members observed that the failed segment of the
embankment was approximately 93 m long with a maximum lateral movement of the centerline of
~3.8 m to the west, and a maximum settlement of up to ~1.8 m. The lateral motion from the
eatfjuake caused 66bull dozingdédéd and buckling of
approximately im tall compression mounds (visible Figure 36) that extend about 120 m
away perpendicularly from the road alignment. The GEER team observed that the compression
mounds consisted of native peat soil. The embankment fill was not observed in the compression
mounds, indicating that deformations occdria the peat layer rather than liquefaction of the
embankment fill material. A February 2014 boring log provided by MatarBakéna Borough
engineers indicates that the subsurface consi
d e n s e @avelsvithl sanyg overlying a :r@-thick layer of medium stiff peat. At the time of

drilling, the water level was at a depth of approximately 4.6 m. SR&ldes in the 2.4 m (8 ft)
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of fill below that depth were very low.¢., between 0 and 5 bpf). Field observations indicate that

the road fill is composed of rounded gravels and cobbles with a silt matrix.

)

Figure 3.6. (a) Aerial overview of Vine Road crossing the peat bog (Google Earth imagery date:
4/14/ 2011). (b) and (c) Structure from Motion images from drone surveys during GEER
reconnaissance, after emergency road repairs had been implemented. Note compressisn mou

still visible alongside the road

Of particular interest with the Vine Road case history is a demonstrated cyclic softening
and bearing capacity failure in organic soils. Cyclic softening behavior is typically associated with
inorganic soils with significant fines, but such behavior iglyaseen in organic soils such as

sphagnum peat. These observations from the field confirm findings from laboratory and physical
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model tests€.g.,Boulangeret al.,1998; Lemnitzer et al., 2015, 2021; Shafiee et al., 2013; Wehling
et al., 2003) and suggest that engineers should consider the potential for cyclic softening in organic
soils and in inorganic soils.
3.6 Poor performance of anthropogenic fills

One of the primary observations from the GEER reconnaissance was the poor performance
of anthropogenic fills on some slopes and beneath the footprint of certain small structures. An
example of localized ground failure beneath the foundation of a resid&ntieture is presented
in Figure 37. The observations of poor fill performance beneath structures are attributed to
possible poor construction practices in placing the fill. While the majority of observed buildings
in Anchorage and surrounding communities performed well during theMQ1B.1 earthquake,
several instances of significant structural damage were observed in some residential and small
commercial buildings, which consist primarily of wood frame construction and shallow
foundations. Anecdotal evidence from conversation withlleogineers and building owners
suggested that shallow organic soils were overexcavated above and below the groundwater table,
and sand dumped €., pluviated) in an uncompacted state to achieve the desired grade. Much of
the observed damage appearedbtour due to localized liquefaction of the sand below the
groundwater table or settlement in the overlying nonsaturated filligojlseismic compression).
Observed instances of ground failure were primarily limited to the building footprint and within
1i 2 m of the structure. Varying performance was observed within neighborhoods and streets, with
local clusters of settlemen¢lated darage noted. The variation of settlement within
neighborhoods may be due to the spatial distribution of-exeavated as replaced soils and
variations in construction practices. The majority of this type of damage to residential and small

commercial buildings appeared to be limited to developed fill areas such as the Sand Lake or Jewel
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Lake neighborhoods of Anchorage, although significant residential damage from slope
deformations was also observed in the town of Eagle River, which is located to the north of
Anchorage Figure 31). Subsurface investigation data are relatively sparse in these areas, without

which it is difficult to determine whether the observed ground failures are due to liquefaction or

seismic compression.

Figure 3.7. Localized ground failure directly beneath building perimeter (Jewel Lakampbell
Lake neighborhood). Snow was cleared away to show the area of settlement. (a) Overview photo,
westside of residence. (b) and (c) Settlemenit 8cm) and crack depths (B cm) for ground

failure shown in (a). Red arrows indicate settlement.
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While the majority of the damage observed in Anchorage and surrounding communities
appeared to be nonstructural, the isolated cases of structural damage seemed to be caused almost
entirely by geotechnical issues, particularly settlement of the foundatnaifora slope
deformations. Considering the structural settlements and slope deformations that were observed
by the GEER team, the majority of these appeared to involve poorly placed anthropogenic fills.
The geotechnical mechanisms underlying ground faifuseich fills have been well documented
in previous earthquake®.¢., 1994 Northridge earthquake, Stewart et al., 1994), and seismic
assessment for liquefaction and seismic compression have been state of practice for over 20 years

(e.g.,Tokimatsu and Seed, 1987; Youd et al., 2001).

3.7 Performance of improved ground under cyclic loading

Various types of geotechnical site improvememtg.(deep soil mixing (DSM), deep
dynamic compaction, and excavation and replacement) have been implemented across Anchorage
over the past 50 years. Two case studies are described where observations and documentation of
the seismic performance of different égpof ground improvements lead to relevant lessons
learned. First, limited damage to pgapported terminal wharves at the PoA is discussed, followed
by lessons learned from the performance of adjaseimiproved and cutter soil mixing (CSM)
improved soils located near the Petroleum and Cement Terminal (PCT) that was under
construction at the time of the earthquake. The second case study describes the successful
performance of the West Dowling Streeidgye due in part to the DSM program implemented to
improve static and seismic stability.
3.7.1Port of Alaska

The PoA (latitude/longitude: 61.2393/49.8883°) serves as a critical lifeline for the State

of Alaska, representing the primary inbound cargo handling facility and the starting point for
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distribution of 3.5 million tons of cargo per year (about 45% stade; GEER 2019). The Port is
located approximately 2 km north of Downtown Anchorage (Figure 1) and includes three
terminals, a fuel tank farm, and a cement handling facility. Six sdi generally comprise the
subsurface at the PoA: coaigeined fill materials (Unit 1), underlain by leplasticity tidal silt
deposits (Unit Il), underlain by glaciofluvial deposits (Unit 111). The BCF clay (Unit IV) underlies
the third layer, followed ¥ older glaciofluvial deposits (Unit V). Another layer of the BCF
underlies Unit V, which is then underlain by a Glacial Drift Layer (Unit VI). The depth of
engineering bedrock is interpreted to be the depth corresponding to Vs of 760 m/s, which
correspond to approximately elevaticiil37.2 m based on microtremor array measurements at
the south end of the PoA, described subsequently. Unfortunately, this depth to bedrock could not
be confirmed because earthquake records and microtremors used in thisshatjehd to clear
peaks at stations closest to the PoA.

The closest stations to the PoA include the Port Access Bridge (NSMP 8043), Central
(NSMP 8038), Government Hills Elementary School (K223), and the Hilton Hotel (NSMP 2716).
The corresponding response spectra are presenkgglure 38 along with those of the operating
and contingency level, and maximum credible, earthquakes (OLE, CLE, and MCE, respectively),
considered in the design of the PCT. The acceleration spectra for the recorded motions exhibited
similar responses with PGA rangirirom 0.20 to 0.30g, with the exception of the Port Access
Bridge station, which recorded a PGA of about 0.40aple 31) and exhibited a large spectral
spike of 2.1 g between periods of 0.2 and ORgure 32a does not show particularly strong high
frequency motions near to stations NSMP 8038 and K223. However, surface geology maps of the
area where the PoA is locatdddure 31) show the presence of alluvial fan and colluvial deposits

(Holocene and Upper Pleistocene; Wilson et al., 2012). Shallow and potentially strong impedance

65



contrast between this material and harder rock may explain large response spectral peaks in the
short period range. Further investigation and analysis of subsurface conditions in situ would be
necessary to identify potential site effects. The averagenssggexcluding the Port Access Bridge

recording) appears to correspond to motions falling between the OLE and CLE design scenarios.
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Figure 3.8. Five percent damped response spectra for four stations closest to the Port of Alaska

and design response spectra considered for the Portland Cement Terminal.

Soil movement was distributed widely within the main Port property, with lateral spreading
features contributing to the highest occurrence of observed seismic deformations. Tension cracks
running parallel to open faces along the naiith PoA alignmentamerally exhibited crack
widths ranging from 10 to 30 cm with occasional block failures that reached 1 m in (fFégyinée
3.9a). One nearly continuous 50@long lateral spreadinduced crack ran along theragp
protected, partially submerged slopes that separate the Port uplands from the three terminal
wharves and was generally offset from the slope crest by approximately. E&icence of

liquefaction was observed in the form of a sand boil located at the toe of thénextislope
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(Figure 39b). The northern expansion area of the PoA consists offiitexk sheet pile bulkhead
structures providing a vertical face separating it and the Knik Arm of the Cook Inlet (show in
Figure 31) and riprap lined slopes. Lateral spreads involving multiple blocks of soil and crack
widths of up to 30 cm and with depths of 3 m and greater oriented obliquely to and along the rip
rap lined slopes were observed, with no significant movements ofebegle bulkheads visible
during reconnaissance.

Observable damage to the pdepported terminal wharves was largely limited to spalling
along the expansion joints separating Terminals 1 and 2, indicating the developmerobfef out
phase dynamic response resulting in pounding during the earthdfigioes(39c and d). The piles
supporting the wharves and trestles (approxim
pipe piles with 11 mm (7/160) ori gi n&burewal | t
3.9). Corrosioninduced degradation of the steel piles had affected port operations; as a result, the
Port had implemented a pile jacketing program in 2004 and chained fenders to thEigok (
3.9e). Approximately 40% of the piles supporting Terminals 1 through 3 had been jacketed by the
end of 2016. These actions likely prevented damage to the piles during the earthquake, along with
the estimated low levels of inertial and kinematic loading asried by the relatively small slope

movements east of the terminals.
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Cement Dome

Figure 39. Photographs from the main Port property including Transit Yard A across from
Administration Building (31 November 2018; viewing South): (a) lateral spread block failure with
1 m vertical scarp and (b) sand boil (photographs courtesy of John Daley)Técirdhals 1 and

2 indicating evidence of pounding with light spalling of concrete aprons (30 November 2018), and

(e) undamaged fender and terminal pile (photographs courtesy of Jim Jager).
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In 2018, the PoA initiated the construction of a new PCT berth to maintain immediate post
earthquake serviceabilityrigure 310). Of concern at this location was the liquefaction of loose
to mediumdense, nonplastic to leplasticity (plasticity index (PI) =104) tidal silts.Christie et
al. (2019) reported that Cyclic Stress Ratios (CSRs) of 0.15 and 0.25 resulted in liquefaction/cyclic
failure (defined agy = 0.90) of this shallow material at approximately 60 and 10 cycles,
respectively. However, no damage was observed at the circular, pergjraterbearsupported

cement storage dome structuréglure 310a) after the 20181w 7.1 earthquake.
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Figure 3.10. Overview of the Petroleum and Cement Terminal (PCT) area: (a) overview of site
indicating the cement dome and partially constructed PCT indicating microtremor array, (b) cutter

soil mixing grid shown in plan, and (c) in elevation relative to the propmsednal.
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Prior to construction, the footprint of the dom@gure 310a andFigure 311a) was
subjected to a 3 m tall surcharge to-poenpress the underlying loose to medidanse tidal silts
encountered approximately 4.5 m below the ground surface. The lack of damage observed after
the 2018M 7.1 Anchorage earthquake may be due to an insufficient number of cycles to trigger
liquefaction in the preompressed tidal silts and the construction of the CSM ground improvement
placed between the PCT and the shore, which may have served to budrgssitt sloping
ground in front of the cement dome. The CSM program consisted of overlapping rectangular shear
panels {e., CSM cells; Figure 10b and c) that toed into the glaciofluvial deposits underlying the
tidal silts, which serve to protect thedtle piles that were installed during the summer of 2020
(following the Anchorage earthquake). The CSM panels were installed to create a rectangular grid
to encapsulate the 48 diameter steel pipe piles at the first three bents of the access trestle
(installed summer of 2020), granular fill, and liquefiable tidal silt. Time-@Wide CSM elements
were spaced approximately 6 m in plan, which resulted in an area replacement ratio of 21% for the
longitudinal panels and 100% for the transverse parfelgure 310b). The overall area
replacement ratio for the entire CSMproved zone was about 36%. A minimum-@&sy
unconfined compressive strength (UCS) of 2 MPa was specified for the soil cement mixture. Test
specimens derived from full length core samples of thedcypanels generally returned UCS
ranging from 2 to 3.5 MPa.

Prior to the 20184, 7.1 earthquake, the shoreline in the vicinity of the new PCT sloped at
approximately 1V:5H. Six days following the earthquake, lateral and vertical displacements
ranging from 5 to 30 cm were observed on the shoreline slopes within the tidal flats ajacent
the CSM zoneFigure 311a and kshowa pronounced scarp with vertical offset measuririgd05

cm. In addition to settlement, tension cracks ranging from 5 to 7.5 cm wide were observed north
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and south of the CSM ground treatmefig(re 311c and d). However, no evidence of
deformation was observed within the CSiproved zone. The ground deformation outside of
and the lack of ground deformation within the improved zone indicates that installation of the CSM
ground improvement within this poon of the PoA property served to mitigate earthquake

induced deformations.
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Figure 3.11. Evidence of soil movement near the Petroleum and Cement Terminal area: (a, b, c)
lateral spread and settlement scarp along the shoreline, (d) tension cracks approximaieiyn 5

in width north of the CSMmproved area.

3.7.2West Dowling Street Bridge
The relatively new West Dowling Street Bridge (following completion in 2015) performed

well during the 30 November 2018 earthquake, due in part to the DSM program implemented to
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improve static and seismic stabilitiyigure 312). The steel box girder bridge arcs to a southwest
heading from a northeasterly approach and consists of a single span, 61 m long and 30 m wide,
with 12-m-tall abutment stem walls founded on shallow foundations, 7.3 m wide and 29.9 m long.
Approach fills a@e retained using vertical MSE walls. The subsurface conditions at this site
generally consist ofi2 m of fill overlying 2 m of peat and silty clay, and then 5 m of loose to
mediumdense, nonplastic to leplasticity silt (with uncorrected SPT blow coumémging from

5 to 15 bpf) transitioning to medium stiff to very stiff sandy silt, silt with sand, silt, silty sand, to
22 m depth, underlain in turn by 9tmick silty clay (BCF) and very dense, glacially overridden
gravel identified as glacial till (Yamaki et al., 2015). Where nonzero plasticity was measured,
the uppermost loose and soft silt layer was characterized with plasticity indices of 3 and 4, and
water contents larger than the liquid limit.

The compressibility of the peat and loose to medilemse silt, along with the liquefaction
susceptibility of the silt, presented design concerns for static stability and seismic deformation.
Stabilization of the peat and silt layers was accomplished 08, which consisted of 2.4¢h-
diameter columns arranged to form shear panets, Gecantype walls) with 90% area
replacement ratio under the spread footings supporting the skewed bridge abutments and 50% area
replacement ratio in front of and behitite abutmentsHigure 312). The DSM shear panels
extended 10.7 m in width beyond the front of each abutment footing, and 9 m beyond the sides
and behind each abutment footing. The design depth of treatment was 6 m below Elevation 29.87
m (98 ft, Figure 312). Compacted aggregate base course was specified to bear on top of DSM
treated zone with a thickness of approximately 1.8 m to the bottom of the footing at Elevation 31.7

m (104 ft,Figure 312).
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Figure 3.12. Deep soil mixing program for West Dowling Street Bridge abutment in (a) plan view,
indicating areal extent of improvement, and (b) sectieA shown in (a), indicating depth of

improvement (adapted from AKDOT plans).

Ground motions recorded 0.6 km from the bridge (NSMP 802 Figeee 31) exhibited
significant directionality with stronger shaking in the HNE direction than in the HNN direction
(GEER, 2019), which is demonstrated, for example, through differences in PGA (0.47 vs 0.19 g),
Arias Intensity (1.87 vs 0.64 m/s), and spectral si{ape, GEER, 2019). In general, the DSM
supported bridge performed well during the earthquake and remained in service following the
earthquake. The eastest dominant motion represented strong movements transverse to the
bridge, manifesting in spalling and/orl@eination of concrete at several girder shear keys at the
abutments. Expansion joints appeared to have experienced pounding, with shear cracks observed
along the northeast abutments and permanent relative displacements parallel to the expansion
joints on the order of 25 mnrigure 313). Expansion bearings visible to the Alaska Department
of Transportation (AKDOT) inspection team appeared fully extended with little capacity for future
relative movements (Escamilla, 2018), indicating that the abutments may have moved closer to

one anothe Consistent with these observations, the abutment tilt measured by the GEER team
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showed that the southwestern abutment wall tilted away from the approach a maximum of 1.1° on
its eastern edge reducing to 0.4° on its western edge. The northeastern abutment exhibited zero tilt
along its western edge and 0.4° away from the approach daadd the span) along its eastern

edge. MSE wall fascia panels exhibited movements indicative of panel gap closure and extension
of up to 75 mm and tilt of up to 4.2°. No evidence of ground failure was noted immediately adjacent

to the bridge approachesafsutments.

Figure 3.13. West Dowling Road Bridge View of (a) sheacracking at the northeast transition
from bridge span to approach fill, indicating possible evidence of pounding, and (b) permanent

transverse movements at the same location (photo courtesy of Dave HerAKiDERT)).

3.8 Seismic sliding of MSE walls

Seismically induced sliding displacement of a recently constructed MSE wall was observed
along the OIld Glenn Highway in Eagle River between Lower Fire Lake to Ski Hill Froguké
3.14). The vegetativdaced MSE wall was approximately 335 m long, ranged in height from 1.2
to 4 m, and was placed within a soil slope with height ranging from 8.8 to 13.4 m along the wall.
The natural, 2H:1V to 1.5H:1V, soil slope consisted of medium dendertse, silty, sand with
gravel (SW), over dense to very dense gravel with silt and sanGBPand occasional cobbles

(Figure 315a). Groundwater was not encountered in the borings advanced to support the design
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of the roadway improvements (Golder Associates, 2009). Design documents refer to the level of
shaking expected for the 4¥®ar design earthquake, with bedrock PGA equal to 0.36 g and
anticipated horizontal movements of 300 mm selected as the basisdeismic design. Although

final asbuilt construction drawings were not available to the GEER team, recommendations called
for the use of welded wire mesh reinforcement onnl.&ertical spacing and length of
reinforcement equal to 1.67 3 wall height, withnimum and maximum lengths of 2418 m,
respectively, for an assumed wall face batter of 80° from the horizontal. The reinforced and
retained fill consisted of Type A select aggregate material (Golder Associates, 2009), with 20%
55% sand and no more th@#o silty fines based on the portion of material finer than graee] (
particle sizes smaller than 75 mm; Alaska Department of Transportation and Public Facilities

(AKDOT & PF, 2004).
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Figure 3.14. Sliding displacement of Eagle River MSE Wall. Photograph illustrates longitudinal

cracking.
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Figure 3.15. (a) Cross section of MSE wall and natural slope (adapted from Golder Associates,

2009), and (b) geometry of longitudinal cracking and settlement.

The nearest ground motion station (Station K217), located 5.1 km north of the MSE wall,
recorded PGA of 0.3 grable 31) and a twecomponenti(e., summed) Arias Intensity of 2.35
m/s. Postearthquake observations by the GEER team revealed an approximatelp8§ crack
running approximately parallel to the roadway alignment, set back from the guardrail
approximately B4 m (Figure 315b). The guardrail offset distance correlates with the expected
length of the tensile reinforcement separating the reinforced soil from the retained soil.
Measurements of the crack depth by members of the AKDOT & PF indicate the maximum depth
of cracking tabe approximately 3 m (Hemstreet D, personal communication, 10 December 2018)
and therefore did not appear to correspond to the reinforced soil mass owing to lack of obstructions
(e.g.,the welded wire mesh). The width of the longitudinal crack ranged from 19 to 75 mm, with
the smallest crack width corresponding to the elevation low of 105.5 m (346 ft) and the largest
crack width at the elevation high of 108.2 m (355 ft). In generalptedominant crack width
documented in the field was about 38 mm widitld_settlement of the reinforced zone of the
MSE wall was observed, with a maximum settlement of 25 mm accompanying the zone
corresponding to the maximum crack widiigure 315b). Two full-width (with respect to the

roadway width) cracks running transverse to the roadway and typically associated with thermal
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expansion were also documented during the field reconnaissance: one that appeared repaired prior
to the earthquake and which may have reopened as a result of strong ground shaking, and one that
appeared relatively new.

Neglecting deeeated global slope failure, the three external failure mechanisms
governing seismic stability of MSE walls include sliding, overturning, and bearing failure. In
general, the observed damage suggests that a seismically induced slidingisnedwurred
where the reinforced soil mass behaved as a relatively coherent block. The design procedures
selected for this MSE wall followed American Association of State Highway and Transportation
Officials (AASHTO, 2007) specifications, which were bdiem Federal Highway Administration
(FHWA) (Elias et al., 2001; Kavazanijian et al., 1997) recommendations. Comparing the horizontal
displacement anticipated during desigre.( 50i 100 mm) with that measured during post
earthquake reconnaissancei(@® mm;Figure 314b) the design estimates appear to capture the
observed magnitude of displacement at the MSE wall. However, it is important to note that the
nearest ground motion station (located 5.1 km away) recorded a PGA of 0.3 g, compared with the
design bedrock PGA of 0.36 g. These design procedures are considered state of practice for the
estimation of seismically induced sliding displacements for MSE walls of ordinary height and in
which the effects of wave scattering (incoherence) are negligioléerson, 2008). In contrast,
taller MSE walls generally require consideration of compound seismic instability and-height

varying seismic coefficients (Stuedlein et al., 2010).

3.9 Geotechnical lessons and conclusions
The My 7.1 Anchorage, Alaska, earthquake on 30 November 2018 provided a unique
opportunity to document not only relevant geotechnical enginéeealaged failures, but also

evidence of satisfactory performance of soils and structures subjected to strong gedungl. s
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The proximity of the epicenter to densely populated areas in Alaska, coupled with a complex and
variable geology in the Anchorage metropolitan area, allowed the documentation of observed
impacts on civil infrastructure and geosystems by GEER field recssaraie missions, and the
subsequent assessment of the data to develop valuable case studies. This article identified key
lessons based on such case studies highlighting the geotechnical significance of this event for the
earthquake engineering communityage.

First, spatial variations of recorded ground motions in the Anchorage metropolitan region
were discussed. Estimated fundamental site periods in this study (based on HVSR) allowed a
preliminary evaluation of the relationship between the thickness of tiraesgtdry column and
long-period ground motioni.e.,at T = 3 s) in the Anchorage basin. Basin effects are expected to
contribute more significantly to amplification of ground motions at low frequencies, whereas
effects from varying shallow geology conditis should affect higfrequency ground motion.
Maps of the spatial distribution of lofkequency and higfrequency recorded ground motions
from this event were provided and they reasonably agree with previous studies on site response in
the region as well as with available surface geology information.

The benefits of ground motion tifeequency analysiwasevidenced by the identification
of a likely liquefaction case history site at Station K211 (Fire Department), where the manifestation
of significant surficial evidence.€., ejecta or cracking) from liquefaction could not be confirmed
in the field by the time of reconnaissance. Tifnequency analysis also implemented to evaluate
records close to the Fish & Game Building site indicated that this site was not affected by soil
liquefaction but cyclicsoftening, despite surficial damage evidence that suggested liquefaction

was involved as a primary failure mechanism.
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Because bearing failure in cyclically softened organic soils can produce damage similar to
that typically associated with lateral spreading, this article presented a case study where the former
is identified as the main failure mechanism at a major artexaa located south of Wasillad.,

Vine Road). This lesson is important because it contributes to recent efforts documenting case
studies of organic soils experiencing cyclic softening effects. Similarly, the poor performance of
anthropogenic fills wasocumented herein. The negative effects associated with the practice of
dumping loose, granular soils as replacement fill for - @x@avated soil (particularly below the
groundwater table) beneath residential and small commercial structures were distubsed
context of their liquefaction potential and seismic compression.

Finally, this article highlighted the successful performance of improved ground in two case
histories, including the PoA and the West Dowling Street Bridge. Details of the ground
improvement techniques implemented, subsurface conditions, and seismic sl@meaprbvided
to construct two weltlocumented case studies. Likewise, displacements measured at an MSE wall
along the Old Glenn Highway in Eagle River were compared against those estimated using state
of-the-practice design procedures for the estimatibseismically induced sliding displacements.

One common limitation in our efforts to document the aforementioned case studies was
the lack of subsurface characterization at or nearby ground motion recording stations in Alaska.
Further subsurface characterization is needed at recording stationscaghtut the Anchorage
basin, including geophysical testing and geotechnical investigations such as cone penetration tests

(CPTs) or boringswithhigqhual ity (6dbébundi sturbed66é) sampl i ng

<
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CHAPTER 4. Spatial Distribution of Site Conditions in Les Cayes and Port au Prince,

Haiti

The content of this chapter is within the publisBedletin of the SeisnologicalSociety of

Americaarticle:

Cabas, A.Lorenzo-Velazquez, C.Ingabire Abayo, N. Ji, C., Ramirez, J., Garcia, F.E., Pérodin
J., Hwang, Y., Dashti, Y., Ganapati, N.E., Nicolas, S., Whitworth, M., Guerrier, K., Saint
Fleur, N., Contreras, S., Lagesse, R., Marcelin, L., Remington, C.L. (20#8%ectional
Impactsof the My 7.2 2021 Nippes, Haiti Earthquakeom Geotechnical and Social
PerspectivesBulletin of the Seismological Societpf America Special Section on
Caribbean Tectonics, Seismicity and Earthquake Hazardd3 (1): 7398.
https://doi.org/10.1785/0120220118

Additionally, following the Nippes 2021 Earthquake that devastated Haiti, as part of the
Geotechnical Earthquake Reconnaissance (GEER) team, a technical report was published (Dashti
et al., 2022). Preliminary work as part of the reconnaissance's effarttharfurther analysis
presented Cabas et al. £&), were disseminated at theRational Conference on Earthquake
Engineering and its proceedings (Cabas et al., pPARRendix A]; Garcia et al., 202Appendix
B]).

4.1 Abstract

TheMw7 . 2 Ni ppes, Hai t i earthquake occurred
peninsula and in the midst of significant social, economic, and political crises. A hybrid
reconnaissance mission wesordinated to document damage to the built environment after the
event. This article evaluates two ground motion records available in Haiti in the context of the
geology of the region and known areas with significant damage, such as Les Cayes. We also
present a new map of tim@veraged shear wave velocity values to 30 m depif)(fr Les Cayes

and Port au Prince based on the geostatistical approach of kriging and accounting fer region
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specific geology proxies and field measurements efoVCase studies of ground failure
observations including landslides and liquefaction triggering are described as well as the
intersection of social and engineering observations. Intersectional maps are provided to facilitate
the assessment of how naturakdwals and social conflicts have influenced the vulnerability of

Haiti 6s popul ation to earthquakes.

4.2 Introduction

Eleven years after the catastrophic January 12, RB0.17.0 earthquake with epicenter
|l ocated approxi mately 25 km f r202iM,H&2iNippeds cap
earthquake posed significant challenges for response and recovery in HaM., Th2 Nippes
earthquake occurred at 8:29 am local time on August 14, 2021 as a result of oblique faulting along
the EnriquilloPlantain Garden fault (EPGF) zone. The epicenter was located 10.6 km from the
city of Petit Trou de Nippes, 38.6 km from Les Cgyand 75 km west of the epicenter
corresponding to the 200, 7.0 Port au Prince earthquake (Dasthi et al. 2022). The dual hazards
of this shallow earthquake (with focal depth of 10 km) and Tropical Storm Grace two days
afterwards had a significant i mpact on the | ¢
peninsula, including: structural damages, slope instability, landslides, ground failures, and strong
ground shaking. In addition, response efforts faced challenges due to the @Q@Widdemicrad
ongoing political instability in the country. These cascading events highlighted the need for short
term response and lofigrm recovery strategies to work within the greater sqmétical-cultural
context of Haiti. The aim of this paper is to exaenthe 202IMy, 7.2 Nippes, Haiti earthquake
through the lenses of ground motions, geohazards, and social impacts. In pursuit of that goal, we

build upon the highly interdisciplinary Geotechnical Extreme Events Reconnaissance (GEER)
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teamds efforts to further investigate relevan
intersections between engineering observations and social sciences.

In this study, we first summarize our hybrid reconnaissance activities. Then, we describe
the characteristics of the ground motion records available from the mainshock, and the
development of a new map of tirageraged shear wave velocity values to 30 pthdéV/szo) for
Les Cayes and Port au Prince based on the geostatistical approach of kriging and accounting for
regionspecific geology proxies and field measurements efoVSinglestation analyses to
investigate potential site effects in regions of iestrare also evaluated, and two specific
geotechnical engineering hazards from the 2021 Nippekquake aranalyzed as part of case
studies on landslides and liquefactionuced ground failure. Finally, we explore the intersection
of different crises in Haiti since 2010, along with the sepditical-economic effects of these

crises.

4.3 Reconnaissance activities

The remote reconnaissance team consisted of experts in geotechnical earthquake
engineering, engineering geology and seismology, engineering geomorphology, and social and
political implications of disasters. Because of the nature of this event and lacknediate
physical presence of the team (due to safety and security concerns), we initially collected
perishable data and information from a variety of soyfcesh satellite imagery to social media).
The details of our data collection approach are provided in Dashti et al. (2022).

In parallel to engineering reconnaissance, social science data collection was designed based
on team membersd prior research in Hait. and
After the 2010 Haiti earthquake, some team members conducted resmashblter recovery,

social capital, public participation, and wenddated challenges faced by those involved in disaster
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response and recovery (e.g., emotional challenges, cultural competencies). The work was based
on interviews, surveys, focus groups, and Town Hall meetings with various stakeholders (see
Remington and Ganapati, 2017; Contreras, 2019; Ganapati and Muk@g$j,Kroll et al., 2021

for details on methods). Secondary data sources, focusing on the effects of the 2021 Nippes
Earthquake in Haiti, were mainly: (1) Haitian government agencies (e.g., Ministry of Public Health
[Ministere de la Santé Publique et deRapulation]); (2) Haitian (e.g., Quisqueya University
[Université Quisqueya]) and international universities, thiarks, and research institutes (e.g.,

Pew Research Center); (3) Haitian (e.g., Le Nouvelliste) and international news sources (e.g.,
Reutes); (4) international aid agencies (e.g., the World Bank, the United Nations [UN]
Development Programme, UN Office for Coordination of Humanitarian Assistance, UN
International Organization for Migration, and UN Security Council); and, (5) disastesed

databases (e.g., EMAT International Disaster Database).

4.4 Geotechnical significance and intersection with social factors

About 96% of Haiti bés population are vulner
The 2021IM\, 7.2 Nippes earthquake occurred in conjunction with significant social, economic,
and political crises as well as with other hazards, such as Tropical Storm Grace and the COVID19
pandemic. The complex spatiotemporal interactions among natural hazardsce@tonomic
and political crises made the population especially vulnerable to the aftermath of the 2021
earthquake. In this study, we examine how multiplegre s i n t he recent histo
vulnerability to natural hazardBigure 41 outlines different crises in Haiti since 2010 and their
effects on population displacement. Understanding people displacement patterns to areas with high

seismic hazards and/or significant geohazards can improve future recovery and resilience practices
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in Haiti. For instance, the 2010 P@-Prince earthquake and Hurricane Matthew in 2016 have

caused the most significant population displacements to date.

M, 7.0 Hurricane Hurricane
earthquake Cholera Sandy Matthew COVID-19
-.! '-.! -..! -0y _ -9 9 \! \! \! ) o \!
2010 20M 2012 2013 2014 2015 2016 2017 2018 2019 2020
Protest against - Violent gang
cost of living, Antl-gn\_terment activities
protest increase .
unemployement increase
Data obtained from IDMC 2020 Internal Displacement database and following OCHA Guiding New Population Displacement
Principles on Internal Displacement i i
BINUH: United Nations Integrated Office in Haiti from Disaster (in thousands)
MINUJUSTH: United Nations Mission for Justice Support in Haiti [
MINUSTAH: United Nations Stabilisation Mission in Haii 05 5 %0 S0 5000

* Most affected location area

Figure 4.1. Socialtpolitical crises and natural disasters in Haiti since 2010, including the disaster

new population displacements (sources noted in the legend).

The challenges that characterize Haiti as a fragile state have amplified in recent years.
Natural hazards and social conflicts have inf
induced failure of infrastructure, such as that induced by groulndsfand/or structural collapse.
Nearly 33,000 victims of the 2010 earthquake still live in displacement camps, and over 300,000
have not received government assistance to resettle (Internal Displacement Monitoring Centre
[IDMC], 2020). In addition, overl40,000 families displaced by Hurricane Matthew in 2016
(Figure 41) have not secured a decent shelter to date (IDMC, 2021). According to the Human
Rights Watch (2020), from January to August 2020, an estimated 944 intentional homicides, 124
kidnappings, and 159 deaths resulting from gang violence have been reportex Uyitdd
Nations Integrated Office in Haiti (BINUH). At least 12,000 displacements that same year are
attributed to gang violence and Hurricane Isaias (ReliefWeb, 2021). The IDMC, established in
1998 as part of the Norwegian Refugee Council (NRC), repartegstimated 2.03 million new
displacements linked to disasters in Haiti from 2008 to 2020 (IDMC, 2021). Further, the population

density has increased since 2008, particularly in Les Cayes;Goete, Grandsoave, and
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Leogane locations where there was concentrated damage after the 2021 Haiti earfigueke (

4.2). The aforementioned cities are also located on Quaternary surficial deposits, which can
amplify the amplitude of seismic waves and increase the duration of earthquake ground shaking.
This means that population displacements due to the previous disagtersegion resulted in

more people living in areas of potentially higher seismic hazard. The IDMC (2020) also reported
an estimated 10,000 new displacements from conflict in 2019 and B@R0Og 41). Since April

2022, a new wave of violence has led to the internal displacement of an estimated 17,000 people,
from the Porau-Prince metropolitan area to other areas in the country (International Organization
for Migration [IOM], 2022). These displacem¢ s al so i nfl uence the pop
seismic hazards and related geohazards, such as landslides and liquefdatied ground
deformation. Moreover, concurrent crises (as well as the cumulative effects of multiple and
frequent crises onhée social fabric) hinder the deployment of traditional postdisaster
reconnaissance missions, limiting the collection of relevant perishable data, challenging the
acquisition of new knowledge to improve the performance of civil infrastructure in futuesnextr
events, and jeopardizing resilience planning for the communities that need it the most.

The 2021 Ni ppes sei smic event caused Wi o
southwestern peninsula, particularly along National Route 7 (RN7; Dashti et al., 2022). The latter
serves the communes of Les Cayes, G&apin, Roseaux, Beaumont, and Jérémeafore this
earthquake, and following that of 2010, the southern region of Haiti had been hit by over 20
disasterd flooding, drought, epidemic, hurricardesontributing to an estimated 7800 lives lost
and over two billion dollars in total damages (EMT, 2021). Significant landslide activity was
observed following the 2021 earthquake in steep, mountainous terrain, particularly in Pic Macaya

National Park (Garcia et al., 2022). Landslide and rockfall debris created road blockages and
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caused significant damage to pavement and retaining walls along RN7, while evidence of
liquefaction was found along the main trace of the EPGF zone. These ground failures imposed
significant stress to lifelines in the region, hindering the distributidmasfc goods, aid efforts,
and travel to and from affected areas. In addition, considering the geology and seismicity in Haiti,
as well as the documented contribution of local soil conditions on the observed damage after the
2010 Port au Prince earthquakadwn as site effects; Rathje et al., 2010), there is a need to further
understand potential site effects after this event. Stronger ground shaking due to site effects in
certain areas may explain observed damage patterns in some of the most aféastethdould
provide necessary evidence for future improvements of building codes and urban resiliency plans.
Notably, among the most relevant differences between the 2010 and 2021 events in Haiti,
the availability of records from the 2021 event, which allows for the investigation of ground motion
characteristics in the region (Cabas et al., 2022) and potetdiaffa@cts. Citizen science efforts
in Haiti (Calais et al., 2022) enabled the operation of-¢ost seismometers that ultimately
provided data on aftershocks and the closest record to the epicenter of the 2021 mainshock. The
previous studies in the regidmve shown that active community engagement in earthquake
science might effectively contribute to reducing seismic risk by collecting scientifically relevant
seismological data and increasing earthquake awareness (Calais et al., 2020).
4.5 Geology of affected regions within Haiti
The Nippes 2021 earthquake devastated various regions within the southern peninsula of
Haiti, especially within the mountain range of La HosteeDataand esources An understanding
of the geology of affected regions after seismic events is essential to evaluate geohazards and
observed damages. Hence, our study focuses on areas where significant damage was observed and

provides a description of the relevant geolagids.
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A remarkable length of the coast of the Massif de la Hotte consists of reef limestones, with
a 34 km extent in width. Limestones (Tml) and other carbonate deposits (e.g., Tca, Tmcc, Kcr,
and QTcr) dominate this region, as showrFigure 42. Riviere de Grand Anse (which flows
through Jérémie) is the largest river in the southern peninsula of Haiti. Within the valleys of the
rivers and coastal plains, especially the region of Les Cayes, the quaternary alluvial formations
dominate (Butterlin1960). These include lithified and loose sediments that coincide with the
Quaternary surficial deposits (Qs) (Butterlin, 1960; French and Schenk, 2004).

The bedrock geology in the region of Les Cayes includes various conglomerates, shales,
and limestones, typically whiteyellow chalky limestones (Butterlin, 1960), which dominate the
northern part. Les Cayes hosts four main rivers or streams: RavinedusBd vi re de |
Rivi re de Torbeck, and Rivi re de | 6Acul ( Da
to the deposition of the quaternary alluvial soils, which are likely susceptible to liquefaction and
consistent with observations of shhoils (Dashti et al., 2022). Based on limited borehole data,
the top 1530 m are characterized by a mixture of gravel, silty and clay sand, sandy silts, and sandy
clays. Furthermore, this region is also characterized by the abundance of both surface and

groundwater resources (Dashti et al., 2022).

95



Grand Goive |

i@ym- ]/_\[\’etit-(]oa’ive ole '
|. d R N TS . \\q\_
A .

S

—'/'m‘

¢
= N S
W

J“
&

Geologic Units

[ | Mzum I Qs (366 m/s) 1 Tmec (435 m/s) g Arcas of Interest N
B Ksvr [ 1QTer(675mis)y [ | Tml (539 m/s) . Recording Stations

[ 1Kso B Tea (455 m/s) [ Klmv (280 m/s) 0510 20 30 40

[0 Qvm [ Tee (401 m/s) I Kecr (261 mis) * Epicenter [ m Do

I TV [T water Rivers

Figure 4.2. Regional geological map with locations where ground failure or damage was observed
(modified after Wilson et al., 2019). The Septentrional fault (to the north) and the Enriquillo
Plantain Garden fault zone (EPGFZ) are also shown (after Styron et al), ZB&8ocations of

the 2021 Nippes earthquake epicenter (star) and two gimotidn recording stations (pentagons)

are also shown. The inset figure shows the state level administrative boundaries of Haiti,

Dominican Republic, and Cuba as well as twohef tnajor active faults in the region.

Figure 42 shows the location of the regions that were mostly affected by the Nippes 2021
earthquake, including Les Cayes, Jeremi e, Pe-c
Nippes. Carbonate deposits are more abundant in Jeremie than in Les Cayes.dt) dergraie

has less alluvial deposits than Les Cayes. The alluvial deposits near Jeremie are mostly in the
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vicinity of Rivi re Grand6Anse, Rivi re La
characterized by mostly limestone (with some chert) geologic units as well as some alluvial
deposits in the vicinity of Riviére Glace. Pic Macaya is characterized Wgtetetopography and

lies within limestone and chert (Kcr) deposits (Butterlin, 1960; French and Schenk, 2004; Wilson

et al., 2019). Cavaillon also lies within some limestone (Tml) deposits, limestone and chert (Kcr),

as well as some quaternary alluviapdsits in the proximity of Riviere De Cavaillon and Riviére

De Boul mier. L6Asi |l e and Balou are both | oca
comprises Lat€retaceous basalt, breccia, and tuff deposits (KImv), continental clastic rocks
(Plioceneto miocene, Tcc), some alluvial deposits near Riviere Dose and Riviere Mahot, as well

as some deposits associated with carbonate reefs and reef complexes (QTcr). The damage observed

in these regions are described in the Ground failure observations settilissarticle.

4.5.1Tectonic setting

Haiti is geologically and tectonically relatively young, and is in a complex, dynamic, and
unstable tectonic regime that has developed in the 1ag61dillion years. The North America,
South America, Nazca, and Cocos plates are located in the perifhiterGaribbean plate, and
their relativemotion characterizes complex and diverse tectonic regimes in the regiddatsee
and esources However, Haiti remained seismically quiescent during the 20th century, prior to
the 12 January 2010 Pat+Prince earthquake (Eberhard et al., 2010).

Hispaniola is situated on a complex plate boundary where the predominant tectonic
motions are leftateral strikeslip between the North America and Caribbean plates, but there are
also two converging subducting slabs beneath the Greater Antilles crigst ttspaniola is
situated. Over time, the tectonic motions have imparted a series of majatdedt strikeslip

faults, including the Septentrional fault in the north and the EPGF in the south (where the 14
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August 2021 Nippes, Haiti, earthquake took place). Further details about the tectonic setting of

Haiti are pre@ided in Dashti et al. (2022).

4.5.20bserved ground motions

After the 2010 Porai-Prince seismic event, the Geological Survey of Canada (GSC) along
with the U.S. Geological Survey (USGS) and Géoazur installed seismographs angrsitiamy
stations in Haiti (Bentet al., 2018). Three GSC stations consisting otatdd weakand strong
motion instruments comprised the first rale seismic network in Haiti, which were used to
monitor aftershocks (Bent et al., 2018). Haiti also established its own network consisting of two
seismographs and five accelerographatatwith realtime data availability and three additional
nonrealtime strongmotion stations (Bent et al., 2018; Calais et al., 2020). In 2019, a community
seismology projecti.€., Ayiti SEISMES) deployed lovwcost Raspberry Shake sensors. Real time
regional data from USGS stations located in Cuba, Jamaica, the Dominican Republic, and the
Turks and Caicos as well as stations from the Dominican Republic seismograph network provide
suplemental seismic information for the region (Bent et al., 2018).

Only ground motion records from the mainshock with epicentral distances less than 250
km are processed in this study using the USGS gmprocess software (Hearne et al., 2019), which
can automatically retrieve, download, and process ground motions for gitbiqueake events
from major data providers (e.g., Incorporated Research Institutions for Seismology Data
Management Center [IRIBMC]). The baselines were corrected, and a {dttler Butterworth
high- and lowpass filter was applied. The lepass cornerréquency was determined based on
signatto-noise ratios larger than 3.0 over a preselected frequency range. Theakgyhorner
frequency was selected following the algorithm of Raiepulveda et al. (2022), which includes

constraints to displacement uak by (1) limiting the absolute displacement at the end of the time
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series (Dawood et al., 2016) and (2) limiting the maximum amplitude of adided polynomial

fit to the displacement time series. This recently proposed selection process fpassgtorner

frequencies results in improved quality of lepgriod motion

Four stations in Haiti, Dominican Republic, and Cuba recorded ground motions from the

2021 Nippes earthquake (Dashti et al., 2022)xH@vn inFigure 42, only two stations are located

in Haiti, namely a Raspberry Shake sensor (ABOB4 with latitude of 18.23° and longitude of

1T72.25A)

l ongi tude

and

of 173.

61A) .

The

accel

t h e-mdtion StationHAYHIN® Y SE ywithdatitude of $8.56° and

er at itsomth and

horizontal componentfahe recorded ground motion at AM.R50D4 are provide@igure 43. A

velocity pulse indicative of potential directivity effects is identifiedrigure 43b. The epicentral

distance corresponding to this record is 24.9 km, which may be consideresbuezs, and the

EPGF (a strikeslip fault) trace trends approximately éas¢st, and the velocity pulse only

becomes apparent in the faotirmal orientation. Hwever, the PGV does not reach a particularly

large value (< 100 cm/s). Hence, more research is needed to confirm the source of the observed

velocity pulse.
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Figure 4.3. (a) Acceleration and (b) velocity time series at station AM.R50D4 corresponding to

the NS horizontal component.
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Response spectra (5% damped) correspondingh& two orthogonal horizontal
components recorded at AM.R50D4 and AY.NQUSE are providédgure 44. Groundmotion
polarization is observed at both the stations (more significantly at AM.R50D4) and could be
explained by anisotropy of the local soil conditions (Raf@epulveda and Cabas 2021). The
amplification of longperiod motion only present in the ndrdouh component of the ground
motion from AM.R50D4 may also indicate potential directivity effects. Predominant periods (i.e.,
the periods corresponding to the maximum amplitudes) for the NS component at AM.R50D4 and
AY.NQUSE are 0.28 and 0.37 s, respectivalige significant duration and other common greund
motion intensity measures corresponding to these recorded motions from the mainshock are

provided in the corresponding GEER report (Dashti et al., 2022).
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Figure 4.4. 5%-damped response spectra of records at (a) AM.R50D4 and (b) AY.NQUSE

4.6 Subsurface characterization in Les Cayes and Port au Prince

The subsurface conditions at the two seismic stations that recorded the mainshock (i.e.,
AM.R50D4 and AY.NQUSE) were unknown by the time of completion of this study. Hence, we
focused on advancing the characterization of near surface geologic structhinesieas that (1)
experienced significant damage after the 2021 Nippes earthquake and (2) where measurements of

the timeaveraged sheavave velocity in the top 30 m gdp were available. Unfortunately,
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among the main affected locations in this event, Les Cayes was the only region that complies with
our criteria (i.e., observed damage and availability @b¥®ata).

A regional map that integrates geologi@sed ¥ésoand measuredaéois generated for Les
Cayes using various geostatistical techniques and data from the whole country. Following similar
efforts in California, Central and Eastern U.S., and Texas (e.g., Wills and Clahan, 2006; Thompson
et al., 2014; Parker et al., 2017; &ehhoris et al., 2017) measuregsprom Les Cayes, and other
regions in Haiti were matched to geologic units based on their geographic location. Available
measured values represented ehnmeain regions, with most of the data coming from -Rart
Prince, followed by the region of Les Cayes (found on the southern west side of the country, see
Figure 42), Ganthier, and select data points from Ehgitien (both found on the southern west
end of the country, seleigure 42). A total of 280 measured sy values are included in our
database and were obtained from Cox et al. (2011) and GeoTechMdpafaesd esourcep
using multichannel analysis of surface waves (MASW) methods. A histogram depicting the
distribution of \s3pvalues in our database is presenteBigure 45. Other type®f geotechnical
data were available within the areas of interest, such as six standard penetration tests (SPTSs),
several PANDA (Pénétrométre dynamique léger a énergie variable) measurements, dynamic
penetration super Heavy measurements, and well logseowseveral of these measurements
did not reach a depth of 30 meters. For example, only two of these SPTs reached the depth of 30

m, which resulted in only measuredayvalues from MASW tests being used in this study.
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Figure 45. (a) Spatial distribution of the 280 measureskowalues used in this study (depicted

by yellow circles) and (b) its corresponding histogram of availabléata in this study.

The pairing of measured sy values and geologic units presentedTiable 41 was
conducted by referencing the geologic map (scale 1:500,000) of the Great Antilles compiled by
Wilson et al. (2019), and, where possible, the geologic map (scale 1:250,000) by Butterlin (1960)
obtained through the Bur eigseeDataasd eddurceenas alsét de |
consulted. There are eight groups that are based on both the geologic age and the lithologic unit
(Table 41); coincidentally, each lithology has a different age based on the available geologic map.
The geologic conditions in Les Cayes and Rao¥Prince are depicted in more detail in

Figure 4.6 for comparison purposes. Thirgight percent of the measuredsyvalues
correspond to Quaternary surficial deposits that are undifferentiated. Approximately 2%
correspond to thboundary between Quaternary and Upper Tertiary (Pliocene), and the recorded
lithology is classified as deposits associated with carbonate reefs and reef complexessikwenty
percent of the measured values represent Calcarenite, biocalcarenite, linaestonarl from the

Pliocene (Tertiary) to Miocene epochs. Ongodwalue was measured from Continental clastic
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rocks from the Pliocene to Mioceone epochs as well. Nearly 8% of the measured values were
found within the mixed clastic and carbonate rocks corresponding to the Tertiary to the Miocene
epochs. Twenty percent of the values were recorded in Limestonehieamiddle Miocene to the

middle Eocene epochs. There were also Basalt, pillowed and nonpillowed flows, breccia, and tuff
deposits from the Late Cretaceous, Maastrichtian to Santonian stages, which account for 5% of the
measured ¥z Finally, two of the masured values were also from the Cretacqmrsod but
corresponded to limestone and chert deposits. A set of four of the measured values plot outside of
any area mapped as a geologic unit, which was an issue also found in Wills and Clahan (2006)
study. These values plot within water bodies based on thegieatap that was employed in this

study. However, based on the world topographic map from ESRI, these locations are on land,
which is why they were excluded from the study. Furthermore, based on tkebgn&utterlin

(1960) and French and Schenk (2004), some of these points also correspond to different geologic
units. In cases where these sources were not in agreement, the corresponding points were discarded

to minimize potential bias.

Geologic Units

[ 1 Water

I Kcr (261 m/s)
Bl KImv (280 m/)
[ QTer (675 m/s)
I Qs (366 m/s)
Tce (401 m/s)
L1 Tml (539 m/s)

, N
012 4 6 8
e km A

Figure 4.6. Geologic conditions within (a) PedauPrince and (b) Les Cayes along with the

geologyinformed \k3ovalues assigned to each unit based able 41.
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Table 41. Geologic Units and SheaWave Velocity Characteristics for Haiti Assuming a

Lognormal Distribution for the Majority of the Geologic Units

Gacr)]li?&?lc Geologic Description pr#cﬁ)f(i)lfes (mis)
Qs Quaternarg surficial deposits, undifferentiated 107 366 1.61
Quaternary and Upper Tertiary (Pliocede)
QTcr  deposits associated with carbonate reefsandr 5 675 1.36
complexes

Pliocene (Tertiary) to Miocedecalcarenite,
biocalcarenite, limestone, and marl

Tcc* Pliocene to Mioceorie continental clastic rocks 1 401 1.61
Tertiary to the Miocen& mixed clastic and

Tca 74 455 1.37

Tmee carbonate rocks 21 435 1.46 21 435 1.46

Tml T_ertiary Middle Miocene to the Middle Eoceéne 57 539 129
Limestone
Late Cretaceous, Maastrichtian to Santodian

Klimv  basalt, pillowed and nonpillowed flows, breccia 13 280 1.23
and tuff

Kcr* Cretaceous peri@Limestone and chert 2 261 1.61

*The arithmetic means, and the maximum standard deviation were used (data were obtained from
GeoTech Map).

The average ¥kofor each geologic unit was obtained along with the standard deviation,
assuming a lognormal distribution following Wills and Clahan (2006) and Parker et al. (2017) (see
Table 41). When the sample size allowed for a normality check, this assumption was verified. For
smaller sample sizes (i.e., for Tcc and Kcr), the arithmetic average of avaiigbl@Mes in those
groups was used instead. Moreover, the maximum standard deviation measured among all
geologic units was assumed for Tcc and Kcr as showabie 41. Because of limited information
about the geologic classification (i.e, a wide range of composition covering a large geologic period
per unit), there was not enough similarity in composition and geologic age to confidently borrow
standard deviations fromlagr geologic units (e.g., following Li et al., 2022). As a result, assigning

the maximum standard deviation obtained from the measured data (i.e., aof 1.61 m/s)
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corresponding to other geologic units to those with scarce data was deemed a more reasonable and
conservative assumption. The quaternary surficial deposits in this study have a -grecledy

average ¥so(i.e.," in Table 41) that is within the reported range for Quaternary alluvium

deposits by similar studies (e.g., Parker et al., 2017 PE® m/s]; Thompson et al., 2014 [145
649 m/s]; Wills and Clahan, 2006 [I588 m/s]; Zalachoris et al., 2017 [3&32 m/s]; and Li et
al., 2022 [210436 m/s]). The geology informedsy map was compared with the topographic

slope based proxy map for this study.

After determining the geologynformed Vs3o values shown iTable 41, the available
measured ¥z values were incorporated into a geostatistical approach to capture the spatial
variation of this site term in Les Cayes and RarPrince. We provide the spatiariability of
Vs3oin PortauPrince because of the high concentration of measugggirythat area and its
significance, as evidenced by damages documented in the 2010 Haiti earthquake. In this study, we
use kriging, a geostatistical interpolation approach that quantifies the spatial correlation structure
of the data and determines thedgicted values for locations with no observations or measurements

within the study area. This method can be described as follows (Goovaerts, 1997):

o 6 “o ‘6 (4.1)

in which Z() is the value at sampled locations)( Z(y;) is the interpolated value at unsampled
locations ) , uj)asithé weight assigned at each location withrtineeasurements of éj, and

the mean value of Z at sampladd unsampled locations areufi@nd p(i), respectively. In this
study, we followed this general approach by implementing kriging with an external drift, as
described by Thompson et al. (2014) ancetal. (2022)Kriging with an external drift varies

from kriging with a trendin which p(u;) depends on it)s spatial location); as the former performs

105



the regression for the trend separately of the interpolation and subsequently, it is fitted to the
trendd s r e(Bhompsba ét al., 2014). For the interpolation simple kriging (SK) is applied, as

it a u(y;) is a known constant as opposed to ordinary krigigch assumepg(y;) is an unknown
constantln this, study we have defined the  as our known constant. First, the normalized
residuals I(n) assuming a lognormal distribution (e.g., Foster et al., 2019) at each location with a

measured ¥ (w ) value were calculated to account for thedéstimated from geologic data

(@ ¢ in Table 41) as follows:
‘ ) I Tw
| (4.2)
in which,, is the standard deviation of In§y) based on geology. Then SK was performed

on those normalized residuals, and the interpolated normalized residuais gn unsampled
location is the weighted summation of the normalized residuals at tipdesbliocations. To obtain

ther; at unsampled locations, a grid within the area with spacings of 500 m was generated for
Haiti, and the ¥3pgeologic proxy was assigned at each location. Based on Thompson et al. (2014),
the Whittleé Matern semivariogram model is usedfit the data, which is given by:

a0 o
Sy 2 (43)
W W

inwhichhi s the separation dis%andeé ebetawdemmalt Ise |ty
function,v is the shape parameter; is the modified Bessel function of the second kind of order
vvai s the range parameter, and U is the nugge

interpolating the trend0qs rinsusedta dbiaintbednterpelaed d u a |

Vs30(w ) at each unsampled location in the gridded area as follows:
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values at the same locations from the USGS topographic slope ipaegd ¢so,

Aogb

(44)

In Figure 47, the availablen situ Vs3o measurements in Haiti are plotted versus teg V

proxy Vssousing the values presentedTliable 41a n d

data (equation .4). The baselO logarithmic sample standard deviation (s) for each case is

Ha i

ti

0s

Hai t issdbasedon thegireegratéd

presented in the upper left corner of each ftayre 47), following Thompson et al. (2014) and

Li et al. (2022). Thompson et al. (2014) obtained s values of 0.06 for their regi&sgioig map

at full resolution, and an s value of 0.11 corresponding to the gebkxpsd map originally

provided by Wills and @han (2006). Li et al. (2022) reported 0.21 and 0.15 for their kreysd

geologyinformed Vs3o values, respectively. Our kriged values also result in a reduction of

geo

variability, as seen in the previous studies. In relation to the aforementioned previous studies, our

s values corresponding to krigedayare larger than those from Thompson et al. (2014) yet lower

than those from Li et al. (2022). The comparison preseimFigure 47 demonstrates theenefits

in pursuing more extensive and robust subsurface characterization in the region.
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Figure 4.7. Plots of measuredddovalues versus (a) U.S. Geological Survey (USGS) topographic
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Figure 47a shows scatter that is consistent with that reported by Thompson et al. (2014;
though their s values were smaller). Topografsihope proxybased ézovalues (Wald and Allen,
2007) are particularly valuable in regions with scarce subsurface characterization like Haiti.
Geologyinformed Vszovalues inFigure 47b show more scatter than their counterpartSigure
4.7a. This distribution is due to the lack of evenly distributesiovneasurements at some of the
identified geologic units and the possible presence of outliers that cannot be rigorously identified
due to the limited data available. For instance, some geologic units were represented by as few as
one \s30 measurement, as shownTable 41. Furthermore, a few measurements ggovere
discarded, because these points were erroneously plotted in water bodies. This limitation can be
addressed in the future by using a more detailed geologic map and more in situ measurements
within all geologic units in HaitiFigure 47c presents how the &4 values extracted from the
kriged analysis are in better agreement with the measurgaalues (as evidenced by the smallest
s value). This result was expected as the in sitgrdeasurements were incorporated in the kriging
analysis as well as the geolebgised ¥30 at the unsampled locations grid, which means that s
values could be artificially low in this case, because the model was trained and tested on the same
dataset. Unfortunately, at the time of completion of this work, the scarce amousdataMn the
region did not allow for separate training and validation sets. In the future, topographic slope
proxybased ¥so will be further integrated into the geospatial approach to investigate potential
additionalimprovements in the reduction of the variability inieated \&30in the study regions.

Figure 48 presents the PeaurPr i nce and Les Cayesb6 spatial
V3o values Figure 48a,b), the USGS topographic slope prdogsed ¥zo (Figure 48c,d), the
ratio between the resulting kriged and topographic slope graggd \¢zosurfacesFigure 48e,f),

and the standard deviation associated to the krigaghvelues Figure 48,h). The kriged spatial
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distribution integrating the measuredayvalues and the geologyased éz3ofor both the regions
is presented within the maps overlaid by the locations with measugteh Vigure 48a, b. The
estimated and measuredsay values are grouped based on the National Earthquake Hazards
Reduction Program (NEHRP) site classification. The legend corresponding to locations classified
as site class B (i.e.,s¥obetween 760 and 1500 m&)owsthe actual maximum $4ovalue (e.g.,
kriged Vs3zoonly reach the maximum value of 910.3 m/s).

Integrating the available in situsyb measurements and the geoldmpsed é¢30 using
kriging has shown an improvement in subsurface characterization, as deiguri 47¢c and
Figure 48a,b. The capital city of PoruPrince provided another evaluation of the effectiveness
of the integration of W3 values from the geology, in situ measurements, and geospatial
approaches. Figure 8a,c shows higher valuessgffkom the USGS slopbased ésocompared
to the kriged ézo spatial distribution in the southern part of PamtPrince. It must be noted that
there is a lack of measured3ddata in that specific region, which highlights the importance of
more subsurface characterization in that area. On the other hand, the kigadp/of Les Cayes
captures in more detail how the area is mostly withiNEHRP site class D (18860 m/s),
especially near the coagtigure 48b,d). This is consistent with the significant damage observed
after the 2021 Nippes earthquake, particularly in Les Cayes, where sand boils were found in
multiple locations close to structures that suffered considerable damage and even collapsed (Dashti

et al, 2022).
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Figure 4.8. Portau-Prince (left) and Les Cayes (right) with mapped spatial distributions of (a,b)
kriged Vs3o, (c,d) USGS topographic slope prebgsed é¢so (e,f) ratio between the kriged and
USGStopographic slopethiased ¥¢somaps, and (g,h) standard deviation associated to the kriged

Vs3omap.
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The ratio between the krigeds) and USGS topographic slope prebgsed ézo
distributions is shown ifrigure 48e,f to illustrate the differences more clearly. Higher ratios
(presented in dark red) represent areas where the kriges Yiigher than the USGS topographic
slope proxybased ¥z whereas lower ratios shown in lighter shades represent lower kriged V
values. The differences could correspond to inherent limitations in jma@sgd approaches, the
limited Vs3zo measured values in the region, and potential bias in the data. For example, the
differences in resolution of the kriged and USGS topographic slope-pemad \¢3ovalues can
contribute to the observed differences. The USGS topographic slope proxy map has ac30 arcse
(D900 m spacing) resolution. Although our krigegsdfmap was created using a 500 m spacing
grid to capture the variability of the locations with measured values as much as possible. The
previous studies in locations with more robust data available (e.g., California and Texas) have used
resolution grids of &rcsec P90 m; Thompson et al., 2014) and even 1 km (Li et al., 2022). In
addition, the é3ogeologic proxy values were obtained based on a 1:500,000gsEyic map
(Wilson et al., 2019). The use of a higher resolution geologic map can certainlyentpe
estimation of the geologlyased estimates.

Although the spatial distribution shownkigure 48g , h depi cts the stand
associated with the kridgedsy based on the standard deviations per geologic unit and the
uncertainty from the kriging analysis. As expected, adjacent to the locations with measyred V
values (shown by the black hollow circles), the uncertainties from the interpolation method
decrease. For the remaining places distant from the locations with measysedlVes, the

di stribution of 0 tends to the distribution o

Figure4 6.
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4.7 Site effects

A complete grounamotion characterization must include source, path, and site
contributions to the amplitude, frequency content, and duration of the records of interest. In this
study, we focus on investigating the role of local site conditions on thaateastics of recorded
ground motions. Based on our characterization of theswegéaice geologic conditions in Pt
Prince (Figure 48b), the geologyinformed, kriged 3o value at AY.NQUSE is 476 m/s.
Insufficient data near ANR50D4 did not allow for the computation of krigedsWalues, but the
topographic slopé&ased proxy at that location is 475 m/s (Dashti et al., 2022). Because of the lack
of reference rock motions and limited subsurface information at recording stations, comparative
analyses between the mainshock and avalgbbund motions from aftershocks recorded at the
same station as well as singl@ation methodologies are implemented herein. The latter include
the analysis of horizontab-vertical spectral ratiofHVSRs; Nakamura, 1989) based on
earthquake ground motions at the stations that recorded the mainshock and the largest magnitude
aftershocks. The absence of measuregrdfiles at sites of interest limits the investigation of site
effects via numerical site response analysis. However, the applications of HVSR provides a cost
effective approach to extract site specific information, such as the site predominant fréasncy
et al., 2020; Zhu et al., 2020; Wang et 2022). After implementing signal pragsing protocols
(i.e., gmprocess) on available records from 14 August 2021 until 28 August 2021, there were only
two aftershocks for which the corresponding records had sigimadise ratio (SNR) larger than
3.0 over the frequency range between 0.1 an#iA@t AY.NQUSE. No ground motions from
aftershocks recorded at AM.R50D4 had SNR larger than 3.0 between 0.1 and 10 HZ. Hence, we

only evaluate potential site effects at station AY.NQUSE by comparing HVSRs (i.e., computed
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with the entire time series per record) from the mainshock and the two afterbsiscks Table

4.2.

Table 42. Characteristics of the ground motions recorded from the 2021 mainshock and

corresponding aftershocks at AY.NQUSE

Earthquake Lat./ Focal Epicentral
Time (UTC) : . Magnitude Backazimuth P PGARrotpso  PGVRoTDs0
Lon. Depth Magnitude o Distance
(yyyy/mm/dd  ~ Type © (9%) (cm/s)
. © (km) (km)
hh:mm)
18.43/
2021/,08/14 - 10.00 7.2 *M 260.92 131.11 2.78 4.82
12:29
73.48
18.56/
2021/08/14 """ 4343 40 M 270.00 158.63 0.09 0.06
12:45
73.75
18.40/
2021/08/15 7T g 45 58 My 264.89 195.38 0.19 0.30
03:20 24.09

*Mww indicates generic seismic moment magnitude

**M p indicates body wave magnitude

Table 42 provides the focal depths, magnitude, and magnitude types for each one of these
events. In additionTable 42 presentghe corresponding location of the epicenter of each event,
epicentral distance, as well as the RGfsoand PG\kotpse The aftershock that occurred on 15
August 2021 with a magnitude of 5.8 was the largest aftershock of the 2021 Nippes earthquake
(Calais et al., 2022).

Values of HVSRs are computed based on the Fourier amplitude spectrum (FAS) of
observed ground motions, which warevhich FAS; geois the geometric mean of the two recorded
horizontal components smoothed FAS, and &&3he smoothed FAS for the vertical component.
Figure 49a shows the HVSR for the three ground motions recorded at AY.NQUSE. The black,
solid line depicts the HVSR values corresponding to the mainshock withd?&shof 272 cm/<,

and the red dashed line represents the laaftsshock with PGAotpsoof 1.9 cnvs’. The gray
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line corresponds to the aftershock with RG#bso of 0.9 cm/s. Figure 49a shows clear peaks

from the mainshock and the two aftershocks at around 0.3 Hz, which could be explained by site
effects. An additional peak is observed at 0.16 Hz in the HVSRs corresponding to the mainshock
that is not present in the aftershocks. This nlag@®n may suggest that the peak at 0.16 Hz results
from a source characteristic rather than a site effect. Peaks at higher frequencies are generally less
reliable, but the coincidence of peaks among the mainshock and aftershock at higher frequencies

(asshown inFigure 49a)is also indicative of potential site effects due to reaface sediments.

(@)

10* ~
fo=0.311 Mainshock,
= PGArotD50 = 27.2 cm/s?, M,, 7.2
Aftershock,
A

PGArotD50 = 0.9 cm/s2, M, = 4.0
The largest aftershock,
PGArotD50 = 1.9 cm/s?, M,, 5.8

HVSR FAS

—— EW component (Mainshock; M,, 7.2)
10734 ==+ NS component (Mainshock; M,, 7.2)
—— EW component (Aftershock; M, = 4.0)

D

—=- NS component (Aftershock; M, = 4.0)
107* 3§ —— EW component (Aftershock; M,, 5.8)
===+ NS component (Aftershock; M,, 5.8)

107! ag° 10! 107t 10° 10!
Frequency (Hz) Periods (sec)

Figure 4.9. (a) Horizontalto-vertical spectral ratio (HVSR) and (b) 58amped response spectra

of the EW and NS components of the mainshock and two aftershocks recorded at the AY.NQUSE.

To further investigate the site response at AY.NQUSE, thal&ftped response spectra
for the mainshock and two aftershocks are calculated and comp&igdri@ 49bin logi log scale.
The EW and NS componentsdé spectral accel erat.i
which may suggest a source contribution to the polarization observed in the ground motions from
the mainshock. The amplitudes of the resporsetsa reflect very different ground shaking

intensities as a result of let@-moderate magnitude aftershocks considered in this study. Hence,
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