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An increasing number of coastal communities across Italy and the entire globe are exposed to tsunami hazard, also due to climate
change. Tsunamis can be triggered by several events such as earthquakes, volcanic eruption and submarine landslides. Previous
research conducted on tsunami risk assessment highlighted the absence of specific frameworks able to assess the economic and
social loss and to quantify the potential effect of large-scale tsunami mitigation strategies on Italian coastal regions. The present
paper summarizes the main objectives of the PRIN (Projects of great national interest) MITICO - Mltigation of Tsunami Impact
on COastal Regions project, that aims to develop a framework to perform a reliable tsunami risk and loss assessment for Italian
coastal communities also accounting for the presence of large-scale mitigation strategies. A state-of-the-art on the effect of
mitigation strategies on tsunami loads on structures, the vulnerability of buildings to tsunami and the direct loss analysis will be
outlined thought the paper, and advancements will be presented based on the ongoing project research activities.
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1. Introduction

Amongst coastal disasters, tsunamis are the most lethal and destructive. European countries in the Mediterranean
area are exposed to tsunami hazard and have been hit by such kind of disaster (Lisbon-Portugal 1755, Messina-Italy
1909, Cyclades-Greece 1956, Turkey 2020, among many others). For instance, the Tohoku earthquake and tsunami
(2011) resulted in the damage of more than 800,000 buildings, with an estimated direct damage cost of €190 billion,
making it the most expensive natural disaster in documented history (Kajitani et al 2013).

Earthquake-triggered tsunamis are one of the most investigated inundation scenarios. In the case of a far-fault
tsunami, the effect of the earthquake on the structural performance is almost negligible, and the coastal flooding
represents the main source of damage and loss. In the Italian context, the TSUMAPS-NEAM project has estimated
the probabilistic tsunami hazard triggered by earthquakes along Italian coasts in terms of maximum inundation depth
on the coastline. More recently, several projects have focused on the effects of potentially triggerable offshore
seismicity and tsunamis on coastal communities (Antoncecchi et al 2020), confirming the increasing awareness
about tsunami risk.

In the case of a disaster, the proper management of funds by stakeholders and public administrations is possible
only if an accurate tsunami risk assessment is feasible. A risk assessment process involves the quantification of the
natural hazard (i.e., a probabilistic description of the size and recurrence of the event), exposure (i.e., people and
assets at risk) and vulnerability (i.e., likelihood of social or economic losses if the people and assets at risk are
impacted by an event). Vulnerability can be described as a function of building fragility (i.e., the probability of
sustaining structural damage) and a model that converts this damage into loss (i.e., consequence functions). National
research projects have also been carried out in Italy, where the Italian Ministry of Economic Development has
funded the research projects SPOT and H&ERA Lacinia for estimating the impact of oil & gas platforms on the
seismic and tsunami risk in selected spot areas. The research projects SIMIT and SIMIT-THARSY also looked at
assessing the tsunami hazard and vulnerability for the Sicily region (Italy). These studies represent the first steps
towards a tsunami risk assessment in Italy and highlight the need to define a standardized risk assessment framework
specifically targeted to tsunami hazard (Behrens et al 2021).

Preventive mitigation strategies for enhancing coastal community resilience against tsunami risk can reduce
economic and social loss (Oetjen et al. 2022). Nature-based (i.e., mangroves, coastal forests or reefs) and
engineering-based (i.e., seawalls, tsunami gates) mitigation solutions can act as a buffer against tsunami by reducing
water flow velocity and inundation depth. The effectiveness of some mitigation strategies has been observed during
past tsunamis, however their effect in terms of tsunami risk and loss reduction for coastal communities has never
been assessed quantitatively.

The present paper summarizes the main activities developed in the framework of the PRIN (Projects of great
national interest) MITICO - Mltigation of Tsunami Impact on COastal Regions project, that aims at developing a
framework to perform a reliable tsunami risk and loss assessment for urban coastal communities also accounting for
the presence of large-scale mitigation strategies. A state-of-the-art on the effect of mitigation strategies on tsunami
loads on structures, on the vulnerability of Italian buildings and on loss analysis is outlined thought the paper, and
advancements are presented based on the ongoing project research activities.

2. Effect of large-scale mitigation strategies

Different from the seismic case, the retrofitting of buildings is not always considered as a viable tsunami
countermeasure, given the large-scale potential of the coastal inundation. Oetjen et al. (2022) provides a
comprehensive state of the art about the typical mitigation strategies for tsunami, identifying hard solutions (i.e.,
offshore breakwaters, onshore seawalls) and soft solutions (i.e., onshore vegetation belts, offshore mangrove
forests). Some of them have shown to be effective during past tsunamis, such as seawalls during the Tohoku
earthquake and tsunami (Nateghi et al. 2016). Such artificial structures can be constructed to protect coastal areas
from coastal flooding and tsunamis, but as a drawback, they can cause significant environmental problems. On the
other side, mangroves and other types of coastal forests and vegetation have increasingly been considered as
possible green alternatives to be used instead of, or in conjunction with, artificial structures. Mangrove forests in the
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inter-tidal wetlands can provide protection against wave impact and erosion, or could be used as breakwaters
(Risheharan et al. 2025).

Several hydraulic studies have been conducted so far to quantitatively assess the effects of such typical mitigation
strategies on buildings in terms of force or pressure reduction (Rahman et al. 2014, Van Dang et al 2023,
Khoirunnisa, et al 2024, Chen et al 2024, Van Dang et al 2025, Udarika et al. 2025). However, such findings have
never been incorporated into generalised methods to be included in tsunami risk assessment frameworks.

In the framework of the MITICO project, a different tsunami mitigation strategy is considered, consisting of
artificial offshore buffers placed in the tidal zone to amplify the roughness of the bathymetry. Such kind of solution
has proven to reduce the run-up of waves (Goseberg et al 2013). To provide further knowledge on the effectiveness
of such mitigation strategies, original experimental data are produced in MITICO on the effects of such solution of
forces and pressures measured on buildings. Such findings will feed analytical models to account for mitigation
strategies in the hazard reduction on coastal areas.

3. Vulnerability of buildings to tsunami

Vulnerability models for buildings are of paramount importance for risk and loss analysis at urban scale. Several
studies so far have investigated the vulnerability of structures to tsunami, both based on empirical observations after
major events or on numerical simulations. After past tsunamis (Indian Ocean 2004, Great East Japan 2011), sets of
empirical tsunami fragility functions have been developed based on observed damage on buildings (Reese et al.
2011, Charvet et al. 2014, Suppasri et al. 2015, Mas et al. 2020, among others). Analytical fragility functions for
single buildings such as reinforced concrete (RC) frames (Petrone et al. 2016, Medina et al. 2019, Del Zoppo et al.
2023, Waenpracha et al. 2023, Harati and van de Lindt 2024) or steel warehouses (Karafagka et al. 2018) have been
proposed so far.

In the Italian context, large-scale tsunami fragility functions for Italian masonry buildings are proposed in
Belliazzi et al. 2021 and Ferrotto and Cavaleri 2021, while Del Zoppo et al. 2025 have proposed time-dependent
fragility functions for Italian RC building classes, as shown in Figure la. In particular, six building classes are
identified, based on the construction period (before or after 1980), design concept (gravity loads or seismic) and
number of stories (low-rise and mid-rise), considering the actual distribution of existing residential buildings
according to ISTAT data. In accordance with the EMS-98 damage scale, five dagame levels are identified, out of
which two (DS1 and DS2) mainly focus on damage to non-structural components and three (DS3 to DS5) to
structural damage up to collapse. Such fragility models specifically account for the characteristics and properties of
Italian constructions and can represent a valuable tool for the tsunami risk assessment at urban scale.

However, a limitation of such analytical vulnerability models with respect to empirical models is represented by
the lack of proper validation on experimental results. To fill this gap, component-level fragility functions subject to
tsunami loading are derived in the context of the MITICO project and validated over original experimental data and
advanced numerical modelling. Such improved fragility functions provide more reliable estimations of the damage
to buildings during a coastal inundation and will serve to the loss assessment methodology described in the next
section.

4. Direct loss analysis

Evaluating economic losses provides a quantitative basis for emergency planning and policy-making in tsunami
hazard zone. Direct loss estimation models rely on the evaluation of repair costs - absolute or relative to
reconstruction costs — based on empirical data from previous events or on simulated cost analyses. In the case of
tsunami economic consequences estimation, only the FEMA has developed a loss model so far for the US context.
In the FEMA HAZUS 5.1 model, tsunami damage is categorized either as flood damage, based solely on inundation
depth, or as flow damage, which includes also lateral hydrodynamic forces. The model defines a set of damage
states (i.c., moderate, extensive, and complete), with associated economic loss ratios ranging from 5% to 100% of
the replacement cost. These include structural and non-structural repair costs, as well as losses to building contents.
Loss ratios are expressed as percentages of the building or contents replacement value and vary by occupancy type,
such as residential, commercial, or industrial. The HAZUS loss model identifies 36 building types, many of them
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most commonly used in the US, along with their respective height ranges and typical heights. For example, for
residential single-family dwelling, structural repair costs range from 0.5% to 23.4%, while non-structural repairs
span from 1.5% to 76.6%. Contents losses reach up to 100% in the most severe damage states.

Given the lack of specific data for the Italian context, a new method for tsunami loss estimation has been
developed (Zucconi et al. 2025). The method takes advantage of the extensive literature on repair costs for seismic
damage available for Italian building stock, that has been collected over years (Del Vecchio et al. 2020). By
associating the tsunami damage classification recently proposed by Del Zoppo et al. (2025) to the seismic damage
states defined in EMS-98 and derived from AeDES (Level 1 Form for Post-Earthquake Damage and Usability
Assessment and Emergency Countermeasures in Ordinary Buildings) observations, new consequence functions can
be derived for tsunami damage on Italian buildings based on a reliable cost quantification. An application of the
method is reported in Figure 1b, where statistics of repair costs ratios have been derived for the collapse of masonry
infill walls (DS2 according to Del Zoppo et al. 2025) as a function of the building height. Such kind of analysis,
conducted for all tsunami damage levels, can lead to a first proposal of consequence functions for tsunami loss
estimation in Italy.
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Fig. 1. (a) fragility functions for a class of RC buildings; (b) statistics of repair cost ratio (Cr%) for the collapse of masonry infill walls.

5. Conclusions

Given the rising awareness about tsunami and coastal flooding risk on Italian coasts, several efforts have been put
over the last years to develop tsunami risk assessment frameworks. In the Italian context, where empirical data from
past events are not available, analytical tools are needed to quantify tsunami risk and loss associated to a coastal
inundation. Furthermore, the effects of large mitigation strategies such as the enhancement of bathymetry roughness
have never been properly incorporated into tsunami hazard and risk assessment framework.

In this context, the MITICO project promotes advances in the field aiming at the following results:

e Develop a model for the estimation of tsunami hazard maps in presence of large-scale mitigation
strategies, in the form of reduced inundation depths and flow velocities;

e Derive component-level fragility function, validated over original experimental results on large-scale
structural and non-structural components;

e Produce economic consequence functions validated over Italian empirical data from seismic
reconstruction costs to compute the expected direct losses in the aftermath of a tsunami.

Future works will present in detail the results of the project, along with future perspective to improve the tsunami
risk assessment for Italian coastal communities.



Marta Del Zoppo et al. / Procedia Structural Integrity 78 (2026) 899-904 903

Acknowledgements

The authors acknowledge the financial support under the National Recovery and Resilience Plan (NRRP),
Mission 4, Component 2, Investment 1.1, Call for tender No. 104 published on 2.2.2022 by the Italian Ministry of
University and Research (MUR), funded by the European Union — NextGenerationEU- Project Title 2022YBAXTY
- MITICO, Mltigation of Tsunami Impact on COastal Regions — CUP MASTER: E53D23003910006, CUP
E53D23003910006, CUP: F53D23002050008 - Grant Assignment Decree No. PE8 prot.961. adopted on 30-06-
2023 by the Italian Ministry of Ministry of University and Research (MUR).

References

Antoncecchi et al 2020. Progetto SPOT - Sismicita Potenzialmente innescabile Offshore e Tsunami. Report integrato di fine progetto. DOI:
10.5281/zenod0.3732887

Behrens et al 2021. Probabilistic tsunami hazard and risk analysis: a review of research gaps. Frontiers in Earth Science, 9, 114

Belliazzi, S., Lignola, G. P., Di Ludovico, M., & Prota, A. (2021, June). Preliminary tsunami analytical fragility functions proposal for Italian
coastal residential masonry buildings. In Structures (Vol. 31, pp. 68-79). Elsevier.

Charvet, 1., Ioannou, L., Rossetto, T., Suppasri, A., & Imamura, F. (2014). Empirical fragility assessment of buildings affected by the 2011 Great
East Japan tsunami using improved statistical models. Natural Hazards, 73, 951-973.

Chen, C., Peng, C., Nandasena, N. A. K., & Yan, H. (2024). Experimental investigation on tsunami impact reduction on a building by a Mangrove
forest. Estuarine, Coastal and Shelf Science, 301, 108756.

Del Vecchio C., Di Ludovico M., and Prota A., “Repair costs of reinforced concrete building components: From actual data analysis to calibrated
consequence functions,” Earthquake Spectra, vol. 36, no. 1, pp. 353-377, Feb. 2020, doi: 10.1177/8755293019878194.

Del Zoppo M., Di Ludovico M., Lignola G. P., and Prota A., “Time-dependent tsunami fragility analysis for reinforced concrete building stock,”
Eng Struct, vol. 330, May 2025, doi: 10.1016/j.engstruct.2025.119931

Del Zoppo, M., Rossetto, T., Di Ludovico, M., & Prota, A. (2023). Effect of buoyancy loads on the tsunami fragility of existing reinforced
concrete frames including consideration of blow-out slabs. Scientific reports, 13(1), 9015.

FEMA - Hazus 5.1, Hazus Tsunami Model Technical Manual. 2022. Accessed: Apr. 08, 2025. [Online]. Available:
https://www.fema.gov/sites/default/files/documents/fema_hazus-tsunami-model-technical-manual-5-1.pdf

Ferrotto, M. F., & Cavaleri, L. (2021). Masonry structures: a proposal of analytical generation of fragility functions for tsunami impact—
Application to the Mediterranean coasts. Engineering Structures, 242, 112463.

Goseberg N (2013) Reduction of maximum tsunami run-up due to the interaction with beachfront development—application of single sinusoidal
waves. Nat Hazards Earth Syst Sci 13:2991-3010. https://doi.org/10.5194/nhess-13-2991-2013

Harati, M., & van de Lindt, J. W. (2024). Impact of long-duration earthquakes on successive earthquake-tsunami fragilities for reinforced
concrete frame archetypes. Journal of Structural Engineering, 150(10), 04024126.

Kajitani et al 2013. Economic impacts of the 2011 Tohoku-Oki earthquake and tsunami. Earthquake Spectra, 29(s1), S457-S478

Karafagka, S., Fotopoulou, S., & Pitilakis, K. (2018). Analytical tsunami fragility curves for seaport RC buildings and steel light frame
warehouses. Soil Dynamics and Earthquake Engineering, 112, 118-137.

Khoirunnisa, H., Kongko, W., Marta, A. S. D., Putra, F. M. G., Ariyanto, D., & Wardani, K. S. Physical Modelling Scenarios of Tsunami Wave
Attenuation Induced by Variation of Mangrove Protection Width and Sea Dike.

Mas, E., Paulik, R., Pakoksung, K., Adriano, B., Moya, L., Suppasri, A., ... & Koshimura, S. (2020). Characteristics of tsunami fragility functions
developed using different sources of damage data from the 2018 Sulawesi earthquake and tsunami. Pure and Applied Geophysics, 177(6),
2437-2455

Medina, S., Lizarazo-Marriaga, J., Estrada, M., Koshimura, S., Mas, E., & Adriano, B. (2019). Tsunami analytical fragility curves for the
Colombian Pacific coast: A reinforced concrete building example. Engineering Structures, 196, 109309.

Nateghi, R., Bricker, J. D., Guikema, S. D., & Bessho, A. (2016). Statistical analysis of the effectiveness of seawalls and coastal forests in
mitigating tsunami impacts in Iwate and Miyagi prefectures. PloS one, 11(8), e0158375.

Oetjen, J., Sundar, V., Venkatachalam, S., Reicherter, K., Engel, M., Schiittrumpf, H., & Sannasiraj, S. A. (2022). A comprehensive review on
structural tsunami countermeasures. Natural Hazards, 113(3), 1419-1449.

Park, S., van de Lindt, J. W., Cox, D., & Gupta, R. (2013). Concept of community fragilities for tsunami coastal inundation studies. Natural
Hazards Review, 14(4), 220-228.

Petrone, C., Rossetto, T., Goda, K., & Eames, 1. (2016, June). Tsunami fragility curves of a RC structure through different analytical methods. 1st
International Conference on Natural Hazards and Infrastructure: Protection, Design, Rehabilitation.

Rahman, S., Akib, S., Khan, M. T. R., & Shirazi, S. M. (2014). Experimental study on tsunami risk reduction on coastal building fronted by sea
wall. The Scientific World Journal, 2014(1), 729357.

Reese, S., Bradley, B. A., Bind, J., Smart, G., Power, W., & Sturman, J. (2011). Empirical building fragilities from observed damage in the 2009
South Pacific tsunami. Earth-Science Reviews, 107(1-2), 156-173.

Risheharan, K., Baumeister, J., & Adame, M. F. (2025). Are floating mangrove breakwaters effective for wave attenuation?-A Literature
Review. Ecological Engineering, 211, 107436.



904 Marta Del Zoppo et al. / Procedia Structural Integrity 78 (2026) 899-904

Suppasri, A., Charvet, 1., Imai, K., & Imamura, F. (2015). Fragility curves based on data from the 2011 Tohoku-oki tsunami in Ishinomaki city,
with discussion of parameters influencing building damage. Earthquake Spectra, 31(2), 841-868.

Udarika, R. N., & Tanaka, N. (2025). Force reduction of tsunami-like waves on coastal structures by varying arrangements and densities of
seaside vegetation: A physical model study. Ocean Engineering, 318, 120103.

Van Dang, H., Park, H., Shin, S., Tomiczek, T., Cox, D. T., Lee, E., ... & Lomonaco, P. (2023). Physical model comparison of gray and green
mitigation alternatives for flooding and wave force reduction in an idealized urban coastal environment. Coastal Engineering, 184, 104339.
Van Dang, H., Tomiczek, T., Park, H., Ha, T., Shin, S., & Cox, D. T. (2025). Investigation on flow hydrodynamics and structural impacts in the

built environment protected by idealized mangrove Forest: Experimental and numerical approaches. Ocean Engineering, 335, 121576.
Waenpracha, S., Foytong, P., Suppasri, A., Tirapat, S., Thanasisathit, N., Maneekul, P., & Omthammarath, T. (2023). Development of Fragility
Curves for Reinforced-Concrete Building with Masonry Infilled Wall under Tsunami. Advances in Civil Engineering, 2023(1), 8021378.
Zucconi, M., Maksimov, V., Ferracuti, B., Di Ludovico, M., Del Zoppo, M., 2025. Coastal flooding and tsunami loss assessment: state of the art
and proposal for predicting building damage and repair costs, Compdyn 2025, 10th ECCOMAS Thematic Conference on Computational
Methods in Structural Dynamics and Earthquake Engineering, Rhodes Island, Greece, 15-18 June 2025



