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Abstract 16 

Extreme hydrodynamic events such as hurricanes or tsunamis threaten coastal regions in particular. 17 

Such hazards must be assessed and appropriately incorporated into building codes to mitigate 18 

casualties and damages to coastal structures. Guidelines are often developed through experimental 19 

investigations that assume buildings remain rigid during hydrodynamic loading. To challenge this 20 

‘rigid building paradigm’, test specimens were designed to replicate the deformation characteristics 21 

of an idealized light-frame timber structure using Froude-Cauchy similarity. Subsequently, a large-22 

scale experimental study was conducted at the Large Wave Flume of the Coastal Research Center in 23 

Hannover. Hydrodynamic loads and load gradients were investigated to describe both the influence 24 

of an elasto-plastically modeled test specimen compared to a rigid reference model and the effect of 25 

load history on the structural loads. Finally, the collapse sequences of elasto-plastic specimens were 26 

extracted from high-speed photographs and classified into three failure mechanisms. In this study, 27 

data analyses are presented with the intention to not only inform local authorities for future 28 

development of guidelines but also serve as calibration and validation data for improving numerical 29 

methods. 30 

1 Introduction 31 

The performance of buildings and civil infrastructure when exposed to environmental extremes (e.g. 32 

storm surge, flooding, wind, earthquake) and associated loading is a focal point of civil engineering 33 

design that may directly affect safety, hazard and evacuation assessments as well as disaster 34 

mitigation strategies for community resilience. Buildings may experience extreme external loads 35 

when exposed to storm surges with high wind waves (Robertson et al., 2007; Kennedy et al., 2011; 36 
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Tomiczek et al., 2017; Masoomi et al., 2019), tsunami (Chock et al., 2013; Yeh et al., 2013; 37 

Krautwald et al., 2021), (flash)flood inundation (Ettinger et al., 2016; Milanesi et al., 2018; Milanesi 38 

and Pilotti, 2021), strong windstorms (Lindt et al., 2007; Lindt and Dao, 2009) or earthquake action 39 

(Rosti et al., 2020; Vlachakis et al., 2020). While exposed to such events, lack of or insufficient 40 

building performance results in damage, progressive collapse or dislodgement. Ill-performing 41 

buildings may trigger severe, even lethal consequences as well as tangible and intangible losses 42 

(Dassanayake et al., 2012). Cascading events ranging from local lifeline infrastructure failure to 43 

extremes such as the Fukushima nuclear meltdown following the 2011 Tōhoku Earthquake and 44 

Tsunami (2011 TEaT) may occur (Mimura et al., 2011). Predicting consequences and effects of these 45 

natural hazards is a major challenge not adequately tackled to date. 46 

This work focusses on the dynamics of extreme hydrodynamic events interacting with buildings. 47 

While previous works have already addressed loading conditions of indestructible buildings 48 

(primarily focused on maximum loading), very little has been done to explore the dynamics 49 

underway when collapse processes are considered. This perspective yet overlooks the fact that in 50 

many cases, as will be seen in the literature review, over-loading leads to failure, partial or full 51 

collapse of buildings. In turn, considerable amounts of debris being generated during these collapse 52 

processes is then transported downstream, increasing loading on neighboring buildings through 53 

impact (Naito et al., 2014; Stolle et al., 2019, 2020) or damming (Stolle, Takabatake, et al., 2018; 54 

Shekhar et al., 2020). This work hence has the overall objective to foster the scientific work on and 55 

lay a basis for future predictive skills, to enable accurate modelling of water-debris mixtures evolving 56 

where extreme hydrodynamic events take place. 57 

Extreme hydrodynamic events are coastal as well as fluvial hazardous conditions characterized by 58 

fast, turbulent, debris-laden and transient flows. Buildings subjected to extreme hydrodynamic events 59 

experience immense loading through flow acting on building envelopes (Robertson et al., 2007, 60 

2008; Chock et al., 2013). To add a layer of complexity, there is internal loading once water has 61 

broken into them. Buildings respond to those loads by deflecting, first elastically, but then plastically 62 

leading to progressive damage and ultimately collapse as well as dislodgement (Hatzikyriakou et al., 63 

2016; Tomiczek et al., 2017; Duncan et al., 2021). The complexity of interactions between the 64 

anisotropic elasto-plasticity of building structures and hydrodynamics of extreme events has only 65 

recently gained attention in the scientific community (Lindt et al., 2009; Wilson et al., 2009; Duncan 66 

et al., 2021). The specific challenge lies within the combined modelling of the elasto-plastic 67 

properties and collapse processes of buildings while interacting with hazardous extreme 68 

hydrodynamic events. Effects of storm surge and tsunami on buildings (damage, collapse, 69 

dislodgement, scouring) are impressively shown in Figure 1; and it becomes vividly clear that the 70 

mixture of all sorts of solids and liquid is a characteristic that makes this research significant. 71 
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 72 

Figure 1. Effects of extreme hydrodynamic events: (a) Seaside Heights houses floated away [M. 73 

Tama/Getty Images] (b) Union beach house damaged, both New Jersey, USA after hurricane 74 

Sandy, October, 2012 [R. Sullivan, Woods Hole]. (c) Sendai plains with tsunami wave and 75 

entrained buildings [NHK World, Japan], (d) Kamaishi city, with a building afloat [unknown 76 

source], both in Japan on March 11, 2011 during the Tōhoku Earthquake and Tsunami (2011 77 

TEaT). 78 

Past research has most often focused on the water phase alone; this research in contrast assesses the 79 

total performance of a single building, including the collapse phase and evaluate the concurrent 80 

inundation extent as it is affected by the collapsing building It also describes differences in the 81 

collapse processes and contrast them by their total loading that has led to the collapse. Prior to the 82 

presentation of the scientific results, the authors have opted to provide a more in-depth review of 83 

available literature on the subject of collapsing buildings in extreme hydrodynamic conditions, 84 

looking into neighboring fields where structural collapse has been addressed more widely by the 85 

communities. 86 

2 Literature review 87 

2.1 Extreme hydrodynamic events leading to building collapse 88 

Ericson et al. (2006) found that combined effective sea-level rise and storm surges will have a 89 

considerable effect on millions of coastal inhabitants. Recent examples of devastating, deadly storm 90 

surges include typhoon Haiyan in the Philippines with local extreme water levels of 5-6 m (Mori et 91 

al., 2014) and in Bangladesh (Karim and Mimura, 2008). In the 2070s, major cities with important 92 

port facilities will be threatened by the combined effect of climate change, exposure to storm surges 93 

and subsidence, growing to about 150 million people at risk (Hanson et al., 2011). Induced by global 94 
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warming, changes of storm climatology in combination with sea level rise will, for the example of 95 

New York City, result in 100-yr flooding to occur every 3-20 years, and for the 500-yr flooding to 96 

occur every 25-240 years (Lin et al., 2012). Storm surges are frequently accompanied by strong 97 

waves (Ranasinghe, 2016), which – when impacting coastal development- cause severe damage 98 

while propagating further inland as waters rise. Recently, Roeber and Bricker (2015) found the 99 

generation of bore-type waves during Typhoon Haiyan washing away shed-like buildings as a result 100 

of enhanced energy in the infra-gravity frequency band (surf beat) leading to tsunami-like overland 101 

flow. Further, increasing wave heights of wind waves are predicted as a result of climate change 102 

(Chini et al., 2010; Mori et al., 2010) potentially causing more destructive hydrodynamic events in 103 

future. 104 

Secondly, tsunamis are an arguably destructive geohazard occurring along the world’s coastlines. 105 

Recent events such as the 2004 Indian Ocean Tsunami and the 2011 TEaT have disastrously 106 

illustrated the destructive potential affecting large stretches of coastal land. According to Løvholt et 107 

al. (2012), about 20 million coastal residents are living in tsunami-prone regions. The 2011 TEaT led 108 

to the loss of life and buildings (190,000 damaged, 45,000 destroyed) and infrastructure damage 109 

(Norio et al., 2011), despite the level of preparation Japan had undertaken to prepare for such event. 110 

Tsunami waves, when propagating over shallow terrain, are assumed to be “dam break-like”. They 111 

exhibit a sharp and steep front followed by a quasi-steady tail (Chanson, 2006) with fast flow 112 

velocities and strong turbulence. On land, within the build environment, tsunami may have flow 113 

depth similar to building heights (1-, 2-, 3-storeys, Figure 1 (d)), and velocities between 3 -11 m/s, 114 

e.g. as observed in Kesennuma city, Japan (Fritz et al., 2012). 115 

Thirdly, it is very likely that sub-daily extreme precipitation events will result in more severe flash 116 

floods (Westra et al., 2014). Flash floods are characterized by their short duration from onset to peak 117 

flow and their often steep front wave (Georgakakos, 1986) evolving when propagating along a river 118 

network. Flash floods interact with buildings near river courses when inundating river banks, and 119 

severe damage has been seen all over the globe as its result (~9% of insured losses, 1980-2002). A 120 

recent example of a large-scale flash flood occurred in the western part of Germany, in the Ahr valley 121 

(Fekete and Sandholz, 2021). Flash flood-like extreme hydrodynamic events could also evolve 122 

through breaching of aging dam or dike infrastructure, with significant numbers of events throughout 123 

the past decades (Gallegos et al., 2009; Pilotti et al., 2011), all of which can also be approximated by 124 

dam-break waves. 125 

In summary, storm surges, tsunamis and flash floods owe the potential to destruct buildings, either by 126 

exerting excess loading on the building’s structural elements, or by undermining foundation 127 

components. Extreme hydrodynamic events are capable of severely affecting human settlements. It 128 

will be important to understand the processes leading to, during and after the collapse of individual 129 

builds in order to build tools to predict the overall flooding-destruction sequence eventually. 130 

2.2 Building performance in light of extreme hydrodynamic events 131 

Hydraulic loading exerted by extreme hydrodynamic events on buildings comprises impulsive forces 132 

(short-duration, transient) induced by wave breaking, hydrodynamic forces (quasi-static, strong 133 

turbulence) (Al-Faesly et al., 2012; Robertson et al., 2013; Krautwald et al., 2022), debris impact 134 

forces (short-duration, transient, very strong) (Nistor et al., 2017; Derschum et al., 2018; Stolle, 135 

Derschum, et al., 2018), debris damming forces (quasi-static once established, unknown probability, 136 

evolution process) (Stolle, Takabatake, et al., 2018; Shekhar et al., 2020), as well as buoyancy forces 137 

(Yeh et al., 2014), depending on building envelop state (Yeh et al., 2015). A forensic survey after 138 
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Hurricane Ike making landfall in Texas, US, found storm surge and wave related building damage, 139 

dislodgement, and entire collapse correlated with relative vertical distance between lower floor 140 

elevation to maximum surge level on structures (Robertson et al., 2008; Kennedy et al., 2011). The 141 

damage regime ranged from buoyancy and uplift forces dislodging homes to damaging, impulsive 142 

breaking wave forces associated with high waves propagating inland. Causes and effects of building 143 

damage could not however be analyzed with strong confidence, and the progressive collapse remains 144 

a mystery.  145 

Charvet et al. (2014) used the extensive damage database of the Japanese Ministry of Land, Infra-146 

structure, Transport and Tourism (MLIT, 2012) containing 178,448 individual buildings affected by 147 

the 2011 TEaT to improve empirical fragility assessment. A key finding was that besides tsunami 148 

flow depth, damaged building’s construction type, e.g., wood-/steel-frame, reinforced concrete (RC) 149 

was crucial for estimating damage states statistically. However, without process-based knowledge, 150 

identifying specific reasons for collapse is inherently difficult (see Figure 1 (c)), and empirical 151 

fragility functions are often tied to specific events. The use of satellite data prior and after extreme 152 

hydrodynamic events striking hazard-prone areas in conjunction with numerical simulations of the 153 

flow dynamics were useful resource for developing fragility functions, particularly when large areas 154 

as after the 2004 Indian Ocean Tsunami are affected (Suppasri et al., 2011). A key problem with 155 

empirical fragility functions is the intricate interplay of location, materials, flow complexity and 156 

building shape – which is difficult to replicate post-mortem. 157 

Aside from empirical data, analytical fragility functions can be developed through the use of 158 

advanced structural modelling (McKenna, 2011). Petrone et al. (2017) displayed a method to apply 159 

tsunami loading on a RC building approximating loading from the 2011 TEaT. However, the set of 160 

fragility functions for this RC building did not reflect the full hydrodynamic breadth of load 161 

variations (e.g., no buoyancy, no debris impact) and its transient nature was approximated by 162 

triangular and trapezoidal force distributions. Flow through, and potential debris damming from 163 

deteriorated other buildings closer to the shoreline, was equally neglected (Petrone et al., 2017). 164 

Without a break-through in understanding and more accurate representation of extreme 165 

hydrodynamic events when modelling building performance, progress on predicting progressive 166 

collapse of structures, along with adequate experimental facilities and numerical simulation tools 167 

remains very challenging. 168 

2.3 Performance of individual buildings and building parts 169 

Next, state-of-the-art knowledge pertaining to current building modelling methods and shortcomings 170 

are reviewed. The predominant portion of research that has addressed extreme hydrodynamic events 171 

acting on buildings has used rigid models, i.e., almost no elasticity or flexure under loading. This 172 

modelling approach can be termed the “rigid building paradigm”. Often, square or round, rigidly-173 

mounted structures are used and subjected to extreme hydrodynamic events in small- or medium-174 

scale dam-break flumes to investigate pressure and force characteristics (Yeh, 2006; Nouri et al., 175 

2010). Large dynamic forces due to the violent interaction of the wave front reaching the structure or 176 

debris impact were observed that exceeded those forces prescribed by current design standards 177 

(ASCE 7-16, 2017). Past analysis confirmed that dam-break generated hydraulic bores resembled 178 

appropriately prototype tsunami conditions (Al-Faesly et al., 2012). Generally good agreement was 179 

found for tsunami-type loading on rigid building specimen when simulating the building performance 180 

with numerical models, although high computational effort and tuning was necessary (Tomita et al., 181 

2007; Park et al., 2013; St-Germain et al., 2013). Some attempts have more recently been made in 182 

relation with debris impact onto vertical structures to account for structural flexibility/elasticity in 183 
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analytical terms. Stolle et al. (2019) have used a two-degree-of-freedom model, for cases with 184 

building and debris stiffness known, and have successfully shown that debris impact forces can be 185 

predicted accurately, using data of a mid-scale experimental campaign for shipping container drift 186 

(Stolle et al., 2019). 187 

Though rarely studied, one investigation found considerable effects of openings in buildings on total 188 

horizontal forces and overturning moments (Wüthrich et al., 2018). A small-scale study found that 189 

vertical forces strongly depend on the amount of opening in the model building. It yet remained 190 

unclear how dead weight of the additional water and buoyancy through trapped air inside may have 191 

affected the overall vertical forces. In pursuit of tsunami-resilient design, Thusyanthan and 192 

Madabhushi (2008) have modelled small-scale Sri Lankan buildings, for the first time resorting from 193 

simplified, box-type structures. These authors have used geometric scaling and unscaled materials 194 

(i.a., with prototype yield strength) to optimize architecture; however material properties and joint 195 

behavior were not considered and those buildings were still “rigid”. These authors also mention 196 

splash-up that hit the roof structure from inside during the tsunami action on the building. Wilson et 197 

al. (2009) tested a structurally compliant 1/6 scale wooden building subjected to wave loading and 198 

found that the building experienced about 60% lower forces in those cases where openings allowed 199 

the flow to pass through the building. It was also noted that specific forces changed drastically by 200 

modifying constructional details; for example, buoyancy forces (uplift) were dominant in cases where 201 

open crawl space vs. a slab/stem wall foundation was compared. It is noteworthy that unanticipated 202 

forces were detected that are ostensibly only architectural features, e.g., overhanging eaves above 203 

garages. 204 

Realistic buildings with their intricate forms, shapes and architectural features are hence very likely 205 

to either withstand larger or fail at smaller total loading, as compared to those loads found in the 206 

above-mentioned studies. These loadings however often find their way into recommendations and 207 

standards, despite their original scope and validity. These uncertainties with respect to ultimate limit 208 

states of realistic building shapes necessitate further research, particularly looking into realistic 209 

loading that includes failure and collapse of buildings more specifically. 210 

2.4 Towards damage and collapse of buildings exposed to extreme hydrodynamic events 211 

Literature evidence of damage, collapse and dislodgement of buildings is only available through 212 

forensic, post-hazard surveys, yet no single reference could be found that documented progressive 213 

collapse as it happens. This is a major, fundamental shortcoming in the current knowledge, indicating 214 

a general lack of understanding at a process level. A survey after the 2011 TEaT showed previously 215 

unaddressed, potential failure causes of buildings: debris impact, severe scouring around buildings 216 

and liquefaction (Fraser et al., 2013). For timber buildings in Kamaishi, Japan, these authors note that 217 

soft-storey failure (lower floor collapse with roof and top storey remaining intact) may have 218 

happened due to tsunami action. Sheltering vs. exposure in building clusters played an important role 219 

in layouts where buildings did not collapse unexpectedly, for unknown reasons. The critical role, 220 

entrapped air played in the overturning of RC buildings, load reducing usage of break-away walls 221 

and the sheltering aspect of sturdy buildings protecting less well-built structures were noted by Yeh 222 

et al. (2013). Thus, raising the need to investigate failure modes and ultimate limit states of buildings 223 

exposed to extreme hydrodynamic events. These authors called attention to the importance of 224 

considering soil softening, scouring and erosion near buildings, an aspect overlooked in current 225 

research although these exposed foundations may lead to failure of building as a whole. Fraser et al. 226 

(2013) underpins this observation: buildings in Ofunato city whose windows were found unbroken, 227 
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and water marks inside the building indicated that air was trapped, potentially causing additional 228 

buoyancy forces resulting in up-lift. 229 

Besides post-hazard observation, experimental or numerical insight into building collapse is very 230 

sporadic, and the entire challenge lacks sincere analysis, inappropriate to the global scale by which 231 

extreme hydrodynamic events threaten human dwellings. A full-scale study by Yeh et al. (1999) 232 

looks at wooden breakaway wall subjected to hurricane wave action; this study attempts to 233 

understand nail configurations and eventual failure due to the most damaging wave type, a broken 234 

storm wave attacking the wall as an approaching bore. A 1/6 scaled wood-frame house was tested 235 

destructively by Lindt et al. (2009) up to failure; in that case, this showed as soft-storey failure of the 236 

building model. The results were correlated with static load testing such that a simplified force 237 

equation could be proposed. 238 

Numerical collapse modeling has evolved into a tool that allows removing single/multiple structural 239 

elements (e.g., columns, beams) and predicting a final post-collapse state. Although depicting a step 240 

forward, such technique was never applied where buildings interact with extreme hydrodynamic 241 

events. A review of progressive collapse and robustness of building structures mentions the current 242 

lack of experimental observation to calibrate and validate collapse simulations of timber and masonry 243 

structures (Adam et al., 2018), even without extreme hydrodynamic events. Salem and Helmy (2014) 244 

analysed the cause of the Minnesota I-35 bridge with good accuracy which failed in 1967 during 245 

construction work by an Applied Element Method (AEM), capable of predicting mode and time of 246 

failure, forces as well as velocity of flying debris. A one-way coupled, iterative approach was applied 247 

to study the collapse of the Tsuyagawa bridge subjected to the 2011 TEaT; the AEM applied 248 

hydrodynamic forces from simplified drag and buoyancy relations based on inundation depths and 249 

flow velocities provided by Fu et al. (2013) without resolving the fluid dynamics explicitly (Salem et 250 

al., 2016). 251 

Observations of damage, progressive collapse and dislodgement are challenging, given the powers 252 

that extreme hydrodynamic events hold. They are intrinsically difficult to study, as those waters are 253 

turbulent and clouded by suspended sediment, equally limiting observational access during the 254 

events. A preliminary review of the available eyewitness videos during the 2011 TEaT was 255 

conducted; this analysis lead to the following conclusion pertaining to failure modes and duration 256 

until failure: 257 

• Pitched roof, grey wood-frame house in Kamaishi city (Video_1, 2011): Failure mode is 258 

dislodgement from foundation floating away with upper floor and roof intact, estimated time 259 

from onset of flow to failure about 40 s (the reader is also referred to Figure 1 (d) that depicts this 260 

scene) 261 

• RC two-storey office building in Hachinohe port (Video_2, 2011): Failure mode is collapse of 262 

breakaway walls, with subsequent dislodgement of whole pitched roof, estimated duration of 263 

failure during second incoming tsunami wave is 12 s, the damaging bore propagating at a local 264 

water depth of about 1.5 m 265 

• Cluster of one- and two-storey buildings in Miyako city (Video_3, 2011): Failure mode 266 

potentially push-off of foundation, or soft-storey failure, roofs propagation inland after collapse 267 

initiation, impact of floating roofs/upper building portions induce next-line failure, duration of 268 

failure 10 s 269 

2.5 Urgent needs in the state-of-the-art and objectives 270 

https://doi.org/10.24355/dbbs.084-202208291215-0



 

 
8 

On the basis of this review, the following urgent needs are identified. Extreme hydrodynamic events, 271 

namely tsunami, storm surges with large waves, and dam break-like flash floods are calling for better 272 

preparation, and improved predictions prior to disasters. (1) Nowadays, warning and evacuation 273 

measures must rely on accurately forecasting site-specific hazard and its implications. Yet, we are 274 

currently unable to predict progressively collapsing buildings, one of the most uncontested problems 275 

in the engineering sciences to date. (2) Existing forecast tools represent buildings in the pathway of 276 

extreme hydrodynamic events as rigid, stationary obstacles (they do not move at all). This choice 277 

affects the momentum balance of realistic flows and causes inaccurate predictions where buildings 278 

would have collapsed, and debris would have been added downstream. (3) to the authors’ knowledge, 279 

the “rigid building paradigm” persists and has not been tackled before. One reason is our inability to 280 

control hydro-structural processes at appropriate length scale experimentally (duration- or 281 

magnitude-limitations), while numerical models have not been validated with respect to the process 282 

complexity. 283 

The remainder of this study is hence aiming to answer the following questions experimentally, in 284 

pursuit of stipulating further research into the building collapse due to extreme hydrodynamic events: 285 

• How does the elasticity of a building specimen, either elasto-plastic or fully rigid, affect the total 286 

force time-history of a building, when exposed to an extreme hydrodynamic event? 287 

• Is the collapse process of identically constructed model specimen comparable or are there 288 

significant differences in the underlying failure mechanisms? 289 

• What influence has the preceding load history on the forces and load transfer in the building 290 

specimen? 291 

3 Materials and methods 292 

3.1 Experimental test facility 293 

In October 2019, an experimental test series was carried out in the Large Wave Flume (GWK) 294 

operated by the Costal Research Center (FZK) in Hannover, Germany. The GWK has dimensions of 295 

307 m in length, 5 m in width and 7 m in depth and allows for close-to-prototype experimental tests. 296 

A schematic sketch of the experimental model setup is given in Figure 2. The coordinate system is 297 

zero for the position of the wave maker (horizontal), the southern wall (lateral) and the flume bottom 298 

(vertical). A composite slope was constructed at 𝑥 =  193 𝑚 starting with a 1:15 slope up to a height 299 

of 𝑧 =  3.6 𝑚 at 𝑥 =  247 𝑚 and a subsequent horizontal platform. To maintain a consistent 300 

bathymetry, the slope consisted of a sand core, geotextile layer and concrete slabs. The specimens 301 

were positioned in a distance of 8.0 𝑚 from the transition of the slope to the platform. 302 
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 303 

Figure 2. Experimental model setup in side view (a) and top view (b) including the position of 304 

all measurement devices. Two positions are shown in the top view (b) that are referred to in 305 

Figure 5. Following abbreviations are used consistently to Table 1: WG – wave gauge; ICM – 306 

inductive current meter; US – ultrasonic distance sensor; HS-Cam: High-speed-camera. 307 

3.2 Instrumentation 308 

Since the study of large-scale, non-rigid collapsing structures is an experimental novelty, a variety of 309 

different instrumentation were utilized to study both hydrodynamics and structural response. To 310 

acquire the water surface elevation during propagation over the flume bottom, two sets of wave 311 

gauge arrays (WG 1.1-1.4 and WG 2.1-2.4) were installed, each consisting of four wire-resistance 312 

wave gauges. When the wave arrived at the platform, six ultrasonic distance sensors (US 1-6) 313 

recorded the flow depth above the platform. Flow velocities were measured using inductive current 314 

meters (ICM 1-4) placed at a height of 𝑧 =  3.7 𝑚, i.e. 10 cm above the bottom, and distributed 315 

along the horizontal platform. However, the inductive current meters must be submerged for reliable 316 

measurements and encountered problems with initially high flow velocities and entrained air during 317 

the period when the turbulent bore inundates the platform. Therefore, this data misses the initial high 318 

flow velocities and should be used for validation purposes only as has been described in von Häfen et 319 

al. (2022).  320 

Four pressure transducers were installed in the centerline of the front panel (PS 1-4). These pressure 321 

sensors were mounted to the rigid structure only, since a structural collapse would potentially cause 322 

damage to these sensors. However, a multi-axis sensor was installed underneath the structures to 323 

acquire total forces and moments in all spatial directions. Four inertial measurement units (IMU) 324 

were installed on the timber studs supporting the front panels (IMU 1-4). Each inertial measurement 325 

unit recorded three-dimensional (3D) acceleration, turn rate as well as magnetic field intensity. Two 326 

high-speed cameras were mounted at a height of 𝑧 =  11.6 𝑚 with their field of view (FOV) directed 327 

towards the horizontal platform. High-speed camera images allow to investigate the structural failure 328 

process in detail, however, the reader is referred to von Häfen et al. (2022) for a discussion on a more 329 

detailed analysis of the hydrodynamics using large-scale PIV methods. 330 
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Sensor types, brands, accuracies, ranges as well as sampling frequencies are given in Table 1 for a 331 

comprehensive overview of the technical specifications. Most of the data was recorded and 332 

synchronized by a central data acquisition system except for the inertial measurement units and the 333 

high-speed cameras. Both measurement systems were started synchronously using a trigger signal 334 

that was recorded by the central data acquisition system. Hence, fully synchronized data sets of the 335 

entire instrumentation are available. All other data series and images were synchronized in post-336 

processing by their time stamp. 337 

Table 1. Instrumentation list providing an overview over the used sensors and technical details. 338 

Acronym 
Measuring 

device 
Manufacturer 

Location of 

company 
Sensor Unit 

Accura

cy 
Range 

Frequency 

[Hz] 

WG (1.1-

1.4 & 2.1-

2.4) 

Capacitance-

type wave 

gauge 

Coastal Research 
Center 

Hannover, 
Germany 

[no 

commercial 

product] 

[m] ± 10 mm ± 2.25 m 100 

US (1-4) 
Ultrasonic 
distance sensor 

Microsonic 
GmbH 

Dortmund, 
Germany 

mic+340/I
U/TC 

[m] ± 1 % 
0.35 – 
5.0 m 

500 

US (5-6) 
Ultrasonic 

distance sensor 

Microsonic 

GmbH 

Dortmund, 

Germany 

mic+130/I

U/TC 
[m] ± 1 % 

0.20 – 

2.0 m 
500 

ICM (1-4) 
Inductive 
current meter 

hs-engineers 
Lichtenhagen, 
Germany 

ISM-2001f [m/s] ± 1 % ± 3 m/s 100 

PS (1-4) Pressure sensor RS Hydro 
Stoke Prior, 

United Kingdom 
PDCR1830 [Pa] ± 0.1 % ± 35 kPa 1000 

-  
Multi-axis 
sensor 

Interfaceforce 
e.K. 

Tegernsee, 
Germany 

IFF6A175 
[N] 

[Nm] 
± 0.5 % 

± 20 kN 
± 5 kNm 

1000 

HS (1-2) 
High-speed 

camera 
Basler 

Ahrensburg, 

Germany 

acA1300-

200um 
[-] ~ 6.6 mm ~ 14.0 m 100 

IMU (1-4) 

Inertia 

Measurement 

Unit 

Inertia 
Technology 

Enschede, The 
Netherlands 

ProMove 
mini 

[m/s²] 
[°/s] 

± 0.5 % 
± 157 m/s² 
± 2000 °/s 

1000 

3.3 Model design of the elasto-plastic specimen 339 

The fundamental objective of designing the elasto-plastic specimen was to demonstrate the feasibility 340 

of scaling selected structural properties (like stiffness) prior to investigating their effects when 341 

subjected to extreme hydrodynamic events. Despite having an influence on applied forces and 342 

collapse mechanisms, real architectural components such as doors, windows, overhangs were 343 

however neglected in here, as to limit this investigation on testing the rigid building paradigm by 344 

comparing elasto-plastic and fully rigid structures. 345 

A simplified prototype building constructed in a wooden light-frame construction was used as 346 

reference for the model design. It is conceived with a square cross-section (5.0 m × 5.0 m) and a flat 347 

roof with a height of 3.5 m. The construction is representative of the common building standard of 348 

timber dwelling structures in Central Europe. Each side of the building had an external wall 349 

sheathing with four OSB (oriented strand board) panels measuring 1.25 m × 3.5 m × 0.012 m. The 350 

supporting wooden studs were assumed to have a cross section of 0.06 m × 0.18 m and a spacing of 351 

1.25 m. Wall sheathing and supporting wooden studs are connected with steel nails with a diameter 352 

of 2.1 mm and a length of 50 mm at 0.10 m spacing. Using these specified dimensions, a scaling of 353 

the model specimen was performed to obtain scaled deformations in the experiment based on the 354 

geometric scaling factor. A systematic sketch of the scaled model specimen is provided in Figure 3 355 

highlighting some construction details. 356 
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 357 

Figure 3. Systematic sketch of the elasto-plastic specimen where the upper interface of the wall 358 

sheathing and the roof joists are detailed in (a), the interface of wall sheathing and upper joists 359 

is detailed in (b) and the lower corner studs are depicted in (c). 360 

To limit scale effects and achieve a feasible model design with a simultaneous consideration of both 361 

Froude and Cauchy similitude, the scale factor was chosen to be as large as possible (Heller, 2011). 362 

Therefore, a geometric scaling factor of 1:5 (𝜆 = 5) was chosen as a compromise between a large 363 

scale and a reasonable blockage ratio (1/5) of the 5.0 m wide wave flume. However, scaling the 364 

structural stiffness is a more complex issue, depending on parameters such as load attack, material 365 

properties and the dimensions of nails, wooden studs and the shear walls. A full Cauchy model 366 

scaling based on the second moment of inertia and Young’s modulus usually results in either the 367 

need to select materials with different properties than wood or the required cross sections are not 368 

technically feasible. Hence, in a first step, the predominant load transfer processes for the individual 369 

structural components were identified and, based on experimental tests and scaling considerations, 370 

the required timber dimensions were determined. 371 

Initially, the hydrodynamic bore exerts forces on the wave-directed wall. In this case, the wall 372 

sheathing transmits the entire forces to the vertical wooden studs, which subsequently deform and 373 

transfer the load to the roof and slab construction. Hence, the bending stiffness of the studs determine 374 

the maximum deformation and require a proper scaling. Following scaling considerations based on 375 

the Cauchy number are made for a proportionality of the bending stiffness between prototype and 376 

model (Chakrabarti, 2005): 377 

(𝐸𝐼)𝑝 = 𝜆5 ∙ (𝐸𝐼)𝑚 (1) 
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where 𝐸 is Young’s modulus and 𝐼 is the second moment of inertia. Both the prototype as well as the 378 

elasto-plastic model are supposed to be constructed from the same wood species (pine wood), which 379 

consequently have the same elasticities and Young’s modulus. Therefore, Young’s modulus is the 380 

same for prototype and model scale and Equation (1) transforms into the following equation: 381 

𝐼𝑝 = 𝜆5 ∙ 𝐼𝑚 (2) 

At prototype scale, the second moment of inertia, determined from the reference building described 382 

above, is equal to 𝐼𝑝 = 2.916∙107mm4 and thus the dimensions of wooden studs at model scale are 383 

determined to be 𝑏𝑚,𝑤𝑎𝑙𝑙 = 14 mm; ℎ𝑚,𝑤𝑎𝑙𝑙 = 20 mm based on available materials and according to 384 

Equation (2). 385 

However, it is assumed that the deformations of the lateral walls result mainly from the stiffness of 386 

the connection between the wooden studs and the sheathing when they are subjected to in-plane 387 

horizontal stress. To obtain geometrically scaled deformations, the following condition has to be 388 

fulfilled:  389 

𝑢𝑝 = 𝜆 ∙ 𝑢𝑚 (3) 

where 𝑢𝑝 is the displacement in prototype and 𝑢𝑚 is the displacement at model scale. Considering a 390 

hydraulic Froude scale model, the applied forces at model scale are related to prototype scale by the 391 

scaling factor to the power of three (Chakrabarti, 2005): 392 

𝐹𝑝 = 𝜆3 ∙ 𝐹𝑚 (4) 

where 𝐹𝑝 is the force at prototype scale and 𝐹𝑚 is the force at model scale. Bearing these scaling 393 

considerations in mind, the horizontal displacement (𝑢) of the upper joist can be calculated based on 394 

Castigliano’s theorem (Castigliano, 1879) with the following equation (Kessel, 2002): 395 

𝑢 = 2 ∙
𝑎𝑣

𝐾𝑠𝑒𝑟
∙

ℎ

𝑙
∙ (

𝑛ℎ

ℎ
+

𝑛𝑙

𝑙
) ∙ 𝐹 (5) 

where 𝑎𝑣 is the fastener spacing, 𝐾𝑠𝑒𝑟 is the slip modulus of the fasteners connecting the wall 396 

sheathing and the wooden studs, ℎ and 𝑙 are the total height and width of the wall, respectively and 397 

𝑛ℎ and 𝑛𝑙 are the number of sheathing panels over the wall height/length.  398 

Next, Equation (4) and Equation (5) are inserted into Equation (3), yielding the following equation: 399 

2 ∙
𝑎𝑣,𝑝

𝐾𝑠𝑒𝑟,𝑝
∙

ℎ𝑝

𝑙𝑝
∙ (

𝑛ℎ

ℎ𝑝
+

𝑛𝑙

𝑙𝑝
) ∙ 𝐹𝑝 = 𝜆 ∙ 2 ∙

𝑎𝑣,𝑚

𝐾𝑠𝑒𝑟,𝑚
∙

𝜆 ∙ ℎ𝑝

𝜆 ∙ 𝑙𝑝
∙ (

𝜆 ∙ 𝑛ℎ

ℎ𝑝
+

𝜆 ∙ 𝑛𝑙

𝑙𝑝
) ∙

𝐹𝑝

𝜆3
 (6) 

For this particular model, the number of sheathing panels over the wall height equals to one and the 400 

number of sheathing panels over the wall length equals to four (𝑛ℎ = 1; 𝑛𝑙 = 4). Using this 401 
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information and rearranging Equation (6) gives the following equation to determine the fastener 402 

spacing based on the scaling factor and the slip modules: 403 

𝑎𝑣,𝑚 = 𝑎𝑣,𝑝 ∙
𝐾𝑠𝑒𝑟,𝑚

𝐾𝑠𝑒𝑟,𝑝
∙ 𝜆 (7) 

The slip modulus of the sheathing connection in prototype and model scale was determined in an 404 

experimental study at the Institute of Building Construction and Timber Structures at the TU 405 

Braunschweig. Based on available and selected nails and dimensions of structural timbers, the 406 

fastener spacing acts as parameter to “calibrate” the displacement of the model specimen 407 

proportionally to the displacement of the prototype. In the experimental tests, the mean slip modulus 408 

of a single fastener in the compound of wooden sheathing (12 mm thickness) and the wooden studs 409 

was determined to be 𝐾𝑠𝑒𝑟,𝑝 = 700 N/mm for the 2.1 mm steel nails in prototype scale. At model 410 

scale, brass nails with a diameter of 1.3 mm and a length of 13 mm were chosen and a mean slip 411 

modulus of 𝐾𝑠𝑒𝑟,𝑚 = 86 N/mm per fastener were determined experimentally. Available pine wood 412 

plates with a thickness of 3 mm were used as wall sheathing. With a prototype nail spacing of 413 

𝑎𝑣,𝑝 = 100 mm, the required nail spacing at model scale equals to 𝑎𝑣,𝑚 = 61.4 mm and was set to 414 

𝑎𝑣,𝑚 ≈ 60 mm due to construction constraints. 415 

In contrast to the longitudinal walls, it cannot be assumed that the roof deformations result 416 

exclusively from the flexibility of the connection between the horizontal wooden joists and the wall 417 

sheathing. In the structural compound of the roof panel, the load-bearing rim joist should transmit the 418 

forces to the panels via the fasteners. However, the risk exists that an unscaled high stiffness in the 419 

rim joist will result in a secondary load path that transfers loads through the end joists on the lateral 420 

walls. This highlights the need to also scale the stiffness of the rim joist. Requiring a width of at least 421 

𝑏𝑚,𝑟𝑜𝑜𝑓 = 10 mm for adequate manufacturing quality, the height of the rim joist could be determined 422 

based on Equation (2) and the prototype dimensions to be ℎ𝑚,𝑟𝑜𝑜𝑓 = 12 mm. 423 

Overall, the most relevant quasi-static load paths could be identified and appropriately scaled for 424 

studying the effect of loads on buildings with a scaled stiffness. Selected wood components with low 425 

defects were used (e.g. no bark inclusions, no cracks, no knots, etc., see Wei et al. (2011)), holes 426 

were pre-drilled and about 600 nails were used per structure. All these efforts were directed towards 427 

the goal of realizing and maintaining a high manufacturing quality for the test specimens. A total of 428 

nine test specimens with the same structural design were produced and tested in the Large Wave 429 

Flume. 430 

3.4 Experimental program 431 

At the time this experimental study was conducted, the Large Wave Flume at the Coastal Research 432 

Center was operated with a piston-type wave maker characterized by a maximum stroke of 4.0 m, 433 

velocities of the paddle up to 1.7 m/s and accelerations up to 2.1 m/s². These limitations were utilized 434 

to generate solitary waves in a constant water depth of 𝑑0 = 3.4 m and resulted in nominal wave 435 

heights between 𝐻𝑛𝑜𝑚 = 0.50 m and 𝐻𝑛𝑜𝑚 = 1.10 m at the wave maker. An enhanced overview of the 436 

parameters and shapes of solitary waves generated in the Large Wave Flume can be found in 437 

Schimmels et al. (2016), Sriram et al. (2016) and Schimmels et al. (2014). 438 

In all tests, the shoaling over the slope causes the wave to break and thereafter transforms into a 439 

turbulent bore propagating over the adjacent horizontal platform. In experimental tests without any 440 
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structure, overland flow depths of between ℎ𝑠,𝑈𝑆4 = 0.17 - 0.35 m were measured at the position of 441 

the structure. von Häfen et al. (2022) have analyzed and illustrated the hydrodynamics of broken 442 

solitary waves in detail when travelling above a composite slope with an adjacent horizontal 443 

platform. For further information on the specific hydrodynamics of the undisturbed bore propagation, 444 

the interested reader is hence referred to Section 4.1 and von Häfen et al. (2022).  445 

For the sake of completeness, Table 2 provides the sequence of experimental tests for each of the 446 

nine (9) model structures to illustrate the generated wave heights and loading conditions. Within each 447 

row, the first tests are those in which the structure was not preloaded, while the last tests are those in 448 

which the structure collapsed. This work uses specimen multiple times and subjects them to varying 449 

waves, in order to reflect that tsunami often exhibit multiple wave crests (Choowong et al., 2008), 450 

which can impact the built environment. 451 

Table 2. Experimental test program with collapsing models. The matrix on the right shows the 452 

sequence of experimental tests for the different model structures and the respective nominal 453 

wave height.  454 

Struc-

ture 

Failure 

mechanism 

(Section 4.3) 

Water 

depth at 

the wave 

maker 

[m] 

Sequence of experimental tests with respective wave height 𝑯𝒏𝒐𝒎 [𝒎] 

No 

preload 
Preloaded Collapse 

EP1 (ii) 

3.4 

0.5 0.6 0.7   0.8 

EP2 (ii) 0.6 0.7 0.8   0.9 

EP3 (i) 0.7 0.8    0.9 

EP4 (iii) 0.9     1.0 

EP5 (ii) 0.8 0.9 0.5 0.7 0.7 0.9 

EP6 (ii) 1.0     1.0 

EP7 (i)/(iii) 1.1     1.1 

EP8 (ii) 0.5 0.6 0.7 0.8 0.9 1.0 

EP9 (iii) 0.8     0.9 

4 Results 455 

4.1 Wave characteristics without structure  456 

Three exemplary wave heights (𝐻𝑛𝑜𝑚 = 0.7 m, 0.9 m and 1.1 m) were compared for a constant water 457 

depth of 𝑑0 = 3.4 m. In these tests, no model specimen was installed on the platform allowing 458 

reference flow depths and velocities to be examined. 459 

Figure 4 shows the time-history of the wave maker’s stroke and the wave heights at two positions in 460 

the offshore section. The hydraulic properties shown in here are referred to a zero time when the flow 461 

depth at US1 exceeds a threshold of 0.01 m. Stroke, velocity and acceleration of the piston type wave 462 

maker are set to generate the desired wave properties, a solitary wave based on Goring’s method 463 

(Goring, 1979; Schimmels et al., 2014). It is evident from the stroke time-histories (Figure 4 (a)) that 464 

higher waves are not only generated by an increasing maximum stroke but also due to a steeper 465 

gradient – hence a higher traversing speed. Waves are shown directly in front of the wave paddle at 466 

𝑥 = 3.6 m (Figure 4 (b)) and in a distance of 𝑥 = 60 m (Figure 4 (c)). Comparing the signals at both 467 

positions, it can be inferred that the solitary waves deform slightly during propagation and a trailing 468 

wave train occurs. However, the trailing wave is considered to have negligible impact on the 469 

structural loads. 470 
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 471 

Figure 4. Time-histories of the stroke (a) and the wave propagation for two positions along the 472 

horizontal flume bottom (b) – (c) for three wave heights of 𝑯𝒏𝒐𝒎 = 0.7 m, 0.9 m and 1.1 m.  473 

Next, the characteristics of the bore-like flow over the horizontal platform are examined. 474 

Characteristics considered in this study are, on the one hand, the measured flow depths and flow 475 

velocities and, on the other hand, the inferred parameters of the momentum flux and the Froude 476 

number (𝐹𝑟). The momentum flux (ℎ𝑢2), a commonly used parameter for estimating structural 477 

loading, is determined by the squared flow velocity multiplied by the flow depth (ASCE 7-16, 2017). 478 

Further, the Froude number (𝐹𝑟) is given as ratio of inertia to gravity forces, which were observed in 479 

previously occurred tsunami to be between 0.6 and 2.0 (Iizuka and Matsutomi, 2000; Fritz et al., 480 

2006, 2012).The Froude number is calculated as follows (Chakrabarti, 2005): 481 

𝐹𝑟 =
𝑢

√𝑔ℎ
 

(8) 

where 𝑢 is the flow velocity, 𝑔 is the acceleration of gravity and ℎ is the flow depth. 482 

For two positions surrounding the later installed specimen (𝑥 = 255 m), these parameters are shown 483 

in Figure 5. Position 1 refers to US 2 and ICM 1 (𝑥 = 249.0 m), whereas position 2 refers to US 4 and 484 

ICM 2 at the wave-directed side of the specimen (𝑥 = 254.5 m) (cf. Figure 2). Expectedly, higher 485 

wave heights correlate with an increase of flow depths at both positions and flow depth generally 486 

decrease with increasing distance from the breaking point of the wave. At position 1, the flow depth 487 

of the 𝐻𝑛𝑜𝑚 = 1.1 m wave is initially superimposed by a large splash-up that occurs due to the wave 488 

breaking close by, whereas the flow depths at position 2 increase more uniformly. For wave heights 489 

of 𝐻𝑛𝑜𝑚 = 0.9 m and 1.1 m, a high surface friction of the platform causes the wave tip region of the 490 

bore to steepen initially, which has already been discussed in previous literature on bore-like flow 491 

(Chanson, 2006, 2009). 492 
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Flow velocity measurements, shown in Figure 5 (c) – (d), are provided in this study for some sample 493 

instants in time, when the ICM sensors are fully submerged. Therefore, the flow velocities during the 494 

impulsive or transient phases were not recorded, yet, a comparison of flow velocities during the 495 

quasi-steady phase may still be conducted later. Measured flow velocities were generally higher with 496 

increasing wave heights. Further, the flow velocity decreases linearly at position 1 with 497 

approximately the same gradient for the contrasted wave height. At the second position further 498 

downstream, fluctuations of the flow velocities occur during the decreasing phase that might be 499 

related to the measurement technique (air entrainment, insufficient water level).  500 

Significant different momentum fluxes are found in Figure 5 (e) – (f) for the respective wave heights 501 

at position 1 and 2. The momentum flux of the highest wave (𝐻𝑛𝑜𝑚 = 1.1 m) surpasses the 502 

momentum flux of the 𝐻𝑛𝑜𝑚 = 0.7 m wave by up to 60% for position 1 and up to 50% at position 2. 503 

On the other hand, the Froude numbers are very similar between the wave heights (Figure 5 (g) – 504 

(h)), but increase from position 1 (𝐹𝑟𝑚𝑎𝑥 = 2.2) to position 2 (𝐹𝑟𝑚𝑎𝑥 = 2.9).  505 

 506 

Figure 5. Time-histories of flow depths (a) – (b), flow velocities (c) – (d), momentum fluxes (e) – 507 

(f) and Froude numbers (g) – (h) for wave heights of 𝑯𝒏𝒐𝒎 = 0.7 m, 0.9 m and 1.1 m are shown 508 

for tests without the presence of a structure. Position 1 refers to the ICM1 and US2 sensors at 509 

𝒙 = 249 m and position 2 refers to ICM2 and US4 at 𝒙 = 254.5 m. 510 

The hydrodynamic conditions presented in this study are selected to resemble prototype tsunami on-511 

land flow conditions as best as possible in the available experimental facility. Velocity and Froude 512 

numbers are close to those prototype values found by Fritz et al. (2006), Fritz et al. (2012) and Iizuka 513 

and Matsutomi (2000). The conditions used for testing loads and progressive collapse reside on the 514 

lower end of durations necessary for collapse processes to fully finish (Madsen et al., 2008), 515 

however, video-based analysis of observed collapse processes has yield durations between 10 s – 40 s 516 

(see Section 2.4, see also Figure 1 in Nistor et al. (2017)), indicating that the experimental duration 517 

for the flow-structures interaction last sufficiently long to represent the governing processes. 518 
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4.2 Hydrodynamic loads on structures 519 

A long-standing discussion has been attributed to whether elasto-plasticity of structures has a 520 

considerable effect on the total loading as compared to rigid structures. To that end, this work has – 521 

for the first time – compared total horizontal loads on rigid and non-rigid structures when exposed to 522 

extreme flow conditions. For a start, the generated nominal wave heights cause varying flow depths 523 

and flow velocities that strongly affect the structural loads. Figure 6 illustrates the horizontal forces 524 

and overturning moments for wave heights between 𝐻𝑛𝑜𝑚 = 0.5 - 1.1 m measured for two tests with 525 

rigid structures and one test of the elasto-plastic structure. All tests with the elasto-plastic structures 526 

shown herein are tests without any preloading. 527 

 528 

Figure 6. Time-histories of horizontal forces and overturning moments for wave heights 529 

between 𝑯𝒏𝒐𝒎 = 0.5 - 1.1 m (Panels (a) – (n)). Two tests of the rigid and one test of the elasto-530 

plastic structures without a preload are presented. Please note that the scale of the y-axes 531 

changes for panels (g) – (n).  532 
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Generally, both tests of rigid structures shown in Figure 6 demonstrate a good repeatability of 533 

structural loads in the experimental test facility. The horizontal forces on rigid structures by an 534 

impulsive bore-like flow are characterized by a nearly vertical increase during the impulsive phase, 535 

settling to a plateau during the quasi-steady phase, and lastly decrease (Arnason et al., 2009; Ko and 536 

Yeh, 2018). The maximum horizontal forces and moments on rigid structures occur during the 537 

impulsive phase for wave heights larger than 0.6 m (Figure 6 (e) – (n)) and during the quasi-steady 538 

phase for lower wave heights up to 0.6 m (Figure 6 (a) – (d)). In particular, the force peak during the 539 

impulsive phase increases with larger wave heights for the rigid structures. Most noteworthy and in 540 

contrast to rigid structures, it is observed that the horizontal force during the impulsive phase is both 541 

less steep and less pronounced for the elasto-plastic structures. Consequently, the elasto-plastic 542 

structures may not transmit the impulsive horizontal forces entirely but convert these forces into 543 

deformation and vibrational energy depending on the structural vibration modes. This was observed 544 

for cases where the elasto-plastic structures were not preloaded and were therefore able to withstand 545 

the impulsive loads exceeding their long-term load-bearing capacity. 546 

During the quasi-steady phase, the forces on the elasto-plastic structures are mostly identical to the 547 

forces on the rigid structures, however, some exceptions persist. Figure 6 (c) and (k) show a slightly 548 

higher horizontal force of the elasto-plastic structure compared to the rigid structure. A conclusive 549 

explanation of these increased forces does not appear to be due to the structural rigidity but rather to 550 

minor differences in wave generation, which were otherwise demonstrated to be very replicable. In 551 

summary, it is deduced that the shape-induced drag coefficient linking the quasi-steady 552 

hydrodynamic conditions to the structural loads is identical for elasto-plastic structures without 553 

preload and for rigid structures. 554 

Overturning moments in this study are mainly driven by the horizontal force and the corresponding 555 

lever arm. Therefore, the general trends of their time-histories are comparable to those of the 556 

horizontal force. It is noteworthy that the peak moment during the impulsive phase was generally 557 

higher for the rigid than for the elasto-plastic structures. Furthermore, the impulsive forces of rigid 558 

and elasto-plastic structures are less different for larger wave heights compared to the maximum 559 

overturning moments (Figure 6 (i) – (n)). This suggests that the wall sheathing and the load-bearing 560 

system of the elasto-plastic structure transfers the horizontal force to the bottom plate, while the peak 561 

overturning moments are not transferred entirely. Hence, the load transfer path of the overturning 562 

moment might be interrupted locally due to structural deformation or even partial failure. 563 

4.3 Damage classification and sequences of collapse 564 

After looking into the global force and momentum conditions on rigid and elasto-plastic specimen 565 

without preloading, it will be important to understand the collapse process the elasto-plastic 566 

structures undergo. In the presented experimental test series, it was not observed that any structure 567 

failed without preloading, thus all collapsing structures were already preloaded (cf. Table 2). For an 568 

in-depth analysis of the failure mechanisms in this study, the failure mechanisms are categorized in 569 

this section using sequences of photographs from the high-speed cameras. In general, three types of 570 

failure mechanisms were identified, namely: (i) rapid collapse of the front studs, (ii) tensile forces get 571 

transferred insufficiently at the roof’s rear joist and (iii) asymmetric failure caused by an interrupted 572 

load transfer between the longitudinal walls and the roof’s joist (cf. Table 2). 573 

Failure mechanism (i) is initiated by a rapid collapse of the front studs. To break down this failure 574 

mechanism, Figure 7 shows camera images of the collapse, whereas schematic sketches of the 575 

consecutive processes are given in Figure 8. During the highly impulsive initial impact, the force acts 576 
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primarily on the front panel of the building and is transferred to the rear panel via the roof. The front 577 

panel experiences a deflection to the inside of the building, while the rear panels are deflected 578 

towards the outside of the structure. Subsequently, the bore is directed upwards in front of the 579 

structure, causing the water level and the hydrostatic force to increase (Figure 7 (b)). During the 580 

increasing structural load, the studs at the front panels deflect and break as soon as the load-bearing 581 

capacity is surpassed. As a consequence, the uprising water level in front of the structure attacks the 582 

front section of the roof and applies a force directed upwards and rearwards (Figure 7 (c)). Thus, the 583 

roof’s joists become detached from the longitudinal and rear walls, resulting in the loss of structural 584 

support provided by the roof (Figure 7 (d)). There is a minor time offset in the load increase of both 585 

structures that indicates a pronounced slippage of the elasto-plastic structure at the beginning of load 586 

application (Figure 7 (a)), which was also seen in the structural tests during model design. Besides, 587 

the impulsiveness of the force increase is comparable between both structures, in contrast to the 588 

findings for the structure without preload. Therefore, these load curves suggest that preloaded 589 

structures can no longer convert the wave energy and react more like rigid structures. Additionally, 590 

the maximum forces occur simultaneously and with the same magnitude. Briefly after reaching the 591 

maximum force, the force time-history of the elasto-plastic structure falls below that of the rigid 592 

structure at 𝑡 = 1.21 s (Figure 7 (a)). As of this time, it can be assumed that the front studs are 593 

fractured and insufficiently transfer the load to the bottom plate. Hence, the rapid collapse of the 594 

structural front initiated failure mechanism (i) and paved the way for detrimental load application to 595 

the roof, resulting in the overall collapse. 596 

 597 

Figure 7. Time-history of horizontal force and water depths (a) as well as a sequence of high-598 

speed camera photographs (b) – (e) depicting the collapse process of EP3 classified as failure 599 
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mechanism (i). The time-history of EP3 and a rigid structure (a) provides the horizontal force 600 

on the left axis and the water depth on the right axis along with the time stamps of the 601 

photographs. 602 

 603 

Figure 8. Schematic sketch of the underlying processes causing failure mechanism (i). 604 

A second failure mechanism (ii) is associated with the insufficient transfer of tensile forces at the 605 

roof’s rear joist, visualized by high-speed camera photographs in Figure 9 and illustrated with a 606 

schematic sketch in Figure 10. Initially, the structural front is bent towards the inside comparable to 607 

failure mechanism (i) but in this case the studs remain sturdy (Figure 9 (b)). Instead, the roof 608 

sheathing gets detached from the rear joist, interrupting the shear transfer from the sheathing to the 609 

rear joist and causing a sideward rotation of the sheathing. Therefore, the collapse is initiated at the 610 

rear side of the structure and causes the roof to lose its structural integrity. Further, the structural 611 

front loses support from the roof so the front studs have to transfer increased loads towards the 612 

bottom plate and get ultimately damaged. This failure mechanism is accompanied by a sudden 613 

upward movement of the roof that is partially overtopped as the entire failure occurs at a later stage 614 

(Figure 9 (d)). Furthermore, the collapse process is supported by the load time-histories (Figure 9 615 

(a)), where the load curves are comparable between the two structures for the entire impulsive phase 616 

up to the quasi-steady phase at 𝑡 = 1.6 s. This indicates that the high forces during the impulsive 617 

phase could be transferred via the front studs, while subsequently the structural deformation became 618 

so severe that the bore separated individual fastener connections – in this case by dislodging the roof 619 

from the lateral walls. 620 
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 621 

Figure 9. Time-history of horizontal force and water depths (a) as well as a sequence of high-622 

speed camera photographs (b) – (d) depicting the collapse process of EP6 classified as failure 623 

mechanism (ii). The time-history of EP6 and a rigid structure (a) provides the horizontal force 624 

on the left axis and the water depth on the right axis along with the time stamps of the 625 

photographs. 626 

 627 

Figure 10. Schematic sketch of the underlying processes causing failure mechanism (ii). 628 
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Failure mechanism (iii) is related to an interruption of the load transfer (shear flow) around the roof 629 

joists above the lateral walls (cf. Figure 11, Figure 12). The initial impact of the bore separates the 630 

lateral wall sheathings from the roof joist, which originally transfer the shear loads from the roof to 631 

the lateral studs. As this load transfer path gets disrupted, the load-bearing system shifts so that the 632 

rear wall has to carry loads that were originally transferred by the lateral wall. Since the load-bearing 633 

system shifts, the shear centre is relocated causing the entire structure to start rotating in three 634 

dimensions (roll, pitch and yaw) until the front studs ultimately fail (Figure 11 (c)). As a result of the 635 

rotation, the rear wall experiences an upward force that ultimately separates the rear stud and causes 636 

the global failure (Figure 11 (d)). Linking these deductions to the force time-histories in Figure 11 637 

(a), it is apparent that the loads during the impulsive phase are comparable or even higher for the 638 

collapsed structure until 𝑡 = 1.5 s. Therefore, the front studs remained sturdy during the impulsive 639 

phase until the rotational movement of the structure and the shift of the load-bearing system causes 640 

an uplift of the rear stud and the total collapse.  641 

 642 

Figure 11. Time-history of horizontal force and water depths (a) as well as a sequence of high-643 

speed camera photographs (b) – (e) depicting the collapse process of EP9 classified as failure 644 

mechanism (iii). The time-history of EP9 and a rigid structure (a) provides the horizontal force 645 

on the left axis and the water depth on the right axis along with the time stamps of the 646 

photographs. 647 
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 648 

Figure 12. Schematic sketch of the underlying processes causing failure mechanism (iii). 649 

All in all, three fundamental failure mechanisms have been identified and characterized by their 650 

mechanisms to reduce the load-bearing capacity for this specific structure. The failure mechanisms 651 

yield different destruction patterns on the structures, which can result in either complete or partial 652 

failure. Likewise, the initial movement patterns of the debris parts differ, which, are e.g. 653 

predominantly directed upwards (i) or result in a rotational movement (iii). Thus, modelling 654 

collapsing structures realistically may be used for producing relevant input parameters of subsequent 655 

or even simultaneous experimental modelling of debris flows.  656 

4.4 Effect of load history 657 

As seen in the preceding section, after repeated exposure to broken solitary waves, the buildings 658 

yielded and ultimately collapsed in one of three distinct failure modes. In the following, it will be 659 

investigated to what extent the various structure types have absorbed the maximum loads (horizontal 660 

force and overturning moment) and transmitted them to the force sensor. At the same time, it can be 661 

shown whether the instantaneous occurrence of the maximum force can be supported by the elasto-662 

plastic structures, for which the respective load gradients serve as an indicator. 663 

Figure 13 and Figure 14 represent typical time-histories, gradients and maximum gradients of 664 

horizontal forces and overturning moments for wave heights of 0.9 m and 1.1 m for three types of 665 

performed tests – namely, tests with a rigid structure, an elasto-plastic structure without preload and 666 

an elasto-plastic structure that collapsed during the test. In the case of the elasto-plastic structure 667 

without preload, both maximum loads are not transmitted entirely to the force sensor, instead they are 668 

attenuated by the structure through elastic or plastic deformations. This is indicated by the maximum 669 

horizontal force (Figure 13 (a)) being about 35% lower and the maximum overturning moment 670 

(Figure 13 (d)) about 50% lower than the respective tests with rigid specimens for a wave height of 671 

0.9 m. Besides, the time-histories of forces and overturning moments are comparable during the 672 

quasi-steady phase for the rigid and elasto-plastic structure, although the latter shows higher 673 

fluctuations. Remarkably, the collapsing structure did accurately replicate the maximum horizontal 674 

force while having a considerably lower maximum overturning moment. Furthermore, the large 675 

gradient during the impulsive phase was observed for the horizontal force, yet it was not recorded for 676 

the overturning moment – this indicates a structural failure in the load path of the overturning 677 

moment. 678 
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 679 

Figure 13. Time-histories of horizontal forces and overturning moments, respective load 680 

gradients and the maximum load gradients as bar chart for a wave height of 𝑯𝒏𝒐𝒎 = 0.9 m. 681 

Data series of the rigid structure with a black solid line, an elasto-plastic structure without 682 

preload with a blue dashed line and a collapsed structure (EP3) with a red dash-dotted line are 683 

given. 684 

 685 

Figure 14. Time-histories of horizontal forces and overturning moments, respective load 686 

gradients and the maximum load gradients as bar chart for a wave height of 𝑯𝒏𝒐𝒎 = 1.1 m. 687 

Data series of the rigid structure with a black solid line, an elasto-plastic structure without 688 

preload with a blue dashed line and a collapsed structure (EP7) with a red dash-dotted line are 689 

given. 690 
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A comprehensive overview of the normalized maximum loads (𝐹ℎ,𝑚𝑎𝑥
∗ , 𝑀ℎ,𝑚𝑎𝑥

∗ ) and the normalized 691 

maximum load gradients (∆𝐹ℎ,𝑚𝑎𝑥
∗ /∆𝑡, ∆𝑀ℎ,𝑚𝑎𝑥

∗ /∆𝑡) is given in Figure 15 related to the nominal 692 

wave height. Figure 15 is a normalized chart where the respective maximum loads and load gradients 693 

are normalized using the ensemble averaged maximum loads and load gradients from the rigid 694 

reference tests for each nominal wave height (two to three repetitions). Thus, the following equation 695 

is used to determine the normalized maximum horizontal force 𝐹ℎ,𝑚𝑎𝑥
∗  for an experimental test: 696 

𝐹ℎ,𝑚𝑎𝑥
∗ (𝐻𝑛𝑜𝑚) =

𝐹ℎ,𝑚𝑎𝑥(𝐻𝑛𝑜𝑚)

𝐹ℎ,𝑚𝑎𝑥,𝑟𝑖𝑔𝑖𝑑(𝐻𝑛𝑜𝑚)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
 (9) 

where 𝐹ℎ,𝑚𝑎𝑥,𝑟𝑖𝑔𝑖𝑑(𝐻𝑛𝑜𝑚)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ is the ensemble averaged maximum horizontal force of the rigid reference 697 

tests for a specific nominal wave height. The same calculation procedure using the average of the 698 

rigid reference tests is used for the normalized overturning moments and load gradients. The 699 

normalized loads indicate the share of the force measured in the elasto-plastic structures to the rigid 700 

comparison cases and thereby give an indication of the load transfer within the individual structures 701 

is consistent or disrupted. Further, the normalized gradients allow comparing the impulsiveness of 702 

the applied horizontal forces and overturning moments. 703 

  704 

Figure 15. Normalized maximum horizontal forces (a), overturning moments (b), normalized 705 

maximum gradients of horizontal forces (c) and of overturning moments (d). It is distinguished 706 

between test series with elasto-plastic structures without preload, elasto-plastic structures with 707 

preload and the preloaded elasto-plastic structures that collapsed during the test. A horizontal 708 

black line indicates unity, that is, the average of the rigid tests that were used for 709 

normalization. 710 
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Maximum horizontal forces and overturning moments were seen in Figure 6 to occur predominantly 711 

in the quasi-steady phase for lower wave heights of 𝐻𝑛𝑜𝑚 = 0.5 m – 0.7 m, while larger wave heights 712 

are associated with a predominant load during the impulsive phase. Figure 15 (a) and (b) show that 713 

the normalized horizontal forces and overturning moments of the elasto-plastic structures without 714 

preload (cf. Table 2, column 4) are around or even above unity for wave heights up to 0.7 m. 715 

Therefore, the elasto-plastic structures indicate a comparable load transfer for the horizontal forces 716 

and the overturning moment with minor deviations. Further, the maximum load gradients are around 717 

unity, which indicates a comparable steepness of the load curves for the quasi-steady phase 718 

dominated load conditions. 719 

For higher wave heights (𝐻𝑛𝑜𝑚 ≥ 0.8 m) with a more pronounced impulsive phase, the normalized 720 

loads on the elasto-plastic structures show a decreasing trend with loads far below the rigid reference 721 

case. This trend is seen not only for the horizontal forces and overturning moments but also for the 722 

normalized gradients of both loads. Therefore, especially the strong increase during the impulsive 723 

phase is attenuated by deformations in the structural load-bearing system. Hence, it can be concluded 724 

that the elasto-plastic structures without a preload are considerably restricted in their ability to 725 

transfer loads of higher wave heights, especially across the load path of the overturning moment. 726 

Instead, these structures transform the applied wave energy potentially into a structural response and 727 

deformations for impulsive phase-driven conditions. 728 

The elasto-plastic structures with a preload, which had already been exposed to one or multiple 729 

waves (cf. Table 2, columns 5-8), show higher loads and load gradients compared to the non-730 

preloaded structures. However, there is a similar decreasing trend over increasing wave heights with 731 

normalized values below unity for wave heights larger than 0.9 m. As the preload increases, the 732 

structures lose capabilities to dampen the wave energy during the impulsive phase and convert it into 733 

deformations. Therefore, the elasto-plastic structures with preload react more stiffly and may even 734 

exceed the loads on rigid structures as a result of their structural response. The assumption of a stiffer 735 

structural response is supported by the load gradients that are generally higher compared to the 736 

elasto-plastic structures without preload. However, the scatter is significantly larger in these 737 

measurements, which may be explained by the preloading having been different for all structures, 738 

which in turn caused different deformations and structural responses. 739 

Starting with a wave height of 0.8 m, the elasto-plastic structures with a significant preload collapsed 740 

during the experimental tests. Figure 15 shows that the normalized loads and load gradients of the 741 

collapsing structures are mostly higher than those of the other elasto-plastic structures. Likewise, the 742 

maximum horizontal forces and load gradients for 𝐻𝑛𝑜𝑚 = 0.8 m and 0.9 m are mostly higher than 743 

those of the rigid structure, while they become lower for even higher wave heights. However, the 744 

normalized overturning moments are generally lower than the normalized horizontal forces, implying 745 

a predominant failure in the load transfer system of the overturning moment. Due to the limited 746 

number of experiments, the results are scattered; however, a general decreasing trend can be 747 

observed for increasing wave heights. This strengthens the hypothesis that the preloaded structures 748 

are no longer able to attenuate the maximum load conditions for 𝐻𝑛𝑜𝑚 = 0.8 m and 0.9 m and that the 749 

loads occurring at 𝐻𝑛𝑜𝑚 = 1.0 m and 1.1 m cause significant plastic deformations or even a rapid 750 

collapse. In cases of a rapid collapse, the preloaded structure then fails even before reaching the 751 

maximum horizontal force, possibly related to a failure of the front studs (failure mechanism (i).  752 
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5 Discussion 753 

Results of the presented experiments indicate that scaled elasto-plastic structures with and without 754 

preloading show different structural characteristics compared to rigid structures during bore-like 755 

hydrodynamic loads. Additionally, when structures reach their load-bearing capacity, the elasto-756 

plastic structures may not fully transfer the loads anymore but rather transform them into elastic and 757 

plastic deformations potentially leading to a collapse. A fundamental study by Linton et al. (2013) 758 

provided valuable experimental insights into tsunami wave loading on three different light-frame 759 

wood walls. The unanchored walls failed during the tests by bending of the bottom plate. However, 760 

this failure mechanism was due to the idealized experimental setup, where no realistic load-bearing 761 

system (e.g. of a residential house) was reproduced. Hence, these authors suggested that a simplified 762 

but realistic representation of the load-bearing system appears to be necessary for investigations of 763 

collapsing structures. The present study identified weak spots of the load-bearing system of a 764 

simplified but reasonable model design in case of extraordinary loads and exhibits a great variability 765 

even for idealized constructions with one type of light-frame wood wall. In a subsequent step, the 766 

construction of light-frame wood walls could be varied depending on local building codes with the 767 

objective to evaluate their performance and failure mechanisms for realistic extreme hydrodynamic 768 

events as suggested by Linton et al. (2013). However, this requires not only diligent model design but 769 

also a sufficient quantity of experimental tests in a large-scale facility. Further, it should be noted that 770 

the reasons for different failure mechanisms might be attributed to major quality variations in wood 771 

as construction material and (Ross and Bergman, 2010), which underlines the importance of 772 

repetitive testing. In addition, wood as an anisotropic material should be considered specifically 773 

during model design and its effects could be subject to further investigation in future studies. 774 

Duncan et al. (2021) conducted experimental tests with scaled wood-frame residential structures and 775 

observed the progressive damage and failure under regular wave conditions based on Hurricane 776 

Sandy. These authors found that the collapse was initiated at the first floor and lead to a 777 

disconnection from the foundation structure. It should be emphasized that not only the different 778 

hydrodynamic conditions (hurricane-like vs. solitary waves) but also the model design (idealized 779 

elasto-plastic building without windows/doors vs. residential structure with several architectural 780 

features) have a significant impact on the observed load cases and failure mechanisms. Since these 781 

authors compared a slab-on-grade and an elevated structure, the focus of this study was on the 782 

evaluation of soft-storey failures, which can occur in hurricane but also in tsunami conditions. 783 

Vertical hydrostatic and hydrodynamic loads become a significant concern in the design of elevated 784 

structures (Moon et al., 2019; Alam et al., 2020; Winter et al., 2020; Krautwald et al., 2022), with 785 

additional failure mechanisms depending on their architectonical features such as girders or floor 786 

joists (Duncan et al., 2021; Krautwald et al., 2021). In contrast, the present study considers other 787 

failure mechanisms, which are associated with a rapid, impulse-type loading that is present when 788 

large tsunami waves with considerable duration strike. Thereby, this study identified three failure 789 

mechanisms for the rapid collapse of an elasto-plastic structure that are: (i) rapid collapse of the front 790 

studs, (ii) tensile forces being transferred insufficiently at the roof’s rear joist and (iii) asymmetric 791 

failure caused by an interrupted load transfer between the longitudinal walls and the roof’s joist. 792 

Overall, this shows the need for further systematic model tests of a variety of structures with and 793 

without architectonical features under different hydrodynamic load conditions. 794 

In this study, a distinction has been made between structures with and without preload, for which 795 

higher loads and load gradients were detected. Additionally, it has been demonstrated that no 796 

structure collapsed while being subjected to a single solitary wave alone, thus generally requiring a 797 

higher force regime and a preload for rapid collapse. However, it could not yet be clarified whether 798 
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and to what extent the load history also has an influence on possible failure mechanisms. The 799 

occurrence of the distinct failure mechanisms could be explained but not ultimately attributed to their 800 

underlying causes in this study. Inside the building – fairly airtight after construction – it is suspected 801 

that overpressure develops due to the hydrodynamic loads and structural deformation at the front and 802 

causes the sheathings to detach from the joists, which forms the basis of failure mechanisms (ii) and 803 

(iii). Concerning real tsunami events with multiple waves hitting the structures (Choowong et al., 804 

2008) and increased load durations, the influence of moisture penetration, overpressure of air within 805 

the structure, preloading, malfunctioning components, and progressive damage is even more 806 

pronounced. In addition, Duncan et al. (2021) has found that the natural frequencies of structures 807 

decrease with increasing number of tests similarly to the increased preloading. Therefore, the effect 808 

of preloading on structures should be further investigated and quantified to be transferred to real 809 

world tsunami conditions. This may be done based on an energy-balance approach that quantifies the 810 

energy absorbed. Also, from a timber engineering perspective, the effects of tsunami-like load 811 

durations and moisture penetration on the interfaces between structural components and fasteners 812 

should be investigated further with the aim to combine the findings of both disciplines and improve 813 

the design guidelines. 814 

As a consequence of the high complexity of collapse processes, which are equally dependent on the 815 

hydrodynamic boundary conditions as well as the structural design and the contact mechanics, it will 816 

be necessary in the future to be able to represent such processes numerically. First efforts exist in this 817 

area to simulate the wave-induced failure of e.g. a reinforced concrete wall in Oñate et al. (2022). 818 

These authors combined a Particle Finite Element Method (PFEM) for replicating the water surface 819 

elevation and coupled the Finite Element Method (FEM) and Discrete Element Method (DEM) to 820 

predict the structural behaviour. Those numerical methods rely on very basic benchmark testing of 821 

collapsing structures in a reasonably sized experimental test facility. Oñate et al. (2022) used the 822 

representation of a collapsing reinforced concrete wall of Arikawa (2009) without adding the 823 

complexity of a realistically shaped residential structure. Numerical methods are yet to be developed 824 

and validated under consideration of large-scale experimental test series, potentially including both 825 

water and air phase simultaneously. Therefore, it seems reasonable to conduct further fundamental 826 

experimental test series in which timber engineers, coastal engineers and computational engineers 827 

work together on idealized model types and subject them to extreme hydrodynamic loads. Versatile 828 

instrumentation (e.g. force transducers, strain gauges, accelerometers and laser displacement sensors) 829 

is urgently needed to record and facilitate a more detailed interpretation of the structural reactions, 830 

but also to provide the necessary calibration data for numerical analysis. 831 

6 Summary and conclusions 832 

For this study, experimental tests on a 1:5 scale with rigid and elasto-plastic model structures were 833 

conducted in the Large Wave Flume in Hannover, Germany. Solitary waves were generated using a 834 

piston-type wave maker and the wave characteristics in the offshore section and above a slope with 835 

an adjacent horizontal platform were examined. An analysis of the experimental data led to the 836 

following findings: 837 

(1) A new methodology to replicate wooden light-frame constructions in hydrodynamic 838 

experiments was provided and experimentally analyzed. Elasto-plastic structures were 839 

modeled by simultaneous consideration of the Froude and Cauchy scaling laws. By scaling 840 

the structural stiffness, the structural deformations caused by the extreme hydrodynamic loads 841 

should be preserved allowing for a realistic replication of collapse processes.  842 
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(2) Different hydrodynamic conditions were tested by means of increased offshore wave heights 843 

that broke over a slope and subsequently propagated over a horizontal platform. Increasing 844 

offshore wave heights have been shown to be related to increasing overland flow depths, flow 845 

velocities and momentum fluxes. As the momentum fluxes increase, so do the loads on the 846 

structures. 847 

(3) Horizontal loads on rigid and elasto-plastic structures have been demonstrated to be 848 

comparable for small offshore wave heights, where the quasi-steady phase dominates the 849 

horizontal loads. With increasing wave heights, the maximum loads occur during the 850 

impulsive phase, where the loads differ significantly between the rigid and elasto-plastic 851 

structures. Under impulsive force dominated wave conditions, the elasto-plastic structures 852 

without preload deform during the impulsive phase, i.e. forces are only partially transmitted 853 

to the force transducer while parts of the wave energy are transformed into deformations and 854 

structural response. For the same boundary conditions, preloaded elasto-plastic structures 855 

transmit higher forces and the impulsiveness of the applied force to the force transducer and 856 

therefore behave gradually more like a rigid structure. This reduced possibility to transform 857 

loads into elastic or plastic deformations finally caused the destruction of the preloaded 858 

structures. 859 

(4) As soon as the loads and preloads on the elasto-plastic structures became too severe, the 860 

structures started to collapse. This collapse could be classified into three failure mechanisms: 861 

(i) rapid collapse of the front studs, (ii) tensile forces get transferred insufficiently at the 862 

roof’s rear joist and (iii) asymmetric failure caused by an interrupted load transfer between 863 

the longitudinal walls and the roof’s joist. 864 

In the future, more types of coastal structures and buildings should be tested, ideally with variations 865 

of material as well as design; these should be investigated in the context of different wave boundary 866 

conditions, i.e. additional long wave conditions as well as storm surge-related wind wave conditions. 867 

Moreover, questions regarding the load history can be conceived further in the presence of tsunamis 868 

with multiple waves or even longer inundation periods. Furthermore, as the amount of experimental 869 

data on structural collapse processes grows, advanced numerical methods of highly-resolved models 870 

should also be utilized to represent and investigate collapse processes of coastal buildings in the real 871 

world with the ultimate purpose of improving resilience against tsunami or storm surges of coastal 872 

communities.   873 
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