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Abstract

In recent years, growing awareness of the severe threat tsunamis posing to coastal communi-
ties has intensified research on their impact, particularly on critical infrastructure such as
bridges. While numerous experimental and numerical studies have been conducted to investi-
gate structural vulnerability, analytical assessments remain limited, revealing a significant
gap in the literature. Moreover, it is increasingly recognized that coastal regions often expe-
rience multi-hazard scenarios, where a tsunami is typically preceded by an earthquake. This
sequence heightens structural vulnerability, as seismic damage can substantially reduce the
structural capacity to withstand subsequent tsunami forces.

This study introduces a probabilistic multi-hazard fragility assessment framework aimed at
evaluating the influence of earthquake-induced damage on the structural response of bridges
subjected to sequential tsunami loading. The methodology focuses on bridges with randomly
defined geometric and mechanical characteristics representative of those commonly found in
Mediterranean coastal areas. Utilizing Monte Carlo simulations, the approach incorporates
uncertainties related to tsunami loading, structural configurations, and material properties,
enabling a comprehensive and realistic assessment of bridge vulnerability.

Simulation results are used to derive analytical lognormal fragility functions, and a compara-
tive analysis between the numerical data and the fitted distributions confirms the robustness
and accuracy of the proposed method. The findings underscore the importance of considering
seismic pre-damage in tsunami fragility assessments and demonstrate the potential of the
methodology for future applications in multi-hazard risk evaluation.

Keywords: tsunami, tsunami fragility, bridges, multi-hazard, tsunami vulnerability, Monte
Carlo simulation.
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1 INTRODUCTION

Bridges are critical infrastructures and key components of the transportation system that ef-
fectively combine mobility with the strength of coastal areas. Along the Mediterranean coast-
lines, for example on the Sicilian coasts, bridges frequently act as crossing arteries for
transport and have a strategic importance for the movement of people, commodities, and es-
pecially emergency services. Moreover, bridges often serve as escape routes in the aftermath
of natural disasters, like earthquakes, landslides, hurricanes, flooding, and tsunamis. For this
reason, knowing and preserving their resilience is essential to ensure the effectiveness of the
strategic networks, as well as maintaining their structural integrity is fundamental for public
safety.

Although tsunami events occur less frequently and with lower intensity in the Mediterrane-
an regions compared to other parts of the world [1], they still pose a serious threat, as histori-
cal events have demonstrated. One of the most catastrophic examples is the 1908 tsunami in
Messina, which struck the southeastern coast of Sicily, triggering a magnitude 7.2 earthquake
and generating waves up to 12 meters high. The total number of victims was approximately
80,000, 2,000 of which produced by only tsunami action [2]. This event also caused severe
damage to infrastructures, isolating some parts of the region for an extended period due to the
disruption of the connectivity. Based on this experience and damage data from other past
post-tsunami events [3], it emerges that the structural reliability of infrastructure against tsu-
nami hazards is crucial for mitigating economic losses in the aftermath of such natural disas-
ters.

Over the last two decades, the scientific community has shown growing interest in study-
ing the effects of tsunami loading on structures and infrastructure [4, 5], using both numerical
[6] and experimental approaches [7, 8]. In particular, an increasing number of studies have
focused on vulnerability assessment and risk mitigation [9-11], often through the development
of fragility curves. Karafagka et al. [4] developed analytical tsunami fragility functions for
representative types of seaport structures in Greece using nonlinear static tsunami analyses.
Petrone et al. [12] evaluated various analytical methods, including both nonlinear static and
nonlinear dynamic analyses, to construct tsunami fragility curves for Reinforced Concrete
(RC) structures. More advanced tsunami fragility analyses also account for the effects of pre-
ceding earthquake damage through the adoption of innovative multi-hazard approaches. As
highlighted in a global review [13] of tsunami events from 1900 to 2020, tsunamis are often
triggered by other natural hazards. Globally, earthquakes are the leading cause of tsunamis
(80%), followed by landslides (12%) and volcanic activity (5%). On this background, several
studies have focused on assessing the tsunami fragility of structures and infrastructure under
sequential earthquake-tsunami loading [14,15], reflecting the growing research interest in
multi-hazard analysis.

In the present study, a probabilistic multi-hazard framework based on a Monte Carlo simu-
lation approach is introduced to evaluate the tsunami fragility of individual structural ele-
ments comprising bridges typical of the Mediterranean coastal regions. The methodology
allows for the consideration of damage induced by prior earthquake loading on the structural
performance of RC piles under sequential tsunami action, following the two-phase damage
analysis approach proposed by Xu et al. [16].

The results are presented in terms of cumulative distribution functions, highlighting the ef-
fects of prior earthquake damage on the post-event tsunami performance of bridges. The main
aim is to raise awareness of the consequences of combined earthquake—tsunami impacts on
coastal areas and to support more effective risk management strategies against these two
combined hazards.
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2 MULTI-HAZARD FRAMEWORK

The proposed multi-hazard framework is based on Monte Carlo simulation with random
inputs, including the randomization of the structural geometries and tsunami parameters. The
methodology involves generating a random bridge model and subjecting it to two sequential
analyses: a nonlinear Time History Analysis (THA) to simulate earthquake loading, followed
by a Push-Over Analysis (POA) to represent tsunami loading. By performing these analyses
in sequence, the methodology captures the realistic tsunami fragility of bridges. This is crucial
because tsunamis are often triggered by preceding earthquakes [13], which can cause initial
damage to the bridge due to dynamic loading. As a result, the structural capacity of the bridge
may be reduced before the tsunami forces act on its elements, leading to an accumulation of
damage that compromises its overall performance during the tsunami event.

To ensure the integrity of the stochastic process and optimize computational efficiency, the
entire multi-hazard framework is implemented in Python [17], utilizing the OpenSeesPy li-
brary [18] for structural analysis. OpenSeesPy is a Python-based interface for the open-source
Finite Element (FE) platform OpenSees.

The procedure begins by generating a bridge model with random geometrical properties.
Its structural response to earthquake excitation is then evaluated through the THA, using a
spectrum-compatible accelerogram characterized by a specific value of the Peak Ground Ac-
celeration (PGA) representative of the seismic conditions typical of Mediterranean regions. If
the model collapses during THA, the process skips the POA and restarts by generating a new
random bridge model with different geometric characteristics and repeating the THA. If the
model withstands the earthquake, the analysis proceeds with the POA to evaluate the perfor-
mance of the damaged model under various possible subsequent tsunami loading conditions.
At this stage, to account for the stochastic nature of tsunami events, random pairs of inunda-
tion depth (h) and flow velocity (V) are generated, as detailed in the following.

In this study, the tsunami fragility is evaluated by considering collapse as the damage state.
Each time the POA fails, i.e. the structural model reaches its maximum capacity, the corre-
sponding value of h that led to collapse is recorded in a count vector.

At the end of the Monte Carlo simulations, the collected data are post-processed to first de-
termine the fragility points and then calculate the statistical parameters: the mean (u) and
standard deviation (). These statistical values are calculated considering the logarithms of the
h values, as analytical fragility curves are finally plotted assuming a lognormal distribution,
which provides a reliable representation of the probability of collapse under tsunami loading
[19].

2.1  Numerical models

The combined time history and push-over analyses (THA-POA) were performed on bridge
models with randomly generated geometrical characteristics. Specifically, 20 models were
generated based on the scheme shown in Figure 1. Uniform distributions were assumed for
the random parameters: hy (column height), D (diameter of the circular columns), L (span
length), B (deck width), and t (deck thickness), within the ranges specified in Table 1.
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Figure 1: General layout for bridge models.
Random Variable Distribution Range
hp 5-8m
Geometric D 0.8-1.5m
variables L Uniform 12-24 m
B 6-10 m
t 1.0-1.5m

Table 1: Assumed distributions for geometric characteristics.

In the present study, the performance and vulnerability of bridge structures were evaluated
by analyzing the response of individual two-column bents subjected to sequential earthquake
and tsunami loading. These bents were modeled as simple frames consisting of two columns
connected by a rigid beam, as illustrated in Figure 2, with the vertical load (Pioad) concentrated
at the top of the columns. Each column was modeled using a fiber-based nonlinear beam-
column element, with the mass (m) assumed to be concentrated at the top node (Node j).

Simplified boundary conditions were adopted for this preliminary study. The base of each
column (Node i) was assumed to be fixed, neglecting soil-structure interaction - despite its
significant influence, particularly under horizontal loading - while the top of the frame (Node
j) was left free to translate and rotate.
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Figure 2: Fiber-section based model for two-column bent.

The reinforced concrete fiber section was modeled using the ‘Steel02’ uniaxial material for
the steel fibers, and ‘Concrete02’ uniaxial material for both the concrete cover (unconfined
concrete) and the concrete core. The main parameters defining these materials are summa-
rized in Table 2.

Steel02 Concrete(02 unconfined confined
fy 391 MPa foc 30 MPa 39 MPa
Eo 210 GPa €pSco 0.002 0.0025
b 0.01 fpeu 6 MPa 7.8 MPa
RO 15 epsu 0.0035 0.025

cR1 0.925 lambda 0.1 0.1
cR2 0.15 fi 4 MPa 5 MPa
Ets 27 GPa 31 GPa

Table 2: Parameters assumed for Steel02 and Concrete02 material constitutive models.

2.2 Nonlinear time-history analysis

Nonlinear time history analysis (THA) was performed to simulate the earthquake loading
preceding the tsunami events. In this study, 20 randomly generated bridge models were sub-
jected to three different levels of ground motion intensity, using spectrum-compatible accel-
erograms characterized by Peak Ground Acceleration (PGA) values of 0.15g, 0.25g, and
0.50g (Figure 3a). The selected ground motions were applied in the transverse direction of the
bridge (x-direction), as shown in Figure 3b, to assess the severity of the induced damage. At
the end of the dynamic analysis, if the model withstood the earthquake loading, its resulting
damage state was preserved and used as the initial condition for the subsequent Push-Over
Analysis (POA).
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Figure 3: Time History Analysis (THA) of the bridge under earthquake loading: (a) spectrum-compatible ac-
celerograms; (b) bridge bent configuration with no damage.

2.3 Tsunami push-over analysis

At the end of the dynamic analysis (THA), the post-earthquake damage state was kept and
used as the initial condition for the second stage of the simulation (POA). The second phase
consisted in performing a series of force-controlled POA to simulate the effects of tsunami
loading on the pre-shocked bridge bent model (Figure 4).

In real scenarios, tsunami-induced forces on structures arise from a combination of actions
that may occur simultaneously or sequentially. These include hydrostatic forces (Fn), buoyant
forces, hydrodynamic forces (Fq), impulsive forces (Fi), debris impact, debris damming, and
uplift forces. However, to simplify the analysis in this study, only the dominant effect associ-
ated with the hydrodynamic force (Fq) was considered, as shown in Figure 4b, and it was cal-
culated using Equation (1) according to FEMA P-646 [20]:

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

where p is the fluid density including the sediments (1100 kg/m?), g is the gravitational ac-
celeration, D is the diameter of the column impacted by the flow, and Cp is the drag coeffi-
cient assumed equal to 1.1.

The uncertainties associated with tsunami actions were included in the analysis by generat-
ing random values of the flow velocity (V) corresponding to each inundation depth value (h).
Specifically, inundation depths ranged from 0.5 m to 9.0 m, with increments of 0.50 m. For
each inundation depth value, 100 random velocity values were generated, assuming a uniform
probability distribution. The velocity values were selected within a range defined by the min-
imum (Vmin) and the maximum velocity (Vmax) values, calculated based on the Froude number
(Fr). In detail, the Froude number was assumed to be 0.7 for the lower bound and 2.0 for the
upper bound (Figure 4a), based on field data and theoretical observations available in [21].
Accordingly, Vmin and Vmax were calculated with the following Equations (2) and (3), respec-
tively:

Vyin = 0.7-4/g " h (2)
Vpax = 2.0 /g h 3)

687



M.C. Oddo, L. Cavaleri, A. Amato

o
=20
= F =2.0 P Pload Pioad
S 18 — rT e 14
g16 ~ v v
314 o 8
>12 — t1 | I‘
810 — /,// f‘g ,‘I‘
28 .f 9

/ - |
§6i// ””_—" F / ‘.‘I
£ 4i ///,’ Fr_0'7 d h J.‘ !,
82" I I
c * |
& 0 I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ y

0123456789 T
Inundation depth, h [m] ' X d ¢
a) b)

Figure 4: Push-Over Analysis (POA) of the bridge under tsunami loading: (a) random flow velocity values
coupled with inundation depths; (b) post-earthquake-damaged bridge bent model.

3 MULTI-HAZARD FRAGILITY FUNCTIONS

Using the Monte Carlo simulation approach outlined in the previous section, fragility
curves were obtained for varying levels of seismic intensity: no earthquake, and Peak Ground
Acceleration (PGA) values of 0.15g, 0.25g, and 0.50g.

Upon completing the Monte Carlo simulations, a dataset of numerical fragility points was
obtained, enabling the estimation of collapse probabilities at various inundation depths. As-
suming a lognormal distribution for fragility, the mean (p) and standard deviation (B) of the
logarithms of the inundation depths that led to collapse were calculated. These two statistical
parameters were used to construct the probability density function f(h), according to Equation
4, which includes all collapse cases resulting from both prior seismic loading and subsequent
tsunami loading.

1 (Inh —u)?
f(h) =z exp (— 57 4)

Then, to account for the percentage of models that failed due to seismic loading alone, the
analytical probability density function f(h) was adjusted by applying a horizontal shift equal

to h, as illustrated in Figure 5.
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Figure 5: Shift of the conditional probability density function to account for seismic-induced collapse.
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Begin the value h obtained by solving the following integral:

[ Frydh =1k 5)

In this integral (Equation 5), the parameter k denotes the percentage of models that col-

lapsed under earthquake loading alone, as determined from the Monte Carlo simulation results.

As a result, the final analytical fragility function F(h) is derived from the well-known cu-
mulative lognormal distribution function, modified as follows:

F(h)=k+(1—k)-cp(“”‘7"”) (6)

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

4 RESULTS AND COMPARISONS

The results obtained from the Monte Carlo simulations, following the procedure described
above, were compared with the analytical fragility curves defined by the statistical parameters
, B, and k. As shown in Figure 6, these comparisons were conducted for bridge bent models
subjected to different levels of earthquake intensity (no earthquake, PGA = 0.15g, PGA =
0.25g, and PGA = 0.50g). The results indicate that the trend of the fragility points obtained
from the simulations align with good approximation with the lognormal cumulative distribu-
tion functions, validating the accuracy of the analytical fragility model.
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Figure 6: Multi-hazard fragility curves: a) no earthquake; b) PGA = 0.15g; ¢) PGA = 0.25g; d) PGA = 0. 50g.
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Each fragility curve exhibits a characteristic horizontal plateau at lower inundation depths.
This plateau represents the probability of collapse induced by seismic loading alone, before
any tsunami effects occur. As expected, the height of this plateau increases by increasing the
earthquake intensity. For example, at PGA = 0.15g, approximately 15% of the models col-
lapsed due to seismic action alone, while this percentage rises to 35% at PGA = 0.50g.

This trend reflects the impact of seismic pre-damage on structural vulnerability: as ground
motion intensity increases, the columns experience a greater stiffness degradation and loss of
capacity, making them more susceptible to subsequent tsunami forces. Consequently, the tsu-
nami-induced inundation depth required to achieve the collapse decreases with higher PGA
levels.

These observations are further illustrated in Figure 7, which presents both the analytical
fragility curves at different seismic intensity levels (Figure 7a) and the corresponding multi-
hazard fragility surface (Figure 7b). The 3D surface in Figure 7b shows the probability of col-
lapse as a function of both earthquake intensity (PGA) and tsunami inundation depth. The
plots show how increasing seismic intensity reduces the inundation depth required to achieve
the structural collapse. This highlights the compounding effects of sequential hazards and em-
phasizes the importance of accounting for earthquake-induced damage in tsunami fragility
assessments.

N

o

3

a
\

0.95
0.85
0.75
0.65
0.55
0.45
0.35
0.25

— NO earthquake

Collapse exceedance probability
o
3]
\
Probability of collapse exceedence

0.25 — PGA=0.15g 03 o1
i — PGA=0.25g 0.2 0.05
— PGA =0.50g °~(1)j 05
0 9 0.4
L L L N L L L 8 5 03
0 1 2 3 4 5 6 7 8 9 02 PGA[g]

Inundation depth [m]
a) b)
Figure 7: Multi-hazard tsunami fragility curves: a) analytical collapse exceedance probability at various in-
undation depths and prior earthquake intensity levels; b) interaction surface of prior earthquake intensity and
post-shock tsunami inundation depth.

5 CONCLUSIONS

This study introduces a simplified framework for the development of multi-hazard fragility
curves, aimed at evaluating the tsunami-induced vulnerability of bridges that have been pre-
damaged by seismic events. The methodology, based on Monte Carlo simulations, is here ap-
plied to simplified single bent bridge models with fixed-base constraints. In this preliminary
investigation, the tsunami loading was represented exclusively by hydrodynamic forces, and
other tsunami effects were neglected.

The results provide that:

e carthquake-induced damage in bridge bents, when not leading to immediate collapse,
significantly reduces structural stiffness and load-carrying capacity;
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increasing earthquake intensity (PGA) leads to greater pre-damage, lowering the thresh-
old inundation depth required to cause the collapse under tsunami loads;

ignoring prior seismic damage may result in a considerable underestimation of structural
vulnerability in combined earthquake-tsunami scenarios.

While this study provides valuable insights, it also highlights the need for further research to
improve the robustness and realism of multi-hazard fragility models. Specifically, future stud-
ies should incorporate:

additional tsunami-induced forces, such as the vertical buoyancy, which can significantly
affect structural performance - especially when the tsunami inundation depth reaches the
height of the bridge deck;

a detailed soil-structure interaction, which plays a critical role in presence of horizontal
forces;

other bridge typology can be included in the analysis, which may experience different
failure modes and interact differently with tsunami flows.
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