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Abstract

Structural risk assessment due to earthquake-tsunami events in the
urban area of San Andrés de Tumaco, Colombia

Tumaco, a coastal city in Colombia, faces signi cant risks from earthquakes and tsunamis
due to its geographical location and geological characteristics. This master's thesis aims to
understand and quantify the complex interaction of these natural hazards, their potential
impacts on the city's infrastructure and population, and the implications for disaster resi-
lience.

The structural risk assessment begins with an analysis of seismic hazards, which includes
the characterization of three earthquake and tsunami scenarios: those that occurred in 1906
and 1979, and a worst-case scenario. This study also incorporates an exposure model that
identi es and classi es the city's constructions, considering the structural typologies present,
the occupancy classes, and the spatial distribution of these elements.

Building upon previous research on seismic and tsunami events in Tumaco, this work adopts
a multi-hazard approach to structural risk assessment. By evaluating the complex interac-
tion between these two natural phenomena, the threats are combined using basic probability
theory, Boolean logic rules, and assuming the statistical independence of the two phenomena.
This approach allows for the development of multi-hazard fragility functions for each level of
damage (light, moderate, severe, and collapse) according to the evaluated event, expressed
in terms of the probability of damage exceedance based on the PGA value and wave height.

Using probabilistic approaches and considering Tumaco's unique characteristics, combined
vulnerability surfaces are generated, providing information on the expected damages for each
evaluated event, o ering a view of the potential magnitude of the impacts on the city. Repla-
cement costs for exposed structures are calculated, and economic loss estimates are derived,
highlighting the socioeconomic implications of multi-hazard events in Tumaco.

These results are presented in a catalog of maps that allow for a spatial visualization of
the structural risk distribution, facilitating the identi cation of areas with greater vulnera-
bility. Overall, this thesis provides valuable insights into the structural risk posed by multi-
hazard events of earthquakes and tsunamis in Tumaco, supporting better decision-making
and resilience-building e orts in the region.

Keywords:
Earthquake Hazard, Tsunami Hazard, Multi-Hazard Assessment, Fragility Functions, Vul-
nerability Surfaces.
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Resumen

Evaluacién del riesgo estructural debido al efecto combinado de
eventos sismo-tsunami en el area urbana de San Andrés de
Tumaco, Colombia

Tumaco, una ciudad costera en Colombia, enfrenta riesgos signi cativos de terremotos y
tsunamis debido a su ubicacion geogra ca y caracteristicas geoldgicas. Esta tesis de maes-
tria tiene como objetivo comprender y cuanti car la compleja interaccion de estos peligros
naturales, sus posibles impactos en la infraestructura y la poblacion de la ciudad, y las im-
plicaciones para la resiliencia ante desastres.

La evaluacion del riesgo estructural comienza con un analisis de la amenaza sismica, que
incluye la caracterizacion de tres escenarios de terremotos y tsunamis: los ocurridos en 1906
y 1979, y un escenario de caso peor. Este estudio también incorpora un modelo de expo-
sicion que identi ca y clasi ca las construcciones de la ciudad, considerando las tipologias

estructurales presentes, las clases de ocupacion y la distribucién espacial de estos elementos.

Basandose en investigaciones previas sobre eventos sismicos y de tsunami en Tumaco, este
trabajo adopta un enfoque de amenazas mdltiples para la evaluacion del riesgo estructural.
Al evaluar la compleja interaccion entre estos dos fendmenos naturales, se combinan las ame-
nazas utilizando la teoria basica de la probabilidad, reglas l6gicas booleanas y asumiendo la
independencia estadistica de los dos fendmenos. Esto permite desarrollar funciones de fragi-
lidad multi-amenaza para cada nivel de dafio (ligero, moderado, severo y colapso) segun el
evento evaluado, expresadas en términos de la probabilidad de excedencia de dafio en funcién
del valor de PGA vy la altura de la ola.

Usando enfoques probabilisticos y teniendo en cuenta las particularidades de Tumaco, se ge-
neran super cies de vulnerabilidad combinada que proporcionan informacion sobre los dafios
esperados para cada evento evaluado, ofreciendo una vision de la magnitud potencial de los
impactos en la ciudad. Se calculan los costos de reemplazo para las estructuras expuestas y se
derivan estimaciones de pérdidas economicas, destacando las implicaciones socioeconomicas
de los eventos multi-amenaza en Tumaco.

Estos resultados se presentan en un catalogo de mapas que permiten una visualizacién espa-
cial de la distribucién del riesgo estructural, facilitando la identi cacién de areas de mayor
vulnerabilidad. En general, esta tesis proporciona una comprension valiosa del riesgo estruc-
tural planteado por eventos multi-amenaza de terremotos y tsunamis en Tumaco, apoyando
una mejor toma de decisiones y esfuerzos de construccion de resiliencia en la regién.
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1. Introduction

Disasters, such as earthquakes and tsunamis, pose signi cant threats to coastal communities
worldwide, often resulting in devastating consequences for human life, infrastructure, and
the economy. The city of Tumaco, located on the Paci c coast of Colombia, is particularly
vulnerable to these hazards due to its geographical location and socio-economic characte-
ristics. In the past century, Tumaco has experienced several seismic and tsunami events,
underscoring the urgent need for comprehensive risk assessment and mitigation strategies to
enhance community resilience.

This master's thesis aims to assess the structural risk posed by earthquakes and tsunamis to
constructions in the urban area of Tumaco, Colombia. By analyzing historical seismic and
tsunami data, as well as employing modeling techniques, this research seeks to provide in-
sights into the vulnerability and fragility of built structures and the potential economic losses.

The assessment begins with an analysis of seismic hazard, including the characterization of
3 earthquake and tsunami scenarios, those occurred in the years 1906 and 1979 and a worst
case assumption. Through the assessment of rupture models and the generation of ground
motion parameters, the seismic threat to Tumaco's built environment is evaluated, taking
into account site-speci ¢ soil dynamics.

Furthermore, this study incorporates a comprehensive exposure model, re ned and expan-
ded through recent geophysical studies, to identify and classify exposed constructions in the
city. By considering structural typologies, occupancy classes, and spatial distribution, the
exposure model serves as a crucial input for assessing vulnerability and estimating potential
economic losses.

Building upon previous research on seismic and tsunami events in Tumaco, this thesis adopts
a multi-hazard approach to structural risk assessment, recognizing the complex interaction
between earthquakes and tsunamis. Through combined fragility and vulnerability analyses,
informed by established methodologies and local data, the study aims to provide insights for
disaster risk consequences.

Additionally, this research presents the results in maps, where the values of the di erent pa-
rameters evaluated for each exposed element in the three main zones that make up the city



of Tumaco can be visualized: Tumaco Island, Morro Island, and the Continental Zone. These
maps are an essential tool for understanding the potential consequences of the occurrence of
any of the assessed multi-hazard events.

The ndings of this research are expected to contribute to the development of evidence-
based mitigation strategies, informed urban planning, and community empowerment e orts
aimed at enhancing the resilience of Tumaco and similar coastal cities facing multi-hazard
risks. By understanding the unique challenges and opportunities presented by seismic and
tsunami threats, stakeholders can work collaboratively towards building safer, more resilient
communities capable of withstanding and recovering from disasters.



2. Objectives

2.1. General Objective

Assess the structural risk of buildings due to earthquakes and tsunamis in the urban area of
San Andrés de Tumaco.

2.2. Specic Objectives

= Obtain the earthquake hazard that triggers tsunami events by modeling a rupture
model of the corresponding selected earthquake events.

= Build the exposure model for earthquake and tsunami events in the urban area of
Tumaco.

= Develop a methodology to determine the coupled structural risk caused by earthquake
and tsunami events in the urban area of Tumaco (multi-hazard assessment).

= Estimate the potential material losses resulting from the earthquake-tsunami events in
the urban area of Tumaco.



3. Background and Justi cation

The municipality of San Andrés de Tumaco, nestled on Colombia's Paci ¢ coast, has a tu-
multuous history marked by devastating earthquakes and ensuing tsunamis. Among the most
notorious events are the earthquakes of 1906 and 1979, which triggered massive waves that
inundated coastal communities, leaving a trail of destruction in their wake. These seismic
upheavals emanate from the Paci ¢ subduction zone, where the collision of the Nazca and
South American tectonic plates creates intense geological activity.

Tumaco's geographical location, coupled with its unique socioeconomic dynamics, has fos-
tered a landscape characterized by informal settlements and makeshift constructions. The
proliferation of such vulnerable structures has rendered the municipality highly susceptible
to the ravages of disasters. Despite concerted e orts to assess seismic risk, the vulnerability
of Tumaco's coastal communities to tsunamis remains a largely unexplored frontier in Co-
lombia's disaster preparedness e orts.

In recent years, initiatives like the SATREPS Colombia project have sought to bridge this
gap by developing fragility curves tailored to the speci ¢ tsunami-prone structures prevalent

in Tumaco [8] [7]. These e orts represent a crucial step towards enhancing our understanding
of the multifaceted risks faced by the region's residents and infrastructure. However, there
remains a pressing need for comprehensive research that integrates seismic and tsunami risk
assessments, particularly within the urban context of Tumaco.

The complex socioeconomic fabric of the Colombian Paci ¢ coast underscores the urgency of
addressing structural vulnerabilities exacerbated by substandard construction practices and
inadequate building materials. Communities situated along the subduction zone are acutely
vulnerable to the dual threats of seismic activity and tsunamis, necessitating proactive mea-
sures to safeguard lives and livelihoods.

Against this backdrop, the present study endeavors to evaluate the likelihood and extent
of structural damage resulting from seismic and tsunami events in San Andrés de Tumaco.
By quantifying these risks and identifying vulnerable structures, we aim to empower local

authorities and stakeholders to implement targeted interventions aimed at enhancing resi-
lience and minimizing the impact of future disasters.



6 3 Background and Justi cation

Central to our approach is the development of a methodology that integrates the complex
interplay between earthquake characteristics, tsunami generation, and structural vulnera-
bilities. This holistic framework will enable us to generate risk models that inform urban
planning, disaster response strategies, and community resilience initiatives tailored to the
unigue needs of Tumaco's coastal population.

Additionally, our research will yield actionable insights into the underlying factors contri-
buting to structural fragility, ranging from material quality and construction techniques to

soil characteristics and land-use planning. By addressing these root causes, we hope to lay
the foundation for sustainable development practices that prioritize resilience and safety in
vulnerable communities.

In summary, this study represents a critical step towards enhancing our understanding of
seismic and tsunami risks in San Andrés de Tumaco and advancing evidence-based strate-
gies for disaster preparedness and mitigation. Through interdisciplinary collaboration and
community engagement, we aspire to build a more resilient future for Tumaco's residents,
ensuring their safety and well-being in the face of natural hazards.



4. Theoretical Framework

4.1. Localization and Characteristics of San Andres de
Tumaco

The municipality of San Andres de Tumaco is located on southeastern Colombia on the
Paci c coast, close to the border with Ecuador in the Department of Narifio. The urban area
is located 1000 km away from the capital city of Colombia, Bogota at the mouth of the Ro-
sario river. The city is made up of two main islands whose surface does not exceelri® [10].

The main urban area of Tumaco is densely populated, counting with around 130,000 urban
inhabitants [5]. Most of the residential buildings are self-built constructions, with a lack of
technical knowledge and low quality materials [36]. The Nazca Plate subduces beneath the
South American Plate resulting in the Colombia-Ecuador Trench, generating signi cant seis-
mic and volcanic activity along the western slope of the Andes mountains and the at lands
to the west of the mountain range. Therefore, due to its proximity to the Trench, the town

is susceptible to natural hazards such as earthquakes and tsunamis [31]. See dlide

In addition to the municipality high exposure to natural events, the city faces several social
and anthropic issues [38]. The extreme poverty of the region characterizes its socioeconomic
situation, this means that many of the constructions are considered to have been built pre-
coded, because they were neither endorsed by the competent authorities, nor they have the
legal permits for their construction [36].

Recent research has identi ed various building typologies in the Colombian Paci ¢ region,
highlighting that the most common structures include pala ttic constructions, wooden panel
constructions, and reinforced concrete buildings. Many of these buildings, particularly those
made of wood, have been renovated or reconstructed using reinforced concrete, depending
on the owner's nancial capacity [37][22].
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LOCATION OF SAN ANDRES DE TUMACO IN COLOMBIA

CARIBBEAN SEA ~ +0

PACIFIC OCEAN

Figure 4-1 .: Location of Urban Area of the Municipality of San Andres de Tumaco
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Figure 4-2 .: Aerial View of the Main Island of San Andres de Tumaco

4.2. Historical Earthquake and Tsunami Events

The Colombian Paci c coast is located on the Fire Ring of the Paci c ocean. Tumaco, the
study zone has experienced during the 20th Century several high intensity earthquakes,
resulting in considerable economic and human losses. Several geological studies in the last
30 years have approached the geometric con guration of the subduction zone of the Nazca
and South American Technotic Plates [8].

4.2.1. 1906 Earthquake and Tsunami

On January 31st of 1906 occurred a seismic event with epicenter close to the city of Es-
meraldas in Ecuador. This earthquake caused a tsunam with waves up to 5 m in height in
Tumaco [23]. Rudolph and Szirtes (1911) collected testimonies from national newspapers, it
is mentioned that the majority of houses were built of wood and that if they had been built
of bricks or stone, the rubble would have buried most of the inhabitants [30].

However, it should be noted that almost all the constructions located on the coast, were
devastated along with their inhabitants by the tsunam event. Likewise, Tumaco owes its

conservation only to especially favorable circumstances, such as the fact that the event
occurred at low tide time, and also the main island of Tumaco, was protected by two sand
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banks that were located to the north of the city, of which one of them disappeared because
of the tsunam [16]. Pulido et al. (2020) propose a slip model at rupture for this earthquake
from the results of Yoshimoto et al.(2017), nding that the seismic moment magnitude for
the event can be estimated at around Mw = 8.5 [28] [43].

4.2.2. 1979 Earthquake and Tsunami

The earthquake of December 12, 1979 occurred in the inter-plate segment, 75 km from the
coast of Tumaco in the Paci ¢ Ocean, with a depth of 28 km [33]. The event had a magni-
tude of 7.7 in the Richter scale [40] and caused a tsunam that hit 30 minutes later the coast
surrounding Tumaco. The area most a ected by this event corresponds to around 225km
along the Colombian Paci ¢ coast, from the municipality of Tumaco to Guapi [23].

Witnesses assure that the wave height reached 2.5 m, and managed to ood part of the
continental area with 2 m of water, which receded after 15 to 20 minutes. However, most of
the damage caused by the tsunami was recorded in the district of Gorgona Island and San
Juan de la Costa. The urban center of Tumaco, as in the 1906 earthquake, had favorable
circumstances, low tide again (3.5m below high tide), and with the Guano Island, which
was located in front of the island. of Tumaco and performed protection functions, to later
disappear after the 1979 Tsunami [16].

As a result, the constructions along the coast were a ected by the earthquake and the later
tsunam as a whole, presenting the collapse of wooden structures due to the e ect of the
waves, after having withstood the seismic movement [33]. Additionally, a humber close to
80,000 victims is estimated. This tsunami was one of the largest recorded in Colombia [16].
In order to dimension the structural damage it was documented that the debris could be

seen accumulated in a lagoon that the tsunam left behind the island of Tumaco. Structural

damage to a two-story school is also known, whose masonry walls, on the rst oor, were
torn away due to the tsunam, and the debris ended up in the playground [12].

4.2.3. Worst Earthquake and Tsunami

Pulido et al. (2020) [28] propose a worst-case earthquake scenario based on the rupture sur-
face data obtained for the seismic events of 1906 and 1979. This worst-case scenario results
from assuming a rupture area equivalent to the sum of the rupture areas analyzed for the
other two historical earthquakes evaluated in this research. As a result, a worst-case earth-
quake with a magnitude of Mw 8.8 is estimated. Subsequently, DIMAR and UNAL (2021)

[8] simulate the impact of the tsunami resulting from this worst-case scenario. Although
the magnitude of this earthquake is catastrophic, Arias (2024) [4] has calculated the annual
recurrence for seismic events of these magnitudes, which can be seen in Tallefor return



4.3 Exposure Model 11

] ) g_2+m "2M+2
R gAMiI2MpBtvg
a+2M "BQ g Mm Hg gRyygvp "bg gk§ygv2 "bg
gJrg glp2Mibfu2 g glp2M|bfRyygu2 “bg| glp2Mibfk8y
RNdANglp2Mig 3Xijg yXylyekkyg yXekkyg RX888
RNyeglp2Mig 3X8g yXyyjdjkg yXjdjkg yXNjjg
gQ biga+2MgBQg 3X3g yXyyyyjdg yXyyjdg yXyyNg

Table 4-1 .: Recurrence rates for the seismic events of 1906, 1979, and a worst-case scenario

[4].

periods of 100 years, 250 years, and 500 years, in addition to the annual rate.

4.3. Exposure Model

A exposure model of the region has been created thanks to the joint research e ort led by
the Japan International Cooperation Agency - JICA and the Colombian Maritime General
Directorate - DIMAR. Data was collected from high-resolution aerial photographs and from
tools like Google Street View. A thematic population census from 2020 [8] was developed in
the areas most exposed to the tsunam. This census carried out approximately 40,000 surveys,
focused on three main aspects: characterization of the buildings, beliefs of the population
in the face of the tsunam hazard, and characteristics of the inhabitants that make up each
household.

This information resulted in the construction of an exposure model, in which more than
20,000 buildings in 7 di erent structural typologies were classi ed [16]. The main attributes
considered were: type of construction, number of oors and uses (occupancy class) of the
building. The selected structural typologies were:

» Pala ttic Constructions.

= Wooden Panels Constructions.

= Masonry Constructions.

» Reinforced Concrete Frames 1-Story (Squared Construction)
» Reinforced Concrete Frames 1-Story (Elongated Construction)
= Reinforced Concrete Frames 2-Story

= Reinforced Concrete Frames 3-Story
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The majority of the constructions (56 %) in the urban area of Tumaco are classied as
pala ttic when their foundations are made out of wooden pillars. Even though they contain
materials di erent than wood for the walls, such as mud bricks, stone bricks, or polished
wood. Almost all of the buildings in the exposure model are classi ed as residential (90 %)
with the remainder being for commercial use [8].

4.4. Seismic Hazard

There are di erent scenarios based on the seismic fault models obtained by the SATREPS
project: Application of state of the art technologies to strengthen research and response to
seismic, volcanic, and tsunami events, and enhance risk managemdriiese scenarios are
ideal for a deterministic estimate of seismic and tsunami hazards. Poveda and Pulido [26]
carry out an analysis of the main historical events of earthquake and tsunam events on the
Paci ¢ coast of Colombia. This corresponds to 6 seismic scenarios that generate tsunam:
the events of 1906, 1979 and a third scenario that combines the rupture surfaces of the two
previous events. For each one of them, slip de cit and broadband models are evaluated.

For both the slip de cit and wide band models, the fault rupture area is delineated into 10
km sections on either side. The slip estimation relies on an interseismic coupling distribution
model for subduction zones, derived from geodetic data, and considers historical earthquake
recurrence and magnitude. The slip de cit, re ecting long-wavelength asperities at the plate
interface, is further re ned with short-wavelength slip variations to enhance the model's
accuracy for simulating strong ground motions and estimating tsunami hazards [26].

4.4.1. Earthquake's Rupture Model

The slip de cit for the earthquake scenarios is derived from the interseismic coupling model
developed by Sagiya and Mora-Paez, utilizing the inversion of GNSS data from GEORED
in Colombia [18]. For the 1906 earthquake scenario, ruptures are assumed to occur along
the Northern Esmeraldas, Manglares, and Southern Tumaco segments, with an estimated
magnitude ofMw 8.5, corresponding to 200 years of accumulated slip de cit [20]. The 1979
earthquake scenario involves ruptures along the Manglares and Tumaco segments, with an
estimated magnitude ofMw 8.3, also re ecting 200 years of slip de cit accumulation [42].

The third scenario represents a worst-case event, combining the ruptures of the Northern
Esmeraldas, Manglares, and Tumaco segments. This scenario is informed by evidence of
paleo-tsunami deposits discovered in the San Juan River delta near Buenaventura [11], and
the paleo-turbidite patterns identi ed in marine borehole samples from the Esmeraldas can-
yon o the coast of Esmeraldas province, Ecuador [17] These geological indicators suggest a
potential megathrust event along the Ecuador-Colombia subduction margin approximately
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Figure 4-3 .. Segments along the Ecuador-Colombia subduction region [27].

500 to 600 years ago, with a possible magnitude bfw 8.8, representing 500 years of slip
de cit [26]. Refer to Figures4-3 and 4-4 for visual representation.

Finite Source Modeling

Source spectrum models have been widely used around the world to develop attenuation fun-
ctions for the past decades [2]. In these models, seismic sources are treated as discontinuities
within a homogeneous and isotropic medium, with earthquakes being modeled as shear dislo-
cations. This framework allows for the calculation of the Fourier Amplitude Spectrum (FAS)

at bedrock level for any speci c location. Once the FAS is determined, the expected maxi-
mum values of strong ground motion parameters in the time domain, such as peak ground
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Figure 4-4 .. Slip de cit for the three considered scenarios. Rupture areas of the 1906 [43]
and the 1979 [42] earthquakes.

acceleration (PGA), can be computed using the theory of random vibrations.

This methodology enables the estimation of peak ground motion parameters at any given
location, such as the peak ground acceleration (PGA) based on the seismic moment (which
correlates with earthquake magnitude) and the hypocentral distance. By performing these
calculations across various magnitudes and distances, an attenuation function can be derived.

Recognizing that in the near eld the rupture zone cannot be simpli ed to a single point,
Singh et al. [34] introduced a nite source model. This model delineates the rupture zone into
di erential area segments, each treated as an independent point source. While all segments
contribute to the radiated spectrum, those closer to the epicenter or the areas of highest
slip concentration have a greater impact than those located on the outer perimeter of the
rupture zone[2]. This approach provides a more accurate representation of seismic energy
distribution, particularly in near- eld scenarios.

4.4.2. Local E ects

The surface geology of the sector is characterized by being made up mostly of Quaternary
littoral and alluvial deposits and, to a lesser extent, by sedimentary rocks [8]. The Tumaco
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Attribute Continent Tumaco Island Morro Island
Average water table (m) 1.080 1.377 1.331
Standard Deviation (m) 0.33 0.38 0.81

Maximal Value (m) 2.0 2.50 2.50
Maximal Value (m) 0.38 0.70 0.20

Table 4-2 .. Water table in the urban zone conforming Tumaco [8].

basin is bounded to the north by the Garrapatas fault, and to the east by the western ank
of the Cordillera Occidental, by a SW-NE fault pattern. On this ank of the Cordillera well-
di erentiated crystalline bodies outcrop.

The western boundary of the Tumaco Basin is de ned by the Alto de Remolino Grande, a
prominent crystalline basement high, and a complex fault system that exerts a signi cant

in uence on the underlying basement. This fault system, which follows a north-south to

northeast-southwest orientation, traverses the Patia River delta and continues northward
into the ocean, skirting the edge of Gorgona Island. The fault acts as a demarcation line
between two distinct geological bodies, each exhibiting markedly di erent magnetic suscep-
tibility characteristics. This contrast suggests the presence of crystalline rocks of varying
origins [3].

Water Table

Prior research suggests that the punctual value of the water table varies according to how
its measurement has been carried out with respect to the temporary conditions of the tidal
changes. UNAL [8] performed a statistical analysis to generalize the water table in Tumaco.
Indicative values were presented in the tabld-2.

Dominant Vibration Period

Prior research suggests that [8] on Morro Island there is a variation in the dominant vibra-
tion period related to the thickness of the unconsolidated deposit. The shortest periods of
the group of observations analyzed are observed towards the north of the island, with values
less than 0.25 s. To the south there is an increase in the period of vibration, which suggests
an increase in the thickness of the soil at this point. In the central and western sectors of
Morro Island, periods between 0.4 s and 0.6 s occur.

The sectors of El Bajito and the urban area of the Tumaco Island are characterized by pe-
riods between 0.5 s and 0.6 s. In the continental sector there is a substantial increase in the
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Figure 4-5 .. Dominant vibration period in Tumaco [8].

dominant vibration period, which indicate the presence of much softer soils or with a much
greater thickness than those found in the rest of the urban area. In the continental sector,
the dominant vibration period is greater than 0.6 s. See gurd-5.

Velocity Models

The literature review shows that the average velocity up to 30 m deejs30, determines that

the presence of the softest surface soil deposits is located in the continental area, especially
in the south-east sector. The extreme north and south areas of the Tumaco island shésB80
values below 180 m/s, indicating the presence of a much softer deposit than the one present
in the beaches of Morro Island, where values above 250 m/s are observed.

In general, on Tumaco Island there is relative homogeneity in the soils, wit¥is30 values
between 190 m/s and 220 m/s. In the Morro island, the value d¥s30 is related to the
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Figure 4-6 .. Estimated Vs30 values in Tumaco [8].

variation in the depth of the rocky basement, nding that, for areas with depths less than
15 m, the values o0Vs30 can be greater than 250 m/s, while which for the rest of the island
is less than 220 m/s [8]. See gurd-6.

Geotechnical Units

Based on the de ned S-wave velocity models, UNAL [8] performs a generalized zoning of
the geotechnical units present in the urban area of Tumaco. This zoning is one of the rst
approaches to a general geotechnical model of this city; therefore, it is a crucial input for the
subsequent modeling of site e ects. The zoning is shown in subdivisions of each of the main
areas of Tumaco, the island of Tumaco, the island of El Morro, and the mainland. The table
containing the soil types present in the study area is found in the table. The nomenclature
of the zones is explained in the tabled-3 to 4-6 and the maps containing the geological
divisions can be found in the gures4-7 to 4-9.
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Table 4-3 .: De nition of the soil types found in the urban area of Tumaco [8].
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Table 4-5 .: Morro Island division from geological and geotechnical information [8].
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Figure 4-8 .: Geotechnical subdivision in the Tumaco Island [8].
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Figure 4-9 .. Geotechnical subdivision in the continent [8].

4.4.3. Earthquake Fragility Curves

Fragility curves express the probability of exceeding of a damage state as a function of seismic
intensities. These functions can be discrete or continuous, they are usually represented by
the log-normal or normal cumulative distribution function [25].

Fa(x)=P[D dX=x] d f1,2:npg (4-1)
Fd(x): S &d:d) (4_2)

For the equations 4-1 and 4-2:

D = Damage state of the element.

d = Speci ¢ damage state ofD.

Nnp = Number of possible damage states.

X = Spectral acceleration for a xed period.
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x = Particular value of X.

Fq (X) = Fragility function for the damage state d in x.
s = Standard normal cumulative distribution function.
4 = Mean value for damage stated.
¢ = Log standard deviation for damage statusl.

HAZUS [9] is a open risk ans hazard analysis model developed by the US Federal Emergency
Management Agency (FEMA). It builds fragility curves driven by the PGA (Peak Ground
Acceleration) as the PEH (Potential Earthquake Hazard)parameter. These curves were de-
veloped by using analytical methods that take the demand spectrum and the capacity curve
of the structure as inputs.

The demand spectrum represents the ground movements caused by an earthquake and is
obtained from the 5 percent damped PEH. On the other hand, the capacity curve describes
the push-over displacement of each building type and seismic design level as a function of
laterally applied earthquake load. This last curve is transformed into a capacity spectrum so
that there is consistency of units with the demand spectrum and thus, it is possible to nd
the intersection of the two curves, a point called performance. Starting from the performance
point, a bi-linear curve of the structural capacity is constructed and the threshold of each
state of damage is determined [9] [8].

This hazard model de nes Slight, Moderate, Extensive, and Complete as structural damage
states for 16 basic speci c building types, of which 4 are taken into consideration in this
thesis. The damage states are de ned as [9]:

= Slight: Small cracks in corners of window and door openings, as well as small cracks in
masonry walls. Small cracks are assumed, to be visible cracks with a maximum width
of less than 1/8 inch (0.3175 cm).

= Moderate: Larger cracks at corners of door and window openings. Most beams and
columns exhibit hairline cracks

= Extensive: Large cracks in diagonal trajectories, permanent lateral movement in mez-
zanines and on the roof. Displacement of the structure on its foundation and partial
collapse of the rst oor. Some of the frame elements have reached their ultimate
capacity.

= Complete: Structure is collapsed or in imminent danger of collapse due to failure of
walls or failure of the lateral load resistance system. Large lateral displacements in the
structure, some structures have moved to the point of being outside the foundation.
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4.5. Tsunami Hazard

Tsunamis are natural events characterized by abrupt displacements or disturbances in the
water's surface. The majority of tsunamis are triggered by signi cant undersea earthqua-
kes, which displace large volumes of water, generating powerful waves that travel across the
ocean. As these waves approach coastal areas, they can grow to immense heights, leading
to catastrophic damage and loss of life. While tsunamis can also be caused by underwater
landslides, volcanic eruptions, explosions, and meteor impacts, these occurrences are relati-
vely rare. It is estimated that at least 90 percent of recorded tsunamis worldwide have been
caused by earthquakes [16].

Tsunami hazard refers to the potential hazard that a tsunami poses to a particular area. This
is determined by a combination of factors, including the likelihood of a tsunami occurring
in the area, the size and strength of potential tsunamis, and the vulnerability of the local
population and infrastructure.

Areas that are located near active tectonic plate boundaries or have a history of large earth-
guakes and tsunamis are typically at a higher risk of experiencing tsunamis. However, even
areas that are considered low risk may still be vulnerable if they lack e ective early warning
systems, evacuation plans, or if their infrastructure is not designed to withstand the impact
of a tsunami.

To assess tsunami hazard, experts use a variety of tools, including computer simulations and
historical data analysis, to estimate the likelihood and potential impact of tsunamis in a
particular area. This information, in form of ood maps, spatial and temporal velocity va-
lues and parameters that are involved in hydrodynamic models, can then be used to develop
mitigation strategies and emergency response plans that can help reduce the risk and impact
of future tsunamis on exposed buildings and populations [8].

45.1. Elements for the Evaluation of Risk by Tsunami

The risk posed by tsunamis is a combination of the potential hazard of a tsunami occurring,
and the vulnerability of the exposed elements such as buildings and infrastructure to the
resulting waves. In areas with high population density, as is often the case in coastal cities,
the risk of tsunamis can be particularly signi cant due to the large number of people, buil-
dings, and infrastructure that are potentially at risk. This underscores the importance of
carefully analyzing both the hazard and the vulnerability of the exposed elements to ensure
that appropriate mitigation and preparedness measures are in place.
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Assessing the physical vulnerability of buildings and infrastructure to tsunamis requires eva-
luating the potential impact of the waves on these elements, taking into account factors such
as their height, velocity, and duration. This can be done through computer simulations. In
addition to physical vulnerability, it is also important to consider social vulnerability, which
refers to the ability of communities to prepare for and respond to a tsunami. This includes
factors such as access to early warning systems, evacuation routes, and emergency supplies,
as well as the level of public awareness and preparedness.

Overall, a comprehensive approach to managing tsunami risk requires careful analysis of
both the hazard and vulnerability of exposed elements, and the implementation of e ective
mitigation, preparedness, and response measures to help reduce the potential impact of these
devastating events [29] [8].

The evaluation of tsunami risk typically involves the analysis of several elements, including:

= Hazard analysis: This involves identifying potential sources of tsunamis, such as
earthquakes or landslides, and evaluating the likelihood and potential size of the resul-
ting waves.

= Vulnerability analysis:  This involves assessing the susceptibility of a particular area
to damage from a tsunami, including the population density, infrastructure, and natural
features such as coastlines and estuaries.

= Exposure analysis: This involves estimating the number of people, buildings, and
other critical infrastructure that are located within the potential impact zone of a
tsunami.

» Capacity analysis: This involves evaluating the resources and capabilities of local
emergency services, such as the availability of evacuation routes, the capacity of shel-
ters, and the response time of emergency personnel.

» Risk communication:  This involves developing e ective communication strategies
to help inform the public about the potential risk of tsunamis and to provide guidance
on how to respond in the event of an emergency.

By analyzing these elements, experts can develop a comprehensive understanding of the
potential risk of tsunamis in a particular area, which can help inform the development of
e ective mitigation strategies, emergency response plans, and public awareness campaigns.

4.5.2. Tsunamigenic Faults

DIMAR (2014) [7] deals with the determination of seismic precursor tsunami scenarios for
the Colombian Paci ¢ Coast. This is based on the review and analysis of historical seismicity,
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Figure 4-10 .: Proposed segments for the Colombia Trench. The location of the perpendicu-
lar vertical sections is indicated, as well as the location of the most important
earthquakes recorded in this area [7].

seismo-tectonics, homogeneous seismo-tectonic regions, and probable seismic magnitudes in
the Ecuadorian Colombian Paci c. Previous studies by the Colombian Geological Survey and
international authors are used to de ne extreme scenarios using the deterministic method
and the Probabilistic Tsunami Hazard Analysis (PTHA) method.

The geometry of the Colombia-Ecuador Trench and its various segments has been esta-
blished by examining the primary topographical characteristics of an arti cial map created
for topography and seismicity. Three segments can be di erentiated due to the trench zones
with depths over 3500m that are situated o the coastlines of Colombia and Ecuador. See
gure 4-10.

From the de nition of the three seismic-tectonic zones of the Colombian Paci c, it is possi-
ble to deduce two zones with homogeneous seismic-tectonic characteristics. The rst is the
Southern zone of the Colombian Paci c, identi ed as an important area for the generation
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Figure 4-11 .: Colombian Trench, Carnegie Ridge [7].

of tsunami precursor earthquakes. This con rms that there is potential for the generation

of this type of events, as happened in 1906 and 1979 (See section 4.2). The second major
earthquake-generating zone is located north of the Colombian Pacic, o the coast of the
department of Chocdé. This area is not considered a tsunami-generating zone due to its scat-
tered activity, making homogenization di cult.

Constantly accumulating stress is present in the subduction zone. This area is created by the
active boundary between the Nazca and South American tectonic plates. The earthquakes
recorded in 1906 and 1979 were generated in this area, and their rupture areas were limited
by barriers in the subduction zone, such as the Carnegie Ridge to the south. Subduction
zones are high and regularly active seismic systems.
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The information conveyed in gure 4-11 suggests the presence of two parallel segments in
the subduction area situated between the Nazca and South American tectonic plates. These
segments exhibit the greatest seismic activity in the Colombo-Ecuadorian region. Additio-
nally, it is worth noting that the subduction zone follows a consistent northeast direction
and aligns with the location of historical tsunami epicenters over the last century [7].

4.5.3. Tsunami Modelling

Tsunami modeling utilizes computer simulations to forecast the behavior of waves as they
move from their origin to the coastline. This process typically involves simulating the dyna-
mics of the event that generates the tsunami, such as an earthquake, as well as analyzing
the interaction between the waves, the ocean oor, and the coastline.

These simulations can provide crucial insights into the size, shape, and speed of the tsunami
waves, as well as identify the regions most likely to be impacted. Such information is essen-
tial for developing e ective evacuation strategies and informing the design of buildings and
infrastructure in tsunami-prone areas. However, it is important to carefully consider which
modeling method is most suitable for a speci c region, given that waiting for fully validated
models may not be feasible [7].

4.5.4. Tsunami Vulnerability

Tsunami vulnerability assessment involves evaluating the susceptibility of buildings, infras-
tructure, and communities to damage caused by tsunamis. This process includes analyzing
factors such as construction materials and design, the location of critical infrastructure like
hospitals and power plants, and the socioeconomic characteristics of the a ected commu-
nities. Through vulnerability modeling, it is possible to identify the areas most at risk and
develop strategies to enhance preparedness and mitigate the potential impact of a tsunami.

Understanding how tsunamis interact with the built environment is essential for e ective
tsunami risk management. The evolution of models for assessing infrastructure vulnerabi-
lity and damage has seen signi cant advancements in recent years. In the 2000s, heuristic
models were primarily based on building attributes. By 2010, however, empirical fragility
models were being developed using post-disaster data from real events, providing more ac-
curate assessments of infrastructure vulnerability [7].
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Empirical Methodology

The development of fragility curves for estimating tsunami damage relies on understanding
the relationship between tsunami hazards and the damage they cause [18] [13]. This rela-
tionship has been extensively studied using data from past tsunamis, particularly those that
impacted Japan and Chile.

Hatori (1984) rst explored the relationship between building damage and tsunami ood
height in Japan, using data from the Sanriku Tsunamis of 1896 and 1933, as well as the 1960
Chilean Tsunami. Later, Shuto (1993) utilized numerical analysis to establish a correlation
between housing damage and tsunami wave height in Japan, proposing a tsunami intensity
and damage table [18].

Following the 2004 Indian Ocean Tsunami, Koshimura et al. (2007) [14] developed fragility
curves using an integrated approach that combined numerical modeling of tsunami ooding
with Geographic Information System (GIS) analysis of post-tsunami survey data for Banda
Aceh, Indonesia. However, due to the limitations of GIS, damage states beyond collapse or
survival could not be de ned [18] [19].

The general process for developing empirical fragility curves includes [18] [19]:

1. Collecting structural damage data from eld surveys or post-tsunami aerial photo-
graphs.

2. De ning the damage rate.
3. Classifying building structural types.

4. Gathering tsunami wave height or ood data from eld observations or computational
models.

5. Organizing the collected data.
6. Fitting the data to a normal or lognormal distribution.

7. Constructing vulnerability curves.

Hazard and Fragility by Tsunami

The concept of "tsunami fragility"was introduced by Koshimura et al. (2009) [13] as a method
for estimating tsunami damage. Tsunami fragility is de ned as the probability of structural
damage based on the hydrodynamic characteristics of a tsunami, such as ood height, ow
velocity, or hydrodynamic force.
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By analyzing damage patterns from historical tsunamis, fragility functions can be developed
to describe the probability of damage or failure as a function of tsunami intensity. These
functions are valuable for estimating the potential impact of future tsunamis on similar struc-

tures and informing the development of more e ective mitigation and preparedness strategies.

To develop fragility functions, researchers gather detailed information about damage to buil-
dings and infrastructure from past tsunamis, including the height and force of the waves,
the type and location of structures, and the extent of the damage. This data is then used
to create statistical models that describe the relationship between tsunami intensity and
the probability of damage or failure for various structural types. Generally, there are three
empirical methods to determine tsunami fragility [22].

Tsunami fragility determined with numerical methods and satellite images

This method relies on the visual interpretation of high-resolution satellite images taken befo-
re and after a tsunami event. A limitation of this approach is that it can only classify damage
levels as either collapsed or undamaged. Using high-resolution bathymetric and topographic
data, a numerical model of tsunami propagation and coastal ooding is generated. This mo-
del allows for the determination of the hydrodynamic characteristics of tsunami ooding in
the a ected area, which are then correlated with building damage assessments to estimate
the probability of damage [22].

Tsunami fragility determined from eld surveys and satellite images

Damage levels in buildings are determined by assessing the overall condition of the structure.
Four damage levels are considered: no damage, damage to non-structural elements (such as
ceilings and walls), damage to structural elements (such as beams, columns, and founda-
tions), and collapse. Structures are also classi ed by the number of oors, as multi-story
buildings typically indicate higher construction quality. Fragility curves that consider struc-
tural characteristics assess both the capacity and construction quality of a building. It is
important to note that these curves depend on the number of oors and the construction
material used, whether it is plain concrete, reinforced concrete, wood, or masonry [22].

Tsunami fragility determined from historical data

Historical data on damaged buildings have been crucial in developing fragility curves, es-
pecially in Japan. Koshimura et al. (2009b) [13] utilized post-tsunami eld data, including
ood heights from the Meiji-Sanriku Tsunamis of 1896 and 1933 and the 1960 Chilean Tsu-
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nami. Based on the quality of the data, it is possible to classify structural damage into four
categories: ooded without damage, destroyed, moderately damaged, and swept away by the
tsunami.

4.5.5. Tsunami Fragility Curves

Tsunami fragility curves are used to estimate the probability of damage or failure of buildings
and infrastructure due to a tsunami. These curves are developed using statistical analysis
of damage data from past tsunamis and are used to inform risk assessments and disaster
management planning.

These curves are typically developed using a probabilistic approach, which considers the
uncertainties associated with tsunami hazard, building characteristics, and the interaction
between the two. Fragility curves are developed for di erent building types and di erent
levels of tsunami hazard, and provide estimates of the probability of di erent levels of da-
mage or failure [15]. Tsunami fragility curves are built following the same steps as for an
earthquake fragility function [8]. See section 4.4.3.

For example, a tsunam fragility curve for a residential building may provide estimates of
the probability of di erent levels of damage, such as slight damage, moderate damage, or
collapse, as a function of the tsunami wave height or velocity. These estimates can then
be used to inform decisions about building codes, evacuation planning, and infrastructure
improvements to reduce the risk of damage from tsunams. Fragility curves represent the cu-
mulative probability distribution of not exceeding a certain damage state, given a structural
response to an intensity parameterl ) wave height (), velocity (u), or ow momentum
(hu?) for tsunams [35].

4.6. Event Combination and Multi-Hazard

When an earthquake occurs near the coast, it can in ict signi cant damage on buildings and
infrastructure before a subsequent tsunami strikes. This initial damage can exacerbate the
impact of the tsunami, leading to more severe destruction and higher casualties. Therefore,
it is crucial to evaluate both seismic and tsunami e ects simultaneously when assessing po-
tential damage and loss of life in coastal communities that are vulnerable to these hazards
[24]. Despite its importance, only a limited number of studies have explored the combined
impact of seismic and tsunami hazards.

The challenge in combining the damage e ects of earthquake-induced ground shaking and
tsunami inundation lies in the complex interaction between these two processes. The me-
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chanisms of damage are interconnected and not fully understood, making it dicult to
accurately assess the compounded e ects. Additionally, post-disaster surveys often struggle
to di erentiate between damage caused by earthquake shaking and that caused by tsunami
forces [24].

De Risi and Goda (2016) [6] developed a method that provides earthquake-tsunami hazard
curves, which show the seismic and inundation tsunami intensity measures for each annual
rate of occurrence. These curves are the primary result of their simulation-based procedure
and enable the earthquake-tsunami hazard to be analyzed based on magnitude and distance.

This study presents a new methodology that treats earthquake and tsunami hazards as a
single physical process, allowing for probabilistic analysis of their dependency. The proposed
approach overcomes some limitations by using appropriate scaling relationships, slip dis-
tributions, and inundation models. However, it still employs some simpli cations, such as
discrete values of magnitude and xed geometry. This methodology can be extended to other
subduction zones and sources in a region.

4.6.1. Multi-Hazard Assessment Methodologies

Park et al. (2019) [24] introduces a comprehensive methodology for multi-hazard analysis
that simultaneously models earthquake and tsunami hazards originating from the same seis-
mic event. The approach involves conducting a stochastic analysis to evaluate the cumulative
structural damage caused by both seismic ground shaking and subsequent tsunami ooding.

The methodology follows a structured process that includes: de ning scenarios for tsunamige-
nic earthquakes, simulating both earthquake and tsunami events, and calculating exceedance
rates for key engineering parameters such as Peak Ground Acceleration (PGA) and ood
height. Hazard maps are then generated for these parameters, followed by the creation of an
exposure model to inventory the structures at risk. Fragility curves are developed for both
earthquake and tsunami impacts, and these are used in a probabilistic damage analysis to
assess the combined e ects of earthquake and tsunami on infrastructure.

The methodology proposed in FEMA [9] is utilized to merge the damage caused by two
consecutive events, with the assumption that the damage resulting from earthquake sha-
king and that resulting from a tsunami are statistically independent. The equations used

to combine damage consider the structural and non-structural damage from the tsunami
inundation, without considering the damage caused by seismic motion before the tsunami.
Both the damage caused by the earthquake and the tsunami are assumed to be statistically
independent in the equation used to combine damage, such as in 4-3.
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The proposed approach by Park et al. (2019) [24] assumes that the probability of exceeding
a damage state caused by earthquake shaking and tsunami ow hazards can be combined
using basic probability theory, Boolean logic rules, and the assumption of statistical inde-
pendence between the two hazards. However, there are two exceptions to this assumption.

First, a speci c level of damage state can be generated from a joint lower level damage state.
For example, complete damage can result from both extensive damage due to the tsunami
and earthquake. Second, the impacts of structural damage can propagate to non-structural
damage directly in proportion to the ratio of structural damage. For example, if a building
sustains complete damage to its structural system, the non-structural systems within the
building will also sustain complete damage [24]. The damage to the nonstructural system
from tsunami inundation and earthquake shaking are not considered in this thesis research.

4.6.2. Approach for Estimating Multi-Hazard Structural Damage

The combination rules used in the Park et al. (2019) [24] study for estimating the structural
damage are:

Damage State: Collapse/Complete

Pcoms [DS = C] =P [DS = CjEqgkd + P [DS = CjTsu]
P [DS = CjEqkd P [DS = CjTsuy]

. : (4-3)
+(P[DS EjEgkeg P [DS = CjEqgke)
(P[DS EjTsu] P[DS = CjTsu))
Damage State: Extensive
Pcomb [DS E]=P[DS EjEqkeg+ P[DS EjTsu]
P[DS EjEqgkegP[DS EjTsu] (4-4)
+(P[DS MjEgkeg PI[DS EjEqgke)
(P[DS MjTsul P[DS EjTsu))
Damage State: Moderate
Pcomp[PS M]=P[DS MjEgkeg+ P[DS M|Tsu] (4-5)

P[DS MjEgkdP[DS MjTsy
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Damage State: Slight

Pcomb[DS S]=P[DS SjEqke+ P[DS MjTsu

. : (4-6)
P[DS SjEqkgP [DS M |Tsu]

For the equations 4-3 to 4-6:

Egke = Earthquake

T su = Tsunami

P = Probability of Exceedance
DS = Damage State

C = Complete (Damage State)
E = Extensive (Damage State)
M = Moderate (Damage State)
S = Slight (Damage State)

Nofal et al. [21] tackle the complex task of realistically modeling the e ects of hurricanes.
This demands a holistic approach that considers the combined impact of wind, storm sur-
ge, and waves. Along coastal regions, buildings may face simultaneous or sequential loading
events of varying intensities, potentially triggering a chain reaction of damages. The mo-
del proposed by Nofal et al. [21] introduces an innovative method that integrates fragility
functions for storm surge, waves, and wind, while also accounting for structural damage. Ad-
ditionally, it incorporates ood-related fragilities to address interior content damage. This
approach recognizes the diverse loading scenarios buildings along the coast may encounter,
highlighting the potential for cascading damages.

The paper introduces two signi cant contributions. Firstly, it presents a probabilistic hurri-
cane risk model that takes into consideration both contents and structural damage caused
by the multiple hazards associated with hurricanes. Secondly, it proposes a novel approach
to combining fragilities by considering a range of intensity parameters. To implement this
methodology e ectively, a thorough understanding of building characteristics (such as lo-
cation, number of stories, rst- oor elevation, roof shape, foundation type, construction
material, etc.), vulnerability functions, and the mechanisms of hurricane hazards (including
path, wind eld, wind speed, surge height, wave height, etc.) is required. By incorporating
the damage contributions from each hazard induced by hurricanes, this building-level ap-
proach enables more accurate damage assessment [21].
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Hazard modeling can be approached from either a probabilistic or deterministic perspective.

In this research, scenario-based hazard maps derived from Hurricane Florence in 2018 were
utilized as input for the newly developed community-level multi-hazard hurricane vulnera-
bility analysis method [21]. A deterministic model is employed in this thesis, considering
speci ¢ events such as the 1906 and 1979 earthquakes and tsunamis [26], as well as a worst-
case scenario that combines the e ects of the latter two earthquake-tsunami events.

4.7. Economic Losses

The Federal Emergency Management Agency (FEMA), in its Hazus program and its Earth-
guake Model Technical Manual (Hazus 5.1) [9], proposes a methodology for calculating direct
economic damages following a disaster, such as an earthquake. This methodology describes
the conversion of damage state information into estimated loss values in dollars. It provides
estimated costs of repairing structural and non-structural elements resulting from damage to
buildings, as well as elements contained within them and the inventory of a ected businesses.
However, it is important to note that damage to a structure may also result in additional
losses not accounted for in this methodology, such as losses resulting from the disruption of
public availability of businesses or the rental income that ceases to be received or generated.

To conduct a loss estimation study, it is essential to know the costs of repair and replacement
for buildings. Additionally, estimated additional loss values can be considered to account for
the immediate impact, in terms of economic losses, that the community will have to face,
such as losing a house or the disruption of businesses (commerce). From a strictly economic
standpoint, the exposed elements represent investments that generate income. The value of
a building or commercial business is the capitalized value of the initial investment made to
start it up or build it. By estimating the replacement cost parameters of buildings (direct
costs) independently of the losses generated by the lack of potential income due to the una-
vailability of the structures (indirect costs), it is possible to avoid overestimating indirect
economic losses [9].

While the assessment of consequential losses marks a notable broadening of the typical scope
focused on building damage or loss, this speci ¢ approach remains constrained in its ability to
account for economic losses that are solely tied to building and infrastructure damage and
easily translated into monetary terms. The true socio-economic landscape is considerably
more intricate. Economic repercussions can exert signi cant societal in uence on individuals

or speci ¢ population segments, and there might be social rami cations that ultimately lead

to economic outcomes. Often, the connections are challenging to pinpoint with precision,
and the impacts are hard to measure due to a lack of de nitive systematic data [9].
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4.7.1. Replacement Cost
Input Requirements

Typically, the input data for direct economic losses comprises estimates of building damage
derived from the section on direct physical damage. These estimates are presented as pro-
babilities of encountering each damage state, categorized by structural type or occupancy
class. The probabilities of damage states are sourced from the module on direct physical
damage, encompassing both structural and nonstructural damage. Subsequently, these pro-
babilities are transformed into monetary losses through the utilization of inventory details
and economic data [9].

Building Repair Costs

To estimate economic losses, it's essential to convert the probabilities of building damage
states into monetary values. These losses cover both structural and non-structural damage.
For a given occupancy and damage state, the repair costs are determined by multiplying
the oor area of each building type within the occupancy by the probability of the building
being in that damage state, and then by the per-area repair cost of that building type for
the speci ed damage state (relative to its replacement cost). The resulting values are then
summed across all building types within the occupancy [9].

Alternative methods for estimating building repair costs suggest that the true cost of dama-
ged or destroyed buildings should be based on their market value loss, considering factors
such as building age, depreciation, and other relevant characteristics. While replacement
value is often a key focus in loss estimation studies due to its straightforward re ection of
community building losses, especially since disaster assistance is typically based on repla-
cement value, there are important distinctions to note. Market value doesn't always match
replacement value. For example, market value often includes land value, which can lead
to a market value exceeding the replacement value of the structure, particularly in areas
with high land costs. Additionally, the age of a building doesn't necessarily cause a linear
decrease in market value. In some cases, older buildings may have enhanced value due to
their architectural style and craftsmanship, potentially making the actual replacement cost
signi cantly higher than the market value [9].

For structural damage, losses are calculated as follows:

X
CSds;i = BRC, PMBTST Rds;i RCSds;i (4-7)

i=1
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Table 4-7 .. Structural Repair Cost Ratios (in % of building replacement cost) - Residential
Constructions.

x4
CS =  CSu; (4-8)
ds=1

For the equations 4-7 to 4-8:

CSysi = Cost of structural damage (repair costs) for damage state ds, and occupancy class
[

BRC; = Building replacement cost of occupancy class i

PMBTSTRys; = Probability of occupancy class i, being in structural damage state ds
RCSqsi = Structural repair cost ratio (in% of building replacement cost) for occupancy
class i, in damage state, ds

The allocation of total building costs between structural and nonstructural components is
determined using the replacement cost model, which speci es component costs for each oc-
cupancy category.

A similar calculation is performed for nonstructural damage, which is divided into two cate-
gories: acceleration-sensitive damage (including ceilings, critical systems such as mechanical
and electrical installations, piping, and elevators) and drift-sensitive damage (covering ele-
ments like partitions, exterior walls, decorative features, and glass). It is important to note
that nonstructural damage does not account for the loss of contents, such as furniture or
computers. The proportion of costs allocated to drift and acceleration-sensitive components
is based on the replacement cost model's component breakdown for each occupancy class [9].
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The damage ratios provided in the tablegl-7 to 4-9 are represented as a proportion of the
building's replacement cost. It's important to observe that the gures for both structural
and nonstructural repair expenses for the Complete damage state should total 100 %, as
the Complete damage state necessitates structure replacement. The replacement cost of the
building encompasses the combined value of its structural and nonstructural elements [9].
The tables presented here correspond to the occupancy classes that will be used for the
calculation of the repair costs in this thesis. See section 5.1.5.



5. Methodology

The development of the research was divided into 3 phases or stages. During the rst phase,
the hazards of earthquakes and tsunamis, as well as the structural fragility and vulnerabi-
lity, were assessed. The second phase corresponded to the development and application of
the coupled method to assess structural fragility from earthquake-tsunami events. Finally,
the third phase re ected the results of the previous research stages and included the estima-
tion of the replacement cost of the damaged structures. Phases or stages are described below.

5.1. Earthquake and Tsunami Hazard, Fragility and
Vulnerability

The gure 5-1 contains the ow chart outlining the steps to follow in order to develop
the assessment of the earthquake hazard, fragility and vulnerability, while the gur&-2
summarizes the process carried out for the assessment of the tsunami hazard.

5.1.1. Earthquake Hazard in the Study Area

According to Figure 5-1, the rst step in assessing the earthquake hazard was to de ne the
criteria for selecting historical seismic events that have caused tsunamis in the municipality
of San Andrés de Tumaco. These events must have su cient information to allow us to model
their behavior, including data on the geometry of the rupture area in the fault zone. For this
step, information from the Colombian Geological Survey (Servicio Geoldgico Colombiano -
SGC) is available.

The SGC has selected three potential earthquake and tsunami events, two of which corres-
pond to historical events, the earthquakes of 1906 and 1979 referenced in Section 4.4, and a
third one representing the worst possible scenario [26]. This third scenario is a combination
of the geometric characteristics of the two mentioned historical events. This characterization
includes data related to the fault surface: strike, dip, rake, and depth. The images from
Figures 5-3 to 5-8 illustrate the fault surface con guration for each of the cases studied in
two di erent situations, by measuring displacements (slip) using two methods: slip de cit
and bandwidth. This results in a total of 6 scenarios, which will be used as input to calculate
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Figure 5-1 .: Flowchart for the assessment of the earthquake hazard.
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Figure 5-2 .: Flowchart for the assessment of the tsunami hazard.
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the earthquake hazard.

Once the data on the fault surface characteristics were obtained, these strong motion events
were modeled using the software Strong Motion Analyst [2], resulting in synthetic seismic
signals for each of the six events. Ten signals were modeled for each event, resulting in a total
of 60 generated signals. According to Poveda (2019) [26], the slip de cit distribution gene-
rates the largest tsunami ow depth. Consequently, the three slip cases developed using the
bandwidth methodology were discarded, and the research continued using the geometrical
characteristics determined by the slip de cit method. Di erences in fault surface displace-
ments play a crucial role in determining the tsunami hazard [32].

5.1.2. Site E ects

After obtaining the seismic signals for strong motion, the site e ects were calculated. To do
this, the information actively collected by the projectStudies for implementing actions to
mitigate the e ects of tsunami hazard and climate change in the municipalities of Tumaco
and Francisco Pizarro (Salahonda) - Department of Nariid8] was consulted. This thesis
is being conducted within the framework of this project. This allowed for the establishment
of the zoning of the average soil pro le of the municipality. The geotechnical characteristics
of the soil were re ned thanks to the work carried out by this same project, which used
geophysical characterization methods to determine with greater precision the composition
of the subsurface strata in each of the delimited zones.

The local e ects module of the Strong Motion analysis allowed for obtaining surface acce-

lerograms, as well as acceleration spectra and PGA (Peak Ground Acceleration), based on
the rock accelerograms (strong motion) selected for the evaluation of the three events. The
sand degradation model, necessary due to the predominant soil type in Tumaco, was derived
from the assessment carried out in Garcia's doctoral thesis (2007) [10].

5.1.3. Exposure Model for Earthquake

The georeferenced information of the buildings in Tumaco has been collected on several oc-
casions, such as in the SATREPS project (refer to Section 4.3). Additionally, the subsequent
project developed by UNAL [8] updated the exposure model with data available up to the
year 2020. These signi cant advances serve as the foundation for the development of the
earthquake exposure model. The exposure model includes information regarding number of
stories, structural type and occupancy class for each construction.
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Figure 5-3 .: Rupture surface of the 1906 Earthquake - Slip De cit method [26]
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5.1 Earthquake and Tsunami Hazard, Fragility and Vulnerability 47

SLIP DEFICIT SCENARIO
1979 EARTHQUAKE'S RUPTURE SURFACE

950000
|

'PACIFIC OCEAN

g

g

(=]

.g_

&

8

§ —

h £

g =

g— vy

{_S‘ P

[=]

g 3/ [

3 / 15
—1

g

2 0.5
—o

g

i, ' ECUADOR

T I T T I |
550000 600000 650000 700000 750000 800000 850000 900000 950000
I I  I—

0 100 200
Km

Figure 5-5 .: Rupture surface of the 1979 Earthquake - Slip De cit method [26]



48 5 Methodology

BROADBAND SLIP SCENARIO
1979 EARTHQUAKE'S RUPTURE SURFACE

950000
|

'PACIFIC OCEAN

g

g

(=]

g |l

8

2

§ —

= E

g ¥y =

S qg’b 7

g i B

2 |15
—1

2

2 I

3 0.5
—o

i, ECUADOR

T I T T I |
550000 600000 650000 700000 750000 800000 850000 900000 950000
I I _ —

0 100 200
Km

Figure 5-6 .: Rupture surface of the 1979 Earthquake - Bandwidth method [26]



5.1 Earthquake and Tsunami Hazard, Fragility and Vulnerability 49

SLIP DEFICIT SCENARIO

WORSE SCENARIO'S RUPTURE SURFACE

950000

900000

'PACIFIC OCEAN

Figure 5-7

(=]

3

A

=]

§ 21

2 20

2 19
18

g 17

o 16
15

o 14

g 13

R 12 ¢
11 "a

=}

= 10 =

2 3 @
8
7

3

S 6

2 5
4

§ 3

=1 12

P 1
0

o

s

3

(T3]

8

8 i

[T5]

=+

ECUADOR
[.' = T T T T T
550000 600000 650000 700000 750000 800000 850000 900000 950000
| .
0 100 200
Km

.. Rupture surface of the worst case scenario - Slip De cit method [26]



50

5 Methodology

BROADBAND SLIP SCENARIO
WORSE SCENARIO'S RUPTURE SURFACE

950000

900000

850000

750000 800000

550000 600000 650000 700000

500000

450000

g}qgrr{c OCEAN

!
=3

T i

550000 600000

Figure 5-8 ..

T T i ————
650000 700000 750000 800000 850000  $00000 950000

|
0 100

Km

200

(e R e el o e
O R NWRULOSN®WO
Slip (m)

O = N W s ;O

Rupture surface of the worst case scenario - Bandwidth method [26]



5.1 Earthquake and Tsunami Hazard, Fragility and Vulnerability 51

The previous projects have primarily concentrated on evaluating the tsunami hazard. Conse-
guently, data on buildings, crucial for determining the probability of tsunami-induced dama-

ge, have been collected. However, these data are not pertinent to seismic damage assessment.
In order to re ne the exposure model, it was imperative to categorize each exposed structure
into its respective geological and geotechnical zones and assign the PGA value obtained after
accounting for site e ects. The structural typologies considered include: pala ttic construc-
tions, wooden paneled constructions, unreinforced masonry, and reinforced concrete frames
[16].

5.1.4. Earthquake Fragility Curves and Damage Due to
Earthquake

The earthquake fragility curves were obtained from the catalog developed by HAZUS [9].
These curves are constructed based on the intensity of PGA (Peak Ground Acceleration).
They possess an analytical nature and utilize the demand spectrum and the structure's ca-
pacity curve as input data. Further information can be found in Section 4.4.3. Additionally,
the subsequent table5-1 illustrates the parameters used to build the curves selected by
UNAL [8] for each building type de ned in the exposure model. These curves conform to a
lognormal distribution, as indicated by Equation 4-2.

Considering the fragility curves obtained from the literature [8], it is possible to calculate
the probability of exceeding each damage state for every type of construction and for each
of the selected earthquake scenarios, as listed in Tallel. This data is then incorporated
into the exposure model, and the earthquake fragility can be calculated. The fragility curves
used can be referenced in Figurés9 to 5-13.

5.1.5. Earthquake Vulnerability

The structural vulnerability to earthquakes in terms of the expected percentage of damage
given a PGA value is calculated by consulting the HAZUS Earthquake Model Technical Ma-
nual [9]. This manual recommends values for Structural Repair Cost Ratios (as a percentage
of building replacement cost) according to the type of structure use. Values are taken for
residential, commercial, and institutional buildings, corresponding to codes RES1, COM1,
and GOV1, respectively, in the HAZUS manual. A fourth type of use is considered: mixed,
representing buildings with commercial use on the ground oor and residential use on the
upper oors. The types of use (occupancy classes) have been de ned for each building in
the exposure model. The parameters considered to determine the vulnerability model can
be found in tables4-7 to 4-9, and for the mixed use occupancy class in the tabte?2
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Figure 5-9 .: Fragility curves for earthquake - pala ttic constructions. Reproduced with data
from UNAL (2021) [8] and FEMA (2022) [9]

Fragility Curves for Earthquake
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Figure 5-10 .: Fragility curves for earthquake - Wooden panel constructions. Reproduced
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Fragility Curves for Earthquake
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Figure 5-11 .: Fragility curves for earthquake - Masonry constructions. Reproduced with
data from UNAL (2021) [8] and FEMA (2022) [9]
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Fragility Curves for Earthquake
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Figure 5-13 .: Fragility curves for earthquake - Reinforced concrete constructions more than
3 stories. Reproduced with data from UNAL (2021) [8] and FEMA (2022) [9]

The mean earthquake loss ratio is obtained by multiplying the vulnerability model by the
corresponding fragility value according to the damage state of each structure. Once the mean
value is obtained, it is possible to calculate the variance of the loss ratio per construction.
These results are illustrated in structural vulnerability maps.

5.1.6. Tsunami Hazard in the Study Area

The owchart shown in Figure 5-2 outlines the initial step in evaluating the tsunami hazard,
which involves selecting the tsunami scenarios to be considered. This selection is based on
tsunami modeling conducted in previous projects, such as the SATREPS project [7], which
developed three tsunami inundation scenarios for the town's center. These scenarios are alig-
ned with the selected earthquake models: the events of 1906, 1979, and a worst-case scenario.
Subsequently, the grids containing inundation heights are converted into raster data. This
raster data is then transformed into maps to visually represent the tsunami hazard in the
area.
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Table 5-2 .: Structural Repair Cost Ratios (in % of building replacement cost) - Mixed Use
Constructions.

5.1.7. Exposure Model for Tsunami

The geographical location data of structures in Tumaco have been gathered through various
initiatives, including the SATREPS project (refer to Section 4.3). Furthermore, the subse-
guent project conducted by UNAL [8] improved the exposure model by incorporating data
available up to 2020. These signi cant advancements serve as the foundation for developing
the tsunami exposure model.

To assess tsunami hazard, the chosen metric is inundation height, which indicates the vertical
distance from sea level to the point where a tsunami wave meets the land. After obtaining
contour curves representing the distribution of ood heights in the study area, each building
is assigned a speci ¢ ood height for every scenario evaluated.

5.1.8. Tsunami Fragility Curves and Damage Due to Tsunami

According to the tsunami fragility curves constructed by Medina et al. (2019) [16] and re ned
by UNAL (2021) [8], the probability of reaching each damage state for each type of structure
was evaluated for each scenario. These fragility curves were obtained through the develop-
ment of a nonlinear computational structural analysis and have been speci cally tailored for
the types of constructions found in Tumaco. As such, they are the ideal approximations for
determining the exceedance probability for each damage state, as they take into account the
characteristics of buildings resulting from local construction methods. This suitability has
been previously described by Paez-Ramirez et al. (2020) [22].

Using the fragility curves developed in the ongoing research in Tumaco [8], it becomes feasi-
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Figure 5-14 .: Fragility curves for tsunami - pala ttic constructions. Reproduced with data
from UNAL (2021) [8]

ble to calculate the likelihood of exceeding each damage level speci ed in Tabl8 for every
structure across selected tsunami scenarios. Following this, the information is integrated in-
to the exposure model. Tables-3 provides the parameters of the tsunami fragility curves
selected for this research, with the ow depth as their intensity parameter. The exposure

model initially created for assessing tsunami fragility provides the necessary parameters to
de ne the structural type of each construction [16].

5.1.9. Tsunami Vulnerability

The structural vulnerability to tsunamis, in terms of the expected percentage of damage

given a ow depth in meters, is calculated using the same methodology as for earthquake
vulnerability. The parameters considered to determine the vulnerability model can be found

in tables 4-7 to 4-9 and 5-2. These results are also illustrated in structural vulnerability

maps.
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Figure 5-15 .

Figure 5-16 .:
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Fragility Curves for Tsunami
Reinforced Concrete - 1 Story
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Figure 5-17 .: Fragility curves for tsunami - Reinforced concrete constructions 1 story. Re-
produced with data from UNAL (2021) [8]

Fragility Curves for Tsunami
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Figure 5-18 .: Fragility curves for tsunami - Reinforced concrete constructions 2 stories.
Reproduced with data from UNAL (2021) [8]
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Fragility Curves for Tsunami
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Figure 5-19 .: Fragility curves for tsunami - Reinforced concrete constructions 3 stories.
Reproduced with data from UNAL (2021) [8]

5.2. Coupled Method for Earthquake-Tsunami
Structural Fragility and Vulnerability Assessment

In order to integrate earthquake and tsunami hazards, we rst conduct a thorough review of
existing literature to explore the proposed approaches for addressing a multiple hazard sce-
nario. Once we have a comprehensive understanding of the current state of research, we can
proceed to adapt the selected methodology or methodologies to the speci ¢ case of Tumaco.
The overarching objective is to combine earthquake and tsunami hazards by leveraging basic
probability theory, Boolean logic rules, and assuming the statistical independence of the two
phenomena. Detailed information on this integration process can be found in section 4.6.1.

Rather than modeling the combined fragility of structures for both events, our approach
involves combining the probability of exceeding damage for each selected level (slight, mode-
rate, severe, and collapse) for each individual event. FiguEe20 provides a visual represen-
tation of the steps involved in obtaining multi-hazard fragility and subsequently calculating

its corresponding vulnerability.
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Figure 5-20 .: Flowchart for the assessment of the combined earthquake-tsunami hazard.
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5.2.1. Combined Fragility Curves and Vulnerability

Once the necessary equations to calculate the multi-hazard are obtained, it is possible to
derive combined fragility curves in terms of the probability of exceeding damage given a
value of PGA and wave height. These curves are actually fragility surfaces, which can be
graphically represented as a raster with contour lines, for example. To construct these sur-
faces, the use of previously selected earthquake and tsunami fragility curves is required.

After obtaining the fragility surfaces, the probabilities of damage exceedance are calculated
for each of the structures exposed in Tumaco. Likewise, the regions where the earthquake
or the tsunami are more or less determinant in the nal damage of the construction can be
identi ed. The mean loss due to multi-hazard (vulnerability) is calculated similarly to that

for earthquake and tsunami, using the vulnerability models proposed by HAZUS (2022) [9].

Vulnerability surfaces are obtained for each exposed structural type, and likewise, the varian-
ce of the multi-hazard damage can be obtained, resulting in surfaces that can be represented
graphically. At this point, the exposure model already has the necessary data on intensity
measured by exposed element to perform the multi-hazard analysis.

5.2.2. Probabilistic Approach to Damage

After calculating the multi-hazard vulnerability, the parameters and of a Beta probabi-

lity distribution are obtained from the resulting values of the mean and variance from the
previous step. Using a histogram graph, it is possible to recognize that the beta distribution
best represents the exposed structures. Equations 5-1 and 5-2 illustrate the process of obtai-
ning the shape parameters of a Beta distribution.

2+2
. : ) (5-1)

NG G 52)

For the equations 5-1 and 5-2:
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= Mean
= Variance

The probability density function of the distribution allows obtaining the relative probability

for which the loss ratio takes a speci ¢ value, for example, the probability that an exposed
building exceeds or does not exceed a damage of 75%. This means that it is possible to
do a probabilistic approach of the expected damage. Each exposed element has a di erent
Beta probability distribution. With this, we proceed to calculate the probability that the

loss ratio is greater than 25 %, 50 %, and 75 %. Although it is possible for the loss variable
to take other values, only these three values are illustrated in this thesis. The probability
density function for a Beta probability distribution is calculated according to equation 5-3.
These results are also depicted on maps.

1(1 X) 1
B(: )

PDF (Beta) = ~ (5-3)

For the equation 5-3:

x = Random variable (in this case it is a value of loss ratio)
= >0 shape value
= >0 shape value

B(; )= {-2~) Gamma function

(n)=(n 1)) Gamma function

5.3. Assessment of Losses

In order to contextualize the previously obtained values of the average loss ratio, we pro-
ceeded to express them in tangible terms. This involved calculating the replacement cost
for each exposed structure, considering the three multi-hazard scenarios contemplated in
this research. Finally, indicators were developed to visualize the impact of the estimated to-
tal cost of rebuilding the city in relation to the annual public budgets available in the country.

5.3.1. Replacement Cost

Once the vulnerability data for the di erent earthquake, tsunami, and multi-hazard events
have been collected, it is necessary to consult the replacement costs for the types of exposed
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structures, considering their structural typology and occupancy class. Sources of informa-
tion that include public housing construction projects are analyzed. Given the socioeconomic
context of the city of Tumaco, it is not expected that the population has private insurance to
cover property damage from this type of threat. Instead, it is expected that the Colombian
State will assume the necessary investment to replace the a ected structures. Figire1l
illustrates the steps to follow in this nal stage of the research.

Information is sought on public housing projects carried out in response to disasters to
ensure the most accurate replacement costs are obtained. It is important to note that the
characteristics of the structures under analysis, particularly those lacking reinforced concrete
in their structural system, will not be replaced with similar housing or constructions (such

as pala ttic constructions, constructions with wooden panels, and unreinforced masonry).
Instead, new constructions must adhere to national structural design standards and cannot
be built in high-risk areas; therefore, they will be replaced with reinforced concrete structures.

Once the replacement costs have been selected by structural typology and occupancy class
of the exposed constructions, the replacement cost per exposed element is adjusted to a cost
per square meter (area). This area value is taken from the selected housing reconstruction
projects. The use of a replacement cost per square meter will allow for a better appreciation
of the economic loss per exposed element, as this is proportional to the size of the construc-
tion to be replaced.

It is essential to consider that replacement costs must be updated to current values, as cons-
truction costs are sensitive to annual in ation variation. For this, o cial information sources
available are consulted, and the replacement cost per unit area is adjusted to costs for the
end of the year 2023, which represents the most up-to-date information at the time of this
calculation.

5.3.2. Economic Losses

To calculate the economic losses, the average loss is multiplied by the replacement cost of
each exposed element. These data, previously calculated, are available in the exposure mo-
del. This process results in a new parameter: the average economic loss per square meter.
This parameter allows visualizing the impact of natural phenomena on the exposed elements
through an economic loss per exposed area. To estimate the total loss of the city, it is neces-
sary to convert these losses per area into total losses. Then, these values are added to obtain
the nal replacement cost per multi-hazard scenario for the entire urban area of Tumaco.

The total exposed value is also calculated by multiplying the replacement cost of each element
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Figure 5-21 .: Flowchart for the assessment of the economic losses.
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by its corresponding area. Subsequently, it is compared with the overall and by occupancy
class total loss: residential, commercial, institutional, or mixed use. This shows the propor-
tion of losses relative to the economic value of the city. It is important to clarify that in this
thesis, only constructions are considered as exposed elements; exposed infrastructure is not
included in this analysis.

After acquiring the nal economic loss data, the budgets allocated by the national govern-
ment in the Ministry of Housing for public housing projects are reviewed to assess the extent
of this contingent liability for the nation. The ndings regarding total and area economic
losses are visualized on maps to enhance comprehension.



6. Results

The results of this thesis have been divided into 4 sections. First, the results of the earthquake
hazard and the corresponding fragility and vulnerability associated with the events recorded

in 1906 and 1979, as well as for the worst-case scenario based on the slip de cit distribution,
are presented. Then, these same items are presented for the tsunami hazard. Subsequently,
the results of the fragility and vulnerability resulting from the combination of earthquake
and tsunami are presented. Finally, the potential economic losses caused by earthquake and
tsunami scenarios are determined, taking into account the replacement costs for exposed
structures. Additionally, the possibilities of exceeding various percentages of economic loss
are presented.

6.1. Earthquake

Poveda (2019) [26] de nes the geometric characteristics of the rupture area in the subduction
fault zone for the seismic events of 1906, 1979, and for a worst-case scenario that combines
the rupture surfaces of the two historical earthquakes mentioned above. These three seismic
events have been selected speci cally because they are the ones that have generated tsunamis
in the past, which is a determining factor in the development of this research.

6.1.1. Earthquake Hazard in the Study Area and Site E ects

The SGC, as part of the project titledApplication of state of the art technologies to strengthen
research and response to seismic, volcanic and tsunami events, and enhance risk manage-
ment created a collection of nite fault slip models for potential earthquake scenarios along
the Pacic coast of Ecuador and Colombia. These models are designed for deterministic
assessments of seismic hazard in Colombia, including simulations of strong ground motions,
as well as for evaluating tsunami hazard along the Paci c coastline of Colombia [26].

In this study, 12 broadband-wavelength slip models and 12 slip de cit scenarios were com-
puted for each of the seismic events of 1906, 1979, and a hypothetical worst-case seismic
scenario. Slip distributions were derived for a subfault size of 10 km, a fault strike of 30
degrees, and a fault dip of 15 degrees. Once the geometric characteristics and slip values for
the fault surfaces were obtained, UNGRD [39] selected the slip distributions that resulted in
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the highest tsunami wave heights, ultimately yielding 1 slip de cit model and 1 broadband-
wavelength slip model for each earthquake and tsunami scenario. These slip models were
graphically presented in Figure$-3 to 5-8 in Section 5.1.1. Poveda (2019) [26] also provides
the resulting data from the rupture surface modeling, including for each model: longitude,
latitude, depth (at the center of sub-faults, in degrees and km), X size of sub-fault, Y si-
ze of sub-fault (in km), strike, dip, rake (of sub-faults, in degrees), and slip value (in meters).

Strong Motion

After obtaining the necessary geometric data for the characterization of rupture surfaces,
the seismic motion events were modeled using the Strong Motion Analyst software [2]. This
program allows for the generation of synthetic seismic signals in rock, from which a total of
60 signals were obtained, one for each event and for each slip distribution in each zone of
Tumaco (Tumaco Island, Morro Island and Continental Zone).

However, according to Poveda (2019) [26], the distribution of slip de cit generates the highest
tsunami ow depth. Therefore, the three slip cases generated using the bandwidth metho-
dology were disregarded, and the analysis proceeded based on the geometric characteristics
identi ed by the slip de cit method. The geometric parameters used to obtain these signals
are listed in Table6-1. From the catalog of generated seismic signals, the average PGA was
extracted for each earthquake and for each main area of the city, which corresponds to the
maximum observed acceleration in rock. The previous results can be seen in Tabi2.
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Table 6-1 .: Geometric Parameters of the Rupture Surfaces [26].
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PGA (g) in Rock
Event Tumaco Island | Morro Island Continent
1906 Earthquake (.306 0.297 0.310
1979 Earthquake 0.303 0.271 0.311
Worst Case 0.334 0.292 0.320

Table 6-2 .: Calculated rock PGA for the urban area of Tumaco - Slip de cit distribution.

Site E ects

Based on the zoning of soil pro les, site e ects were calculated, that is, the PGA values at

the surface for each of the geotechnical zones delimited within the framework of the pro-
ject Studies for implementing actions to mitigate the e ects of tsunami hazard and climate

change in the municipalities of Tumaco and Francisco Pizarro (Salahonda) - Department of

Narifio [8]. The necessary parameters, resulting from the geophysical characterization of the
soil, are presented in tableg-3 to 4-5.

The SMA site e ects module uses the synthetic seismic signals obtained previously to cal-
culate seismic acceleration at the surface, considering the characteristics of the soil pro les
present in the zones of the geotechnical subdivision of Tumaco. Given that these soil pro les
consist predominantly of layers of sandy soils of varying thickness, the sand degradation
model proposed by Garcia (2007) [10] in his study on liquefaction potential in sands applied
to Tumaco has been utilized.

Once the surface acceleration spectra are obtained, the average PGA is determined for each
of the geotechnical zones of Tumaco. Tablé&3 to 6-5 summarize the calculated surface
PGA values in cm/s’. For the map depicting the zones of the geotechnical subdivision for
Tumaco, refer to Figures4-7 to 4-9.

PGA (g) on the Surface (Site Effects) - Tumaco Island
Soil Profile
Event
1T 2T 3T 4T 5T
1906 Earthquake 0.575 0.724 0.855 0.586 0.731
1979 Earthquake 0.559 0.720 0.849 0.610 0.751
Worst Case 0.597 0.726 0.887 0.606 0.783

Table 6-3 .: Calculated PGA on the surface after considering the site e ects for the Tumaco
Island.
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PGA (g) on the Surface (Site Effects) - Morro Island
Soil Profile
Event
1M 2M 3M 4M
1906 Earthquake 0.395 0.738 0.809 0.418
1979 Earthquake 0.416 0.661 0.757 0.424
Worst Case 0.405 0.691 0.773 0.429

Table 6-4 .. Calculated PGA on the surface after considering the site e ects for the Morro

Island.
PGA (g) on the Surface (Site Effects) - Continent
Soil Profile
fvent 1C 2C 3C aC
1906 Earthquake 0.498 0.237 0.367 0.389
1979 Earthquake 0.487 0.234 0.361 0.386
Worst Case 0.517 0.269 0.405 0.422

Table 6-5 .: Calculated PGA on the surface after considering the site e ects for the Conti-
nental Zone.

In order to illustrate the results of the determination of PGA on the surface graphically,
maps have been constructed showing the resulting values for the exposed elements. Figures
6-1 to 6-3 present these results for the main island of Tumaco. The maps corresponding
to the other two zones of Tumaco, Morro Island and the continental zone, can be found in
FiguresB-1 to B-6 in the Appendix of this thesis.
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Figure 6-1 .: Surface calculated PGA for the Tumaco Island - 1906 Earthquake, Slip de cit
distribution.
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Figure 6-2 .: Surface calculated PGA for the Tumaco Island - 1979 Earthquake, Slip de cit
distribution.
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Figure 6-3 .: Surface calculated PGA for the Tumaco Island - Worst Scenario, Slip de cit
distribution.

6.1.2. Exposure Model

The gures from 6-4 to 6-6 illustrate the values of parameters such as the number of oors,
structural system, and occupancy or use class for each exposed element on Tumaco Island.
These parameters, along with the previously presented maps of PGA, are necessary to de-
termine the fragility and vulnerability of exposed elements to the disasters considered in
this thesis. The corresponding maps for Morro Island and the Continental Zone are found
in Appendix A. Tables 6-6to 6-9 re ects the number of constructions per structural type in

the whole area of Tumaco and in each of the 3 zones that compose Tumaco, according to
the exposure model.
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Table 6-8 .: Number of constructions per structural type on the Morro Island.

Table 6-9 .. Number of constructions per structural type in the Continental Zone.
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Figure 6-4 .: Number of Stories of the Exposed Elements - Tumaco Island.
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Figure 6-5 .: Structural System of the Exposed Elements - Tumaco Island.

6.1.3. Earthquake Fragility and Damage Due to Earthquake

Below are the resulting maps from the application of earthquake fragility curves to the expo-
sed elements according to the assigned Peak Ground Acceleration (PGA) value for each one.
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Figure 6-6 .: Occupancy Class of the Exposed Elements - Tumaco Island.

These maps depict the probability of exceeding damage for each damage state and for each
evaluated scenario. Thus, maps fror-7 to 6-10 show the results for the 1906 earthquake
event, while maps from6-11 to 6-14 represent the 1979 event. Finally, maps fror6-15 to
6-18 illustrate the worst-case scenario for Tumaco Island. For other areas of Tumaco, please

refer to Appendix B, speci cally gures B-7 to B-30. The process carried out in this step
has been described in section 5.1.4.



78 6 Results

Figure 6-7 .: Structural fragility for slight damage - Tumaco Island, 1906 Earthquake, Slip
de cit distribution.

Figure 6-8 .: Structural fragility for moderate damage - Tumaco Island, 1906 Earthquake,
Slip de cit distribution.
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Figure 6-9 .: Structural fragility for extensive damage - Tumaco Island, 1906 Earthquake,
Slip de cit distribution.

Figure 6-10 .: Structural fragility for collapse damage - Tumaco Island, 1906 Earthquake,
Slip de cit distribution.
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Figure 6-11 .: Structural fragility for slight damage - Tumaco Island, 1979 Earthquake, Slip
de cit distribution.

Figure 6-12 .. Structural fragility for moderate damage - Tumaco Island, 1979 Earthquake,
Slip de cit distribution.
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Figure 6-13 .: Structural fragility for extensive damage - Tumaco Island, 1979 Earthquake,
Slip de cit distribution.

Figure 6-14 .: Structural fragility for collapse damage - Tumaco Island, 1979 Earthquake,
Slip de cit distribution.
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Figure 6-15 .: Structural fragility for slight damage - Tumaco Island, Worst Earthquake,
Slip de cit distribution.

Figure 6-16 .. Structural fragility for moderate damage - Tumaco Island, Worst Earthquake,
Slip de cit distribution.
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Figure 6-17 .: Structural fragility for extensive damage - Tumaco Island, Worst Earthquake,
Slip de cit distribution.

Figure 6-18 .: Structural fragility for collapse damage - Tumaco Island, Worst Earthquake,
Slip de cit distribution.
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6.1.4. Earthquake Vulnerability

The expected percentage of damage, given a PGA (Peak Ground Acceleration) value, re ects
structural vulnerability to earthquakes. This percentage was calculated following the process
detailed in section 5.1.5, by applying equation 4-7. This equation provides a vulnerability
function that is applied to assess fragility to earthquakes, tsunamis, and their combination.
Vulnerability is expressed as the percentage of damage relative to the unit of measurement,
which for earthquakes is PGA.

Structural repair costs, obtained from tableg}-7 to 4-9, along with table 5-2, are used in the
equations to determine vulnerability according to the occupancy class of the constructions
(see equations 6-6 to 6-12). These same equations are applied to calculate vulnerability to
tsunamis and to the combination of earthquakes and tsunamis.

As can be seen in the previously mentioned tables, the total values of the structural repair
cost ratios for each of the selected occupancy classes show very small numerical di erences.
Signi cant di erences are only observed for the extensive damage state. This means that
the resulting vulnerability functions will have very similar behavior, as can be seen later in
gures 6-19 to 6-25 for earthquake, but the same is true for the corresponding vulnerability
curves for tsunami and for the vulnerability surfaces resulting of the multi-hazard assessment.

Initially, the probability of being in a damage state is calculated from the probability of ex-
ceeding that same damage state. These values are derived from fragility curves (see graphs
5-9 to 5-13). To carry out this procedure, the probability of exceeding damage from a higher
damage state to a lower one is subtracted, as shown in equations 6-1 to 6-5.

Damage State: No Damage

Pos(i)[DS = N]J=1 P(i)[DS = SjEqke] (6-1)

Damage State: Slight

Pos(i)[DS = S] = P(i)[DS = SjEgke]l P(i)[DS = MjEqke] (6-2)

Damage State: Moderate

Pos(i)[DS = M]= P(i)[DS = MjEgke]l P(i)[DS = EjEqke] (6-3)

Damage State: Extensive
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Pps(i)[DS = E]= P(i)[DS = EjEqkel P(i)[DS = CjEqke] (6-4)

Damage State: Collapse/Complete

Pos (i) [DS = C] = P(i)[DS = CjEqke] (6-5)

For the equations 6-2 to 6-5:

i = 1906 Earthquake, 1979 Earthquake or Worst Earthquake
Eqgke = Earthquake

Pps = Probability of Being in a Damage State

P = Probability of Exceedance of a Damage State

DS = Damage State

C = Complete (Damage State)

E = Extensive (Damage State)

M = Moderate (Damage State)

S = Slight (Damage State)

N = No Damage

Residential Occupancy Class

VE%?(Se(i) = Pps(i)[DS = CjeEqkeg 1+ Pps(i)[DS = EjEqke 0;447

+Pps (i) [DS = MjEgkd 0;1+ Pps(i)[DS = SjEqkd 0,02 (6-6)

Zqke Rresy = Pos(i)[DS = CjEqke [1  Vige()]?
+Pps (i) [DS = EJEqke] [0;447 Vg (i)]?

+Pps (i) [DS = MJEgke [0;1 Vi (D)? (6-7)
+Pps (i) [DS = SjEqgke] [0,02 Ve ()]’
+Pps (i) [DS = NjEqke] [VEse ()]

Commercial Occupancy Class

VE%?('Q(i) = Pps(i)[DS = CjEgkel 1+ Pps(i)[DS = EjEgke 0;414

+Pps (i) [DS = MjEqkd 0;1+ Pps(i)[DS = SjEqkd 002 (6-8)
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2e com(i) = Pos(i)[DS = CjEqke [1
+Pps (i) [DS = EjEqke [0;414
+Pps (i) [DS = MjEgke [0,
+Pps (i) [DS = SjEqke [0;02
+Pps (1) [DS = NjEgke]

Institutional Occupancy Class

Vegke(i) = Pos (i) [DS = CjEqkel 1+ Pos(i)[DS = EjEqke 0,402
+Pps (i) [DS = MjEgke 01+ Pps (i) [DS = SjEqgke] 0,02

Zake s () = Pos(i)[DS = CjEgkd [1
+Pps (i) [DS = EjEqgke [0;402
+Pps (i) [DS = MjEqgkd [0;1
+Pps (i) [DS = SjEgke [0:02
+Pps (i) [DS = NjEgke]

Mixed Use Occupancy Class

vggge(i) = Pps(i)[DS = CjEqgkg 1+ Pps(i)[DS = EjEgke 0;431
+Pps(i)[DS = MjEgkd 0:1+ Pps(i)[DS = SjEgke 0:02

2. wmu (i) = Pps(i)[DS = CjEgkg [1
+Pps(i)[DS = EjEqkeg [0;431
+Pps(i)[DS = MjEgkeg [0;1
+Pps (1) [DS = SjEqgke [0;02
+Pps(i)[DS = NjEqgke]

For the equations 6-6 to 6-13:

i = 1906 Earthquake, 1979 Earthquake or Worst Earthquake

Egke = Earthquake
Res = Residential Occupancy Class

Vegie (D17
Vegie (D]°
Vgie ()]°
Vegie (D17

[Veke ()12

Vegie ()]?
Vegie()]°
Vegie (1)]°
Vegie ()]
[Vegke (D]°

Veake (1))
Veake (1)]”
Vegie ()1°
Veagke (1))

E’v(lqlkJe(i)]2

(6-9)

(6-10)

(6-11)

(6-12)

(6-13)
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Com = Commercial Occupancy Class
Ins = Institutional Occupancy Class
MU = Mixed Use Occupancy Class
Veqke = Earthquake Vulnerability

2 = Variance
Pps = Probability of Being in a Damage State
DS = Damage State
C = Complete (Damage State)
E = Extensive (Damage State)
M = Moderate (Damage State)
S = Slight (Damage State)
N = No Damage

The vulnerability to earthquakes on Tumaco Island for all evaluated seismic events is depic-
ted in maps6-26 to 6-31, where both the average loss ratio and its variance are illustrated
for all three earthquake events assessed. Maps for other areas of Tumaco can be found in
Appendix B, speci cally gures B-31 to B-42. It's worth noting that each structural typo-

logy identi ed among the exposed elements corresponds to a vulnerability curve, which are
displayed in gures6-19 to 6-25.

Figure 6-19 .: Vulnerability and Variance Curves for Earthquake - Pala ttic Constructions.
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Figure 6-20 .: Vulnerability and Variance Curves for Earthquake - Wooden Panel Construc-
tions.

Figure 6-21 .: Vulnerability and Variance Curves for Earthquake - Unreinforced Masonry
Constructions.
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Figure 6-22 .: Vulnerability and Variance Curves for Earthquake - Reinforced Concrete Fra-
mes, 1 Story.

Figure 6-23 .: Vulnerability and Variance Curves for Earthquake - Reinforced Concrete Fra-
mes, 2 Stories.
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Figure 6-24 .: Vulnerability and Variance Curves for Earthquake - Reinforced Concrete Fra-
mes, 3 Stories.

Figure 6-25 .: Vulnerability and Variance Curves for Earthquake - Reinforced Concrete Fra-
mes, Over 3 Stories.
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Figure 6-26 .: Mean loss ratio - Tumaco Island, 1906 Earthquake.

Figure 6-27 .. Variance of the loss ratio - Tumaco Island, 1906 Earthquake.
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Figure 6-28 .: Mean loss ratio - Tumaco Island, 1979 Earthquake.

Figure 6-29 .. Variance of the loss ratio - Tumaco Island, 1979 Earthquake.
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Figure 6-30 .: Mean loss ratio - Tumaco Island, Worst Earthquake.

Figure 6-31 .: Variance of the loss ratio - Tumaco Island, Worst Earthquake.
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Figure 6-32 .. Wave height for the Tumaco Island - 1906 Tsunami.

6.2. Tsunami

Sanchez (2020) [32], within the framework of the SATREPS project [7], developed tsunami
inundation models for the urban area of Tumaco for the events of the years 1906, 1979, and
for a worst-case scenario. These inundation depth data have been taken to assess the impact
of tsunamis on exposed constructions. These inundation models have been calculated based
on the rupture surfaces calculated by Poveda (2019) [26], which have been the starting data
to reach the results in section 6.1.

6.2.1. Tsunami Hazard in the Study Area

The tsunami hazard is expressed in terms of wave height or inundation depth, which are
calculated for similar earthquake hazard scenarios computed by slip de cit as explained pre-
viously in the methodology. This results in three di erent distributions of ow depth in the
urban area of Tumaco, with changes being most noticeable on the main island, where inun-
dation can vary between 1 meter to 4 meters. Tsunami inundation maps for Tumaco Island
are found in gures 6-32 to 6-34. Maps for the Morro Island and Continental Zone areas
are included in the annex C, speci cally map£-1 to C-6.



6.2 Tsunami

95

Figure 6-33 .. Wave height for the Tumaco Island - 1979 Tsunami.

Figure 6-34 .. Wave height for the Tumaco Island - Worst Scenario.
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Figure 6-35 .: Structural fragility for slight damage - Tumaco Island, 1906 Tsunami.

6.2.2. Tsunami Fragility and Damage Due to Tsunami

The tsunami fragility curves, speci cally developed for the constructions in Tumaco [16], are
applied to determine the probability of exceeding a tsunami damage state in the exposed
elements for each of the three tsunami scenarios. The measurement parameter used for the
tsunami hazard is wave height or ow depth.

The maps from6-35 to 6-38 show the results for the seismic event of 1906. The maps from
6-39 to 6-42 correspond to the event of 1979, while the maps froB+43 to 6-46 illustrate
the worst-case scenario for the island of Tumaco. Appendix C contains the remaining fra-
gility maps for the other two zones evaluated in Tumaco: Morro Island, fron@-7 to 6-46;
and for the Continental Zone, fromC-19 to C-30.

6.2.3. Tsunami Vulnerability

The structural vulnerability to tsunamis is re ected in the expected percentage of damage,
given a value of wave height or inundation depth in meters. To determine these values, the
equations from 6-1 to 6-13 were applied, but considering the exceedance probabilities of
being in a damage state according to tsunami fragility. The results represented here, in the
form of vulnerability curves (mean loss ratio), along with the associated variance, followed
the same procedure outlined in section 6.1.4. The tsunami vulnerability curves correspond
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Figure 6-36 .: Structural fragility for moderate damage - Tumaco Island, 1906 Tsunami.

Figure 6-37 .. Structural fragility for extensive damage - Tumaco Island, 1906 Tsunami.
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Figure 6-38 .: Structural fragility for collapse damage - Tumaco Island, 1906 Tsunami.

Figure 6-39 .: Structural fragility for slight damage - Tumaco Island, 1979 Tsunami.
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Figure 6-40 .: Structural fragility for moderate damage - Tumaco Island, 1979 Tsunami.

Figure 6-41 .. Structural fragility for extensive damage - Tumaco Island, 1979 Tsunami.
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Figure 6-42 .. Structural fragility for collapse damage - Tumaco Island, 1979 Tsunami.

Figure 6-43 .. Structural fragility for slight damage - Tumaco Island, Worst Tsunami.
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Figure 6-44 .. Structural fragility for moderate damage - Tumaco Island, Worst Tsunami.

Figure 6-45 .. Structural fragility for extensive damage - Tumaco Island, Worst Tsunami.
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Figure 6-46 .: Structural fragility for collapse damage - Tumaco Island, Worst Tsunami.

to gures from 6-47 to 6-53.

For the island of Tumaco, the vulnerability to tsunamis is illustrated in the maps front-54

to 6-59, which contain the results of all evaluated events, showing both the mean loss ratio
and its variance for each scenario. Maps of other areas of Tumaco can be found in Appen-
dix C, specically gures C-31 to C-42, which include maps for the Morro Island and the
Continental Zone.
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Figure 6-47 .. Vulnerability and Variance Curves for Tsunami - Pala ttic Constructions.

Figure 6-48 .: Vulnerability and Variance Curves for Tsunami - Wooden Panel Construc-
tions.
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Figure 6-49 .: Vulnerability and Variance Curves for Tsunami - Unreinforced Masonry Cons-
tructions.

Figure 6-50 .: Vulnerability and Variance Curves for Tsunami - Reinforced Concrete Frames,
1 Story.
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Figure 6-51 .: Vulnerability and Variance Curves for Tsunami - Reinforced Concrete Frames,
2 Stories.

Figure 6-52 .: Vulnerability and Variance Curves for Tsunami - Reinforced Concrete Frames,
3 Stories.
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Figure 6-53 .: Vulnerability and Variance Curves for Tsunami - Reinforced Concrete Frames,
Over 3 Stories.

Figure 6-54 .. Mean loss ratio - Tumaco Island, 1906 Tsunami.



6.2 Tsunami 107

Figure 6-55 .: Variance of the loss ratio - Tumaco Island, 1906 Tsunami.

Figure 6-56 .. Mean loss ratio - Tumaco Island, 1979 Tsunami.
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Figure 6-57 .: Variance of the loss ratio - Tumaco Island, 1979 Tsunami.

Figure 6-58 .. Mean loss ratio - Tumaco Island, Worst Tsunami.
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Figure 6-59 .: Variance of the loss ratio - Tumaco Island, Worst Tsunami.
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6.3. Multi-Hazard Assessment

The methodology proposed by Park et al. (2019) [24] for multi-hazard analysis, integrating

earthquake and tsunami hazards, has been selected and adjusted for application in this study.
This methodology involves stochastic analysis to determine the structural damage resulting
from seismic activity and subsequent tsunami inundation.

Following the prescribed procedure in the section 4.6.1, scenarios of tsunamigenic earthqua-
kes were de ned, and both earthquake and tsunami events were modeled accordingly. Excess
rates for engineering parameters such as Peak Ground Acceleration (PGA) and ood height
were determined, facilitating the creation of hazard maps. An inventory of constructions was
compiled to assess exposure, and fragility curves for earthquake and tsunami damage were
developed. See sections 6.1 and 6.2.

Park et al.'s approach assumes that the probability of exceeding a damage state from earth-
quake shaking and tsunami hazards can be combined using basic probability theory, Boolean
logic rules, and the assumption of statistical independence between the two hazards [9]. Ho-
wever, there are two instances where this last assumption does not hold true.

Firstly, a particular level of damage state may arise from a combination of lower-level da-
mage states. For instance, complete damage could ensue from a combination of signi cant
damage caused by both the tsunami and earthquake.

Secondly, the e ects of structural damage can directly impact non-structural damage in pro-
portion to the severity of structural damage. For instance, if a building experiences complete
structural damage, the non-structural components within the building will also su er com-
plete damage. However, this research does not account for the damage to non-structural
systems resulting from tsunami inundation and earthquake shaking [24].

6.3.1. Combined Fragility Functions

The methodology of Park et al. (2019) [24] has been used as a guide to derive the equa-
tions necessary to calculate combined fragility curves from independent fragility curves for
earthquakes and tsunamis. The resulting equations have two input parameters correspon-
ding to the intensity measures for earthquakes and tsunamis, which are PGA (Peak Ground
Acceleration) and wave height or ow depth in meters, respectively. This means that their
graphical representation will actually be a surface from which contour curves can be obtained
as needed.
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Rules for Estimating Combined Structural Damage

Damage state: Collapse/Complete

Pcomp [DS = C] =P [DS = CjEgke + P [DS = CjTsu]
P [DS = CjEqkeg P [DS = CjTsu]
+(P[DS EjEgkeg P [DS = CjEqgke)
(P[DS EjTsu] P[DS = CjTsu))

Damage state: Extensive

Pcomb [DS E]=P[DS EjEqkg+ P[DS EjTsu]
P[DS EjEqkgP[DS EjTsu]
+(P[DS MjEgkeg P[DS EjEqgke)
(P[DS MijTsuyl P[DS EjTsu)])

Damage state: Moderate

Pcomb[PS M]=P[DS MjEqkeg+ P[DS MjTsu]
P[DS MjEgkeP[DS MjTsu]
+(P[DS SjEqgkeg P[DS MjEqke)
(P[DS SjTsul P[DS MjTsu])

Damage state: Slight

Pcomb[DS S]=P[DS SjEqkg+ P[DS SjTsuy]
P[DS SjEqkdP[DS SjTsu]

For equations 4-3 to 4-6:

Eqgke = Earthquake

T su = Tsunami

Pcomb = Probability of Exceedance for the Combined Hazard
DS = Damage state

(6-14)

(6-15)

(6-16)

(6-17)
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C = Complete (Damage state)
E = Extensive (Damage state)
M = Moderate (Damage state)
S = Slight (Damage state)

Combined Fragility Surfaces and Contour Curves

When applying the combined fragility equations, a set of surfaces is obtained for each stu-
died structural typology. The intensity parameters were evaluated in a range from 0g to
2g for PGA (earthquake) and from Om to 5m of inundation for ood height or ow depth
(tsunami). These assigned values are su cient to encompass the total range of values taken
by the intensity parameters in each of the three earthquake-tsunami scenarios evaluated.
The graphs from6-60 to 6-66 correspond to the fragility surfaces obtained for all structural
typologies present in Tumaco.

Damage states

In order to appreciate the di erences and similarities in the behavior of the fragility surfa-
ces according to the structural typology, they were grouped according to the same damage
state. lllustrations from 6-67 to 6-70 show this grouping by damage state for the types of
structural systems exposed.

6.3.2. Combined Vulnerability

In order to estimate the combined vulnerability resulting from the occurrence of an earth-

guake event followed by a subsequent tsunami in the city of Tumaco, the equations from 6-1
to 6-13 are applied, but based on multi-hazard fragility. This means that the equations used
change their previous notation and result in equations from 6-18 to 6-30.

Damage State: No Damage

Pos(i)[DS = N]=1 P(i)[DS = SjCom}{ (6-18)

Damage State: Slight

Pos(i)[DS = S] = P(i))[DS = SjComd P(i)[DS = MjComH (6-19)

Damage State: Moderate
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Figure 6-60 .. Combined fragility curves/surfaces for pala ttic constructions.
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Figure 6-61 .. Combined fragility curves/surfaces for wooden panel constructions.
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Figure 6-62 .. Combined fragility curves/surfaces for masonry constructions.
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Figure 6-63 .. Combined fragility curves/surfaces for reinforced concrete constructions - 1
story.
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Figure 6-64 .. Combined fragility curves/surfaces for reinforced concrete constructions - 2
stories.
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Figure 6-65 .. Combined fragility curves/surfaces for reinforced concrete constructions - 3
stories.
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Figure 6-66 .. Combined fragility curves/surfaces for reinforced concrete constructions - over
3 stories.
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Figure 6-67 .. Combined fragility curves/surfaces for slight damage.
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Figure 6-69 .. Combined fragility curves/surfaces for extensive damage.
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Pos(i)[DS = M] = P(i)[DS = MjComl P(i)[DS = EjComH (6-20)

Damage State: Extensive

Pos (i) [DS = E] = P(i)[DS = EjComd P(i)[DS = CjComl (6-21)

Damage State: Collapse/Complete

Pps(i)[DS = C] = P(i)[DS = CjComi (6-22)
For the equations 6-19 to 6-22:

i = 1906 Earthquake-Tsunami, 1979 Earthquake-Tsunami or Worst Earthquake-Tsunami
Comb= Combination Earthquake-Tsunami

Pps = Probability of Being in a Damage State

P = Probability of Exceedance of a Damage State

DS = Damage State

C = Complete (Damage State)

E = Extensive (Damage State)

M = Moderate (Damage State)

S = Slight (Damage State)

N = No Damage

Residential Occupancy Class

VEES, (i) = Pos (i) [DS = CjComl] 1+ Pps(i)[DS = EjComl] 0;447 ©23)
+Pps(i)[DS = MjComl 0;1+ Pps(i)[DS = SjCombi 0,02

&omb rRes(iy = Pps(i)[DS = CjComl{d [1 V&b
+Pps (i) [DS = EjComl [0;447 V&, ()]

+Pps (i) [DS = MjComl  [0;1 V& (D)]° (6-24)
+Pps (i) [DS = SjComld  [0;02  VZeS, ()]
+Pps (i) [DS = NjComl [V (D]
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Commercial Occupancy Class

VESM (i) = Pps(i)[DS = CjComl 1+ Pps(i)[DS = EjComd 0,414

6-25
+Pps(i)[DS = MjComld 0;1+ Pps (i) [DS = SjComl{ 0;02 ( )

Zomb com(i) = Pos(i)[DS = CjComld [1 V&)
+Pps (i) [DS = EjComld [0;414 VES™ (i)]?

+Pps(i)[DS = MjComg [0;1  VEA™ (i)]? (6-26)
+Pps (i) [DS = SjComl [0;02 VES™ (i)]?
+Pps (i) [DS = NjComH [V&am ()]

Institutional Occupancy Class

Vi (i) = Pps(i)[DS = CjCom{ 1+ Pps(i)[DS = EjComy 0;402

6-27
+Pps(i)[DS = MjComl 0;1+ Pps(i)[DS = SjCombi 0,02 ( )

Eomb 1ns () = Pos (i) [DS = CjComb [1 V{5, ()]
+Pps (i) [DS = EjComld [0;402 V™S (i)]?

+Pps(i)[DS = MjComld [0;1 VRS (i)]? (6-28)
+Pps (i) [DS = SjComl  [0,02 V()]
+Pps (i) [DS = NjComH  [V{g,(i)]°

Mixed Use Occupancy Class

VMY (i) = Pps(i)[DS = CjComld 1+ Pps(i)[DS = EjComld 0;431

. . . . (6-29)
+Pps(i)[DS = MjComld 0O;1+ Pps(i)[DS = SjComl 0;02
Comb mu (i) = Pos(i)[DS = CjCom{ [1  Vgmp(i)]?
+Pps (i) [DS = EjCom{  [0;431  Von,(i)]?
+Pps (i) [DS = MjCom [0;1 VX ()] (6-30)

+Pps(i)[DS = SjComl{ [0;02
+Pps (i) [DS = NjComy

Veoms()]*

[Veom (1)1
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For the equations 6-23 to 6-30:

i = 1906 Earthquake-Tsunami, 1979 Earthquake-Tsunami or Worst Earthquake-Tsunami

Comb= Combination Earthquake-Tsunami

Res = Residential Occupancy Class

Com = Commercial Occupancy Class

Ins = Institutional Occupancy Class

MU = Mixed Use Occupancy Class

Veomp = Combined Earthquake-Tsunami Vulnerability
2 = Variance

Pps = Probability of Being in a Damage State

DS = Damage State

C = Complete (Damage State)

E = Extensive (Damage State)

M = Moderate (Damage State)

S = Slight (Damage State)

N = No Damage

These equations are evaluated within the same range of PGA and ood height as the fra-
gility functions, resulting in vulnerability surfaces that represent the mean loss ratio along
with their respective variance surface. The occupancy classes used to obtain these surfaces
are the same as those used to determine the independent vulnerabilities for earthquake and
tsunami, which are found in tables4-7 to 4-9 for residential, commercial, and institutional
uses, and in table5-2 for mixed use.

The vulnerability surfaces are depicted in gure$-71 to 6-77, each of which contains a pair
of mean loss ratio and variance for each of the 4 considered occupancy classes.

6.4. Multi-Hazard Maps

6.4.1. Multi-Hazard Fragility Due to Earthquake and Tsunami

The best way to appreciate the previously calculated fragilities and vulnerabilities is through
the creation of maps where the corresponding equations are applied to each of the exposed
elements. First, the combined fragility maps are presented in gure8-78 to 6-81 for the
combined 1906 event, gure$-82 to 6-85 for the multiple 1979 event, and for a proposed
worst-case scenario in gure$-86 to 6-89. In all cases, these gures illustrate only the ele-
ments exposed on Tumaco Island. For information on other evaluated areas, refer to Annex
D, where guresD-1 to D-24 with the necessary information are located.
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Figure 6-71 .. Combined structural vulnerability curves/surfaces, Mean and variance - Pa-
la ttic constructions.
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Figure 6-72 .. Combined structural vulnerability curves/surfaces, Mean and variance - Woo-
den panel constructions.
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Figure 6-73 .. Combined structural vulnerability curves/surfaces, Mean and variance - Ma-
sonry constructions.
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Figure 6-74 .. Combined structural vulnerability curves/surfaces, Mean and variance - Re-
inforced concrete constructions - 1 story.
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Figure 6-75 .: Combined structural vulnerability curves/surfaces, Mean and variance - Re-
inforced concrete constructions - 2 stories.
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Figure 6-76 .. Combined structural vulnerability curves/surfaces, Mean and variance - Re-
inforced concrete constructions - 3 stories.
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Figure 6-77 .. Combined structural vulnerability curves/surfaces, Mean and variance - Re-
inforced concrete constructions - over 3 stories.
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Figure 6-78 .. Combined structural fragility, slight damage - Tumaco Island, 1906 Event.

6.4.2. Multi-Hazard Vulnerability Due to Earthquake and Tsunami

Similarly to the combined fragility, combined vulnerability maps were created by applying
vulnerability surfaces to the structures exposed in Tumaco. Refer to gure8-71 through
6-77. These vulnerability maps show the probability of damage for each exposed building
based on the PGA and ood height a ecting each structure in each of the 3 earthquake-
tsunami scenarios evaluated.

It is important to remember that vulnerability corresponds to the mean loss rate, which
allows for the calculation of its variance. These values are crucial for estimating potential
economic losses per scenario and for conducting a probabilistic loss assessment. Maps for the
1906 event are shown in gure$-90 to 6-91, for 1979, gures6-92 and 6-93, and nally,

for the worst-case scenario, gure$-94 and 6-95. These aforementioned maps only display
the elements exposed on Tumaco Island. For other evaluated areas, please refer to Appendix
E.

Starting from the same information used to construct the multi-hazard vulnerability maps,
detailed information can be obtained about the number of exposed elements that have
reached a certain percentage of damage, expressed here as a damage state. The limits of
the damage states are the same as those considered to build the vulnerability model in
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Figure 6-79 .. Combined structural fragility, moderate damage - Tumaco Island, 1906 Event.

Figure 6-80 .: Combined structural fragility, extensive damage - Tumaco Island, 1906 Event.
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Figure 6-81 .. Combined structural fragility, collapse damage - Tumaco Island, 1906 Event.

Figure 6-82 .: Combined structural fragility, slight damage - Tumaco Island, 1979 Event.
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Figure 6-83 .. Combined structural fragility, moderate damage - Tumaco Island, 1979 Event.

Figure 6-84 .. Combined structural fragility, extensive damage - Tumaco Island, 1979 Event.
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Figure 6-85 .. Combined structural fragility, collapse damage - Tumaco Island, 1979 Event.

Figure 6-86 .: Combined structural fragility, slight damage - Tumaco Island, Worst Event.
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Figure 6-87 .. Combined structural fragility, moderate damage - Tumaco Island, Worst
Event.

Figure 6-88 .: Combined structural fragility, extensive damage - Tumaco Island, Worst
Event.
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Figure 6-89 .. Combined structural fragility, collapse damage - Tumaco Island, Worst Event.

Figure 6-90 .: Mean loss ratio - Tumaco Island, 1906 Earthquake and Tsunami.
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Figure 6-91 .: Variance of the loss ratio - Tumaco Island, 1906 Earthquake and Tsunami.

Figure 6-92 .: Mean loss ratio - Tumaco Island, 1979 Earthquake and Tsunami.
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Figure 6-93 .: Variance of the loss ratio - Tumaco Island, 1979 Earthquake and Tsunami.

Figure 6-94 .: Mean loss ratio - Tumaco Island, Worst Earthquake and Tsunami.
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Figure 6-95 .: Variance of the loss ratio - Tumaco Island, Worst Earthquake and Tsunami.

section 6.3.2. Tables-10 to 6-12 re ect the count of buildings in each damage state ac-
cording to structural type for each of the events analyzed in the entire urban area of Tumaco.

Subsequently, the analysis is re ned to quantify the damage states of exposed elements
according to the Tumaco zone. Table6-13 to 6-15 present the data for Tumaco Island, ta-
bles6-16 to 6-18 for Morro Island, and the Continental Zone is found in table$-19 to 6-21.

This detailed tabulation of the results allows for a better appreciation of the total number
of buildings by structural type according to their damage state by zone, in addition to the
proportion of these counts relative to the total exposed elements by zone and structural
type, since the typology composition of exposed structures varies according to the three
di erentiated zones of Tumaco. The total exposed structures by Tumaco zone can be found
in section 6.1.2.

6.5. Probabilistic Approach of the Expected Damage

Once the combined or multi-hazard vulnerability was calculated, and having the mean and
variance values for each exposed structure obtained in the previous step, the Beta probability
distribution function was used. For this, the parameters and were determined according
to equations 5-1 and 5-2.
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Table 6-10 .: Analysis of the damage states classi cation of exposed elements in the whole city of Tumaco for the 1906
Earthquake and Tsunami.
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Table 6-12 .: Analysis of the damage states classi cation of exposed elements in the whole city of Tumaco for the Worst
Earthquake and Tsunami.
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Table 6-14 .: Analysis of the damage states classi cation of exposed elements on Tumaco Island for the 1979 Earthquake and

Tsunami.
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Table 6-16 .: Analysis of the damage states classi cation of exposed elements on Morro Island for the 1906 Earthquake and

Tsunami.
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Table 6-18 .: Analysis of the damage states classi cation of exposed elements on Morro Island for the Worst Earthquake and

Tsunami.
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Table 6-20 .: Analysis of the damage states classi cation of exposed elements in the Continental Zone for the 1979 Earthquake

and Tsunami.
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The probability density function of this distribution allows calculating the relative probabi-

lity that the loss ratio takes a speci ¢ value, such as the probability that an exposed building

su ers an economic loss or damage of 75 % or more. Each exposed element presents a unique
Beta probability distribution.

With this data, the probability of the loss ratio exceeding 25 %, 50 %, or 75 % of damage or
economic loss was calculated. The loss variable can take any value from 0 to 1; in this work,
only these three levels of loss are presented as an example. The probability density function
for a Beta distribution is calculated according to equation 5-3.

This approach adds a stochastic element to an analysis that has so far been conducted
deterministically, focused on three possible scenarios. However, the limitation persists that
each scenario will have a di erent probability of exceeding a percentage of loss, in this case,
speci cally an economic loss associated with damage to the exposed element.

Maps were generated for the urban area of Tumaco re ecting the results found for the pro-
babilities of reaching a certain damage value. The maps froB96 to 6-98 contain the
probability of exceeding a 75 % loss, while the gures fror6-99 to 6-101 present the same
for a 50 % loss. Finally, for a 25 % loss, the images froda102 to 6-104 can be consulted.
Maps of other evaluated areas in Tumaco are found in Appendix E, speci cally in the maps
from F-1 to F-18.
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Figure 6-96 .: Probability of exceeding 75% of the economic loss - Tumaco Island, 1906
Earthquake and Tsunami.

Figure 6-97 .: Probability of exceeding 75% of the economic loss - Tumaco Island, 1979
Earthquake and Tsunami.
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Figure 6-98 .: Probability of exceeding 75 % of the economic loss - Tumaco Island, Worst
Earthquake and Tsunami.

Figure 6-99 .: Probability of exceeding 50% of the economic loss - Tumaco Island, 1906
Earthquake and Tsunami.
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Figure 6-100 .: Probability of exceeding 50 % of the economic loss - Tumaco Island, 1979
Earthquake and Tsunami.

Figure 6-101 .: Probability of exceeding 50 % of the economic loss - Tumaco Island, Worst
Earthquake and Tsunami.
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Figure 6-102 .: Probability of exceeding 25 % of the economic loss - Tumaco Island, 1906
Earthquake and Tsunami.

Figure 6-103 .: Probability of exceeding 25 % of the economic loss - Tumaco Island, 1979
Earthquake and Tsunami.
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Figure 6-104 .: Probability of exceeding 25 % of the economic loss - Tumaco Island, Worst
Earthquake and Tsunami.



162 6 Results

6.6. Losses

In this study, both the estimated total loss value and the average losses by occupancy class
have been calculated. These data are crucial to understanding the economic impact that an
event of this magnitude could have on both the second most important population in the
Colombian Paci ¢ and the country as a whole.

To achieve this, a thorough calculation of the replacement cost for each exposed structure
was carried out, taking into account the three multiple hazard scenarios addressed in this
research. Additionally, speci c indicators were developed to visualize how the estimated to-
tal cost of rebuilding the city compares to the annual public budgets available in the country.

6.6.1. Replacement Cost

Once the vulnerability data for the di erent earthquake, tsunami, and combined events were
collected, replacement costs for the types of exposed structures were consulted, considering
their structural typology and occupancy class. Information on public housing projects carried
out in response to disasters was sought to ensure obtaining the most accurate replacement
costs.

It is important to note the characteristics of the structures under analysis, especially those
lacking reinforced concrete in their structural system, will not be replaced by similar homes
or constructions (such as pala ttic constructions, constructions with wooden panels, and
unreinforced masonry). Instead, new constructions must comply with national structural
design standards and cannot be erected in high-risk areas; therefore, they will be replaced
with reinforced concrete structures.

Given the socioeconomic context of the city of Tumaco, it was not expected that the popu-
lation would have private insurance to cover property damage from these types of threats.
Instead, it is expected that the Colombian State will assume the necessary investment to
replace the a ected structures.

The replacement cost was calculated based on the reconstruction e orts of the city of Mocoa
after the ooding and landslides that occurred in 2018. The estimated cost of replacing Tu-
maco's constructions was calculated based on the PAE - Speci c Attention Plan for Mocoa
[39]. In this housing project, houses of 70 square meters were budgeted with a total value
per house of $70,256,667 Colombian pesos.

It is essential to consider that replacement costs must be updated to current values, as
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construction costs are sensitive to annual in ation variation. To do this, o cial information
sources were consulted, and the replacement cost per unit area was adjusted to the costs
corresponding to the end of the year 2023, which represents the most up-to-date informa-
tion at the time of this calculation, as can be seen in Tablé-22, the in ation percentages
correspond to those o cially communicated by the Banco de la Republica [1].

After selecting the replacement cost for the structural typology intended for the recons-
truction of Tumaco's population, which involves reinforced concrete frames, and updating
this cost to the current value for the year 2023, it was further broken down based on the
occupancy class of the exposed structures. Subsequently, the replacement cost per exposed
element was ne-tuned to re ect a cost per unit area in square meters.

This area value was taken from the selected housing reconstruction projects. The use of a
replacement cost per square meter allowed for a better appreciation of the economic loss
per exposed element, as this is proportional to the size of the construction to be replaced.
Map 6-105 re ects the total value exposed according to the total appraisal calculated for
each construction, corresponding to the total replacement cost of each exposed element. To
observe the total value exposed in the other areas of Tumaco, see niaa@d for Morro Island

and map G-11 for the Continental Zone.

For the year 2018, the replacement cost for a residential building per square meter corres-
ponds to $1,003,667 pesos. When this value is brought to the year 2023, it increases to
$1,357,451 pesos. Subsequent calculations were made in millions of pesos, with the base re-
placement value for a residential construction being $1.35 million pesos. For a commercial
construction, the replacement cost is considered to be 1.5 times the residential cost, for insti-
tutional use, it is considered to be 2 times the residential cost, and for mixed-use construction
(residential and commercial), a value 1.25 times higher than the base is calculated.

Table 6-23 re ects the replacement cost per unit area for each occupancy class. These repla-
cement costs, especially in the case of occupancy classes other than residential, attempt to
re ect not only the losses of structural elements but also the losses resulting from inventory,
unrealized sales, or the impact on society of the absence of governmental structures.

6.6.2. Economic Losses

Once the replacement cost per square meter has been added to the exposure model, it is
multiplied by the mean loss ratio obtained in section 6.4.2. This operation yields a new
parameter known as the average economic loss per square meter. These values allow us to
visualize the impact of multi-hazard events in each of the evaluated scenarios.
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Table 6-22 .: Replacement value per squared meter adjusted to in ation.

Table 6-23 .: Replacement value per squared meter for each construction's use.

Figure 6-105 .: Total exposed value - Tumaco Island.



6.6 Losses 165

To compare the economic losses of exposed elements, it is necessary to maintain normaliza-
tion per square meter. This can be observed in the maps froBal06 to 6-108 for the main
island area of Tumaco. To obtain a total loss value for the city, it is necessary to multiply
the area of each exposed element again, thus obtaining the values of m&g09 to 6-111,
where the economic loss value is proportional to the exposed area. Maps for other areas of
Tumaco are found in Annex G.

The criterion of economic loss per square meter is important to avoid underestimating the
total value of smaller constructions, which generally correspond to pala ttic constructions.
Each of these map types provides a di erent understanding of the magnitude of the conse-
guences for Tumaco of a new earthquake and tsunami event.

In addition to obtaining maps, speci c data provided by the research can be analyzed, such
as losses by occupancy class, total losses, or comparing the value of city reconstruction with
the annual housing budgets of the national government. Tableg-24 to 6-33 have been
prepared for this purpose.

Table 6-24 presents a general analysis of the exposed value. Here, you can see the total
economic value for the entire city, the total exposed built-up area, or the average area of ex-
posed structures. Similarly, the information is broken down by occupancy class. The urban
area of Tumaco has 25,607 exposed constructions analyzed in this research, covering just
over 3,350,000 square meters of total area, with an average exposed construction area of 131
square meters. The total value of the catalog of exposed elements amounts to $5,112,287
million pesos, with an average value per exposed element close to $200 million pesos or $1.50
million pesos per square meter.

Additionally, tables 6-25 to 6-27 show the exposed economic value of structures in each of
the zones of Tumaco: Tumaco Island, Morro Island, and the Continental Zone. Each of these
areas presents a di erent valuation distribution according to the proportion of the occupancy
classes present.

Of the total exposed elements, 87 % correspond to residential use constructions, 8% to ex-
clusively commercial use, around 400 constructions have an institutional use, and slightly
less than 1,000 constructions share a residential and commercial use. The greatest impact
will be re ected in residential units.

A summary re ecting the total percentage of loss relative to the total exposed value has been
prepared. For the events of 1906 and 1979, there is a loss of 53 %, or approximately $2,720,000
million pesos, and for the worst-case scenario, this increases to 64 %, or $3,300,000 million
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Figure 6-106 .: Replacement cost pem? - Tumaco Island, 1906 Earthquake and Tsunami.

pesos. Tables fron6-29 to 6-32 illustrate the same parameters according to the classi ca-
tion by occupancy class of the exposed elements, where the large proportion of residential
constructions is clearly noted.

The National Ministry of Housing has budget allocations for national housing issues, in-
cluding housing credit programs, family housing subsidies, and priority and social interest
housing programs [41]. The budget allocated for the year 2024 amounts to $4,367,877,949,869
pesos, or $4,367,878 million pesos, of which, if a natural event like those in 1906 or 1979 were
to occur, 62 % of the annual budget would be committed to replacing the lost constructions
due to damage caused by the earthquake and subsequent tsunami. If the worst predictions
come true, this damage could rise to 75 % of the available budget.

It is worth mentioning that this does not include rescue expenses, immediate and post-victim
care, replacement of infrastructure, and necessary land. It should be noted that the city could
not be rebuilt in the same high-risk area, which implies additional expenses for land purcha-
se, prevention promotion, and population education. Refer to Tablé-33.
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Table 6-24 .: Summary of the economic value of the exposed elements for the whole urban
area of Tumaco.
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Table 6-25 .: Summary of the economic value of the exposed elements - Tumaco Island.
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Table 6-26 .: Summary of the economic value of the exposed elements - Morro Island.
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Table 6-27 .. Summary of the economic value of the exposed elements - Continental Zone.
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Table 6-28 .: Total Loss Value - All Constructions.

Table 6-29 .: Total Loss Value - Residential Use Constructions.

Table 6-30 .: Total Loss Value - Commercial Use Constructions.
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Table 6-31 .: Total Loss Value - Institutional Use Constructions.

Table 6-32 .: Total Loss Value - Mixed Use Constructions.

Table 6-33 .: Replacement cost compared to the national housing budget.
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Figure 6-107 .: Replacement cost pem? - Tumaco Island, 1979 Earthquake and Tsunami.

Figure 6-108 .: Replacement cost pem? - Tumaco Island, Worst Earthquake and Tsunami.
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Figure 6-109 .: Total replacement cost - Tumaco Island, 1906 Earthquake and Tsunami.

Figure 6-110 .: Total replacement cost - Tumaco Island, 1979 Earthquake and Tsunami.
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Figure 6-111 .: Total replacement cost - Tumaco Island, Worst Earthquake and Tsunami.



7. Conclusions

An assessment of structural risk against earthquakes and tsunamis was carried out for cons-
tructions in the urban area of Tumaco, Colombia. The rst step involved determining the
seismic hazard for the selected tsunami events, as not all earthquakes with epicenters in the
Paci ¢ Ocean generate a tsunami. For this purpose, rupture models proposed in the lite-
rature for three tsunamigenic earthquake scenarios were employed, including two historical
events occurring in 1906 and 1979, as well as a hypothetical event combining the characte-
ristics of the former. This data was compiled by the Colombian Geological Service (SGC) [26].

Based on this geometric and displacement information in the rupture zone using the slip
de cit method, syntheses were generated in the Strong Motion Analyst program for each of
the three possible earthquake-tsunami scenarios. Subsequently, with the assistance of new
geophysical studies conducted by [8], which involved obtaining the shear wave velocity for
each solil stratum identi ed in the municipality, it was feasible to produce acceleration time
histories and acceleration spectra in terms of PGA for the ground surface. This procedure
highlighted the signi cant in uence of the site, which results in increased seismic accelera-
tions observed in the bedrock.

It is important to note that the soils present in the Tumaco area are mainly sandy, which are
prone to liquefaction. This phenomenon has been recorded in previous earthquakes analyzed
in this research, as well as in studies conducted by various thesis works, such as the one
carried out by Garcia in 2007 [10]. Therefore, knowledge about the characteristics and li-
guefaction potential of these soils is available. The sand degradation model derived from the
mentioned research has been used in this thesis work to evaluate site e ects in the Strong
Motion Analyst program. However, in the multi-hazard analysis performed, this phenome-
non was not considered when calculating the fragility and vulnerability of the structures.

It is suggested that future work address this issue for a more comprehensive assessment of
seismic and tsunami risk in the area.

The exposure model, used as an input parameter, is a crucial tool that allowed for the analy-
sis of exposed constructions in the city. This model, which was re ned and expanded within
the framework of the SATREPS project [8], was adjusted for use in this thesis. For exam-
ple, the polygons composing it were re ned according to the area of each one, restricting
constructions to those with a surface area greater than 50 square meters on the ground. In
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this way, a total of 25,607 constructions were identi ed, of which 36 % correspond to pala t-
tic constructions, 25 % to wood panel constructions, 5% to unreinforced masonry, and the
remaining 34 % to reinforced concrete portal constructions. It is important to highlight the
low percentage of the latter type of constructions, as they are the most resistant to impacts
from both tsunamis and earthquakes. However, there is great uncertainty about the quality
of their construction, as the majority are the result of self-construction.

Additionally, the exposure model includes the occupancy class of each element, which helps
re ne the calculation of economic losses by di erentiating between structural repair costs.
This allows for the generation of fragility curves and surfaces that better t reality. Conti-
nuous updating of the exposure model is recommended, as it must be continuously fed due
to the rapid population dynamics and constant changes experienced by Tumaco. Further-
more, areas where pala ttic constructions predominate require special attention regarding
the accuracy of the collected information, as they are hard-to-reach areas.

Regarding the calculation of structural fragility for earthquake damage, fragility functions
described in the literature were used [9]. As part of future studies on structural fragility in
Tumaco, it would be advisable to develop speci c fragility curves for the structures present
in the city, whose structural types are found along the Colombian Paci ¢ coast. However,
for this research, it was considered that these curves represented a su cient approximation.
On the other hand, tsunami fragility has been developed locally within the framework of
the SATREPS project [16], and its behavior aligns with the characteristics of the structural
systems of the elements exposed in Tumaco, which correspond to those analyzed in this
thesis and those found in the exposure model.

Previous studies have addressed the impact of tsunami and earthquake events separately
in the city of Tumaco [16][8][10], providing a wealth of initial information for this research.
Based on these studies, the importance of addressing structural risk through a multi-hazard
analysis, including the e ects of tsunamis and earthquakes, was recognized. The chosen op-
tion was to perform a combined structural fragility calculation, based on the previous work
of Park et al. (2019) [24], which employs the basic rules of probability theory and Boolean
logic, assuming statistical independence between both hazards. This approach was adapted
to the case of Tumaco using the available information from the exposure model and the
fragility curves applicable to both earthquakes and tsunamis.

The multi-hazard analysis conducted here allowed for the derivation of fragility and vulnera-
bility surfaces for the buildings exposed in Tumaco. This is a crucial step towards understan-
ding earthquakes and tsunamis as combined phenomena, especially in coastal communities
with historical events. These surfaces served as the basis for producing maps of fragility,
vulnerability, and economic losses given a seismic-tsunami event.
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The combined structural risk consists of combined or multi-hazard fragility and vulnerabi-

lity. The latter was addressed using the structural repair cost ratios proposed by the HAZUS
model (2022) [9], according to the occupancy classes present in the exposed elements. This
thesis employed this method to calculate structural vulnerability for both earthquake events
and tsunami scenarios, allowing, through the vulnerability maps produced in this research,
the assessment of the impacts of multi-hazard evaluation regarding disasters independently.

Observing the exposed structures according to their structural typology reveals signi cant

di erences in their response to a multi-hazard threat. For the three earthquake-tsunami sce-
narios analyzed, a very low percentage of reinforced concrete structures are found to be in
a state of collapse. In contrast, the majority of collapsed structures are stilt houses. For the
1906 and worst-case scenarios, almost all unreinforced masonry structures are in an extensive
damage state, reaching a proportion of over 99 %. In the 1979 scenario, a similar proportion
of structures in an extensive damage state is observed across all structural types, except for
reinforced concrete.

Analyzing the proportions of structures in each damage state according to each zone of
Tumaco, it is evident that stilt houses are the predominant structural type, followed by
reinforced concrete structures. In Tumaco and Morro islands, most non-reinforced concrete
buildings result in an extensive damage state, while damage in the Continental Zone is ty-
pically moderate. However, Tumaco Island has the highest number of collapsed structures.

The population residing in pala ttic constructions will be the most a ected in the event of
an event of this magnitude. Economically, it is expected that the replacement value will rise
to a potential of 75 % of the budget allocated for housing projects by the National Housing
Ministry, equivalent to 0.2 % of the GDP for the year 2013. In this scenario, 64 % of the total
value of the exposed elements will need to be replaced, either by surviving inhabitants or by
action of the national government.

It is important to note that these costs only consider the elements exposed and analyzed
here, which correspond to constructions. Lost infrastructure, additional economic impact
generated by the inability to carry out commercial activities after such a disaster, or the
cost to the social fabric, have not been evaluated, and in the case of the latter, determining
a replacement value may be impossible.

The necessary maps were created to describe and illustrate the results of the analyses carried
out. It is crucial to interpret this wealth of information comprehensively, and maps allow
this to be done. They are the main tool for visualizing the impact of earthquake, tsunami,
and combined events, as well as the fragility, vulnerability, and associated losses of exposed
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elements. It is possible to interpret graphically where the highest-risk zones are, which com-
munities may be a ected, or even where evacuation routes may be developed. Therefore, the
importance of the geographical component for the analysis provided by these maps cannot
be overlooked.

This thesis can serve as a basis for re ning each of the aspects addressed, such as the de-
velopment of hybrid earthquake-tsunami fragility curves for constructions found in Tumaco

by analyzing in detail the fault systems of the same, the expansion of the exposure model
to include infrastructure, or the more precise and speci ¢ evaluation of replacement costs.

All of this aims to highlight the importance of adopting a multi-hazard approach to risk ma-
nagement that considers the complex interaction between earthquake and tsunami hazard.
By considering the combined e ects of these phenomena, policymakers can better anticipate
potential impacts and allocate resources more e ectively. Community-based initiatives, early
warning systems, and participatory planning processes are essential components of a holistic
approach to disaster risk reduction that empowers local stakeholders and fosters collective
resilience.

It is crucial to remember the low recurrence of the earthquake and tsunami events analyzed
in this research. The results have been obtained by scenario, which means that the proba-
bility of occurrence of these events has not been considered; this can be seen in tdkle
Although the results of this thesis show data that can be considered catastrophic for the
infrastructure, economy, and inhabitants of Tumaco, when considering the recurrence rates
of the evaluated events, it is observed that these would occur only once every 250 years, a
period longer than the existence of the city itself. This characteristic should be taken into
account when using the resulting information from this research in the future.

In conclusion, this thesis sheds light on the signi cant economic losses faced by Tumaco,
Colombia, in the event of combined earthquake and tsunami hazard. Through meticulous
analysis of vulnerability, fragility, and exposure, it becomes clear that the built environment
of the city is highly susceptible to multi-hazard risks. The ndings reveal that residential,
commercial, institutional, and mixed-use structures in Tumaco are vulnerable to varying
degrees, with the potential for extensive economic repercussions.
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Figure A-1 .: Number of Stories of the Exposed Elements - Morro Island.

Figure A-2 .. Number of Stories of the Exposed Elements - Continental Zone.
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Figure A-3 .: Structural System of the Exposed Elements - Morro Island.

Figure A-4 .. Structural System of the Exposed Elements - Continental Zone.
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Figure A-5 .: Occupancy Class of the Exposed Elements - Morro Island.

Figure A-6 .. Occupancy Clas of the Exposed Elements - Continental Zone.
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Figure B-1 .: Surface calculated PGA for the Morro Island - 1906 Earthquake.

Figure B-2 .: Surface calculated PGA for the Morro Island - 1979 Earthquake.
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Figure B-3 .: Surface calculated PGA for the Morro Island - Worst Scenario.

Figure B-4 .: Surface calculated PGA for the Continental Zone - 1906 Earthquake.
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Figure B-5 .: Surface calculated PGA for the Continental Zone - 1979 Earthquake.

Figure B-6 .: Surface calculated PGA for the Continental Zone - Worst Scenario.
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Figure B-7 .: Structural fragility for slight damage - Morro Island, 1906 Earthquake.

Figure B-8 .: Structural fragility for moderate damage - Morro Island, 1906 Earthquake.
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Figure B-9 .: Structural fragility for extensive damage - Morro Island, 1906 Earthquake.

Figure B-10 .: Structural fragility for collapse damage - Morro Island, 1906 Earthquake.
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Figure B-11 .: Structural fragility for slight damage - Morro Island, 1979 Earthquake.

Figure B-12 .: Structural fragility for moderate damage - Morro Island, 1979 Earthquake.
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Figure B-13 .: Structural fragility for extensive damage - Morro Island, 1979 Earthquake.

Figure B-14 .: Structural fragility for collapse damage - Morro Island, 1979 Earthquake.
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Figure B-15 .: Structural fragility for slight damage - Morro Island, Worst Earthquake.

Figure B-16 .: Structural fragility for moderate damage - Morro Island, Worst Earthquake.
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Figure B-17 .: Structural fragility for extensive damage - Morro Island, Worst Earthquake.

Figure B-18 .: Structural fragility for collapse damage - Morro Island, Worst Earthquake.
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Figure B-19 .: Structural fragility for slight damage - Continental Zone, 1906 Earthquake.

Figure B-20 .: Structural fragility for moderate damage - Continental Zone, 1906 Earthqua-
ke.
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Figure B-21 .: Structural fragility for extensive damage - Continental Zone, 1906 Earthqua-
ke.

Figure B-22 .: Structural fragility for collapse damage - Continental Zone, 1906 Earthquake.
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Figure B-23 .: Structural fragility for slight damage - Continental Zone, 1979 Earthquake.

Figure B-24 .: Structural fragility for moderate damage - Continental Zone, 1979 Earthqua-
ke.



202 B Appendix: Earthquake Maps

Figure B-25 .: Structural fragility for extensive damage - Continental Zone, 1979 Earthqua-
ke.

Figure B-26 .: Structural fragility for collapse damage - Continental Zone, 1979 Earthquake.
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Figure B-27 .. Structural fragility for slight damage - Continental Zone, Worst Earthquake.

Figure B-28 .: Structural fragility for moderate damage - Continental Zone, Worst Earth-
quake.
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Figure B-29 .: Structural fragility for extensive damage - Continental Zone, Worst Earth-
quake.

Figure B-30 .: Structural fragility for collapse damage - Continental Zone, Worst Earthqua-
ke.
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Figure B-31 .: Mean loss ratio - Morro Island, 1906 Earthquake.

Figure B-32 .: Variance of the loss ratio - Morro Island, 1906 Earthquake.
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Figure B-33 .: Mean loss ratio - Morro Island, 1979 Earthquake.

Figure B-34 .. Variance of the loss ratio - Morro Island, 1979 Earthquake.
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Figure B-35 .: Mean loss ratio - Morro Island, Worst Earthquake.

Figure B-36 .: Variance of the loss ratio - Morro Island, Worst Earthquake.
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Figure B-37 .: Mean loss ratio - Continental Zone, 1906 Earthquake.

Figure B-38 .: Variance of the loss ratio - Continental Zone, 1906 Earthquake.
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Figure B-39 .: Mean loss ratio - Continental Zone, 1979 Earthquake.

Figure B-40 .: Variance of the loss ratio - Continental Zone, 1979 Earthquake.
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Figure B-41 .: Mean loss ratio - Continental Zone, Worst Earthquake.

Figure B-42 .: Variance of the loss ratio - Continental Zone, Worst Earthquake.
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Figure C-1 .: Wave height for the Morro Island - 1906 Tsunami.

Figure C-2 .: Wave height for the Morro Island - 1979 Tsunami.
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Figure C-3 .: Wave height for the Morro Island - Worst Scenario.

Figure C-4 .. Wave height for the Continental Zone - 1906 Tsunami.
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Figure C-5 .: Wave height for the Continental Zone - 1979 Tsunami.

Figure C-6 .. Wave height for the Continental Zone - Worst Scenario.
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Figure C-7 .: Structural fragility for slight damage - Morro Island, 1906 Tsunami.

Figure C-8 .: Structural fragility for moderate damage - Morro Island, 1906 Tsunami.
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Figure C-9 .: Structural fragility for extensive damage - Morro Island, 1906 Tsunami.

Figure C-10 .: Structural fragility for collapse damage - Morro Island, 1906 Tsunami.
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Figure C-11 .: Structural fragility for slight damage - Morro Island, 1979 Tsunami.

Figure C-12 .: Structural fragility for moderate damage - Morro Island, 1979 Tsunami.
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Figure C-13 .: Structural fragility for extensive damage - Morro Island, 1979 Tsunami.

Figure C-14 .: Structural fragility for collapse damage - Morro Island, 1979 Tsunami.
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Figure C-15 .: Structural fragility for slight damage - Morro Island, Worst Tsunami.

Figure C-16 .: Structural fragility for moderate damage - Morro Island, Worst Tsunami.
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Figure C-17 .: Structural fragility for extensive damage - Morro Island, Worst Tsunami.

Figure C-18 .: Structural fragility for collapse damage - Morro Island, Worst Tsunami.
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Figure C-19 .: Structural fragility for slight damage - Continental Zone, 1906 Tsunami.

Figure C-20 .: Structural fragility for moderate damage - Continental Zone, 1906 Tsunami.
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Figure C-21 .: Structural fragility for extensive damage - Continental Zone, 1906 Tsunami.

Figure C-22 .. Structural fragility for collapse damage - Continental Zone, 1906 Tsunami.
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Figure C-23 .: Structural fragility for slight damage - Continental Zone, 1979 Tsunami.

Figure C-24 .. Structural fragility for moderate damage - Continental Zone, 1979 Tsunami.
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Figure C-25 .: Structural fragility for extensive damage - Continental Zone, 1979 Tsunami.

Figure C-26 .: Structural fragility for collapse damage - Continental Zone, 1979 Tsunami.
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Figure C-27 .: Structural fragility for slight damage - Continental Zone, Worst Tsunami.

Figure C-28 .: Structural fragility for moderate damage - Continental Zone, Worst Tsunami.
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Figure C-29 .: Structural fragility for extensive damage - Continental Zone, Worst Tsunami.

Figure C-30 .: Structural fragility for collapse damage - Continental Zone, Worst Tsunami.
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Figure C-31 .: Mean loss ratio - Morro Island, 1906 Tsunami.

Figure C-32 .: Variance of the loss ratio - Morro Island, 1906 Tsunami.
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Figure C-33 .: Mean loss ratio - Morro Island, 1979 Tsunami.

Figure C-34 .: Variance of the loss ratio - Morro Island, 1979 Tsunami.
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Figure C-35 .: Mean loss ratio - Morro Island, Worst Tsunami.

Figure C-36 .: Variance of the loss ratio - Morro Island, Worst Tsunami.
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Figure C-37 .: Mean loss ratio - Continental Zone, 1906 Tsunami.

Figure C-38 .: Variance of the loss ratio - Continental Zone, 1906 Tsunami.
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Figure C-39 .: Mean loss ratio - Continental Zone, 1979 Tsunami.

Figure C-40 .: Variance of the loss ratio - Continental Zone, 1979 Tsunami.
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Figure C-41 .: Mean loss ratio - Continental Zone, Worst Tsunami.

Figure C-42 .. Variance of the loss ratio - Continental Zone, Worst Tsunami.
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Figure D-1 .: Structural fragility for slight damage - Morro Island, 1906 Earthquake and
Tsunami.

Figure D-2 .: Structural fragility for moderate damage - Morro Island, 1906 Earthquake and
Tsunami.
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Figure D-3 .: Structural fragility for extensive damage - Morro Island, 1906 Earthquake and
Tsunami.

Figure D-4 .: Structural fragility for collapse damage - Morro Island, 1906 Earthquake and
Tsunami.
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Figure D-5 .: Structural fragility for slight damage - Morro Island, 1979 Earthquake and
Tsunami.

Figure D-6 .: Structural fragility for moderate damage - Morro Island, 1979 Earthquake and
Tsunami.
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Figure D-7 .: Structural fragility for extensive damage - Morro Island, 1979 Earthquake and
Tsunami.

Figure D-8 .: Structural fragility for collapse damage - Morro Island, 1979 Earthquake and
Tsunami.
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Figure D-9 .: Structural fragility for slight damage - Morro Island, Worst Earthquake and
Tsunami.

Figure D-10 .: Structural fragility for moderate damage - Morro Island, Worst Earthquake
and Tsunami.
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Figure D-11 .: Structural fragility for extensive damage - Morro Island, Worst Earthquake
and Tsunami.

Figure D-12 .: Structural fragility for collapse damage - Morro Island, Worst Earthquake
and Tsunami.
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Figure D-13 .: Structural fragility for slight damage - Continental Zone, 1906 Earthquake
and Tsunami.

Figure D-14 .: Structural fragility for moderate damage - Continental Zone, 1906 Earth-
quake and Tsunami.
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Figure D-15 .: Structural fragility for extensive damage - Continental Zone, 1906 Earthqua-
ke and Tsunami.

Figure D-16 .: Structural fragility for collapse damage - Continental Zone, 1906 Earthquake
and Tsunami.
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Figure D-17 .: Structural fragility for slight damage - Continental Zone, 1979 Earthquake
and Tsunami.

Figure D-18 .: Structural fragility for moderate damage - Continental Zone, 1979 Earth-
quake and Tsunami.
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Figure D-19 .: Structural fragility for extensive damage - Continental Zone, 1979 Earthqua-
ke and Tsunami.

Figure D-20 .: Structural fragility for collapse damage - Continental Zone, 1979 Earthquake
and Tsunami.
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Figure D-21 .: Structural fragility for slight damage - Continental Zone, Worst Earthquake
and Tsunami.

Figure D-22 .: Structural fragility for moderate damage - Continental Zone, Worst Earth-
quake and Tsunami.
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Figure D-23 .: Structural fragility for extensive damage - Continental Zone, Worst Earth-
guake and Tsunami.

Figure D-24 .: Structural fragility for collapse damage - Continental Zone, Worst Earthqua-
ke and Tsunami.
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Figure E-1 .. Mean loss ratio - Morro Island, 1906 Earthquake and Tsunami.

Figure E-2 .: Variance of the loss ratio - Morro Island, 1906 Earthquake and Tsunami.
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Figure E-3 .. Mean loss ratio - Morro Island, 1979 Earthquake and Tsunami.

Figure E-4 .. Variance of the loss ratio - Morro Island, 1979 Earthquake and Tsunami.
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Figure E-5 .. Mean loss ratio - Morro Island, Worst Earthquake and Tsunami.

Figure E-6 .: Variance of the loss ratio - Morro Island, Worst Earthquake and Tsunami.
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Figure E-7 .. Mean loss ratio - Continental Zone, 1906 Earthquake and Tsunami.

Figure E-8 .: Variance of the loss ratio - Continental Zone, 1906 Earthquake and Tsunami.
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Figure E-9 .. Mean loss ratio - Continental Zone, 1979 Earthquake and Tsunami.

Figure E-10 .: Variance of the loss ratio - Continental Zone, 1979 Earthquake and Tsunami.
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Figure E-11 .: Mean loss ratio - Continental Zone, Worst Earthquake and Tsunami.

Figure E-12 .: Variance of the loss ratio - Continental Zone, Worst Earthquake and Tsunami.
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Figure F-1 .: Probability of exceeding 75 % of the economic loss - Morro Island, 1906 Earth-
guake and Tsunami.

Figure F-2 .: Probability of exceeding 75 % of the economic loss - Morro Island, 1979 Earth-
quake and Tsunami.
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Figure F-3 .: Probability of exceeding 75 % of the economic loss - Morro Island, Worst Earth-
guake and Tsunami.

Figure F-4 .: Probability of exceeding 50 % of the economic loss - Morro Island, 1906 Earth-
guake and Tsunami.
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Figure F-5 .: Probability of exceeding 50 % of the economic loss - Morro Island, 1979 Earth-
guake and Tsunami.

Figure F-6 .: Probability of exceeding 50 % of the economic loss - Morro Island, Worst Earth-
quake and Tsunami.
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Figure F-7 .: Probability of exceeding 25 % of the economic loss - Morro Island, 1906 Earth-
guake and Tsunami.

Figure F-8 .: Probability of exceeding 25 % of the economic loss - Morro Island, 1979 Earth-
guake and Tsunami.
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Figure F-9 .: Probability of exceeding 25 % of the economic loss - Morro Island, Worst Earth-
guake and Tsunami.

Figure F-10 .: Probability of exceeding 75 % of the economic loss - Continental Zone, 1906
Earthquake and Tsunami.
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Figure F-11 .: Probability of exceeding 75 % of the economic loss - Continental Zone, 1979
Earthquake and Tsunami.

Figure F-12 .: Probability of exceeding 75 % of the economic loss - Continental Zone, Worst
Earthquake and Tsunami.
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Figure F-13 .: Probability of exceeding 50 % of the economic loss - Continental Zone, 1906
Earthquake and Tsunami.

Figure F-14 .: Probability of exceeding 50 % of the economic loss - Continental Zone, 1979
Earthquake and Tsunami.
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Figure F-15 .: Probability of exceeding 50 % of the economic loss - Continental Zone, Worst
Earthquake and Tsunami.

Figure F-16 .: Probability of exceeding 25 % of the economic loss - Continental Zone, 1906
Earthquake and Tsunami.
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Figure F-17 .: Probability of exceeding 25 % of the economic loss - Continental Zone, 1979
Earthquake and Tsunami.

Figure F-18 .: Probability of exceeding 25 % of the economic loss - Continental Zone, Worst
Earthquake and Tsunami.
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Figure G-1 .: Replacement cost pem? - Morro Island, 1906 Earthquake and Tsunami.

Figure G-2 .: Replacement cost pem? - Morro Island, 1979 Earthquake and Tsunami.
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Figure G-3 .: Replacement cost pem? - Morro Island, Worst Earthquake and Tsunami.

Figure G-4 .: Total exposed value - Morro Island.
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Figure G-5 .: Total replacement cost - Morro Island, 1906 Earthquake and Tsunami.

Figure G-6 .: Total replacement cost - Morro Island, 1979 Earthquake and Tsunami.
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Figure G-7 .: Total replacement cost - Morro Island, Worst Earthquake and Tsunami.

Figure G-8 .: Replacement cost pem? - Continental Zone, 1906 Earthquake and Tsunami.
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Figure G-9 .: Replacement cost pem? - Continental Zone, 1979 Earthquake and Tsunami.

Figure G-10 .: Replacement cost pem? - Continental Zone, Worst Earthquake and Tsuna-
mi.
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Figure G-11 .: Total exposed value - Continental Zone.

Figure G-12 .. Total replacement cost - Continental Zone, 1906 Earthquake and Tsunami.
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Figure G-13 .: Total replacement cost - Continental Zone, 1979 Earthquake and Tsunami.

Figure G-14 .. Total replacement cost - Continental Zone, Worst Earthquake and Tsunami.



