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ABSTRACT

Tiirkiye has experienced numerous destructive earthquakes throughout its history, and
these events have caused significant damage to urban lifeline systems. This thesis
investigates earthquake-induced damage to water distribution networks through two
complementary and interlinked approaches: (i) an event-based assessment grounded
in post-earthquake field evidence, and (ii) a scenario-based infrastructure risk
assessment for a seismically vulnerable urban area. Within this scope, an integrated
framework is developed that combines field observations, municipal damage records,
geotechnical investigations and analyses, and empirical models to evaluate the seismic
performance of water infrastructure systems.

In the first part of the study, detailed observations of the drinking water system in
Kahramanmaras Province are presented, including damage to distribution lines,
transmission mains, reservoirs, and related facilities based on post-earthquake
inspections conducted after the 2023 Kahramanmaras earthquakes. Liquefaction
susceptibility analyses were performed for the city center, and the results were
consistent with field observations, indicating no surface manifestation of liquefaction.
Accordingly, the observed damage was attributed primarily to transient ground
deformation (TGD), and PGV-based repair-rate relationships were developed for
PVC, AC, and PE pipelines. The derived relationships indicate higher damage levels
than those reported in the literature, reflecting the deteriorated condition of the network
prior to the earthquake. The Kahramanmaras case study therefore establishes a data-
driven baseline for damage—ground motion relationships under predominantly TGD-
controlled conditions.

In the second part of the study, the same analytical workflow is transferred to Yalova
as a future earthquake case study. Yalova was selected as a pilot region within the
MARTEST-SATREPS project, and two alternative ground-motion scenarios were
considered: a Mw 7.5 TBEC-based earthquake scenario and a Mw 7.0 stochastic
scenario. Building upon the Kahramanmaras baseline, the framework in Yalova is
expanded to explicitly incorporate liquefaction-related permanent ground deformation
(PGD) through the evaluation and spatial mapping of liquefaction vulnerability indices
(LPI, LSI, and LSN), together with liquefaction-induced free-field settlements. These
geotechnical outcomes are integrated with TGD- and PGD-induced repair-rate models
to estimate expected pipeline damage, and a comparison of the two scenarios
highlights differences in the relative contributions of transient and permanent ground
deformations to overall infrastructure damage.

Overall, this thesis emphasizes the critical importance of resilient water infrastructure
systems for ensuring service continuity following major earthquakes. The repair-rate
relationships and the integrated, transferable workflow developed in this study provide
a practical basis for earthquake-induced damage estimation and infrastructure risk
assessment in seismically active regions.

Keywords: Kahramanmaras, Earthquake, Water Infrastructure, Yalova,

Liquefaction, Risk Assessment.
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OZET

Tiirkiye, tarih boyunca bir¢ok yikict depreme maruz kalmis ve bu depremler kentsel
altyap1 sistemlerinde onemli hasarlara yol agmistir. Bu ¢alisma, igme suyu dagitim
sebekelerinde deprem kaynakli hasarlari iki tamamlayici ve birbiriyle iliskili yaklagim
cercevesinde incelemektedir: (i) deprem sonrasi saha bulgularina dayali olay temelli
degerlendirme ve (ii) sismik agidan kirilgan kentsel bir alan i¢in senaryo temelli altyap1
risk degerlendirmesi. Bu kapsamda, su altyap1 sistemlerinin sismik performansini
degerlendirmek i¢in saha gozlemleri, belediye hasar kayitlari, geoteknik arastirmalar
ve analizler ile ampirik modelleri birlestiren entegre bir ¢erceve gelistirilmistir.

Calismanin ilk bolimiinde, 2023 Kahramanmaras depremleri sonrasinda yapilan
deprem sonrast incelemelere dayali olarak, Kahramanmaras ilindeki igme suyu
sistemine iligkin ayrintili gozlemler sunulmaktadir. Bu gozlemler arasinda dagitim
hatlari, iletim sebekeleri, rezervuarlar ve ilgili tesislerdeki hasarlar yer almaktadir.
Sehir merkezi i¢in sivilasma duyarlilik analizleri yapilmis ve sonucglar saha
gozlemleriyle tutarli bulunmus, yiizeyde sivilagma belirtilerine dair herhangi bir bulgu
tespit edilmemistir. Bu dogrultuda, gozlemlenen hasarlarin temel nedeni gegici zemin
deformasyonu (TGD) olarak degerlendirilmis ve PVC, AC ve PE boru hatlar igin
PGV tabanli onarim orani iligkileri gelistirilmistir. Elde edilen iligkiler, deprem
oncesinde sistemin yipranmis durumunu yansitan, literatiirde bildirilenlerden daha
yiiksek hasar seviyelerini gostermektedir. Kahramanmaras vaka ¢alismasi, bu nedenle,
agirlikli olarak TGD'nin kontroliindeki kosullarda hasar-zemin hareketi iliskileri i¢in
veriye dayali bir temel olusturmaktadir.

Calismanin ikinci boliimiinde, ayni analitik siireg, gelecege yonelik bir deprem vaka
caligmas1 olarak Yalova'ya uygulanmistir. Yalova, MARTEST-SATREPS projesi
kapsaminda pilot bolge olarak secilmis ve iki alternatif kuvvetli yer hareketi senaryosu
dikkate alinmistir: Mw 7,5 TBDY bazli deprem senaryosu ve Mw 7,0 stokastik temelli
senaryo. Kahramanmarag’ta olusturulan temel iizerine insa edilen bu agamada, ¢ergeve
Yalova oOzelinde sivilagma kaynakli kalici1 zemin deformasyonlarini (PGD) agik
bicimde igerecek sekilde genisletilmistir. Bu amagla, sivilasma duyarliliginin
degerlendirilmesi ve mekansal haritalanmas1 kapsaminda LPI, LSI ve LSN indisleri
ile sivilagma kaynakli yiizey oturmalart hesaplanmistir. Elde edilen geoteknik c¢iktilar,
TGD ve PGD etkilerini temsil eden onarim oran1 modelleriyle birlestirilerek beklenen
boru hasarlar1 tahmin edilmis; iki senaryonun karsilastirilmasiyla gegici ve kalici
zemin deformasyonlarmin toplam altyapr hasarma yonelik gorece katkilar1 ortaya
konmustur.

Sonug olarak, bu tez biiylik depremler sonrasi hizmet siirekliliginin saglanmasinda
dayanikli su altyap sistemlerinin kritik 6nemini vurgulamaktadir. Gelistirilen onarim
orani iligkileri ile biitiinlesik ve baska bolgelere aktarilabilir ¢calisma akisi, deprem
kaynakli hasar tahmini ve sismik risk degerlendirmesi ic¢in pratik bir temel
sunmaktadir.

Anahtar Kelimeler: Kahramanmaras, Deprem, Su Altyapisi, Yalova, Sivilasma,

Risk Analizi.
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Figure 10.2: Spatial distribution of liquefaction-induced free-field

settlements in the Yalova shoreline and city center, estimated
using the Ishihara and Yoshimine [1992] and Zhang et al.
[2004] procedure.
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lengths within liquefied and non-liquefied zones based on
LSN in the study area.
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1. INTRODUCTION

Tiirkiye is located in one of the most seismically active regions in the world and has
experienced numerous destructive earthquakes throughout its history. Among these
events, the earthquake sequence that occurred on February 6, 2023, represents one of
the most devastating disasters in recent decades. The first earthquake, with a moment
magnitude of Mw 7.7, occurred near the Pazarcik district of Kahramanmaras at 04:17,
followed by a second major event with a magnitude of Mw 7.6 near Elbistan at 13:24
on the same day [Toprak et al.,, 2025a]. This sequence affected 11 provinces,
including Kahramanmaras, Hatay, Gaziantep, Malatya, Adiyaman, Adana, Sanliurfa,
Kilis, Osmaniye, Diyarbakir, and Elazig, impacting more than 14 million people
(Figure 1.1). According to official records, over 50,000 lives were lost, nearly 100,000
people were injured, and hundreds of thousands of buildings were either severely or

moderately damaged [SBB, 2023].
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Figure 1.1: Map showing the provinces affected by the 2023 Kahramanmaras
earthquakes.

Beyond the widespread structural damage, the 2023 Kahramanmaras earthquakes
caused severe disruptions to the critical lifeline systems that support urban
functionality and societal sustainability [Toprak et al., 2024a]. Water distribution

networks, wastewater systems, transportation infrastructure, energy supply, and



communication networks were significantly affected by earthquake-induced ground
shaking and geotechnical hazards [Goriim et al., 2023; Unal et al., 2024; Toprak et
al., 2025c¢]. In particular, water infrastructure systems experienced extensive damage,
including pipeline failures, malfunctioning pumping stations, damaged reservoirs, and
deterioration of water quality due to increased turbidity and contamination [Toprak
et al.,, 2025d; 2026b]. These failures led to prolonged service interruptions and
demonstrated the vulnerability of buried pipeline systems under strong seismic loading

[Toprak et al. 2024b].

Earthquake-induced damage to buried pipelines is generally governed by two primary
mechanisms: transient ground deformation (TGD) and permanent ground deformation
(PGD) [Toprak et al., 2015]. TGD refers to temporary ground movements associated
with seismic wave propagation, while PGD results from lasting ground displacements
caused by phenomena such as liquefaction-induced settlement, lateral spreading,
landslides, and surface faulting [e.g., O’Rourke et al. 2014]. Numerous studies have
shown that the relative contribution of these mechanisms varies depending on local
geotechnical conditions, ground motion characteristics, and the structural properties of
the pipeline network. Understanding the dominant damage mechanisms is therefore
essential for developing reliable damage prediction models and improving the seismic

resilience of water infrastructure systems.

Although widespread liquefaction was documented in several regions affected by the
2023 Kahramanmaras earthquakes—such as Iskenderun and Gélbasi—no surface
manifestation of liquefaction was observed in the city center of Kahramanmaras. Post-
earthquake field investigations and geotechnical analyses consistently indicated that
the observed damage to the water distribution network in the city center was
predominantly governed by transient ground deformation rather than liquefaction-
induced permanent ground deformation. Liquefaction susceptibility analyses were
nevertheless conducted to validate field observations, to ensure methodological
completeness, and to establish a consistent analytical framework that could be

transferred to other regions with different geotechnical characteristics.

In this context, the Kahramanmaras case provides a unique opportunity to perform an
event-based assessment of water infrastructure damage under predominantly TGD-
controlled conditions. The availability of detailed post-earthquake field observations

and municipal damage records allows for the development of data-driven relationships

2



between seismic ground motion parameters and observed pipeline damage. These
relationships form a validated baseline that can be tested and extended within a

scenario-based risk assessment framework for other seismically vulnerable regions.

One such region is Yalova Province, which is located along the southern coast of the
Marmara Sea and lies in close proximity to the Marmara seismic gap (Figure 1.2).
Yalova experienced severe damage during the 17 August 1999 Kocaeli Earthquake
(Mw 7.4), during which liquefaction-induced ground deformations, including
settlements and lateral spreading were widely documented in coastal areas [GEER,

1999; PEER, 2000a].
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Figure 1.2: Map showing Yalova Province, its town boundaries, and their proximity
to the fault lines.

Previous studies have consistently identified Yalova as a region with high liquefaction
susceptibility under strong ground motions, particularly in areas characterized by
shallow groundwater levels and young alluvial deposits [Toprak et al., 2025e]. Owing
to its seismic history, geotechnical vulnerability, and data availability, Yalova was
selected as a pilot region within the scope of the MARTEST-SATREPS project for

scenario-based earthquake risk assessment.



Within this framework, this thesis integrates an event-based damage assessment
conducted in Kahramanmaras with a scenario-based infrastructure risk assessment for
Yalova. The primary objectives of this study are to (i) conduct an event-based
evaluation of earthquake-induced damage to the water distribution network in
Kahramanmaras using post-earthquake field observations and municipal damage
records; (ii) develop peak ground velocity (PGV)-based repair-rate relationships for
different pipeline materials under predominantly TGD-controlled conditions; and (iii)
apply the derived and existing relationships within a scenario-based risk assessment
framework for Yalova Province, explicitly incorporating liquefaction susceptibility

and liquefaction-induced ground deformation effects.

The main contributions of this study include the assessment of earthquake-induced
damage to the Kahramanmarag water distribution system, the development of data-
driven repair-rate relationships based on recent large-magnitude earthquake damage,
and the development of an integrated and transferable workflow that combines seismic
hazard characterization, geotechnical analysis, and infrastructure damage modeling.
The proposed framework provides a practical basis for evaluating earthquake-induced
damage and supporting risk-informed decision-making for urban water infrastructure

systems in seismically active regions.



2. RESEARCH BACKGROUND

2.1. Earthquake Effects on Buried Pipeline Systems

Over the past decades, numerous major earthquakes worldwide have caused
significant damage to buried pipeline systems and other lifeline networks.
Comprehensive literature reviews on earthquake-induced pipeline damage
mechanisms and performance assessments have also been presented by Toprak
[1998], Nacaroglu [2010], and Ceylan [2020]. For instance, Toprak [1998] reported
that the 1994 Mw 6.7 Northridge Earthquake in the United States severely damaged
the Los Angeles water distribution network, with over 1,000 failure locations and
damage to three major transmission lines. Davis et al. [2012] examined the same event
in detail, focusing on water delivery, fire protection, quantity, quality, and overall
functionality. Chung et al. [1996] reported that after the 1995 Mw 6.9 Kobe
Earthquake, approximately one million households lost access to water due to
earthquake-induced damage, and most of the system was not restored until nearly three
weeks later. Erdik [2000] investigated the damage to drinking water and sewerage
systems following the 1999 Mw 7.4 Kocaeli Earthquake and assessed their economic
implications. In the same year, Shih and Chang [2006] thoroughly investigated the
damage to water infrastructure caused by the Mw 7.7 Chi-Chi Earthquake in Taiwan.
Scawthorn et al. [2006] evaluated the performance of water, wastewater, and energy
systems after the 2004 Mw 6.6 Niigata Ken Chuetsu Earthquake in Japan. Maruyama
et al. [2011] analyzed the spatial distribution of damage to buried pipelines caused by
the 2007 Mw 6.6 Niigata Chuetsu-Oki Earthquake in Japan. Tang et al. [2011]
analyzed the impacts of the 2010 Mw 8.8 Biobio Earthquake in Chile, which severely
affected multiple lifeline systems, including seaports, communication networks,
electric power, transportation infrastructure, airports, water supply, and wastewater
services. O’Rourke et al. [2014] documented widespread failures in water,
wastewater, and gas distribution systems during the 2010 and 2011 Canterbury
earthquake sequence in Christchurch, New Zealand, particularly in areas affected by
liquefaction. Wham et al. [2017] investigated the damage sustained by water supply
systems following the 2016 Kumamoto Earthquakes in Japan, highlighting service



disruptions, pipeline failures, and severe liquefaction effects. Lemnitzer et al. [2021]
examined the performance of critical lifelines after the 2017 Mw 7.1 Central Mexico
Earthquake, which left more than six million people without water and resulted in over
2,300 reported leaks and pipe breakages. Most recently, Toprak et al. [2024a]
reported that the 2023 Kahramanmarag earthquakes in Tiirkiye caused severe damage
to pipeline systems in multiple provinces, including Hatay, Kahramanmaras,

Gaziantep, and Adiyaman.

These cases highlight the importance of identifying the mechanisms responsible for
pipeline damage during earthquakes. Earthquake-induced damage to buried pipelines
is generally classified into TGD and PGD in the literature. TGD refers to temporary
ground movements generated by the propagation of the seismic waves, while PGD
involves lasting ground displacements resulting from the geotechnical hazards such as
liquefaction-induced settlement, lateral spreading, landslides, rockfalls, and surface

faulting (Figure 2.1).
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Figure 2.1: Schematic illustration showing the primary geohazards that affect buried
pipelines [Toprak et al., 2024a].



PGD-related damage to buried pipelines has been extensively documented in field
investigations, laboratory experiments, and numerical analyses. In studies focusing on
liquefaction-induced PGD, Takada et al. [1987] conducted shaking table model tests
to examine the behavior of buried pipelines under fully and partially liquefied soil
conditions, considering both fixed-end and free-end boundary constraints. The results
showed that pipelines tended to uplift before the completion of liquefaction and settle
afterwards due to post-liquefaction settlement. Bending strains were greater in
partially liquefied soils compared to fully liquefied conditions, with higher values
observed under fixed-end than free-end conditions. O’Rourke et al. [2014]
investigated the Christchurch, New Zealand, earthquake sequence, where liquefaction-
induced ground deformations caused extensive pipeline damage. Using Light
Detection and Ranging (LiDAR) surveys, they mapped permanent ground
displacements and quantified damage patterns, demonstrating a strong correlation
between failures and the severity of these ground deformations. More recently,
Toprak et al. [2018; 2019] further investigated pipeline damages in liquefied areas
and developed new empirical correlations for cast iron (CI), polyvinyl chloride (PVC),
and asbestos cement (AC) pipelines using multiple liquefaction-related parameters to

assess vulnerability.

In contrast, research addressing PGD caused by fault rupture, such as the study
conducted by Ha et al. [2010] investigated the effects of fault rupture on buried
pipelines through case history observations from the 1999 Kocaeli Earthquake and
centrifuge model tests. The results showed that pipelines subjected to compressive
forces were highly susceptible to buckling, whereas tensile forces primarily caused
deformation without localized failures. Chaudhari et al. [2013] used a finite element
model to assess how variations in pipe diameter, wall thickness, burial depth, and fault
angle affect the seismic response of steel pipelines. Their findings indicated that, in
addition to material properties, geometric factors play a decisive role in governing the
behavior of pipelines subjected to fault-induced displacements. Vazouras et al. [2015]
examined the response of buried pipelines to strike-slip fault displacement,
emphasizing the role of pipe—soil interaction in governing deformation mechanisms.
By combining numerical simulations with closed-form solutions, they provided a
detailed assessment of axial strain distributions, bending effects, and potential failure

scenarios. More recently, Toprak et al. [2025¢] observed damage to the Diizbag



transmission line at the fault intersection caused by the 2023 Kahramanmaras
earthquakes. They reported that the pipeline experienced compressive forces due to
left-lateral sliding movement, resulting in severe deformation in the buried pipelines.
Furthermore, Uckan et al. [2024] performed numerical modelling to simulate the

response of the damaged pipeline segment.

In the literature, there are also studies addressing the effects of landslide-induced
transverse PGD on buried pipelines. Ni et al. [2018] developed a simplified two-
dimensional numerical model, representing pipelines as beam-type structures and
surrounding soil as Winkler springs, to evaluate the fragility of pipelines subjected to
landslide-induced transverse PGD. Using a large set of randomly generated input
parameters, they combined this model with a supervised machine learning technique
to establish predictive relationships between input variables and maximum tensile
strain demands. The study produced empirical fragility curves, demonstrating that
pipeline vulnerability increases with greater PGD but can be mitigated by factors such

as burial depth, soil stiffness, and pipe flexibility.

In addition to PGD, TGD can also affect the performance of buried pipeline systems
by causing widespread damage through seismic wave propagation. In numerous
studies, the extent of pipeline damage under TGD has been quantified using the repair
rate (RR), defined as the number of repairs per kilometer of pipeline length and
typically expressed in repairs’km. One of the earliest documented efforts to relate
pipeline damage to seismic parameters was conducted by Katayama et al. [1975],
who developed empirical correlations for AC and CI pipelines based on peak ground
acceleration (PGA) data from six different earthquake events. This was followed by
Barenberg [1988], who was among the first to correlate peak ground velocity (PGV)
with pipeline damages for CI pipelines. Eguchi [1991] developed fragility curves
associating Modified Mercalli Intensity (MMI) with repair rates for AC, CI, and PVC
pipelines and observed the considerably greater vulnerability of AC pipes relative to
the other materials. Eidinger et al. [1995] further improved these correlations by using
data from seven major earthquakes to establish robust PGV-based repair rate
predictions. Toprak [1998] examined the repair rates of water distribution systems
and established correlations with various seismic parameters, including PGA, PGV,
and MMI. Later, Milashuk and Crane [2012] examined pipeline damage after the
2010 Darfield and 2011 Christchurch earthquakes, concentrating on the areas affected



by TGD. They created new regression models that merged PGV intervals to increase
accuracy in their study. Their regression models showed that repair rate estimates
aligned with the 95% prediction band established by earlier regressions. More recently,
O’Rourke et al. [2014] analyzed the 2010-2011 Canterbury earthquake sequence in
Christchurch, New Zealand, and developed empirical RR-PGV relationships
specifically for AC and CI pipelines. These correlations have subsequently provided a

foundation for assessing buried pipeline vulnerability in seismic regions.

The damage relationships developed in past studies offer an effective framework for
predicting the performance of urban infrastructure systems under potential seismic
loading. For example, Toprak et al. [2009] conducted a detailed evaluation of the
seismic performance of water infrastructure network in Denizli, Tiirkiye, by applying
empirical models under various earthquake magnitude scenarios. Their study
emphasized the relative effects of transient and permanent ground deformations on
buried pipeline damage and demonstrated, through GIS-based analyses, how repair
rates varied according to pipe material and shaking intensity. These predictive studies
enable the identification of vulnerable components within the system, allowing

decision-makers to enhance infrastructure preparedness and reduce seismic risk.

In summary, numerous studies in the literature have demonstrated that there is a clear
link between earthquake-induced ground deformations and buried pipeline damage.
Ground deformations, both temporary and permanent, play critical roles in
determining the severity of pipeline failures. Understanding these mechanisms is
crucial for improving pipeline resilience and establishing earthquake-resilient societies

in seismic regions.



2.2. Liquefaction and Ground Failures

The term liquefaction was initially proposed by Kubo and Mogami [1953] and
became one of the critical subjects of Geotechnical Earthquake Engineering. It is well-
known that the liquefaction phenomenon occurs in saturated sandy soils during
earthquakes and leads to loss of soil-bearing capacity. The sudden increase in pore
water pressure in fully or partially saturated sandy soils can cause a decrease in

effective stress. This process is illustrated in Figure 2.2.
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Figure 2.2: Conceptual illustration of the liquefaction mechanism in saturated soils
before, during and after the shaking.

As a result of the liquefaction, free-field settlements—referring to the vertical
subsidence of the ground surface (Figure 2.3a)—sand boils, which describe the
emergence of sand and water to the ground surface due to excess pore water pressure
(Figure 2.3b), and lateral spreading, characterized by the horizontal displacement of
the ground (Figure 2.3¢), may occur. These manifestations are frequently observed in
areas with shallow groundwater and low relative density soils, particularly under
seismic loading with high cyclic stress ratios. The extent and distribution of these
effects largely depend on site-specific conditions such as soil stratigraphy, saturation
level, and ground motion characteristics. These phenomena can severely compromise
the stability of buildings and infrastructure by reducing the soil's bearing capacity.
Structures may tilt, settle unevenly, or collapse entirely, while infrastructures may
experience significant deformation, rupture, or loss of functionality due to ground

displacement.
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Figure 2.3: Liquefaction-induced ground deformations observed in Iskenderun,
Tiirkiye, following the 2023 Kahramanmaras earthquakes: (a)
settlement due to liquefaction and (b) sand boils [Toprak et al., 2024a];
(c) lateral spreading [Toprak et al., 2025c¢].

Liquefaction manifestations have been widely reported following major earthquakes
around the world. In the literature, numerous studies have focused on events such as
the Mw 7.6 1964 Niigata Earthquake in Japan, the Mw 9.2 1964 Great Alaska
Earthquake and the Mw 6.9 1989 Loma Prieta Earthquake in the United States, the
Mw 7.4 1999 Kocaeli Earthquake in Tiirkiye, the Mw 7.1 2010 and Mw 6.2 2011
Christchurch Earthquakes in New Zealand, and the Mw 7.7 and Mw 7.6 2023
Kahramanmarag earthquakes in Tirkiye. For instance, Ishihara and Koga [1981]
visited earthquake-affected zones such as Kawagishi-cho and South Bank and
conducted site reconnaissance after the 1964 Niigata Earthquake. They observed sand
boils, lateral spreading, liquefaction-induced settlements reaching 50 centimeters, as
well as building tilting of approximately 80 degrees. Youd [2014] compiled site

reconnaissances conducted in earthquake-affected regions such as Anchorage, and
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Valdez after the 1964 Great Alaska Earthquake and summarized liquefaction, lateral
spreading, settlement, and structural damage in detail. Boulanger et al. [1995]
meticulously reported the earthquake effects, liquefaction-induced ground
deformations, and field investigations as well as subsurface soil conditions in Moss

Landing Area after the 1989 Loma Prieta Earthquake.

Moreover, the extent of the liquefaction manifestation along the Kocaeli Bay after the
1999 Kocaeli Earthquake was observed and well-documented by GEER [1999]. Their
report included liquefaction-induced settlements in buildings in addition to the sites
that exhibited sand ejecta and lateral spreading observed both on-site and in aerial
imagery. Additionally, the studies conducted by PEER [2000a; 2000b] and Cetin et
al. [2004a] showed surface cracks at the Yalova Port and confirmed the occurrence of
liquefaction-induced lateral spreading in the coastal area of Yalova, with ground
displacements observed up to approximately 0.3 meters. Cubrinovski et al. [2012]
conducted comprehensive field visits in Christchurch, New Zealand after the 2010-
2011 Christchurch Earthquakes. They made ground surveying measurements at 120
locations and reported lateral ground displacements of about two to three meters along
the Avon and Kaipoi rivers. In addition, they observed severe failures in buildings’
foundations, road bridges, and failures in the city’s water and wastewater pipeline

systems.

Ulusay et al. [2024] and Cetin et al. [2025a] visited earthquake-affected regions
following the 2023 Kahramanmaras earthquakes and observed widespread
liquefaction manifestation resulting in sand ejecta, lateral spreading, and vertical
settlements reaching up to two meters. Moreover, Toprak et al. [2024a] investigated
Atatiirk Boulevard area in Iskenderun and observed that the wastewater treatment plant
faced settlement due to liquefaction, along with the presence of sand boils in the area.
Similarly, Bassal et al. [2024] also conducted a field study in Iskenderun following
the 2023 Kahramanmaras earthquakes and observed extensive liquefaction-induced
ground deformations such as widespread sediment ejecta, ground settlements reaching
up to 700 mm, and seaward lateral spreading as well as post-earthquake flooding
exacerbated by these ground movements. Flora et al. [2024] conducted a field survey
in Adiyaman Golbasi to assess liquefaction effects following the earthquake and
documented severe ground deformations, including extreme settlements and tilting of

buildings due to liquefaction in alluvial deposits with a shallow groundwater table.
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Using in-situ tests, they calculated the Liquefaction Potential Index (LPI) and found
high susceptibility in several areas. In addition, Taftsoglou et al. [2023] identified
liquefaction phenomena at 760 sites using a remote sensing approach, without the need
to visit the site. Therefore, these observations demonstrate that liquefaction represents
a significant seismic hazard and underscore the importance of liquefaction

susceptibility assessments.

There are numerous studies focusing on the liquefaction susceptibility assessments in
the literature. For instance, Seed and Idriss [1971] proposed a basic framework for
liquefaction analyses by developing the stress-based method. Following that, Seed et
al. [1985] updated the relationships with a wide-range of field data and improved the
reliability of the method. Subsequently, Youd et al. [2001] updated the parameters at
the NCEER workshop and prepared comprehensive recommendations for field
applications. Moreover, Cetin et al. [2004b] developed stress-based analysis with a
probabilistic approach and presented a novel method. Afterwards, Idriss and
Boulanger [2008] and Boulanger and Idriss [2014] refined the method with updated
earthquake data, laboratory tests, and proposed updated correction factors for SPT and

CPT based analyses.

In addition to the simplified procedure research, there are liquefaction vulnerability
indexes frequently used in the liquefaction assessment studies proposed by the
researchers. For example, Iwasaki et al. [1982] originally proposed the Liquefaction
Potential Index (LPI) and later Toprak and Holzer [2003] adapted it for CPT
applications. Following that, Sonmez and Gokceoglu [2005] introduced the
Liquefaction Severity Index (LSI) by integrating moderate and no liquefaction classes.
Further, the Liquefaction Severity Number (LSN) was developed by Tonkin and

Taylor [2013] by including volumetric strain in the calculations.

Moreover, the analyses of liquefaction-induced deformations (e.g. liquefaction-
induced settlements, lateral spreading) are as significant as the determination of
liquefaction susceptibility. There are several empirical methods developed to estimate
liquefaction-induced settlements based on field and laboratory data in the literature.
To estimate post-liquefaction free-field settlements, Tokimatsu and Seed [1984]
proposed a widely used technique based on Standard Penetration Test (SPT) data.
Ishihara and Yoshimine [1992] presented another method for estimating volumetric

strains incorporating the relationship between shear strain, relative density, and factor
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of safety. Following that, a new approach utilizing SPT-based shear strain evaluation
with fines content corrections along with unified charts was presented by Shamoto et
al. [1998]. Later, Wu et al. [2003] developed new semi-empirical procedures for
estimating ground settlements and proposed various curves as a function of the Cyclic
Shear Stress Ratio and SPT blow count. Cetin et al. [2009] analyzed 49 case histories
from seven earthquakes in detail and suggested a probabilistic-based approach to
estimate the settlement. Lastly, Bray and Macedo [2017] developed an approach to
estimate liquefaction-induced building settlement by incorporating shear-induced

settlement and ejecta-induced settlement in addition to the free-field settlement.

Building on these studies, determining the liquefaction susceptibility and assessing the
potential degree of the resulting ground deformations are crucial steps. Such
evaluations provide essential information for decision-makers under both current
conditions and potential future earthquake scenarios and can lead to the application of
appropriate soil improvement techniques. When integrated into broader urban
planning and disaster risk management strategies, these measures reduce physical
damage, minimize economic losses and social disruption, and contribute to the

development of earthquake-resilient and sustainable cities.
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3. METHODOLOGY

The following sections provide a detailed explanation of the methodology used for
processing the pipeline damage records, conducting the quantitative analysis of
pipeline damages, and the procedures applied in liquefaction assessments. Initially, the
pipeline damage records for Kahramanmaras Province were processed and verified,
followed by liquefaction analyses and the analysis of damage relationships.
Subsequently, liquefaction analyses were conducted for Yalova Province, and the
relationship obtained from the Kahramanmarag case along with the existing
relationships in the literature was applied to assess potential infrastructure damage.

The overall workflow is illustrated in Figure 3.1.

Kahramanmaras Province
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Figure 3.1: Methodological framework adopted in this study.
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3.1. Processing of Pipeline Damage Records

Following the devastating earthquakes, issues related to drinking water were reported
by citizens and officially recorded through the 185 Emergency Call Center. When a
call report was received, the operator simultaneously transmitted the work order to the
relevant branch manager and foreman via mobile communication channels and
portable digital devices. The order was then assigned to the responsible team leaders,
who conducted on-site inspections and initiated repairs according to the urgency of the
case. After the repair was completed, the responsible team closed the record in the
system. Each entry included information such as district, neighborhood, street or
avenue name, building number, the date the call was received, and the date it was
closed. While the calls were being registered in the system, operators classified each
case as either related to the distribution network or to the subscriber’s internal system.
This classification was made without on-site verification, and following the
earthquake, the urgency of response and the involvement of other water and sewerage
administrations from different provinces further complicated the distinction between

distribution network failures and subscriber-related issues.

To address the limitations of the available call records, meetings were held with
KASKI officials to evaluate alternative data sources that could provide more reliable
information on repair activities. As a result, detailed repair reports for November and
December 2023 were obtained from the subcontractor responsible for the works. These
reports contained verified, field-based information, including the repair date, material
type, diameter of the repaired pipe, address, and photographs taken before and after
the intervention. The photographic evidence was examined alongside the technical
details, and in consultation with KASKI officials, a classification framework was
established. In central neighborhoods, pipes with diameters of 50 mm and below were
classified as subscriber-related, while in rural areas the threshold was set at 32 mm.
Applying this criterion in combination with the photographic records enabled the
distinction between subscriber and network-related damages. Accordingly, 49% of the
repairs pertained to the distribution network, whereas 51% were linked to subscriber
systems. This statistic, together with the consultations held with KASKI officials,
provided guidance for comparing the number of damage call records obtained after the

filtering process.
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Subsequently, to eliminate the possibility of a recorded call referring to the same
damage more than once, a statistical analysis of the start and the end dates of the calls
was performed. The difference between start and end dates was calculated, and the
average resolution time for damage call records was found to be 10 days. The bar graph
in Figure 3.2 illustrates the distribution of these resolution times, showing how long
it took for the calls to be resolved. Therefore, in cases where a second issue was
reported on the same street within ten days, it was not considered a separate damage;

only cases reported after ten days were included in the analysis.
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Figure 3.2: Distribution of call durations, indicating the number of days between the
initiation and closure of calls.

After following the filtering processes above, an additional filtering step was
conducted to exclude subscriber-related issues. If a reported issue was the only call
received from a particular street, it was considered likely to be subscriber-related and
was therefore removed from the dataset. The flowchart in Figure 3.3 summarizes the

filtering processes applied to the initial dataset.

Initially, the dataset comprised 11,345 damage call records from February 6 to August
15, 2023. This range was chosen because the initial frequency analysis of repair data
showed that the damage from the 2023 earthquakes data corresponded primarily to this
period. Following the filtering procedures, the dataset was further reduced to 5,496
records. This final number corresponds to approximately 48.44% of the initial 11,345
calls, closely matching the 49% network damage rate determined from the
subcontractor’s data. This consistency indicates that the filtering process successfully
refined the call records into a dataset accurately representing actual network-related

damage.
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Figure 3.3: Flowchart summarizing the filtering processes applied to the call records.

The filtered number of call records on a monthly basis, covering the initial-frequency
period used in the analysis from August 6, 2022, to August 15, 2023, is presented in
Table 3.1. Additionally, to observe how the call records evolved over time, data
covering the period from August 1, 2022, to December 30, 2024, were compiled.
Furthermore, the temporal distribution of the recorded filtered calls is detailed in
Figure 3.4. As illustrated in Table 3.1 and Figure 3.4, the impact of the earthquake
on the increase in call records is clearly observable. While the number of calls in
January 2023 is 251, this figure surged to a record high of 830 in February due to the
earthquake. Additionally, the approximately 400% increase in damage reports
mentioned by KASKI is also reflected in this dataset.
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Table 3.1: Number of filtered call records per month for the period from August 6,
2022, to August 15, 2023.

Year Months Call Records
August 387
September 317
2022 October 320
November 228
December 223
January 251
February 830
March 880
April 847
2023
May 887
June 761
July 894
August 421
90 '
February 6th ,
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Figure 3.4: Temporal distribution of daily filtered malfunction reports recorded

through the 185 Emergency Call Center between August 2022 and
December 2024.
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Furthermore, the cumulative frequency of reported damages was calculated and
presented in Figure 3.5, where the initial frequency and the post-earthquake steady-
state levels are clearly marked. The initial phase was taken as the reference period for
damage assessments, and subsequent analyses were conducted accordingly. A
noticeable shift between these phases occurred on August 15, 2023, indicating a
relatively significant breakpoint in the trend. Figure 3.6 compares the daily number of
call reports following the earthquakes with the pre-earthquake average, revealing that
post-event reports remained significantly elevated for an extended period and dropped

after August 15, 2023.
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Figure 3.6: Comparison of the number of daily call records after the earthquake with
the pre-earthquake average.
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3.2. Quantitative Analysis of Pipeline Damages

In this thesis, the quantitative analysis of pipeline damage was performed using the
Repair Rate (RR) approach, a widely adopted method in the literature. The repair rate

was calculated using Equation 3.1.

Number of Repairs

kr = Pipeline Length (km)

(3.1)

In addition to repair rate calculations, screening criteria proposed by O’Rourke et al.
[2014] were used. In this context, based on Equation 3.2, the minimum sampling
lengths required to obtain statistically meaningful results were determined, assuming
that pipeline damage follows a Poisson distribution and that a normal approximation

1s valid under the central limit theorem.

LGl (3.2)
a?(RR)

In Equation 3.2, a represents the acceptable margin of error, . denotes the
confidence level parameter (with corresponding values provided in Table 3.2), and x
refers to the minimum sampling length necessary for reliable estimation. In this study,

a confidence level of 90% and a margin of error () of 0.5 were generally adopted.

In the subsequent stages of the study, TGD-related damages were evaluated with
respect to the spatial distribution of PGV and the types of pipe materials present in the
Kahramanmaras water network. The analysis focused on how ground motion intensity
and material characteristics influenced the extent of the observed damage. Detailed
results and interpretations of this assessment are provided meticulously in Section 7.
For Yalova Province, these relationships were utilized to conduct a risk assessment by
integrating the TGD patterns derived from this study with empirical PGD-damage
correlations reported in the literature. In this context, liquefaction susceptibility
analyses were performed for the potential earthquake scenarios, and LPI, LSI, and
LSN were calculated to enable the application of these PGD relationships. The results

of this assessment are presented in Section 12 in detail.
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Table 3.2: [0~1(B.)]? values corresponding to selected confidence levels used in the
screening criteria formulation.

Confidence Level (8,) [6~1(B)]?
90% 2.7060
85% 2.0700
80% 1.6430
70% 1.0740
60% 0.6660
50% 0.4549

3.3. Liquefaction Analysis Methodology

Within the scope of the liquefaction assessments of the thesis study, a comprehensive
Python algorithm was developed, and liquefaction susceptibility analyses were
performed for Kahramanmaras and Yalova Province according to Youd et al. [2001]
and Boulanger and Idriss [2014] methods. For Kahramanmaras Province, both the
PGA values obtained from the Tiirkiye Earthquake Hazard Map (TDTH), which is
based on the probabilistic seismic hazard methodology defined in the Turkish Building
Earthquake Code [TBEC, 2018], and the values proposed by Toprak et al. [2025a]
were considered. On the other hand, for Yalova Province, PGA values were derived
both from TDTH in accordance with the TBEC 2018 approach and from earthquake
scenarios developed within the scope of the SATREPS-MARTEST project. In
addition, the availability of CPT tests in Yalova Province enabled the CPT-based
liquefaction susceptibility analysis to be performed. The LPI, LSI, and LSN were
calculated, and spatial distribution maps of the results were prepared for both

provinces.

Furthermore, since Yalova province is more susceptible to liquefaction and ground
deformation, liquefaction-induced free-field settlements proposed by Tokimatsu and
Seed [1984], Ishihara and Yoshimine [1992], Shamoto et al. [1998], Wu et al.
[2003] and Cetin et al. [2009] were applied.

The developed algorithm performs the analyses in accordance with the methodology

given below.
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1y

2)

3)

4)

)

The algorithm assigns soil properties to SPT depths by considering the layers
where laboratory tests (soil type, unit weight, fines content, water content,
liquid limit, plastic limit, etc.) were performed.
If no ground water level is detected in the boreholes, the algorithm does not
perform the analysis.
If there is no unit weight value in the layer, the algorithm assigns a value by
following the procedure given below.
a. The algorithm initially checks whether the adjacent layers (above and
below it) are the same type of ground.
b. If the adjacent layers are the same type, it takes the average of the unit
weight. However, if only one adjacent layer is the same, it takes the

value of that layer.
c. [Ifthere are no adjacent layers of the same type, it assumes 18 k—l\; when
m

performing the analysis.
The designed algorithm can apply the criteria of Seed et al. [2003], Bray and
Sancio [2006] and Boulanger and Idriss [2006]. However, if water content,
plasticity limit or liquid limit in the layer is not present, it performs the analysis
without applying criteria.
The dz value, which is an important factor used in LPI, LSI and settlement
calculations, is determined according to various conditions in the algorithm.

a. The depth range (dz) is the upper depth subtracted from the lower
depth. However, if the SPT depth is above the groundwater level, the
dz value is considered as zero.

b. Ifthere are successive SPT depths in the same layer, the lower depth is
calculated as the average of the current SPT depth and the next SPT
depth.

c. In the first SPT depth of a layer, the upper depth is the uppermost
boundary of the layer. If the SPT depth is below the water level and is
the first test of the layer, the upper depth is the water level depth. In the
last test of the layer, the lower depth is the lower boundary of the layer.

d. Ifthe SPT depth is exactly at the boundary between the two layers, the

test belongs to the lower layer.
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e. If there are no tests in a layer, no dz calculation is performed for that
layer.
6) After the analyses are completed, it generates graphs and creates results as an

Excel file.

The methodology adopted for the Kahramanmaras Province is given in Figure 3.7,

while the methodology followed for the Yalova Province is given in Figure 3.8.
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Figure 3.7: Liquefaction assessment methodology followed in the analysis of
Kahramanmaras Province.
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3.3.1. Liquefaction Susceptibility Evaluation Methods

In this study, liquefaction susceptibility was evaluated using two widely used methods:
Youd et al. [2001] and Boulanger and Idriss [2014]. These simplified procedures
evaluate liquefaction potential through a comparison between the cyclic stress ratio

(CSR) and the cyclic resistance ratio (CRR) of the soil (Equation 3.3).

CRR

FS=7sR

(3.3)

The equation used to calculate the CSR is the same in both methods and was originally

proposed by Seed and Idriss [1971] (Equation 3.4).

a
CSR = 0.65( ’;‘”‘) <afo)rd (3.4)

Amax 15 the maximum ground acceleration recorded during an earthquake, and its unit

is g (gravitational acceleration). g,,, and gy, are the total soil stress and effective soil
. kN . . . .. :
stress in —, respectively. r; is the stress reduction factor and it is a function of the

depth. This factor is calculated with different approaches. While the equation proposed
by Liao and Whitman [1986] (Equation 3.5) was used in Youd et al. [2001] analysis,
the equations developed by Idriss [1999] (Equations 3.6-3.8) were employed in the
analysis by Boulanger and Idriss [2014].

1.0 —0.00765z, z<915m
d= {1.174 —0.0267z, 9.15m<z<23m (3.3)
rq = expla(z) + B(z) - M] (3.6)
VA
a(z) = —1.012 — 1.126sin (11 =t 5.133) (3.7)
Z
B(z) = 0.106 + 0.118sin (11_28 + 5.142) (3.8)

While M is the moment magnitude of the earthquake, Z is the depth below the ground
surface in meters in the equations. Since Equation 3.5 is valid up to a depth of 23

meters, the analyses based on Youd et al. [2001] were limited to this depth.
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The two methods used in liquefaction analysis consist of different CRR formulations.
The analysis proposed by Youd et al. [2001] is based on the formulation in Equation
3.9, which is valid only in the (N;)¢, < 30 range. Therefore, the CRR value is
considered as 1.0 in the analysis, and the soil is assumed not to liquefy when the (N; )¢

value exceeds this threshold.

(N1)60 50 _

CRR = (3.9)

In Equation 3.9, the value (N;)4, represents the normalized SPT blow count and

were calculated by using Equation 3.10.

(N1)60 = Ny CyCgCpCrCs (3.10)

In the equation above, N,, is the SPT blow count, and Cy, Cg, Cg, Cg, and Cs are the
overburden correction factor, hammer energy ratio correction, borehole correction
factor, rod length correction factor, and correction for sampling method, respectively.
These factors were selected by using Table 3.3. However, while Youd et al. [2001]
uses Equation 3.11 in the Cy calculation, Boulanger and Idriss [2014] applies
Equation 3.12.

P 0.5
ov=(-) =17 (3.11)
O-'UO
P 0.784—0.0768+/(N1)60
CN=<7) <17 (3.12)
O-'UO

P, is the atmospheric pressure and considered as 100 kPa in the analysis.
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Table 3.3: Correction factors for SPT-N values used in this study [Youd et al., 2001].

Factor Equipment Variable Term Correction
Donut Hammer 0.5t0 1.0
Energy Ratio Safety Hammer Cr 0.7to 1.2
Automatic-trip Donut-type Hammer 0.8to 1.3
65 mmto 115 mm 1.00
Borehole Diameter 150 mm Cg 1.05
200 mm 1.15
<3m 0.75
3mto4m 0.80
Rod Length 4 mto6m Cg 0.85
6mto 10 m 0.95
10 m to 30 m 1.00
Sampling Method Standard Sampler . 1.0
Sampler without Liners 1.1to 1.3

Following that, (N;)¢ocs Which is the correction of (N; ) to an equivalent clean sand
value were calculated as a function of the fines content (FC) in Equation 3.13 for the
Youd et al. [2001] method, and Equation 3.14 for the Boulanger and Idriss [2014]
method. In the developed algorithm, if the FC value is not available, the alpha value is

considered as 0 and the beta value is assumed as 1.

(N1)soes = a + B - (N1)go (3.13a)
a=0and B =1 for FC (%) < 5% (3.13b)
_ 190 . FCL®
a=exp|176 - (35)| and g = [0.99 + (5| 6130
for 5 < FC (%) < 35%

@ =5and B = 1.2 for FC (%) = 35% (3.13d)
(N1)socs = (N1)so + ANy 60 (3.14a)
AN ey = exp [ 163 + —— ( 15.7 )2 (3.14b)

(W)so = exp | 1.63 + ze= 557 ~\Fe v 001 '
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Further, the CRR value for the procedure of Boulanger and Idriss [2014] was
calculated using Equation 3.15. It should be noted that CRR; 5 value is valid when the

Oy 1s 1 atm.

2 3 4
CRRy 5 = exp [(N;i_ﬁfﬂ((”;fg) - (=) + (S _2.8] (3.15)

In order to adjust CRR for the other g, values, the K, and C, parameters given in

Equation 3.17 and Equation 3.18 were computed and substituted into Equation 3.16.

CRR;5 = CRR7.5,0{,0=1 atmKo (3.16)
Tyo
K, =1-C,ln (—) <11 (3.17)
F
1

— <0.3 3.18
7 18.9 — 2.55/ (N gocs 19

Subsequently, Magnitude Scaling Factor (MSF) calculation was performed in order to
use different earthquake magnitudes. While Equation 3.19 was used in Youd et al.
[2001] analysis, Equation 3.20 and Equation 3.21 were used in Boulanger and
Idriss [2014].

10224 (3.19)
MSF = 7s
-M
MSF =1+ (MSFpq, — 1) (8.64exp (—4‘”) - 1.325) (3.20)
2
N
MSFpa, = 1.09 + <( ;i%") <22 (3.21)

Lastly, the factor of safety (FS) for each SPT depth was calculated using Equation
3.22.

MSF (3.22)
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Following that, the liquefaction susceptibility criteria for silts and clays proposed by
Seed et al. [2003], Bray and Sancio [2006], and Boulanger and Idriss [2006] were

performed in the analyses and these criterions were presented in Table 3.4.

In the algorithm, it is initially checked whether the soil properties fulfil the moderately
susceptible criterion. If this criterion is met, the relevant layer is considered to be non-
liquefiable, and the factor of safety value is assigned as 2.0. However, if any of the
parameters such as PI, LL or W, are not present in the datasheet, the criterion cannot
be applied; in this case, the soil is considered liquefiable, and liquefaction analysis is

performed, and factor of safety is calculated.

Table 3.4: Liquefaction susceptibility criteria used in the study.

Moderately Non-
Studies Susceptible
Susceptible liquefiable

PI <12% 12% < PI <20%

Seed et al. [2003] LL < 37% 37% < LL < 47%
Fe - 0.80 We < 0.85
LL ' LL =

PI <12% 12% < PI <18%

Bray and Sancio [2006] w, 0.85 w, 0.80
E > 0. E > 0.
Boulanger and Idriss [2006] PI < 3% 3% < Pl <6% Pl =2 7%

Moreover, liquefaction susceptibility analysis was conducted based on CPT data
according to the procedure proposed by Boulanger and Idriss [2014], where CPT
tests were available. Firstly, the corrected cone resistance (q;) was calculated using

Equation 3.23.

qe =qc+ (1 —a)(uy —up) (3.23)

Here, g, is the measured cone tip resistance, u, is the pore-water pressure acting on

the cone, u, is the hydrostatic pore-water pressure, and a is the cone’s net area ratio.
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Following that, the friction (F) and the normalized tip ratio (Q) were calculated using

Equation 3.24 and Equation 3.25, respectively.

F=—""—x100 (3.24)

o~ (55%) (2

Here, n is the stress-exponent parameter and calculated using Equation 3.26.

!
O-UO

n = 0381l + 0.05( -

a

) ~0.15<1.0 (3.26)

Where I, is the soil behavior type index and calculated using Equation 3.27.

I = [(3.47 —log(@)" + (122 + log(F))Z]o'5 (3.27)

In next, the normalized cone resistance was computed using Equation 3.28.

q
Geiv = (P—) Cn (3.28)
a

Here, Cy is the overburden correction factor and was calculated using Equation 3.29.

1.338-0.249((qc1n)cs) 2%

ey =( Fa ) <17 (3.29)

In the equation above, (q.1y)¢s 1S limited to values between 21 and 254. Furthermore,

the clean-sand equivalent cone resistance ((g.1y)cs) Was calculated using Equation

3.30.

(@cin)es = Gein + Aqean (3.30)

31



Here, Aq.4y is the equivalent clean sand adjustment for CPT and was computed using

Equation 3.31.

dcin 9.7 < 15.7 )2
Aqey = (11. 63— - 331
e = (119 + 755) exp (1 3 ~rcr2 \Forz G-31)

Where FC corresponds to the fines content and was determined using Equation 3.32.

| _ (FC+137)

c=—gp  ~ Crc (3.32)

Subsequently, the CRR for the moment magnitude 7.5 earthquake was calculated using
Equation 3.33. It should be noted that resulting CRR, 5 value is valid for an effective

overburden stress of 1 atm.

CRR

M=7.5,a,',0 =latm

= ex (qclN)cs+ (qclN)cs 2_ (qclN)cs ’
- P\ T3 1000 140 (3.33)

(qclN)cs !
+< 137 ) —2.80)

In order to adjust CRR for the other oy, values, the K, and C, parameters given in

Equation 3.17 and Equation 3.34 were computed and substituted into Equation 3.16.

1
<03 (3.34)

C. =
’ 37.3 — 8-27((QC1N)CS)0'264 N

Subsequently, MSF calculation was performed in order to use different earthquake

magnitudes using Equation 3.20 and Equation 3.35.

2
MSEjq = 1.09 + ((q;;”o) ) <22 (3.35)
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Furthermore, the shear stress reduction coefficient was computed using Equations
3.6-3.8 and then substituted into the CSR calculation, which was performed using
Equation 3.4.

Lastly, the factor of safety for each CPT depth was calculated using Equation 3.22.

3.3.2. Index-Based Assessment Methods

Index-based liquefaction assessments quantify the overall potential for liquefaction
manifestation at a borehole location and provide a single representative value. These
methods are widely used to illustrate the spatial distribution of liquefaction
susceptibility. In addition, they classify the results into categories, offering further

insight into the potential severity of liquefaction.

Within the scope of the thesis, the LPI proposed by Iwasaki et al. [1982] was

estimated by using Equation 3.36 and results were discussed in detail.

20m
LPI = f F(z2)W(z)dz (3.36)
0

Subsequently, the F(z) and W(z) values were computed according to the formulations

provided in Equation 3.37 and Equation 3.38.

F(z) =1—FSforFS < 1.0 (3.37a)
F(z)=0for FS > 1.0 (3.37b)
W(z) =10—-0.5zforz < 20m (3.38a)
W(z) =0forz>20m (3.38b)

As indicated in the above equation, LPI was calculated for depths up to 20 m,
considering only cases where FS was less than 1.0. Subsequently, the results were

classified according to the intervals in Table 3.5 and used in the map labelling.

In addition to the original formulation proposed by Iwasaki et al. [1982], the practical
interpretation of LPI as an indicator of ground failure and surface was supported by
Toprak and Holzer [2003]. Their CPT-based evaluations showed that LPI values of
5 and 15 correspond to approximately 58% and 93% likelihood of observable field
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deformation, respectively. Furthermore, LPI has been applied extensively in hazard
mapping studies as well as correlations with building and pipeline damages [Holzer
et al., 2002; Holzer et al., 2003; Jinguuji and Toprak, 2017; Toprak et al., 2019],
supporting its role as a practical indicator for evaluating building and pipeline

vulnerability under liquefaction.

Table 3.5: Classification of liquefaction potential based on LPI value adopted in this
study [Iwasaki et al., 1982].

LPI Intervals Category
LPI =0 Very Low

O<LPIL<S5 Low

5<LPI<15 High
LPI > 15 Very High

The LSI, on the other hand, was calculated using Equation 3.39 for each borehole,

and the values were categorized according to Table 3.6.

20m
LSI = f P, (z)W(z)dz (3.39)
0

P, (z) refers to the probability of liquefaction at a given depth and is the function of
FS.

For cases where FS is less than or equal to 1.411, the probability of liquefaction was

evaluated using Equation 3.40; otherwise, it was taken as zero.

P, = ———=for FS < 1.411 (3.40a)

FS\45
1+(0.96)

P, = 0 for FS > 1.411 (3.40b)

Moreover, the term W (z) was calculated using Equation 3.38, in a manner consistent

with the formulation applied in the LPI calculation.
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Table 3.6: Classification of liquefaction severity based on LSI value used in this study
[Sonmez and Gokceoglu, 2005].

LSI Intervals Category
LSI=0 Non-liquefied
0<LSI<15 Very Low
15 < LSI < 35 Low
35 < LSI <65 Moderate
65 < LSI <85 High
85 <LSI <100 Very High

Further, to assess the severity of potential liquefaction-induced deformations within
the soil profile, the LSN method of Tonkin and Taylor [2013] was applied. The
calculations were performed along the soil profile to a depth of 20 m, in accordance

with Equation 3.41.

20m ¢ (3.41)
LSN = 1ooof —dz

0

In the equation above, the volumetric strain (&,) was calculated based on the empirical
correlations proposed by Zhang et al. [2002]. In these calculations, FS was used
directly, while the SPT blow counts were converted into (q.qy) Vvalues for

evaluation.
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The parameter &, is explicitly defined as a function of both FS and (q.qy)s, and its

value is determined through the combination of these two parameters, as expressed in

Equation 3.42.
IfFS <0.5,
IfFS = 0.6,
IfFS = 0.6,
IfFS =0.7,
IfFS =0.7,
IfFS =0.8,
IfFS =0.8,
IfFS =0.9,
IfFS =0.9,
IfFS =1.0,
IfFS=1.1,
IfFS=1.2,
IfFS =1.3,
IfFS = 2.0,

&, = 102(qe1n)
&, = 102(qe1n)
&, = 2411(qean) s ™
&, = 102(qe1n)
& = 1701(qe1n) s *
&, = 102(qe1n)
&, = 1690(qc1n) s *°
&, = 102(qern)
&, = 1430(qe1n) s *®
& = 64(qen)s ™
& = 11(qern) s
& = 9.7(qern)

&y = 7'6(qC1N)LTSO‘71

& =0.0

For 33 < (qoin)es < 200
For 33 < (qoin)es < 147
For 147 < (qe1n)es < 200
For 33 < (qein)es < 110
For 110 < (qeqn)es < 200
For 33 < (go1n)ces < 80
For 80 < (go1n)es < 200
For 33 < (goin)cs < 60
For 60 < (qo1n)es < 200
For 33 < (goin)es < 200
For 33 < (qo1n)es < 200
For 33 < (qo1n)es < 200
For 33 < (goin)es < 200

For 33 < (qclN)cs <20

(3.42a)
(3.42b)
(3.42¢)
(3.42d)
(3.42¢)
(3.421)
(3.429)
(3.42h)
(3.42i)
(3.42j)
(3.42K)
(3.421)
(3.42m)

(3.42n)

Following that, the calculated LSN values were categorized according to Table 3.7 for

use in mapping. This classification was adapted from Tonkin and Taylor [2013],

which systematically outlined observed land effects corresponding to various LSN

ranges based on extensive field observations following the 2010-2011 Christchurch

Earthquakes.

LSN is not only a significant indicator for observed land effects but also a practical

measure for assessing the condition of buried infrastructure in liquefaction-affected

areas. For instance, Toprak et al. [2019] reported that areas with higher LSN values

corresponded to higher repair rates in water distribution lines, indicating a direct

relationship between LSN and infrastructure damage.
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Table 3.7: LSN ranges, category names, and observed land effects considered in this
study [Tonkin and Taylor, 2013].

t
LSN Range Ca.egory Name. Predominant Performance
(Used in the Mapping)
Little to no expression of
0<LSN <10 Very Low liquefaction, minor effects.
10 < LSN < 20 Low Minor expression of

liquefaction, some sand boils.

Moderate expression of
20<LSN <30 Moderate liquefaction, with sand boils and
some structural damage.

Moderate to severe expression
30 <LSN <40 High of liquefaction, settlement can
cause structural damage.

Major expression of
liquefaction, undulations and
40 < LSN <50 Very High damage to ground surface,
severe total and differential
settlement of structures.

Severe damage, extensive
evidence of liquefaction at
LSN > 50 Severe surface, severe total and
differential settlements affecting
structures, damage to services
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3.3.3. Liquefaction-Induced Settlement Estimation Methods

3.3.3.1. Tokimatsu and Seed [1984] Free-Field Settlement Procedure

Tokimatsu and Seed [1984] studied liquefaction-induced settlements and related the
degree of volumetric strain to the corrected SPT blow number. The graph in Figure
3.9 shows field data from different regions such as Niigata, Arahama, and Hachinohe.
These results represent one of the earliest and most fundamental approaches for

predicting liquefaction-induced settlements.

06 T T T T

Volumetric Strain-%
0,5-10 5 4‘1 3 2

L
40 S0

Figure 3.9: Relationship between cyclic stress ratio and corrected SPT blow count
with volumetric strain curves [Tokimatsu and Seed, 1984].

The volumetric strain curves given in Figure 3.9 were first digitized, and the plots
were generated using the Python algorithm. The (N, )4, and CSR values obtained from
each borehole were then plotted on the same graph. Subsequently, the two closest
curves to each point were identified. If FS was less than or equal to 1.0, volumetric
strain was calculated; otherwise, it was taken as zero. Using linear interpolation,
volumetric strain values were calculated based on the inverse of the distance to these
curves and were then used in the settlement calculation. Figure 3.10 presents the
output of the described algorithm, where the values above the points indicate the test

depth, and the dashed lines represent the perpendicular distances from each point to
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the nearest two curves. In addition, if the test point remained below the lowest curve,
the volumetric strain value corresponding to the lowest curve was assigned to the point

without performing interpolation.

Tokimatsu and Seed (1984)

0.8

0.7 6:0

___________ - — y=5.0%
0.6 1 13 —YsAw
_____ ° — y=3.0%
— Y=2.0%
— y=02%
— y=05%
y=01%
— y=1.0%
Y =10.0%
—o— 1.5:€v: 0.0212
—o— 3.0: ev: 0.0112
—— 4.5:€v: 0.0270
—o— 6.0: €v: 0.0358
7.5: ev: 0.0255
—o— 9.0: ev: 0.0227

0.51

CSR

0.4 1

0.3+

0.2+

0.1 1

0.0

(N1)so

Figure 3.10: Output of the interpolation algorithm showing test depths and distances
to the nearest curves for the Tokimatsu and Seed [1984] method.

Finally, the calculated volumetric strain values were used to determine the total

liquefaction-induced free-field settlement in accordance with Equation 3.43.

Zmax
szf e, dz (3.43)
0

Here, €, and dz represent the volumetric strain and the layer thickess, respectively.

3.3.3.2. Ishihara and Yoshimine [1992] Free-Field Settlement

Procedure

Ishihara and Yoshimine [1992] investigated the behavior of sandy soils in laboratory
tests to predict post-liquefaction settlements. For this purpose, horizontal shear loads
were applied to sand samples of varying densities using a simple shear apparatus. The
resulting data were presented in the chart shown in Figure 3.11, which incorporates

FS itself rather than cyclic shear stress.
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Figure 3.11: Relationship between the factor of safety for liquefaction and volumetric
strain (¢,), with relative density (Dg) and N; curves [Ishihara and
Yoshimine, 1992].

Volumetric strain values were calculated using Figure 3.11, which was digitized and

mathematically expressed by Yoshimine et al. [2006] as given in Equation 3.44.

& = 1.5 exp(—2.5Dg) - min(0.08, ¥,,.x) (3.44)

Here, Dy denotes the relative density, calculated using Equation 3.45 provided by
Idriss and Boulanger [2003], and y,,,, represents the maximum shear strain,

determined using Equation 3.46-Equation 3.48.

(N1)60CS (345)

D, =
R 46

It should be noted that Dy value is valid when (N;)gocs i less than 46.
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Subsequently, Y.« Was calculated using the formulation originally developed by
Yoshimine et al. [2006], with a limiting value (y;;,,) incorporated as proposed by
Idriss and Boulanger [2008] (Equation 3.48).

Yiim = 1.859(1.1 — Dg)3 = 0 (3.46)

F, = 0.032 + 4.7 Dg — 6.0 (Dg)? (3.47)

Ymax = 0 for FS > 2 (3.48a)

Vinax = Min (yhm, 0.035(2 — FS) (%)) for2>FS>F,  (3.48b)
Ymax = Yiim fOor FS < F, (3.48¢)

Moreover, the term y,,,,, was also estimated using Equation 3.49 proposed by Zhang
et al. [2004] in order to evaluate its influence on the settlement value. In this method,
linear interpolation was applied between the given Dy values, and in cases where Dy

was lower than 40%, a minimum value of 40% was assumed for the calculations.

If Dg = 90%, Yinax = {3'26(1:5)_16'{2: T a0 (3.49)

I Dy = 80%, Yo = {200 )_ngj DO =R Gam)

I Dy = 70%, Yoy = {200 5)18; O =20 (3.49)

I£ D = 609%, Yirax = {20 5);24; ot ub i (3.49d)

I£ D = 509%6, Yo = {22 S);T; S (3.49)
3.31(F$)~"%7, 1.0 < FS < 2.0

If Dy = 40%, Vg = { 250(1 — FS), 0.81 < FS < 1.0 (3.49f)

51.2, F§ <0.81

Lastly, the total liquefaction-induced free-field settlement was estimated in accordance

with Equation 3.43.
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3.3.3.3. Shamoto et al. [1998] Free-Field Settlement Procedure

Shamoto et al. [1998] developed a method for assessing both vertical and horizontal
deformations in liquefied soils following the 1995 Hyogoken—Nambu Earthquake and

presented three graphs in Figure 3.12 based on varying fines content values.

In order to utilize the empirical charts, the SPT blow count must be corrected using
several factors. One of these is the overburden stress correction, applied to eliminate
the influence of effective vertical stress in the soil. The corrected value, denoted as N,

was calculated using Equation 3.50.

1.7
N, =Cy-N = <0—+07) ‘N (3.50)

Here, o', is in kgf/cm? and represents the effective vertical stress in the soil profile.

Following that, N; was further adjusted by a correction factor based on the fines

content using Equation 3.51.

Ny = N; + AN (3.51)

Here, AN was calculated following the procedures given in Table 3.8.

Table 3.8: AN; values determined based on fines content ranges.

Fines Content (FC) (%) ANy
0-5 0
5-10 Linear Interpolation
10 and more ANy =0.1-FC+4
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Figure 3.12: Relationship between cyclic stress ratio and adjusted SPT blow count
with volumetric strain curves [Shamoto et al., 1998].

Subsequently, each graph was digitised and plotted in Python. The algorithm first
determined which graph to use based on the FC value of the SPT test and then
performed linear interpolation between the two curves closest to the test point. Figure
3.13 presents the algorithm output, with sample test points shown for illustrative

purposes.
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Figure 3.13: Output of the interpolation algorithm showing test depths and distances
to the nearest curves for the Shamoto et al. [1998] method: (a) Fines
Content < 10%, (b) 10% < Fines Content < 20%, (c) Fines Content >
20%.

Accordingly, the post-liquefaction vertical settlement (Dg) was calculated by
multiplying the volumetric strain values by the corresponding layer thicknesses,

summing the results over depth, and multiplying the total by the correction factor Cj.

H
Dg = G- f (EorImax (2)dz (3.52)
0

Here, Cg value was taken as 0.84 based on the regression analysis in the cited study.
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3.3.3.4. Wu et al. [2003] Free-Field Settlement Procedure

As part of this thesis, another free-field liquefaction-induced settlement estimation
method proposed by Wu et al. [2003] was utilized. For this purpose, the original chart
presented in Figure 3.14 was digitized, and the resulting interpolation-based strain
curves are shown in Figure 3.15, illustrating the relationships among CSR, (Ny)gocs>

and reconsolidation volumetric strain.

10% 7% 6% 5% 4% 3% 2% 1%P,=50% &,=0.5%
0.6 - 1 1 7
' I I 1 yay AT
4
% HH / /
o 05 1 1 i 17
S ] 711
= I 7/
s I ]
1 1 / /117
g 04 | 1 1 7/
= 7 71/
» 1 11— /4 7
5 L B /
o I 7
2 o341y y -
@ 1 7 y 7 y
2 T 7/ 7
B T EARAES & a A
S 029y 2
< 11 y 4 7 7
e W7/ .
s 1174 >
AR L,
s e Cetin et al. (2000)
=== This study
0.0 —
0 10 20 30 40 50
SPT Nigo.cs

Figure 3.14: Reconsolidation volumetric strain curves based on (N;)go.s and CSR
[Wu et al., 2003].

Wu et al. (2003)
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Figure 3.15: Visual output of the interpolation process displaying depths of test points
and their distances to Wu et al. [2003] reference curves.

In the final step, liquefaction-induced free-field settlement was computed based on

Equation 3.43.
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3.3.3.5. Cetin et al. [2009] Free-Field Settlement Procedure

Cetin et al. [2009] developed a semi-empirical, probabilistic model to estimate
liquefaction-induced settlements in saturated cohesionless soils after earthquakes. The
method was calibrated using 49 high-quality field data sets from earthquakes of
varying magnitudes. In the analysis, the relationship given in Equation 3.53 was used
to convert the field CSR to its laboratory equivalent under 1 atm confining pressure

and 20 loading cycles.

CSRy;
field
CSRss201p,1atm = ﬁ (3.53)
md*M,, o

Due to the multidirectional nature of the loading, the K,,; coefficient, which is a

function of relative density, was calculated using Equation 3.54.

K,q = 0.361In(Dg) — 0.579 (3.54)

Moreover, the K, correction factor, which accounts for the effect of earthquake
duration on volumetric strain, was calculated using Equation 3.55. Since longer
earthquakes generate more loading cycles and result in greater volumetric

deformation, this coefficient is defined as a function of moment magnitude.

(3.55)

My = 2217
M .
w

Following that, the effect of the vertical effective stress on CSR was corrected using

the method proposed by Youd et al. [2001], as expressed in Equation 3.56.

K, = (GP”")J‘ -t (3.56)
a

The term f in Equation 3.56 was calculated using Equation 3.57.

f=1-0.005D (3.57)
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Following that, the volumetric strain was computed based on the formulation provided
in Equation 3.58. However, it should be noted that this equation is applicable only for
(N1)gocs values between 5 and 40, and CSR values between 0.05 and 0.60.

In(ey)

780.416 In(CSR - (N + 2,442.465
— ln [1879 ln < ( SS,ZO,lD,latm) ( 1)6005

636.613 (N;)gocs + 306.732 ) (3.58)

+ 5.583 ] + 0.689

Since the layers near the surface contributed more to liquefaction-induced settlement,
the study suggested a weight factor up to a critical depth of 18 m. This weight factor

was calculated using Equation 3.59.

d;

DFj=1-——1
' Z., = 18m

(3.59)

Subsequently, the equivalent volumetric strain was calculated using Equation 3.60.

&, tDE

Evequ. = Z t,DF; (3.60)

Ultimately, the calculated equivalent volumetric strain was multiplied by the overall

layer thickness, as expressed in Equation 3.61.

Sestimated — gv,eqv. Z ti (361)

In summary, the free-field settlement methods applied in this thesis are presented in
detail together with their formulas and calculation procedures. The results were

generated using the developed algorithm and compared comprehensively.
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4. REGIONAL OVERVIEW OF
KAHRAMANMARAS PROVINCE

4.1. Geography, Climate, and Economic Structure

Kahramanmaras is a metropolitan city located in the southeastern part of Tiirkiye, with
a population of 1,134,105 as of the end of 2024 [Turkish Statistical Institute, 2025].
The city consists of eleven towns: Onikisubat, Dulkadiroglu, Elbistan, Afsin,
Tiirkoglu, Pazarcik, Goksun, Andirin, Caglayancerit, Nurhak and Ekindzii. The city
center constitutes the towns of Dulkadiroglu and Onikisubat. Covering a total area of
14,518 km?, the province shares borders with Malatya and Adiyaman to the east,
Kayseri and Adana to the west, Gaziantep and Osmaniye to the south, and Sivas to the

north.

In terms of climate, Kahramanmaras is situated at the junction of three distinct
geographical regions. In the lowland areas, the Mediterranean climate prevails, while
moderately continental climate characteristics appear toward the north as elevation
increases. The city’s average annual temperature ranges between 5°C and 28°C, and
the annual precipitation varies from 0.5 to 127 kg/cm?. Winters are mild and rainy,
whereas summers are hot and dry. Approximately 42% of the province’s land is
covered by forests and shrublands, 27% by cultivated areas, and 24% by meadows and

pastures [Kahramanmaras Metropolitan Municipality, 2025].

Regarding its economy, Kahramanmaras has a structure supported by the industrial,
agricultural, and service sectors. The industrial sector plays a significant role, with
strong activity particularly in textiles, metal kitchenware, paper, and food production
[Eastern Mediterranean Development Agency, 2025]. The city is a leading
producer of metal kitchenware, with approximately 60% of Tiirkiye’s total production
produced in the city. Moreover, it accounts for 30% of national yarn and 10% of woven
fabric production, underscoring its status as one of Tiirkiye’s leading provinces in the

textile industry [Commodity Exchange of Kahramanmaras, 2017].
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4.2. Geological Formation

From a geological perspective, clastic and carbonate units, along with neritic
limestone, are observed in the elevated parts of the city center, while alluvial fan
deposits, undivided quaternary units, and similar deposits are generally found in low-
lying areas. A significant portion of urban development is located on these alluvial and
colluvial units. Furthermore, the presence of numerous fault lines across the central

area indicates significant seismic hazard potential.

In addition, Yeleser [2006] reported that the Kahramanmarag plain, which formed
under the influence of the East Anatolian Fault (EAF), consists largely of quaternary
sediments such as alluvium and slope debris. These units are prevalent particularly in
the southwestern parts of the city, at elevations ranging from 450 to 500 meters. The
stratigraphic sequence also includes older formations like the Koruk and Eloglu
Formations, as well as wvarious ophiolitic and carbonate complexes, further
emphasizing the geological complexity of the region. The geological structure of the

city center is presented in detail in Figure 4.1.
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Figure 4.1: Map of the geological structure of Kahramanmaras city center.

4.3. Seismic Characteristics

Kahramanmaras Province is located within a zone of high seismic activity governed
by the dynamics of the East Anatolian Fault Zone. This active, strike-slip fault system

extends across eastern Tiirkiye, from Bing6l-Karliova in the northeast to Tiirkoglu—
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Samandag in the southwest. Tectonic deformation along the EAF is primarily
compressional in nature and forms part of a broader interaction with the Dead Sea
Fault System, reflecting the relative northeastward motion of the Arabian plate [Arpat
and Saroglu, 1972]. The fault’s southwestern portion can be further delineated into
the Karasu and Misis segments, both historically associated with significant seismic
events, such as the 1822 Hatay and 1874 Hazar Lake earthquakes [Ambraseys, 1989;
Demirtas, 1998].

Recently, this seismically active region was struck by two highly destructive
earthquakes. The first event, with a magnitude of 7.7, occurred approximately 40 km
from the city center in Pazarcik, while the second event, with a magnitude of 7.6, struck
about 54 km away in Elbistan. The spatial distribution of the mainshocks, aftershocks,

and associated surface ruptures is illustrated in Figure 4.2.
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Figure 4.2: Map of the seismicity of the earthquake-affected region.

Figure 4.2 shows that aftershocks are predominantly concentrated along the fault
zones where surface ruptures were observed and are distributed over a wide area,

indicating extensive rupture propagation following both mainshocks.
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Furthermore, between February 6, 2023, and June 6, 2025, the region experienced over
3,800 earthquakes with magnitudes greater than 3.0, all occurring within a 200 km
radius of the city center. While the magnitude distribution of these events is presented

in Figure 4.3, the number of earthquakes is presented in Figure 4.4.
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Figure 4.3: The distribution of the earthquake events by magnitude.
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Figure 4.4: Quarterly distribution of the earthquake events.
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Ground motion recordings from strong-motion stations provide further insight into the
shaking characteristics of these events. Among the stations listed, the maximum PGA
and PGV during the Mw 7.7 earthquake were recorded at station TK4625, with values
of 466.33 cm/s? and 75.65 cm/s, respectively (Table 4.1). According to USGS data,
PGV values ranged between 20 and 50 cm/s, while PGA values varied between

approximately 196.13 and 490 cm/s? during this mainshock.

During the Mw 7.6 earthquake, the highest PGA and PGV values were observed at
station TK4617, measured at 82.69 cm/s? and 27.36 cm/s, respectively (Table 4.2).
USGS data indicate that during this second event, PGV values were around 20 cm/s,

and PGA values ranged approximately between 50 and 98 cm/s.

Table 4.1: The PGA, PGV, and Peak Ground Displacement (PGD) values recorded
by AFAD stations during the Mw 7.7 Pazarcik earthquake.

PGA PGA PGA PGV PGV PGV PGD PGD PGD
(cm/sn2) (cm/sn2) (cm/sn2) (cm/sm) (cm/sn) (cm/sn) (cm) (cm) (cm)
(N-S) (E-W) (U-D) N-S)  (E-W)  (U-D) (N-S) (E-W) (U-D)

Station Vs30
Code (m/s)

TK4617 574 14533 115.16 110.59 2847 26.10 19.95 29.79 4134 19.64

TK4618 715 125.66 159.42 13442 2344 2635 19.12 2258 4691 20.24

TK4619 545 302.03 194.74 17551 3042 30.03 19.11 32.18 4891 19.22

TK4620 484 300.40 32093 18534 31.82 3735 1535 23.61 57.38 18.57

TK4621 714 363.80 295.56 25392 3194 4514 20.87 32.03 5993 16.42

TK4624 280 357.25 310.89 15748 59.04 49.72 35.66 37.71 18.95 18.87

TK4625 345 447.00 466.33 344.07 75.65 49.84 2894 4629 19.87 20.32

TK4626 317 108.81 223.09 11227 1794 28.06 592 1944 2095 5.01

Table 4.2: The PGA, PGV, and PGD values measured by AFAD stations during the
Mw 7.6 Elbistan earthquake.

PGA PGA PGA PGV PGV PGV PGD PGD PGD
(cm/sn2) (cm/sn2) (cm/sn2) (cm/sm) (cm/sn) (cm/sn) (cm) (cm) (cm)
(N-S) (E-W) (U-D) (N-S) (E-W) (U-D) N-S) (E-W) (U-D)

Station Vs30
Code (m/s)

TK4617 574 5597  82.69 54779 2262 2736 13.67 21.65 3691 9.20

TK4620 484 66.82 8133  57.03 2148 2344 1336 20.09 3821 10.57

TK4624 280 65.00 79.75 38.61 1852 1789 872 1739 32.76 9.26

TK4625 345 7346 5068  38.15 1390 1538 880 23.67 30.83 6.94
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4.4. Water Supply System

Kahramanmaras Water and Sewerage Administration (KASKI) serves 1,134,105
people in 11 towns, employing 946 staff and operating an extensive water supply
infrastructure that includes transmission lines, treatment facilities, storage tanks, and
distribution networks [KASKI, 2024]. The city center, consisting of the Dulkadiroglu
and Onikisubat towns, accounts for 55.32% of the 430,854 water subscribers. This
service network is supplied from four different sources: Ayvali Dam (1,000 L/s) to the
east, Karasu (1,500 L/s) to the west, Piarbas1 (500 L/s) to the north, and southern
wells (Asfalt, Adana, and Sanayi) (645 L/s) to the south, to meet the drinking water
demand of Kahramanmaras city center. The locations of these sources and

transmission lines conveying water to the city center are presented in Figure 4.5.

Water from Ayvali Dam is conveyed to the Ayvali Drinking Water Treatment Plant,
completed in 2010 with a daily capacity of 90,000 m?, via a 10 km steel pipeline with
a diameter of 1,400 mm [Toprak et al. 2024c¢]. The treated water is distributed to the
city through the Ayvali Transmission Line, consisting of steel pipes with a diameter
of 1,500 mm and a total length of 27.2 km. The Karasu Transmission Line extends
64.6 km, of which 59.1 km consists of steel pipes and 5.5 km of glass-reinforced plastic
(GRP) pipes, conveying water from the Karasu spring to the city center. Water from
the Pinarbasi spring is transported through 0.85 km of asbestos cement (AC) pipes and
is supplied to the network by both gravity and pumping lines. The supply from the
southern wells is entirely conveyed via pumping lines through 7.8 km of steel pipes

and is chlorinated before being supplied to the distribution network [BELGEP, 2022].

The city center is also served by 35 water tanks (Table 4.3), most of which are
underground reinforced concrete structures with storage capacities ranging from 200
m? to 10,000 m*. Five pumping stations (Table 4.4) operate to transfer water from
lower elevations to the upper zones of the city, with flow rates ranging from 20 L/s to

111 L/s.
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Table 4.3: Names and storage volumes of water tanks located in the city center of

Kahramanmaras.

No  Tank Name Volume (m*)  No Tank Name  Volume (m?)
1 Kavlakli 5,000 19 DM12 2,500
2 Ungut 1,000 20 DM19 -

3 DM23 5,000 21 TDMI1 -

4 DM4 2,000 22 DM15 -

5 DM7 4,000 23 Tekke -

6 DM3 3,000 24 TDM4 2,000
7 DM5 4,000 25 Tekerek 250
8 DMS$ 6,000 26  DM21 (ATV) 2,500
9 DM11 10,000 27 1000 m? Tank 1,000

10 DM13 10,000 28 DM6 2,500

11 DM18 6,000 29 TDM3 -

12 DM16 10,000 30 200 m? Tank 200

13 DM20 1,500 31 200 m? Tank 200

14 DM22 2,000 32 300 m® Tank 300

15 DM14 2,500 33 Dereli -

16 DMI (5/1) 2,500 34 Kﬁﬁﬁt‘g‘;h i

17 DM2(52) 1,500 35 TDM2 500

18 DM10 5,000

Table 4.4: Technical specifications of the pumping stations transferring water to upper

zones in the Kahramanmaras city center.

Flow Rate Pump Power  Pumping Water

No Station Name (L/s) (kW) Level (m)

1 TM23 60 75 80
TM5-1 35 S5 20

2 TM5-2 20 22 60
TM11-1 45 78 10

3 TM11-2 111 90 58

4 ™7 60 110 120

5 TY1 37 45 69
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Figure 4.5: Map showing the water sources and transmission lines in the city center.

The percentages of pipe types in the distribution system in the Kahramanmaras city
center is given in detail in Figure 4.6. The water service has an infrastructure
consisting of various pipe materials, including polyethylene (PE), polyvinyl chloride
(PVC), asbestos cement (AC), cast iron (CI), concrete, steel, and polypropylene
random copolymer (PPRC).

In the pre-earthquake system, the majority of the city’s water distribution network
(79%) consisted of PE pipes, which were widely distributed throughout the city center.
AC and PVC pipes each accounted for 7% of the network, while CI pipes constituted
5% and steel pipes formed 2%. Concrete, PPRC, and other types of pipes each
accounted for less than 1%. AC and CI pipes were generally located in relatively older

settlement areas.

Prior to the spatial analysis, it was identified that some sections of the distribution lines
were missing from the Geographic Information System (GIS) database. The updated
layout of the network, including the segments added to address these gaps, is shown
in Figure 4.7. The missing lines were digitized from printed layout maps obtained
from KASKI, georeferenced, and integrated into the GIS environment to provide a

more complete representation of the system.
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Figure 4.6: Material types of the pipeline network in Kahramanmaras city center.
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S. OBSERVED DAMAGES AFTER THE 2023
KAHRAMANMARAS EARTHQUAKES

S5.1. Structural Damages

The 2023 Kahramanmaras earthquakes caused extensive damage throughout
Kahramanmaras Province and its towns. Across the province, which has a total of
481,362 residential buildings, more than 99,000 were reported as heavily damaged or
collapsed, 17,000 as moderately damaged, and 161,000 as lightly damaged [SBB,
2023]. The spatial distribution and intensity of these structural damages were also
significant for utility and field crews, as the concentration of collapsed buildings and
debris in certain neighborhoods affected their accessibility to water distribution lines
and the progression of repair efforts [Toprak et al. 2026a]. In heavily impacted areas,
blocked streets and damaged roads restricted field access, delayed the identification of
network issues, and limited the ability to operate maintenance equipment. Therefore,
the documentation of structural damage is included here to clarify the physical
conditions under which network issues were identified and addressed by the response

teams.

Damage was more severe in Dulkadiroglu Town, where lower elevations and older
settlements are concentrated. In contrast, Onikisubat Town—characterized by higher
elevations and newer developments extending toward the northwest—experienced
comparatively less severe effects based on field observations. The most heavily
impacted area was Azerbaycan Neighborhood (formerly Hayrullah), located in
Dulkadiroglu Town. The satellite imagery in Figure 5.1 shows this area before and
after the earthquake, clearly illustrating the extent of destruction. Structural damage
and building collapses observed during field visits in the city center are presented in

Figure 5.2 and Figure 5.3.
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Figure 5.1: Google Earth satellite imagery of Azerbaijan Boulevard, showing the
extent of structural damage: (a) before the earthquakes (10 April 2022)
and (b) after the earthquakes (16 February 2023).

Figure 5.2: Examples of earthquake-induced damage observed during the field survey
in the city center: (a) damaged and abandoned multi-story building, (b—d)
collapsed buildings with heavily damaged adjacent structures and debris
from the collapses.
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Figure 5.3:

Structural damage documented during the field investigation in the city
center: (a) damaged building awaiting demolition, (b) severely damaged
and non-functional structure, (c) structural element with visible damage,
and (d) buckled structural system indicating serious deformation.
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In Azerbaijan Neighborhood, where the destruction was most severe, post-earthquake
housing is being constructed with support from the Government of Azerbaijan. The
newly built residential structures are predominantly low- to mid-rise buildings,
generally ranging from three to six stories. Field observations confirmed that
construction activities are actively ongoing. These observations are presented in

Figure 5.4.

a)

Figure 5.4: Post-earthquake reconstruction efforts supported by the Republic of
Azerbaijan: (a) construction site of post-earthquake housing, and (b)
newly constructed residential building.

In addition to the destruction in the city center, towns such as Ekindzii, Elbistan, and
Tiirkoglu also sustained severe damage from the earthquake. Ekindzii is located
approximately 94 km from the epicenter of the first earthquake and about 5.5 km from
the second. In the town center, fault ruptures, ground uplifts, and slope stability issues
were observed, as presented in Figure 5.5. Elbistan is situated approximately 22 km
from the second epicenter and 109 km from the first. Buildings in the town suffered
extensive damage, and the overall building stock exhibited significant structural

deficiencies. These observations are presented in Figure 5.6.
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Figure 5.5: Earthquake-induced ground deformations in Ekindzii Town (Courtesy of
Ekindzii Municipality): (a) pavement cracks caused by ground
displacement, (b) road damage due to soil stability issues, (c) surface
cracking and displacement, and (d) ground uplift affecting tree alignment

and soil surface.
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Figure 5.6: Drone images showing building demolitions and debris removal
operations in Elbistan Town (Courtesy of Elbistan Municipality).

5.2. Water Infrastructure Systems

The earthquakes of February 6, 2023, caused extensive damage to water infrastructure
systems in multiple provinces, underscoring their susceptibility to seismic hazards
[Toprak et al., 2025b]. Numerous post-earthquake investigations have examined the
impacts on these systems. Toprak et al. [2024a] carried out a comprehensive
assessment of geologic and geotechnical conditions—such as liquefaction, surface

faulting, landslides, and turbidity effects—on selected water infrastructure in
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Kahramanmarag, Gaziantep, Hatay, and Adiyaman (Figure 5.7). Uckan et al. [2024]
evaluated major damage points in both water and hydrocarbon transmission lines and
proposed measures to improve infrastructure resilience against future events. Unal et
al. [2024] analyzed the vulnerability of natural gas pipelines, whereas Wang et al.
[2024] developed a seismic fragility framework for buried pipelines using ground
motion data. Cetin et al. [2025b] examined the performance of the Reyhanli Dam, a
key water supply for Hatay, identifying cracks, displacements, and ground
deformations. Beyond structural impacts, the earthquakes also affected water quality.
Toprak et al. [2026b] investigated post-earthquake increases in turbidity along the
Goksu Stream using satellite imagery and examined the effects of landslides, rainfall,
and seismicity. Simsek et al. [2024] reported changes in water sources through on-site
inspections and in-situ measurements. Inan et al. [2024] compared pre- and post-
earthquake spring water samples to determine changes in mineral composition.
Toprak et al. [2024d] compiled field observations on water systems in the affected
region into a database, while Toprak et al. [2025¢] investigated water supply
interruptions, quality fluctuations, and pipeline failures during the recovery phase,

providing targeted evaluations and recommendations for specific system components.
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Figure 5.7: Overview of damages in infrastructure systems [Toprak et al., 2024a].

63



Kahramanmaras Province was among the provinces that sustained the most severe
infrastructure damage during the 2023 earthquakes. While significant problems were
observed in the city center’s distribution network, no major issues were reported on
the transmission lines. The water loss rate, which was around 55% before the
earthquake, rose to nearly 75% afterward, and the number of daily failures increased
by 400% [KASKI, 2024]. In an attempt to reduce losses, KASKI lowered the pressure
in the network; however, this led to a reduction or complete cut in water flow to upper
floors of buildings lacking booster pumps. Consequently, detecting and repairing
damaged pipes has become the only viable solution to control the water loss. Within
one month after the earthquakes, the water supply was restored to approximately 90%
of the city, and repair efforts have continued [KASKI, 2024]. The proportions of water
service delivered to each district following the earthquake are presented in Table 5.1.

These impacts necessitated a rapid and coordinated post-earthquake response.

Table 5.1: District-based water delivery rates in Kahramanmaras following the
February 2023 earthquakes.

February February February February
12,2023 14,2023 15,2023 16, 2023

City Center  %380-%095 90% 90% 90%
Andirin 90% 95% 95% 100%
Elbistan 70% 85% 90% 90%
Ekindzii 95% 90% 95% 95%

Afsin 90% 90% 95% 100%
Caglayancerit 95% 100% 100% 100%
Pazarcik 80% 75% 75% 80%
Tiirkoglu 100% 100% 100% 100%
Nurhak 60% 70% 70% 80%
Goksun NA 100% 100% 100%

During the earthquake response, KASKI carried out various operations. While the
repair of damaged pipelines was ongoing (Figure 5.8a), the capping of water lines
from collapsed buildings was also being conducted simultaneously (Figure 5.8b).

Additionally, efforts were made to supply water to the container cities established by
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AFAD to provide shelter for earthquake victims (Figure 5.8c). Furthermore,
immediately after the earthquake, water and sewerage administrations from other
provinces—KASKI (Kayseri), BASKI (Balikesir), BUSKI (Bursa), and SASKI
(Sakarya)—assisted Kahramanmaras Water and Sewerage Administration in
addressing the damages and contributed to the restoration efforts. This situation
highlights the importance of effective communication between institutions during

disasters and the necessity of having an emergency response plan in place beforehand.

Figure 5.8: Post-earthquake activities carried out by KASKI (Courtesy of KASKI):
(a) repair of a damaged 250 mm AC pipe, (b) capping operations, and (c)
water supply efforts to container cities.

In addition to the damage sustained in the city center, several towns also experienced
varying degrees of impact on their water infrastructure systems. In Afsin, the entire
202-kilometer drinking water distribution network had been renewed with
polyethylene pipes before the earthquake. As a result, the town experienced only minor
damage, limited to a few localized areas. Some malfunctions were reported due to
direct well pumping into the system, but overall, the network performed well.
Similarly, in Goksun, where the system had also been upgraded with polyethylene
pipes prior to the event, the infrastructure showed strong performance with no major
issues. In Pazarcik, the renewal of the water infrastructure was still ongoing at the time
of the earthquake, which led to significant disruptions during and after the event.
Elbistan had undergone substantial renewal efforts as well; although some old pipes
remained in the network, no serious failures were reported. In Ekin6zii, the distribution
system had also been replaced with polyethylene pipes, which contributed to the

absence of major problems following the earthquake.
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5.2.1. Treatment Plants

Improving treatment facilities—one of the key components of infrastructure
systems—against earthquakes and ensuring their continued operation after such events
is essential to maintain access to clean water supplies for communities. The Ayvali
Drinking Water Treatment Plant, which treats water from the Ayvali Dam, played a
vital role in maintaining an uninterrupted water supply to the city center during the
earthquake. A damage assessment was conducted at the Ayvali Dam, but no damage
was identified by KASKI. However, the treatment plant sustained damage, yet it
continued to operate. Three 125 mm diameter PVC pressure pipes located in the
balancing reservoir were damaged (Figure 5.9), and plans were made to replace them

with similar PVC pipes having a pressure capacity of 10 bars [Toprak et al., 2025c¢].

Figure 5.9: Removed pipes from the balancing reservoir at the Ayvali Treatment Plant
[Toprak et al., 2024d].

5.2.2. Transmission Lines

No damage was reported in the transmission lines supplying water to the

Kahramanmaras city center.
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5.2.3. Water Tanks

In the aftermath of the earthquake, communication was maintained with KASKI
officials to exchange information. Based on the information shared during meetings
with the administration, three water tanks—including one elevated tank—in Pazarcik
sustained damage. These tanks were relatively old, estimated to be between 30 and 40

years old.

The elevated tank with a capacity of 30 tons, located in the Cigdemtepe neighborhood
totally collapsed. A reinforced concrete tank with a booster (hydrophore) system was
constructed to replace at the same location. The conditions of the tank before the
earthquake, after the collapse, and the newly constructed replacement are presented in
Figure 5.10. According to the ground motion estimates reported by Toprak et al.
[2025a], this site was subjected to a PGA of 0.44 g and a PGV 0f 90.98 cm/s.

Figure 5.10: Collapsed elevated tank in the Cigdemtepe Neighborhood: (a) before the
earthquake, (b) after the collapse (Courtesy of KASKI), and (c—d) the
newly constructed tank (Google Maps).
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In addition, the 50-ton capacity reinforced concrete tank located in Kadincik
neighborhood was also damaged (Figure 5.11a), where cracks were observed in the
load-bearing elements and spalling occurred on the ceiling. A 50-ton underground
reinforced concrete tank was constructed at the same site. Moreover, in Osmandede
neighborhood, a 50-ton reinforced concrete tank collapsed due to the earthquake
(Figure 5.11b), and it was replaced by a 100-ton underground reinforced concrete
tank. Based on the ground motion data provided by Toprak et al. [2025a], the PGA
and PGV in Kadincik were estimated to be 0.51 g and 116.47 cm/s, respectively, while

in Osmandede these values were 0.27 g and 66.69 cm/s.

a)

Figure 5.11: Damaged tanks in Kadincik (a) and Osmandede (b) neighborhoods
(Courtesy of KASKI).

5.2.4. Distribution Lines

The most significant damage in Kahramanmaras was observed in the distribution
network, primarily due to the presence of old and deteriorated pipelines. Failures were
particularly concentrated in Dulkadiroglu Town, where both the residential areas and
the underlying infrastructure are relatively aged. Information obtained from KASKI
officials, together with subcontractor repair records, indicated that pipes in the water
network showed brittle behavior, leading to widespread failures and considerable

operational difficulties.
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In CI pipelines, lead-sealed joints placed at 4-5 m intervals were displaced by seismic-
induced ground movements, causing joint separations and subsequent leakages.
Beyond joint failures, longitudinal fractures were also identified along the pipe walls.
The extent of the damage was further amplified by corrosion and insufficient

maintenance, as shown in Figure 5.12.

a)

Figure 5.12: Examples of earthquake-induced damage in CI pipes: (a) 63 mm
diameter pipe with evident corrosion and leakage; (b) 150 mm diameter
pipe showing leakage at a displaced lead-sealed joint (Courtesy of
KASKI).

Similarly, AC pipes displayed damage patterns comparable to those of CI pipes. Their
limited resistance to axial forces frequently resulted in joint separations and
longitudinal cracking. These observations were further confirmed in the field, as
shown in Figure 5.13, which presents typical failure mechanisms in AC pipes,
including joint displacements, circumferential fractures, and emergency repairs with

metal clamps.
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Figure 5.13: Damage and repair practices observed in AC pipes after the earthquakes:
(a) 150 mm pipe leaking from a separated joint; (b) same pipe section
repaired using a metal clamp; (c) completely fractured 100 mm pipe with
high-pressure water leakage; (d) 100 mm pipe repaired with a clamp; (e)
removed 100 mm AC pipe section showing complete fracture; (f)
repaired condition of the same 100 mm pipe (Courtesy of KASKI).

Although PE pipes are generally regarded as earthquake-resistant, field observations
in Kahramanmaras indicated that their performance did not fully meet expectations.
Several cases of fractures and leakages were recorded in the distribution network. As
presented in Figure 5.14, 80 mm and 100 mm PE pipes exhibited cracks and local
punctures, which required repair with mechanical clamps. This unexpected
performance may be related to the material properties or the production quality of the

pipes used in the system.
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Figure 5.14: Damage and repair operations observed in PE pipes after the earthquakes:
(a) 100 mm pipe with puncture; (b) subsequent repair using a mechanical
clamp; (c) 80 mm pipe with complete fracture and leakage; (d)
subsequent repair using a mechanical clamp (Courtesy of KASKI).

PVC pipes, similar to other pipe materials, were also affected by the earthquake,
exhibiting water leakage as well as cracks along the pipe bodies (Figure 5.15). In many
cases, the damaged segments were replaced with new pipes. These pipelines are joined
at intervals of approximately 5—-6 m using bell-and-spigot joints. Horizontal and
vertical ground deformations during the earthquake caused loosening at these joints,

which in turn resulted in separations and leakage.
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1

Figure 5.15: Earthquake-induced damage and subsequent repair in PVC pipes: (a) 75
mm pipe with visible cracking; (b) subsequent repair of the pipe; (c) 100
mm pipe exhibiting cracks and active leakage; (d) subsequent repair
using PVC fittings (Courtesy of KASKI).

Overall, the observations indicated that the existing distribution system was highly
vulnerable to seismic effects. Consequently, KASKI has planned to renew the entire
network with an earthquake-resistant infrastructure, as described in the following

section.
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5.2.5. Post-Earthquake Recovery Efforts

Following the destructive earthquakes, two major projects financed by the World Bank
were initiated: FRIT I and TERRP (Tiirkiye Earthquake Recovery and Reconstruction
Project). Although the FRIT II agreement was signed in 2021, the start of the project
was delayed due to the earthquakes. However, the project has since commenced, and
tendering procedures were conducted in 2024. Similarly, the TERRP project also went

through its procurement process in 2024.

Within the scope of FRIT II, two projects are underway in the city center, whereas
TERRP comprises six further projects. In total, eight infrastructure rehabilitation
projects are being executed in the urban area. The sewer and stormwater networks
primarily use concrete pipes, whereas polyethylene-based ductile pipes are employed

in the potable water systems.
In the city center of Kahramanmaras, following construction works will be carried out.

1) A total of 671 km of potable water pipeline—predominantly consisting of PE
pipes—will be constructed.

2) 589 km of sewer lines will be built using concrete pipes.

3) 68 km of stormwater drainage lines will also be constructed with concrete
pipes.

4) Additionally, 20 new underground reinforced concrete reservoirs will be built,

and 4 existing reservoirs will be rehabilitated.
In the towns of the Kahramanmaras Province, the planned works are as follows:

1) Pazarcik: Within the scope of TERRP, 120 km of sewer pipelines and 18 km
of stormwater drainage lines will be constructed using concrete pipes. The
potable water network in the town had already been renewed previously with
polyethylene pipes.

2) Elbistan: As part of FRIT II and TERRP, 227 km of potable water pipelines
(PE), 241 km of sewer pipelines (including 23 km of steel-reinforced
corrugated pipes), and 41 km of stormwater drainage (concrete pipes) will be

constructed.
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6. LIQUEFACTION SUSCEPTIBILITY MAPPING
OF KAHRAMANMARAS PROVINCE

In the literature, there are several studies focusing on the liquefaction susceptibility of
Kahramanmaras city center. For instance, Cabalar et al. [2019] evaluated liquefaction
potential using 238 SPT boreholes and reported that boreholes with low SPT blow
counts in the southern part of the city center are prone to liquefaction. However, no
study specifically addressed the liquefaction susceptibility of the city center under the
seismic conditions of the 2023 earthquakes, such as a moment magnitude of 7.7 and

strong ground motions.

As part of the liquefaction susceptibility analysis conducted in this thesis,
microzonation data from a study carried out by the Kahramanmaras Metropolitan
Municipality in 2011 were utilized. Within the scope of that microzonation study, the
city center was divided into two regions, East and West. In the eastern section, 119
SPT boreholes were drilled, with a cumulative depth of 1,806.15 m, while in the
western section, 168 SPT boreholes were drilled, reaching a total depth of 2,379.3 m.
The SPT tests were performed at 1.5 m intervals down to 15.45 m, and the collected
soil samples were subjected to laboratory testing. The spatial distribution of all

boreholes in the city center is shown in Figure 6.1.
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Figure 6.1: Map showing the spatial distribution of SPT boreholes in the study area.
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The groundwater table, a critical parameter in liquefaction evaluations, was identified
in 102 of the 287 boreholes drilled within the study area. Encountered depths ranged
from 0.5 m to 12 m. The GWT data were interpolated using the Inverse Distance
Weighting (IDW) method to generate a raster surface, which is shown in Figure 6.2.
In the southern part of the city center, groundwater is not only encountered more
frequently but is also generally found at shallower depths. This condition increases the

geotechnical significance of the area, especially in terms of seismic hazard evaluations.

36°50' 36955' 37° 37°5'

e

37°35!
37°35!

Ground Water Table (m)
Em00-15
Il i15-30
B 30-45
Bl 45-6.0

37930
37°30'

Legend
+ SPT Boreholes
1 Inland Water
River

N 6.0-9.0
9.0-12.0
No GWT

10 Kilometers

36°50" 36°55' 370 3705

Figure 6.2: Map showing the spatial distribution of GWT in the study area.

When the SPT blow counts are examined, it is observed that these numbers generally
increase with depth. For example, while the average value at 1.5 m depth ranges
between 10 and 20 across the city center, it varies from 30 to more than 50 at a depth
of 9 m. This trend indicates that soil becomes denser and more compacted with
increasing depth, whereas shallow layers remain relatively weak. To illustrate this
pattern, the SPT blow counts at selected depths were interpolated into raster surfaces

using the IDW method and are presented in Figure 6.3.

75



36°50' 36°55' 37° 37°5' 36°50' 36°55' 37° 37°5'

37°35'
%
m

37°35

37°30
37°30

37°35°
3735

37°30
37°30'

Legend

\:l Inland Water

e RivEX

SPT Blow Count

Blo-w0
P 0-15

15-20

37°35'
37°35'

20-25

25-30

- 30 - 40

B 40-50

7 5 m =2 0 3 6 9 12 Kilometers 9 0 m =i 0 B 6 9 12 Kilometers - 50 - 80
36950 36955 37° 37°5' 36950 36955 37° 3705

37°30
37°30'

Figure 6.3: Spatial distribution of blow counts: (a) at 1.5 meters, (b) at 3.0 meters, (c)
at 4.5 meters, (d) at 6.0 meters, (e) at 7.5 meters, and (f) at 9.0 meters.

Furthermore, the liquefaction susceptibility assessment for the Kahramanmaras city
center was carried out using two methods: Youd et al. [2001] and Boulanger and
Idriss [2014]. A moment magnitude of Mw 7.7, corresponding to the Pazarcik
earthquake, was adopted for the analysis. Additionally, as illustrated in Figure 3.7 and
described in detail in the Methodology section, acceleration values based on TBEC
2018 and Toprak et al. [2025a] were used. The PGA and PGV spatial point
distributions shown in Figure 6.4 were interpolated into raster datasets using the
kriging tool in ArcGIS (Figure 6.5 and Figure 6.6). The results of this study, together

with detailed comparisons, are presented in the subsequent subsections.
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6.1. Comparison of Results Based on Different

Susceptibility Methods

When the two methods are compared, the Boulanger and Idriss [2014] approach
generally yielded lower factor of safety values in the SPT soundings conducted in the
city center. As a result, the LPI, LSI and LSN maps generated using the FS values
obtained from the Boulanger and Idriss [2014] method exhibit higher LPI, LSI and
LSN values compared to those produced with the FS values from the Youd et al.
[2001] method.

For instance, Figure 6.8 and Figure 6.11 present the LPI maps derived from the FS
values calculated using the Boulanger and Idriss [2014] method, whereas Figure 6.9
and Figure 6.12 display the corresponding LSI maps. On the other hand, Figure 6.14
and Figure 6.17 show the LPI maps generated using the FS values from the Youd et
al. [2001] method, while Figure 6.15 and Figure 6.18 illustrate the associated LSI
maps. As an example, when Figure 6.8 and Figure 6.14 are compared, it can be
observed that the areas classified as moderate and high are more extensive in Figure

6.8. This trend is also evident in the comparisons with the other figures.

78



6.2. Comparison of Results Based on Different PGA

Sources

A comparison of the two PGA sources reveals that the acceleration values derived
from the TDTH, which is based on the seismic hazard assessment defined in TBEC
2018, are generally higher than those reported by Toprak et al. [2025a] for the city
center. These elevated acceleration levels resulted in greater cyclic stress ratios and
consequently lower FS values. As a result, the LPI, LSI and LSN maps developed
using the TDTH-based FS values indicate more severe liquefaction potential across
the city center compared to those generated using the FS values derived from Toprak

et al. [2025a].

Specifically, Figure 6.8 and Figure 6.14 display the LPI maps generated using FS
values computed from TDTH acceleration data, while Figure 6.9 and Figure 6.15
illustrate the corresponding LSI maps. In contrast, Figure 6.11 and Figure 6.17
represent the LPI maps obtained from Toprak et al. [2025a], and Figure 6.12 and
Figure 6.18 show the associated LSI results. For example, when Figure 6.8 and
Figure 6.11 are examined, a broader extent of zones classified as moderate to high
liquefaction potential is evident in Figure 6.8. This situation is consistently observed
across the other figures as well. Furthermore, the variation in the PGA values from

both sources is presented in Figure 6.7.
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Figure 6.7: Comparison of PGA values obtained in accordance with TBEC 2018 with
PGA values from Toprak et al. [2025a] at the borehole locations.
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6.3. Comparison of Results Based on Different

Susceptibility Criteria

As part of the thesis study, the liquefaction susceptibility analysis was enhanced by
applying different criteria presented in Table 3.4. Separate LPI, LSI and LSN maps
were generated and presented for four different cases: Without Criteria, Seed et al.
[2003], Bray and Sancio [2006], and Boulanger and Idriss [2006]. The "Without
Criteria" case, where no filtering was applied, represents a broader extent of liquefiable
areas. In particular, the maps generated without applying any plasticity or grain size
criteria shows a significantly wider distribution of high LPI, LSI and LSN values,
indicating a possible overestimation of risk in regions with fine-grained soils. This is
followed by the application of the Bray and Sancio [2006] criterion. Finally, Seed et
al. [2003] and Boulanger and Idriss [2006] produced similar results. This similarity
is likely to be due to the absence of LL, PL, PI, or water content data in some boreholes,

which results in no filtering being applied in those locations.

6.4. Comparison of LPI, LSI and LSN Results

When the LPI and LSI results are compared, it is observed that LSI provides a more
refined color classification due to having a greater number of defined susceptibility
classes. In some areas, zones categorized as “Low” in the LPI maps were classified as
“Very Low” in the LSI maps. Similarly, locations labeled as “Moderate” in LPI were
identified as “Low” in LSI. However, the overall spatial distribution and concentration

of susceptible zones remained consistent across both mapping approaches.

On the other hand, when LSN maps are compared with LPI and LSI, they are generally
consistent with the regions identified as having liquefaction risk. However, since the
LSN maps are classified into "No Risk", "Very Low", "Low", "Moderate", "High",
"Very High", and "Severe", they provide a more detailed representation, especially in
transitional zones. In general, the LSN maps indicate "No Risk" in the city center,

while in localized areas the classification ranges from "Low" to "Severe".

A detailed comparison of the LPI, LSI and LSN results based on the combination of
applied criteria, PGA source, and selected method is presented in Figure 6.20, Figure

6.21 and Figure 6.22, respectively.
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Figure 6.8: LPI map calculated using the Boulanger and Idriss [2014] method for
factor of safety estimation, with input PGA based on TBEC 2018.
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Figure 6.9: LSI map calculated using the Boulanger and Idriss [2014] method for
factor of safety estimation, with input PGA based on TBEC 2018.
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Figure 6.10: LSN map calculated using the Boulanger and Idriss [2014] method for
factor of safety estimation, with input PGA based on TBEC 2018.
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Figure 6.11: LPI map calculated using the Boulanger and Idriss [2014] method for
factor of safety estimation, with input ground motion from Toprak et al.
[2025a].
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Figure 6.12: LSI map calculated using the Boulanger and Idriss [2014] method for
factor of safety estimation, with input ground motion from Toprak et al.
[2025a].
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Figure 6.13: LSN map calculated using the Boulanger and Idriss [2014] method for
factor of safety estimation, with input ground motion from Toprak et al.
[2025a].
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Figure 6.14: LPI map calculated using the Youd et al. [2001] method for factor of
safety estimation, with input PGA based on TBEC 2018.
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Figure 6.15: LSI map calculated using the Youd et al. [2001] method for factor of
safety estimation, with input PGA based on TBEC 2018.

84



36°50' 36°55" 37° 37°5' 36°50" 36°55' 37° 37°5'
Without Criteria Seed et al. 2003 N

37935'
37935'
»

37°30'
37°30'

Legend

:| Inland Water
Bray&Sancio 2006 Boulanger&Idriss 2006 —— River

LSN
B o Risk
- Very Low

Low

37°35'
37°35'

Moderate

High
[0 Very High
B severe

37°30'
37°30'

0 3 6 9 12 Kilometers 0 3 6 9 12 Kilometers

36°50' 36955 370 37°5 36°50" 36955' 370 37°5"

Figure 6.16: LSN map calculated using the Youd et al. [2001] method for factor of
safety estimation, with input PGA based on TBEC 2018.
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Figure 6.17: LPI map calculated using the Youd et al. [2001] method for factor of
safety estimation, with input ground motion from Toprak et al. [2025a].
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Figure 6.18: LSI map calculated using the Youd et al. [2001] method for factor of
safety estimation, with input ground motion from Toprak et al. [2025a].
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Figure 6.19: LSN map calculated using the Youd et al. [2001] method for factor of
safety estimation, with input ground motion from Toprak et al. [2025a].
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Boulanger and Idriss [2006], (c) Bray and Sancio [2006], and (d)

Seed et al. [2003].

87



No Criteria

TBEC [2018] & Youd et al. [2001]

Toprak et al. [2025a] & Youd et al. [2001]

TBEC [2018] & Boulanger and Idriss [2014]

Toprak et al. [2025a] & Boulanger and Idriss [2014]

LTTS
987-3IS
YOT-)S
LYTIS
TTTIS
LYT1-3S
€138
STI-IS
9-3S
WIS
0T3S
LET-S
97T-S
122318
LETIS
€TTIS
6-31S
e CCIS
< 7STIS
N 6TTAS
8T1-3S
0S1-3IS
0€1-S
LOTIS
LTS
L6S
YLI-AS
102-3S
€STS
1SS
01-3IS
661-3S
IST-)S
06-3IS
7 9LT-IS

‘/\‘/\ AL / //\\/

AMNAR_A

AN

SPT Boreholes

Boulanger and Idriss [2006]

A

SPT Boreholes

Bray and Sancio [2006]

=/

SPT Boreholes

Seed et al. [2003]

A

LTT-AS
98¢2AS
YOI-2IS
LYTAS
CCTAS
LY1-AS
€IS
STI-AS
9-3S
(448N
0TS
LETAS
9TCAS
1TTAS
LETAS
€CCTAS
6-2IS
€IS
CSTAS
6CTAS
8IS
0ST-2IS
0€1-2S
LOTAS
LOT-AS
L67AS
YLI-AS
10T2IS
€STAS
[SCAS
01-3IS
661-2S
IST-2AS
06~21S
LTS

SPT Boreholes

Comparison graph of calculated LSI values: (a) No Criteria, (b)

.
.

Figure 6.21

Boulanger and Idriss [2006], (c) Bray and Sancio [2006], and (d)

Seed et al. [2003].
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Seed et al. [2003].
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Although LPI, LSI, and LSN maps indicate liquefaction susceptibility in relatively
localized areas, discussions with KASKI and municipality authorities, as well as field
visits, confirmed that no liquefaction manifestation were observed in the city center.
Therefore, the boundary curves proposed by Ishihara [1985] were applied to verify
the absence of liquefaction manifestations, and the critical layers within the localized
areas were plotted (Figure 6.23). The figure shows that the critical layers are relatively
deep and remain below the boundary curves. Nevertheless, only one point fall within
the zone where surface manifestation would be expected. For this location, post-
earthquake satellite imagery was examined, and no indications of liquefaction

manifestation were found.
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Figure 6.23: Critical layer conditions assessed with the boundary curves of Ishihara
[1985].
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7. WATER INFRASTRUCTURE DAMAGE
ASSESSMENT OF KAHRAMANMARAS CITY
CENTER

Since no evidence of permanent ground deformation was observed in the city center
and as discussed in the previous section, the area was not found to be susceptible to
liquefaction. Therefore, pipeline damages were attributed to transient ground
deformations. In this context, ground motion parameters for the 2023 Kahramanmarag

earthquakes, as reported by Toprak et al. [2025a], were employed.

Following the filtering process applied to the damage call records as explained in
Chapter 3.1, unique ID numbers were assigned to each call record. These ID numbers
made it easier to track which damage information was being processed and to manage
the entry of location data. For each call, the address details were manually searched
using Google Maps and Yandex Maps, and their locations were marked as pins along
the corresponding streets in Google Earth. The resulting dataset was then exported as
a KMZ file and imported into ArcGIS Pro for further spatial analysis and mapping.
To perform the analyses, the nearest coordinates of the damage points on the pipeline
network and their shortest distance to the pipelines were first calculated using the Near
tool. The resulting layer was exported as an Excel file, and a distance threshold of 10
meters was applied to ensure that damage points were not incorrectly associated with
unrelated pipelines. This threshold was set because a small number of pipelines could
not be digitized in areas where scanned infrastructure maps were unavailable. As a
result, the total number of records decreased from 5,496 to 5,187. Subsequently, the
coordinates of the damage points were transferred onto the pipeline network within the
GIS system, ensuring that all damage points were precisely located on the pipelines
for subsequent spatial analysis. Finally, the Spatial Join tool was used to transfer the
pipeline attribute data, such as pipe material type, to the damage points. In addition,
the PGV values from the PGV raster (Figure 6.6) were extracted and assigned to the
damage points to enable analyses considering seismic ground motion intensity. This
step enabled the identification of which types of pipelines were associated with the

reported damages and the assessment of damage distribution with respect to PGV
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levels. Figure 7.1 shows the locations of damage points on the pipeline network after

processing.
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Figure 7.1: Spatial distribution of damage points on the pipeline network.

Furthermore, the distribution of damages across different pipeline materials was
identified. The analysis revealed that 53% of the reported damages occurred in PE
pipelines, followed by CI (21%), AC (14%), and PVC (12%). To assess the overall

system performance, the repair rates for each material type were calculated and are

presented in Table 7.1.

Table 7.1: Repair rates calculated for different pipeline material types to assess the
overall system performance.

Pipe Material Number of Pipeline Repair Rate
Type Damages Length (km) (repairs/km)
AC 711 208.38 3.41
PE 2,752 1,816.68 1.51
Cl 1,092 158.87 6.87
PVC 632 221.74 2.85
Total 5,187 2,405.67 2.16

92



Although PE pipelines had the highest number of damage cases, they exhibited the
lowest repair rate (1.51) due to the extensive total length of PE pipelines in the
network. In contrast, CI pipelines showed a significantly higher repair rate (6.87),
indicating their greater susceptibility to damage despite representing a smaller portion
of the network. AC pipelines had a repair rate of 3.41, while PVC pipelines exhibited
a slightly lower rate of 2.85, both of which reflect moderate levels of vulnerability
compared to PE and CI pipelines. Lastly, the system’s repair rate was calculated as

2.16, providing a general measure of the network’s performance.

The relationship between pipeline damages and the ground motion parameter PGV
was examined further in detail. The PGV raster was first processed using the Int tool
to convert floating-point values into integer classes. This step allowed the
classification of PGV data and prepared it for conversion to polygon features. The
integer raster was then converted into polygon features using the Raster to Polygon
tool. Subsequently, PGV values were assigned to the pipeline system with the Intersect
tool, allowing each pipeline segment to be associated with its corresponding PGV
class. In the attribute table, a new field was created, and the length of each pipeline
segment was calculated using the Calculate Geometry tool. Based on these values, the
total lengths of pipelines within 5 cm/s PGV intervals were determined (Table 7.2).
In addition, damage points were also classified according to these PGV ranges to
analyze the distribution of damages with respect to ground motion intensity (Table

7.3).
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Table 7.2: Total lengths of pipelines within each PGV interval.

PGV

(cms) AC PE CI PVC Total
20-25 156.90 2572 182.61
25-30 197.51 4357  241.08
30-35 2327  327.87 12.00  363.13
35-40 62.87 31638 7849  33.86  491.61
40-45 8821 257.10 5729 3440  436.99
45-50 3403 22439 1008  12.06  280.56
50-55 85.01  13.02 1454  112.57
55-60 58.87 2170 80.57
60-65 104.35 8.33 112.68
65-70 56.76 6.97 63.74
70-75 28.47 8.59 37.06
75-80 3.07 3.07
Total 208.38 1,816.68 158.87 221.74  2405.67

Table 7.3: Number of pipeline damages classified by PGV intervals.

(lc)ﬁ/‘s]) AC PE CI PVC Total
20-25 20 20
25-30 98 98
30-35 45 386 16 447
35-40 211 734 468 120 1,533
40-45 303 698 513 134 1,648
45-50 152 641 46 52 891
50-55 107 65 69 241
55-60 24 102 126
60-65 21 45 66
65-70 14 44 58
70-75 9 50 59
Total 711 2,752 1,092 632 5,187
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Repair rates for AC pipelines were evaluated across PGV classes to investigate the
influence of ground motion intensity on damage occurrence. Damage was identified
exclusively within the 30-50 cm/s PGV interval, as no AC pipelines existed in lower
or higher PGV ranges. Within this range, repair rates increased notably, starting at 1.93
in the 30-35 cm/s class and rising to 3.36 and 4.47 in the 35-40 cm/s and 45-50 cm/s
intervals, respectively (Table 7.4). The regression analysis showed a strong linear
relationship between PGV and repair rates for AC pipelines (R* = 0.9071), as
illustrated in Figure 7.2.

Table 7.4: PGV classes and corresponding repair rates for AC pipelines.

Number of Pipeline Repair Rate
PGV (cm’s) Damages Length (km) (repairs/km)
30-35 45 23.27 1.93
35-40 211 62.87 3.36
40-45 303 88.21 3.44
45-50 152 34.03 4.47
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Figure 7.2: Relationship between PGV and repair rate for AC pipelines.

The analysis of PVC pipelines revealed that damage cases were distributed across a
broad PGV range, with repair rates increasing progressively with ground motion

intensity. Repair rates were not observed below 30 cm/s due to the absence of observed
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damages in PVC pipelines in this range. The rates began at 1.33 repairs/km in the 30—

45 cm/s interval and peaked at 6.31 repairs/km in the 65—70 cm/s interval (Table 7.5).

The regression analysis supported this trend, showing a strong positive linear

relationship between PGV and repair rates with a coefficient of determination of R* =

0.8491 (Figure 7.3).

Repair Rate (repairs/km)

Table 7.5: PGV classes and corresponding repair rates for PVC pipelines.

PGV (em/s) Nl;l;?;):;egf Lell)ligptilli(nlfm) (I::g:ii:sﬁgfs
30-35 16 12.00 1.33
35-40 120 33.86 3.54
40-45 134 34.40 3.90
45-50 52 12.06 4.31
50-55 69 14.54 4.74
55-60 102 21.70 4.70
60-65 45 8.33 5.40
65-70 44 6.97 6.31
70-75 50 8.59 5.82
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Figure 7.3: Relationship between PGV and repair rate for PVC pipelines.

96



In PE pipelines, repair rates were relatively low at lower PGV levels but showed a
consistent increase as ground motion intensity rose. The repair rate began at 0.13
repairs/km in the 20-25 cm/s interval and reached its peak of 2.71 repairs/km in the
4045 cm/s interval, before showing a slight decline to 2.42 repairs/km in the 45-55
cm/s range (Table 7.6). The regression analysis demonstrated a positive linear
relationship between PGV and repair rates for PE pipelines, supported by a coefficient

of determination of R? = 0.8385 (Figure 7.4).

Table 7.6: PGV classes and corresponding repair rates for PE pipelines.

Number of Pipeline Repair Rate
PGV (em/s) Damages Length (km) (repairs/km)
20-25 20 156.90 0.13
25-30 98 197.51 0.50
30-35 386 327.87 1.18
35-40 734 316.38 2.32
40-45 698 257.10 2.71
45-55 748 309.40 242
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Figure 7.4: Relationship between PGV and repair rate for PE pipelines.
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Further comparison for AC pipelines was made using the empirical equations proposed
by O’Rourke et al. [2014], which were developed from post-earthquake observations
in Christchurch, New Zealand. It should be noted that the relationships proposed by
O’Rourke et al. [2014] are based on the geometric mean of horizontal PGV
components. In addition, the results were compared with the ALA [2001] and HAZUS
correlations for brittle pipe systems (Figure 7.5). HAZUS adopts the damage
correlation developed by O’Rourke and Ayala [1993] as part of its default analysis;

accordingly, this correlation is referred to herein as the HAZUS relationship.
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Figure 7.5: Comparison of RR—PGYV relationships for AC pipes between this study
and the empirical models proposed in the literature.

As shown in Figure 7.5, the RR values obtained for Kahramanmaras are clearly higher
than those proposed for Christchurch, despite the fact that PGV levels in Christchurch
were generally higher. This suggests that the elevated RR values in Kahramanmarag
are not solely due to ground motion intensity but are also strongly influenced by the
condition of the local water infrastructure. In Kahramanmaras, a large portion of the
AC pipes were installed in the 1960s and have not been fully renewed since then.
Before the earthquake, the system already showed signs of deterioration, with water
losses reaching around 55%. After the earthquake, this figure increased to
approximately 75%, reflecting a major decline in system performance. Due to the
extent of the damage and the aging state of the infrastructure, the entire system is

currently undergoing full-scale reconstruction. In comparison, Christchurch had a
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much lower pre-earthquake water loss rate of about 22%, based on reported total losses
of 11.7 million m? (including both non-revenue water and real system water losses)
out of a total supply of 54.2 million m* [NZWW, 2010]. These differences in
infrastructure conditions likely explain why the RR values observed in this study are

higher than those reported for Christchurch.

Further comparison for PVC pipelines was carried out using the HAZUS and ALA
[2001] correlations, as well as the empirical relationship proposed by Shih and Chang
[2006]. These models, which represent widely used formulations for assessing the
performance of pipeline systems, provided an additional basis for evaluating the

consistency of the predicted repair rates for PVC within the study area (Figure 7.6).
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Figure 7.6: Comparison of RR-PGV relationships for PVC pipes between this study
and the empirical model proposed in the literature.

As observed for the AC pipelines, Figure 7.6 shows that the relationship obtained for
Kahramanmaras yields substantially higher repair rates for the PVC network compared
with the other correlations. This difference is explained by the pre-earthquake
condition of the system, as the PVC pipelines in the Kahramanmaras city center were
part of an aging and deteriorated network already experiencing significant operational
issues. For instance, the average daily damage report prior to the earthquake was 9.3,
whereas the typical U.S. average ranges between 0 and 1, and the corresponding value

in Christchurch before the earthquakes was approximately 0—0.5.
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8. RISK ASSESSMENT FOR YALOVA

In the following section, the relationships and findings derived from the 2023
Kahramanmarag earthquakes—such as pipeline damage assessments—are utilized to
make predictions for Yalova city center. Given Yalova’s location in a seismically
active region and the high probability of future earthquakes, the lessons learned from

Kahramanmaras Province provide a valuable framework for assessing potential risks.

8.1. Regional Overview of Yalova Province

8.1.1. Geography, Climate, and Economic Structure

Yalova is one of the important provinces in terms of trade and tourism in the Marmara
Region of Tiirkiye. While covering an area of approximately 847 km?, it borders the
Sea of Marmara to the north, Kocaeli to the east, and Bursa to the south. The province
consists of six towns: Armutlu, Cinarcik, Termal, Yalova (the city center), Ciftlikkoy
and Altmova. As of 2024, the population of Yalova is approximately 307,882
[Turkish Statistical Institute, 2025].

Yalova has a transitional climate between the Mediterranean and Black Sea regions,
with occasional continental influences. Summers are typically hot and dry, while
winters are mild and rainy. The annual average temperature is around 14.6°C, with
average temperatures of 6.5°C in the coldest month and 23.7°C in the warmest month.
The city’s natural landscape is dominated by maquis and forests, with forests sole
covering approximately 55% of the province’s land area [Yalova Municipality,
2025]. As for Yalova’s industry and economy, they are primarily based on agriculture,
industry, and services. In agriculture, although the cultivated area is relatively limited,
greenhouse cultivation and ornamental plant production provide substantial economic
value. In the industrial sector, transportation equipment manufacturing accounts for
approximately 62.4% of total industrial employment. It is followed by metal products
(6.8%), electricity and steam generation (5.6%), chemicals (4.3%), food products
(4.0%), and paper products (3.6%). The service sector is supported by wholesale and
retail trade, social services, and tourism [Yalova Chamber of Commerce and

Industry of, 2021].

100



8.1.2. Geological Structure

Yalova Province is located in a geologically diverse area. The city center is
predominantly situated on alluvial, undivided quaternary deposits and terrestrial
clastics (Figure 8.1). The alluvial units are widespread along stream channels, river
deltas, and coastal plains within the province, typically characterized by low slope
values ranging from 0% to 10%. In contrast, areas dominated by the Kili¢ Formation,
which is primarily located in the southern parts of Yalova Province, particularly
between the villages of Ciftlikkdy, Kazimiye, and Kilig, exhibit more variable slopes
ranging from 0%-10% to as steep as 10%—60%. This formation predominantly
consists of laminated, thin bedded, moderately consolidated stiff clay, siltstone, marl,

lenticular sandstone and mudstone beds [Yalova Municipality, 2016].

Apart from the low-lying plains along the eastern coastline, Yalova largely features a
mountainous topography. The southern section of the province is dominated by the
Samanli Mountains, which are structurally connected to the Kocaeli Range extending
from Izmit to Sapanca. This mountain belt constitutes the principal highland system of
the region. The highest elevation within the Samanli Mountains in Yalova is Bespinar
Hill, reaching 926 meters above sea level. Additionally, the town of Armutlu is situated
on the western foothills of Mount Taz, which rises to an elevation of 867 meters

[Yalova Municipality, 2025].
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Figure 8.1: Map showing the geological structure of Yalova city center and its
surroundings.
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8.1.3. Seismic Characteristics

Yalova Province is positioned near the North Anatolian Fault Zone (NAF), one of
Tiirkiye's most active seismic zones. Particularly, the earthquakes of August 17 and
November 12, 1999, caused significant losses of life and property in Yalova. During
these events, widespread structural damage was observed, including the collapse of
residential buildings, and public facilities, as well as severe disruptions to lifeline
systems such as water supply and electricity. According to official records, 2,504
people lost their lives in Yalova, while 8,585 residential and 764 commercial buildings
sustained moderate damage, and 9,570 residential and 565 commercial buildings were
severely damaged [Governor of Yalova, 2019]. This fault zone is approximately 1200
km long and characterized as a right-lateral strike-slip fault with a slip rate of about
1.0-2.0 cm per year [Sengor et al., 2005]. The segment located in the central part of
the Sea of Marmara, which last ruptured in 1766, is expected by experts to generate an
earthquake with a magnitude ranging between 7.1 and 7.4, accumulating

approximately 4 meters of slip deficit [Lange et al., 2019].
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Figure 8.2: Map showing the seismicity of the Marmara Region.

Figure 8.2 visualizes more than 2,000 earthquakes with a magnitude greater than 3.5
that occurred within a 200 km radius in the region between January 1, 1900, and June
15, 2025, along with historically significant past earthquakes. The figure clearly
indicates that the region is highly seismically active. Therefore, conducting earthquake

hazard analyses for the city holds significant importance.
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9. LIQUEFACTION SUSCEPTIBILITY MAPPING
OF YALOVA CITY CENTER

Several studies have assessed the liquefaction susceptibility of Yalova using various
geotechnical datasets under different seismic scenarios. For instance, Yilmaz and
Yavuzer [2005] evaluated liquefaction potential based on data from 118 boreholes and
produced liquefaction hazard maps indicating moderate to high susceptibility for a
magnitude 7.4 earthquake scenario. Similarly, Ozcep and Zarif [2009] examined
variations in the factor of safety against liquefaction using over 200 boreholes for
various earthquake scenarios. Their results highlighted that coastal zones have become
particularly vulnerable under ground motions exceeding 0.3g and magnitudes of 7.5.
Similarly, Capadag [2017] also investigated the spatial distribution of liquefaction
potential in Yalova under different seismic scenarios. The study concluded that while
only some layers exhibited high susceptibility under a magnitude 6.5 event, most
layers were vulnerable under a 7.0 event, and nearly all were highly susceptible under
a magnitude 7.5 scenario. Recently, Toprak et al. [2025¢e] conducted susceptibility
assessments by using liquefaction vulnerability indices such as LPI, LSI, and LSN

based on SPTs in Yalova city center.

A comprehensive geotechnical investigation was carried out in Yalova city center by
Yalova Municipality to investigate the local soil characteristics in detail. Within the
scope of these geotechnical studies, a total of 273 boreholes were drilled using
hydraulic D-500 type drilling rigs between April 3, 2014, and September 20, 2014,
reaching depths ranging from 20.00 to 54.00 meters, and resulting in a cumulative
drilling depth of 6,353.93 meters. Standard penetration tests were conducted at 3,793
different depth intervals within these boreholes. Additionally, Multichannel Analysis
of Surface Waves (MASW) tests were performed at 80 distinct locations in the region.
Based on these investigations, detailed liquefaction analyses utilizing SPT data were

conducted in this thesis.

Furthermore, four Cone Penetration Test (CPT) profiles from the Yalova Harbor area,
retrieved from the PEER [2000b], were incorporated into the study to perform CPT-
based liquefaction analyses. The spatial distribution of the geotechnical and

geophysical tests used throughout the thesis is provided in Figure 9.1.
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Figure 9.1: Spatial distribution of all SPT, MASW, and CPT locations within the study

arca.

The city center has varied groundwater conditions. For instance, in regions close to the
coastline and the western parts of the study area, groundwater levels vary between 0.0
m and 5.0 m, whereas no groundwater table has been encountered in relatively higher
elevations. Additionally, shallow groundwater levels were observed around Safran
Creek, which flows through the center of the city and the study area. The spatial
distribution of groundwater levels is visualized using the IDW method and presented

in Figure 9.2.

29°13" 29714 29°15' 29°16' 29°17"

40°40"
40°40°

Legend
7 ; Study Area
GWT (m)
Hm0.0-25
Wm25-50
Ems50-75
7.5-10.0
No GWT

4037

> ey
2Kilometers. =

v

29°13" 29°14 29°15' 29°16' 29°17

Figure 9.2: Spatial distribution of ground water table within the study area.
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When examining the shear-wave velocities in the upper 30 meters (Vs3o) across the
study area, significant variations related to local soil conditions were observed. In
regions with weaker soils, Vo values were around 137 m/s, while in areas
characterized by relatively stronger soils, velocities reached up to approximately 270
m/s. Generally, V30 values ranged between 165 m/s and 195 m/s in the central portion
of the study area, approximately 137 m/s in the western regions, and increased to
between 210 m/s and 270 m/s towards the eastern side. The V30 values were derived
using MASW data and interpolated using the kriging method, with their spatial

distribution provided in Figure 9.3.

Furthermore, the calculated V30 values were used to classify the soils according to the
local site classes defined in the Turkish Building Earthquake Code [TBEC, 2018].
Based on this classification, the study area consists of the ZD and ZE local site classes,
indicating that the region has soil conditions associated with a higher potential for

liquefaction and therefore poses significant seismic risk.
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Figure 9.3: Spatial distribution of V30 within the study area.

Additionally, the accuracy of the generated V30 map was verified using reference Vs3o
values obtained from AFAD strong-motion stations located within the study area
(Table 9.1). The comparison confirmed a strong correlation between the measured and

interpolated values, supporting the validity of the developed V3o distribution.
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Table 9.1: Vg0 reference values obtained from AFAD strong-motion stations used for
the verification of the interpolated V3o map.

Network Code Latitude Longitude Elevation (m) Vo (m/s)

TK 7705  40.6587  29.27955 3 261
TK 7703  40.65056 29.27896 58 280
TK 7708  40.65756  29.24725 2 195

Index-based liquefaction analyses were performed using data from 273 SPT boreholes
distributed across the study area, and LPI, LSI, and LSN maps were generated to
illustrate the spatial distribution of liquefaction potential. The results reveal that
liquefaction risk is particularly high in locations with a shallow groundwater table,
especially along the coastline, in the western part of the study area, and around Safran
Creek. For these evaluations, two earthquake scenarios were considered: Scenario 1:
TBEC 2018 Mw 7.5 Earthquake and Scenario 2: Prince Islands Mw 7.0 Earthquake.

The detailed results for both scenarios are presented in the following subsections.
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9.1. Scenario 1: TBEC 2018 Mw 7.5 Earthquake

In this scenario, a moment magnitude of Mw 7.5 was adopted, while the ground motion
parameters were taken from TBEC 2018, corresponding to the design level associated
with a 475-year return period. Liquefaction susceptibility was evaluated using the
resulting PGA distribution (Figure 9.4), and LPI, LSI, and LSN maps were generated
to highlight the spatial variation of liquefaction potential under this regional seismic

source (Figure 9.5-Figure 9.10).
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Figure 9.4: Spatial distribution of PGA values considered in Scenario 1 (TBEC 2018
Mw 7.5 earthquake).
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Figure 9.5: LPI map calculated using the Youd et al. [2001] method for factor of
safety estimation.
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Figure 9.6: LSI map calculated using the Youd et al. [2001] method for factor of
safety estimation.
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Figure 9.7: LSN map calculated using the Youd et al. [2001] method for factor of
safety estimation.
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Figure 9.8: LPI map calculated using the Boulanger and Idriss [2014] method for
factor of safety estimation.
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Figure 9.9: LSI map calculated using the Boulanger and Idriss [2014] method for
factor of safety estimation.
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Figure 9.10: LSN map calculated using the Boulanger and Idriss [2014] method for
factor of safety estimation.
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9.2. Scenario 2: Prince Islands Mw 7.0 Earthquake

In this scenario, a moment magnitude of Mw 7.0 was considered, with ground motion
parameters derived from the MARTEST-SATREPS project. As an output of this
project, which was conducted on Yalova as the pilot area, the analyzed fault was
modeled as a planar source with a strike of 110°, a dip angle of 90°, and a rupture
length of 45.8 km. Liquefaction susceptibility was assessed using the corresponding
PGA distribution (Figure 9.11), and LPI, LSI, and LSN maps were generated to
highlight the spatial variation of liquefaction potential under this regional seismic

source (Figure 9.12—Figure 9.17).
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Figure 9.11: Spatial distribution of PGA values considered in Scenario 2 (Prince
Islands Mw 7.0 earthquake, MARTEST-SATREPS project).
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Figure 9.12: LPI map calculated using the Youd et al. [2001] method for factor of
safety estimation.
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Figure 9.13: LSI map calculated using the Youd et al. [2001] method for factor of
safety estimation.
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Figure 9.14: LSN map calculated using the Youd et al. [2001] method for factor of
safety estimation.
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Figure 9.15: LPI map calculated using the Boulanger and Idriss [2014] method for
factor of safety estimation.
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9.3. Comparison of the Results

When the results of the two scenarios are compared, it is observed that similar regions
exhibit a tendency toward liquefaction. Although the ground accelerations of the
second scenario are higher than the first scenario, the smaller earthquake magnitude in

the second scenario resulted in comparable outcomes.

Moreover, it should also be noted that the calculations performed using the method
proposed by Boulanger and Idriss [2014] yielded slightly more susceptible results.
This difference arises from the factor of safety values obtained by this method being

marginally lower than those calculated according to Youd et al. [2001].

In addition, when the applied criteria are compared, the without criteria case exhibits
a fully susceptible distribution, whereas the other criteria yield similar results. Since
the without criteria condition does not account for soil plasticity, this finding clearly
demonstrates the importance of considering plasticity condition of soil in the

liquefaction analyses.

Furthermore, when the LPI, LSI, and LSN maps are compared, the LPI maps exhibit
a higher susceptibility distribution, whereas the LSI and LSN maps, owing to their
larger number of classification groups, provide a more detailed representation of the

spatial variability.

In conclusion, these comparisons show that although the overall spatial patterns of
liquefaction susceptibility are consistent, the selected methods and criteria influence

the severity levels and the detail of the results.
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10. ASSESSMENT OF LIQUEFACTION-INDUCED
SETTLEMENTS IN YALOVA CITY CENTER

The liquefaction-induced free-field settlements were evaluated to support the
estimation of ground deformation effects on the water distribution network in Yalova
city center. These settlements represent surface deformations under free-field
conditions and provide a basis for evaluating potential infrastructure damage
associated with liquefaction-induced ground movements. To obtain a robust

assessment, multiple empirical approaches were applied in the settlement analyses.

Similar to the liquefaction susceptibility analysis, two earthquake scenarios were
considered for the settlement assessments: Scenario 1, an Mw 7.5 earthquake with
input PGA values derived from the TBEC 2018 seismic hazard assessment, and
Scenario 2, an Mw 7.0 Prince Islands earthquake developed within the MARTEST—
SATREPS framework. In these calculations, the liquefaction susceptibility method
proposed by Boulanger and Idriss [2014] was employed, and the liquefaction
susceptibility criteria suggested by Bray and Sancio [2006] for fine-grained soils were
adopted. The results of free-field settlement analyses for both scenarios are presented

and discussed in the following sections of this chapter.

10.1. Scenario 1: TBEC 2018 Mw 7.5 Earthquake

10.1.1. Tokimatsu and Seed [1984] Procedure

According to the free-field settlement values calculated using the Tokimatsu and
Seed [1984] method, the highest settlement was observed at borehole A-SK-19,
located on the Yalova Shore, with a value of 0.43 meters. Settlements of this
magnitude may cause buildings to tilt, topple, or sink. Within the study area, no
liquefaction-induced settlement was observed across 7.68 km?, which corresponds to
approximately 66.2% of the total area. A settlement between 0.00-0.05 meters was
identified in 1.01 km? (8.74%), while 1.36 km? (11.72%) experienced settlements in
the range of 0.05-0.10 meters. Additionally, 0.59 km? (5.08%) of the area showed
settlements between 0.10—0.15 meters, 0.52 km? (4.51%) between 0.15-0.20 meters,
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and 0.21 km? (1.79%) between 0.20-0.25 meters. The remaining 0.23 km? (1.95%)

exhibited higher settlements ranging from 0.25 to 0.43 meters.

The spatial distribution of the estimated free-field settlements for both the Yalova
Shore and the city center is illustrated in Figure 10.1, providing a clear visualization

of the most affected areas within the study region.
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Figure 10.1: Spatial distribution of liquefaction-induced free-field settlements in the
Yalova shoreline and city center, estimated using the Tokimatsu and
Seed [1984] procedure.

10.1.2. Ishihara and Yoshimine [1992] Procedure

Further, results of the free-field settlement calculated using the methods proposed by
Ishihara and Yoshimine [1992] and Zhang et al. [2004] indicate that the highest
settlement occurred at the same borehole, A-SK-19, with a value of 0.56 meters.
Compared to the values obtained from the Tokimatsu and Seed [1984] method, this

approach generally yielded higher settlement estimates across the study area.
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Specifically, while 62.4% of the area (7.25 km?) remained unaffected, settlements in
the range of 0.00—0.05 meters occurred in 0.80 km? (6.89%). The range of 0.05-0.10
meters covered the largest affected portion with 1.57 km? (13.55%). Other ranges
included 0.10-0.15 meters in 0.81 km? (6.98%), 0.15-0.20 meters in 0.52 km? (4.49%),
and 0.20-0.25 meters in 0.29 km? (2.54%). The most severe settlements, ranging from
0.25 to 0.56 meters, were calculated across 0.37 km? (3.15%) of the study area.

The spatial distribution of free-field settlements calculated using Ishihara and
Yoshimine [1992] and Zhang et al. [2004] in both Yalova Shore and city center is

well presented in Figure 10.2.

2001550"  29°16 20°16'10"  29°1620"
Yalova S 7@
hore  / Mayin
Aymﬁla\s’ /,//’-

29°16'30"

~

Lunap.;Flz

\

L7

=
= ® stiklal Caddesi
l el

2 1, 2
gﬂ‘lel/mah Bey> e

ol

o

=]

3 3

g g
Legend
Study Area

N ‘B @ SPT Borehole

g § Free-field

Settlement (m)
Il No Settlement
I 0.00-0.05
0.05-0.10
0.10-0.15
0.15-0.20
9 0.20-0.25
> 0.25

40°38'

29°13" 29°14 29°15" 29°16' 2917

Figure 10.2: Spatial distribution of liquefaction-induced free-field settlements in the
Yalova shoreline and city center, estimated using the Ishihara and
Yoshimine [1992] and Zhang et al. [2004] procedure.

Moreover, the free-field settlements were estimated based on the method proposed by
Ishihara and Yoshimine [1992] and maximum shear stresses established by
Yoshimine et al. [2006], in order to evaluate the influence of varying maximum shear

stress assumptions on the settlement results. The maximum settlement was once again
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observed at borehole A-SK-19, this time with a value of 0.55 meters. Compared to the
free-field settlements estimated using the maximum shear stresses proposed by Zhang

et al. [2004], the results yielded slightly lower values.

The analyses results indicate that in a large portion of the area, covering approximately
7.36 km? (63.45%), no settlement occurs. The next most common class is 0.051-0.10
m, covering 1.59 km? (13.73%), followed by the 0.00—0.05 m range with 0.89 km?
(7.65%). The 0.101-0.15 m and 0.151-0.20 m intervals account for 0.69 km? (5.94%)
and 0.52 km? (4.46%), respectively. Areas with settlements between 0.201-0.25 m and
0.25-0.55 m are more limited, covering 0.25 km? (2.16%) and 0.30 km? (2.61%),

respectively.

Figure 10.3 clearly illustrates the spatial variation of free-field settlements across both
the Yalova shoreline and city center, as computed using the methods of Ishihara and

Yoshimine [1992] and Yoshimine et al. [2006].
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Figure 10.3: Spatial distribution of liquefaction-induced free-field settlements in the
Yalova shoreline and city center, estimated using the Ishihara and
Yoshimine [1992] and Yoshimine et al. [2006] procedure.
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10.1.3. Shamoto et al. [1998] Procedure

Following that, free-field settlements were calculated using the method proposed by
Shamoto et al. [1998], and their spatial distribution is well-illustrated in Figure 10.4.
As observed in the other methods, the maximum settlement was again calculated at
borehole A-SK-19, with a value of 0.45 meters. Compared to the settlements estimated
using the other methods, slightly lower values were generally observed throughout the

study area.
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Figure 10.4: Spatial distribution of liquefaction-induced free-field settlements in the
Yalova shoreline and city center, estimated using the Shamoto et al.
[1998] procedure.

In this analysis, a large portion of the study area—approximately 8.13 km? (70.04%)—
corresponds to regions where no actual settlement occurs. The 0.051-0.10 m and 0.00—
0.05 m ranges cover 1.16 km? (9.99%) and 1.04 km? (8.97%) of the area, respectively.
The 0.101-0.15 m class accounts for 0.66 km? (5.67%), while the 0.151-0.20 m range
occupies 0.33 km? (2.84%). Higher settlement intervals of 0.201-0.25 m and 0.251—
0.45 m are limited to smaller areas, with 0.15 km? (1.31%) and 0.14 km? (1.18%).
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10.1.4. Wu et al. [2003] Procedure

Subsequently, the free-field settlements were estimated throughout the city center
based on the method proposed by Wu et al. [2003] and the spatial distribution is
clearly presented in Figure 10.5. The results indicate higher and more severe
settlement values compared to those obtained from the other adopted methodologies.
For example, while the maximum settlement at borehole A-SK-19 was previously
estimated as 0.43, 0.56, 0.55, 0.45 and 0.34 meters using the other methods, it was

calculated as 0.61 meters in this analysis.
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Figure 10.5: Spatial distribution of liquefaction-induced free-field settlements in the
Yalova shoreline and city center, estimated using the Wu et al. [2003]
procedure.

In terms of spatial distribution, a large portion of the study area—approximately 7.25
km? (62.45%)—talls into the category where no actual settlement occurs. The 0.051—
0.10 m range covers 1.57 km? (13.56%), followed by the 0.00-0.05 m and 0.101-0.15
m intervals with 0.81 km? (7.01%) and 0.74 km? (6.36%), respectively.

121



The 0.151-0.20 m class occupies 0.48 km? (4.15%), while areas experiencing
settlements in the range of 0.201-0.25 m and 0.251-0.65 m are more limited, covering

0.36 km? (3.07%) and 0.40 km? (3.40%), respectively.

10.1.5. Cetin et al. [2009] Procedure

Lastly, the methodology proposed by Cetin et al. [2009] to estimate the free-field
settlements was adopted in the study and the spatial distribution is illustrated in Figure

10.6.
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Figure 10.6: Spatial distribution of liquefaction-induced free-field settlements in the
Yalova shoreline and city center, estimated using the Cetin et al. [2009]
procedure.

Compared to the other methods applied, this procedure generally yielded lower
settlement values. For example, at borehole A-SK-19, where the highest settlements
were observed, the results from other methods ranged between 0.43 and 0.61 meters.

In contrast, the Cetin et al. [2009] method estimated a settlement of 0.34 meters.
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The analysis results indicate that a substantial portion of the area remained unaffected
by liquefaction-induced settlement. Specifically, 69.04% of the region (8.02 km?)
showed negligible settlement. Low levels of settlement between 0.00-0.05 meters
were found in 0.93 km? (8.05%), and 1.52 km? (13.09%) was affected by settlements
in the 0.05—0.10 meter range. Settlements between 0.10—0.15 meters were observed in
0.64 km? (5.49%), while smaller portions of the area experienced slightly higher
settlements: 0.29 km? (2.49%) between 0.15-0.20 meters, 0.14 km? (1.19%) between
0.20-0.25 meters, and 0.08 km? (0.65%) in the 0.25—0.35-meter range.

10.2. Scenario 2: Prince Islands Mw 7.0 Earthquake

10.2.1. Tokimatsu and Seed [1984] Procedure

When the free-field settlements calculated using the Tokimatsu and Seed [1984]
method are examined, the maximum value in the second scenario was obtained at
borehole A-SK-19 on the Yalova Shore, reaching 0.43 meters. This outcome,
consistent with the first scenario, further emphasizes the high susceptibility of this site
to liquefaction-induced settlement. The spatial distribution of the calculated

settlements for the second scenario is presented in Figure 10.7.

The comparison of the two scenarios demonstrates a consistent spatial distribution of
liquefaction-induced settlements. In the second scenario, 66.4% of the study area is
unaffected, closely matching the 66.2% obtained in the first scenario. The 0.05-0.10
m settlement range covers 11.8% of the area in the second scenario, again in close
agreement with the 11.7% reported in the first. Similarly, 8.6% of the area is associated
with 0.03-0.05 m settlements, compared to 8.7% in the first scenario, while 5.2% and
4.5% fall within the 0.10—0.15 m and 0.15-0.20 m ranges, respectively, values that are
nearly identical to those of the first scenario. Minor variations are observed in the
highest settlement classes, where the second scenario yields 1.8% of the area for both

the 0.20—0.25 m and 0.25—-0.45 m intervals.
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Figure 10.7: Spatial distribution of liquefaction-induced free-field settlements in the
Yalova shoreline and city center, estimated using the Tokimatsu and
Seed [1984] procedure.

10.2.2. Ishihara and Yoshimine [1992] Procedure

According to the free-field settlement analysis carried out with the Ishihara and
Yoshimine [1992] and Zhang et al. [2004] method, the second scenario yielded its
maximum value at borehole A-SK-19 on the Yalova Shore, where a settlement of 0.56
meters was calculated. This situation is consistent with the first scenario. The spatial
distribution of settlements estimated for the second scenario is illustrated in Figure

10.8.

In the second scenario, 62.9% of the study area (7.30 km?) remained unaffected, which
is very close to the 62.4% obtained in the first scenario. Settlements in the range of
0.00-0.05 meters covered 0.81 km? (7.02%), nearly identical to the 0.80 km? (6.89%)
calculated in the first scenario. The 0.05-0.10 meter range again represented the largest
affected portion, with 1.54 km? (13.30%) in the second scenario compared to 1.57 km?
(13.55%) in the first. Similarly, the 0.10-0.15 meter interval accounted for 0.79 km?
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(6.83%) in the second scenario, slightly lower than the 0.81 km? (6.98%) of the first.
The 0.15-0.20 and 0.20—0.25 meter ranges produced nearly the same areal proportions
in both scenarios (4.5% and 2.6%). Minor variation was observed in the most severe
class, where settlements between 0.25 and 0.45 meters covered 0.33 km? (2.85%) in
the second scenario, compared with 0.37 km? (3.15%) in the first.
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Figure 10.8: Spatial distribution of liquefaction-induced free-field settlements in the
Yalova shoreline and city center, estimated using the Ishihara and
Yoshimine [1984] and Zhang et al. [2004] procedure.

Furthermore, when the methods of Ishihara and Yoshimine [1992] and Yoshimine
et al. [2006] are examined, a similar situation to the first scenario is observed. In the
second scenario, 63.8% of the study area (7.39 km?) remained unaffected, which is
nearly identical to the 63.5% obtained in the first scenario. The 0.05-0.10 m range
again represented the largest affected portion, covering 1.59 km? (13.73%), exactly the
same proportion as in the first scenario. The 0.00—0.05 m settlements accounted for
0.88 km? (7.60%), also very close to the 0.89 km? (7.65%) previously calculated.
Similarly, the 0.10-0.15 m and 0.15-0.20 m ranges were associated with 0.69 km?
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(5.97%) and 0.51 km? (4.39%) of the area, respectively, values consistent with those
of the first scenario. The highest settlement classes showed only slight differences,
with 0.25 km? (2.15%) in the 0.20—0.25 m interval and 0.28 km? (2.39%) in the 0.25—
0.45 m interval. The spatial distribution of settlements estimated for the second
scenario is illustrated in Figure 10.9.
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Figure 10.9: Spatial distribution of liquefaction-induced free-field settlements in the
Yalova shoreline and city center, estimated using the Ishihara and
Yoshimine [1992] and Yoshimine et al. [2006] procedure.

10.2.3. Shamoto et al. [1998] Procedure

The settlements calculated using the method of Shamoto et al. [1998], similar to the
other settlement results, produced outcomes consistent with the first scenario. In the
second scenario, 70.4% of the study area (8.17 km?) remained unaffected, a value
nearly identical to the 70.0% obtained in the first scenario. The 0.05—0.10 m and 0.00—
0.05 m ranges covered 1.17 km? (10.08%) and 1.04 km? (8.96%), respectively, both

closely matching the proportions of the first scenario. The 0.10-0.15 m interval
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accounted for 0.67 km? (5.80%), while the 0.15-0.20 m range slightly decreased to
0.30 km? (2.58%). Higher settlement classes were limited to small areas, with 0.13 km?
(1.12%) in the 0.20-0.25 m range and 0.13 km? (1.09%) in the 0.25-0.45 m range,
again consistent with the first scenario. The spatial distribution of settlements for the

second scenario is shown in Figure 10.10.
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Figure 10.10: Spatial distribution of liquefaction-induced free-field settlements in the
Yalova shoreline and city center, estimated using the Shamoto et al.
[1998] procedure.

10.2.4. Wu et al. [2003] Procedure

The settlements calculated using the method of Wu et al. [2003] produced results
consistent with those of the first scenario. In the second scenario, 62.9% of the study
area (7.27 km?) was classified as unaffected, closely matching the 62.5% obtained in
the first scenario. The 0.05-0.10 m interval again represented the largest affected
portion, covering 1.59 km? (13.73%), which is nearly identical to the 1.57 km?
(13.56%) in the first scenario. The 0.00—0.05 m and 0.10-0.15 m classes accounted for
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0.81 km? (7.04%) and 0.78 km? (6.74%), respectively, values comparable to those of
the first scenario. Similarly, the 0.15-0.20 m range covered 0.49 km? (4.28%), while
the higher settlement classes of 0.20—0.25 m and 0.25-0.45 m were limited to 0.31 km?
(2.67%) and 0.30 km? (2.63%), respectively. The spatial distribution of settlements for

the second scenario is shown in Figure 10.11.
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Figure 10.11: Spatial distribution of liquefaction-induced free-field settlements in the
Yalova shoreline and city center, estimated using the Wu et al. [2003]
procedure.

10.2.5. Cetin et al. [2009] Procedure

Similarly, the settlements calculated using the method of Cetin et al. [2009] show
results in close agreement with the first scenario. In the second scenario, 69.3% of the
study area (8.04 km?) remained unaffected, almost identical to the 69.0% obtained in
the first scenario. Low levels of settlement in the 0.00—0.05 m range covered 0.92 km?
(7.96%), while the 0.05-0.10 m class accounted for 1.54 km? (13.28%), values

consistent with the calculated in the first scenario. The 0.10-0.15 m interval was
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associated with 0.61 km? (5.27%), slightly lower than the 0.64 km? (5.49%) in the first
scenario. Higher settlement classes were more limited, with 0.27 km? (2.31%) in the
0.15-0.20 m range, 0.13 km? (1.12%) in the 0.20—0.25 m range, and 0.09 km? (0.78%)
in the 0.25-0.45 m interval. The spatial distribution of settlements for the second

scenario is illustrated in Figure 10.12.
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Figure 10.12: Spatial distribution of liquefaction-induced free-field settlements in the
Yalova shoreline and city center, estimated using the Cetin et al. [2009]
procedure.
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11. PIPELINE DAMAGE ASSESSMENT OF
YALOVA CITY CENTER

Yalova Municipality provides continuous water service to its 157,499 residents in the
city center. The city’s drinking water is supplied primarily from the Gokge Dam. The
Gok¢e Dam, located on the Gokgedere in Termal, Yalova, is a rock-fill structure
constructed between 1980 and 1989, with a reservoir capacity of 26 hm? and a surface
area of 1 km? [DSI, 2025]. The water released from the Gok¢e Dam is conveyed to the
treatment plant and subsequently distributed to the city through steel pipelines ranging
from 600 to 1,400 mm in diameter and High-density Polyethylene (HDPE) pipelines
ranging from 280 to 500 mm (Figure 11.1). The transmission system has a total length
of approximately 62.94 km, of which 43.16 km (69%) consists of steel pipelines and
19.78 km (31%) consist of HDPE pipelines (Figure 11.2). The system also includes
16 water storage tanks with capacities between 50 and 5,000 tons and six pumping
stations that support distribution across the service area. These storages consist of
buried reinforced concrete and modular structures, with the oldest reservoir

constructed in 1984-1985.
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Figure 11.1: Map of the water source, transmission pipelines, storage tanks, and
pumping stations in Yalova.
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Figure 11.2: Transmission pipeline material distribution and pipe length by diameter
for the Yalova Province water supply system.

In the Yalova city center and surrounding villages, the water distribution system
comprises approximately 342.78 km of pipelines managed by Yalova Municipality.
The network consists of 57.22 km of AC, 130.66 km of HDPE, and 154.89 km of PVC
pipes. In proportional terms, AC pipes account for 16.7% of the network, HDPE pipes
for 38.1%, and PVC pipes for 45.2% of the total pipeline length (Figure 11.3). There
is very small amount of steel pipelines (2.9 km) connecting some tanks which are not
included in the distribution lines. The spatial distribution of the city’s distribution

network and its pipe materials is shown in Figure 11.4.
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Figure 11.3: Pipeline material percentages within the water distribution network
managed by Yalova Municipality.
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Figure 11.4: Spatial distribution of the water distribution network with respect to pipe
materials within the Yalova Municipality water system.

The meetings held with the local water authorities indicate that routine maintenance
and repair operations within the water distribution network are primarily on AC and
PVC pipelines, The AC pipelines represent the oldest component of the network and
were installed prior to the 1990s. In AC pipes, maintenance activities are mainly
associated with leakage at joint connections, while localized deterioration of pipe
profiles due to aging has also been observed in some sections. After the installation of
AC pipelines stopped, PVC pipelines were commonly used in the system. In the last
two decades, HDPE pipelines have been introduced to replace aging pipelines. The
future renewal activities are planned to further upgrade the water distribution network

using HDPE pipelines.

Post-earthquake observations following the 1999 Kocaeli earthquake provide
additional insight into material-specific damage characteristics within the water
distribution network. These observations indicate that substantial damage occurred in
both AC and PVC pipelines during the 1999 event. In PVC pipelines, damage
primarily occurred in the form of pipe-body buckling rather than joint-related failures.

In contrast, AC pipelines, which were typically constructed in segments of
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approximately 5 m, exhibited damage at pipe body and joint connections Following
the 1999 Kocaeli earthquake, damaged sections of the water network were replaced

with HDPE pipes.

The infrastructure risk assessment of Yalova city center was carried out under two
earthquake scenarios: the Mw 7.5 design event defined in TBEC and the Mw 7.0
Prince Islands earthquake. As an initial step, the water pipeline layers were clipped to
the study area using the Clip tool in ArcGIS Pro to ensure spatial consistency between
the hazard and network datasets. The total network length prior to clipping was 342.78
km, whereas the portion falling within the study boundary measured 181.46 km
(Figure 11.5).

All subsequent analyses were conducted exclusively on the water distribution lines
within the study area, as the majority of transmission lines extend beyond the study
boundaries. The transmission lines traverse long distances and pass through multiple
geological and geotechnical hazard zones that fall outside the scope of this study;
therefore, they were not evaluated within this thesis. To ensure spatial consistency and
methodological coherence, the analyses were focused on the distribution network. The
results corresponding to both earthquake scenarios are presented in detail in the

following sections.

Distribution Pipeline Materials (%)

38.79 km
AC
22%
85.8 km
PVC
47%
56.87 km
HDPE
31%

Figure 11.5: Distribution pipeline material percentages in the study area.
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11.1. Scenario 1: TBEC 2018 Mw 7.5 Earthquake

As an initial step, the pipeline network was separated into liquefiable and non-
liquefiable zones based on the LPI and LSN maps. The details of Scenario 1 are
presented in Section 9. The spatial classification of pipelines based on LPI and LSN
are presented in Figures 11.6 and 11.7, respectively, while the LPT and LSN maps are
shown in Figures 9.8 and 9.10. The LPI and LSN maps were generated using the
procedure of Boulanger and Idriss [2014] and the fines content criteria proposed by
Bray and Sancio [2006] together with the probabilistic TBEC ground motions
corresponding to a 475-year return period. The results indicate that, based on the LPI
assessment, approximately 37.8% of the pipelines are located within liquefiable areas,
whereas 62.2% lie in non-liquefiable zones. The distribution of these pipelines with
respect to material type is illustrated in Figure 11.8. Similarly, the LSN-based
evaluation indicates that 31.8% of the pipeline network falls within liquefiable areas,
while 68.2% is located within non-liquefiable zones, with the corresponding material-

based distribution shown in Figure 11.9.
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Figure 11.6: Spatial distribution of the water distribution network within liquefiable
and non-liquefiable regions based on the LPI map.
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Figure 11.7: Spatial distribution of the water distribution network within liquefiable
and non-liquefiable regions based on the LSN map.
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Figure 11.8: Distribution of pipeline materials and their corresponding lengths within
liquefied and non-liquefied zones based on LPI in the study area.
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Figure 11.9: Distribution of pipeline materials and their corresponding lengths within
liquefied and non-liquefied zones based on LSN in the study area.

Following the delineation of liquefiable and non-liquefiable zones based on the LSN
and LPI assessments, pipeline lengths in non-liquefiable areas were classified by PGV
intervals to support the prediction of TGD-induced damages. For this purpose, the
PGV values for the TBEC-based Mw 7.5 scenario were obtained from the Tiirkiye
Earthquake Hazard Map. The PGV raster was classified into integer PGV intervals
and converted to polygon features to enable spatial analysis. These PGV classes were
then intersected with the water pipeline network, allowing each pipeline segment to be
assigned its corresponding PGV value. The length of each segment was calculated in
the attribute table, and the cumulative pipeline lengths within the PGV intervals, based
on the non-liquefiable zones identified using the LPI and LSN maps, were determined

and summarized in Tables 11.1 and 11.2.

Table 11.1: Total lengths of pipelines within each PGV interval in non-liquefiable
regions identified based on the LPI assessment.

PGV Total
(cm/s) AC HDPE PVC (km)
35-40 0.29 6.92 1.42 8.64

40-45 10.50 40.02 53.65 10.50

Total (km)  10.79 4695 5507  112.81
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Table 11.2: Total lengths of pipelines within each PGV interval in non-liquefiable
regions identified based on the LSN assessment.

PGV Total
(cm/s) AC HDPE PVC (km)
35-40 0.46 6.92 1.42 8.80
40-45 14.52 41.24 59.26 115.02

Total (km) 14.98 48.16 60.68 123.82

Furthermore, in liquefiable zones, pipeline lengths were subsequently categorized by

LPI and LSN intervals to evaluate PGD-induced damages (Tables 11.3 and 11.4).

Table 11.3: Total lengths of pipelines within each LPI interval in liquefiable regions.

LPI AC HDPE PVC Total
(km)
0-5 5.59 1.07 6.05 12.71
5-10 831 277 7.96 19.03
10-15 6.16 236 715 15.68
15-20 5.17 1.63 476 11.55
20-25 0.94 0.48 1.80 322
25-30 0.41 0.26 0.83 1.50
30-35 0.64 0.40 0.65 1.69
35-40 0.52 0.94 1.12 2.59
40-45 0.26 0.02 0.32 0.60
45-50 0.03 0.03
50-55 0.06 0.06
55-60 0.01 0.01
Total (km)  28.00 9.92 30.73 68.66

Table 11.4: Total lengths of pipelines within each LSN interval in liquefiable regions.

LSN AC HDPE PVC Total
(km)
5-10 8.40 2.69 7.67 18.75
10-15 6.88 230 8.55 17.73
15-20 4.80 1.49 3.70 9.99
20-25 1.97 0.65 2.12 474
25-30 0.76 0.29 1.06 211
30-35 0.61 1.05 123 2.89
35-40 0.29 022 0.4 0.95
40-45 0.03 0.02 0.13 0.18
45-50 0.06 0.07 0.13
50-55 0.01 0.02 0.04
55-60 0.01 0.01
60-65 0.03 0.03
65-70 0.01 0.01
70-75 0.04 0.04
75-80 0.02 0.02
Total (km) 23.81 8.71 25.12 57.64
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Following that, TGD-induced number of damages were predicted using the
correlations developed in this study for Kahramanmaras, as well as those proposed by
O’Rourke et al. [2014], ALA [2001], HAZUS, and Shih and Chang [2006]. For
PGD-induced damages, the relationships between LPI, LSN and repair rates proposed
by Toprak et al. [2019], together with the corresponding one-dimensional volumetric
reconsolidation settlement (S,;p)-RR formulations were employed. The free-field
settlements required for the S, calculations were obtained using the Ishihara and
Yoshimine [1992] procedure, as previously detailed in Chapter 10. This method was
selected to maintain consistency with the original development of the S,;p-RR
relationships in Toprak et al. [2019], while yielding settlement estimates comparable
to those obtained using the Wu et al. [2003] approach, which provides maximum
settlement values in the study area. The total lengths of pipelines within each free-field

settlement interval are presented in Table 11.5.

Table 11.5: Total lengths of pipelines within S,,p interval in liquefiable zones,
calculated using the Ishihara and Yoshimine [1992] method.

Sy1p (cm) AC HDPE PVC flfltr;")l
15 4.29 0.39 2.41 7.09
510 9.46 2.08 1042 21.96
10-15 473 1.29 5.01 11.03
15-20 1.94 1.86 2.48 6.28
20-25 1.09 1.33 1.68 4.10
25-30 0.80 0.80 1.20 2.80
30-35 0.27 0.33 0.45 1.05
35-40 0.32 0.31 0.12 0.75
40-45 0.23 0.20 0.37 0.80
45-50 0.11 0.02 0.06 0.19
50-55 0.07 0.04 0.11
Total (km) 2331 8.61 2424 56.16

The study provided separate repair rate equations corresponding to liquefaction
probabilities of 15%, 50%, and 85%. Because liquefaction in the present study was
assessed deterministically using the Boulanger and Idriss [2014] procedure, and
since the 15% probability curve is commonly adopted for deterministic liquefaction
evaluations, the equation corresponding to the 15% probability of liquefaction was

used.
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The damage predictions for the Yalova city center with respect to pipe materials,
obtained using the available repair-rate relationships, are presented in Tables 11.6 and
11.7. These predictions were performed separately for liquefiable and non-liquefiable
regions delineated based on the LPI- and LSN-based zonation approaches, which result
in different pipeline lengths within each region and consequently affect the estimated
number of damages. However, this distinction does not influence the settlement-based
damage estimates, since pipeline lengths associated with settlements were determined
directly based on the computed settlement magnitudes rather than the spatial extent of

the liquefiable zones.

Table 11.6: Summary of the predicted number of damages for Scenario 1 based on the
available repair-rate relationships in the literature, considering liquefiable
and non-liquefiable regions identified using the LPI map.

Transient Ground Deformation Permanent Ground Deformation
Pi . Estimat . Estimat
'pe Sources Equations stimated Sources Equations stimated
Materials Damages Damages
Kahramanmaras RR 20
Case Study = 0.1535(PGV) — 2.8421
RR = 0.16LPI + 1.63 99
O'Rourke et al. log(RR) 6
[2014] =2.83log(PGV) — 5
Toprak et al.
AC [2019]
RR = 0.0024(PGV)K,
ALA [2001] K, = 1.0 3
RR = 0.01S,,, + 2.02 78
HAZUS RR = 0.0001(PGV)??5 6
Kahramanmarag RR 191
Case Study = 0.0744(PGV) + 0.7486
RR = 0.08LPI — 0.30 30
Shih and Chang  log(RR) 13
[2006] =0.99l0g(PGV) — 2.30
PVC Toprak et al.
[2019]
RR = 0.0024(PGV)K,
ALA [2001] K, = 05 4
RR = 0.02S,,, — 0.84 45
HAZUS RR = 0.0001(PGV)??5 26
Kahramanmarag RR
HDPE Case Study = 0.0996(PGV) — 1.9848 103
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Table 11.7: Summary of the predicted number of damages for Scenario 1 based on the
available repair-rate relationships in the literature, considering liquefiable
and non-liquefiable regions identified using the LSN map.

Transient Ground Deformation Permanent Ground Deformation
Pipe . Estimated . Estimated
. r Equation Sources Equations
Materials Sources quations Damages 1 Damages
Kahramanmaras RR 56
Case Study = 0.1535(PGV) — 2.8421
RR = 0.03LSN + 2.33 71
O'Rourke et al. log(RR) 7
[2014] = 2.83log(PGV) — 5 Toprak et al
AC [2019]
RR = 0.0024(PGV)K,
ALA [2001] K, = 1.0 3
RR = 0.01S,,, + 2.02 78
HAZUS RR = 0.0001(PGV)?25 8
Kahramanmaras RR 11
Case Study = 0.0744(PGV) + 0.7486
RR = 0.08LSN — 0.79 22
Shih and Chang  log(RR) 14
[2006] =0.99l0g(PGV) — 2.30
Toprak et al.
PVC
RR = 0.0024(PGV)K [2019]
- Y 1
ALA [2001] K, = 0.5 5
RR = 0.02S,,, — 0.84 45
HAZUS RR = 0.0001(PGV)225 29
Kahramanmarag RR
HDPE Case Study = 0.0996(PGV) — 19848 106

11.2. Scenario 2: Prince Islands Mw 7.0 Earthquake

Similarly, the same procedure was applied for Scenario 2, in which the pipeline
network was classified using both the LPI and LSN maps derived from the stochastic
ground-motion simulations of the MARTEST-SATREPS project for the Mw 7.0
Prince Islands earthquake scenario. These maps allowed the identification of
liquefiable and non-liquefiable regions under the corresponding ground-motion
conditions. The spatial distribution of pipelines within liquefiable and non-liquefiable
regions for Scenario 2 is shown in Figures 11.10 and 11.11. The results indicate that,
based on the LPI assessment, approximately 36.7% of the pipelines are located within
liquefiable areas, while the remaining 63.3% fall within non-liquefiable zones. The
distribution of these pipelines with respect to material type is illustrated in Figure
11.12. In comparison, the LSN-based evaluation indicates that 31.3% of the pipeline
network lies within liquefiable regions, whereas 68.7% is located in non-liquefiable

zones, with the corresponding material-based distribution shown in Figure 11.13.
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Figure 11.10: Spatial distribution of the water distribution network within liquefiable
and non-liquefiable regions based on the LPI map.
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Figure 11.11: Spatial distribution of the water distribution network within liquefiable
and non-liquefiable regions based on the LSN map.
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Liquefiable Region Non-liquefiable Region

29.46 km 27.3km 5634 km 11.49 km
PVC AC PVC AC
44% 41% 49% 10%

9.75 km 47.12
HDPE HDPE
15% 41%

Figure 11.12: Distribution of pipeline materials and their corresponding lengths
within liquefied and non-liquefied zones based on LPI in the study

arca.
Liquefiable Region Non-liquefiable Region
24.66 km 23.46 km 15.33 km
449 41% 12%
49%

8.64 km 48.24
HDPE HDPE
15% 39%

Figure 11.13: Distribution of pipeline materials and their corresponding lengths
within liquefied and non-liquefied zones based on LSN in the study
area.
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Following the identification of non-liquefiable areas based on the LPI- and LSN-based
classifications, pipeline lengths within these regions were classified by PGV intervals
for use in estimating TGD-induced damages. The PGV values were derived from the
Mw 7.0 Prince Islands ground-motion outputs of the MARTEST-SATREPS project
and converted into a continuous PGV surface using IDW interpolation. The resulting
raster was processed to create integer PGV classes, which were subsequently
converted to polygon features for spatial analysis. These classes were intersected with
the pipeline network, enabling each segment to be assigned its corresponding PGV
value. Segment lengths were then computed, and the cumulative pipeline lengths
within each PGV interval were determined separately for the non-liquefiable zones
identified using the LPI and LSN maps, and summarized in Tables 11.8 and 11.9,

respectively.

Table 11.8: Total lengths of pipelines within each PGV interval in non-liquefiable
regions identified based on the LPI assessment.

PGV (cm/s) AC HDPE  PVC flflt;‘)l
50-55 1.97 3288 13.00  47.85
5560 9.51 1424 4334 67.09

Total (km) 1148 4712 5634 11494

Table 11.9: Total lengths of pipelines within each PGV interval in non-liquefiable
regions identified based on the LSN assessment.

PGV (cm/s) AC HDPE  PVC {lflt:)l
50-55 223 3364 1346 49.33
5560 1310 1460 4769 7538

Total (km) 1533 4824 6115 12471

In addition, within liquefiable areas, pipeline lengths were classified by LPI and LSN
intervals to evaluate PGD-induced damages (Tables 11.10 and 11.11).
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Table 11.10: Total lengths of pipelines within each LPI interval in liquefiable regions.

LPI AC HDPE PVC Total
(km)

0-5 5.81 1.40 6.10 13.39
5-10 7.89 3.03 8.81 19.89
10-15 6.63 229 6.83 15.83
1520 417 112 3.17 8.62
20-25 1.03 0.26 1.62 3.04
25-30 0.40 0.40 0.88 1.83
30-35 0.67 0.43 0.84 1.94
35-40 0.50 0.82 0.84 2.16
40-45 0.20 0.29 0.48
45-50 0.02 0.02
50-55 0.07 0.07
Total (km)  27.30 9.75 29,46 67.26

Table 11.11: Total lengths of pipelines within each LSN interval in liquefiable

regions.
LSN AC  HDPE pvc  rotal
(km)
5-10 8.17 271 791 18.79
10-15 6.97 221 834 17.52
15-20 4.66 1.48 3.44 9.59
20-25 191 0.65 2.00 456
25.30 0.82 032 1.02 217
30-35 0.56 1.06 1.22 283
3540 0.25 0.18 041 0.85
4045 0.03 0.02 0.11 0.15
45-50 0.06 0.07 0.14
50-55 0.01 0.02 0.04
55-60 0.03 0.03
60-65 0.01 0.01
65-70 0.01 0.01
70-75 0.04 0.04
75-80 0.02 0.02
Total (km)  23.46 8.64 24.66 56.75

For Scenario 2, estimation of TGD-induced damages followed the same analytical
framework, employing the correlations developed in this study together with those of
O’Rourke et al. [2014], ALA [2001], HAZUS, and Shih and Chang [2006]. PGD-
induced damages were likewise evaluated using the LPI, LSN and S,,,p—repair-rate
relationships of Toprak et al. [2019], with the 15% liquefaction-probability curve
adopted for consistency with the deterministic liquefaction assessment based on the
Boulanger and Idriss [2014] procedure. The total lengths of pipelines within each

free-field settlement interval are presented in Table 11.12.

144



Table 11.12: Total lengths of pipelines within S,,p interval in liquefiable zones,
calculated using the Ishihara and Yoshimine [1992] method.

Sy1p (cm) AC HDPE PVC Total (km)
1-5 438 0.34 271 7.43
5-10 9.40 2.10 10.64 22.14
10-15 4.68 1.28 4.48 10.44
15-20 1.89 1.84 2.52 6.25
20-25 1.14 1.42 1.59 4.15
25-30 0.75 0.74 1.16 2.65
30-35 0.27 0.31 0.42 1.00
35-40 0.32 0.33 0.12 0.77
40-45 0.23 0.16 0.37 0.76
45-50 0.11 0.02 0.06 0.19
50-55 0.07 0.04 0.11
Total 23.24 8.54 24.11 55.89

The corresponding damage predictions with respect to pipe materials are summarized
in Tables 11.13 and 11.14, with liquefiable and non-liquefiable regions defined based
on the LPI and LSN classifications, respectively.

Table 11.13: Summary of the predicted number of damages for Scenario 2 based on
the available repair-rate relationships in the literature, considering
liquefiable and non-liquefiable regions identified using the LPI map.

Transient Ground Deformation Permanent Ground Deformation
Pipe . Estimated . Estimated
Materials Sources Equations Damages Sources Equations Damages
Kahramanmarag RR 68
Case Study = 0.1535(PGV) — 2.8421
RR = 0.16LPI + 1.63 95
O'Rourke et al. log(RR) 12
\c [2014] = 2.83log(PGV) — 5 Toprak et al.
[2019]
RR = 0.0024(PGV)K,
ALA [2001] K, = 1.0 3
RR = 0.01S,,, + 2.02 78
HAZUS RR = 0.0001(PGV)2%5 11
Kahramanmaras RR 273
Case Study = 0.0744(PGV) + 0.7486
RR = 0.08LPI — 0.30 25
Shih and Chang  log(RR) 16
PVC [2006] = 0.99log(PGV) — 2.30 Toprak et al.
[2019]
RR = 0.0024(PGV)K,
ALA [2001] K = 0.5 5
RR = 0.02S,,, — 0.84 44
HAZUS RR = 0.0001(PGV)2?5 50
Kahramanmaras RR
HDPE Case Study = 0.0996(PGV) — 1.9848 161

145



Table 11.14: Summary of the predicted number of damages for Scenario 2 based on
the available repair-rate relationships in the literature, considering
liquefiable and non-liquefiable regions identified using the LSN map.

Transient Ground Deformation Permanent Ground Deformation
Pipe . Estimated . Estimated
pe Sources Equations Sources Equations
Materials Damages Damages
Kahramanmaras RR 9]
Case Study = 0.1535(PGV) — 2.8421
RR = 0.03LSN + 2.33 69
O'Rourke et al. log(RR) 15
[2014] = 2.83log(PGV) — 5 Toprak et al
AC [2019]
RR = 0.0024(PGV)K,
ALA [2001] K, = 1.0 3
RR = 0.01S,,, + 2.02 78
HAZUS RR = 0.0001(PGV)?25 14
Kahramanmaras RR 296
Case Study = 0.0744(PGV) + 0.7486
RR = 0.08LSN — 0.79 22
Shih and Chang  log(RR) 18
[2006] =0.99l0g(PGV) — 2.30
Toprak et al.
PVC [2019]
RR = 0.0024(PGV)K,
ALA [2001] K, = 0.5 5
RR = 0.02S,,, — 0.84 44
HAZUS RR = 0.0001(PGV)225 54
Kahramanmarag RR
HDPE Case Study = 0.0996(PGV) — 19848 10

Comparison of the two scenarios shows that TGD-induced predicted damages are
higher in Scenario 2. This difference reflects the PGV levels considered in the
analyses: Scenario 1 exhibits PGV values of approximately 38—45 cm/s, whereas
Scenario 2 is characterized by stronger shaking with PGV values between 50 and 60
cm/s. Since all repair-rate relationships increase with PGV, the elevated PGV levels in

Scenario 2 result in larger damage estimates for AC, PVC, and HDPE pipelines.

For PGD-induced damages, the estimates show a modest decrease from Scenario 1 to
Scenario 2. For instance, based on the LSN-based liquefiable and non-liquefiable
zonation, the PGD-induced predicted damages for Scenario 1 are 71 for AC pipelines
and 22 for PVC pipelines, whereas Scenario 2 results in 69 damages for AC pipelines
and 22 damages for PVC pipelines using LSN-RR relationship. Similarly, using the
LPI-based liquefiable and non-liquefiable classification together with the LPI-RR
relationships, the predicted PGD-induced damages increase to 99 for AC pipelines and
30 for PVC pipelines in Scenario 1, while the corresponding values for Scenario 2 are

95 for AC pipelines and 25 for PVC pipelines. This slight change in PGD-induced
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damage estimations is attributed to the lower moment magnitude of 7.0 in Scenario 2
compared with 7.5 in Scenario 1, resulting in marginally smaller LPI and LSN values
across the study area. Moreover, the liquefiable and non-liquefiable regions delineated
using the LPI-based approach were generally more extensive than those identified
using the LSN-based classification. As a result, the LPI-based analyses yielded a larger
proportion of pipelines exposed to liquefaction-related effects, leading to higher
estimates of PGD-induced damages compared to LSN-based analyses. In contrast, the
LSN-based classification yielded a greater extent of non-liquefiable areas, which
resulted in higher TGD-induced damage estimates compared to those obtained from

the LPI-based analyses.

Moreover, the adopted relationships show notable differences in predicted damage
levels. The relationships derived from the Kahramanmaras case study consistently
yield the highest damage estimates, representing an extreme or upper-bound damage
condition. In contrast, the repair-rate models proposed in the literature provide a range
of damage estimates. For AC pipelines, the relationships proposed by O’Rourke et al.
[2014] and those implemented in HAZUS show comparable results, whereas for PVC
pipelines, HAZUS generally predicts higher damage levels than Shih and Chang
[2006], followed by the ALA [2001] relationships. The relationships proposed by
Toprak et al. [2019] were used to predict PGD-induced damages in liquefiable
regions, as they provide material-specific repair-rate relationships for AC and PVC
pipelines based on LPI, LSN, and S,;,. However, PGD-induced damage estimation
for HDPE pipelines could not be performed due to the lack of available repair-rate

relationships for this pipe material.

It should be noted that the damage estimations presented herein are based on empirical
repair-rate relationships developed from post-earthquake observations and records
under different regional and infrastructural conditions. For instance, the LSN-, LPI-,
and S,;p-based repair-rate relationships proposed by Toprak et al. [2019], were
derived from damage data collected from the water distribution network in
Christchurch, New Zealand. In contrast, the relationships developed by Shih and
Chang [2006] reflect the characteristics of pipeline systems in Taiwan. Likewise, the
repair-rate relationships derived in this study for Kahramanmaras are representative of
the local infrastructure conditions of the Kahramanmaras water distribution system.

Therefore, the damage estimates calculated for the Yalova city center should be
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interpreted in the context of the characteristics of the Yalova water distribution system,
including pipe materials, construction year, and overall network condition. Such
differences indicate notable variations in overall system condition and maintenance
levels between two cities. Nevertheless, a common characteristic shared by both
infrastructure systems is the presence of aged and deteriorated AC pipelines, which
were installed prior to the 1990s in Yalova and are known to exhibit brittle behavior
under seismic loading. In addition, the PVC pipelines were constructed following the
AC pipelines in Yalova, while in Kahramanmaras they are known to have service ages
of approximately 30 to 40 years. Post-earthquake assessments following the 1999
Kocaeli earthquake reported that a large portion of pipeline damage occurred in both
AC and PVC segments. Similarly, following the 2023 Kahramanmaras earthquakes,
AC and PVC pipelines in Kahramanmaras were also observed to experience severe

damage.

While service age provides an initial indicator of pipeline condition, differences in
manufacturing quality and material specifications may also influence seismic
performance and damage response. For example, post-earthquake observations in
Kahramanmaras indicated that PE pipelines, which are generally expected to exhibit
ductile behavior, also experienced significant damage. Thus, the applicability of these
damage estimates to Yalova should be assessed in light of the local characteristics of

its water distribution network.
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12. CONCLUSION

This study combines field observations, municipal data, geotechnical analyses, and
empirical modeling to evaluate earthquake-induced damage to water distribution
systems. The first part focuses on the 2023 Kahramanmaras earthquakes, while the
second applies a parallel analytical framework to Yalova under two alternative ground-
motion scenarios: a probabilistic Mw 7.5 event based on TBEC-2018, and a Mw 7.0
stochastic scenario developed within the MARTEST-SATREPS project for the Prince

Islands region.

Field investigations were conducted in Kahramanmaras Province following the 2023
Kahramanmaras earthquakes. Collaboration with the municipality and water
authorities provided access to operational data and damage reports, forming the basis
of the detailed analysis presented in this study. Site visits and photographic
documentation indicate that earthquake-related impacts were predominantly
concentrated within the distribution network. In contrast, the transmission mains and
the reservoir system did not exhibit any notable earthquake-induced problems or

service interruptions.

The liquefaction assessment was performed for Kahramanmaras city center using SPT
data and established triggering procedures. The results showed that the investigated
sites were not susceptible to liquefaction under the recorded ground motions. Since
liquefaction was not expected, the observed pipeline damage was attributed primarily
to TGD-induced mechanisms. Following that, the call records maintained by the
Kahramanmarag Water and Sewage Administration were examined. These records
consist of notifications submitted by residents through the call center to report water
service disruptions during the post-earthquake period. The dataset was filtered in a
systematic way to remove subscriber-related entries and duplicate records, and the

remaining earthquake-related failures were used in the analysis.

Based on these filtered records, empirical repair-rate correlations were developed as a
function of PGV for PVC, AC, and PE pipelines. These correlations were compared
with existing PGV-RR relationships reported in the literature. The repair rates
obtained for Kahramanmaras are considerably higher, which reflects the age and

deteriorated condition of the system prior to the earthquake as indicated by very high
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water losses. For this reason, the city’s water infrastructure system is planned to be

replaced completely.

The second part of the thesis focuses on Yalova, a city located in a region of high
seismic risk. Liquefaction assessments were carried out using the procedures of
Boulanger and Idriss [2014] and Youd et al. [2001]. Liquefaction severity was
evaluated across the city center using metrics such as LPI, LSI, and LSN. The results
indicate that the highest liquefaction susceptibility occurs along the shore, in the area
near Safran Creek, and across the western portion of the city. These areas correspond
to young alluvial and coastal-fill deposits with low penetration resistance.
Furthermore, the free-field liquefaction settlements were estimated using several
published frameworks for both ground-motion scenarios. These settlement
distributions were mapped to illustrate the spatial variation of potential ground
deformation across Yalova. After identifying the liquefaction-susceptible zones and
mapping the corresponding free-field settlements, the analysis then focused on the
water infrastructure. The earthquake-induced damage was predicted for both ground-
motion scenarios using the repair-rate relationships developed for Kahramanmarag
together with relevant PGV-RR and LSN, LPI and S,;p—RR models from the
literature. Both TGD-induced and PGD-induced repair-rate predictions were assessed

for each scenario.

The comparison of the two ground-motion scenarios indicates that both transient and
permanent ground deformations contribute to repair demands in the distribution
network, although their relative effect differs between adopted scenarios. When TGD-
induced damages are compared, Scenario 2 (Mw 7.0, stochastic) produces higher
TGD-related repair demands than Scenario 1 (Mw 7.5, TBEC-based). This difference
is primarily attributed to the higher PGV values associated with Scenario 2, which lead
to increased transient ground deformation effects. In contrast, a comparison of PGD-
induced damages shows that Scenario 1 yields slightly higher PGD-related repair
demands than Scenario 2. The reduced PGD-induced damage estimates obtained for
Scenario 2 are related to the marginally smaller extent of liquefiable areas resulting

from the lower moment magnitude of Mw 7.0 compared to Mw 7.5 in Scenario 1.

The results indicate that several parts of the Yalova city center are located in areas with
high liquefaction susceptibility, where the infrastructure damage assessments show

considerable levels of PGD-induced damage. In these zones, repair demands are

150



controlled by permanent ground deformation, reflecting the sensitivity of the existing
pipeline system to liquefaction-related effects. In addition, PGV-based damage
estimates for both ground-motion scenarios indicate that transient ground deformation
is also expected to result in substantial pipeline damage, particularly under the higher
PGV levels associated with the stochastic scenario (Scenario 2). The concentration of
predicted damages in these areas highlights the importance of maintaining pipeline
condition and selecting materials capable of accommodating ground deformations in
liquefaction-prone zones. Moreover, the functionality of urban infrastructure systems
is critical for post-earthquake response and recovery, underscoring the need to enhance

the seismic preparedness of the water distribution network in Yalova.

This study also highlights the value of systematic post-earthquake documentation and
consistent data sharing between municipal agencies and researchers. Such information
is essential for understanding network performance and for improving the seismic
preparedness of urban lifeline systems. In addition, the lessons learnt from the pipeline
performance in the Kahramanmaras provide a practical basis for future earthquake-
related damage predictions and can support planning and renewal efforts in similarly

vulnerable cities.
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