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Abstract 

Tsunami fragility modeling plays a central role in probabilistic coastal risk assessment; however, 

representing structural vulnerability under near-field tsunami conditions remains challenging due to 

complex hydrodynamic loading, strong spatial variability, and the presence of pre-existing 

earthquake damage. This paper provides a comprehensive review and synthesis of current 

approaches for modeling near-field tsunami impacts on infrastructure, with a particular focus on 

bridging simulation-based methods and empirical damage survey observations. The discussion 

highlights how successive hazard simulations can be used to capture coupled earthquake–tsunami 

effects, while damage surveys offer critical insights into observed relationships between structural 

damage, hydrodynamic intensity measures, and spatial characteristics such as coastal proximity. 

Special attention is given to the role of momentum flux as a physically meaningful predictor of 

damage and to the systematic differences between near-field and far-field fragilities. Building on 

these insights, the paper outlines practical strategies for adapting baseline fragility relationships to 

near-field conditions, including the use of spatially dependent intensity adjustments informed by 

empirical data. Rather than proposing a single methodology, this work aims to provide a structured 

perspective on existing knowledge and to guide researchers and practitioners in developing more 

physically consistent and data-informed fragility models for near-field tsunami risk and resilience 

assessments. 

Keywords: near-field tsunami; fragility modeling; multi-hazard simulation; momentum flux; 

damage survey data 

 

1. Introduction 

Tsunamis are among the most devastating coastal hazards and have repeatedly demonstrated 

their impacts in causing catastrophic losses to coastal communities and infrastructure. Historical 

events such as the 2004 Indian Ocean tsunami and the 2011 Great East Japan tsunami revealed the 

enormous destructive potential of tsunami inundation and emphasized the need for systematic 

approaches to tsunami risk assessment and mitigation. Over the past two decades, the scientific 

community has made significant progress in developing quantitative frameworks for evaluating 

tsunami hazards and their potential impacts on the built environment [1–4]. In particular, 

probabilistic approaches to tsunami hazard and risk assessment have gained increasing attention as 

they allow for the explicit treatment of uncertainties associated with tsunami generation, 

propagation, and impact processes [5,6]. These developments are consistent with broader advances 

in probabilistic risk assessment methods that have long been applied in seismic hazard analysis and 

performance-based earthquake engineering [7–9]. More recently, probabilistic tsunami hazard and 

risk analysis frameworks have been widely adopted to support coastal disaster risk management and 

resilience planning initiatives [10,11]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 April 2026 doi:10.20944/preprints202604.1022.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1022.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 21 

 

Tsunami risk assessment generally involves the integration of several interrelated components, 

including hazard characterization, exposure modeling, and vulnerability modeling. Within 

probabilistic tsunami hazard and risk frameworks, tsunami hazard is commonly described using 

intensity measures such as flow depth, flow velocity, run-up height, and momentum flux [12,13]. 

These intensity measures are typically obtained through numerical simulations that model tsunami 

generation, propagation across ocean basins, and subsequent inundation of coastal areas [6,11]. 

Compared with other natural hazards such as earthquakes, tsunami hazard assessment relies heavily 

on numerical simulations due to the limited availability of observational data and the strong 

influence of coastal bathymetry and topography on wave transformation and inundation patterns 

[5,10]. As emphasized in recent studies, modern tsunami hazard assessment workflows often involve 

simulation-based probabilistic frameworks that propagate uncertainties from the initial tsunami 

source characterization through hydrodynamic modeling and ultimately to impact estimation 

[11,14,15]. 

A critical component of tsunami risk assessment is vulnerability modeling, which establishes the 

relationship between tsunami hazard intensity measures and the expected consequences for exposed 

assets. In probabilistic tsunami risk frameworks, vulnerability is commonly represented through 

fragility relationships that quantify the probability of exceeding specified structural damage states as 

a function of tsunami intensity measures [16,17]. Fragility functions provide an essential link between 

the physical characteristics of tsunami waves and the resulting damage to buildings and 

infrastructure, allowing hazard information to be translated into estimates of structural damage, 

economic loss, or casualties [6,11]. In addition, vulnerability assessment is closely connected to 

broader concepts of risk governance and disaster risk reduction, as fragility models are frequently 

used to predicts potential damage and thus inform land-use planning, building code development, 

evacuation planning, and other risk mitigation strategies for coastal communities [18,19]. 

Several methodological approaches have been proposed for developing tsunami fragility 

relationships. Empirical approaches derive fragility functions directly from post-event damage 

observations collected during field surveys following major tsunami events [20,21]. Analytical 

approaches, in contrast, use structural analysis and hydrodynamic loading models to estimate 

structural response under tsunami forces [1,22]. Indicator-based approaches take a broader 

perspective by evaluating vulnerability through composite indicators that capture multiple 

dimensions of risk, including physical, economic, and social vulnerability [23]. Previous research has 

shown that tsunami damage is strongly influenced by hydrodynamic parameters such as flow depth, 

velocity, and momentum flux, highlighting the importance of accurately characterizing tsunami 

intensity measures when developing fragility models [6,10,24]. In practice, the choice of vulnerability 

modeling approach often depends on the availability of damage data, structural information, and 

computational resources available for the analysis [11]. 

Despite the considerable progress achieved in tsunami vulnerability assessment, several 

important challenges remain. Empirical fragility models are often limited by the scarcity and spatial 

variability of high-quality damage datasets, as well as uncertainties in estimating the local tsunami 

intensity measures at survey locations [24,25]. Analytical fragility models, on the other hand, require 

detailed structural modeling and accurate representation of complex tsunami loading mechanisms, 

which may introduce additional uncertainties if structural properties or loading conditions are poorly 

constrained [26]. Furthermore, the stochastic nature of tsunami hazards and the complex interactions 

between tsunami waves and coastal infrastructure make it difficult to capture the full range of 

possible damage scenarios using a single modeling approach [5,6]. These challenges have motivated 

increasing interest in hybrid approaches that combine physics-based simulations with empirical 

damage observations in order to improve fragility model calibration and reduce epistemic 

uncertainty in tsunami vulnerability assessments [11]. 

In this paper, we review the development of tsunami fragility relationships through the 

observations gained from simulation-based structural analysis and field survey damage data. The 

main purpose is to leverage both physics-based modeling and empirical observations to improve the 
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reliability of tsunami fragility models for coastal structures. Particular emphasis is placed on near-

field tsunami environments (see next section for more details), where waves generated by nearby 

seismic sources can reach coastal communities within minutes and produce highly variable 

hydrodynamic conditions. By combining simulation-based modeling with insights derived from 

post-tsunami damage surveys, this study seeks to provide improved understanding of tsunami-

induced structural damage mechanisms and to contribute to more robust fragility modeling 

approaches for tsunami risk assessment. 

2. Near-Field and Far-Field Tsunami Characteristics 

Tsunamis are commonly classified into near-field and far-field events depending on the distance 

between the tsunami source and the impacted coastline and the corresponding travel time of the 

tsunami waves [27,28]. Near-field tsunamis occur when coastal regions are located close to the source 

of tsunami generation, typically associated with subduction zone earthquakes or submarine mass 

failures occurring near the coastline. In these cases, tsunami waves may reach coastal areas within 

minutes to tens of minutes after the triggering event [29]. In contrast, far-field tsunamis originate 

from distant sources and travel across ocean basins before reaching remote coastlines, often requiring 

several hours to arrive [13]. This classification is important because it directly influences warning 

times, hazard characteristics, and the spatial variability of tsunami inundation processes [5,10]. Near-

field tsunami events, such as those observed during the 2011 Great East Japan earthquake, often 

produce the most severe impacts due to the limited time available for evacuation and the extreme 

hydrodynamic conditions that can develop near the source region [6,11]. 

The generation mechanisms and wave propagation characteristics of near-field and far-field 

tsunamis differ substantially due to variations in the physical processes controlling tsunami initiation 

and ocean-scale propagation. Most destructive tsunamis are generated by large subduction zone 

earthquakes that produce vertical displacement of the seafloor, resulting in the displacement of a 

large volume of water and the formation of long-wavelength tsunami waves [5,30]. However, 

tsunamis may also be generated by other mechanisms including submarine landslides, volcanic 

eruptions, and atmospheric disturbances. These different sources lead to distinct wave characteristics 

and spatial distributions of tsunami intensity [31,32]. In near-field settings, tsunami waves often 

retain stronger nonlinear characteristics and may exhibit highly variable wave heights and 

inundation patterns due to complex coastal bathymetry and local topographic effects [33]. In contrast, 

far-field tsunamis propagate across ocean basins as long waves whose characteristics are strongly 

influenced by basin geometry and wave dispersion effects before interacting with coastal 

environments [34,35]. 

The hydrodynamic characteristics of tsunami inundation play a critical role in determining 

structural damage and therefore must be carefully considered in fragility modeling. Key tsunami 

intensity measures commonly used in hazard and vulnerability analyses include flow depth, flow 

velocity, run-up height, and momentum flux, all of which influence the hydrodynamic forces acting 

on coastal structures [36]. High flow depths can generate large hydrostatic forces on building 

components, while high flow velocities contribute to significant hydrodynamic forces that may lead 

to structural failure or scour [37]. In addition, tsunami flows frequently transport debris such as 

vehicles, building fragments, and vegetation, which can generate impact forces that significantly 

amplify structural damage. Observations from major tsunami events have demonstrated that debris 

impact and debris accumulation can play a major role in building damage and infrastructure failure 

during tsunami inundation [38,39]. As a result, accurate representation of these hydrodynamic 

parameters is essential for developing realistic fragility relationships for tsunami-induced structural 

damage. 

These physical characteristics have important implications for fragility modeling, particularly 

when distinguishing between near-field and far-field tsunami impacts. Fragility relationships aim to 

quantify the probability that a structure will reach or exceed a specified damage state given a 

particular hazard intensity measure [40]. However, the variability of tsunami loading conditions can 
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introduce significant uncertainty in fragility estimation. Near-field tsunamis often involve complex 

hydrodynamic conditions with rapid changes in flow depth and velocity, leading to highly variable 

damage patterns even within relatively small geographic areas [31,41]. Such variability complicates 

the development of consistent empirical fragility relationships derived from post-event damage 

surveys. Consequently, simulation-based approaches that combine hydrodynamic modeling with 

structural analysis have become increasingly important tools for improving fragility estimation in 

tsunami risk assessments [42,43]. 

In addition to hydrodynamic effects, near-field tsunami events frequently occur very close in 

time with strong ground shaking generated by the causative earthquake, which can significantly 

influence the observed structural damage patterns. Buildings located in near-field tsunami zones may 

already experience varying degrees of structural damage due to seismic shaking before being 

subjected to tsunami inundation [44–46]. This rapid sequential loading condition introduces 

additional complexity in fragility modeling because the structural capacity of buildings may be 

reduced prior to the arrival of tsunami waves. Consequently, damage observed after near-field 

tsunami events may reflect the combined effects of earthquake-induced damage and tsunami loading 

[47–49]. This phenomenon highlights the importance of considering multi-hazard interactions in 

tsunami vulnerability assessments and fragility modeling, particularly in regions exposed to large 

subduction earthquakes where earthquake and tsunami hazards occur in rapid succession [50]. 

By accounting for differences in tsunami generation mechanisms, wave propagation behavior, 

hydrodynamic loading conditions, and multi-hazard interactions, fragility models can better 

represent the physical processes that govern tsunami-induced structural damage [51]. Such 

improvements are particularly important for developing reliable vulnerability models that can 

support coastal risk mitigation strategies and resilience planning in tsunami-prone regions. 

3. Simulation-Based Tsunami Fragility Modeling for Near-Field Tsunamis 

Simulation-based fragility modeling provides a systematic framework for evaluating the 

probability of structural damage under coupled earthquake–tsunami hazard scenarios 

[1,47,49,52,53]. In the context of near-field tsunami events, this approach becomes particularly 

important because structures may already experience significant damage from the preceding 

earthquake before the arrival of the tsunami wave [22,54]. Consequently, the fragility of structures 

exposed to tsunami loads cannot be assumed to be independent of the earthquake damage state. 

Traditional approaches may appear, at first glance, to allow estimation of conditional failure 

probabilities through Bayes-type formulations—P(TS∣EQ) = [P(EQ∣TS) P(TS)]/P(EQ)—that combine 

earthquake and tsunami fragility curves. However, terms such as 𝑃(EQ ∣ TS)  are not practically 

estimable, as they imply a conditional dependence that is not physically or statistically observable in 

realistic earthquake–tsunami sequences [55]. Consequently, rather than pursuing such formulations, 

conventional methodologies rely on simplified statistical relationships—often linear or empirically 

calibrated mappings—such as those adopted in FEMA (2019) [56], to approximate multi-hazard 

interactions in a tractable manner. 

To address this difficulty, recent efforts have increasingly turned to direct numerical simulation 

frameworks in which conditional probabilities 𝑃(𝑇𝑆 ∣∣ 𝐸𝑄 ) are obtained explicitly from large-scale 

successive vulnerability simulations, rather than through indirect probabilistic inference [1,22,52,54]. 

Among the most notable advances in this line of research are studies that derive fragility relationships 

directly from simulated structural responses under combined hazard loading scenarios — an 

approach that has gained particular traction in near-field tsunami modeling, where the coupling 

between ground shaking and inundation demands cannot be decoupled without significant loss of 

accuracy. While the broader literature on this topic is extensive, the discussion that follows focuses 

on the most recent and methodologically consequential contributions that have shaped how near-

field tsunami structural response is currently understood and simulated. 
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3.1. Near-Field Tsunami Fragility Simulation 

The simulation framework begins with the development of nonlinear structural models capable 

of representing the response of coastal buildings subjected to both seismic and hydrodynamic 

loading. As can be seen from Figure 1, structural systems are typically modeled using finite-element 

formulations that capture the nonlinear behavior of beams, columns, and joints. Rotational spring 

models are commonly used to represent nonlinear plastic hinge behavior at beam-column 

connections, while additional springs can capture joint shear failure mechanisms [57,58]. These 

modeling approaches allow the simulation to represent key damage mechanisms that occur during 

earthquake excitation, including stiffness degradation, strength deterioration, and plastic rotation 

accumulation [59]. The structural discretization also enables the representation of hydrodynamic 

loads acting on seaward columns and structural frames when tsunami waves inundate the building. 

Such modeling strategies allow the structural model to capture the progressive transition from 

earthquake-induced damage to tsunami-induced structural failure [57]. 

 

Figure 1. Schematic of the nonlinear FEM model for typical RC frame in US with beam–column rotational springs 

and joint shear springs used to capture member and joint nonlinear behavior. 

Once the structural model is established, the simulation procedure incorporates uncertainties 

associated with both hazard and structural parameters. As shown in Figure 2, ground motion records 

representing earthquake excitation are selected from standardized datasets such as the FEMA P-695 

(regular-duration earthquakes) and M9 Project (long-duration earthquakes) record sets, which 

provide a suite of ground motions designed for collapse assessment studies of structural systems (see 

more details from [58]). These records are scaled to represent a range of seismic intensity levels and 

applied to the structural model through nonlinear time-history analysis. 
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Figure 2. Comparison of regular- and long-duration earthquake records using cumulative energy distribution, 

motion duration (DS-595) for the earthquake phase of the successive simulation. 

The resulting structural response captures the earthquake-induced damage state that forms the 

initial condition for the subsequent tsunami loading phase. For near-field tsunami scenarios as shown 

in Figure 3, the structural system may enter the tsunami loading phase with varying levels of residual 

damage, which significantly influences the structural capacity against hydrodynamic forces [22]. 

The tsunami loading, in the second phase of the simulation in Figure 3, is represented through 

hydrodynamic force components acting on the structural frame, typically including drag forces, 

hydrostatic pressures, and impulsive loads associated with bore impact or velocity contribution of 

tsunami waves. In the simulation framework, these loads are often represented using simplified 

hydrodynamic formulations in which the total lateral tsunami force depends on flow depth, flow 

velocity, and structural geometry. Because tsunami parameters exhibit significant variability, the 

simulation framework introduces these loads as random variables within a probabilistic modeling 

framework [57]. Multiple tsunami loading profiles with varying water depths and flow velocities are 

generated to represent different inundation scenarios (see [57] for more details). This probabilistic 

treatment allows the simulation to capture the wide range of tsunami forces that may occur during 

real coastal inundation events. 
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Figure 3. Illustration of the analysis procedure: nonlinear time-history analysis of the structure subjected to 

earthquake excitation followed by force-based pushover analysis on the deformed structure to evaluate residual 

capacity. 

To evaluate structural performance under combined hazards, the analysis employs a successive 

hazard simulation strategy as shown earlier in Figure 3. In this process, the earthquake response is 

first computed through nonlinear dynamic analysis. The damaged structural configuration resulting 

from the earthquake is then subjected to tsunami loading in a second analysis stage. For each pair of 

earthquake and tsunami intensity parameters, the structural demand is compared with the structural 

capacity to determine whether the structure reaches a specified damage state or collapse condition 

[60]. Repeating this process across a large set of earthquake–tsunami intensity combinations produces 

a dataset of failure outcomes corresponding to different hazard intensities. 

Because the analysis involves multiple sources of uncertainty—including ground motion 

variability, structural parameter uncertainty, and hydrodynamic load variability—the simulation is 

typically executed within a Monte Carlo framework. Each realization represents a unique 

combination of earthquake intensity, tsunami loading conditions, and structural parameters. By 

performing thousands of such simulations, the analysis produces a large set of outcomes that can be 

interpreted as realizations of the joint earthquake–tsunami failure process. This computational 

procedure generates a set of failure probability points that describe the relationship between 

earthquake intensity measures and tsunami intensity measures for different structural damage states. 

3.2. Near-Field Tsunami Fragility Response 

The results of the successive simulations using regular-duration earthquakes (FEMA P-695) can 

be visualized as a set of points representing the conditional failure probability 𝑃(𝑇𝑆 ∣ 𝐸𝑄) across a 

two-dimensional hazard space. As shown in Figure 4, these points form the basis for constructing 

fragility surfaces that describe structural vulnerability under combined earthquake–tsunami loading. 

Surface-fitting techniques can then be applied to the simulated failure probability points in order to 

obtain continuous fragility surfaces for different damage states [60]. These fragility surfaces provide 

a generalized representation of structural vulnerability across a wide range of earthquake and 

tsunami intensities, enabling probabilistic risk assessments that account for interacting hazards [61]. 
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(a) Surface fitted to the points of failure probability 

 
(b) Fragility surfaces on different damage states 

Figure 4. Multi-hazard fragility surfaces relating spectral acceleration and tsunami momentum flux (MF) to 

structural damage probability for collapse and multiple damage states. 

Validation of the simulation framework is an essential component of the modeling process. For 

the earthquake component, the nonlinear structural model can be validated by comparing simulated 

structural responses—such as pushover curves and dynamic fragility curves (Figure 5)—with 

benchmark results reported in previous studies (e.g., [62,63]). For example, comparisons with 

established structural models can verify that the simulated building exhibits realistic stiffness, 

strength, and collapse behavior under seismic loading. Such validation ensures that the earthquake-

induced damage states used as initial conditions for tsunami loading are physically consistent and 

that the component-level modeling assumptions are sound. This step provides confidence that the 

structural model employed in the second phase of the simulation accurately captures response at the 

component level, which governs the overall system behavior through its backbone characteristics. It 

should also be mentioned that the period of vibrations and shape of modes have been also examined 

and compared to those reported from the benchmarks. 
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(a) Validation on Pushover response 

 
(b) Validation of earthquake fragility response 

Figure 5. Validation of the structural model. Above: comparison of the pushover response with results reported 

by Haselton et al. (2011) [62]. Bottom: comparison of the derived earthquake fragility curve with existing models. 

For the tsunami component, the resulting fragility curves in Figure 6 can be compared across 

different earthquake intensity levels to examine how pre-existing earthquake damage influences 

tsunami vulnerability. In near-field tsunami scenarios, structures subjected to strong earthquake 

shaking often exhibit an increased baseline probability of failure before tsunami loading begins. As a 

result, the tsunami fragility curves conditioned on earthquake intensity may exhibit a vertical shift 

relative to fragility curves derived for undamaged structures. This means that in near-field tsunami 

fragility simulation, most probability there is a jump at the beginning of the curve where tsunami 

equivalent force is zero. This jump reflects the compounded damage effect in which the tsunami acts 

on a structure that has already experienced earthquake-induced degradation. Simulation results, 

shown in Figure 7, using different earthquake datasets—including those representing long-duration 

earthquake scenarios (M9 Project earthquakes)—can further illustrate how variations in earthquake 

characteristics influence the resulting tsunami fragility relationships. And as can be seen in this 

figure, the jump at the beginning of near-field tsunami fragility curves for long-duration earthquakes 

are even more pronounced (see [58] for more details). 
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Figure 6. Tsunami fragility curves conditioned on prior earthquake intensity levels, illustrating increased initial 

failure probability for near-field tsunami scenarios compared to far-field conditions. 
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Figure 7. Comparison of tsunami fragility curves for different earthquake intensity levels (Sa=0.5g, 1.0g, and 1.5g) 

showing the vertical shift caused by pre-existing earthquake damage prior to tsunami loading. 

4. Post-Tsunami Damage Survey 

Post-tsunami damage survey datasets provide an essential empirical foundation for 

understanding how coastal buildings respond to tsunami inundation. While simulation-based 

fragility modeling enables controlled exploration of structural behavior under coupled earthquake–

tsunami hazards, field observations provide direct evidence of real damage mechanisms and allow 

validation of the simulated fragility relationships [26,64,65]. In this study, post-tsunami survey data 

are analyzed to examine the relationship between structural damage, hydrodynamic intensity 

measures, and spatial characteristics such as distance from the coastline. These empirical 

observations allow the fragility models derived from numerical simulations to be interpreted within 

the context of actual tsunami damage patterns. 

4.1. Damage Survey Data and Information 

The damage data utilized in this study are based on the building-level survey dataset compiled 

by the Japanese Ministry of Land, Infrastructure, Transport and Tourism (MLIT) following the 2011 

Great East Japan tsunami [66]. This dataset consists of detailed ex-post damage observations for a 

large number of structures across multiple affected coastal regions, including Miyako, Rikuzentakata, 

Minami-Sanriku, Kesennuma, Ishinomaki, Sendai Port, and Sendai Airport [67]. Each record in the 

dataset includes the observed damage state of individual buildings, categorized into seven discrete 

levels ranging from no damage (DS1) to washed away (DS7), along with key structural and site-

related attributes such as construction type, number of floors, and inundation depth at the building 

location. The dataset therefore provides a comprehensive empirical basis for linking tsunami 

intensity measures to structural damage. 

In addition to the original survey information, the dataset has been extended in previous studies 

to incorporate additional geospatial and proxy variables representing hydrodynamic effects, 

including shielding and debris interaction mechanisms [67]. These extensions also include estimates 

of tsunami flow velocity, benchmarked against observed inundation patterns across different 

locations. These enhancements enable a more detailed representation of the complex processes 

governing tsunami-induced damage while preserving the empirical foundation of the original survey 

data. 

4.2. Observations on Near-Field Tsunamis from Damage Survey 

A key insight obtained from the damage survey data is that structural damage exhibits a strong 

correlation with hydrodynamic intensity measures characterizing tsunami loading. Among these, 

momentum flux—defined as a function of flow depth and flow velocity—emerges as one of the most 

informative parameters, as it captures the combined effect of hydrostatic and hydrodynamic forces 

acting on structures. As illustrated in Figure 8, the probability of failure (exceeding DS4) for wood 

buildings from damage survey increases nonlinearly with both inundation depth ℎ  and flow 

velocity 𝑣 , highlighting their coupled influence on damage. The resulting failure surface 

demonstrates that neither variable alone is sufficient to fully describe structural response; rather, their 

interaction governs the progression from minor damage to collapse, supporting the use of composite 

intensity measures such as momentum flux for fragility modeling. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 April 2026 doi:10.20944/preprints202604.1022.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1022.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 21 

 

 

Figure 8. Failure probability surface as a function of inundation depth h and flow velocity v, showing simulation 

data points and the fitted probabilistic model used to estimate structural failure. 

Analysis of the damage survey dataset in Figure 9 shows that the probability of severe structural 

damage (exceeding DS4) for wood structure type increases systematically with increasing 

momentum flux values. When the observed damage states are plotted against this hydrodynamic 

intensity measure, the resulting data points form patterns that resemble the probabilistic fragility 

relationships obtained from numerical simulations. This observation supports the assumption that 

hydrodynamic loading parameters such as flow depth, velocity, and their combined momentum flux 

provide physically meaningful predictors of tsunami-induced structural damage. 

Another important observation emerging from the damage survey data is the significant 

influence of distance from the coastline on observed damage levels. Buildings located closer to the 

shoreline generally experience higher damage probabilities compared with buildings located further 

inland. When the dataset is stratified into distance bins measured from the coastline, the resulting 

fragility curves reveal systematic variations in failure probability with distance. Structures located in 

the near-coast region tend to exhibit a higher baseline probability of severe damage even at relatively 

moderate hydrodynamic intensities. In contrast, buildings located farther inland show a lower 

probability of failure for the same intensity levels. This trend suggests that coastal proximity plays a 

critical role in tsunami damage processes and should be considered explicitly in fragility modeling 

frameworks. 

 
(a) Empirical fragility points grouped by distance from coastline 
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(b) 3D fragility for momentum flux versus the distance from coastline 

Figure 9. Failure probability surface as a function of simulated momentum flux and distance from the coastline, 

illustrating the increased initial failure probability near the coast and its influence on tsunami fragility behavior. 

The influence of coastal distance on damage patterns also reveals important differences between 

near-coast, mid-coast, and far-coast tsunami effects. In the immediate coastal zone, buildings are 

exposed to highly energetic tsunami flows characterized by strong impulsive forces, debris impact, 

and rapid hydrodynamic loading. These mechanisms contribute to elevated damage probabilities in 

the near-coast region and can produce structural failures even when hydrodynamic intensity 

measures appear moderate. In addition, structures in this zone may experience stronger earthquake 

shaking prior to tsunami arrival, particularly in near-field tsunami events where the earthquake 

source is located close to the affected coastline. The combined effects of intense tsunami forces and 

potential earthquake damage lead to elevated fragility levels for buildings located near the shoreline. 

At intermediate distances from the coastline, the tsunami flow tends to transition from highly 

impulsive conditions toward more stable hydrodynamic inundation behavior. In this region, damage 

patterns are influenced by both the residual energy of the incoming tsunami flow and the attenuation 

of impulsive forces with distance. As a result, fragility curves derived from damage observations in 

this region often exhibit intermediate characteristics between near-coast and far-coast behaviors. This 

transition zone is particularly important for fragility modeling because it captures the gradual 

attenuation of tsunami forces as the wave propagates inland. 

For buildings located further inland, tsunami damage appears to be dominated primarily by 

hydrodynamic inundation rather than impulsive coastal forces. In these far-coast locations, debris 

impacts and bore-like forces become less dominant, and the structural response tends to be controlled 

primarily by sustained hydrodynamic loads. Consequently, the observed damage patterns in this 

region resemble what is typically described as far-field tsunami fragility behavior, in which structural 

vulnerability depends mainly on hydrodynamic flow parameters such as water depth and velocity. 

These conditions align closely with simplified engineering design approaches in which tsunami loads 

are represented through hydrodynamic pressure formulations, such as those incorporated into 

design guidance documents and coastal hazard engineering methodologies. 

It should be noted that validation of the tsunami edge of the earthquake–tsunami fragility 

surfaces ideally requires far-field tsunami fragility data, which can serve as a baseline for assessing 

how numerical simulations perform relative to damage survey observations. However, the tsunami 

fragility curves presented in Figure 9a,b correspond to near-field conditions. This is because the 
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survey data were collected in regions where earthquake and tsunami effects were inherently coupled 

and not distinctly separable. Consequently, none of the curves represent pure far-field tsunami 

response associated with structures, even for those located relatively distant from the coastline. 

Machine-learning-based (ML) analysis—using XGBoost classifier—of the survey dataset further 

confirms the relative importance of key variables influencing tsunami damage. Feature-importance 

evaluations presented in Figure 10 show that hydrodynamic parameters such as flow depth and 

momentum flux are the dominant predictors of structural damage states, followed by distance from 

the coastline and other environmental variables. This result supports the physical interpretation that 

tsunami forces are primarily governed by hydrodynamic loading mechanisms, while spatial 

characteristics influence how those forces are transmitted to the built environment. The classification 

analysis presented in Figure 10, based on damage states converted to ensure compatibility with IN-

CORE metrics [68], demonstrates high predictive accuracy in distinguishing structural damage states. 

This result indicates that the observed damage patterns exhibit strong statistical relationships with 

the underlying hazard intensity measures. 

 
(a) Feature Importance Analysis of the variables invoved with the damage survey 

 
(b) Prediction matrix for different damage states  

Figure 10. Machine learning model evaluation: feature importance from the XGBoost model for damage 

prediction (above) and the corresponding confusion matrix showing classification performance across damage 

states (bottom). 

An additional insight from the ML analysis over damage survey data is the identification of 

coastal attenuation effects in tsunami fragility behavior. As tsunami waves propagate inland, the 

energy of the flow gradually dissipates due to surface friction, topographic effects, and flow 

spreading. This attenuation process leads to systematic reductions in tsunami dominant forces with 

increasing distance from the coastline. When ML-assisted fragility curves derived for different coastal 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 April 2026 doi:10.20944/preprints202604.1022.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1022.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 21 

 

distance ranges are compared, as shown in Figure 11a, they exhibit systematic shifts toward lower 

failure probabilities with increasing distance from the coastline. This trend highlights that tsunami 

fragility relationships are not spatially uniform and must account for the attenuation of hazard 

intensity across the inundation zone, as illustrated in Figure 11b. 

 
(a) Fragility surface of tsunami for momentum flux versus distance from the coastline 

 
(b) Fragility attenuation curve as a function of distance from coastline 

Figure 11. Relationship between failure probability and distance from the coastline. Above: probabilistic surface 

showing failure probability as a function of tsunami intensity and distance from the coast. Bottom: extracted 

fragility trend illustrating the transition from near-field to far-coast tsunami behavior. 

The observed spatial variation in fragility behavior seen from Figure 11b also suggests that 

fragility curves derived from damage survey data may represent different effective hazard regimes 

depending on the coastal distance of the surveyed structures. In particular, fragility relationships 

derived from buildings located far from the shoreline may resemble traditional far-field tsunami 

fragility curves, while buildings located near the coast may exhibit fragility characteristics influenced 

by both earthquake damage and intense impulsive tsunami forces. Understanding this distinction is 

critical when interpreting empirical fragility datasets because the observed damage patterns may 

reflect a mixture of near-field and far-field tsunami processes. 
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Figure 12 illustrates the systematic variation of tsunami fragility curves with coastal distance, 

highlighting the pronounced influence of near-field and near-coast effects on structural vulnerability. 

As observed, structures located closer to the coastline exhibit significantly higher failure probabilities 

at lower intensity levels, effectively resulting in a leftward shift of the fragility curve relative to those 

representing semi–far-field conditions. This behavior suggests that a baseline fragility function 

developed for far-field tsunami conditions can be adapted to near-field scenarios through an intensity 

shift that accounts for spatial effects such as amplified hydrodynamic loading, reduced dissipation, 

and increased debris interaction near the coastline. The proposed shift, expressed as a function of 

distance, provides a practical mechanism to incorporate near-coast effects without redefining the 

entire fragility model. Consequently, this approach enables a unified framework in which a reference 

fragility curve is adjusted based on site-specific characteristics, offering both computational efficiency 

and physical interpretability in multi-scale tsunami vulnerability assessments. 

 

Figure 12. Relationship between failure probability and distance from the coastline. Above: probabilistic surface 

showing failure probability as a function of tsunami intensity and distance from the coast. Bottom: extracted 

fragility trend illustrating the transition from near-field to far-coast tsunami behavior. 

5. Calibration Challenges for Near-Field Tsunami Fragility 

Calibrating fragility relationships for near-field tsunami events remains challenging due to 

limitations in available empirical data. Although post-event damage surveys exist for major tsunami 

disasters, they often provide incomplete or inconsistent information on structural damage, 

hydrodynamic conditions, and spatial characteristics. Key parameters such as flow depth, velocity, 

and debris effects are rarely measured directly and are instead reconstructed from indirect evidence, 

introducing significant uncertainty. As a result, existing datasets may not fully capture the range of 

structural responses under extreme near-field conditions, limiting the robustness of derived fragility 

relationships. 

Uncertainty is further compounded by the complexity of hydrodynamic loading mechanisms 

and their interaction with structural systems. While common intensity measures such as flow depth, 

velocity, and momentum flux are used to represent tsunami forces, they do not fully account for 

impulsive effects such as debris impact, bore pressures, and wave breaking. At the same time, 

variability in building characteristics—including structural system, material, design quality, and 

maintenance—leads to significantly different damage outcomes under similar hazard conditions. 

This heterogeneity makes it difficult to isolate the influence of hazard intensity from structural 

variability in fragility model calibration. 
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Another key challenge lies in linking simulation-based results with observed damage states. 

Numerical models typically express structural response through engineering demand parameters, 

whereas field surveys classify damage using qualitative or semi-quantitative categories. The lack of 

standardized mappings between these representations introduces additional uncertainty in both 

calibration and validation. Moreover, strong spatial heterogeneity in tsunami effects—driven by local 

topography, coastal geometry, and urban layout—results in significant variations in loading 

conditions across short distances, further complicating the development of consistent fragility 

relationships. 

Finally, validation of far-field tsunami fragility relationships is limited by the scarcity of suitable 

empirical data. Most available observations correspond to near-field events, where earthquake and 

tsunami effects are coupled, whereas many simulation frameworks assume far-field conditions as a 

baseline. Consequently, validation often relies on laboratory experiments, which introduce 

additional uncertainties related to scaling and simplifications. Overall, these challenges highlight the 

need for integrated approaches that combine simulations, field data, and experimental studies to 

improve the reliability of tsunami fragility modeling. 

6. Summary and Conclusions 

This study reviewed the development of tsunami fragility relationships by integrating insights 

from simulation-based structural analysis and post-tsunami damage survey data, with a particular 

focus on near-field tsunami environments. The results demonstrate that near-field tsunami fragilities 

cannot be adequately represented using conventional single-hazard or spatially uniform approaches, 

as structural response is strongly influenced by both preceding earthquake damage and highly 

variable hydrodynamic loading conditions. The successive simulation framework provides a 

physically consistent means of capturing these interactions, enabling the direct estimation of 

conditional fragility relationships without relying on simplified probabilistic assumptions. 

Analysis of damage survey data further confirms that tsunami-induced structural damage is 

governed by coupled hydrodynamic intensity measures, particularly momentum flux, and is 

significantly influenced by spatial factors such as distance from the coastline. The observed 

attenuation of fragility with increasing inland distance highlights the importance of accounting for 

spatial heterogeneity in vulnerability modeling. The proposed interpretation of fragility behavior as 

a function of coastal distance, including the concept of intensity-based shifting of baseline fragility 

curves, provides a practical and physically interpretable approach for incorporating near-coast effects 

into tsunami vulnerability assessments. 

At the same time, the study identifies several fundamental challenges in calibrating and 

validating tsunami fragility models, including limitations in empirical data, uncertainties in 

hydrodynamic intensity measures, structural variability, and inconsistencies between simulation 

outputs and observed damage classifications. These challenges are particularly pronounced for near-

field tsunami scenarios, where multi-hazard interactions and strong spatial variability complicate 

both model development and interpretation. The lack of purely far-field empirical datasets further 

constrains the validation of baseline fragility relationships, emphasizing the need for complementary 

laboratory and numerical studies. 
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