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Abstract

Tsunamis are among the most catastrophic natural events, characterized by a low probability
of occurrence but severe social and economic consequences, including high casualty rates
and widespread destruction. Recent events have heightened awareness within the scientific
community, revealing that approximately 60% of the coastal cities in the world —including
those along the Mediterranean coasts — are at risk of tsunamis. Despite historical records,
research on tsunami vulnerability in the Mediterranean regions remains limited due to insuf-
ficient hazard data and poor data quality.

This study investigates the vulnerability of masonry buildings typical of the Mediterranean
coastline to tsunami impacts. Given that tsunamis frequently follow earthquakes, a probabil-
istic multi-hazard fragility assessment framework is introduced to analyze the cascading and
compounding effects of earthquake-induced damage on structural performance under subse-
guent tsunami loading. A Monte Carlo based framework is adopted to account for uncertain-
ties in tsunami loading and structural geometry ensuring a comprehensive vulnerability
assessment. The study considers various earthquake intensities and tsunami scenarios to cap-
ture a wide range of possible multi-hazard conditions. The statistical results in terms of fra-
gility curves demonstrate that structures become significantly more vulnerable when
earthquake and tsunami hazards are considered together, as compared to assessing tsunami
impact alone.
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1 INTRODUCTION

In recent years, the assessment of tsunami vulnerability in coastal buildings has garnered
significant attention, particularly following the major disasters occurred between the 2004
(Indian Ocen Tsunami [1]) and 2018 (Sulawesi Tsunami [2]). These catastrophic events have
underscored the urgent need for comprehensive vulnerability studies to enhance the resilience
of coastal structures and mitigate future risks.

The United Nations estimates that 60% of global coastal cities are at risk of tsunamis [3],
including the Mediterranean coasts. Although they are less frequent and generally less severe
compared to regions like the Pacific Ocean, the Mediterranean has experienced significant
tsunami events. The most notable recent event is the 1908 Messina tsunami [4], triggered by a
powerful earthquake with magnitude 7 that devastated the southern Italy. In fact, this dual ca-
tastrophe almost completely destroyed Messina, Reggio di Calabria, and numerous nearby
coastal towns [5], causing an estimated 40,000 casualties.

The analysis of damage data from past tsunami events underscores the importance of stud-
ying the impact of tsunami forces on buildings and infrastructure to enhance risk management
and develop effective mitigation strategies. Among the structures most vulnerable to tsunamis,
masonry buildings have proven to be the most critical [6]. Given their widespread presence in
the Mediterranean region [7], understanding the capacity of masonry structural components
under tsunami loads is essential for deriving accurate fragility curves.

In recent years, several studies have focused on assessing the performance of masonry
buildings under tsunami hazards [8-10]. Many of these studies rely on the development of
empirical fragility curves based on field surveys and the visual analysis of high-resolution im-
agery of the considered areas. However, fewer studies have been addressed to developing ana-
lytical fragility curves, with most relying on simplified models that often not consider for
prior earthquake damages [11-13]. Tsunamis frequently follow other natural events, particu-
larly earthquakes. According to a global review, approximately 80% of tsunamis worldwide
are triggered by seismic activity, with this percentage reaching 67% only in the Mediterranean
region [14]. Often, along these coasts, existing masonry buildings were not designed for seis-
mic resistance. As a result, earthquake damage can substantially compromise their structural
integrity, making them more susceptible to subsequent tsunami forces. In this context, as-
sessing the fragility of structures under multi-hazard scenarios (earthquake-tsunami) results
crucial for evaluating the vulnerability of the Mediterranean coasts to tsunami risk. However,
few studies have focused on the fragility assessment of buildings exposed to the combined
effects of earthquakes and tsunamis. Most of the existing research has either addressed infra-
structure [15, 16] or relied on overly simplified models [17]. Nevertheless, more advanced
methodologies have also been explored. Particularly, Rossetto et al. [18] compared various
dynamic and static approaches to analyze the response of a benchmark ten-storey reinforced
concrete building subjected to sequential earthquake and tsunami events. Similarly, Attary et
al. [19] proposed a methodology based on successive nonlinear analyses to develop fragility
functions for a benchmark three-storey steel moment frame building under earthquake-
tsunami loading. This approach also accounted for material uncertainties by employing Latin
Hypercube Sampling, with each sample having a yield strength selected from 100 randomly
generated values.

In this study, the methodology proposed by Xu et al. [15] and Attary et al. [19] for deriving
fragility curves - originally applied to a benchmark steel frame structure and a four-span RC
box-girder bridge, respectively, through successive nonlinear analyses under earthquake-
tsunami sequences - was adopted and extended to masonry structures. Specifically, a proba-
bilistic framework based on Monte Carlo simulations was developed to assess the numerical
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and analytical multi-hazard fragility of various masonry structures, representative of typical
geometrical and mechanical characteristics found in the Mediterranean regions, subjected to
sequential earthquake-tsunami actions.

2 PROPOSED APPROACH FOR MULTI-HAZARD FRAGILITY ANALYSIS

The proposed probabilistic framework for developing multi-hazard fragility curves is based
on the Monte Carlo simulation approach and adopts a two-stage damage methodology. This
approach involves generating a set of randomly defined structural models and subjecting each
to two sequential analyses. First, a nonlinear Time History Analysis (THA) is performed to
simulate the effects of seismic loading. The resulting damaged structural state from the earth-
quake serves as the initial condition for the second analysis, i.e. a force-controlled Push-Over
Analysis (POA), which simulates the effects of tsunami loading. This sequential analysis
framework captures the degradation in structural capacity caused by the earthquake, providing
a more realistic assessment of vulnerability under combined earthquake-tsunami scenarios. To
optimize the computational efficiency, the entire process was implemented in Python [20],
utilizing OpenSeesPy [21], a Python-based interface for the open-source Finite Element (FE)
platform OpenSees, for structural analysis.

As illustrated in Figure 1, the procedure begins by assigning random geometric properties
to each model. The structural response is first evaluated through THA under earthquake exci-
tation, which serves as the initial structural condition for the subsequent tsunami analysis. The
THA is performed using a spectrum compatible accelerogram, representing the ground mo-
tion characteristics of the earthquake. If the structural model collapses due to the seismic force,
the procedure restarts by generating a new random structural model with different geometric
characteristics, followed by another THA. Otherwise, if the structure withstands the earth-
quake but incurs damages, it is subsequently exposed to tsunami loading. In this phase, a
Push-Over Analysis (POA) on the damaged model is conducted, where the tsunami loads are
defined by random pairs of inundation depth (h) and flow velocity (v). Each time the structur-
al model collapses due to tsunami forces, the corresponding inundation depth (h) at the point
of failure is recorded in a count vector. At the end of the Monte Carlo simulations, the collect-
ed data are analyzed for obtaining the multi-hard fragility points, and the mean (p) and stand-
ard deviation (B) of the logarithm of h are calculated as detailed in Oddo et al. [22]. These
statistical parameters (i and ) are then used to derive and plot the analytical fragility func-
tions, which describe the probability of collapse exceedance under varying tsunami conditions.
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Figure 1: Framework for constructing multi-hazard fragility curves.

2.1  Structural modelling

Monte Carlo simulations were carried out on three groups of simplified limestone masonry
structures representative of typical buildings found in Mediterranean regions [7]. These
groups included one-, two-, and three-storeys configurations, as shown in Figure 2a, 2b and

2c, respectively.
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Figure 2: General layout for three configurations of masonry buildings considered in this study: a) one-storey;
b) two-storeys; c) three-storeys.

To incorporate the uncertainties inherent in the structural geometry, ten distinct structural
models were generated for each group (one-storey, two-storeys and three-storeys) using ran-
domly assigned geometric parameters. The randomized variables included: the length (L) of
the masonry wall perpendicular to the tsunami flow direction, the length (B) of the masonry
wall parallel to the tsunami flow direction, the wall thickness (t1) at the first storey, and the
wall height (H), as shown in Figure 2. Each variable followed a uniform probability distribu-
tion within the ranges specified in Table 1.

Random Variable Distribution Range

L 4-6 m

Geometric B Uniform 4-6 m
variables t) 0.4-09 m

H 3-4m

Table 1: Assigned distributions for geometric variables used in the simulation.

Moreover, to account for the reduction in wall thickness (t;) in buildings with more than
two storeys (i > 2), the following relationship was adopted:

t;i=t,—-01-(—1) fori>?2 (1)

The structural response of each group of masonry buildings was analyzed using a capacity
model that represents global collapse mechanisms consistent with the local failure modes of
masonry walls. In this study, only the ground-floor masonry walls were considered, they were
modeled as fiber-section beam elements of a simplified equivalent frame model [23].
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In particular, each wall is modelled by two nonlinear beam-column elements (I and II)
connected by a central node, where the mass (m) is concentrated. As schematized in Figure 3,
the wall is assumed to be fixed at the base, while the top is free to rotate and translate along
the y-direction. These simplified boundary conditions were adopted as they are commonly
used for modeling masonry walls in existing buildings. However, despite these simplifications,
the proposed modeling framework offers significant flexibility, allowing for the implementa-
tion of various constraint types.

. Element
N = gravity load 'forceBeamColumn'

fiber section -

A -
Node j
\ 2 y
Yy f : I ,/'F T ==

z

Node i
Model for

masonry wall

Figure 3: Fiber-section based model for masonry wall.

As shown in Figure 3, a uniaxial hysteretic constitutive model is adopted for the masonry
fiber sections. Originally developed by Chang and Mander (1994) for concrete [24], this mod-
el is used here to simulate the hysteretic behavior of masonry under both cyclic compression
and tension. The main parameters defining the shape of the envelope curve in both compres-
sion and tension are summarized in Table 2. These are based on an average compressive
strength of f,, = 3.4 MPa, which reflects the typical mechanical properties of the most com-
mon masonry typologies in the Mediterranean region [7].

fm &cc Ec ft &t
[MPa] [-] [MPa] [MPa]  [-]

Parameters 34 0.0025 1120 0.18 0.0002

Table 2: Parameters assumed for Chang and Mander uniaxial hysteretic constitutive model.

2.2 Tsunami modelling

The accuracy of tsunami models depends on their capability to replicate the forces ob-
served during historical tsunami events, ensuring realistic representation of the loads acting on
structures in the hazard area under study. Currently, there are few standards and guidelines,
such as FEMA P-646 [25] and ASCE 7 [26], that provide recommendations for addressing
tsunami-induced loads. According to ASCE/SEI 7-16 [26], tsunami effects on structures in-
clude a set of forces as shown in Figure 4: hydrostatic (Fn), buoyant, hydrodynamic (Fg), im-
pulsive (Fi), debris impact, debris damming, uplift forces, and additional gravity loads
resulting from retained water on elevated floors.
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Figure 4: Fiber-section based model for masonry wall.

To simplify the analysis, in this study the analytical fragility curves are generated focusing
primarily on the effects of hydrodynamic (Fq) and hydrostatic (Fn) forces according to the fol-
lowing Equations (2) and (3), respectively:

1
Fy=3-p-L-Cp-(h-v?) @)

Fr=5p-g-L-h? ©

where p is the fluid density including the sediments (1100 kg/m?), g is the gravitational ac-

celeration, L is the width of the wall surface impacted by the flow, and Cp is the drag coeffi-
cient assumed equal to 1.1.

Uncertainties associated with tsunami actions were incorporated into the analysis by gen-
erating random values of flow velocity (V) coupled to each inundation depth (h). Specifically,
the inundation depths ranged from 0.5 m to 5.0 m in increments of 0.25 m for one-storey
buildings, from 0.5 m to 7.0 m in increments of 0.50 m for two-storey buildings, and from 0.5
m to 9.0 m in increments of 0.50 m for three-storey buildings. For each value of inundation
depth, 10 random flow velocity values were generated and associated, as shown in Figure 5,
assuming a uniform probability distribution. These velocity values were sampled within the
range of 0.1 m/s to a maximum velocity Vmax, Which was calculated based on the Froude num-
ber (Fr), ideally not exceeding 2. Accordingly, Vmax was calculated as:

Umaszr'Vg'h (4)
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Figure 5: Random flow velocity values vs inundation depths.

2.3  Two-stage damage approach

A two-stage damage approach is adopted to analyze the response of masonry buildings
subjected to sequential earthquake-tsunami loading. As illustrated in Figure 1, each structural
model is first subjected to dynamic loading through a nonlinear time-history analysis and then
to tsunami loading through a push-over analysis.

A spectrum-compatible accelerogram is applied in the horizontal x-direction to simulate
ground motion through a transient dynamic analysis. The structural response, in terms of
shear versus displacement for a benchmark model, is illustrated in Figure 6. In the present
study, three levels of seismic intensity are considered, corresponding to Peak Ground Accel-
eration (PGA) values of 0.15g, 0.25¢g, and 0.50g.
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Figure 6: Dynamic loading through a nonlinear time-history analysis: a) structural model with no damage; b)
shear-displacement curve obtained from seismic THA.

At the end of the dynamic analysis, the post-earthquake damage state of the masonry wall
is kept and used as the initial condition for the second stage of the simulation (Figure 7a). In
this second phase, a force-controlled POA is performed to simulate the effects of tsunami
loading, following the scheme in Figure 7a. The resulting structural response, in terms of
shear versus displacement, is presented in Figure 7b.
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Figure 7: Tsunami loading through a force-controlled push-over analysis: a) post-earthquake-damaged struc-
tural model; b) shear-displacement curve obtained from seismic THA and post-earthquake tsunami POA.

This approach allows for the evaluation of the residual structural capacity of a building al-
ready damaged by an earthquake when subjected to subsequent tsunami forces, thereby cap-
turing the cumulative effects of sequential earthquake—tsunami hazards.

Comparing the structural response in terms of shear—displacement curves for a masonry
wall under tsunami loading, both with and without prior earthquake damage (red and green
curves of Figure 8, respectively), it is evident that the damaged model exhibits a reduction in
both stiffness and maximum load-carrying capacity.
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Figure 8: Comparison of numerical responses: tsunami-only POA (green curve), seismic THA (gray cyclic
curve), and tsunami POA following earthquake damage (red curve).

3 FRAGILITY CURVES CONSTRUCTION

Based on the Monte Carlo simulations, according to the procedure described in the previ-
ous section, numerical fragility data points were obtained for each building typology (one-,
two- and three-storeys buildings) and for different levels of earthquake intensity (no earth-
quake, PGA=0.15g, PGA=0.25g, and PGA=0.50g).

Specifically, for each simulation where structural failure occurred, either due to the seismic
action or the subsequent tsunami, the information was recorded. When failure was attributed
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to tsunami loading, the corresponding inundation depth (h) was stored into a count vector, as
fragility curves are constructed with respect to the inundation depth as Intensity Measure (IM).
At the end of this procedure a dataset of statistical fragility points was obtained that ena-
bled the numerical estimation of collapse probabilities at various inundation depths.
Assuming a lognormal analytical distribution f(h), the mean p and standard deviation 3 of
the logarithms of inundation depths causing collapse are calculated, without excluding cases
where collapse occurred due to the prior earthquake:

1 (Inh —u)?
f) =i mexe (- =55 ) ©

Then to account for the percentage of buildings that collapsed due to seismic action alone, the
analytical probability density function f(h) is horizontally shifted by a value of %, as shown in
Figure 9, obtained by solving the following integral:

[T Fayan =k (©6)

Here, k represents the percentage of buildings that collapsed due to the earthquake alone, and
resulting from Monte Carlo simulations.

o
o

Collapse conditional probability density

Inundation depth [m]

Figure 9: Shift of the conditional probability density function to account for earthquake-induced collapse.

Based on this, the final analytical fragility function is expressed through the lognormal cumu-
lative distribution function F(h) as follows:

F(h)=k+(1—k)-q:(h‘“7‘”) 7)

where @ is the cumulative distribution function of the standard normal distribution.

4 RESULTS AND COMPARISONS

Combining the results obtained from the Monte Carlo simulations, according to the proce-
dure detailed in the previous sections, for each group of masonry buildings, subjected to dif-
ferent levels of earthquake intensity and varying tsunami scenarios characterized by the
inundation depth (used as the intensity measure, IM), both multi-hazard fragility curves and
fragility surfaces were constructed.
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Figure 10 shows the numerical fragility points obtained from Monte Carlo simulations
alongside the corresponding analytical fragility curves for one-, two-, and three-storey mason-
ry buildings, highlighting as the analytical fragility curves (solid lines), derived using the pro-
posed adjustment procedure for the standard lognormal cumulative distribution function, are
in good agreement with fragility points numerically obtained.
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Figure 10: Comparisons of tsunami fragility curves for buildings damaged by various previous earthquake in-
tensity levels: a) one-storey masonry buildings; b) two-storeys masonry buildings; c) three-storeys masonry
buildings.

A key trend emerges when considering the impact of preceding earthquake damage: fra-
gility curves exhibit a characteristic horizontal branch at low inundation depths, representing
the probability of collapse due to seismic action before the tsunami actions. For example, at a
PGA of 0.15g, the probability of collapse is already 20% for one-storey buildings (Figure
10a), and approximately 10% for two- and three-storeys buildings (Figures 10b and 10c). As
seismic intensity increases to 0.25g and 0.50g, the percentage of structures collapses solely
due to the earthquake rises, reaching 50% and 80% for one-storey buildings, and 20% and
40% for two- and three-storeys buildings, respectively.

Moreover, comparing the multi-hazard fragility curves across different seismic intensities
reveals that the tsunami inundation height required to induce the structural failure decreases
with increasing earthquake intensity. This relationship underscores the role of seismic pre-
damage in weakening structures and accelerating collapse under subsequent tsunami loads.
This effect is more pronounced in buildings with lower vertical loads. For one-storey build-
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ings, the proportion of collapses due to seismic action increases nearly linearly with earth-
quake intensity, suggesting seismic forces dominate the failure mechanism. However, for
two- and three-storeys buildings, where the vertical load is higher, the influence of the earth-
quake on collapse probability is less than proportional. In these cases, tsunami forces become
more dominant, especially at greater inundation depths, where fragility curves for different
seismic intensities converge. This behavior indicates that tsunami-induced failure in taller
buildings becomes increasingly independent of prior seismic damage.

These findings are further presented in terms of multi-hazard fragility surfaces, in Figure
12. The surfaces capture the evolution of collapse probability as a function of both earthquake
intensity (PGA) and tsunami inundation depth. They highlight the interplay between seismic
pre-damage and tsunami loads, demonstrating how vulnerability shifts depending on structur-
al height and loading conditions.

one-storey masonry buildings two-storeys masonry buildings
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Figure 12: Post-shock PGA-dependent tsunami fragility surface: a) one-storey masonry buildings; b) two-
storeys masonry buildings; c) three-storeys masonry buildings.
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5 CONCLUSIONS

The present study proposes a simplified framework for developing multi-hazard fragility
curves. The effectiveness of the procedure is evaluated by applying the proposed methodolo-
gy to three groups of masonry buildings typical of the Mediterranean area, characterized by
one-, two-, and three-storeys, due to the past tsunami events experienced preceding by earth-
quake actions. The results provide that:

e Earthquake damage in buildings, that do not collapse, induces a loss in terms of both
maximum loads carrying capacity and stiffness.

e One-storey buildings are more vulnerable than two- and three-storeys buildings due to
the vertical load is much lower and induce a weakness both for earthquake and tsunami
loading.

¢ As expected, the increase of PGA induce damage in the structures that anticipate the col-
lapse for tsunami loads for inundation depths smaller than the ones required in absence of
earthquake

¢ Not considering the accumulated damage due to prior earthquake events can lead to a
less vulnerable estimation if multi-hazard of earthquake-tsunami is not considered.

Beyond these results, the proposed methodology, based on Monte Carlo simulation and a
simplified modeling strategy, offers a flexible framework for multi-hazard fragility assess-
ment. It can be readily extended to other structural typologies, larger model populations, or
enhanced with more sophisticated modeling and probabilistic inputs, depending on the objec-
tives and scope of future investigations.
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