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Abstract

A comprehensive understanding of the elements at risk, through the identification of
the main hazards, level of exposure and different dimensions of the vulnerability of the
communities, is an essential step toward the definition and adoption of more effective
risk reduction strategies. Historic urban centres have received special attention in the
assessment of damage and physical vulnerability to earthquakes, but it is well known that
vulnerability also depends on the social and demographic characteristics of communities.
This paper discusses the application of a holistic approach aimed at assessing the seismic
vulnerability of historic urban centres by considering their physical and social dimensions.
Two index-based methodologies are presented, and the data are analyzed using the
CENSUS block as the unit of study, which is scarcely present in the literature. The results
of both indices are crossed through a matrix, which allows the classification of the blocks
in five levels of priority and are mapped using a Geographic Information System tool.
The Historic city centre of La Serena, one of the oldest in Chile, was selected as a case
study. This historic city centre still preserves historic buildings of raw earth of diverse
architectural typologies widely distributed throughout the country, which makes it relevant,
not only by itself but as a model that can be replicated and extrapolated to other historic
centres of similar constructive characteristics.

Keywords Historic city centres - Masonry buildings - Seismic vulnerability - Social
vulnerability - Vulnerability index method

1 Introduction

Disaster risk is usually understood as the potential loss of life, injury or destruction or
damage to assets that can occur to a system, society, or community in a specific period,
determined probabilistically as a function of hazard, exposure, vulnerability, and capacity
(UNISDR 2009). Historic centres have characteristics that make them particularly
vulnerable to disasters. The constructive characteristics of buildings and the urban
morphology in which they are inserted increase the fragility of their historic fabric and
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their vulnerability to natural and anthropogenic hazards. The main underlying causes of
their increasing vulnerability are climate change, population growth, lack of appropriate
policies and regulations, and urbanization and poverty, especially in developing countries
and Latin American urban centres (Bosher et al. 2019; Bruquetas Callejo et al. 2005;
Carrién 2001; Rojas 2004).

At the global level, emphasis has been placed on the need to develop disaster risk
and vulnerability indicator systems—integrating different dimensions of vulnerability,
capacities, exposure of people and assets, hazard characteristics and the environment—to
provide information to decision-makers on how to assess the impact of disasters on social,
economic and environmental conditions (UN 2005, 2015). There has been a paradigm shift
in the study of disaster-resilience of societies, from the focus on the study of the frequency
and magnitude of threats and their quantification toward the consideration and evaluation
of the vulnerability of societies through the identification, evaluation and classification of
different dimensions of vulnerabilities and recovery capacities (Birkmann 2013).

Assessing vulnerabilities at the urban scale can be a resource-intensive task. Index-based
methodologies are one of the analysis tools that have seen more significant development
over the last years in this field. Their main advantage is that these tools offer a simple, cost-
effective and time-efficient alternative, which makes them particularly attractive for risk
analysis in developing countries, where economic and skilled human resources for heritage
protection are limited or often non-existent.

Current studies addressing the seismic risk assessment of historic urban areas focus
mainly on the analysis of physical vulnerability (Baquedano Julid and Ferreira 2021). These
methodologies have proven to be effective for the definition of risk mitigation strategies,
such as the application of standardized structural strengthening devices (Ferreira et al.
2017a) or the management of the emergency phase through the proposal of evacuation
routes (Anglade et al. 2020).

However, it is known that seismic vulnerability results not only from the interaction
of physical and built environment systems but also from the social and demographic
characteristics of each community. The concept of social vulnerability in disaster
management was introduced in the 1970s when vulnerability involving socio-economic
variables was recognized (Flanagan et al. 2011). Measures of social vulnerability
acknowledge the combination of social, cultural, economic, political, and institutional
processes that shape socio-economic differences in exposure and coping capacities to
natural disasters.

Social vulnerability refers to the socio-economic and demographic factors that affect the
risks and resilience of communities, in line with disaster evidence that shows that socially
vulnerable people are more affected by death, property damage and housing damage.
Different categories of people living in disaster-affected areas are not equally affected. As
widely documented in the literature, the poorer tend to be significantly more vulnerable
at all stages of the disaster cycle, i.e., before, during and after the event. Vulnerability to
hazards is influenced by different social factors, including age, ethnicity, gender, income,
economic activity, social networks, and neighborhood characteristics (Flanagan et al. 2011;
Spielman et al. 2020).

Given the same exposure to external environmental hazards, different population groups
may vary in their sensitivity and resilience (capacity to respond and recover from a disaster)
due to social and demographic characteristics (of people and households) associated with
social vulnerability in the context of their respective societies. The spatial concentration or
agglomeration of social vulnerability in communities and built environments with higher
risks is the driver that magnifies the role of social vulnerability in human damages (CEPAL
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2016; Cutter et al. 2003; Kaztman and Filgueira 1999; ONU-CEPAL 2001; Pulido 2000;
Wood et al. 2010).

Accordingly, holistic, index-based methodologies have recently been developed to
facilitate the combined quantification of potential human- and structure-related impacts
following a disaster. The results allow the identification of urban areas—mainly at the
district or national level—that need to be prioritized in an emergency scenario (Carrefio
et al. 2007; Izquierdo-Horna and Kahhat 2020; Robat Mili et al. 2018) and also avoid
human and economic losses through the addressing of efforts to reduce human vulnerability
and increase resilience prior to an earthquake (Shapira et al. 2016).

It should be noted that urban regeneration is a line of public intervention with
strong growth at the international level, which coordinates infrastructure programmes,
public spaces, housing and local economic and environmental development, seeking a
comprehensive improvement of the state of conservation and planning of urban areas of
neighborhood scale oriented by an objective image of their heritage and urban potential.
This modality of actions initiated in cities of OECD countries (Organization for Economic
Co-operation and Development) has gained strong emphasis in Latin American countries
promoted by multilateral organizations such as Inter-American Development Bank
(IDB) and UN-Habitat, and its evaluation shows the key importance of comprehensive
information systems that guide selective action on a territorially disaggregated scale,
combining physical actions in line with social, economic and environmental situations. In
Chile, the National Urban Development Policy has explicitly recommended and prioritized
the integration into the management of social vulnerability indicators with indicators of
exposure to vulnerability due to risks associated with the use of buildings in a poor state
of conservation and safety. Likewise, concerning urban heritage, it highlighted the need to
establish differentiated levels of restriction (use or destination) and intervention (structural
modification) for urban heritage at all territorial scales of protection (CNDU 2017, 2019,
2021).

The present work contributes to the literature in the field of disaster mitigation in cultural
heritage by presenting and discussing the application of a holistic approach specifically
aimed at assessing the seismic vulnerability of historic urban centres by considering their
physical and social dimensions in the context of the urban and local case of study. This
contribution covers also the field of multi-vulnerability analysis in urban areas, through the
analysis of data at the neighborhood scale, using the block as a unit of study.

Major earthquake disasters have occurred in Chile, causing irreparable losses. In
addition to the damage caused by major disasters, the historic centres periodically
experience scattered events of building collapses resulting in deaths and injuries of
inhabitants, which are notorious from time to time in the centres of the metropolitan area of
Gran Valparaiso (e.g., (Jiménez et al. 2018) and Gran Santiago (e.g., (Nuria Chiara Palazzi
et al. 2022)—involving areas declared World Heritage Sites, protected areas at national
level—TYypical zones- and at communal level—Historic Conservation Areas).

The historic city centre of La Serena, located in the north of Chile, is selected as a
case study. It corresponds to the largest historic centre protected by the Chilean State
(170 ha), and its building typology, predominantly adobe dwellings, is representative of
most of the historical centres of colonial origin in the country. Although medium—low
overall, its 2002-2017 intercensal growth was characterized by a strong increase in
the immigrant population, an ageing population and stagnating housing growth. A
recent study compared ten protected heritage zones in large Chilean cities through an
indicator that combines secondary data, surveys and field surveys, showing that the
historic city centre of La Serena reported a medium—low revitalization index, mainly
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explained by its urban and housing deterioration, despite the commercial and tourist
development it was experienced in recent years (Arriagada Luco and Jeri 2021).

Methodologically, the seismic vulnerability assessment methodology proposed
by (Ferreira et al. 2017a, b, ¢) to assess the seismic vulnerability of the facade walls
of masonry buildings is used to evaluate the physical vulnerability of the buildings.
The results obtained are then crossed with a social vulnerability index at the block
level using a priority matrix. Social vulnerability is obtained by processing the 2017
census data to a simple normalization process. Both indices are processed through a
QGIS geographic information system. Through the results of the application of this
methodology, it is possible to compare the levels of vulnerability and capacities of
different areas of a historic urban centre and classify sub-zones by different priorities
according to the type of interaction between buildings and social vulnerability. The
results of this research are presented as part of a perspective where an important key
to better preventive policies is Urban Heritage Regeneration Plans, including the
reduction of the vulnerability both in social and housing aspects.

2 Seismic vulnerability assessment

Before assessing the vulnerability of an element or system at risk, it is first necessary
to understand the concepts that help to construct its definition. In the Disaster Risk
Reduction (DRR) community, the notion of vulnerability has evolved over the last
40 years. At present, numerous disasters around the world have demonstrated that
disaster risk cannot be determined by focusing only on the magnitude of a hazardous
event but also on its interaction with the conditions of societies and their contexts,
which determine the magnitude of the damage or loss that the physical phenomenon
will cause (Birkmann 2013; Cardona 2003).

Different authors have contributed to the conceptualization and measurement of
vulnerability (Birkmann 2006; Bohle 2001; Turner et al. 2003; Wisner et al. 2004).
The notion of vulnerability has evolved into a concept that provides explanations
for differences in the likelihood of damage or loss incurred by a hazard event in an
individual, a community, a city or an entire region (Hufschmidt 2015). It is a multi-
structural concept composed of different key factors (exposure, susceptibility, lack of
resilience) and multiple thematic dimensions (physical, ecological, social, cultural.
institutional, etc.) (Birkmann et al. 2013). But it is also a multi-temporal concept as
it considers characteristics of a community that enable it to anticipate, cope with and
recover from a disaster (Wisner et al. 2004).

The evolution of the vulnerability concept requires the consideration of many factors
which can make it difficult to understand and, therefore, to measure. Developing a system
of vulnerability indicators can help translate the complexity and abstraction of the term
into information that allows its evaluation, measurement and transmission to assess the
impact of disasters and disseminate the results to decision-makers (UN 2005, 2015).

The following is a brief description of the assessment of physical and social
vulnerability to disasters using index-based methodologies. For the case of physical
vulnerability, the review focuses on the seismic hazard, which is the one used in the
case study. Social vulnerability is analysed for disasters in general. This review aims to
find the basis for the choice of the most suitable methodologies for this study.
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2.1 Physical vulnerability

The seismic vulnerability of a structure is described by (Calvi et al. 2006) as the suscep-
tibility of a building to damage by a ground motion of a given intensity. Susceptibility is
associated with its physical and structural capacity (Maio et al. 2018). Seismic vulnerability
assessment can be developed at different scales, from a single building to a large urban area.
The scale of application will depend on the objective of the analysis and the detail of infor-
mation required. The choice of the method to be used should be based on the selection of a
simple tool that provides accurate results (Ferreira et al. 2019).

In recent years, various seismic vulnerability index methods have been developed and
applied in historic centres around the world, mainly in Italy (Chieffo et al. 2022; Formisano
et al. 2015; Giovinazzi and Lagomarsino 2004) and Portugal (Ferreira et al. 2013; Ferreira
etal. 2017b; Neves et al. 2012; Vicente et al. 2011). These are generally based on the index
method GNDT II (Benedetti and Petrini 1984) and are qualified as hybrid methods (Fer-
reira et al. 2019). The literature review shows that the selection of parameters is mainly
related to the geometrical and mechanical characteristics of the building, the state of con-
servation of the structure, the presence of non-structural elements and the characteristics of
the foundation soils and the immediate surroundings (Baquedano Julia and Ferreira 2021).

Considering that out-of-plane failure is one of the most frequently triggered mechanisms
in masonry buildings, (Ferreira et al. 2014) proposed a methodology to be adopted in the
vulnerability assessment of masonry facade walls. This methodology proves to be particu-
larly suitable when seismic vulnerability assessment is required in a large urban area, where
there may be limitations of time, human resources, and accessibility to buildings. Subse-
quently, it was calibrated and three new parameters were added to the original ten in Fer-
reira et al. (2017a, b, ¢). Among its applications, its effectiveness has been demonstrated
for emergency planning (inaccessible urban areas, isolated people, and possible evacuation
routes), according to the generation of damage scenarios obtained from relevant seismic
intensities of the study area (Anglade et al. 2020). Its contribution to the reduction of post-
event urban losses as a tool for evaluating the potential benefit resulting from the application
of different seismic retrofitting strategies was also demonstrated (Aguado et al. 2018). In
addition, it was also recently adapted and applied by (Ramirez Eudave et al. 2022) to the
unreinforced masonry building typology of Atlixco, México, where its applicability is tested
through the information available in the INAH building inventory. Due to the applicability
of the results and their cost-effectiveness, this tool has been selected for the analysis of the
seismic vulnerability of the historic centre of La Serena.

2.2 Social vulnerability

An important discussion on the measurement of vulnerability is the integral analysis
for both the environmental and social dimensions according to the scales and situations
involved in the design of better public policies (global, regional, and local).

Firstly, it is important to highlight that the approach to social vulnerability has had an
important development from two different sources: environmental and social perspectives
and that their integration is still a work in progress. Both perspectives have sought to meas-
ure its multidimensional and multicausal meaning, considering the convergence or interac-
tion of external pressures and internal factors, but recognize different degrees of success
depending on the cases and methodologies.
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On the one hand, the social perspective of vulnerability emerges from research on
the social and economic crisis and its interaction with different social processes and
conditions using data at the individual, household, and community levels. Research
on the rapid impoverishment that occurred in Latin America during the 1980s and
the informal community responses allows for the development of the AVEO scheme
(Assets, Vulnerability and Opportunity Structure framework).

During the 1990s and 2000s, the study of different economic crises and their social
causes and effects has continued using this perspective in the search for indices of social
vulnerability that better reflect the explanatory causes and expressions of poverty and
inequality. Several authors recognize that the analogy between environmental and social
disruptions and community responses is an important key to the development of these
theories (CEPAL 2022; Kaztman and Filgueira 1999, and many others).

On the other hand, the environmental perspective focuses on the links between
environmental risks and disasters with the social vulnerability of the affected population.
Such studies have expanded in the context of growing environmental awareness of
climate change and emerging natural disasters. During the 1990s and 2000s, the spread
of GIS, online census data and satellite resources enabled several studies on natural
disasters and their effects, both in the OECD (Organization for Economic Cooperation
and Development) and in developing countries.

Measures of social vulnerability (SOVI index) play an important role in the place-
based framework on the development of social vulnerability, helping emergency
managers to identify population groups that are most susceptible to disaster risks and
discuss more effective reduction strategies to avoid human and economic losses through
directing efforts and policies to reduce human vulnerability and increase resilience prior
to an earthquake (Cutter et al. 2003; Mengal et al. 2021; Shapira et al. 2016).

The Social Vulnerability Index (SoVI) has been widely used to measure socially
vulnerable people. The use of the aggregate index combines a set of social vulnerability
indicators that can quantify the relative level of overall social vulnerability and
contribute to policy formulation by identifying variables that mitigate or amplify
local social vulnerability. Multi-criteria risk studies on vulnerability often integrate
economic, social, and ecological dimensions by combining data production with a
cartographic approach (Carrefio et al. 2007; Izquierdo-Horna and Kahhat 2020; Park
and Xu 2022; Robat Mili et al. 2018; Scheuer et al. 2011).

Tate (2012) identifies three commonly used configurations of social vulnerability
indices: deductive, hierarchical, and indicative structures. Deductive methods
commonly contain fewer than ten indicators that are normalized and aggregated into an
index. Hierarchical designs have employed approximately 10-20 indicators, separated
into sub-indices that share the same underlying dimension of vulnerability. Finally, the
inductive configuration starts with a large number of indicators (20 or more) that are
reduced to a smaller set of factors using a principal component analysis PCA.

The literature about the SOVI index recognizes two different types of studies in
terms of temporality: longitudinal (over time with different zones) and transversal (once
ex-post in case of natural catastrophe). In the longitudinal perspective, the objective is
to represent trends in vulnerability in different zones and over time (Tate 2012). An
example of this line is the study presented by Bronfman et al. (2021) who explore the
spatial and temporal variations of social vulnerability in Chile over the last two dec-
ades using census data in the SoVI Index for 2464 districts across the country for 1992,
2002 and 2017. In developed countries, another example is the study on the differential
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contributions of the constituent components of the Vulnerability Index over time in the
Greater Houston metropolitan area in the USA (Park and Xu 2022).

This longitudinal perspective has allowed the identification of some persistent
disadvantages (mobility or disability, ageing, and family structures, and recently migratory
conditions). Still, it recognizes that there is an important limitation in the changing
composition of small area populations related to the spatial and temporal interaction of
different factors behind social, urban and economic changes in different contexts. A major
challenge remains the ability to understand the dynamic nature of social and environmental
risks over time. A Social Vulnerability Index used to measure the social vulnerability of
a place using the same data, in the same place, may provide different results because of
changes over time. (Goodman et al. 2021) modelled 28 sociodemographic variables from
the American Community Survey in 4162 census tracts in Florida and concluded that
the results obtained did not support the theory-driven vulnerability pillars because many
of those variables showed little or no variability, limiting their explanatory power. In
conclusion, there is a limitation detected for longitudinal studies coming from the great
spatial heterogeneity that varies or affects the results and their expansion over time, being
therefore essential to pay more attention to the changing contexts of social vulnerability
(Bronfman et al. 2021; Goodman et al. 2021; Park and Xu 2022; Spielman et al. 2020).

Moreover, the transversal perspective of the case studies provides important evidence
but also shows that a detailed SOVI index would always require a better understanding of
the causal relationships between risk and social vulnerability in the specific contexts of
both dimensions, which makes it challenging to generalize social measures across contexts
(Goodman et al. 2021; Scheuer et al. 2011).

One of the best examples of transversal studies is Flanagan et al. (2011), which used a
social vulnerability index (SVI) with 15 variables at the census tract level to explore the
impact of Hurricane Katrina on local populations. The database was the 2000 U.S. Popula-
tion and Housing Census, which, it is worth noting, offers many more variables than the
Chilean census. The SVI was studied in terms of correlation with death records obtained
from the Louisiana Office of Public Health and included data collected by the Hurricane
Katrina Disaster Mortuary Operational Response Team. The Katrina case study illustrates
that the elderly were particularly vulnerable during this event (Flanagan et al. 2011).

Another example is presented by Mengal et al. (2021), who apply a social vulnerability
index for Gwadar district, Pakistan, for imminent earthquake and tsunami hazards at the
level of 16 villages. A social vulnerability index map compared to the seismic-tsunami haz-
ard maps allows the identification of communities living in at-risk areas. The overall results
confirm the social and economic disparities between villages and reflect differential vulner-
ability to natural hazards at local and regional scales. An important case of settlements
with historic values affected by seismic destruction is the 2003 Bam (Iran) earthquake,
which caused the death of more than 43,000 people and left more than 60,000 homeless,
where women and children were especially affected. This case reveals that before the earth-
quake, there was a rapid growth of the poor population associated with the construction of
slums and precarious housing in the heritage zone. This highlights the lack of preventive
studies to define emergency programs (GeoBytesGCSE 2007).

Beyond the contributions and limitations of the studies discussed above, we must con-
clude that social vulnerability recognizes types of communities, households or individuals
that experience disproportionately negative outcomes following natural disasters. However,
many doubts have arisen about the generalizability of social vulnerability measures, largely
due to variations in socioeconomic and demographic characteristics over time and across
regions (Goodman et al. 2021; Mengal et al. 2021).
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Clearly, it is important to highlight the design of policy responses that use integrated
social and environmental vulnerability efforts. There is an important need for programs
aimed not only at mitigating damage after it has occurred but also at designing preventive
policies and promoting strategic spatial planning in areas at risk. Although it is true
that emergency programs tend to be a focus area for studies on vulnerability and natural
disasters in international literature trends, it should be noted that urban regeneration is a
line of public intervention with strong growth especially focused on urban heritage areas
where there is a significant risk both from a social and building vulnerability point of view.

In fact, the Historic Centre of the city of La Serena is a case where there is some
experience in emergency programs after disasters and it is also an important place for urban
regeneration policies that could be strategic to prevent or reduce vulnerability. Emerging
regeneration policies coordinate programs for infrastructure, public spaces, housing and
local economic and environmental development, seeking a comprehensive improvement of
the state of conservation and planning of neighbourhood-scale urban areas guided by an
objective image of their heritage and urban potential. This modality of actions initiated
in cities of OECD countries has gained strong emphasis in Latin American countries,
promoted by multilateral organizations such as the IDB and UN-Habitat. Its evaluation
shows the key importance of comprehensive information systems that guide selective
action at a disaggregated territorial scale, combining physical actions in line with social,
economic and environmental situations.

In Chile, the National Urban Development Policy has explicitly recommended and
prioritized the integration in the management of social vulnerability indicators with
indicators of exposure to vulnerability due to risks associated with the use of buildings in
a poor state of conservation and safety. Likewise, concerning urban heritage, it highlighted
the need to establish differentiated levels of restriction (use or destination) and intervention
(structural modification) for urban heritage at all territorial scales of protection (CNDU
2017, 2019, 2021).

3 Seismic hazard: seismicity in the study area

Chile is one of the most seismically active countries in the world, where large earthquakes
have occurred in the past and will certainly occur in the future. It is located on the west-
ern edge of the South American plate, where the Nazca and Antarctic plates converge and
generate subduction zones (Fig. 1). Large subduction earthquakes with seismic moment
magnitudes (Mw) close to or greater than 9.0 are referred to as mega-earthquakes because
of their high hazard and destructive capacity (Contreras and Winckler 2013). The speed of
convergence between the Nazca and South American plates in front of Chile varies between
6.5 and 7 cm per year. However, in the contact region between the two plates, there is no
relative displacement; both plates are locked together. The convergence is always continu-
ous, generating an elastic deformation that, when it reaches its limit, activates the contact
and generates large earthquakes (Barrientos 2010).

The coastal zone of Chile concentrates more than 25% of the energy released in seismic
form worldwide (Cisternas 2011). Figure 1 shows the 15 largest earthquakes that occurred
in Chile over the last 200 years. They correspond to earthquakes with a magnitude equal to
or greater than 7.7 Mw. The size of the earthquake (magnitude) is proportional to the area
of the zone that was able to move and how much it moved (CSN 2013).
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Fig.1 Seismicity in Chile (Processed from www.csn.uchile.cl), Coquimbo region (IV Region) and case

study

The Chillan earthquake of 1939 had the highest number of human losses in the history
of Chile, with 5648 fatalities, and the Valdivia earthquake, in 1960, entered history as
the most powerful earthquake ever recorded, with a magnitude of 9.5 Mw. Three major
earthquakes have occurred in recent years, the Maule earthquake in 2010, Iquique in
2014 and Illapel in 2015, all of which have generated a Tsunami, with the one in 2010
being the most destructive. Precisely, the 2015 Illapel earthquake is the seismic event with
the greatest moment magnitude that has occurred in the study area of the present paper
(Coquimbo Region; more precisely, the city of La Serena).

On September 16, 2015, the Mw 8.3 Illapel earthquake occurred in the Coquimbo
region (Fig. 1). The earthquake occurred on thrust faults along the boundary of the Nazca
and South American plates, at a depth of 22.4 km. It was immediately followed by tsunami
waves which caused severe damage to Coquimbo’s seafront. The run-up depth in the bay
was over 4.5 m and extended over a distance of ~500 m from the coast in some areas. The
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2015 Tllapel earthquake seems to have a rupture similar to the previous 1730, 1880 and
1943 events (S Ruiz and Madariaga 2018). In total, there were 13 fatalities and 6 missing
persons after the event, mostly due to the tsunami although an immediate evacuation of
over 1 million people likely greatly reduced the impact and casualties of the event. Despite
the reported observations of erosion and scouring in the coastal border, liquefaction of
loose soil deposits, settlement in bridge abutments, rock falls in steep road slopes, and
more than 7000 dwellings damaged (Candia et al. 2017), this earthquake produced limited
damage in modern civil infrastructure in the Coquimbo region.

Other significant earthquakes that have occurred in the Coquimbo Region are Punitaqui
in 1997 (7.1 Mw) and more recently Coquimbo-La Serena in 2019 (6.7 Mw). In the
1997 Punitaqui earthquake, an MKS intensity between VII and IX was identified in the
epicentre surroundings, almost 5000 adobe houses were destroyed, and about 15,700 were
damaged. In the city of La Serena, the intensity was less than VI, and the affected buildings
were less than 2% of the housing inventory, according to the 1992 census (Pardo et al.
2002). In the 2019 Coquimbo-La Serena earthquake, the epicentre was located 25.2 km
southwest of La Serena, where an intensity value of VIII IMM) was reported. At least 200
constructions suffered significant damage (Farias Vega 2019). This earthquake occurred
in the downgoing slab of the Nazca Plate and not on the interface between the two plates,
at a depth of 53 km. More details of this event can be found in Sergio Ruiz et al. (2019).
Consequently, the earthquakes that have occurred in the study area have been of both intra-
and interplate origin.

Regarding the damage observed during recent earthquakes, the effects of the 2015
Mw 8.3 Illapel earthquake were well-documented by different authors. Ferndndez et al.
(2019) assessed the damage using the MSK-64 macroseismic intensity scale adapted to
Chilean civil structures. 9317 dwellings were inspected, and 7285 of them showed some
degree of damage. As expected, adobe and masonry constructions were the most affected
by the earthquake. Candia et al. (2017) reported the main observations related to the
built environment along the coasts. The tsunami waves generated during the 2015 Illapel
earthquake caused moderate to severe damage to vital infrastructure in some cities of the
Coquimbo region. The main observations can be summarized as follows: spread erosion
and scouring in the borderline, liquefaction of loose sand deposits, settlement in bridge
abutments, the response of gravity retaining structures, and several cases of rockfalls in
steep road cuts. Another post-tsunami survey was conducted by Aranguiz et al. (2016).

In Chile, like in other countries, meaningful seismic resistance standards have been
established following significant earthquake events. After the 1960 earthquake, the devel-
opment of the first anti-seismic design standard for buildings, NCh 433, became official in
1972 (NCh 433.0f 72—Earthquake Resistant Design of Buildings, 1996). This standard
establishes seismic zones according to the distance from the subduction zone between the
Nazca and South American plates (Fig. 1). In zone 3, where the study area is located, it is
expected that structures will be subjected to greater seismic stress in a given time frame.
The highest stresses are in the coastal zones—with values up to 0.54 g—and decrease as it
approaches the Andes Mountain range, down to a minimum of 0.22 g (CSN 2016).

The adoption of this standard led to the abandonment of the constructions in raw earth
technique since it only considers reinforced concrete, steel, reinforced masonry, and wood
buildings. This situation left unreinforced masonry constructions of adobe, stone, and
rammed earth, which represent most of the country’s heritage buildings, unregulated.

According to data from the Inventory of Immovable Cultural Heritage (DA-MOP 2000),
more than 40% of the heritage buildings that existed in Chile until that date was built on raw
earth, mainly adobe. But, in the absence of a structural strengthening and reconstruction
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standard in force, many of them were lost. Following the 2010 post-earthquake emergency,
the standard NCh 3332: Intervention Standard for Heritage Constructions of Raw Earth
(2013) was developed. Its objective was to standardize damage assessment methods, guide
the interventions of earthen heritage buildings in the reconstruction stage, and improve
their structural safety conditions.

4 Background collection, inspection procedure and database

Before the fieldwork, a database was created by assigning a code (related to census entities)
to the blocks and to each of the buildings within the study area. For the selection of the
study area and definition of architectural typologies, different bibliographic sources were
carefully analysed (Contreras Vergara 2018; Kanno and Torres 2020; Marquéz de la Plata
1979). In addition, images and reports of 2019 post-earthquake damage to the buildings
in the historic centre were requested from the Council of National Monuments. This
information allowed confirming details regarding, for example, the type of construction
materials and the quality of the connections between the facade walls and the orthogonal
structures, walls, floors and roof. The data to assess social vulnerability were obtained from
the latest available census corresponding to the year 2017, carried out by INE—National
Institute of Statistics, Government of Chile.

The fieldwork was carried out between November 2021 and January 2022. All
buildings in the study area were externally assessed in situ to collect the necessary data for
calculating vulnerability indices using a detailed checklist developed for this purpose.

The two-page survey begins with a general description of the building, including, for
example, the number of floors and type of use. The following section identifies the loca-
tion of the building within the block, its interaction with other buildings and the morphol-
ogy of the site where it is located. Then a detailed description of the facade, dimensions,
characteristics of the openings and presence of non-structural elements is provided. The
materiality of the vertical and horizontal structural elements and their state of conservation
is then identified. Finally, questions associated with vulnerability and fire risk assessment
of each building are formulated, the results of which will be shown in future work. Figure 2
displays an example of the inspection form survey used in this work.

In the post-fieldwork stage, a multi-purpose tool connected to a relational database
within a GIS environment was used to facilitate the visualization and analysis of the
results. The GIS application software (QGIS 3.16) represents each block and building by
its footprint to plot the results of the assessment.

5 The Historic Centre of La Serena
5.1 Selected study area

The city of La Serena has one of the most important and oldest historic centres in the coun-
try, founded in 1544. It was declared a national monument—TYypical or picturesque zone
category (Decree No. 499, 1981) by the Council of National Monuments (CMN)—to pre-
serve and protect the typical characteristics of a traditional Chilean city, such as its primi-
tive urban layout and architectural style. The historic centre, one of the largest protected
areas in the country, has a surface area of 170 hectares. Its urban layout, common to other
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Fig.2 Seismic vulnerability and fire risk information survey form

South American colonial cities, was planned by applying the Roman grid (in particular,
the 6 by 6 Spanish urban blocks) promoted by the Laws of the Indies issued by the Spanish

Crown (MVM 1973).

The selected study area has a surface area of 87 hectares, which for simplicity of anal-
ysis and data collection, was subdivided into four zones (Fig. 3b). It corresponds to the
first limits of territorial occupation and has the oldest and most representative buildings
of the various architectural typologies of the historic centre. Originally, about 80% of the
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Fig. 3 a Map of La Serena 1713, Frezier Frezier (Marquéz de la Plata 1979); b Historic centre of La Serena
and study area

buildings were for residential use. It is currently considered a heritage neighbourhood with
mixed land use, with a high presence of commercial areas, and only 40% of the buildings
have residential use (CMN 2010).

Zone 1 corresponds to the foundational blocks. The main government institutions,
museums and banks are located here. There are large houses that originally occupied 1/8
of the block; nowadays, they are used for schools and commercial and services buildings
mainly. Zone 2 has a strong commercial character since the colonial market, currently
known as La Recova, is located in this zone. In both areas, there is a great diversity of
economic and productive activities, which is reflected in a high pedestrian and vehicular
flow and a high floating population during the day. Zones 3 and 4 correspond to areas that
keep their original residential function; nowadays, approximately 70% (1274 out of 1857)
of the total population of the study area is concentrated here (INE 2017).

5.2 Building characterization

The study area is composed of 1255 buildings, 636 (51%) of them correspond to traditional
masonry buildings and 619 (49%) to reinforced concrete or other modern structures, which
were not considered in this analysis since “modern” buildings are out of this study’s scope.
However, it is worth mentioning that a large percentage of these buildings have a high her-
itage value as they represent the urban renewal period between 1948 and 1952, known as
“Plan Serena” (Fig. 4).

In the group of traditional buildings in the study area, two highly representative archi-
tectural typologies can be recognized, which are related to a specific building period and
social context. These are i) Colonial derivation typology (until 1840) and ii) Classical
derivation typology, which is divided into two styles, Classical (1830-1860) and Classical
Serenense (1850-1880) (Fig. 5).

In terms of materiality and volumetry, the two typologies keep the characteristics
of the traditional Chilean house, present in various historic centres of the country,
mainly from the Atacama to Nuble Region. They are mainly 1-storey, with regular L or
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Fig.5 a Colonial Typology (Photo: Daniel Contreras); b Classical derivation typology: Classical (Photo:
Marta Carvajal Alvarez); ¢ Classical derivation typology: Classical Serenense

C-shaped floors, with the rooms aligned around 1 or 2 courtyards, the main volume has
a gable roof aligned toward the street, and the dwellings are in aggregation, forming a
continuous fagade that originally completed the block. Like most traditional buildings
in Chile, the buildings under study have load-bearing adobe masonry facade walls. The
most used adobe block measures 60 X 30 X 10 cm and is laid in the header bond. In order
to reach greater heights and keep a slenderness ratio between 1:8 and 1:7, the walls
increase up to 90 m in thickness (Fig. 6a), measurements that arise from the modulation
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a) b) c)

Fig. 6 a Different thicknesses of the walls with 60x30x10 cm block size; Mixed timber structure b filled
with adobe laid on rowlock stretcher bond; ¢ Adobillo

of the block (Rivera 2017). The buildings increased in height using timber framing
filled with adobe laid on rowlock stretcher bond (Fig. 6b) or adobillo (Fig. 6¢).

(i) Colonial derivation typology (CO)

Although Colonial buildings are characterized by an austere design, some recurrent
structural, functional and ornamental elements can be recognized, such as the stone
arched doorways (located in the main access of the building, generally in a centric
position on the main facade and the cornerstone pillar (which fulfils the function of
allowing double access to the commercial areas and at the same time supporting the
masonry above (Fig. 5a). Most of the buildings observed have large spacing between
openings, which sometimes do not coincide in height. Above the openings, there is
typically a wooden lintel made of four or more pieces (aligned to cover the width of the
wall) with the ends embedded in the adobe masonry.

Correspond to one-storey structures with adobe load-bearing walls without embed-
ded timber reinforcement. The colonial settlement was a homogeneous set of construc-
tions contiguously arranged and mutually interconnected. The connection between the
facade and the orthogonal walls is made through the interlocking of adobe bricks in the
intersections. For this reason, original masonry structures presented good connections
between the main-adjacent facades and the facade-orthogonal wall. Nevertheless, the
urban growth process resulting from the real estate boost installed over the last 30 years
has led to heavy changes in the internal spaces of these structures, which, in turn, have
resulted in structural discontinuities on the original buildings and urban blocks. These
alterations, with inadequate or null repair interventions after past earthquakes, have
direct implications on the seismic performance of modified URM buildings, leading to a
larger risk of local collapses due to the activation of out-of-plane failures in the case of
poor connections between walls and parts of them (Fig. 7a).

The roof structure is made of king trusses and a collar tie, originally covered with
wooden tiles and an eave overhanging the line of the fagade, an effective solution to pre-
vent rainwater from filtering into the adobe walls and maintain the quality of the masonry.
The main seismic vulnerabilities observed in colonial-style structures are the absence of
ring-beam at the top of walls which would avoid concentrated roof loads and allow their
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a) b)

Fig.7 a Poor interlocking connection of the adobe bricks at intersections; b impulsive nature of the roofing
structure

correct distribution (Fig. 7b); the lack of adequate gables-top of walls connections; and the
presence of large and heavy masonry spandrel which overloads timber lintels.

(ii) Classical derivation typology (CL)

Classical style buildings are one- or two-storey, usually maintaining the spacing
between openings of the colonial style, but with more regularity in size and height. In
the corner, the ochavo is used to replace the corner pillar. In the classical Serenese style,
greater symmetry and height are applied to the facade. It also increases the height of the
openings and decreases the spacing between them.

The singe-storey buildings have adobe masonry walls with timber elements inserted
at the lintel level and along the top of the facade walls (ring beam) and at each cor-
ner (corner key). This traditional seismic resistant technique—a “ladder” placed hori-
zontally in the wall thickness—provides effective connections among orthogonal
walls (Fig. 8a). Exploiting the mechanical properties of wood, timber ring beam, and
corner key in adobe walls improve their out-of-plane bending capacity and in-plane
shear resistance (Misseri et al. 2020; Tolles et al. 2002). The failure of woodworking
joints—hooked scarf (the connection between wooden horizontal elements, joining two

) Pl @ 4 ,b) % s 9

Fig.8 CLd typology: a corner wall; Traditional timber joints: b hooked scarf and ¢ halved joint (Photos:
Nuria Chiara Palazzi)
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members end-to-end in Fig. 8b and halved (joining two orthogonal members by remov-
ing material from each at the point of insertion so that they overlap in Fig. 8c joints—
are one of the main seismic weakness of this mixed wooden-earth system when sub-
jected to the seismic motion (Misseri et al. 2020; N.C. Palazzi et al. 2021). In fact, the
link failure determines the propagation of vertical and diagonal cracks along the entire
height of the wall and the activation of out-of-plane mechanisms.

The load-bearing system of the upper floors is typically made of a mixed structure
of masonry and timber. The timber structure is composed of pillars (cross-section piers
with 0.15x0.15 m?) spaced between 40 and 60 cm braced with diagonals filled with
earth bricks. Post-earthquake crack patterns have generally shown that mixed timber
and earth structures trigged local mechanisms and partial collapse of adobe or adobillo
due to poor links with wooden piers and masonry blocks (Fig. 9a).

The horizontal diaphragms observed are made of timber. The floor structure is
composed of beams placed over a primary ring beam of the first-floor adobe walls
(Fig. 9b). No metal connectors were identified between timber pieces and the adobe to
improve their connection, so it is assumed that the buildings have flexible diaphragms
with a weak connection to the wall.

In this study, the roof structure is considered to have an impulsive nature, as most of
them have a slope of more than 30%, and despite the existence of beams at the top of the
adobe wall, it is not always possible to ensure the existence of the collar beam, as the
continuity of these is usually interrupted by the lateral adobe gables (Fig. 10a).

In the classical Serenese period, the use of carpentry gables, balustrades and cornices
as fagade terminations was widespread. In many buildings, the rainwater system was con-
cealed behind wall cladding (lime or concrete) and large wooden cornices. Due to the dif-
ficulty in maintaining the rainwater gutters, there is a high probability of water penetrating
the wall, causing erosion of the adobe blocks and decay of timber elements (Fig. 10b),
which facilitates cracking and decreases the strength of the structural system. This problem
also occurs in buildings that present architectural style renovations with the popularization
of the Art Deco style after 1930. This incorporated heavy parapets (made by timber frame
infill of adobe laid in rowlock stretcher bond), which have a high propensity for out-of-
plane collapse due to their lack of connection with the fagade and the impulsive nature of

Fig.9 a Timber frame infill with Adobillo; b Timber floor structure. Images captured after the 2019 earth-
quake

@ Springer



Natural Hazards

Fig. 10 a Impulsive nature of the roof; b Eroded adobe facade of CL Serenense style; ¢ Adobe erosion in a
refurbished building (Photo: Daniel Contreras)

the roof. Figure 10c displays the partial collapse of two facades that occurred after a heavy
rainfall event in July 2022.

6 Seismic vulnerability and damage scenarios

As previously mentioned, the assessment of the physical vulnerability was performed by
adopting the vulnerability Index method proposed by (Ferreira et al. 2017b). The applica-
tion of this method involves the evaluation of 13 parameters (Table 1), which assess the
vulnerability response of fagades based on the individual evaluation of their geometric,
mechanical and conservation characteristics. The parameter weightings used in this meth-
odology are based on both experimental results and observed damage scenarios.

Each parameter is given a class, Cy;, of increasing vulnerability, A (0), B (20), C (20)
and D (50). The [}, can be then obtained by the weighted sum of the 13 parameters, each
one of them affected by a weighting factor, p,, which depends on the relative importance

Table 1 Vulnerability Index with the associated parameters’ classes and weights

Parameters Class,C,; Weight, p; Relative weight

A B C D

20 50 0.50 16.7/100
20 50 0.50
20 50 0.50
20 50 0.50
20 50 0.25
20 50 2.00 31.5/100
20 50 2.00
20 50 0.25
20 50 2.00 33.3/100
20 50 0.50
20 50 2.00
20 50 0.50 18.5/100
20 50 —2.00

P1 Facade wall geometry

P2 Wall slenderness

P3 Area of wall openings

P4 Misalignment of wall opening

P5 Interaction between adjacent facade walls
P6 Masonry quality

P7 State of Conservation

P8 Replacement of the original floors

P9 Connection to orthogonal walls

P10 Connection to horizontal diaphragms
P11 Impulsive nature of roofing system
P12 Non-structural elements

S O O OO0 o o o o o o o o
[V IR, LV, I, IV, B B T Y Y Y BV B

P13 Improving elements
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of that parameter, Eq. (1). For ease of use, the vulnerability index is usually normalized
to range between 0 and 100; the lower its value, the lower the seismic vulnerability of the
facade wall (Ferreira et al. 2017b).

13
Iy =) Cyxp (D)
i=1

Although this methodology has already been widely applied in several geographies,
the application to adobe masonry buildings in Latin American countries is still scarce. To
reduce the uncertainly in the vulnerability results obtained for Chilean buildings, it became
necessary to slightly adapt the vulnerability classes, integrating the recommendations of
the Chilean standard (NCh 3332, 2013)—Structural Design—Retrofitting of Historic Earth
Buildings—Requirements for the Structural Design Planning. This standard establishes
the minimum requirements to be fulfilled by a structural project for the intervention,
renovation, recovery, strengthening, restoration, rehabilitation, or structural consolidation
of earthen constructions with heritage value. Recommendations from Peru’s National
Building regulations, technical norms (NTE.080, 2017) and other studies are also
considered. The modified parameters are presented in Appendix 1.

6.1 Application of the vulnerability index methodology

The adapted fagade vulnerability assessment method was applied to 718 fagades on 630
buildings in the historic city centre of La Serena. The compilation of the data and analysis
of the parameters yields the distribution of classes (A to D) in each parameter (Fig. 11).
Although the parameters were assessed by experts and through direct observation, this type
of analysis is not free of inaccuracies and uncertainties. Assigning classes of some of the
vulnerability parameters can sometimes be a complex task because the structural elements
to be assessed are not always available for visual inspection. Figure 11 shows that some
parameters have a lower and an upper vulnerability bound. This variation is mainly due to
the level of uncertainty in the construction characteristics of the buildings that cannot be
clearly assigned to one of the three predominant architectural typologies of the study area
(Colonial, Classical or Classical Serenese).

Table 2 includes the uncertainty scale used in this analysis. This scale represents the
quality of the information to answer each parameter. Parameters with a high level of

100% o I - - .
80% I I
60% D
40% mC
=B

Influence (%)

20%
A
0%
Fixed LB UB Fixed Fixed Fixed LB UB Fixed LB UB LB UB LB UB LB UB Fixed Fixed

Pl P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 PI3
Parameters

Fig. 11 Vulnerability index distribution of the building stock: Histogram and normal distribution
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information correspond to data easily acquired in situ that do not allow assumptions to
be made (stable classes). Parameters that are collected through information deduced from
photographs or according to architectural typology are of moderate information quality.
Finally, for parameters with no information available, the lower and upper limits are con-
sidered as class A and D, respectively.

Figure 11 shows that, for Parameter P4, Misalignment of openings, about 29% (205)
of the facades are inside class D. The majority of those (179) are due to the presence of
openings greater than 1.5 m wide, of which approximately half are extensions in width, due
to conversion from residential to commercial use. In P6, Masonry quality, 88% (634) of
the fagades are assigned a class C at the lower boundary, corresponding to adobe masonry
laid on header bond and good quality mortar and 7% (47) class D. At the upper bound,
buildings with art deco style updates with signs of deterioration are considered as class
D, increasing the number of class D buildings to 17% (120). The nature of the roof, P11,
is one of the parameters classified according to architectural typology. At a lower limit,
86% (620) of the buildings are class C, corresponding to rehabilitated Colonial or Classical
derivation buildings, with a roof of impulsive nature and the presence of a perimeter beam
at the top of the wall. As a conservative measure, buildings without a clear architectural
typology are assigned to class D. As for P12, which measures the presence of non-
structural elements, 30% (218) have heavy elements on the facade, mainly parapets and
balustrades, and are classified as Class D. Finally, in P13, Improvement elements, only
11% of the facades present structural strengthening actions, these correspond to integral
structural consolidation projects approved by the CMN, following the recommendations of
NCh 3332 (2013).

6.2 Seismic vulnerability results

The histogram resulting from the analysis for the lower (LB) and upper (UB) bounds are
given in Fig. 12. A mean LB seismic vulnerability index, /,; c,,, 0Of 36.28 was obtained.
The minimum value of the vulnerability index is 9.07, and the maximum value is 85.19.
The associated standard deviation value, oy, is 11.11. About 15% (107) of the fagades
have a vulnerability index over 45. With respect to the upper bound, the mean UB seismic
vulnerability index is Ivf,mean, is of 41,64, the minimum value is 9.07, and the maximum is
88.52. The standard deviation value Oy obtained for this distribution is 13.55, with about
40% (284) of the facades having a vulnerability index value greater than 45.

After the vulnerability index of each facade, I;“/., is obtained, it is possible to estimate
the expected mean damage grade, u; according to different macroseismic intensities.

35%

. 30% Lower bound frequency
»%" 25% Upper bound frequency
2 20%
g 15% % %
o . W)
< 10% W N o=
" NN % % NN
— B R N —_—
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\Qf"\ I\Q\ ,\G’\ 5\9\ 5‘?\ %Q\ ?;7\ P‘Q\ Pb\ bg\ bb’\ ,‘00\ ,@\ i\b\ ﬁa’\ %Q\ 90%\ 9Q\ 9%\ \QQ\
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Vulnerability Index, I,

Fig. 12 Histograms with the distribution of the vulnerability index values
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Equation (2) correlates the seismic hazard with the mean damage grade (0 < pj, < 5) of
the damage distribution in terms of vulnerability value (Ferreira et al. 2014):

ﬂD=2.51+2.5Xtanh<1+5-252\/—11,6> o
V = 0.592 +0.0057 X I}, 5

eV/2><(1—7)’I <7

FV.D) = { Is7 4)

where 7 is the seismic hazard, originally based on the European macroseismic intensity
scale (EMS-98). In this study, the Modified Mercalli Intensity (MMI) scale is used, which
has a direct equivalence with the EMS-98, according to (Musson et al. 2010). Equation (3).
relates the vulnerability index (I;‘,f) obtained through Eq. (1), to the Vulnerability index
(V) used in the macroseismic method and in determining the mean damage grades ().
A correction factor is determined by the function f(V,I), which is introduced when the
seismic intensity / is lower or equal to 7, see Eq. (4).

The ductility factor Q is associated with the ductility of a certain constructive
typology—ranging from 1 to 4. In previous application of this methodology in Portugal
and Italy, this value was assumed to be 2.5 or 3.0 for unreinforced stone masonry buildings
(Bernardini et al. 2007; Ferreira et al. 2017b; Vicente et al. 2011). The Chilean standard
NCh 433, however, establishes that the ductility of the building is related to a variable R,
a response reduction factor that for masonry buildings is given by Eq. (5), whose value
should be taken as 2.0 for any non-specified structure or material, as is the case of adobe.
Accordingly, a ductility of O = 2.5 was considered in this research.

R=+20-1 &)

To simplify the interpretation, the mean damage grade (uj,) can be related directly to
a discrete damage grade (D,), as per (Griinthal 1998). This relationship can be associated
with a Damage Factor (DF), which represents the cost necessary to return the building to
its original undamaged state. The correlation can be approximated by Eq. (6), proposed by
Bramerini et al. (1995) (Fig. 13).

Hp =5 x DE*® (©6)

The correlation between discrete damage grades (D)), damage factor (DF), mean
damage grade (y,), and the definition of damage modified to facade walls by Ferreira et al.
(2014) is given in Table 3.

Once the seismic vulnerability of each facade has been characterized, the damage distri-
bution is estimated for different macroseismic scales. Using Eq. (2), vulnerability curves are
plotted considering three values of the vulnerability index distribution (Fig. 14): the mean
value and the upper and lower range Limits (1, mean = 20 1¢30,1 mean3lyf mean T 20 1p)-

Figure 14 shows the damage distribution obtained for the representative macro-
seismic intensities from Iy, = VItoIX, for the average values of the upper and lower
vulnerability bound. In general, the average damage of the facades, at the lower bound,
increases by one degree of damage with increasing macroseismic intensity. For the
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Fig. 13 Global vulnerability distribution: a LB; b UB. Fagade walls with /,, values over 45: ¢ LB; d UB

earthquake scenario of Iy, = VI, about 83% of the fagades present nor or slight dam-
age (D,); for Iy = VII, about 90% of the facades present moderate damage (D,); for
Iynvr = VIII, 85,5% present severe damage (D;); and for Iy, = IX, the majority of
the facades, about 68,4%, present very severe damage (D,). The upper limit of vulner-
ability also shows a uniform variation for Iy;, = VI, VIIandVIII The majority of the
facades (between 60 and 70%) increase by one level of damage as the macroseismic
intensity increases. The only exception is for the scenario of Iy, = IX where, for the
upper limit of vulnerability, about 43% of the facades could present very severe dam-
age (D,) and 50% could collapse (D). Figure 15 shows the spatial distribution of the
mean damage grade values for /,;,,, = VI and IX, obtained for the upper bound of vul-
nerability, i.e., considering the most conservative scenario.
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6.3 Fragility curves

The fragility of buildings is related to their seismic vulnerability, which can be quantified
by means of fragility curves. Fragility curves are the graphical representation of the beta
cumulative distribution function of the probability of reaching or exceeding different states
of damage under a given seismic intensity (Federal Emergency Management Agency
(FEMA), 1999). The discrete probability, P(Dk) = d, can be derived from the difference of
cumulative probabilities, P, [Di > d] , applying Eq. (7).

P(Dy =d) = Py[D; 2 d] - Pp[Dyyy 2 d] @)

Figure 16a shows the fragility curves obtained for the lower (/,; ycanrp = 35,61) and
upper (; meanyg = 41.64) limit mean vulnerability distribution. In a seismic scenario of
intensity VIII, there is a probability that between 80 and 85% of the fagades will show
severe damage (D5), such as the appearance of large diagonal cracks, significant cracking
in parapets or generalized detachment of plaster.

The probability of some fagades collapsing can be directly represented by the damage
Ds, as indicated in Eq. (8). where P(DS) is the probability of the facade wall reaching the
damage grade Ds.

Pcollapse = P(D,) (8)

Figure 16b depicts the collapse probability curves for three vulnerability distribution
values (1 mean = 20 1630, meanyf mean + 20,) for the LB and the UB seismic vulnerability
index. It shows that at macroseismic intensity/pn, = VIII, the maximum probability of
collapse is around 15% of the fagades. If the mean vulnerability values are considered,
the probability of total collapse is very low, showing less than 2% for both limits (LB
and UP). For proper emergency disaster management, it is important to consider the
high probability of facades that could present severe (D;) and very severe (D,) structural
damage (see Fig. 16a), which represent the risk of a partial collapse of elements with the
possibility of harming people at the assessment stage. At intensityl,, = IX, the values
increase, showing a probability of collapse of 15-20% between the LB and UB. And
for intensitylj, = X, the probability increases considerably, showing a probability of
collapse of between 55 and 61% of the facades.

— —8 — - LB_mean+25td De

P collapse
o

N

v VI Vil VI IX X XI XII \% VI Vil VIl 1X X XI X1
I MM I MM

Fig. 16 a Fragility curves obtained for /,; ..n 5 and /¢ 1ncunp5; b Probabilities of collapse for different vul-
nerability index values
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7 Characterization of the social vulnerability

The conceptual definition of social vulnerability proposed by Wisner et al. (2004) is
adopted in this work. According to these authors, social vulnerability is understood
as the set of characteristics of a person or group and their situation that influences their
capacity to anticipate, cope with, resist and recover from the impact of a natural hazard (an
extreme natural event or process). In other words, social vulnerability is determined by the
characteristics or attributes that increase the likelihood of a population suffering regressive
effects in the face of a hazard and their capacity to recover from it.

The selection of variables associated with social vulnerability should be based on
key social indicators of the specific regional and social context. In the US, the literature
provides examples of studies using several domains that form the basis of the SVI,
including census data on (i) Socioeconomic Status (income, poverty, employment and
education); (ii) Household Composition/Disability (including age, single parenthood and
disability); (iii) Minority/Language Status; (iv) Housing (housing structure, overcrowding)
and (v) Transportation (access to vehicles). In the case of Chile, the 2017 Census database
is accessible but does not include many of the domains listed above. In addition, it is also
important to mention that we consider that the use of data on housing structures included
in the census does not apply as an indicator of social vulnerability for this study because it
duplicates or repeats data on building vulnerability.

Demographic characteristics are an important indicator for all phases of risk, from
compliance with evacuation rules during an event to long-term recovery success after
the event, as socially vulnerable people are more likely to die in a disaster and less
likely to recover after it (Juntunen 2006). The index presented here selected only five
variables (Table 4) for simplicity over the defined human population groups and for
internal independence between them (less statistical intercorrelation, in other words). The
description of the variables is mainly based on (Cutter et al. 2003).

Indicators were selected on the relative importance of women in the population,
dependent population (under 15 and over 64), indigenous people and international migrants
(foreign population), all of which have a positive relationship with social vulnerability,
except for the active or working age population (15-64), which has a negative association.
In all these variables, there is a strong association between poverty and social vulnerability
according to household surveys in both Latin America (CEPAL 2022) and Chile
(MIDESO/PNUD 2021).

The idea that disasters are gender-neutral phenomena (Fordham 1998) has been over-
turned for the past 20 years by including the effects of gender stratification and women’s
experiences in disaster research and social vulnerability analyses. It remains a reality that
women earn less and have increasingly precarious jobs. At the same time, they are a key
yet invisible presence in household management, especially in poorer regions (de Araujo
Pinheiro 2020). This leaves them with fewer resources for recovery. Moreover, in the evac-
uation stage, in many cases, the priority is to protect the people in their care, such as chil-
dren and the elderly (Villarreal and Meyer 2020).

According to a study presented by Sanchez-Gonzédlez and Egea-Jiménez (2011), the
degree of social vulnerability in old age is expressed through fragility and defencelessness
in the face of natural and anthropic risks, physical and psychosocial alterations in the habit-
ability of the surroundings of the home and neighbourhood (modifications and deteriora-
tion of the environmental context), social transformations (loss of family and social net-
works of informal help) and cultural transformations (functional illiteracy associated with
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Table 5 Example of the social vulnerability index (SVI) calculation

Component name % Active population (—) % Ethnicity (+)
Minimum value 33.33 0.00

Maximum value 85.18 15.38

Range (Max—Min) 51.85 15.38

Interval (divided into 3 SVI Levels) 17.28 5.12

SVI levels Rating Range Range

High 1.0 33.33-50.61 10.26-15.38
Moderate 0.6 50.61-67.90 5.13-10.26
Low 0.2 67.90-85.18 0.00-5.13

problems of use and access to the Internet); institutional helplessness in retirement through
the absence of pension, health insurance and dependency cover, among other factors.

In relation to ethnicity, indigenous people and international immigrants are the groups
with the highest association with extreme poverty status, and children and adolescents
in terms of age as well. It is important to clarify that poverty rates by gender depend on
location, age and family structure. In the case of the older population, the poverty rate
is also heterogeneous. However, during the last decades, it is growing on average. Both
groups have mobility restrictions compared to men and younger people, which affects
their mobility options. Finally, the working-age population (discounting vulnerable groups
by gender, age and ethnicity) is clearly less vulnerable before, during and after natural
disasters.

To obtain the index, the same procedure described by the National Centre for Disaster
Prevention of the Government of Mexico—CENAPRED—is used (IMTA 2015).
First, coverage percentages were obtained according to census data (Table 5). From
the percentages of each variable, the maximum and minimum values were identified to
determine the range between them. Subsequently, the range is divided by the number of
categories in which the vulnerability condition is demarcated (high, moderate and low in
this study). Thus, the value that will define the range of each vulnerability level is obtained.
Finally, once the indicators have been classified, they are assigned a score ranging from
1.00 (High Vulnerability) to 0.20 (Low Vulnerability).

7.1 Application of social vulnerability index

The social vulnerability assessment method was applied in the 51 blocks that comprise the
study area. The results are shown in Fig. 17a. As can be seen in the figure, four blocks pre-
sent a high social vulnerability. These blocks also have a high female index (over 50% of the
population) and people with some degree of dependency (i.e., people under 15 years old and
over 64 years old). There are 34 blocks with moderate social vulnerability, most of them with
a female population of between 15 and 36% and a high percentage of immigrant population.
Finally, eight blocks show a low level of social vulnerability. In general, those have a high
working population, between 70 and 80% and low rates of dependents, between 15 and 18%.
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8 Multi-vulnerability assessment and risk management prioritization

Since the social vulnerability data are at the block level, it was necessary to find a common
unit of analysis; thus, the results of the social vulnerability index were crossed with the aver-
age value of the seismic vulnerability results obtained in each block. The seismic vulnerabil-
ity is associated with the seismic damage distribution estimated for an intensity Ijy,, = VIII,
considering the upper boundary. As shown in Fig. 17a, 42 out of 51 blocks present a level of
damage that, on average, corresponds to D5, whereas three blocks present a level of damage
corresponding to D,, on average. Six out of the 51 blocks present a level of damage corre-
sponding to D, or D), as a result of the reduced presence of URM buildings in those blocks.

The results of social and physical vulnerability were processed through a prioritization
matrix shown in Table 6. Five levels of prioritization are established: “Neglectable”, “Low”,
“Moderate”, “High”, and “Extreme”. This prioritization scale is useful to identify the most
vulnerable zones in the study area and facilitate decision-makers addressing human and eco-
nomic resources in disaster mitigation. The results of the matrix are shown in Fig. 17b.

The results show that two blocks present negligible priority as a result of a low physi-
cal and social vulnerability. They are located in the central part of the study area, in a zone
with a high commercial vocation, meaning that most buildings are new or have been sig-
nificantly changed. No adobe masonry buildings can be anymore found in this area. Eight
blocks were identified with low priority. They are located in the central area (3) and scat-
tered toward the edges of the study area. Like in the previous case, most of these blocks
present a high presence of commerce and equipment. In addition, 29 blocks have a moder-
ate priority level. Finally, ten blocks have a high priority. These high-priority blocks are
located toward the edges of the study area, mainly in areas recognized for their high level
of deterioration. None of the blocks in the study area presents extreme priority.

Some general considerations on the priority scale are described below:

— Extreme priority (High PV+High SV): these are blocks that combine buildings
whose facades can potentially suffer partial or total collapse and high social vulner-

" Social Vulnerability Index
Clow

I Extreme

Moderate [ High
[ High 1888 (v focus)
3 (sv focus)
Mean damage grade
per block_UB Moderate
IMM=VITT &5 (Only PV)
D1 = oy sv)
D2 [ Low
: 03 Neglectable
D4
0 00 200m @
e —
a) b)

Fig. 17 a Social vulnerability index map crossed with the mean degree of damage per block in an earth-
quake scenario of intensity VIII; b Priority map in case of an earthquake
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ability, i.e., people that may have difficulties in responding to the emergency (reduced
mobility, concern for dependents) or a weak recovery capacity due to low availability
of economic resources. There is an urgent need to prioritize structural diagnostics for
the implementation of structural strengthening and facade maintenance training for the
community.

— High priority: PV focus (High PV +Moderate SV): blocks with buildings whose
facades can potentially suffer partial or total collapse and the population presents a
moderate level of social vulnerability. The partial or total collapse of the facade walls
can lead to death or serious injury to people, as well as the obstruction of access routes
for emergency vehicles. The priority level is reduced as people are more able to assess
or recover from a disaster. SV focus (Moderate PV +High SV): blocks with build-
ings whose facades can potentially present severe level of damage, i.e., large diagonal
cracks; significant cracking of parapets; masonry walls may present noticeable separa-
tion of diaphragms; widespread detachment of plaster, which could also cause damage
to people walking on the street and collapse of rescue and evacuation routes. People can
find shelter in safe areas within their dwellings. Due to the high average social vulner-
ability, inhabitants may present difficulties during the evacuation process and do not
have the resources to recover their property, resulting in the accumulation of damage
and weakening of fagades in the face of possible aftershocks.

— Moderate priority (Moderate PV +Moderate SV): many facades can potentially
present severe damage D5, whereas the population has a moderate social vulnerability.
In practice, this means that people may need help in the emergency and recovery
stages but not as a priority. PV only (High PV +Low SV): these correspond to blocks
with buildings whose facades can potentially suffer partial or total collapse, but their
inhabitants have a low level of social vulnerability. Investments should be made in the
seismic retrofit of the buildings to reduce potential seismic damages. VS only (Low
PV +High SV): most of the facades in the block can potentially present slight or
moderate damage, i.e., in general, punctual cracks, particularly around openings, and
localized detachment of wall coverings (plaster, tiles, etc.). The social vulnerability of
people is high, so they may have difficulty in repairing minor damage that may increase
in future earthquakes.

— Low priority (Moderate PV +Low SV | Low PV +Moderate SV): blocks that combine
buildings whose facades can potentially suffer severe damage and a population with
low social vulnerability. Thus, people could have the economic resources to seismically
retrofit their houses or repair them in case of a seismic event. This category also
includes blocks where most of the fagades can present slight or moderate damage in
the case of a seismic event and are inhabited by a population with a moderate level of
social vulnerability.

— Neglectable (Low PV +Low SV): The average damage of the facades is D, i.e., is
expected to be neglectable or minor, and the social vulnerability of the community is
low. Damage can be very localized and include light cracking with low repair costs.

9 Final remarks
Historic urban centres have characteristics that make them particularly vulnerable to natural

disasters, especially seismic shaking. A large percentage of historic centres are built with
unreinforced masonry or mixed structures of earth-filled timber. The seismic deficiencies
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of these buildings are due to the poor quality of the materials used and poor construction
practices, associated with poor connections between structural elements, out-of-plane wall
collapses, in-plane shear failures and poor workmanship and maintenance (Ortega et al.
2017). However, disaster is not only a result of the interaction of the hazard with the built
environment but also a result of the community’s ability to cope with the emergency.

In historic urban centres, the inhabitant population often presents high levels of social
vulnerability, and public interventions generally do not combine construction actions
with social programmes at the block and neighbourhood scale, preferring selective
rehabilitation of dwellings. This study presents the application and combination of two
index-based methods for the assessment of physical and social vulnerability in a historic
centre in Chile. The application of the facade seismic vulnerability index method and
its adaptation to the building typologies present in the case study allowed the definition
of some new parameters specific to the study area. The historic centre of La Serena
is representative of the historic urban centres of Chile, so this adaptation makes it
possible to replicate the assessment in many historic centres in the country, such as the
Metropolitan Areas of Valparaiso and Santiago.

The application of the vulnerability assessment method for fagcades made it possible
to obtain vulnerability curves through which it was possible to obtain the expected level
of damage for different macro-seismic intensities. As a representative example, it is
shown that for a macroseismic intensity Iy, = VIII, there is a probability that between
85% (LB) and 71% (UB) of the facades will present severe damage D;. Between 8.1%
(LB) and 23% (UB) present damage D, (very severe) and between 0.7% (LB) and 1%
(UB) of the fagades could collapse completely Ds. It is important to note that special
care should be taken with buildings with a mean damage grade greater than 3.5, as this
could mean falling facade elements which could injure people and/or block traffic lanes
for emergency vehicles.

The social vulnerability index presented selected five variables present in the
2017 census database. The application of a social vulnerability assessment method
and subsequent cross-checking with the results of physical vulnerability through a
priority matrix made it possible to identify the areas with the greatest vulnerability
to earthquakes. This work facilitates the allocation of resources to mitigate the
vulnerability of historic centres, which is often scarce and the design of regeneration
programs that combines social, constructive, and urban complementary projects.

The development of such a database for different historic centres in Chile could help
to reduce the uncertainty of the state of conservation and general condition of Chile’s
immovable cultural heritage considering the socio-demographic profiles of the popula-
tion involved.

Appendix 1

See Table 7.
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