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Abstract: This study develops empirical fragility curves for concrete and masonry buildings in
Haiti, utilizing data from the 2021 earthquake. A dataset of 3527 buildings from the StEER database,
encompassing a diverse range of building types, is used. These buildings types include reinforced
concrete structures with masonry infills, confined masonry buildings, reinforced masonry bearing
walls, and unreinforced masonry bearing walls. Shakemaps from the USGS are utilized to assess the
earthquake’s intensity at each building, with the peak ground acceleration (PGA) as the intensity
measure. Damage is classified into five distinct states: no damage, minor, moderate, severe, and
partial or total collapse. For each of these states, the corresponding probabilities of exceedance are
calculated, and log-normal cumulative distribution functions were fitted to those data to produce
empirical fragility curves. The results show a notable similarity in performance among the four
types, each having high probability of failure even under low-intensity earthquakes. Total fragility
curves (including all four building types) are developed subsequently and they are convolved to
the probabilistic seismic hazard map of Haiti to assess the seismic risk. This includes estimating the
annual probability of partial/total collapse and the probability of partial/total collapse in the event of
475-year and 2475-year earthquakes. The results indicate a significant risk, with up to 64% probability
of collapse in certain areas for the 2475-year earthquake and a probability of collapse of 15% for
a 475-year earthquake. These findings underscore the critical vulnerability of Haiti’s buildings to
seismic events and the urgent need for their retrofit.

Keywords: empirical fragility; reinforced concrete; non-ductile design; shakemap; seismic hazard;
seismic vulnerability; seismic risk

1. Introduction

Haiti is located within a seismically active region at the boundary of the North Ameri-
can and Caribbean tectonic plates, as illustrated in Figure 1. There are many active faults in
this region, notably the Enquillo Plaintain Garden fault, which crosses the southern part of
the country and the Septentrional fault in the nothern part. These faults have historically
unleashed several devastating earthquakes, including the most recent ones in 2010 and
2021, which occurred near or on the Enquillo fault. The 2010 earthquake, with a magnitude
of 7.0, resulted in more than 220,000 fatalities, the collapse of over 105,000 homes, and
an economic loss exceeding USD 7.8 billion [1]. However, the 2021 earthquake, with a
magnitude of 7.2, occurred near cities less densely populated than Port-au-Prince, leading
to over 2000 deaths and the collapse of 61,000 homes [2].

In response to these devastating earthquakes, researchers in earthquake engineering
have shown keen interest in evaluating and mitigating the seismic risk, focusing efforts on
understanding the hazards and building vulnerabilities that contribute to this risk. Several
scholars have focused on different aspects of research related to seismic hazard. Some have
dedicated their efforts to analyzing fault movements and partitioning [3,4], with the goal of
obtaining insights into the geological factors driving seismic activity. Concurrently, other
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researchers have concentrated on developing probabilistic hazard maps for Haiti [5], which
provide estimates for the Peak Ground Acceleration (PGA) and Peak Spectral Acceleration
(PSA) that can be expected across Haiti for earthquakes with return periods of 2475 and
475 years. Data from these maps were extracted to visualize the hazard curves in many
cities, as illustrated in Figure 2, which reveal that several regions are likely to experience a
PGA between 0.25 g and 0.83 g in the case of a 2475-year recurrence interval earthquake.
It is important to note that these hazard data were calculated assuming a firm rock site,
implying that the PGA could be higher for soil sites due to their amplification potential, as
shown by Ulysse et al. [6-8] and St-Fleur et al. [9].
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Figure 1. Geological map showing Haiti’s fault lines and locations of significant earthquakes [10].
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Figure 2. Hazard curve for major cities in Haiti.
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In addition to hazard understanding, the vulnerability of buildings is as a crucial
component in seismic risk assessment, with numerous earthquake reconnaissance studies
post the 2010 and 2021 earthquakes enriching the literature on this aspect [1,2,11-18].
Typically, the high vulnerability of structures is attributed to factors such as low-quality
materials, insufficient reinforcement in reinforced concrete members, non-ductile design,
and the fact that buildings were mostly designed for gravity loads but not for seismic and
horizontal loads. For instance, Desroches et al. [12] evaluated the compressive strength
of a typical Haitian concrete and found an average strength of 9 MPa, which is very low
compared to the ACI minimum recommended value of 17 MPa [19]. Miyamoto et al. [13]
also reported that construction deficiencies in Haiti include problems such as columns with
small dimensions (150 mm x 150 mm in some cases), low longitudinal reinforcement ratio,
the employment of smooth reinforcing bars, insufficient transversal reinforcement essential
for column confinement, and inadequate lap splices and rebar development length, along
with the presence of captive columns. The vulnerability of these structures was evident
in the significant damage they sustained, including widespread occurrences of pancake
collapses and soft-story failures. Figure 3 depicts the collapse of three buildings with
soft-story failures from the earthquakes in 2010 and 2021.

®» ©

Figure 3. Soft-story failure during the (a) 2010 and (b,c) 2021 earthquakes [1,2].

These previous studies on vulnerability have primarily focused on describing the me-
chanical insufficiencies of Haitian buildings. However, very few have focused into deriving
fragility curves or conducting statistical or finite element analyses that link earthquake in-
tensity to the level of damage expected. Following the 2010 earthquake, Hancilar et al. [20]
conducted a comprehensive study to develop fragility curves for buildings in Haiti. This
study utilized data from both remote sensing and field observations collected following
the earthquake. The remote sensing data analysis included 240,672 buildings, categorized
into four distinct zones: low-density built-up, medium-density built-up, high-density
built-up, and shanty zones consisting of informal constructions. The field data included
over 6000 buildings and were categorized by their number of stories and material types.
Earthquake intensities were evaluated using U.S. Geological Survey (USGS) shakemaps,
considering several intensity measures such as PGA, Peak Ground Velocity (PGV), and
Modified Mercalli Intensity (MMI). Molina et al. [21] also conducted an evaluation of the
vulnerability of typical structures by calibrating fragility functions. Their results were used
by a following study [22], which indicated that under certain scenarios, 45% of the buildings
in Port-au-Prince could sustain at least extensive damage. Although these previous studies
were instrumental in understanding the vulnerability of constructions near Port-au-Prince,
the 2021 earthquake has provided new data for buildings spread across less densely popu-
lated areas, such as Les Cayes and Jérémie. These new data are crucial for expanding our
understanding of seismic vulnerabilities in different geographical areas of Haiti. Therefore,
deriving new fragility curves using the 2021 data might offer valuable insights for buildings
in these regions. New empirical fragility curves could also be significant for assessing the
effectiveness of post-2010-earthquake reconstruction efforts and updated building codes,
and for updating existing fragility models.
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This study focuses on evaluating the vulnerability and seismic risk of concrete and
masonry buildings in Haiti. It achieves this by deriving empirical fragility curves from data
gathered following the 2021 earthquake and then convolving these curves with hazard data
to assess the seismic risk. The empirical fragility curves are derived using two datasets:
damage data collected post the 2021 earthquake by Structural Extreme Events Recon-
naissance (StEER) [2] and shakemaps provided by the USGS. From the StEER dataset,
3527 damage data points were utilized, encompassing four distinct classes of buildings.
Fragility curves were individually derived for each building type and subsequently ag-
gregated into a single class, which was then convolved with hazard data to evaluate the
seismic risk.

2. Empirical Fragility Methodology

Seismic fragility is a concept in earthquake engineering that measures the likelihood of
a building reaching or exceeding a certain level of damage under a specific seismic intensity.
There are several methods for deriving fragility curves, including expert opinion, analytical
approaches, and empirical studies [23]. Expert opinion relies on the judgment of experts
to establish a link between earthquake intensity and building damage. However, because
this method relies on judgment, it is widely subjective and could lead to unreliable results.
Analytical methods, conversely, connect damage to earthquake intensity typically through
the use of numerical models. These models simulate the behavior of structures under
seismic loads to predict damage outcomes. The analytical approach is extensively utilized
in deriving fragility curves, encompassing several key steps [24-27]: (i) developing Finite
Element (FE) models for the specific building types under investigation; (ii) selecting a com-
prehensive suite of ground motions to accurately simulate earthquake-induced shaking;
and (iii) performing non-linear time-history analysis. This analysis aims to establish a corre-
lation between the chosen earthquake intensity measure (IM) and the engineering demand
parameter, which is typically represented by the maximum interstory drift. One drawback
of the analytical approach is that its accuracy depends on the building models. Developing
models presents a trade-off between computational cost and accuracy, while sophisticated
models can significantly enhance result accuracy, they are often computationally expensive
and time-consuming. Conversely, simpler models, although more computationally effi-
cient, may compromise on accuracy, potentially leading to unreliable outcomes. Numerical
models typically model columns and beams without modeling the masonry since they are
fragile and can collapse under moderate shaking. For example, Laguerre et al. [28] delve
into the seismic behavior of Haitian reinforced concrete structures, employing FE models
in LS-Dyna [29] and OpenSees [30] to create fragility curves. Their study not only assesses
seismic performance but also evaluates retrofit strategies for enhanced structural resilience.
Notably, while their models exclude masonry walls, other research in the field incorporates
masonry into the modeling process for a more comprehensive analysis [31].

Unlike analytical fragility curves, empirical fragility curves are derived from actual
post-earthquake surveys, damage evaluations, and ground motion characterization, thus
reflecting the true response of structures to earthquakes. The empirical approach offers
valuable insights into the susceptibility of various structural stocks due to its statistical
nature, accounting inherently for uncertainties involved in a building class. Despite the
challenges in gathering comprehensive data, advancements in technology and data sharing
have made empirical fragility assessments more feasible in recent years. Once the data
is available, the process for creating empirical fragility curves involves multiple steps,
ensuring a comprehensive analysis from seismic activity to structural damage[32-35] as
shown in Figure 4:

1.  Characterization of ground motion: Data estimating the earthquake intensity across
the area studied are crucial. Shakemaps from the USGS are commonly used for that,
and the PGA is a typical parameter describing earthquake intensity;

2. Collection of building damage data: Gathering post-earthquake data of building dam-
age and defining different damage states are necessary. This usually involves detailed
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field inspections to understand the range of damage experienced by structures, then,
a damage state is assigned to each building;

3. Aggregation and analysis of data: For each building surveyed, the PGA correspond-
ing to the ground shaking at the location of this building during the earthquake is
evaluated using the shakemaps. The data is binned according to several PGA ranges,
and for each bin, the probability of experiencing various damage states is evaluated;

4.  Fitting of fragility curves: The empirical fragility curve is derived by fitting a log-
normal cumulative distribution function to the probability data points, establishing a
probabilistic connection between PGA and damage states.

Post-earthquake damage
data

Ground motion
characterization

Damage of Divide PGA range in
\ surveyed .| bins and determine .| Data fitting to
/ buildings on "| probability to reach "| lognormal CDF
shakemap damage states

Figure 4. Methodology for empirical fragility.

In this study, the implementation was carried out using Python [36], and the GeoPan-
das library, which facilitated the analysis of shakemaps and extraction of PGA values for
each surveyed building.

3. Damage States and Collection of Building Data

In Haiti, buildings are predominantly made of concrete and masonry [17,37]. Typically,
reinforced concrete is used for columns, while masonry serves as infill walls or bearing walls.
These buildings can be categorized into four distinct classes: RC frames with masonry infills
(RCF), confined masonry (CM), reinforced masonry bearing walls (RM), and unreinforced
masonry bearing walls (URM). This classification system was also utilized in the post-
earthquake analysis reports by StEER and others following the 2021 earthquake [2,38]. RCF
is characterized by RC beams and columns, with masonry walls that are not structurally
connected to the frame. Conversely, CM structures are characterized by masonry walls that
are tied to the columns. The structural differences between these two types, particularly
the bond between infill walls and RC columns, are illustrated in Figure 5, highlighting
the clear separation in infill masonry and the wall-to-column bonding preparation in
confined masonry.

@) (b) T ©

Figure 5. (a,b) Masonry infill vs. (c) confined masonry [39] (Source: Anna Lang).
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The construction sequence of these two types are also different [17]. In RCEF, the
columns are built before the erection of the walls. However, for CM, the walls are built
prior to the construction of the columns, leaving the space to pour concrete and tie the
wall to the masonry wall (see Figure 5c). If built properly, these two types are not expected
to behave similarly. In RCF, masonry walls are considered as non-strutural elements, but
in CM, masonry walls are expected to resist some amount of in-plane and out-of-plane
forces [18]. However, the construction quality of these structures can also significantly
impact their seismic performance. With a poor wall-column bond, the confined masonry
may not be as resistant as intended. In some reconnaissance studies after the the 2010
earthquake, some authors stated that there are no true confined-masonry structures, and
they refer to them instead as “wall-first” [18] as opposed to concrete and masonry infill,
which are “column-first”.

In load-bearing masonry wall structures, the masonry wall has also the function of
bearing gravity loads. The distinction between RM and URM lies in the integration of
steel rebars within the walls in RM, enhancing their structural integrity. However, these
types of structures typically lack adequate design considerations for withstanding seismic
loads. Often, these buildings do not incorporate ring beams, and their openings are not
adequately confined, which can compromise their stability during earthquakes [1,2,40].
While, in theory, the differences between these four categories are distinct, the reality often
shows otherwise. Poor quality control, tight budgets, and limited skills in designing for
seismic resistance often cause single-family homes to exhibit characteristics that make it
hard to categorize them strictly [41].

Following the 2021 earthquake in Haiti, StEER engaged in a comprehensive data
collection initiative, with the support of numerous local volunteers and engineers [2]. The
gathered data were subsequently integrated into the StEER database and made available
online [42]. Over 6000 structures were evaluated, covering a range of building types,
namely, the four types presented above and wood light frames (WL), wood with stone
frames (WS), and others classified as unknown [38]. It is essential to note the presence of
numerous historical buildings in Haiti, known as ‘Gingerbread houses’, constructed at the
turn of the 20th century—prior to the introduction of concrete in the country in 1914 [43,44].
These historical buildings consist of timber structures and URM bearing walls. However,
wooden structures are excluded for this study, and only the concrete and masonry types
(RCE, CM, RM, URM)) are considered. From the data regarding the URM structures, there is
no clear evidence that they are all historical buildings.

It is important to recognize also that biases may influence the data collection process.
Buildings that are heavily damaged or more easily accessible may be disproportionately
selected for assessment, potentially leading to an overestimation of the overall vulnerability
of the building stock. Additionally, the assessment of damage carries a degree of subjectivity,
as it relies on visual inspections. This subjective nature can introduce variability in the
evaluation of building damage, affecting the accuracy of the derived fragility curves.

Among the surveyed concrete and masonry buildings, 23.2% were RCEF, 41.4% were
CM, 24.2% were URM, and 11.2% were RM, as illustrated in Figure 6c¢. Five damage states
were considered: no damage, minor, moderate, severe, and partial or total collapse. The
classification criteria are presented in Table 1, and examples of visual representation of
each damage states are presented in Figure 7. The observed seismic damages of these
four categories vary slightly. As shown in Figure 6a, RCF buildings demonstrated a
relatively better performance with the highest percentages in minor damage and the lowest
in collapse. In contrast, URM buildings exhibited the highest vulnerability, with the lowest
percentages in no damage and the highest in severe damage. CM and RM buildings
displayed intermediate levels of damage, with CM having a notably higher rate of collapse
compared to RCE. Overall, the difference in the performance among the four building types
are not very significant, thus highlighting that regardless of the buildings type in Haiti, the
seismic vulnerability is generally high.
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Figure 6. Concrete and masonry buildings inventory: (a) damage states distribution by building type,
(b) damage states distribution by buildings” number of stories, (c) distribution by building type, and
(d) distribution by buildings” number of stories.

Table 1. Description of building damage states [45].

Damage State Description

No structural damage is observed, characterized by either an absence of damage
DSy No Damage .

or the presence of only slight non-structural damage.

. Minor cracking observed in infill walls, with negligible impact on the structure’s

DSy Minor . . .

vertical load-bearing capacity.
DS, Moderate Vlsll.ﬂe shear cracks. in walls, but the overall structural integrity for bearing

vertical loads remains mostly unaffected.

Significant damage to columns, impairing their force transfer capabilities and
DS; Severe . .

affecting vertical load support.
DS, Partial or Total Collapse  Either a portion or the entire building undergoes collapse.

Analyzing the performance of buildings by their number of stories revealed a notable
difference in their earthquake-induced damage levels. Single-story buildings, which are the
most common, as depicted in Figure 6d, showed a higher incidence of damage. Specifically,
85% of these buildings sustained at least minor damage, as illustrated in Figure 6b. In
comparison, two-story buildings and those with three stories or more exhibited lower
incidences of damage, with 72.3% and 75%, respectively, experiencing at least minor
damage. A noteworthy observation is that buildings with three stories or more had the
lowest rate of collapse, suggesting that taller buildings may possess certain structural
advantages or construction qualities that enhance their earthquake resistance, especially
compared to single-story buildings. Nonetheless, it is crucial to acknowledge that despite
these differences, all building types demonstrated significant vulnerability to earthquake.
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Figure 7. Building damage states: (a,b) minor, (c,d) moderate, (ef) severe, (g) partial or total
collapse [42].

4. Ground Motion Characterization

Ground motion characterization is a critical aspect of seismology and earthquake engi-
neering, aimed at accurately describing and quantifying the intensity of earth movements
during an earthquake. This characterization can be achieved through data collected from
instrumented stations, which measure the ground’s acceleration, velocity, and displacement.
In addition, subjective-assessment-based feedback about the shaking intensity can supple-
ment these data. The process also considers the influence of site characteristics, which can
amplify shaking due to a phenomenon known as the site effect, which is dependent on
factors such as soil type and topography. In the context of developing empirical fragility
curves, estimating ground shaking at the locations of surveyed buildings is crucial.

After the 2010 earthquake, Haiti started to develop a seismic network, a crucial step
in a broader effort to improve the nation’s seismic monitoring and resilience. While there
was a scarcity of instrumented stations recording the ground motion during the 2010
earthquake, stations recorded the ground motion during the 2021 earthquake. There were
seven USGS station operational with an epicentral distance of between 17 and 400 km [2].
One station from Ayiti-Seisme [46], recorded a PGA of 0.34 g while its epicentral distance
was approximately 25 km [2]. The instrumented stations data along with observations
and reports gathered via the “Did You Feel It?” (DYFI) system were used to evaluate the
earthquake intensity accross Haiti. These facilitated the generation of shakemaps by the
USGS, which included intensity measures like PGA, PGV, peak spectral acceleration (PSA),
and MML. It should be acknowledged that shakemaps also have inherent limitations. The
accuracy of these maps depend on the density of the seismic network. In regions with
sparse instrumentation, like Haiti, the interpolation of data points can lead to uncertainties
in the estimated intensities. Additionally, the reliance on subjective assessments of the DYFI
system introduces a level of variability that can affect the precision of the ground motion
characterization. The site effect, which significantly influences ground shaking intensity, is
another complex factor that shakemaps may not fully capture in detail, especially in areas
with heterogeneous soil conditions that are not well investigated.
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Latitude

PGA was the intensity measure utilized for developing fragility curves. Buildings in
the survey range from one to four stories, thus having their fundamental period approxi-
mately between 0.1 s and 0.4 s. For that range of short period structures, PGA correlates
better with the demand than other intensity measure such as the PGV or the peak ground
displacement (PGD) [47]. Figure 8 shows the PGA contours and the damages through-
out Haiti’s southern and eastern areas, as a result of the earthquake on 14 August 2021.
The PGA values varied between 0.01 g, indicative of minor shaking, to 0.78 g, reflecting
significant ground shaking.
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Figure 8. Damage to surveyed buildings on a shakemap [42,48].

The building damages are primarily caused by the 7.2-magnitude mainshock, which
was significantly stronger than the aftershocks, which reached a magnitude of 5.9 [2]. The
geographical locations of the surveyed buildings were superimposed onto the shakemap,
which enabled the identification of specific PGA values for each structure. Once PGA
values were obtained for each building, they were categorized into eight distinct bins.
Figure 9a,c,e,g show the histogram of the PGA values for each type of buildings. For each
of these bins, the probability of reaching each damage state was calculated as also shown
in Figure 9b,d f/h.

The observed trend showed that with higher PGA values, the probability of buildings
sustaining more severe damage increased. For instance, the RCF structures showed a higher
probability of collapse (27.5% and 24%) in the highest PGA bins, while the incidence of
building having minor damage was the lowest in these bins. This trend is almost similar for
the other types, thus showing that PGA could be a reliable predictor of structural damage.
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(c,d) CM, (e,f) RM, and (g,h) URM.
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5. Proposed Empirical Fragility Curves

An individual analysis was conducted for each of the four building types. The dataset
comprised 819 data points for RCF, 1459 for CM, 397 for RM, and 852 for URM. The fragility
curves are modeled using log-normal cumulative distribution functions, as represented in
Equation (1), adopting the approach of Lallemant et al. (2015) [49]. This function establishes
a continuous relationship between the earthquake intensity measure and the probability
of reaching each damage state DS;. The symbol ¢ denotes the cumulative distribution
function of the standard normal distribution. The parameters o5 and p are, respectively,
the logarithmic mean and standard deviation of the fragility curve corresponding to the
damage level DS;. The Maximum Likelihood Estimation (MLE) method is utilized to fit the
data. The likelihood function is maximized by formulating it as in Equation (2) [32], where
n is the number of PGA bins, m; the number of building reaching the considered damage
state in the ith bin, M; the total number of building in the ith bin, and PGA; the mean of
PGA in the ith bin. The values of ., and f that maximize this function are selected.

,  /INPGA— o

[D > DS;|PGA] = ¢(ﬁ) M

_argmaxi{miln(,)(m“[;‘%) +(Mi_mi)1n(1_¢<mpc“‘é‘”k>g>)] 2)
i=1

The resulting fragility curves are illustrated in Figure 10, and Table 2 lists the median
PGA and their respective dispersion. The RCF structures generally exhibit better perfor-
mance compared to the CM, RM, and URM structures. The median PGA is consistently
higher for RCF structures accross all damage states, except for the collapse damage state,
where the median PGA of RCF is 1.06 g while being 1.32 g for URM. Normally, URM
buildings are expected to be more vulnerable than RCF buildings, so this inconsistency
points to potential data anomalies as illustrated in Figure 9h, where Bins 5, 6, and 7 exhibit
a lower probability of collapse compared to Bin 4, despite Bin 4 having a lower PGA. This
discrepancy may come from an inaccurate assessment of the buildings” damage state or
from inaccuracies in estimating the PGA during the creation of the shakemap. However,
overall, the data indicate that RCF structures are generally more resilient and that URM
have greater potential to reach minor, moderate, or severe damage states.

In practice, differentiating between the four building types often presents a challenge.
This difficulty primarily arises from constraints in budget, technical capacity, and quality
control, leading to poorer construction standards and thus blurring the distinctions among
these classes [41]. For this reason, these four classes were merged into a single category for
analysis. Merging the four building types into a single class simplifies the vulnerability
assessment process, allowing for a more generalized understanding of seismic risks. It could
also help in the development of uniform mitigation strategies that are broadly applicable
for seismic resilience efforts. For the combined class, the same process is repeated, and
the resulted fragility curves are shown in Figure 10e. These curves highlight the high
vulnerability of the combined building categories, with median PGA thresholds of 0.06 g
for minor damage, 0.41 g for moderate damage, 0.63 g for severe damage, and 1.02 g
for collapse.

The analytical results for the collapse prevention (CP) limit state from Laguerre et al. [28]
were compared to those of the severe damage state for the empirical fragility. As described
by the Federal Emergency Management Agency (FEMA) [50], CP represents the limit state
in which structures can still bear gravitational loads but without any safety margin against
collapse. In the analytical fragility results, the average median PGA value was 0.6 g for
residential one-story buildings, 0.49 g for residential two-story buildings, 0.32 g for non
residential two-story buildings, and 0.35 g for non-residential three-story buildings, while
for severe collapse state in the empirical fragility it was 0.63 g. These findings suggest that
the class of buildings analyzed exhibits a higher level of vulnerability in contrast to the
results obtained from the empirical fragility curves. The reason behind this could be that



Buildings 2024, 14, 792 12 of 17

the buildings examined in Laguerre et al. have a greater number of deficiencies, as they
were intentionally selected for retrofitting.
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Figure 10. Empirical fragility curves for (a) RCF, (b) CM, (c) RM, (d) URM, and (e) all. The scatter
points represent observed probabilities of exceedance for different damage states. The solid lines
represent the fitted log-normal distribution curves for each damage state

Table 2. Median PGA and dispersion for empirical fragility curves.

RC CM RM URM All
Damage State
p B p B p B p B # B
Minor 0.15 1.30 0.12 1.35 0.10 143 0.01 4.48 0.06 1.94
Moderate 0.53 0.96 0.42 0.77 0.41 0.98 0.30 1.13 0.41 0.98
Severe 0.75 0.71 0.60 0.66 0.56 0.67 0.55 0.99 0.63 0.78
Collapse 1.06 0.66 0.91 0.68 0.83 0.68 1.32 1.07 1.02 0.77

6. Integrated Hazard-Fragility Analysis for Evaluating Collapse Risk

Seismic hazard data from Frankel et al. [5] were combined with the fragility curves to
evaluate the collapse risk of concrete and masonry structures. This assessment employed
two distinct methods: a scenario-based approach considering two hazard levels and a more
comprehensive approach utilizing the entire hazard curve to determine the annual risk
of collapse. The scenario-based risk analysis, focusing on earthquakes with 475-year and
2475-year return periods, uses Equations (3) and (4) to find the risk of collapse for each
scenario. For a specific hazard, its corresponding PGA is found from the hazard curves,
which is expressed in Equation (3), where H(a) gives the probability to reach a certain
value a of the PGA. Then, the probability to reach the collapse damage state is evaluated by
using Equation (4), which is the fragility equation considering the collapse damage state.
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However, to evaluate the annual risk of reaching collapse state, Equation (5) is used, where
Pyy is the annual probability. This approach integrates the entire hazard curve with the
fragility curves, as detailed by Padgett et al. [51].

H(a) = P[PGA > a] o
Hiog,ymee — INPGA
P[D Z Dscollgpsg|PGA] = (P( IIIBp - (4)
Cco. upse
dH(a
PAf = /P[D 2 Dscollupsg‘PGA — g]’ di ) dﬂ (5)

In the risk evaluation, integrating both scenario-based approaches with comprehensive
approaches that assess annual risk across the whole hazard curve help understanding the
risk better. Scenario-based analyses offer insights into the effects of particular earthquakes,
enabling targeted preparation for specific disaster scenarios. In contrast, the comprehensive
approach, by accounting for the full spectrum of possible seismic events, provides a holistic
view of the annual risk, enabling more accurate estimations of expected earthquake losses.

The hazard data used were in a grid format with increments of 0.05 degrees in both
longitude and latitude. At each grid point, a specific hazard curve was assigned, with
which the risk is calculated. Then a cubic interpolation, performed using Matlab [52],
facilitated the generation of a collapse risk contour across Haiti. As depicted in Figure 11b
for a 2475-year seismic event, collapse probabilities vary between 5% and 64%. Conversely,
for the more frequent 475-year event, probabilities range from 0.5% to 15% (see Figure 11a).
In major cities, the likelihood of concrete building collapses differs significantly based on
the earthquake recurrence interval. For a 475-year interval, the collapse probability in
Port-au-Prince is approximately 15%. In smaller cities like Jacmel, Les Cayes, and Gonaives,
the risks are 2% considerably lower than the risk of 8% in Cap-Haitien. However, for a
more severe 2475-year earthquake, these probabilities rise significantly: in Port-au-Prince
to 55%, and in Jacmel, Les Cayes, Gonaives, and Cap-Haitien to 10%, 15%, 12%, and 35%,
respectively. Figure 11c presents the contour of the annual risk probability of reaching
collapse damage states accross Haiti. Notably, in some regions, the annual probability of
building collapse can be close to 0.1%. This is especially critical in densely populated areas
where structure collapse can potentially lead to casualties and huge economic losses.

These risk maps in Figure 11 serve as an invaluable resource for policymakers, ur-
ban planners, and disaster-response coordinators, helping in risk mitigation, emergency
preparedness, and strategic planning. These maps along with the hazard maps could
help identify areas with higher risk, and also be used to estimate potential loss for future
earthquakes. These data underline the urgent need to revise and enforce stricter build-
ing codes and regulations in Haiti that are specifically designed to enhance earthquake
resilience. Urban planning should also consider these findings to avoid high-risk areas.
It may also involve relocating vulnerable populations from the most dangerous zones.
For existing structures, these data highlight also the necessity of retrofitting initiatives to
improve resilience.



Buildings 2024, 14, 792

14 of 17

Latitude

Probability of reaching collapse state for 475-year earthquake Probability of reaching collapse state for 2475-year earthquake
0.00 0.02 0.04 0.05 007 009 010 0.12 0.13 0.04 011 017 024 031 037 044 051 057

2025 ; ; : ; 20.25 . . . . :

20.00 | = 1 2000} == 1
= >~ Cap-Haitien = . Cap-Haitien

19.75 {1 19751 =N —

19.50 19.50 1

19.25 ¢

19.00 +

18.75 +

18.50

18.25 +

18.00

Gonaives °8
19.25

19.00
18.75

18.50

18.25

‘-.Le-s Cayes Jacmel

wal-es Cayes Jacmel

L L L

—745 —74

. i 18.00
—73.5 -73 —-72.5 =72 —-715 —745 —74 —735 —-73 —-725 —72 —-715

Longitude Longitude

(E)) (b)
Annual probability of reaching collapse state

20.25 T T T T T
0.0009
20.00 1 - ,
Cap-Haitien 0.0008
19.75 - 5 ~— 1
0.0007
19.50 - 4
Gonaives ¢
9 195 | 0.0006
B
= 5
= 19.00 ] 0.0005
18.75 i 0.0004
18.50 i 0.0003
18.25 4 0.0002
Les Cayes Jacmel
A )
18.00 - L L : L 0.0001
—745 —74 —735 —73 —725 —72 —715
Longitude

(c)

Figure 11. Assessment of collapse risk: (a) probability of collapse during a 475-year return period
earthquake, (b) probability of collapse during a 2475-year return period earthquake, and (c) annual
probability of reaching a collapse state.

7. Conclusions

This study presented a detailed analysis of the seismic vulnerability of concrete and
masonry buildings in Haiti, using empirical data from the 2021 earthquake. By analyzing a
dataset of 3527 buildings, empirical fragility curves were developed for various building
types: RCF, CM, RM, and URM. The use of shakemaps from the USGS facilitated the
assessment of the earthquake’s intensity at each building’s location, with the PGA as
the intensity measure. The findings reveal that the RCF structures were less vulnerable,
but all building types exhibited a high probability of failure even under low-intensity
seismic events. The four types of buildings were combined into a single category for a
broader risk assessment, and the resulting fragility curves were convolved with Haiti’s
probabilistic seismic hazard map to evaluate the annual seismic risk and two scenario-based
risks. It was found that the annual risk of collapse is significant in some regions, reaching
0.1%. Furthermore, for a rare 2475-year earthquake event, the probability of building
collapse in certain areas can reach as high as 64%, while for the relatively more common
475-year earthquake, the probability of collapse in some regions reaches 15%. These results
underscore the critical vulnerability of Haitian building infrastructure to seismic activities



Buildings 2024, 14, 792 15 0f 17

and are crucial for informing policymakers, engineers, and the broader community about
the imperative of implementing effective seismic risk reduction strategies in Haiti.

Although the empirical fragility curves are derived from real earthquake ground
motion intensity and damage data, they present some inherent uncertainties. Shakemaps,
while providing estimates of ground shaking intensity, are subject to uncertainties from
many sources such as the ground motion model and uncertainty in data collection [53].
These uncertainties can lead to discrepancies between predicted and actual ground shaking
levels. Similarly, post-earthquake damage data also come with their own set of uncertainties,
which include biased damage assessments, variations in the structural integrity of buildings
not captured in the data, and subjective interpretations of damage states by different
assessors. It is important to recognize also that the hazard maps employed for the risk
assessment were based on firm rock site conditions. Therefore, it may not fully represent
the varied geological conditions across Haiti. This could lead to an underestimation of the
actual probabilities, especially in regions where soil conditions can intensify the seismic
waves. The cumulative effect of these uncertainties can significantly affect the precision and
predictive power of empirical fragility models, potentially leading to inaccurate predictions
of the vulnerability of the Haitian structures to future earthquakes.

To understand the seismic risk more accurately in Haiti, it is imperative to extend
this research by accounting for site effects and by comparing the empirical fragility curves
developed in this study with analytical curves derived from numerical models. Such
comparative analysis will be crucial for validating the empirical approaches and refining
seismic vulnerability assessments. This future research could use finite element modeling
to analyze the existing buildings in Haiti, by prioritizing spectrum-compatible or hazard-
compatible record selection and incorporating Haiti’s various soil classes to account for
site effects. In the literature, multiple approaches for selecting ground motions compatible
with both hazard assessments and spectral analysis as well as addressing uncertainties
concerning damage states, have been discussed [54,55]. Future research adopting similar
approaches is essential for accurately deriving analytical fragility curves and gaining more
insights into concrete and masonry buildings in Haiti.
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