
 

 

ABSTRACT 

LORENZO-VELÁZQUEZ, CRISTINA. Integrating Effects of Local Soil Conditions into System-

Level Assessments of Civil Infrastructure. (Under the direction of Dr. Ashly Cabas). 

 

Local soil conditions influence earthquake-induced 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 system-level analytical 

frameworks fail 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 infrastructure systems 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 seismic hazards, 

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 correlated. 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 state-of-the-art in seismic hazard 

assessments of system-level infrastructure by quantifying the spatial correlation in local soil 

conditions and its influence on spatially variable ground motions. First, 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 2021 Mw 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 

data-rich and data-scarce regions in the context of the evaluation of spatial correlations. Lastly, a 

region where both advanced parameterizations of site response that capture site effects and GM 

IMs from multiple events were widely available (i.e., Japan) was investigated to 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 remove the effects of attenuation with distance and further 

examine the correlation of the IMs at different periods of interest. Also, we investigated the effects 

of spatiotemporal variation of site terms and soil nonlinearity on GM IMs following a strong 

ground shaking.  

Overall, this work shows that the spatial distribution of GM IMs is affected by the variation 

of geology and topographic conditions captured by site parameters. Additionally, the correlation 

length of the studied site parameters is affected by the inherent limitations of available measured 

data and the uncertainties of proxy-based approaches, especially in capturing spatial variation of 

subsurface conditions in the field. This study highlights the importance of integrating site effects 

into system-level seismic hazard assessments, 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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 INTRODUCTION  

 

 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 of soft sediments, while their 

frequency content and duration can also change (i.e., site effects) as shown in Figure 1.1. Such site 

effects that change the ground motion intensity may result in pipeline deformation (Psyrras and 

Sextos 2018) and eventually disruption of service (e.g., Figure 1.1). 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 and geotechnical failure mechanisms (OôRourke 

2010) subject geographically distributed systems 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 fires due to 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 system-level seismic hazard assessment of civil infrastructure 

must overcome non-trivial limitations such as capturing the spatial variation of local soil 

conditions, modeling nonlinear soil behavior, and implementing multi-site probabilistic 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). The spatial variability of GMs is a complex function of source, path, and 

site effects (Figure 1.1). 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 network-based 

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

on a pipelineôs seismic vulnerability is rarely quantified (Yoon et al., 2020). Pitilakis et al. (2006) 
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highlighted that an advanced framework for pipelines should consider the effects of the spatial 

distribution of GMs. 

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

Earthquake-prone 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 infrastructure 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 to the impairment of water supply 

(OôRourke 2010). In San Francisco, higher horizontal accelerations were recorded at sites 

composed of Holocene Bay mud and loose fills (Campbell, 1991). Additionally, strong ground 

shaking in soft soils triggered liquefaction in the Marina area, highlighting a consistent relationship 

between soil liquefaction and damage to lifelines (OôRourke et al., 1990). Consequently, effects 

related to pipeline failure included: fires due to gas leakage, closure of access routes due to failure 

of infrastructures, and broken water pipelines, preventing first respondersô access to water during 

emergencies.  

The 1989 Loma Prieta earthquake also illustrates the influence of site effects on ground 

motions at nearby locations such as Yerba Buena Island and Treasure Island. Both are 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) and is relatively flat. Despite their proximity, the site response 
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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 2011 Mw 9.1 Tohoku earthquake (Cubrinovski et al., 2011). This 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 observed in Figure 1.2. 

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 diameter-steel 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 1.3a), 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 1.3b; Kuwata et al., 2018), with 215 locations affected by the Mw 9.1 event and 268 

locations following the Mw 7.1 aftershock on April 11, 2011. 
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Figure 1.3. Water distribution network damaged locations of (a) Sendai city after the Mw 9.1 

March 11, 2011 earthquake from Wakamatsu et al. (2016) and (b) Iwaki city after the Mw 9.1 event 

and the Mw 7 aftershock from Kuwata et al. (2018). 

Site conditions and topographic featuresô spatial distribution play an important role in GMs 

amplification triggering pipeline damage. Figure 1.4 presents the impact of the 2011 Mw 9.1 

Tohoku earthquake on water supply pipelines in Sendai and Iwaki cities (Figure 1.4a and Figure 

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). Specifically, 69% of failures occurred 

in hilly areas, and 16% on softer soil sites following the earthquake (Wakamatsu et al., 2016). 

(a) (b)
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Figure 1.4. Locations of damage to the water-supply pipeline superimposed on the engineering 

geomorphologic classification map of (a) Sendai (modified after Wakamatsu et al., 2016) and (b) 

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

Conversely, in Iwaki, 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 fans, deltas, 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 amplifies 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, and compromised 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 engineering applications. 

Geomorphologic Classification

(a) (b)
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 Current Gap 

Current seismic hazard assessments of lifelines vary in complexity, but often overlook site 

effects on the spatial variability of seismic demand. For 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 (e.g., peak ground acceleration; PGA) and the 

seismic wave velocity (Karamanos et al., 2017). Integrating these site effects into seismic hazard 

assessments of spatially distributed civil infrastructure requires quantifying site effects on a 

regional scale. This is crucial because soil condition heterogeneity can influence spatial 

correlations of GM IMs (Jayaram and Baker, 2009; Sokolov et al., 2012), and both site and path 

effects can cause event-to-event variability (Sokolov et al., 2012; Bodenmann et al., 2023). 

However, current spatial correlation models treat site effects as either a fixed amplification factor 

or randomized, but site effects are neither. Therefore, the rigorous consideration of the spatial 

correlation of local soil conditions and their influence on spatially variable GMs is essential to 

reduce uncertainties in earthquake reconnaissance efforts, regional assessments, and real-time GM 

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

 Objectives and research tasks 

The overarching goal of this study is to advance the state-of-the-art in seismic hazard 

assessments of system-level infrastructure by quantifying the spatial correlation in local soil 

conditions and its influence on spatially variable ground motions. In pursuit of this goal, the 

specific objectives of this work include: 

1. To quantify spatial correlations of site conditions and spatial correlations of ground 

motion intensity measures. [Tasks 1, 2, and 3] 

2. To quantify site effects on spatially incoherent ground motions. [Task 4] 
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3. To investigate the effects of spatio-temporal variations of site terms and soil 

nonlinearity on estimated GM IMs. [Task 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 system-level 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 evaluate spatiotemporal variations of site terms and soil nonlinear behavior, 

and their effects on estimated GM IMs.  

 Dissertation Layout 

This dissertation includes seven chapters, and an overview of each chapter is described in 

Figure 1.5 and outlined in this section. 
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Figure 1.5. Schematic illustrating the motivations behind this study and the workflow for 

achieving each objective and task. Chapters and appendices corresponding to each task are 

highlighted within gray boxes. 

CHAPTER 2 is a conference paper entitled ñAccounting for Site Effects to Improve 

Seismic Resilience for Lifelines Systemsò by Cabas, A. and Lorenzo-Velazquez, C. published 

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 3 is entitled ñGround Motion Spatial Distribution from the Mw 7.1 2018 

Anchorage, Alaska Earthquakeò. The content of this chapter was published by Cabas, A., Beyzaei, 

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

Lorenzo-Velázquez, C. in Earthquake Spectra in 2021. In this work, we estimate the spatial 
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distribution of GM IMs such as the peak ground acceleration (PGA) and pseudo-spectral 

acceleration (PSA) from the 2018 Anchorage, Alaska earthquake. Using kriging, a geostatistical 

interpolation method, we assess the spatial distribution of ground shaking across 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 frequency). This work addresses 

Task 1 and informs Objective 1 providing insights into the spatial distributions of GMs.  

CHAPTER 4 is entitled ñSpatial Distribution of Site Conditions in Les Cayes and Port au 

Prince, Haitiò. The content of this chapter was published by Cabas, A., Lorenzo-Velázquez, 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. in the Bulletin of the Seismological Society of America in 2023. 

This work investigates how the spatial distribution of site parameters, such as VS30, can inform the 

site response in a given region of interest. A data-scarce region was selected (i.e., Les Cayes), and 

the appropriateness of geospatial interpolation schemes was tested. Additionally, a new VS30 map 

was developed for Les Cayes and Port-au-Prince in Haiti, integrating geology proxy-based VS30 

values with VS30 measurements available in those regions. This work addresses Task 2 and 

contributes to Objective 1 by examining the spatial distribution of site conditions across two 

regions in Haiti. Additionally, Appendix A and Appendix B (Cabas et al., 2022; Garcia et al., 

2022) presents preliminary findings that follow the Geotechnical Earthquake Reconnaissance 

(GEER) team's efforts and precede the analysis detailed in Cabas et al. (2023).  

CHAPTER 5 is a conference paper entitled ñAssessment of Spatial Variability of Site 

Response in Japan.ò by Lorenzo-Velazquez, C. and Cabas, A. It is included in the proceedings of 

the 4th International Conference on Performance-Based Design in Earthquake Geotechnical 
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Engineering (PBD-IV) in Beijing (2022). In this chapter, a data-rich region (i.e., Japan) was 

selected, to quantify spatial correlations and obtain the interpolated spatial distribution of site 

parameters (e.g., VS30) 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 (K-NET) stations (NIED, 2019). 

This work addresses Task 3 by analyzing the spatial correlations of site parameters in Japan, thus 

contributing to Objective 1 and establishing a foundation for Objective 2. 

CHAPTER 6 is entitled ñEffects of Spatio-Temporal Variations of Site Conditions Spatial 

Correlations in Ground Motionsò by Lorenzo-Velazquez, C. and Cabas, A. This chapter will be 

submitted for revision to Earthquake Spectra, evaluates the spatial correlations of site parameters 

at KiK-net stations and compares them to the observed spatial correlation of the residuals from 

GM IMs. The study investigates the implications of using measured or proxy-based site terms in 

GMMs and the effects of spatio-temporal variations of site terms on estimated GM IMs. This work 

addresses Tasks 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 data. Additionally, Appendix C and 

Appendix D present preliminary work (Lorenzo-Velázquez, C. and Cabas, C., 2024) and 

additional material 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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 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 2022: 1971 San Fernando Earthquake and Lifeline 

Infrastructure Conference (ISBN: 9780784484432): 

Cabas, A. and Lorenzo-Velázquez, C. (2022). Accounting for Site Effects to Improve Seismic 

Hazard Resilience for Lifeline Systems. In ASCE Lifelines 2022. DOI: 

10.1061/9780784484449.018 

 

 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. Seismic hazard 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 transient seismic 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. More specifically, we review available methods to consider the effects of local soil 

conditions on the seismic demands of pipelines, soil-pipe interaction, spatial variability in soils, 

and ground motion directionality. First, we summarize relevant observations from 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 

quantification of site effects and the network response on a broader regional scale. Areas of future 

https://doi.org/10.1061/9780784484449.018
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research are identified as potential paths toward improved resiliency of pipelines to seismic 

hazards 

 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 transmission and/or 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 provide 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, which exposes them 

to varying ground responses and geotechnical failure mechanisms (OôRourke, 2010).  

The estimation of losses and the development of post-earthquake mitigation strategies and 

policies for lifelines require an inventory of elements at risk, seismic hazard assessments, fragility 

models, and restoration models (Mouroux and Le Brun, 2006). 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 pipelines are the transient wave action, the permanent ground deformation, and 

soil-pipe interaction (Hays, 1987; Pitilakis et al., 2006; ALA, 2005). Subsurface conditions 

influence earthquake-induced 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 local soil 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 conditions (Figure 2.1). 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 stations, and the gradual reduction in their coherency (because of scattering effects in 

heterogeneous media; Psyrras and Sextos, 2018).   

 

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 a focus on the 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. Then, state-of-the-

practice approaches to account for site 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 and limitations of 
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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 network-based approaches are also discussed in the context of their limitations 

in accounting for site effects.  

 

 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 (VS) 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 basins, and horizontal variations of 

VS. As depicted in Figure 2.1, the presence of soft sediments overlying hard bedrock along the 

route of a buried pipeline can result in amplified GMs with a higher damage potential for certain 

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 the importance of site effectsô contribution to 

strong GMs, as local geologic conditions can induce amplification of seismic waves. Extreme 

cyclic loading coupled with secondary geohazards responsible for permanent ground 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 of lifelines 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 

observations from past earthquakes based on the role of site effects in transient wave action-related 

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 resulted in 300 

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 area (Cloud 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 resulted in gas 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 

(OôRourke, 2010). Sites underlain by Holocene Bay mud and loose fills in San Francisco recorded 

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 between soil liquefaction, and damages to lifelines (OôRourke et al., 

1990). Large transient shear strains and long-period displacements were found to be responsible 

for the damages to the water distribution systems in the Marina area (OôRourke, 1996), and there 

was no water pressure from either the main water system, or the backup water system (ALA, 2005). 

Cascading effects related to pipeline failure included: leaked gas producing fires, firefighters 

lacking access routes as various bridges closed, and broken water pipelines 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 
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the time of that earthquake (ALA, 2005). The same favorable weather condition (i.e., almost no 

wind) limited fire-related damages at the time of the 1994 Northridge earthquake (ALA, 2005). 

The latter inflicted substantial damage to Los Angelesô water supply system, where poor 

performance correlated with high ground shaking intensity. Buried transmission and trunk lines 

had damages caused by transient GM, and the characteristics of the pipeline joints (OôRourke, 

1996).  

Major recent seismic events such as the 2011 Tohoku earthquake and the 2010-2011 

Canterbury Sequence (Cubrinovski et al., 2011), also provided illustrations of seismic damage to 

pipelines. The 2011 Mw 9.0 Tohoku earthquake resulted in a suspension of the water supply to 

2,300,000 households in the Tohoku and Kanto regions. A 4,458-km water 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 (Wakamatsu et al., 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 2.2).  

Figure 2.2 shows a map locating reported pipelinesô repairs in Sendai City in the context 

of subsurface conditions classified via the Japan Engineering Geomorphologic Classification Map 

for the region. The number of pipeline failures observed in Japanese hills (i.e., 69%) after the 2011 

Tohoku earthquake is unprecedented and comparatively higher than the amount of damage 

observed at softer soil sites (i.e., 16%; Wakamatsu et al., 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 volcanic pumice flow deposit overlying Neocene sedimentary or volcanic 

bedrock and fills composed of volcanic pumice flow deposited in the valleys (Wakamatsu et al., 
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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 between cuts and fills, regardless of the 

pipe's material and diameter had the most significant damages followed by those located at filled 

sites (Wakamatsu et al., 2016). Softer soil sites where damage was reported included areas with 

gravelly terraces, deltas and coastal lowlands, alluvial fans, and back marsh (Matsuhashi et al., 

2014; Wakamatsu et 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 lifeline systemsô performance.  

 

Figure 2.2. Locations of pipe repairs (dots) and water distribution pipes (black lines) on the Japan 

Engineering Geomorphologic Classification Map (modified after Wakamatsu et al., 2016). DIP - 

ductile cast iron; SP - steel; VP - vinyl chloride; LP - lead; PP - Polyethylene; GP - galvanized iron 

plating. 
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 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 liquefaction-induced lateral spreading) 

from different perspectives. Component versus network performance has been 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 (Tsinidis et al., 2019). 

OôRourke (2010) described efforts on the component side using prototype-scale 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 U.S. to identify 

potential locations of ground failure (OôRourke, 2010). Efforts in Europe and New Zealand have 

been oriented toward the development of a multi-level assessment approach of vulnerability 

indexes for lifelines based on the vulnerability of specific components exposed to seismic risk 

(Pitilakis et al., 2006). 

Geotechnical and engineering seismology aspects related to pipelinesô performance during 

earthquakes have also been investigated. Damage patterns observed after past earthquakes have 

shown that the performance of buried pipelines is a function of induced strains in 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 performance (OôRourke and Liu, 1999; Hashash et al., 2001; 

Tsinidis et 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 post-liquefaction consolidation have been studied 
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extensively (e.g., OôRourke and Palmer, 1996; Chen et al., 2002, among others), while transient 

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 the pipeline alignment. Their characterization is also complex and involves large 

uncertainties. Additionally, non-negligible transient ground strains may still result at the boundary 

between different soil layers (ALA, 2005; Psyrras and Sextos, 2018; Tsinidis et al., 2019), so their 

effects on pipelinesô performance may be significant for cases where the pipeline alignment 

crosses highly heterogeneous/variable subsurface conditions (Pitilakis et al., 2006). Other 

phenomena of interest include soil-pipe 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 industry-based guidelines for 

water distribution systems (JWWA, 1997). The document presented different performance levels 

for key joint parameters, such as expansion/contraction, slip-out resistance, and the deflection 

angle (Wham et al., 2017). The Seismic Guidelines for Water Pipelines by the American Lifelines 

Alliance (ALA, 2005) use a performance-based method to improve the functionality and operation 

of the pipeline network of interest during and 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 GM intensity measures (IMs; Tsinidis et 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 should be simple 

but efficient (Tsinidis et al., 2019). Such frameworks should present a holistic approach capable 



24 

of supporting informed decision-making towards improved resiliency of the system (Psyrras and 

Sextos, 2018). The incorporation of site effects constitutes one step toward those goals.  

 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 overcome non-trivial limitations in 

areas such as spatial variation of local soil conditions, modeling of nonlinear soil behavior, and 

the implementation of multi-site probabilistic analyses along the pipeline alignment. When it 

comes to large, distributed infrastructure, 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 the pipelineôs axis is fundamentally a 

function of source, path, and site effects (Figure 2.1) 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 network-based design 

approaches, but the influence of the spatial variation of site effects on the pipelineôs seismic 

vulnerability is rarely quantified (Yoon et 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 

response analyses. The need to incorporate variable site effects in assessments of seismic hazards 

to lifelines has also been highlighted in 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 ground-motion time histories (Jayaram and Baker, 2009). More specifically, spatial 
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incoherence may be caused by wave-passage effects, extended seismic source effects, ray-path 

effects due to heterogeneities along the travel path, wave scattering, subsurface conditions, and 

topographic features (Hashash et al., 2001; Psyrras et al., 2019). The reduction of coherency by 

wave scattering is greater for high-frequency waves, which have short wavelengths and 

consequently are more affected by small-scale heterogeneities in the propagation path (Der 

Kiureghian, 1996). Thus, long period waves tend to be more coherent (Zerva and Zervas, 2002). 

The implications of spatially variable GMs depend on the properties of the GM and the structural 

characteristics of the pipeline (Zerva et al., 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 (Eskandari et al., 2017), as 

subsurface conditions and topographic features can vary more significantly across large spatial 

scales (Wakamatsu et al., 2016; Kuwata et al., 2018). Ground motion models (GMMs) have been 

used to infer spatial correlations among predicted GM IMs (e.g., Jayaram and Baker, 2008), 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 Sextos, 2018). This soil-pipe 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 the different 

dynamic responses of such medium. Additionally, 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 lead to damage to the pipeline (Psyrras 

and Sextos, 2018; Psyrras et al., 2019). 

The Seismic Guidelines for Water Pipelines by the American Lifelines Alliance 

recommends that ña geotechnical evaluation of the seismic hazards such as liquefaction, landslide, 

lateral spreading, seismic settlement, seismic wave propagation, and fault crossing for each 

geologic area along the pipeline alignment be performedò (ALA, 2005). The amplification of GM 

amplitudes due to local site conditions is accounted for by applying amplification factors from 

NHERP provisions (i.e., NHERP, 1997) to PGA and PGV values at bedrock obtained from the 

USGS probabilistic seismic hazard analysisô deaggregation results (ALA, 2005). However, the 

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., Mouroux et al., 2004; Pitilakis, 

2004), but they lack a rigorous consideration of site response, uncertainties, and their 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 of horizontal-to-vertical spectral ratios from microtremors or strong GMs 

to estimate the fundamental frequency of a site (e.g., Asimaki et al., 2020; Leyton et 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 study may not be available or consistently 

obtained. 
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Table 2.1. Approaches that incorporate site effects into pipelinesô performance-based analysis.  

Consideration of 

Site Effects 

Regional 

(R) or 

Local (L) 

Scale 

Linear (L) 

or 

Nonlinear 

(NL)  

Soil 

Behavior 

Site effects 

proxy 

Ergodic (E) 

or 

Nonergodic 

(NE) 

Component 

(C) or 

Network (N) 

approach 

Computationally 

intensive 

Large 

database 

required/ 

empirical 

Analytical 

approach 

Spatial 

variability 

of soils 

References 

Chart Method L NL*  

Fa, Fv from 

NEHRP 

1997 

E C    X ALA, 2005 

Equivalent 

Static Method 
L  **eg=PGV/c E C    X ALA, 2005 

Finite Element 

Method***  
L L or NL 

Constitutive 

model 
E C X    ALA, 2005 

Soil-pipe 

interaction 

models 

L L or NL 
Soil spring 

relationships 
 C    X 

Table 1 in 

Psyrras and 

Sextos 

(2018) 

Microzonation R L HVSR N N  X X  
Pitilakis, 

2007 

Site term in 

GMMs 
R L or NL 

VS30, Z1.0, 

Z2.5 
E or NE N  X X  

Shahi and 

Baker (2014) 

ID site 

respsonse 

models 

L L or NL 
Amplification 

factors 
NE C X X X X 

Paolucci and 

Pitilakis, 

2007; 

Psyrras and 

Sextos, 

2018;  

Yoon et al. 

2020 

*nonlinear soil 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 c = seismic propagation speed in the soil at the pipe location. 

***used in practice only for very important pipelines (i.e., Function Class III and VI after ALA, 2005) 

Fa and Fv: amplification factors in the NEHRP provisions; 

Z1.0  and Z2.5:  site parameters that refer to the depth to a layer with VS of 1.0 km/s or 2.5 km/s 
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Table 2.1 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 depends on the 

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 include large-scale 

3D analyses of soil-pipe interaction with potential geometric nonlinearities, 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, 2018). However, 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 analysis, 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. In those cases, the soil is modeled by lateral and axial springs 

with nonlinear soil force-deformation 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 (Tsinidis et al., 2019; 

Yoon et al., 2020). Previous research efforts have focused on the quantification of peak ground 

strains, Ůg, from ground displacement time histories along the axis of the pipe (e.g., Pineda-Porras 

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. Alternatively, values of Ůg from simplified expressions based on PGV and wave 

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 (Tsinidis et al., 2019). Shear waves 

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

control far-field conditions. 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 

evaluation of Ůg even for relatively uniform subsurface conditions. Likewise, a weaker correlation 

between Ůg and PGV has 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 soil-pipe interaction model where the soil was considered 

to be either homogeneous or composed of two different layers. ñA major conclusion was that body 

waves travelling along a pipeline laid through two different soils cause peak axial and bending 

stresses near the boundary of the two media, and are larger than the ones in the homogeneous 

case.ò (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 time frame for analysis (Rodriguez-

Marek et al., 2014). Partially nonergodic and fully nonergodic models have been proposed in 

recent years (e.g., Kotha et al., 2016, Baltay et al., 2017, Kuehn et al., 2019). Although quite 

complex, these advancements show promise of an upcoming new leap in the assessment of seismic 
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hazards to large, distributed infrastructure 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 also include 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 studies would directly address the 

spatial variability of soils along the pipelineôs alignment (unless values of Ůg are estimated along 

the pipeôs axis). Only one nonergodic GMM with spatially varying coefficients has been proposed 

to date (Landwehr et 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 

distribution of seismic hazards at multiple sites of interest along the pipelineôs alignment (Paolucci 

and Pitilakis, 2007). However, such a massive numerical undertaking requires 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. 

 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; Hashash et al., 2001), make simplifying assumptions regarding GM IMs 

(e.g., peak ground acceleration and velocity) and the velocity of the seismic wave (Karamanos et 

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 (Karamanos et al., 2017; ALA, 2005; O'Rourke 

and El Hamadi, 1988). In cases where Rayleigh 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 broad regional 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 conditions. The dynamic 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 pseudo-static procedure to calculate the longitudinal 

strain in pipelines caused by transient loading considering the influence of the incident plane, 

transient characteristics of the wave, bi-directional seismic loads, and nonlinear soil behavior. 

Assuming a coherent seismic demand is truly problematic for assessment of vulnerabilities 

of pipelines because it can greatly underestimate the pipelineôs response in near-source regions 

(Zerva, 1993). Additionally, the pipelineôs seismic response is directionally dependent (Zerva, 

1993), which means that its performance is a function of the angle between the pipeline axis and 

azimuth associated with the ray path (Psyrras and Sextos, 2018). The pipelineôs performance 

during earthquakes has also been found to be affected by the frequency content and the attenuation 

of GMs in the direction along the pipelineôs alignment (Zerva, 1993). However, state-of-the-

practice approaches do not explicitly consider GM directionality effects (e.g., Ramos-Sepulveda 

and Cabas, 2021). 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). 

 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 pipeôs axis. Available analytical, empirical, and numerical methods to account for site 

effects were compared, while highlighting the importance of soil-pipe interaction, spatial 

variability in soils, and ground motion directionality. Advances in ground motion modeling were 

identified as a promising new direction for assessments 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 systematic data 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 because ñthe damage of one over-ground structure is generally restricted to that 

structure alone, but the damage at a certain location within a network of pipelines will affect other 

portions of the systemò (Datta, 1999). Likewise, the determination of performance goals or damage 

levels should also provide more 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., 

Tsinidis et al., 2019). The use of large-scale scheme to account for spatially variable subsurface 

conditions should also be explored in future research efforts, including GIS-based systems to map 

damage and restoration effortsò (ALA, 2005). Unresolved issues involving spatial variability 

include its physical modeling and its use in simplified design recommendations for all extended 

structures (Zerva and Zervas, 2002).
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 Abstract 

The 2018 Mw 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 environment. This 

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 sediment ejecta), 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. 

 Introduction  

The 2018 Mw 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 1994 Mw 6.7 Northridge earthquake and the 2001 Mw 6.8 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 that adhere to design procedures outlined in the 2012 Universal Building Code 

(International Code Council (ICC), 2012). The city is underlain by post-glacial deposits, including 

sensitive clays, liquefiable soils, 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 engineering 

significance. In addition, the proximity of densely populated areas in Alaska (e.g., Anchorage and 

Wasilla) to the epicenter (Figure 3.1) 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 

2002 Mw 7.9 Denali earthquake (West et al., 2019). 

The National Earthquake Information Center (NEIC, 2018) located the earthquake 

epicenter at 61.346 latitude and -149.955 longitude, approximately 12 km north of downtown 

Anchorage. The epicenter is situated within the northeastern part of the AlaskaïAleutian 

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 part of the subducting plate and it was 

characterized by normal displacement on a north striking plane, with a seismic moment release of 

4.3*1019 dyne-cm (Liu et al., 2019; NEIC, 2018). This seismic event cannot be considered 

exceptional when framed within the regional seismotectonics as large magnitude earthquakes (i.e., 

Mw 7 and greater) occur approximately every other year on the AlaskaïAleutian subduction zone 

interface (West et al., 2019).  



42 

 

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 map after Wilson et al. (2012) are 

provided as follows: Qaf ï Alluvial fan deposits; Qat ï Alluvium along major rivers and in terraces; 

Qbc ï Bootlegger Cove Formation; Qd ï Eolian deposits; Qdl ï Deltaic deposits; Qes ï Estuarine 

deposits; Qgc ï Glacioalluvium; Qge ï Glacioestuarine deposits; Qgl ï Glaciolacustrine deposits; 

Qgm ï Modified glacial deposits; Qig ï Intermediate age glacial deposits; Qlc ï Landslide and 

colluvial deposits; Qsl ï Lacustrine, swamp, and fine silt deposits; Qtf ï Modern tidal flat and 

estuarine deposits; Jsch ï Greenschist and blueschist; KMn ï McHugh, 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 soils, including moderately 

sensitive clays (e.g., Bootlegger Cove clay), liquefiable soils, soft organic soils, and a seasonally 

frozen crust that is generally 15ï50 cm thick. Figure 3.1 provides information about the geological 

units underlying the Anchorage basin, which is later discussed in the context of the observed spatial 

variability of ground motions from the 2018 Alaska earthquake. Moderate-to-strong ground 

motions affected the region for approximately 12 s (Liu et al., 2019) with the highest peak ground 

accelerations (PGAs) in excess of 0.5g. Accelerations greater than 0.25g were recorded over an 

area of approximately 8000 km2 (West et al., 2019). Although ground shakingïrelated damage 

was low to moderate in the Anchorage region, partly due to the depth of the earthquake, reports of 

widespread ground failure 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 engineering firms. 

This article presents relevant geotechnical effects and lessons from the 2018 Alaska 

earthquake supported by observations and data collected during the GEER teamôs reconnaissance 

activities. Post-earthquake reconnaissance activities consisting of field mapping 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. Additional descriptions 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 identification of liquefaction triggering in the 

absence of surficial evidence (e.g., at the Fish & Game building), cyclic softening failure in organic 

soils (e.g., Vine Road), poor performance of anthropogenic fills, the satisfactory behavior of 

improved ground subjected to cyclic loading (e.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 in Figure 3.1, in addition to the recording stations that are closest to each of the study 

sites. 

 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 (NEHRP) seismic site 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 al. (2002) as shown in Figure 3.2. The proposed distributions 

of NEHRP site classes C and D were based on measurements of shear wave velocity, VS, at 36 

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 time-averaged Vs in the upper 30 m, VS30, 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 area, while glaciofluvial 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 metropolitan area of Anchorage found 

that engineering bedrock with a VS greater 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 the south-central and western 

parts, respectively (Dutta et al., 2007).  

The strong impedance contrast associated with low-velocity sediments overlying the 

metamorphic bedrock in the Anchorage basin has the potential of amplifying seismic waves. 

Previous site response studies in the region (e.g., 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 from the 2002 Mw 7.9 Denali earthquake and found that the spatial distribution of site 

amplification in Anchorage for low-frequency motions roughly corresponded to increasing depth 

to bedrock in the basin. Moschetti et al. (2020) also found that the amplification of long-period 

ground motions (with T > 0.5 s) correlated well with basin depth in the Cook Inlet region (shown 

in Figure 3.1), while the amplification of shorter period ground motions within the basin was 

depth-invariant. The spatial variation in site amplification at shorter periods can be associated with 

local variations in the near-surface geology.  



46 

 

Figure 3.2. Spatial distribution of GMs IMs and estimated fundamental site periods, T0, with site 

classes contours shown as Martirosyan et al. (2002) proposed. (a) Distribution of PGA along with 

T0 values computed in this study at selected stations, and (b) distribution of PSA at T = 3.0 s in the 

Anchorage basin with T0 computed by Martirosyan et al. (2002) at selected stations. 
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Strong ground motion records from the 2018 Mw 7.1 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 stations 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 short- and long-period accelerations (i.e., PGA, and pseudo-spectral 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, T0, at selected sites in the Anchorage metropolitan area. 

Values of T0 are used as a proxy for the depth to bedrock. Table 3.1 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 work (i.e., 8027, 8043, 8038, 2716, K211, K217, 

and K223). Table 3.1 provides the locations of selected stations, rupture distances (as reported by 

the Center for Engineering Strong Motion Data (CESMD)), and T0, VS30, 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 of VS30 listed in Table 3.1 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 strong-motion 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 2716 (i.e., sensor at the Hilton Hotel) is 

included in Table 3.1 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 3.1. Location of selected strong-motion recording stations in the Anchorage metropolitan 

area, along with their corresponding rupture distance, VS30 (when available), T0, NEHRP seismic 

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

Station 

Name 

Latitude 

(NS) 

Longitude 

(WE) 

PGA 

(g) 

PSA (g) 

(T= 3 s) 

T0 (s) 

MHVSR 

T0 (s) 

EHVSR 

VS30 

(m/s) 

NEHRP 

Class 

Rrup 

(km) 

2716a 61.219 -149.892 0.21 0.03 -b - - D 52.4 

8043a 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 -149.85 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 - 1.41 582 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 

RC01 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 

K217a 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: pseudo-spectral acceleration; MHVSR: Microtremor record 

horizontal-to-vertical spectral ratio; EHVSR: Earthquake record horizontal-to-vertical spectral 
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ratio; NEHRP: National Earthquake Hazards Reduction Program; MSE: mechanically stabilized 

earth.  aThese stations were not used to develop the maps shown in Figure 3.2. 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 horizontal-to-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 HVSR technique provides 

first-order estimates of the siteôs T0, although it underestimates the ground motion 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 over the SSR 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 guidelines developed by the SESAME project (SESAME, 2004). For HVSR based on 

earthquake records, EHVSR, either the complete (P- and S-waves) or partial (typically S-waves) 

waveform exceeding a specified signal-to-noise ratio is used (Zhu et al., 2020). The approximately 

180-s-long records from the 2018 Anchorage main shock are processed using 60-s and 180-s 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 (i.e., MHVSR analyses) used 24-h records from 

2 January 2019. These records are divided into 180-s windows for processing. For each data set 

(i.e., E and M), the Fourier spectra are computed and then smoothed using a KonnoïOhmachi 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 windows that do not produce acceptable 

results (i.e., clear peaks) are discarded. The locations of the seismic stations in Anchorage, which 

produce acceptable peaks (either from EHVSR or MHVSR) are tabulated in Table 3.1 along with 

the estimated HVSR peak period (i.e., T0).  

Figure 3.2 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 

used within a kriging operation to generate the contours shown in Figure 3.2a 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 assuming no directional trend.  

Figure 3.2a 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 glacioestuarine deposits, 

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 recorded (i.e., 

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 region (e.g., at RC01 and K215), but further 

subsurface characterization is 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 T0 as 0.36 s. This result is in reasonable agreement with previous findings at this site 

(i.e., T0 is 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 amplification compared with the record at 

NSMP8030 with a comparable rupture distance, but located at a stiffer site (see Table 1 and Figure 

2a). High complexity of basin 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 Quaternary coarse-grained 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 the western 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. High-quality subsurface characterization in the 

Anchorage metropolitan area (and more broadly in the Cook Inlet region) is essential to capture 

the variability in site response over short spatial scales due to changes in near-surface 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 1 s; Anderson et al., 1986; Asimaki 
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et al., 2020; Bard and Bouchon, 1980; Frankel et al., 2009). Moreover, recent studies of the Cook 

Inlet sedimentary basin (e.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 T0 after Martirosyan et al. (2002). Martirosyan et al. (2002) included weakmotion 

stations in their study (shown in Figure 2b as stations starting with óóAnôô). Figure 2b depicts the 

spatial distribution of PSA values at T = 3 s and estimates of T0 at 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 longer T0 values obtained by Martirosyan et al. (2002) as seen in Figure 

2b and they also agree with longer T0 estimated 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 longer-period ground motions (e.g., Moschetti et al., 2020). 

In general, Figure 3.2 shows that estimates of T0 (i.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 previous studies (Dutta et al., 2007; Moschetti et al., 2020). Notably, the 

estimated T0 value at K211 is lower and similar to their counterparts on the eastern side of the 

basin. A lower T0 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 estimated T0 and large peaks in the 

spectrum at short oscillator periods (<0.5 s), potentially confirming strong site effects at that station 



53 

(e.g., K203, K212, K215, K211, K213). Interestingly, some of the ground motion pairs in this 

group are highly polarized, and the estimated T0 from 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 conditions amplifying high-frequency motion. At other stations, T0 estimates 

coincide with oscillator periods corresponding to peaks in the spectrum, but not the largest ones 

(e.g., K209, K222, K208). In these cases, T0 estimates are longer (e.g., 1.41, 0.53, and 0.83 s at 

K209, K222, and K208, respectively). Estimates of T0 from HVSR in this study also correspond 

to small peaks in the spectrum in the longer-period range (i.e., .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 3.1, indicates the presence of modified glacial deposits and glacioestuarine deposits, 

which can help explain the potential high variability in those quaternary soil deposits. 

 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 reconnaissance (i.e., 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. Little sediment ejecta were observed by the GEER team and were limited to areas 

immediately adjacent to the footprint of several structures, suggesting that the liquefaction likely 

occurred in poorly placed anthropogenic fill. However, settlement and cracking without ejecta 

were observed at several level-ground sites, indicating possible limited liquefaction and/or seismic 

compression at those sites. Timeïfrequency 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/ï149.888) is located approximately 150 m from the strong-motion station 

NSMP 8027 (shown in Figure 3.1) 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 

surrounding property. Figure 3.3 presents a site and exploration plan superimposed upon aerial 

imagery.  

 

Figure 3.3. Fish & Game Building ï site vicinity overview showing L-shaped building and 

location of strong-motion station NSMP 8027. January 2007 borings obtained from the 

Municipality of Anchorage (MOA, 2020) Soil Boring Map. Location of NSMP 8027 obtained 

from USGS NSMP Station Map; instrument is noted to be at óóground levelôô in the Strong-Motion 

Virtual Data Center. 
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During the December 2018 field reconnaissance, the 2-story wood frame L-shaped 

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 the structure, and 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 because that 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 building (Figure 3.4), suggesting that these observed effects may have been 

limited to the subsurface beneath the building perimeter or resulted from the effects of soilï

structure interaction (e.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 mechanism that caused 

this observed damage to the structure. 

 

Figure 3.4.Settlement observed along the building perimeter at the Fish & Game Building during 

GEER field reconnaissance (modified after GEER, 2019). The red arrow in the photo 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 shown in Figure 3.3) 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 Building. These borings extended 

approximately 5 m below ground surface and included standard penetration test (SPT) N-values 

and groundwater-level readings. Subsurface conditions were logged as sand fill with varying silt 

and gravel content overlying sand and silt layers. 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 locations of borings 2030C014 and 2030C016, respectively. SPT N-values in the fill 

range from approximately 5 to 7 blows per foot (bpf), whereas SPT N-values in the natural sand 

and silt layers range from approximately 5 to 31 bpf. Plasticity indices were not available 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 site is shown in the Soil Boring Map as óóZone 3 Moderate Ground Failure 

Susceptibility.ôô 

3.4.1 Timeïfrequency analysis of ground motion station NSMP 8027 (Fish & Game building) 

Ground motion records from the NSMP 8027 station (marked as a bullseye in Figure 3.3, 

and located approximately 200 m north-west from the damaged wing of the Fish & Game 

Building) are evaluated, and timeïfrequency analyses are performed using the Stockwell transform 

to infer whether liquefaction was triggered at the Fish & Game building. Kramer 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 liquefaction. They show that if the frequency content of the motion abruptly drops at a specific 

point in time, that moment defines the timing of liquefaction triggering, due to shear-induced 

softening and reduced potential for transmission of high frequencies. As a result, if liquefaction 

initiates, the frequency 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 distinct from 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 reduction in frequency content after the arrival of S-waves 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 

unaccompanied by similar responses in the vertical component (Ozener et al., 2020). This is 

especially true in the far-field, where the vertical component of the motion mainly comprises P-

waves and some surface waves. 

Figure 3.5c and d show the amplitude-normalized 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 the S-wave 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 gradual decrease 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 indication of 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 shown in Figure 3.5a through d. 

Subsurface investigations and laboratory testing (e.g., 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). 

 

Figure 3.5.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 

(f) 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 and (h) vertical components 

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

liquefaction triggering is only clearly identified in (eïh). 

3.4.2 Timeïfrequency 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 presented in Figure 3.5g 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°/ï149.858°), 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 

horizontal NS 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 liquefaction was triggered 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 station because 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 power 

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.  

 Bearing capacity and cyclic softening failure in organic soil  

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 soils resulting in 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 3.6 demonstrates such a failure in a peat bog underlying Vine Road 

(latitude/longitude: 61.569/ï149.602) south of Wasilla, with manifestation of compression 

mounds indicating a bearing and squeezing failure beneath the embankment. During post-

earthquake reconnaissance, 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 

earthquake caused óóbulldozingôô and buckling of the fibrous sphagnum peat characterized by the 

approximately 1-m tall compression mounds (visible in Figure 3.6) that extend about 18ï20 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 occurred in the peat layer rather than liquefaction of the 

embankment fill material. A February 2014 boring log provided by Matanuska-Susitna Borough 

engineers indicates that the subsurface consists of a 7 m thick fill layer of óóvery loose to very 

denseôô silty gravel with sand overlying a 1.8-m-thick layer of medium stiff peat. At the time of 

drilling, the water level was at a depth of approximately 4.6 m. SPT N-values in the 2.4 m (8 ft) 
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of fill below that depth were very low (i.e., 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 compression mounds 

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 is rarely seen in organic soils such as 

sphagnum peat. These observations from the field confirm findings from laboratory and physical 



62 

model tests (e.g., Boulanger et 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.  

 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 residential structure is presented 

in Figure 3.7. 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 the 2018 MW 7.1 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 with local engineers and building owners 

suggested that shallow organic soils were overexcavated above and below the groundwater table, 

and sand dumped (i.e., pluviated) in an uncompacted state to achieve the desired grade. Much of 

the observed damage appeared to occur due to localized liquefaction of the sand below the 

groundwater table or settlement in the overlying nonsaturated fill soil (i.e., seismic compression). 

Observed instances of ground failure were primarily limited to the building footprint and within 

1ï2 m of the structure. Varying performance was observed within neighborhoods and streets, with 

local clusters of settlement-related damage noted. The variation of settlement within 

neighborhoods may be due to the spatial distribution of over-excavated and 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 3.1). 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 Lake ï Campbell 

Lake neighborhood). Snow was cleared away to show the area of settlement. (a) Overview photo, 

west side of residence. (b) and (c) Settlement (~8ï10 cm) and crack depths (~5ï15 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 foundation and/or 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 failure in such fills have been well documented 

in previous earthquakes (e.g., 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).  

 Performance of improved ground under cyclic loading  

Various types of geotechnical site improvements (e.g., 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 types of ground improvements lead to relevant lessons 

learned. First, limited damage to pile-supported terminal wharves at the PoA is discussed, followed 

by lessons learned from the performance of adjacent unimproved 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 Street Bridge due in part to the DSM program implemented to 

improve static and seismic stability.  

3.7.1 Port of Alaska  

The PoA (latitude/longitude: 61.2393/ï149.8883°) 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% state-wide; 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 soil units generally comprise the 

subsurface at the PoA: coarse-grained fill materials (Unit I), underlain by low-plasticity tidal silt 

deposits (Unit II), underlain by glaciofluvial deposits (Unit III). The BCF clay (Unit IV) underlies 

the third layer, followed by 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 

corresponds to approximately elevation ï137.2 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 this study did not lead 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 presented in Figure 3.8 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 ranging from 0.20 to 0.30g, with the exception of the Port Access 

Bridge station, which recorded a PGA of about 0.40 g (Table 3.1) and exhibited a large spectral 

spike of 2.1 g between periods of 0.2 and 0.3 s. Figure 3.2a 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 located (Figure 3.1) show the presence of alluvial fan and colluvial deposits 

(Holocene and Upper Pleistocene; Wilson et al., 2012). Shallow and potentially strong impedance 
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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 average response (excluding the Port Access Bridge 

recording) appears to correspond to motions falling between the OLE and CLE design scenarios.  

 

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 north-south PoA alignment generally exhibited crack 

widths ranging from 10 to 30 cm with occasional block failures that reached 1 m in height (Figure 

3.9a). One nearly continuous 500-m-long lateral spreadinduced crack ran along the rip-rap-

protected, partially submerged slopes that separate the Port uplands from the three terminal 

wharves and was generally offset from the slope crest by approximately 3.6 m. Evidence of 

liquefaction was observed in the form of a sand boil located at the toe of the rock-lined slope 
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(Figure 3.9b). The northern expansion area of the PoA consists of rock-filled sheet pile bulkhead 

structures providing a vertical face separating it and the Knik Arm of the Cook Inlet (show in 

Figure 3.1) and rip-rap 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 of the sheet pile bulkheads visible 

during reconnaissance.  

Observable damage to the pile-supported terminal wharves was largely limited to spalling 

along the expansion joints separating Terminals 1 and 2, indicating the development of out-of-

phase dynamic response resulting in pounding during the earthquake (Figure 3.9c and d). The piles 

supporting the wharves and trestles (approximately 1420 piles) are predominantly 610 mm (24ò) 

pipe piles with 11 mm (7/16ò) original wall thickness, cast directly into the wharf decks (Figure 

3.9). Corrosion-induced 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 the dock (Figure 

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 as inferred by the relatively small slope 

movements east of the terminals. 
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Figure 3.9. 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). (c, d) Terminals 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 serviceability (Figure 3.10). Of concern at this location was the liquefaction of loose 

to medium-dense, nonplastic to low-plasticity (plasticity index (PI) = 0ï4) tidal silts. Christie et 

al. (2019) reported that Cyclic Stress Ratios (CSRs) of 0.15 and 0.25 resulted in liquefaction/cyclic 

failure (defined as ru = 0.90) of this shallow material at approximately 60 and 10 cycles, 

respectively. However, no damage was observed at the circular, perimeter-grade beam-supported 

cement storage dome structure (Figure 3.10a) after the 2018 MW 7.1 earthquake. 

 

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 proposed terminal. 
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Prior to construction, the footprint of the dome (Figure 3.10a and Figure 3.11a) was 

subjected to a 3 m tall surcharge to pre-compress the underlying loose to medium-dense tidal silts 

encountered approximately 4.5 m below the ground surface. The lack of damage observed after 

the 2018 Mw 7.1 Anchorage earthquake may be due to an insufficient number of cycles to trigger 

liquefaction in the pre-compressed tidal silts and the construction of the CSM ground improvement 

placed between the PCT and the shore, which may have served to buttress the gently sloping 

ground in front of the cement dome. The CSM program consisted of overlapping rectangular shear 

panels (i.e., CSM cells; Figure 10b and c) that toed into the glaciofluvial deposits underlying the 

tidal silts, which serve to protect the trestle 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-in diameter steel pipe piles at the first three bents of the access trestle 

(installed summer of 2020), granular fill, and liquefiable tidal silt. The 1-m-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 panels (Figure 3.10b). The overall area 

replacement ratio for the entire CSM-improved zone was about 36%. A minimum 28-day 

unconfined compressive strength (UCS) of 2 MPa was specified for the soil cement mixture. Test 

specimens derived from full length core samples of the cured panels generally returned UCS 

ranging from 2 to 3.5 MPa.  

Prior to the 2018 Mw 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 adjacent to 

the CSM zone. Figure 3.11a and b show a pronounced scarp with vertical offset measuring 15ï30 

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 treatment (Figure 3.11c and d). However, no evidence of 

deformation was observed within the CSM-improved 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 portion of the PoA property served to mitigate earthquake-

induced deformations.  

 

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 approximately 5ï7.5 cm 

in width north of the CSM-improved area. 

3.7.2 West 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 stability (Figure 3.12). 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 are retained using vertical MSE walls. The subsurface conditions at this site 

generally consist of 1ï2 m of fill overlying 2 m of peat and silty clay, and then 5 m of loose to 

medium-dense, nonplastic to low-plasticity silt (with uncorrected SPT blow counts ranging 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 9m-thick silty clay (BCF) and very dense, glacially overridden 

gravel identified as glacial till (Yamasaki 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 medium-dense 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 using DSM, which consisted of 2.44-m-

diameter columns arranged to form shear panels (i.e., secant-type walls) with 90% area 

replacement ratio under the spread footings supporting the skewed bridge abutments and 50% area 

replacement ratio in front of and behind the abutments (Figure 3.12). 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 3.12). 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 3.12).  
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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) section A-A shown in (a), indicating depth of 

improvement (adapted from AKDOT plans). 

Ground motions recorded 0.6 km from the bridge (NSMP 8027; see Figure 3.1) 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 shape (e.g., GEER, 2019). In general, the DSM-

supported bridge performed well during the earthquake and remained in service following the 

earthquake. The east-west dominant motion represented strong movements transverse to the 

bridge, manifesting in spalling and/or delamination 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 mm (Figure 3.13). 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 another. 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 (and toward 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 approaches or abutments.  

 

Figure 3.13. West Dowling Road Bridge ï View of (a) shear-cracking 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 Hemstreet, AKDOT).  

 Seismic sliding of MSE walls  

Seismically induced sliding displacement of a recently constructed MSE wall was observed 

along the Old Glenn Highway in Eagle River between Lower Fire Lake to Ski Hill Road (Figure 

3.14). The vegetative-faced 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 dense to dense, silty, sand with 

gravel (SW), over dense to very dense gravel with silt and sand (GP-GM), and occasional cobbles 

(Figure 3.15a). Groundwater was not encountered in the borings advanced to support the design 

(a) (b)
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of the roadway improvements (Golder Associates, 2009). Design documents refer to the level of 

shaking expected for the 475-year design earthquake, with bedrock PGA equal to 0.36 g and 

anticipated horizontal movements of 50ï100 mm selected as the basis for seismic design. Although 

final as-built construction drawings were not available to the GEER team, recommendations called 

for the use of welded wire mesh reinforcement on 0.6-m vertical spacing and length of 

reinforcement equal to 1.67 3 wall height, with minimum and maximum lengths of 2.4ï4.8 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%ï

55% sand and no more than 6% silty fines based on the portion of material finer than gravel (i.e., 

particle sizes smaller than 75 mm; Alaska Department of Transportation and Public Facilities 

(AKDOT & PF, 2004).  

 

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 g (Table 3.1) and a two-component (i.e., summed) Arias Intensity of 2.35 

m/s. Post-earthquake observations by the GEER team revealed an approximately 35-m-long crack 

running approximately parallel to the roadway alignment, set back from the guardrail 

approximately 3ï4 m (Figure 3.15b). 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 to be 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 general, the predominant crack width 

documented in the field was about 38 mm wide. Little 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 width (Figure 3.15b). 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 deep-seated 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 sliding mechanism occurred 

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 based on Federal Highway Administration 

(FHWA) (Elias et al., 2001; Kavazanjian et al., 1997) recommendations. Comparing the horizontal 

displacement anticipated during design (i.e., 50ï100 mm) with that measured during post-

earthquake reconnaissance (19ï75 mm; Figure 3.14b) 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 negligible (Anderson, 2008). In contrast, 

taller MSE walls generally require consideration of compound seismic instability and height-

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

 Geotechnical lessons and conclusions 

The Mw 7.1 Anchorage, Alaska, earthquake on 30 November 2018 provided a unique 

opportunity to document not only relevant geotechnical engineeringïrelated failures, but also 

evidence of satisfactory performance of soils and structures subjected to strong ground shaking. 
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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 reconnaissance 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 community at large.  

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 the sedimentary column and 

long-period ground motion (i.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 conditions should affect high-frequency ground motion. 

Maps of the spatial distribution of low frequency and high-frequency 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 timeïfrequency analysis was evidenced by the identification 

of a likely liquefaction case history site at Station K211 (Fire Department), where the manifestation 

of significant surficial evidence (i.e., ejecta or cracking) from liquefaction could not be confirmed 

in the field by the time of reconnaissance. Timeïfrequency analysis also implemented to evaluate 

records close to the Fish & Game Building site indicated that this site was not affected by soil 

liquefaction but cyclic softening, 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 arterial road located south of Wasilla (i.e., 

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 was documented herein. The negative effects associated with the practice of 

dumping loose, granular soils as replacement fill for over-excavated soil (particularly below the 

groundwater table) beneath residential and small commercial structures were discussed in the 

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 demands are provided 

to construct two well-documented 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 estimation of seismically 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 stations and throughout the Anchorage 

basin, including geophysical testing and geotechnical investigations such as cone penetration tests 

(CPTs) or borings with high-quality (óóundisturbedôô) sampling to conduct laboratory tests. 
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 Spatial Distribution of Site Conditions in Les Cayes and Port au Prince, 

Haiti  

The content of this chapter is within the published Bulletin of the Seismological Society of 

America article:  

Cabas, A., Lorenzo-Velázquez, 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. (2023). Intersectional 

Impacts of the Mw 7.2 2021 Nippes, Haiti Earthquake from Geotechnical and Social 

Perspectives. Bulletin of the Seismological Society of America Special Section on 

Caribbean Tectonics, Seismicity and Earthquake Hazards, 113 (1): 73ï98. 

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 efforts and the further analysis 

presented Cabas et al. (2023), were disseminated at the 12th National Conference on Earthquake 

Engineering and its proceedings (Cabas et al., 2022 [Appendix A]; Garcia et al., 2022 [Appendix 

B]).  

 Abstract 

The Mw 7.2 Nippes, Haiti earthquake occurred on August 14, 2021 in Haitiôs southwest 

peninsula and in the midst of significant social, economic, and political crises. A hybrid 

reconnaissance mission was coordinated 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 time-averaged shear wave velocity values to 30 m depth (VS30) for Les Cayes 

and Port au Prince based on the geostatistical approach of kriging and accounting for region-

https://doi.org/10.1785/0120220118
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specific geology proxies and field measurements of VS30. Case 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 natural hazards and social conflicts have influenced the vulnerability of 

Haitiôs population to earthquakes. 

 Introduction  

Eleven years after the catastrophic January 12, 2010 Mw 7.0 earthquake with epicenter 

located approximately 25 km from Haitiôs capital, Port au Prince, the 2021 Mw 7.2 Nippes 

earthquake posed significant challenges for response and recovery in Haiti. The Mw 7.2 Nippes 

earthquake occurred at 8:29 am local time on August 14, 2021 as a result of oblique faulting along 

the Enriquillo-Plantain Garden fault (EPGF) zone. The epicenter was located 10.6 km from the 

city of Petit Trou de Nippes, 38.6 km from Les Cayes, and 75 km west of the epicenter 

corresponding to the 2010 Mw 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 impact on the landscape and infrastructure of Haitiôs southwestern 

peninsula, including: structural damages, slope instability, landslides, ground failures, and strong 

ground shaking. In addition, response efforts faced challenges due to the COVID-19 pandemic and 

ongoing political instability in the country. These cascading events highlighted the need for short-

term response and long-term recovery strategies to work within the greater social-political-cultural 

context of Haiti. The aim of this paper is to examine the 2021 Mw 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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teamôs efforts to further investigate relevant case studies after this event and, describe meaningful 

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 time-averaged shear wave velocity values to 30 m depth (VS30) for 

Les Cayes and Port au Prince based on the geostatistical approach of kriging and accounting for 

region-specific geology proxies and field measurements of VS30. Single-station analyses to 

investigate potential site effects in regions of interest are also evaluated, and two specific 

geotechnical engineering hazards from the 2021 Nippes earthquake are analyzed as part of case 

studies on landslides and liquefaction-induced ground failure. Finally, we explore the intersection 

of different crises in Haiti since 2010, along with the social-political-economic effects of these 

crises. 

 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 lack of immediate 

physical presence of the team (due to safety and security concerns), we initially collected 

perishable data and information from a variety of sources (from 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 membersô prior research in Haiti and a review of secondary sources described herein. 

After the 2010 Haiti earthquake, some team members conducted research on shelter recovery, 

social capital, public participation, and work-related 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 Mukherji, 2019; 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 

[Ministère de la Santé Publique et de la Population]); (2) Haitian (e.g., Quisqueya University 

[Université Quisqueya]) and international universities, think-tanks, and research institutes (e.g., 

Pew Research Center); (3) Haitian (e.g., Le Nouvelliste) and international news sources (e.g., 

Reuters); (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) disaster-focused 

databases (e.g., EM-DAT International Disaster Database).   

 Geotechnical significance and intersection with social factors  

About 96% of Haitiôs population are vulnerable to natural hazards (World Bank, 2021). 

The 2021 Mw 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 hazards, and socioeconomic 

and political crises made the population especially vulnerable to the aftermath of the 2021 

earthquake. In this study, we examine how multiple crises in the recent history contribute to Haitiôs 

vulnerability to natural hazards. Figure 4.1 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 Port-au-Prince earthquake and Hurricane Matthew in 2016 have 

caused the most significant population displacements to date.  

 

Figure 4.1. Social-political 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 influenced the populationôs vulnerability to earthquake-

induced failure of infrastructure, such as that induced by ground failure and/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, over 140,000 families displaced by Hurricane Matthew in 2016 

(Figure 4.1) 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 reported by the United 

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), reported an estimated 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, Petit-Goave, Grand-Goave, and 
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Leogane locations where there was concentrated damage after the 2021 Haiti earthquake (Figure 

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 disasters in the region 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 2020 (Figure 4.1). Since April 

2022, a new wave of violence has led to the internal displacement of an estimated 17,000 people, 

from the Port-au-Prince metropolitan area to other areas in the country (International Organization 

for Migration [IOM], 2022). These displacements also influence the populationôs vulnerability to 

seismic hazards and related geohazards, such as landslides and liquefaction-induced ground 

deformation. Moreover, concurrent crises (as well as the cumulative effects of multiple and 

frequent crises on the 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 future extreme 

events, and jeopardizing resilience planning for the communities that need it the most. 

The 2021 Nippes seismic event caused widespread landslides throughout Haitiôs 

southwestern peninsula, particularly along National Route 7 (RN7; Dashti et al., 2022). The latter 

serves the communes of Les Cayes, Camp-Perrin, Roseaux, Beaumont, and Jérémie. Before this 

earthquake, and following that of 2010, the southern region of Haiti had been hit by over 20 

disastersðflooding, drought, epidemic, hurricanesðcontributing to an estimated 7800 lives lost 

and over two billion dollars in total damages (EM-DAT, 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 distribution of basic 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 earthquake (known 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 affected areas and could 

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 potential site effects. Citizen science efforts 

in Haiti (Calais et al., 2022) enabled the operation of low-cost seismometers that ultimately 

provided data on aftershocks and the closest record to the epicenter of the 2021 mainshock. The 

previous studies in the region have 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). 

 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 Hotte (see Data and resources). 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 geologic units.  
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A remarkable length of the coast of the Massif de la Hotte consists of reef limestones, with 

a 3ï4 km extent in width. Limestones (Tml) and other carbonate deposits (e.g., Tca, Tmcc, Kcr, 

and QTcr) dominate this region, as shown in Figure 4.2. Rivière 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 (Butterlin, 1960). 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 whiteï yellow chalky limestones (Butterlin, 1960), which dominate the 

northern part. Les Cayes hosts four main rivers or streams: Ravine du sud, Rivi¯re de lôIslet, 

Rivi¯re de Torbeck, and Rivi¯re de lôAcul (Dashti et al., 2022). These fluvial systems contribute 

to the deposition of the quaternary alluvial soils, which are likely susceptible to liquefaction and 

consistent with observations of sand boils (Dashti et al., 2022). Based on limited borehole data, 

the top 15ï30 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).  
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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., 2018). The locations of 

the 2021 Nippes earthquake epicenter (star) and two ground-motion recording stations (pentagons) 

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

Dominican Republic, and Cuba as well as two of the major active faults in the region.  

Figure 4.2 shows the location of the regions that were mostly affected by the Nippes 2021 

earthquake, including Les Cayes, Jeremie, Pestel, Pic Macaya, Caviallon, LôAsile, Balou, and 

Nippes. Carbonate deposits are more abundant in Jeremie than in Les Cayes. In contrast, Jeremie 

has less alluvial deposits than Les Cayes. The alluvial deposits near Jeremie are mostly in the 
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vicinity of Rivi¯re GrandôAnse, Rivi¯re La Voldrogue, and Rivi¯re Guinaud®e. Pestel is 

characterized by mostly limestone (with some chert) geologic units as well as some alluvial 

deposits in the vicinity of Rivière Glace. Pic Macaya is characterized by elevated topography 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 alluvial deposits in the proximity of Rivière De Cavaillon and Rivière 

De Boulmier. LôAsile and Balou are both located in the greater department of Nippes, which 

comprises Late-Cretaceous basalt, breccia, and tuff deposits (Klmv), continental clastic rocks 

(Pliocene to miocene, Tcc), some alluvial deposits near Rivière Dose and Rivière 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 sections of this article. 

4.5.1 Tectonic setting  

Haiti is geologically and tectonically relatively young, and is in a complex, dynamic, and 

unstable tectonic regime that has developed in the last 12ï15 million years. The North America, 

South America, Nazca, and Cocos plates are located in the perimeter of the Caribbean plate, and 

their relative motion characterizes complex and diverse tectonic regimes in the region (see Data 

and resources). However, Haiti remained seismically quiescent during the 20th century, prior to 

the 12 January 2010 Port-au-Prince earthquake (Eberhard et al., 2010).  

Hispaniola is situated on a complex plate boundary where the predominant tectonic 

motions are left-lateral strike-slip between the North America and Caribbean plates, but there are 

also two converging subducting slabs beneath the Greater Antilles crust, where Hispaniola is 

situated. Over time, the tectonic motions have imparted a series of major left-lateral strike-slip 

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 provided in Dashti et al. (2022).  

4.5.2 Observed ground motions  

After the 2010 Port-au-Prince seismic event, the Geological Survey of Canada (GSC) along 

with the U.S. Geological Survey (USGS) and Géoazur installed seismographs and strong-motion 

stations in Haiti (Bentet al., 2018). Three GSC stations consisting of collocated weak- and strong-

motion instruments comprised the first real-time 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 accelerograph stations with real-time data availability and three additional 

nonreal-time strong-motion stations (Bent et al., 2018; Calais et al., 2020). In 2019, a community 

seismology project (i.e., Ayiti SEISMES) deployed low-cost 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 

supplemental 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 given earthquake events 

from major data providers (e.g., Incorporated Research Institutions for Seismology Data 

Management Center [IRIS-DMC]). The baselines were corrected, and a fifth-order Butterworth 

high- and low-pass filter was applied. The low-pass corner frequency was determined based on 

signal-to-noise ratios larger than 3.0 over a preselected frequency range. The high-pass corner 

frequency was selected following the algorithm of Ramos-Sepúlveda et al. (2022), which includes 

constraints to displacement values 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 a third-order polynomial 

fit to the displacement time series. This recently proposed selection process for high-pass corner 

frequencies results in improved quality of long-period motion.  

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

2021 Nippes earthquake (Dashti et al., 2022). As shown in Figure 4.2, only two stations are located 

in Haiti, namely a Raspberry Shake sensor (AM.R50D4 with latitude of 18.23° and longitude of 

ī72.25Á) and the U.S. Embassy strong-motion station (AY.NQUSE with latitude of 18.56° and 

longitude of ī73.61Á). The acceleration and velocity time series corresponding to the northïsouth 

horizontal component of the recorded ground motion at AM.R50D4 are provided in Figure 4.3. A 

velocity pulse indicative of potential directivity effects is identified in Figure 4.3b. The epicentral 

distance corresponding to this record is 24.9 km, which may be considered near-source, and the 

EPGF (a strike-slip fault) trace trends approximately eastïwest, and the velocity pulse only 

becomes apparent in the fault-normal orientation. However, 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. 

 

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) corresponding to the two orthogonal horizontal 

components recorded at AM.R50D4 and AY.NQUSE are provided in Figure 4.4. Ground-motion 

polarization is observed at both the stations (more significantly at AM.R50D4) and could be 

explained by anisotropy of the local soil conditions (Ramos-Sepúlveda and Cabas 2021). The 

amplification of long-period motion only present in the northïsouth 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, respectively. The significant duration and other common ground-

motion intensity measures corresponding to these recorded motions from the mainshock are 

provided in the corresponding GEER report (Dashti et al., 2022).  

 

Figure 4.4. 5%-damped response spectra of records at (a) AM.R50D4 and (b) AY.NQUSE 

 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 structures within areas that (1) 

experienced significant damage after the 2021 Nippes earthquake and (2) where measurements of 

the time-averaged shear-wave velocity in the top 30 m (VS30) 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 of VS30 data). 

A regional map that integrates geologic-based VS30 and measured VS30 is 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; Zalachoris et al., 2017) measured VS30 from Les Cayes, and other 

regions in Haiti were matched to geologic units based on their geographic location. Available 

measured values represented three main regions, with most of the data coming from Port-au-

Prince, followed by the region of Les Cayes (found on the southern west side of the country, see 

Figure 4.2), Ganthier, and select data points from Cap-Haitien (both found on the southern west 

end of the country, see Figure 4.2). A total of 280 measured VS30 values are included in our 

database and were obtained from Cox et al. (2011) and GeoTechMap (see Data and resources) 

using multichannel analysis of surface waves (MASW) methods. A histogram depicting the 

distribution of VS30 values in our database is presented in Figure 4.5. Other types of geotechnical 

data were available within the areas of interest, such as six standard penetration tests (SPTs), 

several PANDA (Pénétromètre dynamique léger à énergie variable) measurements, dynamic 

penetration super Heavy measurements, and well logs. However, several 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 measured VS30 values from MASW tests being used in this study. 
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Figure 4.5. (a) Spatial distribution of the 280 measured VS30 values used in this study (depicted 

by yellow circles) and (b) its corresponding histogram of available VS data in this study.  

The pairing of measured VS30 values and geologic units presented in Table 4.1 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 Bureau des Mines et de lô®nergie dôHaµti (see Data and resources) was also 

consulted. There are eight groups that are based on both the geologic age and the lithologic unit 

(Table 4.1); coincidentally, each lithology has a different age based on the available geologic map. 

The geologic conditions in Les Cayes and Port-au-Prince are depicted in more detail in  

Figure 4.6 for comparison purposes. Thirty-eight percent of the measured VS30 values 

correspond to Quaternary surficial deposits that are undifferentiated. Approximately 2% 

correspond to the boundary between Quaternary and Upper Tertiary (Pliocene), and the recorded 

lithology is classified as deposits associated with carbonate reefs and reef complexes. Twenty-six 

percent of the measured values represent Calcarenite, biocalcarenite, limestone, and marl from the 

Pliocene (Tertiary) to Miocene epochs. One VS30 value 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 Limestone from the middle 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 VS30. Finally, two of the measured values were also from the Cretaceous period 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 the geologic map 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 the maps by Butterlin 

(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. 

 

Figure 4.6. Geologic conditions within (a) Port-au-Prince and (b) Les Cayes along with the 

geology-informed VS30 values assigned to each unit based on Table 4.1. 
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Table 4.1. Geologic Units and Shear-Wave Velocity Characteristics for Haiti Assuming a 

Lognormal Distribution for the Majority of the Geologic Units 

Geologic 

Units 
Geologic Description  

# of 

profiles 

 

(m/s)  
  

Qs Quaternaryðsurficial deposits, undifferentiated 107 366 1.61 

QTcr 

Quaternary and Upper Tertiary (Pliocene)ð

deposits associated with carbonate reefs and reef 

complexes 

5 675 1.36 

Tca 
Pliocene (Tertiary) to Mioceneðcalcarenite, 

biocalcarenite, limestone, and marl 
74 455 1.37 

Tcc* Pliocene to Mioceoneðcontinental clastic rocks  1 401 1.61 

Tmcc 
Tertiary to the Mioceneðmixed clastic and 

carbonate rocks 21 435 1.46 
21 435 1.46 

Tml 
Tertiary Middle Miocene to the Middle Eoceneð

Limestone  
57 539 1.29 

Klmv 

Late Cretaceous, Maastrichtian to Santonianð

basalt, pillowed and nonpillowed flows, breccia, 

and tuff  

13 280 1.23 

Kcr*  Cretaceous periodðLimestone and chert 2 261 1.61 

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

GeoTech Map). 

 

The average VS30 for 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 4.1). 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 available VS30 values in those 

groups was used instead. Moreover, the maximum standard deviation measured among all 

geologic units was assumed for Tcc and Kcr as shown in Table 4.1. 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 from other geologic units (e.g., following Li et al., 2022). As a result, assigning 

the maximum standard deviation obtained from the measured data (i.e., a „ of 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 geology-based 

average VS30 (i.e., ‘  in Table 4.1) that is within the reported range for Quaternary alluvium 

deposits by similar studies (e.g., Parker et al., 2017 [209ï448 m/s]; Thompson et al., 2014 [145ï

649 m/s]; Wills and Clahan, 2006 [155ï438 m/s]; Zalachoris et al., 2017 [363ï512 m/s]; and Li et 

al., 2022 [210ï436 m/s]). The geology informed VS30 map was compared with the topographic 

slope based proxy map for this study. 

After determining the geology-informed VS30 values shown in Table 4.1, the available 

measured VS30 values were incorporated into a geostatistical approach to capture the spatial 

variation of this site term in Les Cayes and Port-au-Prince. We provide the spatial variability of 

VS30 in Port-au-Prince because of the high concentration of measured VS30 in that 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 the predicted values for locations with no observations or measurements 

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

ὤό ‘ό ‗ό ὤό ‘ό  (4.1) 

in which Z(ui) is the value at sampled locations (ui), Z(uj) is the interpolated value at unsampled 

locations (uj), ɚi(uj) is the weight assigned at each location with the n measurements of Z(ui), and 

the mean value of Z at sampled and unsampled locations are µ(ui) and µ(ui), respectively. In this 

study, we followed this general approach by implementing kriging with an external drift, as 

described by Thompson et al. (2014) and Li et al. (2022). Kriging with an external drift varies 

from kriging with a trend (in which µ(uj) depends on it)s spatial location); as the former performs 
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the regression for the trend separately of the interpolation and subsequently, it is fitted to the 

trendôs resiudal (Thompson et al., 2014). For the interpolation simple kriging (SK) is applied, as 

it a µ(uj) is a known constant as opposed to ordinary kriging, which assumes µ(uj) is an unknown 

constant. In this, study we have defined the ὠ  as our known constant. First, the normalized 

residuals (rn) assuming a lognormal distribution (e.g., Foster et al., 2019) at each location with a 

measured VS30 (ὠ ) value were calculated to account for the VS30 estimated from geologic data 

(ὠ , ‘  in Table 4.1) as follows: 

ὶ
ὠ ÌÎ ὠ

„ 

 (4.2) 

in which „  is the standard deviation of ln(VS30) based on geology. Then SK was performed 

on those normalized residuals, and the interpolated normalized residuals (r i) at an unsampled 

location is the weighted summation of the normalized residuals at the sampled locations. To obtain 

the r i at unsampled locations, a grid within the area with spacings of 500 m was generated for 

Haiti, and the VS30 geologic proxy was assigned at each location. Based on Thompson et al. (2014), 

the WhittleïMátern semivariogram model is used to fit the data, which is given by: 

‎Ὤ „ ρ
ς

ɜὺ

Ὤ

ὥ
ὑ
Ὤ

ὥ
† (4.3) 

 

in which h is the separation distance between the two points, ů2 is the partial sill, ũ is the gamma 

function, v is the shape parameter, Kɜ is the modified Bessel function of the second kind of order 

v, a is the range parameter, and Ű is the nugget. Subsequently, simple kriging is performed 

interpolating the trendôs normalized residuals, and the resulting r i   is used to obtain the interpolated 

VS30 (ὠ ) at each unsampled location in the gridded area as follows: 
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ὠ ÅØÐὶ „ ὠ  (4.4) 

 

In Figure 4.7, the available in situ VS30 measurements in Haiti are plotted versus the VS30 

values at the same locations from the USGS topographic slope proxy-based VS30, Haitiôs geologic 

proxy VS30 using the values presented in Table 4.1 and Haitiôs kriged VS30 based on the integrated 

data (equation 4.4). The base-10 logarithmic sample standard deviation (s) for each case is 

presented in the upper left corner of each plot (Figure 4.7), following Thompson et al. (2014) and 

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

at full resolution, and an s value of 0.11 corresponding to the geology-based map originally 

provided by Wills and Clahan (2006). Li et al. (2022) reported 0.21 and 0.15 for their kriged- and 

geology-informed VS30 values, respectively. Our kriged values also result in a reduction of 

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

s values corresponding to kriged VS30 are larger than those from Thompson et al. (2014) yet lower 

than those from Li et al. (2022). The comparison presented in Figure 4.7 demonstrates the benefits 

in pursuing more extensive and robust subsurface characterization in the region. 

 

Figure 4.7. Plots of measured VS30 values versus (a) U.S. Geological Survey (USGS) topographic 

slope proxy-based VS30, (b) geology-based VS30, and (c) kriged VS30. The base-10 logarithmic 

sample standard deviation (s) for each case is reported in the upper left corner.  
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Figure 4.7a shows scatter that is consistent with that reported by Thompson et al. (2014; 

though their s values were smaller). Topographic-slope proxy-based VS30 values (Wald and Allen, 

2007) are particularly valuable in regions with scarce subsurface characterization like Haiti. 

Geology-informed VS30 values in Figure 4.7b show more scatter than their counterparts in Figure 

4.7a. This distribution is due to the lack of evenly distributed VS30 measurements 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 VS30 measurement, as shown in Table 4.1. Furthermore, a few measurements of VS30 were 

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 Haiti. Figure 4.7c presents how the VS30 values extracted from the 

kriged analysis are in better agreement with the measured VS30 values (as evidenced by the smallest 

s value). This result was expected as the in situ VS30 measurements were incorporated in the kriging 

analysis as well as the geology-based VS30 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 amount of VS data in the 

region did not allow for separate training and validation sets. In the future, topographic slope 

proxybased VS30 will be further integrated into the geospatial approach to investigate potential 

additional improvements in the reduction of the variability in estimated VS30 in the study regions. 

Figure 4.8 presents the Port-au-Prince and Les Cayesô spatial distributions of the kriged 

VS30 values (Figure 4.8a,b), the USGS topographic slope proxy-based VS30 (Figure 4.8c,d), the 

ratio between the resulting kriged and topographic slope proxy-based VS30 surfaces (Figure 4.8e,f), 

and the standard deviation associated to the kriged VS30 values (Figure 4.8,h). The kriged spatial 
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distribution integrating the measured VS30 values and the geology-based VS30 for both the regions 

is presented within the maps overlaid by the locations with measured VS30 in Figure 4.8a, b. The 

estimated and measured VS30 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., VS30 between 760 and 1500 m/s) shows the actual maximum VS30 value (e.g., 

kriged VS30 only reach the maximum value of 910.3 m/s).  

Integrating the available in situ VS30 measurements and the geology-based VS30 using 

kriging has shown an improvement in subsurface characterization, as seen in Figure 4.7c and 

Figure 4.8a,b. The capital city of Port-au-Prince provided another evaluation of the effectiveness 

of the integration of VS30 values from the geology, in situ measurements, and geospatial 

approaches. Figure 8a,c shows higher values of VS30 from the USGS slope-based VS30 compared 

to the kriged VS30 spatial distribution in the southern part of Port-au-Prince. It must be noted that 

there is a lack of measured VS30 data in that specific region, which highlights the importance of 

more subsurface characterization in that area. On the other hand, the kriged VS30 map of Les Cayes 

captures in more detail how the area is mostly within a NEHRP site class D (180ï360 m/s), 

especially near the coast (Figure 4.8b,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. Port-au-Prince (left) and Les Cayes (right) with mapped spatial distributions of (a,b) 

kriged VS30, (c,d) USGS topographic slope proxy-based VS30, (e,f) ratio between the kriged and 

USGS topographic sloped-based VS30 maps, and (g,h) standard deviation associated to the kriged  

VS30 map. 
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The ratio between the kriged VS30 and USGS topographic slope proxy-based VS30 

distributions is shown in Figure 4.8e,f to illustrate the differences more clearly. Higher ratios 

(presented in dark red) represent areas where the kriged VS30 is higher than the USGS topographic 

slope proxy-based VS30, whereas lower ratios shown in lighter shades represent lower kriged VS30 

values. The differences could correspond to inherent limitations in proxy-based approaches, the 

limited VS30 measured values in the region, and potential bias in the data. For example, the 

differences in resolution of the kriged and USGS topographic slope proxy-based VS30 values can 

contribute to the observed differences. The USGS topographic slope proxy map has a 30 arcsec 

(Ḑ900 m spacing) resolution. Although our kriged VS30 map 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 3 arcsec (Ḑ90 m; Thompson et al., 2014) and even 1 km (Li et al., 2022). In 

addition, the VS30 geologic proxy values were obtained based on a 1:500,000 scale-geologic map 

(Wilson et al., 2019). The use of a higher resolution geologic map can certainly improve the 

estimation of the geology-based estimates.  

Although the spatial distribution shown in Figure 4.8g,h depicts the standard deviation (ů) 

associated with the kridged VS30 based on the standard deviations per geologic unit and the 

uncertainty from the kriging analysis. As expected, adjacent to the locations with measured VS30 

values (shown by the black hollow circles), the uncertainties from the interpolation method 

decrease. For the remaining places distant from the locations with measured VS30 values, the 

distribution of ů tends to the distribution of the geologic conditions shown in  

Figure 4.6.  
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 Site effects 

A complete ground-motion 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 the characteristics of recorded 

ground motions. Based on our characterization of the near-surface geologic conditions in Port-au-

Prince (Figure 4.8b), the geology-informed, kriged VS30 value at AY.NQUSE is 476 m/s. 

Insufficient data near AM.R50D4 did not allow for the computation of kriged VS30 values, but the 

topographic slope-based 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 available ground motions from aftershocks recorded at the 

same station as well as single-station methodologies are implemented herein. The latter include 

the analysis of horizontal-to-vertical spectral ratios (HVSRs; Nakamura, 1989) based on 

earthquake ground motions at the stations that recorded the mainshock and the largest magnitude 

aftershocks. The absence of measured VS profiles 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 frequency (Cox 

et al., 2020; Zhu et al., 2020; Wang et al., 2022). After implementing signal processing 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 signal-to-noise ratio (SNR) larger than 

3.0 over the frequency range between 0.1 and 10 Hz at 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 aftershocks listed in Table 

4.2. 

Table 4.2. Characteristics of the ground motions recorded from the 2021 mainshock and 

corresponding aftershocks at AY.NQUSE 

Earthquake 

Time (UTC) 

(yyyy/mm/dd 

hh:mm) 

Lat./ 

Lon. 

(o) 

Focal 

Depth 

(km) 

Magnitude 
Magnitude 

Type 

Backazimuth 

(o) 

Epicentral 

Distance 

(km) 

PGAROTD50 

(g%) 

PGVROTD50 

(cm/s) 

2021/08/14 

12:29 

18.43/ 

-

73.48 

10.00 7.2 *M ww 260.92 131.11 2.78 4.82 

2021/08/14 

12:45 

18.56/ 

-

73.75 

13.43 4.0 **M b 270.00 158.63 0.09 0.06 

2021/08/15 

03:20 

18.40/ 

-

74.09 

8.32 5.8 *M ww 264.89 195.38 0.19 0.30 

*M ww indicates generic seismic moment magnitude 

**M b indicates body wave magnitude 

Table 4.2 provides the focal depths, magnitude, and magnitude types for each one of these 

events. In addition, Table 4.2 presents the corresponding location of the epicenter of each event, 

epicentral distance, as well as the PGAROTD50 and PGVROTD50. 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 were in which FASH,geo is the geometric mean of the two recorded 

horizontal components smoothed FAS, and FASV is the smoothed FAS for the vertical component. 

Figure 4.9a shows the HVSR for the three ground motions recorded at AY.NQUSE. The black, 

solid line depicts the HVSR values corresponding to the mainshock with PGAROTD50 of 27.2 cm/s2, 

and the red dashed line represents the largest aftershock with PGAROTD50 of 1.9 cm/s2. The gray 
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line corresponds to the aftershock with PGAROTD50 of 0.9 cm/s2. Figure 4.9a 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 observation 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 

(as shown in Figure 4.9a) is also indicative of potential site effects due to near-surface sediments.  

 

 

Figure 4.9. (a) Horizontal-to-vertical spectral ratio (HVSR) and (b) 5%-damped 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, the 5%-damped response spectra 

for the mainshock and two aftershocks are calculated and compared in Figure 4.9b in logïlog scale. 

The EW and NS componentsô spectral accelerations corresponding to the aftershocks are similar, 

which may suggest a source contribution to the polarization observed in the ground motions from 

the mainshock. The amplitudes of the response spectra reflect very different ground shaking 

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
































































































































































































































































































