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Abstract

Chile is a country affected continuously by large-scale seismic events, including those that occurred during
the 2014 (Iquique, M =8,2) and 2015(Illapel, M =8,3) earthquakes. Estimating the impact of earthquakes
on structure inventories can support the development of risk reduction strategies. Previous events are
helpful for calibrating risk models and contribute to understanding the consequences of earthquakes. It
should be noted that empirical data are available to estimate future damage in Chile. The objective of
this study is to estimate the empirical fragility curves of reinforced concrete, reinforced masonry, adobe,
and timber houses using damage information from the 2014 and 2015 earthquakes. The fragility curves
were estimated using three Intensity Measures (IM) to identify which IM was better correlated with the
observed damage and which fragility curves better adjusted the observed data using the Akaike Index
Criteria value. These IMs were obtained from shake maps by the United States Geological Survey (USGS)
and were used as the Intensity Measure Type (IMT) to express ground shaking. The methodology used has
three steps: (1) organize the damage observed for the 2014 and 2015 earthquakes according to the Hazus
damage scale (slight, moderate, extensive, and collapse); (2) consider IM are: the Peak Ground Acceleration
(PGA), Peak Ground Velocity (PGV), and Spectral Acceleration at a period of 0.3 seconds (S,(0.3)); and (3)
estimate the empirical fragility curves using a Generalized Linear Model with Probit as Link function. The
obtained results indicate that, for the analyzed houses, S (0.3) is the IM that correlates better with the
observed damage. A better adjustment of fragility curves for observed damage was obtained using PGA for
reinforced concrete and reinforced masonry houses, and for adobe and timber houses, using PGV.
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Introduction

Damage datafromthe 2014 and 2015 earthquakes were obtained from a database compiled
by the Ministry of Housing and Urbanism (MINVU), which was complemented by the exposure
model developed by Santa Maria et al. [1] to estimate non-damaged houses. Figure 1 shows the
rupture zones and regions affected by the two earthquakes. The assessment of earthquake-
induced damage was conducted utilizing the Hazus damage scale, which delineates four
distinct damage states: slight, moderate, extensive, and collapse. Each structure was assigned a
damage level based on the repair cost ratio, defined as the proportion of repair costs relative to
the building’s replacement cost, as established by Hill & Rossetto [2]. The damage classification
thresholds employed in this study are as follows: slight damage (S) corresponds to a lost cost
repair of less than 20%, moderate damage (M) to less than 50%, extensive damage (E) to
less than 100%, and collapse (C) when the repair costs equal 100% of the lost cost repair.
Additionally, structures with no damage (N) are characterized by a lost cost repair of 0%. This
methodology provides a standardized framework for evaluating structural damage severity,
facilitating consistent and comparable assessments across different structures and scenarios.
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Figure 1: Affected regions after the 2014 and 2015 earthquakes and their associated rupture characteristics.

Damage data from the 2014 Iquique earthquake was obtained from
a database compiled by MINVU. This database contains housing
information regarding 1,218 reinforced concrete, 7,034 reinforced
masonry, 366 adobe, and 467 timber-damaged houses (N, located
in the two regions affected by the earthquake, as highlighted in
Figure 1 (Regions I and XV). According to the exposure model
developed by Santa Maria et al. [1], 96,469 houses are located in
thisregion (N, ). Therefore, this database with damage information

represents 9,42% of the total inventory of houses. These houses
have one or two floors and are between 45m? and 55m? It is
important to note that this information is self-reported, which
means that victims of the earthquake reported damage directly to
MINVU. The database provides a comprehensive overview of the
distribution of reinforced concrete and timber houses, as detailed
in Table 1. Additionally, Figure 2 illustrates the data segmented by
MINVU and the study conducted by Santa Marfa et al. [1].

Table 1: Damage information of houses by building class as a result of the 2014 earthquake.

Houses Per Damage State (%)
Taxonomy N, N,. N,/N..
N S M E C
Reinforced
1,218 14,008 0.087 91.30 5.44 2.85 0.34 0.06
Concrete
Reinforced
7,034 62,216 0.113 88.69 6.92 3.55 0.69 0.14
Masonry
Adobe 366 1,434 0.255 74.48 8.58 13.46 2.02 1.46
Timber 467 18,811 0.025 97.52 1.61 0.71 0.14 0.02
Heinforced concrete Adobe
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Figure 2: Geographical distribution of houses for the 2014 earthquake (regions I and XV).

The damage assessment data for houses following the 2015
earthquake was sourced from a comprehensive database maintained
by MINVU. This database encompasses detailed records of 1,418
reinforced concrete houses, 2,165 reinforced masonry structures,
3,848 adobe dwellings, and 1,249 timber houses affected in the
Coquimbo region. According to the exposure model developed by
Santa Maria et al. [1], the total number of houses in this region was
estimated at 201,402, indicating that approximately 3.69% of the
housing stock experienced damage during the seismic event. The

affected houses predominantly feature one or two floors and have
an area ranging between 45 and 55 square meters. It is noteworthy
that the damage reports are self-reported by residents, which may
introduce some degree of reporting bias. The data presented in
Table 2 provides a detailed breakdown of the number of reinforced
concrete and timber houses within the database. Additionally,
Figure 3 illustrates the distribution of damage reports as compiled
by MINVU and the estimates provided by Santa Maria et al. [1],
offering a comparative perspective on the impact assessment.
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Table 2: Damage information of houses by building class as a result of the 2015 earthquake.
Houses Per Damage State (%)
Taxonomy N, N,. N,/N..
N S M E C
Reinforced
169 21,460 0.008 99.21 0.35 0.11 0.26 0.06
Concrete
Reinforced
2,165 1,31,383 0.016 98.35 0.94 0.4 0.23 0.08
Masonry
Adobe 3,848 18,055 0.213 78.69 3.05 3.68 6.44 8.15
Timber 1,249 30,504 0.041 95.91 2.57 0.48 0.45 0.59

Reinforced conerete

Reinforced masonry

® Mo-damaged houses #r Damaged houses

Figure 3: Geographical distribution of houses for the 2015 earthquake (region IV).

The analysis indicates that in both seismic events, structures
constructed with adobe material experienced the most significant
damage. Conversely, buildings utilizing reinforced concrete and
timber materials demonstrated comparatively lower levels of
damage, with reinforced concrete being associated with the
least damage among the materials studied. These observations
highlight the importance of material selection in seismic-resistant
construction, emphasizing the superior performance of reinforced
concrete and timber in earthquake-prone regions.

Ground Motion Intensity

Peak ground motion parameters, including Peak Ground
Acceleration (PGA), Peak Ground Velocity (PGV), and Peak
Ground Displacement (PGD), are frequently employed as Intensity
Measures (IM) in empirical fragility and vulnerability assessment
studies. These parameters serve as quantitative indicators of
seismic impact on structures, facilitating the evaluation of potential
damage. In addition to these, spectral acceleration (S ) and spectral
displacement (S,) at the fundamental vibration period are also
utilized as intensity measures. However, their application is less
prevalent in practice, as noted in studies such as Rossetto et al.
[3]- Among the various IMs, PGA and spectral acceleration at the
fundamental period (S,(T)) are the most commonly adopted for
the development of fragility curves, as evidenced by research from
Suzuki et al. [4,5]. However, it is important to recognize that these
measures do not necessarily exhibit the strongest correlation
with observed structural damage, highlighting the need for
comprehensive assessment approaches that consider multiple
parameters and contextual factors for accurate vulnerability
evaluation.

The selection of Intensity Measures (IMs) for estimating fragility
curves in this study was based on their availability and reliability.
The primary IMs considered were Peak Ground Acceleration (PGA),
Spectral Acceleration at 0.3 seconds (S, (0.3)), and Peak Ground
Velocity (PGV). These measures were chosen due to the accessibility
of comprehensive recordings and the extensive USGS ShakeMaps,
as documented by Worden & Wald [6]. The raw ground shaking
data, published by the United States Geological Survey (USGS), are
publicly accessible through their official website (USGS Earthquake
Hazards), providing detailed point-by-point intensity measure
values for various seismic parameters. To facilitate spatial analysis,
the point-based IM data were interpolated using Geographic
Information System (GIS) software, specifically QGIS (Open-Source
Geospatial Foundation project, https://qgis.org). This process
generated continuous IM fields across the study area, enabling
more precise spatial correlation with structural damage data. The
interpolated IM values were then assigned to individual buildings,
both damaged and undamaged, based on data from the MINVU
damage database and exposure models developed by Santa Maria
et al. [1], respectively. This methodology ensures a comprehensive
and spatially resolved assessment of seismic intensity, which is
critical for accurate fragility curve estimation and seismic risk
analysis.

The earthquake that occurred off the northern coast of Chile
on April 1, 2014, was characterized by a magnitude of M =8,2.
The event’s epicenter was situated in the offshore region near
Iquique and Pisagua. This seismic activity was significant due to
its high magnitude and the potential for widespread impact in the
region. The USGS provided detailed information and generated
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intensity maps, as illustrated in Figure 4, which depict the spatial
distribution of seismic intensities associated with this earthquake.
On September 16, 2015, other significant seismic event with a
magnitude of M =8.3 was recorded off the coast of Coquimbo, in
northern Chile. This earthquake’s epicenter was located offshore,
contributing to its potential for widespread impact. The event was
characterized by intense seismic activity, as documented by the
USGS. Figure 5 illustrates the intensity Maps results derived from
data published by the USGS, providing a detailed visualization of the
seismic wave propagation and ground displacementassociated with
this earthquake. These maps are instrumental in understanding the
spatial distribution of seismic intensity and the extent of ground
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deformation caused by the event. The provided Table 3 illustrates
the Pearson correlation coefficients (p), as detailed in Equation 1,
across various taxonomies and IM. The analysis indicates that the
highest correlation (the value near to 1 or -1) value was achieved
using the parameter S, (0.3) for reinforced concrete and timber
residential structures. This suggests a significant relationship
between the specified parameter and the structural performance
of these building types, highlighting its potential relevance in
structural assessment and design considerations.
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Figure 4: (a) PGA, (b) PGV, and (c) Sa (0.3) maps of the 2014 earthquake.
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Figure 5: (a) PGA, (b) PGV and (c) Sa (0.3) maps for the 2015 earthquake.

Table 3: Pearson correlation for each IM.

Taxonomy Intensity Measure p
PGA 0.906
Reinforced Concrete PGV 0.912
S, (0.3) 0.969
PGA 0.751
Reinforced Masonry PGV 0.846
S, (0.3) 0.891
PGA 0.800
Adobe PGV 0.922
S,(0.3) 0.933
PGA 0.831
Timber PGV 0.763
S,(0.3) 0.970

The analysis indicates that the highest correlation of the IM
is consistently observed with S (0.3) across all material types.

Conversely, the lowest correlations are identified with PGA in
reinforced concrete, reinforced masonry, and adobe structures,
while PGV exhibits the weakest correlation in timber constructions.
These findings suggest that S, (0.3) serves as a more reliable
predictor of seismic intensity across diverse building materials,
whereas PGA and PGV demonstrate limited applicability depending
on the structural composition. Such insights are critical for refining
seismic risk assessments and improving the accuracy of structural
response predictions in various construction contexts.

Fragility Curves

Fragility functions serve as essential tools in assessing
the likelihood that a structural component, element, or entire
system will sustain damage under specific demand conditions.
These functions are typically expressed as a probability relative
to a single predictive demand parameter, such as story drift or
floor acceleration, which are critical indicators in seismic risk
assessments [7]. In the context of earthquake engineering, the
derivation of fragility curves often relies on the assumption that
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earthquake-induced damage distributions can be modelled using a
cumulative standard lognormal distribution function. This approach
is favoured due to its mathematical simplicity and effectiveness
in capturing the inherent uncertainties associated with both
structural capacity and seismic demand [8,9]. The fundamental
premise is that the structural capacity and seismic demand can be
represented as independent and identically distributed lognormal
random variables. This assumption facilitates the formulation of
the fragility function, which mathematically is expressed as follows:

E(D)=<D[ln(2f9i)j )

where F (D) is the conditional probability that the component

wsn

will be damaged to a specific damage state “i” or a more severe
damage state as a function of the demand parameter D, ® denotes
the standard normal cumulative distribution function, 6, Is the
median value of the probability distribution, and f, Denotes the
logarithmic standard deviation, shown in Figure 6. The fragility
curves estimated in this study were derived using Generalized
Linear Models (GLM). This method can be used to obtain both
analytical and empirical fragility curves. GLM is commonly used for
the regression analysis of discontinuous data. GLM are a variation
of ordinary linear regression in which the predictor variable is

linearly related to the response via a link function [3,9].
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Figure 6: Diagram to calculate the empirical fragility
curve of damaged houses at DS dg: linear piecewise

curve F,; and lognormal fragility curve F,.

The GLM is made up of three parts: (i) a conditional probability
distribution of the exponential family, (ii) a linear predictor, and
(iii) a link function through which the linear predictor is related to
the response [10]. A generic GLMs g(u) can be expressed as follows

g(u)=a+Xlpx,=n (3

where p is the expected response, a is a constant, x, and p,
are the i-th predictor variables, N is the number of data, and 7
is the linear predictor, which is related to the expected response
through the generic link function g(m), in this case, the function
Probit as link function. In this paper, Equation 3 reduces to a
single independent variable (typically, a logarithmic relation) and
two linear coefficients (@, £), and p is the expected probability
of exceeding a particular Damage State (DS). Then, the fragility
function is developed as

P(M) =g (a+Blog(1M)) (4)

The procedure for fitting a GLM entails estimating the model
coefficients that optimize the likelihood function, which is
formulated based on the assumptions regarding the conditional
distribution belonging to the exponential family. This process
involves applying statistical techniques such as maximum likelihood
estimation to determine the most appropriate parameters that
describe the relationship between the dependent variable and
the independent variables within the specified distributional
framework. The fitting process ensures that the model accurately
captures the underlying data structure, facilitating reliable inference
and prediction. Another critical point is to analyses whether it is
possible to determine which model provides the optimal fit to the
data. The Akaike Index Criteria (AIC) by Akaike [11] is a goodness of
fit statistical based on the log-likelihood function with adjustment
for the number of parameters estimated [3,12]. The regression
model that provided the optimal fit to the data was the model with
the smallest AIC value. The AIC values are presented in Table 4. The
AIC is defined as

AIC = -2 xlog (likelihood) + 2% (number of parametel”) (5)

Table 4: AIC values for different house types.

Reinforced Reinforced
Adobe Timber
Concrete Masonry
PGA 19,590 1,42,339 76,946 29,718
PGV 19,688 1,46,359 67,995 28,011
5,0.35) 20,968 1,95,402 71,567 36,755

The analysis of the data presented in Table 4 indicates that the
most accurate adjustment of fragility curves, based on observed
damage, was achieved using PGA for reinforced concrete and
reinforced masonry structures. Conversely, for adobe and timber
constructions, PGV provided a more precise correlation. PGA
serves as a critical indicator of the force exerted on structures,
particularly effective in predicting potential damage to stiff, short-
period buildings such as low-rise concrete or masonry structures.
High PGA values typically correlate with increased likelihood of
structural damage in these types of constructions due to their
resonance with high-frequency seismic waves. PGV provides a
more comprehensive assessment of the energy and displacement
demand placed on structures, especially in more flexible buildings
like timber and adobe structures. PGV is often a better predictor of
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damage in these cases because it accounts for the displacement and
energy transfer that can cause structural failure. Timber possesses
a high strength-to-weight ratio, making it considerably lighter than
traditional materials such as concrete and steel. This characteristic
reduces the overall mass of the structure, which is particularly
advantageous in seismic regions. Since seismic forces are directly
proportional to the mass of a building, lighter structures inherently
experience lower inertial forces during seismic events, thereby
enhancing their safety and resilience. Tall or light-framed timber
structures exhibit greater flexibility and possess a longer natural
vibration period. This flexibility allows such buildings to endure
significant deformations without experiencing structural failure.
During seismic activity, flexible buildings can absorb and dissipate
energy more effectively, reducing the risk of damage and increasing
their ability to withstand earthquakes [13].

The structural characteristics of adobe construction reveal
a combination of flexibility and vulnerability. Adobe, a dense and
brittle material, exhibits low tensile strength, which influences
its overall seismic performance. Traditional, adobe structures,
particularly those of low-rise design, tend to respond with a degree
of flexibility due to their construction methods. The use of mud
mortar joints and the absence of rigid confinement systems allow
these structures to undergo some deformation under seismic
loads, especially in historical or traditional buildings. This inherent
flexibility results in a longer natural period compared to modern,
stiff concrete structures of similar height, which can influence
their dynamic response during seismic events. However, despite
this flexibility, adobe structures are inherently vulnerable to
displacement and damage during earthquakes. Their low ductility
and limited resistance to tensile stresses make them susceptible
to large displacements caused by ground motions with longer
periods. Common failure modes include wall separation [14],
out-of-plane failures, and cracking, which can compromise the
structural integrity of the building. These vulnerabilities highlight
the importance of reinforcement and modern seismic design
considerations when preserving or retrofitting adobe structures
for improved resilience against seismic forces.

These findings suggest that the selection of seismic intensity
measures should be tailored to the specific construction materials
and structural types to enhance the reliability of damage prediction
models. Implementing such differentiated approaches
significantly improve seismic risk assessments and inform more

can

effective mitigation strategies across diverse building typologies
[15]. The Figure 7 shown the fragility curves derived through
this methodology for various construction materials, including
reinforced concrete, reinforced masonry, adobe, and timber
structures. These curves are presented in relation to different
seismic intensity measures: PGA as shown in Figure 7.a, PGV
as shown in Figure 7.b, and S, (0.3), as shown in Figure 7.c. The
analysis provides a comprehensive understanding of the structural
vulnerability across different building typologies, facilitating
improved seismic risk assessment and mitigation strategies.
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Figure 7a: Fragility curves for reinforced concrete,
reinforced masonry, adobe, and timber houses using
PGA as intensity measure.
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Figure 7b: Fragility curves for reinforced concrete,
reinforced masonry, adobe, and timber houses using
PGV as an intensity measure.
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Figure 7c: Fragility curves for reinforced concrete,
reinforced masonry, adobe, and timber houses were
obtained using S (0.3) as the intensity measure.

Conclusion

This study delineates the development of empirical fragility
curves for various typology houses, including reinforced concrete,
reinforced masonry, adobe, and timber structures. The analysis
employs key seismic intensity measures such as PGA, PGV, and
S,(0.3). Data utilized for the derivation of these fragility curves
were obtained from post-earthquake surveys conducted following
the 2014 and 2015 seismic events, complemented by ShakeMaps
sourced from the United States Geological Survey (USGS) website
[16]. The methodology involves the application of a generalized
linear model using probit function as link function, facilitating the
estimation of damage probabilities across different structural types.
These fragility functions are particularly applicable for assessing
the damage potential of one- or two-story residential buildings
with floor areas ranging from 45 to 55 square meters, providing a
valuable tool for seismic risk assessment and mitigation planning.

The analysis of the relationship between IMs and observed
structural damage was conducted using the Pearson correlation
coefficient. The results indicated that S_(0.3) exhibited the highest
correlation with observed damage levels, suggesting its superior
effectiveness in predicting damage outcomes. Consequently,
fragility curves developed using S (0.3) as the IM demonstrated
enhanced accuracy in estimating the number of damaged structures.
Additionally, the study found that for reinforced concrete and
reinforced masonry houses, PGA provided the best fit for fragility

curves aligned with observed damage data. Conversely, for adobe
and timber structures, PGV emerged as the most appropriate IM
for accurately modelling fragility curves. These findings underscore
the importance of selecting suitable intensity measures tailored to
specific structural types to improve damage prediction models and
inform seismic risk assessments.

Looking ahead, ongoing research efforts should focus on
exploring diverse methodologies aimed at enhancing the accuracy
of structural number estimations. Such continuous work is
essential for refining analytical models and improving predictive
capabilities within this domain. Future studies should prioritize
the development of innovative techniques and the integration of
advanced computational tools to achieve more precise and reliable
results, thereby contributing significantly to the advancement of
structural analysis and related fields. It is imperative to enhance the
speed and efficiency of updating the exposure model to ensure it
accurately reflects current structural data and relevant parameters,
such as materiality and number of floors. An effective exposure
model must incorporate the latest information to support precise
risk assessment and decision-making processes. In the context of
this research, the existing exposure model is deemed appropriate
because it was constructed using data corresponding to the same
period as the earthquakes under investigation. However, this
model’s applicability diminishes for events occurring after 2017,
highlighting the necessity for continuous updates to maintain its
relevance and accuracy in post-2017 seismic scenarios.

In the context of seismic risk assessment, the current research
primarily focuses on the development of fragility curves specific
to houses. While these curves provide valuable insights into
the vulnerability of houses, there is a critical need to extend this
analysis to encompass a broader range of building typologies.
Empirical fragility curves for various building types are essential
for accurately estimating potential structural damages within urban
environments, thereby enhancing the precision of risk evaluations
and informing mitigation strategies.

Regarding seismic hazard mapping, the generation of GMPEs
tailored to the seismic characteristics of Chile is imperative.
The selection of an appropriate IM significantly influences the
reliability of hazard assessments. This research highlights S (0.3),
derived from USGS data, as the most correlatable IM with observed
damage in residential structures. However, current GMPEs
available for Chile predominantly utilize PGA as the IM, which may
not fully capture the seismic demand relevant to structural damage.
Therefore, developing and calibrating GMPEs that incorporate
spectral acceleration, or other relevant IMs will improve the
accuracy of seismic hazard assessments and support more resilient
urban planning and construction practices.
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