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Abstract 31 
 32 

A 1:16 scaled physical model was constructed to investigate the effectiveness of a seawall, a 33 

submerged breakwater, and mangrove forests to mitigate overland flooding and forces on structures in 34 

an idealized urban coastal environment. The experiment was performed using tsunami-like waves at 35 

different water levels, wave amplitudes, and time scales to simulate long-wave dynamics. The baseline 36 

condition (no mitigation), seawall, submerged breakwater, and mangrove forest were tested individually, 37 

and the seawall and submerged breakwater were also tested in combination. Wave gauges, acoustic 38 

Doppler velocimeters, loadcells, and pressure gauges were used to measure wave elevations, velocities, 39 

forces, and pressures on coastal structures, respectively. The performance of these hard structures and 40 

mangroves was compared through their effects on wave elevation, particle velocity, and force reduction. 41 

Experimental results showed that each protecting structure reduced the horizontal wave forces and 42 

inland flow hydrodynamics in the low-water-level case, with a similar performance by the individual 43 

seawall, submerged breakwater, and four rows of mangroves. The combined configuration, when the 44 

seawall and submerged breakwater were installed simultaneously, caused the most significant 45 

maximum force percent reduction by approximately 50%, while mangrove forests arranged in eight 46 

rows resulted in a force reduction of 46% in the first building array. However, in the high-water-level 47 

cases, the impulsive force measured with the presence of the submerged breakwater was larger than in 48 

the baseline case; thus, the submerged breakwater may amplify the impulsive force on the vertical 49 

building rows for certain incident wave conditions. Generally, the combined hard structures induced 50 

the lowest force reduction factor measured in almost every building row compared to the seawall, 51 

submerged breakwater, and mangroves considered separately for all wave conditions and water levels. 52 

That means this multi-tiered configuration showed better performance than individual alternatives in 53 

reducing horizontal forces inland than the individual alternatives considered separately. 54 

 55 

Keywords: Overland flow, Submerged breakwater, Seawall, Mangroves, Force mitigation. 56 

 57 
1. Introduction 58 

 59 
Several urbanized low-lying coastal communities are vulnerable to flooding events generated by 60 

high surge levels and extreme waves (Sogut et al., 2020). Currently, the frequency of inundation events 61 

is growing dramatically with increasing intensities due to the sea level rise driven by climate change 62 

(Sweet et al., 2022). Church et al. (2013) suggested global mean sea levels are expected to increase 63 

from 0.52 m to 0.98 m by 2100, placing near-coast communities at risk, especially those lowlands 64 

located under storm tide levels. An additional significant contributor to coastal flooding originates from 65 

the extreme wave induced by hazardous events such as storms and tsunamis. Increasing the degree of 66 

overflow impacts coupled with growing population densities requires more protective strategies to 67 

mitigate the effects of natural hazards and improve coastal resilience (Chang and Mori, 2021). 68 
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 69 
1.1. Overland flows on coastal communities 70 

 71 
Tsunami-induced overland flows are likely to seriously damage coastal infrastructures and result in 72 

excessive loss of life. The last few decades have experienced several significant tsunami events, such 73 

as the Indian Ocean tsunami in 2004 (e.g., Koshimura et al., 2009), the Samoan tsunami in 2009 (e.g., 74 

Okal et al., 2010), the Chile tsunami in 2010 (e.g., Esteban et al., 2013), and the Tohoku tsunami in 75 

2011 (e.g., Mimura et al., 2011). In particular, the Tohoku earthquake (Mw = 9) generated a tsunami 76 

with an inundation depth of approximately 17 m at certain places near the shorelines, damaging 77 

numerous inland buildings and causing around 18,550 fatalities or missing people (Heller, 2019).  78 

Hurricanes can pose a significant threat to coastal buildings and infrastructures. Four of the top five 79 

costliest hurricanes in the United States occurred between 2012 and 2017 after accounting for inflation 80 

to 2017 dollars: Hurricane Harvey in 2017 (e.g., Aghabaei et al., 2018), Hurricane Sandy in 2012 (e.g., 81 

Sopkin et al., 2014), and Hurricanes Maria and Irma in 2017 (e.g., Cox et al., 2019) (National Oceanic 82 

and Atmospheric Administration (NOAA) and National Hurricane Center (NHC), 2018). Hurricane 83 

Katrina, the costliest hurricane in the United States, made landfall in Florida, Louisiana, and Mississippi 84 

in 2005 and caused 160 billion dollars in damages (NOAA and NHC, 2018). Eamon et al. (2007) 85 

indicated that over 133 thousand houses were destroyed or severely damaged, and approximately 250 86 

deaths were witnessed in only the Mississippi coastal area during this event.  87 

Extreme overland flows could have extensive impacts on coastal communities because the existing 88 

defensive structures may be insufficient to protect near-coast areas (Mori and Takahashi, 2012), 89 

particularly as coastal population densities continue to increase along with exposure to sea-level rise 90 

and coastal flooding hazards (Neumann et al., 2015). Therefore, evaluating the effectiveness of flood 91 

mitigation structures for coastal areas is of great importance. Some typical types of shielding structures 92 

against overland flows are studied, including conventional, “gray” structures such as seawalls (e.g., 93 

Kihara et al., 2015; Thomas and Cox, 2012), eco-friendly structures such as submerged breakwaters 94 

(e.g., Wu and Hsiao, 2013; Shin et al., 2019), and natural, “green” protection countermeasures such as 95 

coastal mangroves (e.g., Chang and Mori, 2021; Bridges et al., 2021; Tomiczek et al., 2020a). Although 96 

the role of these mitigation structures has been recognized in attenuating long wave propagation, 97 

thorough quantification of flow hydrodynamic and force reduction in coastal communities protected by 98 

these mitigation structures is limited, causing several uncertainties in the comparative performance 99 

among mitigation alternatives. These uncertainties can result in challenges in the broad application of 100 

protection measures. 101 

 102 
1.2. Previous studies of mitigation measures 103 

 104 
1.2.1. Seawalls 105 

 106 
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Seawalls have been widely constructed to defend coastal cities worldwide from coastal flooding. 107 

Lukkunaprasit and Ruangrassamee (2008) conducted field observations after the 2004 tsunami in 108 

Thailand and highlighted that coastal retaining walls (seawalls) with a height of 1 m reduced tsunami-109 

generated damages to subsequent buildings compared to those without any protection. In addition, 110 

several scientific studies have been carried out to investigate the performance of seawalls against 111 

tsunami-like and storm-wave impacts. Cross (1967) performed a pioneering small-scale experiment on 112 

tsunami pressures on vertical seawalls. In the study, an empirical equation was proposed considering 113 

momentum and hydrostatic terms to calculate maximum pressures at the base of a seawall. Ramsden 114 

(1996) carried out small-scale tests to develop a tsunami force equation by replacing these momentum 115 

terms with the bore velocity, wave run-up, and bore-height-and-inundation-depth ratio. This equation 116 

is more easily applied compared to the equation of Cross (1967) because local bore heights and 117 

inundation depths are more readily available than inundation velocities in the tsunami field 118 

reconnaissance. More recently, Oshnack et al. (2009) conducted a scaled experiment to examine the 119 

effects of a small onshore seawall with six different heights in reducing forces caused by tsunami bores 120 

on a rigid wall. Thomas and Cox (2012) extended the study by systematically varying the locations and 121 

heights of a seawall to investigate the influence of a finite-length seawall in mitigating tsunami loadings 122 

on buildings. This study indicated that the percentages of maximum and average force reductions for 123 

the seawall cases ranged from 0% (no reduction) to 90% relative to baseline conditions (no seawall). 124 

Two empirical equations were suggested to estimate maximum and average force reduction factors as 125 

a function of the offshore bore heights, seawall heights, and the relative positions of the seawall between 126 

the design building and shorelines (Thomas and Cox, 2012). Rahman et al. (2014) performed a small-127 

scale experiment to quantify tsunami forces on onshore buildings defended by a seawall with different 128 

types, heights, and positions. Results showed that higher seawalls located closer to buildings resulted 129 

in a maximum force reduction of 41%; however, the maximum force reduction was 27% when the 130 

seawall height was reduced by half (Rahman et al., 2014). Several advanced studies (e.g., Eurotop, 2018) 131 

have been performed to assess the design of structures to minimize run-up and overtopping on seawalls 132 

during storm impacts. However, those studies only investigated the efficiency of seawalls against wave 133 

impacts or overtopping on a single structure. The influence of seawalls on force reduction and flow 134 

transformation in a series of building arrays, similar to most real-world coastal communities, is less 135 

understood.  136 

 137 
1.2.2. Submerged Breakwaters 138 

 139 

Jeffreys (1944) proposed pioneering studies on wave transmission above a rectangular submerged 140 

breakwater, followed by several other studies on wave-breakwater interaction (e.g., Kobayashi and 141 

Wurjanto, 1989; Twu et al., 2001). Recently, Ting et al. (2004) used hydraulic tests to examine the 142 

influence of submerged breakwaters with eight geometries and porosities from 0.421 to 0.912 on non-143 



Manuscript submitted to Coastal Engineering 

5 

 

breaking wave transformation. Cokgor and Kapdasli (2005) conducted an experimental study to 144 

determine wave transmission coefficient values in a submerged breakwater with different shapes. The 145 

study analyzed the effects of porosities between 0.57 and 0.34 and crest-height-to-water-depth ratios 146 

ranging from 0.83 to 1.00. Moreover, Shin et al. (2019) carried out a two-dimensional hydraulic test to 147 

examine the influences of the relative crest height, crest width, wave steepness, and permeability of an 148 

artificial reef (a kind of low-crested breakwater) on wave dissipation. An empirical formula based on 149 

these parameters was proposed to estimate wave transmission coefficients for a wide range of 150 

submerged breakwaters.  151 

In the case of submerged breakwaters under tsunami conditions, Silva et al. (2000) investigated 152 

porous submerged breakwater effects on the reflection and transmission of solitary waves by physical 153 

and theoretical methods using the inverse Fourier transform. Irtem et al. (2011; 2012) conducted a series 154 

of physical model experiments to compare the influence of the permeable and impermeable submerged 155 

breakwaters on tsunami run-up heights. Regarding the numerical investigation, Ha et al. (2014) 156 

proposed a three-dimensional Large Eddy Simulation (LES) numerical model to predict tsunami run-157 

up heights around the submerged breakwater in the surf zone and investigate wave reflection, 158 

transmission, and dissipation coefficients. This study showed that submerged breakwaters with an 159 

appropriate design could reduce tsunami transmission. Sun et al., 2020 numerically investigated the 160 

effectiveness of an idealized submerged breakwater in reducing solitary wave-induced hydrodynamic 161 

forces on coastal bridge decks through varying wave conditions and structural parameters, including 162 

spacing distances, permeability, and height-width-ratios of the submerged breakwater. This result 163 

indicated installation of the submerged breakwater as a mitigation measure might reduce maximum 164 

horizontal and vertical forces on the bridge deck for most configurations. In more detail, the height of 165 

the submerged breakwater significantly affected the maximum hydrodynamic loads in the bridge deck; 166 

however, the effects of the spacing distance, permeability, and width are relatively limited (Sun et al., 167 

2020). Most previous studies showed that submerged breakwaters might effectively reduce wave and 168 

tsunami transmission. However, Crespo et al. (2007) conducted Smooth Particle Hydrodynamic (SPH) 169 

model to investigate the performance of a dike in reducing damage to the inland vertical wall. This 170 

study reveals that increasing the dike height can decrease the force measured in the vertical wall; 171 

however, the sea dike may behave as a ramp, inducing a large overtopping jet toward the high elevation 172 

of buildings under certain circumstances. Xu et al. (2021) conducted an experiment to investigate the 173 

performance of the rectangular barrier in reducing long-wave impacts on the seawall offshore. This 174 

result indicates that when installing low barriers may cause a worse impact compared to the absence of 175 

barrier configuration. This phenomenon is also consistent with Dalrymple and Kriebel (2005) for the 176 

2004 tsunami in Thailand, in which the tsunami flow was projected over a sloped seawall, generating 177 

an extreme run-up jet into the upper story of near-coast buildings. Moreover, the field observation 178 

reported in UNEP (2005) indicates that serious terrestrial and coastline damage was witnessed in the 179 

areas sheltered by fringing reefs, a special case of submerged structures. Thus, more thorough 180 
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investigations on the effects of submerged breakwaters on the long wave-induced inundation flow and 181 

the resulting loads on a series of inland structures are required. 182 

 183 
1.2.3. Combination of seawalls and submerged breakwaters 184 

 185 

As mentioned in previous studies on seawalls, increasing seawall heights could decrease horizontal 186 

forces exerted on inland structures. However, the seawall heights were designed based on aesthetic and 187 

economic feasibilities (Raby et al., 2015) and thus be lower than the unexpectedly extreme overtopping. 188 

This limitation of seawall heights may induce lower effectiveness in coastal protection during hurricane 189 

and tsunami events. The coupling effects of sea-level rise and increased frequency of flooding require 190 

improvements to existing seawalls with insufficient seawall height. Thus, guidance for retrofitting the 191 

existing structures is needed to improve coastal protection. Specifically, submerged breakwaters have 192 

been built widely to dissipate wave energy by triggering the breaking of high waves, reducing extreme 193 

wave attacks on coastal communities (Li and Zhang, 2019). Apart from wave attenuation presented in 194 

the previous subsection, submerged breakwaters have additional advantages, including their low cost 195 

and high aesthetics compared to subaerial breakwaters (Kobayashi and Wurjanto, 1989). Therefore, 196 

submerged breakwaters can be considered as a solution to support seawalls against overflows. Jeng et 197 

al. (2005) experimentally examined the interaction between incident waves, reflected waves, seawalls, 198 

submerged breakwaters, and a sandy seabed to investigate pore pressures inside the seabed foundation. 199 

Reddy et al. (2007) carried out both physical and numerical model tests to quantify the performance of 200 

different submerged breakwater configurations in reducing wave forces, wave run-up, and wave run-201 

down on a vertical wall under regular and random waves. Neelamani and Sumalatha (2013) varied the 202 

slopes of seawalls shielded by submerged and emergent breakwaters to study the variation of wave 203 

reflection, run-up, and wave pressures on the seawall. The results indicated that wave pressures 204 

markedly decreased by 35% – 40%, and wave run-up was reduced by 50% – 60% when breakwater 205 

crest levels were equal to the still water levels. Koraim et al. (2014) investigated the hydrodynamic 206 

performance of a new type of porous seawall with a front steel screen, back solid wall, and filled rock 207 

core protected by a submerged breakwater. This configuration reduced 20% – 60% of wave run-up and 208 

less than 70% of wave reflection. Dong et al. (2020) conducted a scaled experiment to investigate the 209 

performance of different retrofitting, including a reef breakwater, recurved wall, diffraction pillars, and 210 

model vegetation supporting seawalls in attenuating wave overtopping discharges. The results showed 211 

98% overtopping volume reduction in the recurved configurations, whereas reef breakwaters and 212 

vegetation induced reductions of 30% and 48%, respectively. Recently, Xu et al. (2021) examined 213 

tsunami forces and overturning moments on a seawall protected by a rectangular barrier. For high 214 

enough barriers, forces and overturning moments dramatically decreased compared to the absence of 215 

barrier cases. The study proposed Gaussian-typed equations to predict the reduction ratios of maximum 216 

horizontal forces and overturning moments through fractions between the barrier height and “specific 217 
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energy head” term with an R2 of 0.93. The “specific energy head” containing bore velocities and water 218 

depths was used to represent the energy of stationary flows (Xu et al., 2021). 219 

Previous studies solely investigated wave forces, pressures, and hydrodynamic characteristics on 220 

seawalls defended by submerged breakwaters rather than inundation aspects in the broader coastal 221 

environment. Therefore, understanding tsunami overflows on a series of building rows in coastal 222 

communities with the combined protection of seawall and submerged breakwater is limited. 223 

 224 
1.2.4. Green infrastructure 225 

 226 

Regarding the role of mangroves under coastal flooding, Marois and Mitsch (2015) indicated that 227 

mangroves could contribute to wave attenuation in direct and indirect ways. Directly, mangroves work 228 

as a series of barriers to dissipate wave turbulent kinetic energy when waves pass through the main 229 

trunk, pneumatophores, and prop root systems. Indirectly, the complex root systems of mangroves can 230 

reduce coastal soil erosion and strengthen sediment accretion, improving the stability of the coasts. 231 

Ultimately, this stability of coasts may alleviate the damages from overland flows on areas further 232 

landward (Gedan et al., 2011). However, evaluating the ability of mangroves to mitigate overland flow 233 

induced by extreme long waves is debatable and challenging (Marois and Mitsch, 2015). Taking the 234 

2004 Indian Ocean tsunami as an example, Danielsen et al. (2005) conducted a satellite image 235 

investigation on the damage to a total of 12 villages along the southeast coast of India sheltered by 236 

mangrove forests or without any protection. The results indicated that the villages behind the dense 237 

vegetation experienced minor damage compared to those directly suffering from the tsunami attack. 238 

Their finding served as a first guideline for the potentially protective capacity of mangrove forests 239 

against tsunami overland flows. Goda et al. (2019) similarly found that mangroves protected structures 240 

and prevented damage compared to that observed for unsheltered structures during the 2018 earthquake 241 

and tsunami in Sulawesi, Indonesia. Still, Dahdoubh-Guebas and Koedam (2006) suggested some 242 

caveats in the analysis from Danielsen et al. (2005) that were not addressed. This suggestion noted that 243 

Danielsen et al. (2005) did not consider several factors impacting damage reduction, such as distance 244 

from the villages to shorelines or construction materials used for houses and other infrastructures. 245 

Kathiresan and Rajendran (2005) performed field observations in several coastal hamlets along the 246 

southeast coast of India, noting that the elevation of residential communities and distance to the 247 

shoreline highly affected the casualties and infrastructure damages. In addition, Tanaka et al. (2007) 248 

showed that geometric features of mangrove forests also influenced the capacity of wave attenuation. 249 

They found that Rhizophora species with a complex aerial root system were effective in reducing wave 250 

heights compared to other types of vegetation. According to several studies mentioned above, extensive 251 

research on assessing and quantifying the mangrove forests’ protection capability is certainly required.  252 

While the level of mangrove protection in extreme flooding caused by tsunamis is still debatable, 253 

coastal mangroves are valuable in storm surge mitigation (Chang and Mori, 2021). Das and Vicent 254 



Manuscript submitted to Coastal Engineering 

8 

 

(2009) investigated over 400 villages in India impacted by a supercyclone in 1999. The findings 255 

indicated that wider width between mangrove forests and the coastlines could significantly reduce the 256 

number of fatalities. Granek and Ruttenberg (2007) examined the performance of mangrove forests in 257 

experimental sites in Belize against two tropical storms, noting that mangroves provided a higher level 258 

of protection on the shorelines than those without mangroves. Moreover, Krauss et al. (2009) examined 259 

storm surge reductions by an internal mangrove marsh system and a riverine mangrove in Florida during 260 

Hurricane Charley in 2004 and Hurricane Wilma in 2005. The two hurricanes generated inundation 261 

levels of approximately 103 cm relative to the ground level; however, the site measurements showed 262 

that surge reductions of 9.4 and 4.2 cm/km were observed in the mangrove wetlands and riverine 263 

mangroves, respectively. The study implied the protective functions of mangrove forests in storm surge 264 

attenuations over large spatial scales. Based on field observations in the Florida Keys after Hurricane 265 

Irma in 2017, Tomiczek et al. (2020b) noted that waterfront structures experienced less damage when 266 

protected by red mangrove stands of moderate cross-shore width compared to waterfront structures with 267 

other shoreline treatments, indicating that for certain conditions, mangroves may be able to provide 268 

benefits at moderate spatial scales.  269 

This field reconnaissance demonstrated the protective function of mangrove forests during tsunami 270 

waves and hurricanes. In addition, numerous scientific studies on wave attenuation and energy 271 

dissipation through mangrove forests have been conducted to better understand wave-mangrove 272 

interaction characteristics. One of the earliest models for predicting wave attenuation was proposed by 273 

the National Academy of Sciences (1977), which related wave height attenuation for linear, shallow-274 

water waves to incident hydrodynamic conditions, vegetation geometric characteristics (e.g., stem 275 

density, height, cross-shore width), and a drag coefficient specific to the vegetation. Dalrymple et al. 276 

(1984) later extended this equation for intermediate and deep-water wave conditions, and Mendez and 277 

Losada (2004) extended the random wave model. Physical model investigations have since been 278 

performed to determine appropriate wave-vegetation interaction for a range of vegetation species (e.g., 279 

Anderson and Smith, 2014; Ozeren et al., 2014; Wu and Cox, 2015; 2016), with several focusing 280 

specifically on idealized mangrove forests (Strusińska-Correia et al., 2013; Maza et al., 2017; 2019; 281 

Chang et al., 2019; Tomiczek et al., 2020a; Kelty et al., 2022). Strusińska-Correia et al. (2013) measured 282 

wave transmission for solitary wave and tsunami bore propagation through a simplified mangrove 283 

trunk-prop root parameterization constructed at a 1:20 scale. Maza et al. (2017) constructed a 1:12-scale 284 

model of parameterized Rhizophora trunk-prop root system to measure drag coefficients and turbulent 285 

kinetic energy under unidirectional flow conditions. Maza et al. (2019) used a similarly parameterized 286 

model a 1:6 scale to investigate wave height attenuation for regular and random waves. Chang et al. 287 

(2019) determined drag and inertial coefficients for regular waves interacting with a 1:7-scale three-288 

dimensional (3D) printed model of a Rhizophora trunk and prop root system. Considering potential 289 

scale effects when determining relationships between the drag coefficient and Reynolds number using 290 

reduced-scale physical models, Kelty et al. (2022) constructed a prototype-scale physical model to 291 
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measure wave height attenuation through an 18 m idealized Rhizophora mangle forest. The authors 292 

found agreement between drag coefficient-Reynolds number relationships with previous reduced-scale 293 

studies when the Reynolds number was rescaled according to Froude similitude (Kelty et al., 2022). 294 

 The studies described above have provided quantified evidence for the ability of mangrove systems 295 

to attenuate wave heights, supporting several recent initiatives advocating for more widespread 296 

implementation of vegetation and other green infrastructure owing to their capacity to mitigate coastal 297 

flood hazards while providing economic, ecological, and environmental benefits (Browder et al., 2019; 298 

Bridges et al., 2021; Science for Environmental Policy, 2021; UNDRR, 2021). Few studies have 299 

examined the effects of green infrastructure in reducing loads on sheltered near-shore structures, with 300 

notable exceptions considering mangrove effects on wave load reduction for a sheltered vertical wall 301 

(Mitchell et al., 2021) and in the first row of an idealized urban array (Tomiczek et al., 2020a). 302 

Additional work is needed to understand the effects of green infrastructure throughout a coastal 303 

community and its relative performance compared to conventional gray solutions. 304 

 305 
1.3. Study objectives 306 

 307 
Prior to studies of tsunami inundation, small-scale experiments and field reconnaissance were taken 308 

into consideration before scaled experiments (Oshnack et al., 2009). By contrast, Oumeraci (2010) 309 

indicated that small-scale physical experiments are inappropriate in simulating wave-structure 310 

interaction due to scale effects. In addition, several physical experiments were conducted considering 311 

regular or random wave cases instead of tsunami-like waves (Oshnack et al., 2009). Thus, this study 312 

conducted a scaled experiment to provide quantitative data for tsunami loadings on inland buildings 313 

defended by a seawall, a submerged breakwater, a combined submerged breakwater-seawall system, 314 

and a moderate-scale mangrove forest. The fundamental objectives of this study include: (1) Understand 315 

the effects of a seawall, a submerged breakwater, a combined submerged breakwater–seawall system, 316 

and emergent mangroves on wave breaking and inland hydrodynamic characteristics; (2) Assess the 317 

transformation of cross-shore forces on a series of vertical building rows; (3) Quantify the shielding 318 

effects of building elements on maximum force reduction factors when long waves inundated the inland 319 

environment; (4) Compare the performance of green and gray measures in mitigating forces on coastal 320 

buildings.  321 

Apart from section [1], this paper consists of 4 following sections as follows: Section [2] describes 322 

the wave basin, physical instruments, building specimens, wave conditions, and data processing. 323 

Section [3] presents the effects of green and gray structures on the flow depths, cross-shore velocities, 324 

and horizontal forces in the constructed environment, then discusses the performance of mangroves and 325 

gray structures in reducing horizontal forces exerted on coastal building arrays. Section [4] discusses 326 

considerations of the study regarding scale effects and suggests ideas for future work. Section [5] 327 

presents the conclusions of this study.  328 

 329 
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2.  Experimental Setup 330 
 331 

2.1. Wave basin, bathymetry, and building specimen 332 
 333 

The physical experiment was performed in the Directional Wave Basin (DWB) of the O. H. 334 

Hinsdale Wave Research Laboratory (HWRL) at Oregon State University (Fig. 1). The DWB, equipped 335 

with a piston-type wavemaker, was 48.8 m long, 26.5 m wide, and 2.1 m deep. The coordinate system 336 

is described as follows: x and y axes denote streamwise and transverse directions, which are positive to 337 

the west and south, respectively. The origin of the x-coordinate (x = 0) is located at the neutral 338 

wavemaker position, and the y-coordinate origin (y = 0) is located at the centerline of the wave basin. 339 

The z-axis denotes the vertical direction, in which z = 0 represents the concrete basin floor, with the 340 

upward direction set as positive.   341 

 342 

Fig. 1. (a) Graphic representation and (b) photograph of DWB physical model set-up for test bathymetry, 343 
guide walls, and water circulation system. 344 

 345 

The bed profiles of the wave basin consist of four horizontal sections: a flat section near the 346 

wavemaker 0 m < x < 11.7 m, a 1:20 sloped section at 11.7 m < x < 31.7 m, an elevated section at 31.7 347 

m < x < 41.7 m and a water reservoir at x > 41.7 m (Fig. 1a). At 0 m < x < 11.7 m near the wave 348 

generator, a horizontal flatbed is representative of the nearshore with a constant water depth. From x = 349 

11.7 m onwards, the wave basin was divided into a central test platform (foreshore and coastal area 350 

with dimensions of 30 m × 10 m) and a water circulation system located north and south of the central 351 

platform. The water circulation system included a water reservoir, pumping systems, a series of split 352 

walls, and two riprap wave dissipation structures. Guide walls starting at x = 11.7 m were used to 353 

separate the central test platform from the water circulation system on either side to locate the sloping 354 

beach and coastal areas. For the water circulation system, two recirculating pumps were installed on 355 

both sides of the reservoir to provide water for the initial flatbed in the following test trials. This 356 

discharge increases the water level at the initial flatbed, creating overland flow over the whole central 357 

test platform. The overland flow discharges back to the reservoir, closing the circuit and creating a 358 

recirculation. Since the reservoir is created with two vertical walls splitting the basin across, incoming 359 
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waves will reflect and reproduce significant interference, reducing the quality of waves generated. 360 

Hence, two rubble-mound breakwaters (riprap dissipators) were installed to dissipate and reduce wave 361 

reflections. The rubble mounds also help reduce the pump discharge effects on both lateral sections 362 

(Fig. 1). 363 

The central test platform consisted of two longitudinal sections (Fig. 2). The first section is a sloped 364 

concrete beach for 11.7 m < x < 31.7 m. This slope of 1:20 was carefully selected to allow for wave 365 

shoaling up an idealized bathymetry of a foreshore beach and flooding the coastal area during storm 366 

and tsunami events. The second section was a 10 m × 10 m horizontal flat test area with the base at an 367 

elevation of z = + 1.0 m relative to the basin floor, representing an urban environment for 31.7 m < x < 368 

41.7 m. One hundred rigid building models with dimensions of 0.4 m × 0.4 m × 0.4 m were arranged 369 

in a 10 × 10 array, representing an idealized coastal city. Each building element was positioned with 370 

0.8 m and 1.0 m (center-to-center) spacing along the x-axis and y-axis, respectively. The first building 371 

row was placed 1.6 m from the end of the slope (the shoreline to the seaward edge of the first-row 372 

building specimen). The detailed positions of the total building models can be seen in Fig. 2. Additional 373 

details of the wave basin, bathymetry, and building specimen descriptions can be found in Tomiczek et 374 

al. (2020a), Park et al. (2021), and Moris et al. (2021), which performed experiments using the similar 375 

bathymetry setup. 376 

 377 

Fig. 2. (a) Plan view and (b) Cross-shore view of the main test section showing locations of seawall, 378 
submerged breakwater, and mangrove configurations, and instrumentation used: Offshore Wave 379 
Gauges (blue star); Acoustic Doppler Velocimeters (black circle); Ultrasonic Wave Gauges (magenta 380 
star); Pressure sensors (built-in two orange blocks); Submersible multi-axial loadcell (built-in blue 381 
block); Horizontal in-line loadcells (built-in five gray blocks). 382 
 383 
2.2.  Instrumentation setup 384 

 385 

Fig. 2a presents the locations of the physical instruments used in this study, including wire 386 

resistance wave gauges (WGs), ultrasonic wave gauges (USWGs), acoustic Doppler velocimeters 387 
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(ADVs), horizontal loadcells (LCs), a six-degree-of-freedom loadcell (6DOF), and pressure gauges 388 

(PGs). Nine WGs located on the offshore slope were used to identify the incident wave characteristics 389 

and check the repeatability of waveforms, with WG2 installed close to the centerline to record the 390 

offshore free surface near the onset of the sloping section. The USWGs and ADVs were mounted on an 391 

observation and instrumentation bridge embracing the full width of the wave basin, in which ultrasonic 392 

wave gauges USWGs (1, 5, 7, and 8) were placed in the vicinity of the centerline with x-locations of 393 

33.143 m, 34.733 m, 36.313 m, and 40.655 m relative to the wavemaker in the zeroed position, 394 

respectively. USWG6 was installed at x = 34.719 m from the second and third building row to capture 395 

the free surface displacement between the two building blocks. Four ADVs (1, 5, 6, and 7) were 396 

collocated with four USWGs (1, 5, 6, and 7) to measure the flow velocities in three directions. Moreover, 397 

eight specimens among the hundred building models were made of aluminum and were used for 398 

installing pressure sensors and loadcells. Twelve PGs were arranged in two aluminum specimens in the 399 

first building row (PG A and PG B); five loadcells (6DOF to LC6) and a 6DOF were spaced in the six 400 

remaining specimens. LCs were installed in a building model from the first to fifth building row, and a 401 

multi-axis 6DOF loadcell was located at the most seaward building model. In each PG A and PG B, six 402 

PGs were positioned along the vertical centerline of the building specimen with 0.04 m spacing (center-403 

to-center), and the lowest PG was spaced 0.02 m above the elevated flat bottom. Photos of 404 

instrumentations used in the experiment are illustrated in Appendix A1, and detailed locations of 405 

selected instruments are specified in Table 1.  406 

 407 

Table 1. Selected instrument locations. 408 

Instrument Description Instruments x (m) y (m) z (m) 

Wavemaker Displacement Wmdisp – 0.00 – 

Wavemaker Wave Gauge Wmwg – 0.00 – 

Resistance Wave Gauge WG1 14.052 –3.540 – 

Resistance Wave Gauge WG2 14.048 –0.056 – 

Resistance Wave Gauge WG3 14.039 2.473 – 

Resistance Wave Gauge WG4 14.341 2.482 – 

Resistance Wave Gauge WG6 15.394 2.474 – 

Resistance Wave Gauge WG9 19.246 2.494 – 

Ultrasonic Wave Gauge USWG1 33.143 0.024 2.294 

Ultrasonic Wave Gauge USWG2 33.134 0.498 2.302 

Ultrasonic Wave Gauge USWG4 33.180 1.992 2.305 

Ultrasonic Wave Gauge USWG5 34.733 –0.003 2.357 

Ultrasonic Wave Gauge USWG6 34.719 0.523 2.428 

Ultrasonic Wave Gauge USWG7 36.313 0.037 2.376 
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Ultrasonic Wave Gauge USWG8 40.655 –1.039 1.769 

Acoustic Doppler Velocimeter ADV1 33.152 –0.019 1.020 

Acoustic Doppler Velocimeter ADV5 34.733 –0.026 1.018 

Acoustic Doppler Velocimeter ADV6 34.723 0.473 1.011 

Acoustic Doppler Velocimeter ADV7 36.304 –0.018 1.018 

Six-Degree-of-Freedom Loadcell 6DOF 33.457 –0.511 1.083 

Horizontal Loadcell LC2 33.450 0.483 1.223 

Horizontal Loadcell LC3 34.229 0.474 1.223 

Horizontal Loadcell LC4 34.994 0.479 1.224 

Horizontal Loadcell LC5 35.815 0.476 1.227 

Horizontal Loadcell LC6 36.617 0.481 1.226 

Pressure Gauge PG1 33.298 –1.503 1.020 

Pressure Gauge PG2 33.367 –1.491 1.060 

Pressure Gauge PG3 33.302 –1.504 1.100 

Pressure Gauge PG4 33.279 –1.507 1.140 

Pressure Gauge PG5 33.297 –1.504 1.180 

Pressure Gauge PG6 33.327 –1.498 1.220 

 409 
2.3.  Mitigation options: Seawall, Submerged Breakwater and Mangrove 410 

 411 
This experiment was a part of larger campaigns of hydrodynamic tests investigating the effects of 412 

debris advection (Park et al., 2021), progressive damage to residential structures (Duncan et al., 2021, 413 

Lee et al., 2022), mangrove vegetation (Tomiczek et al., 2020a; 2021), and macro-roughness (Moris et 414 

al., 2021). This study focuses on the effects of coastal hazard mitigation alternatives for four 415 

configurations: seawall only (SW), submerged breakwater only (SB), both seawall and submerged 416 

breakwater (SWSB), and mangroves (M) to evaluate the mitigation alternatives in comparison with the 417 

baseline conditions (without mitigation alternatives).  418 

As an idealized physical model study, the targeting geometric scale of a submerged breakwater and 419 

seawall set as 1/16, the same as the previous mangrove experiment by Tomiczek et al., 2020a. An 420 

impermeable submerged breakwater and seawall were made of wood and spaced 7.64 m and 1.60 m 421 

relative to the first building array, respectively. The submerged breakwater was installed with a crest 422 

width (WB) of 0.676 m and both front and back slopes of 1:1. The crest freeboard (hF) depends on the 423 

water level. Fig. 2b shows a freeboard of 0.063 m, corresponding to a specific still water level of 0.98 424 

m. Therefore, the crest width and freeboard of the submerged breakwater in the prototype are 11.0 m 425 

and 1.0 m, respectively. A full-length seawall was positioned on the shoreline with a crest width of 426 

0.036 m and a height of 0.12 m, corresponding to 0.6 m and 1.9 m in the prototype scale. The details of 427 

hard structures’ dimensions are illustrated in Fig. 2b.  428 
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To assess the effects of green infrastructure mitigation options, Tomiczek et al. (2020a) replaced 429 

the seawall and submerged breakwater with an idealized fringing mangrove forest. The mangroves were 430 

an idealization of a mature Rhizophora mangle (red mangrove) forest of moderate cross-shore width. 431 

The trunk-prop root models were parameterized following Ohira et al. (2013), and the spacing between 432 

trees was consistent with other field observations of mature mangrove forests, as explained in Tomiczek 433 

et al. (2020a). Two configurations were tested with cross-shore forest thicknesses of 0.51 m and 1.19 434 

m, corresponding to four and eight rows of mangroves (4M and 8M), respectively. Rows of mangroves 435 

were staggered and comprised 13 individual mangrove specimens, with cross-shore spacing between 436 

trunks of 0.17 m (center-to-center) and an alongshore spacing between rows of 0.19 m. Each individual 437 

mangrove specimen was composed of a trunk and 22 prop roots. Polyvinyl chloride (PVC) rod with a 438 

0.013 m diameter and 0.26 m height was used to make the main trunk, while prop roots were made of 439 

several galvanized steel wires with a diameter of 0.0025 m. The prop roots were cut to different lengths 440 

and installed by threading through 11 holes drilled in a 45° spiral pattern along the trunk, with a vertical 441 

spacing of 0.013 m and the lowest prop root installed 0.025 m above the base of the trunk. Fig. A1f 442 

(Appendix) shows the 4-row mangrove set up in front of the first building arrays. A detailed description 443 

of mangrove specimen design and construction is provided in Tomiczek et al. (2020a). 444 

 445 
2.4. Wave Conditions 446 

 447 
The wavemaker is driven by 30 independently programmable servo motor-driven points and 29 448 

paddles. Each paddle has a board height of 2.0 m, a maximum stroke of 2.1 m, and a maximum velocity 449 

of 2.0 m/s, which was installed on the east side of the basin to generate waves propagating into an 450 

impermeable flat bathymetry (Tomiczek et al., 2019). The wave paddles are driven by electric actuators, 451 

and their movement was electronically controlled by computers and individually defined for each trial 452 

by users. The wavemaker can generate regular, random, transient (tsunami-like) waves, and the water 453 

circulation system installed for these experiments allowed for wave generation with and without 454 

background currents. This study only focuses on wave-induced overflows without background currents. 455 

Conventionally, solitary wave generation techniques are applied to simulate tsunami-like wave impacts 456 

on coastal structures (e.g., Goring, 1978). However, solitary waves have been acknowledged to not 457 

sufficiently represent the whole process of tsunami-induced inundation because of the large differences 458 

in tsunami wavelengths and periods between physical and prototype models (Madsen et al., 2008). In 459 

addition, Thomas and Cox (2012) showed that the solitary wave underestimates the inundation 460 

processes; thus, the tsunami-like waves presented here were generated by the error-function method, a 461 

modified solitary wave generation technique. This method used the error function time series to control 462 

wavemaker displacements to maximize inundation (Park et al., 2013; 2021). A detailed explanation of 463 

the error function technique is described by Moris et al. (2021) and Winter et al. (2020).  464 

The whole experiment conducted a total of 51 transient (tsunami-like) wave trials, including 12 465 

trials for SB only and SW only, 13 trials for SWSB, 6 trials for the mangrove forest, and 8 trials for the 466 



Manuscript submitted to Coastal Engineering 

15 

 

baseline configuration (Lomonaco et al., 2020). Mitigation alternative configurations were tested for 467 

three cases with different water levels and wave parameters, including mean amplitudes and 468 

representative time scales with standard deviations, as presented in Table 2.  469 

 470 

Table 2. Experimental tsunami-like wave conditions and water levels for all trials. 471 

Case Configurations Water 

depth 

[h] (m) 

Wave 

amplitude 

[A] (m) 

Standard 

deviation 

[σA] (m) 

Representative 

time scale 

[T] (s) 

Standard 

deviation 

[σT] (s) 

1 Baseline; SB; SW; 

SWSB; 4M; 8M 

0.98 

(dry bed) 

0.21 0.0037 5.70 0.061 

2 Baseline; SB;  

SW; SWSB 

1.1 

(wet bed) 

0.14 0.0027 8.89 0.042 

3 Baseline; SB;  

SW; SWSB 

1.1 

(wet bed) 

0.21 0.0035 5.70 0.062 

 472 

This experiment considered two water levels of 0.98 m (Case 1) and 1.10 m (Cases 2 and 3). We 473 

refer to Case 1 as a low-water-level case and Cases 2 and 3 as high-water-level cases. Owing to time 474 

constraints, the mangrove configurations were only compared for Case 1 based on overlapping 475 

experimental conditions performed by Tomiczek et al. (2020a). In contrast, the structural 476 

countermeasures configurations were tested for all wave cases. The urban environment was elevated 477 

above 1.00 m relative to the wave basin floor, causing a series of building arrays to be located in the 478 

dry bed for the low-water-level case and submerged by 0.10 m in the high-water-level cases. Wave 479 

amplitudes were calculated based on the ensemble average of free surface elevation time series recorded 480 

at WG2 over all configurations. Standard deviations of wave amplitudes presented in Table 2 were 481 

estimated from six peak magnitudes of water surface elevations in those configurations for each wave 482 

condition. Additionally, representative time scales TR were identified as the duration of wave signals 483 

that exceeded 10% of their amplitudes (Tomiczek et al., 2020a). Wave amplitudes increased from 0.14 484 

m to 0.21 m, and their standard deviations (σA) were less than 0.0037 m. The duration of wave signals 485 

(or TR) ranged from 5.70 s to 8.89 s, and σT varied from approximately 0.042 s to 0.062 s over three 486 

wave cases. Therefore, a larger incident amplitude was recorded for Cases 1 and 3, and a longer duration 487 

was generated by Case 2. A detailed time series of water surface elevations and wavemaker paddle 488 

displacements are presented in Appendix A2. 489 

 490 
2.5.  Data Acquisition and Processing 491 

 492 
Experimental data were measured and stored using a 64-channel PXI-based real-time data 493 

acquisition system. In this study, hydrodynamic datasets were collected and processed following 494 
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methods established in previous studies (e.g., Baldock et al., 2009). Water surface elevations and cross-495 

shore velocities were recorded at a 100 Hz sampling rate. Force and pressure data were collected at a 496 

sampling rate of 1,000 Hz, accurately measuring the magnitude of impulsive forces and pressures at the 497 

peak (e.g., Tomiczek et al., 2016). The wavemaker displacement signal was used to synchronize data 498 

collection for all instruments. The data were filtered using the lowpass filter with a cut-off frequency of 499 

50 Hz to remove noise (Park et al., 2017). An example of data processing for the baseline configuration 500 

at wave case 2 is presented in Appendix A3. For other configurations, the data were processed in the 501 

same method. 502 

 503 
3. Results 504 

 505 
3.1. Effects of mitigation measures on flow depths 506 

 507 
Fig. 3 shows the snapshots extracted from high-speed cameras at the moment of wave breaking and 508 

maximum splash-up due to wave and structure interaction for each of the three wave cases for the SW 509 

configuration. The qualitative images indicate that the seawall influences wave transformation in the 510 

inland area as the wave flows over the seawall and results in different wave-breaking characteristics for 511 

the three wave conditions. In Case 1, the wave initially broke at the slope before reaching the seawall 512 

(Fig. 3a) and impacted the buildings as a fully broken wave (Fig. 3d). However, in Case 2, for which 513 

flow depth was increased by 0.12 and the wave amplitude was decreased by 0.07 m, the wave 514 

propagated over the seawall without breaking (Fig. 3b) and directly hit the upper half of the buildings 515 

(Fig. 3e). In Case 3, the wave overtopped the seawall and broke near the first building array (Fig. 3c), 516 

immediately impacting the below part of the most seaward building row (Fig. 3f). 517 

 518 

 519 

Fig. 3. Snapshots of wave breaking (upper panel) and maximum splash-up (below panel) against the 520 
beachfront buildings: (a - d) Case 1; (b - e) Case 2; (c - f) Case 3. 521 
 522 



Manuscript submitted to Coastal Engineering 

17 

 

These patterns of flow propagation in the inland areas for the wave cases and varied configurations 523 

were quantitatively observed from the time histories of the flow depths measured at USWG1, which is 524 

positioned 0.1 m seaward in front of the first building row (Fig. 4). In this figure, the times series of 525 

flow depths were measured from still water level in the constructed environment for the three wave 526 

cases. Each color indicates a different configuration, with blue dashed lines, red dotted lines, magenta 527 

dash-dotted lines, green dashed lines, orange dash-dotted lines, and black solid lines indicating the SB 528 

(submerged breakwater only), SW (seawall only), SWSB (combined submerged breakwater and 529 

seawall), 4M (4 rows of mangroves), 8M (8 rows of mangroves), and baseline configurations, 530 

respectively.  531 

For the low-water-level case of 0.98 m (Case 1), the overland flows came earlier in the baseline 532 

case than the countermeasure configurations with the arrival time at 25.36 s, 25.42 s, 25.50 s, 25.64 s, 533 

25.85 s, and 26.05 s for the baseline, 4M, 8M, SB, SW, and SWSB configurations, respectively (Fig. 534 

4a). Thus, all countermeasure configurations delayed the arrival time of flow propagation, while the 535 

gray structures are more effective in delaying the arrival time than the green configuration. For the 536 

presence of combined mitigation options (SWSB), the wave propagates slightly slower over shallow 537 

water due to submerged breakwater and takes a short amount of time to overtop the seawall, causing a 538 

longer arrival time than other configurations. Around 0.5 s to 0.7 s after the wave arrival times, there is 539 

a rapid jump in the flow depths. This phenomenon is because those incoming waves propagated in the 540 

urban area as bores with larger heights than the instantaneously formed surges (Moon et al., 2019). The 541 

peak flow depth measured by the baseline is larger than other countermeasure configurations for Case 542 

1. Both the SW and SB configurations led to a flow depth of about 68% of the peak flow depth measured 543 

for the baseline condition, while mangroves in both the 4M and 8M configurations resulted in a flow 544 

depth of about 78% of that of the baseline. However, the SWSB condition (combination of the seawall 545 

and submerged breakwater) yielded a dramatic reduction of the peak flow depth to about 50% of the 546 

baseline condition. While all countermeasures resulted in a reduction in peak flow depth from the 547 

baseline condition, the mangrove configurations induced a larger peak and overall inundation depth 548 

compared to the hard structure configurations in front of the first building array. In the mangrove 549 

configurations, reflected waves from the first building row were prevented by mangrove roots, resulting 550 

in a high concentration of water particles between the first row and mangrove forests. Therefore, 551 

inundation depths measured in the mangroves are higher than those measured in hard structure 552 

configurations. Effectively, the combined seawall and submerged breakwater caused the greatest 553 

reduction in flow depths.  554 

In Case 2, minor differences in peak elevations were observed among all structural configurations 555 

(Fig. 4b). However, in Case 3, there was a significant change over the baseline, SB, SW, and SWSB 556 

configurations (Fig. 4c). In particular, the maximum flow depths in the SB configuration were greater 557 

than those in the baseline cases for Cases 2 and 3. Particularly in Case 3, the tsunami-like wave 558 

transmitted over the submerged breakwater, inducing a hydraulic jump with a higher water elevation 559 
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than the incident wave height, which generated a stronger and steeper wave propagating toward the 560 

sloping beach. Then the wavefront with strong intensities plunged to the still water level, immediately 561 

causing vertically deflected waves that reached the high elevation of sensors and subsequently collided 562 

with the upper position of the first building row. In contrast, the presence of seawall significantly 563 

dissipated the energy of inland flow, which is attributed to the reduction of inundation depths more than 564 

in the SB configuration. Therefore, the presence of submerged breakwaters may amplify inundation 565 

levels in front of the first building row in high-water-level cases. The increased wave amplitudes by 566 

0.07 m (from Case 2 to Case 3) or increased water levels by 0.12 m (from Case 1 to Case 3) could 567 

increase the maximum magnitudes of flow depths for three wave trials. However, changes in flow 568 

depths did not show a monotonic trend with changes in countermeasure configurations, although the 569 

SWSB case resulted in the greatest reduction of flow depths for all wave cases tested in the first building 570 

row.  571 

 572 

 573 

Fig. 4. Time histories of flow depths measured at USWG1 in front of the most seaward building array 574 
for three wave cases. 575 

 576 

Fig. 5 shows the maximum flow depths from still water level versus the relative distances from 577 

shoreline X/L, where X represents the distances from the shoreline to the USWGs positions, with X = 0 578 

at the shoreline location. These distances are normalized by the total length of the elevated flat section 579 

(L = 10 m) for this experimental setup. The maximum flow depths for the gray countermeasure 580 

configurations dramatically decreased from the first to third building rows (0.15 < X/L < 0.31) before 581 

gradually falling to the last array (0.31 < X/L < 1). In contrast, a slight change in the flow depth was 582 

observed in mangrove forests between 0.15 < X/L < 0.31. Generally, the decreasing trend in the 583 

maximum flow depths due to an increase in the relative distance X/L agrees with previous results from 584 

Park et al. (2013). However, in Case 3, slight local increases in flow depths at adjacent sensors at X/L 585 

= 0.31 and 0.47 (USWG5 and USWG7) in the SWSB and SB configurations were observed due to the 586 

complicated flow and structure interactions including reflection, channeling, and blocking effects over 587 

the building arrays (Kihara et al., 2021).  588 



Manuscript submitted to Coastal Engineering 

19 

 

 589 

Fig. 5. Maximum flow depths measured by USWGs (1, 5, 7, and 8) as a function of the relative cross-590 
shore distance (X/L). 591 

 592 

To investigate the percent reduction in inundation depth, maximum onshore overland flow depths 593 

recorded by USWGs 1, 5, 7, and 8 were selected for analysis. Percent reductions were calculated 594 

considering ( )( )

max

i

c as the maximum onshore inundation depth measured at the countermeasure 595 

configuration and ( )( )

max

i

b as the maximum inundation depth collected from the baseline at the 596 

ultrasonic wave gauge (i) for each wave condition. Variations of flow depth percent reduction (PR) are 597 

examined by the following equation:  598 
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                                                               (1) 599 

Table 3 shows the percent reductions in peak flow depths between countermeasure and baseline 600 

configurations at X/L = 0.15 (in front of the first building array) and the overall percent reduction for 601 

the building array. The overall percent reduction was estimated by averaging the percent reduction in 602 

water surface elevation at four USWG locations in the inland area. A positive value indicates a reduction 603 

in peak water surface elevation relative to the baseline condition.   604 

In Case 1, the SB and SW configurations induced a similar percent reduction in peak flow depth 605 

of 32% in the first building row, and the SW configuration showed an overall percent reduction of 30%, 606 

which is slightly larger than 26% in the SB condition for the four measurement locations in the landward 607 

area. However, the combination of the submerged breakwater and seawall (SWSB) considerably 608 

reduced the baseline peak flow depths by between 50% and 53% at the first building row and landward 609 

area. The mangrove configurations caused a 22% reduction for both the 4M (4-row) and 8M (8-row) 610 

configurations relative to the baseline condition at the first building row. However, the mangrove 611 

configurations generally amplified flow depths in the landward area, with amplification of 612 

approximately 38% and 35% over the building arrays for the 4M and 8M conditions, respectively. The 613 

amplification of flow depths in the landward area may have been affected by the transient wave 614 

interaction with the vegetation and reflection owing to the mangroves and building elements (Tomiczek 615 
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et al., 2020a). The reflected waves from mangrove roots further inundated the landward area, 616 

accelerating the flow run-up on each building row, which passes through the building sides and then 617 

converges in the spacing between adjacent building rows. The convergence of flows generated an 618 

amplification of inundation depths in the landward area. However, for hard structure configurations, the 619 

reflected waves from the first building rows directly propagated offshore, which could not accelerate 620 

the landward flow; therefore, their inundation depth is considerably reduced after passing the most 621 

beachfront row.  622 

For high-water-depth cases, maximum flow depths measured by the SB configuration were 623 

amplified by up to 33% compared to the baseline configuration in the most seaward building row. The 624 

maximum percent reduction of peak elevations for the SWSB configuration was 34%, while the SW 625 

configuration resulted in a reduction of 21%. In general, in overall wave cases tested, the SW 626 

performance for peak flow depth reduction is better than that for the SB configuration, and the SWSB 627 

configuration is the most effective countermeasure in reducing flow depths of overland tsunami-like 628 

waves in the inland area. For the low-water-depth case, the moderate-scale mangrove fringes were less 629 

effective than gray configurations in reducing peak flow depths in the inland area, although these 630 

configurations caused a measurable reduction in peak flow depths of the seaward-most row. 631 

 632 

Table 3. Maximum percent reduction of maximum flow depths  633 

Mitigation 

Strategy 

Case 1 Case 2 Case 3 

Shoreline at  

X/L = 0.15 (%) 

Overall 

(%) 

Shoreline at  

X/L = 0.15 (%) 

Overall 

(%) 

Shoreline at  

X/L = 0.15 (%) 

Overall 

(%) 

SB 32 26 -3 -5 -33 -3 

SW 32 30 15 8 34 8 

SWSB 50 53 19 13 21 5 

4M 22 -38  –   –   –   –  

8M 22 -35  –   –   –   –  

 634 
3.2. Effects of mitigation measures on cross-shore velocities 635 

 636 

The time histories of cross-shore velocities measured at ADV1 in front of the first building row are 637 

shown in Fig. 6. For the low-water-level case of 0.98 m (Case 1), ADVs failed to capture the leading-638 

edge velocities because ADVs were initially exposed to air, causing poor signal data for all 639 

configurations in the duration of approximately 25.36 s < t < 27.04 s until the flow depth reached its 640 

maximum (Fig. 6a). The velocity data were processed using the signal-to-noise ratios (SNR) to retain 641 

velocity signals with SNR larger than 10 dB (Kihara et al., 2015). However, Fig. 6 (b, c) shows that 642 

ADVs capture peak cross-shore velocities well for high-water-level cases (h = 1.1 m). Fig. 6 indicates 643 

that while there is a significant reduction in maximum velocities due to all countermeasures from 644 

baseline configurations in Case 1, maximum velocities are relatively similar among the baseline, SB, 645 

SW, and SWSB configurations for the high-water-depth conditions (Cases 2 and 3). Velocities 646 
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measured for the SW configurations are generally smaller than those measured for the SB 647 

configurations for the high-water-level cases.  648 

 649 

 650 

Fig. 6. Time series of cross-shore velocities measured by ADV1 for three wave cases. 651 
 652 

Fig. 7 shows the variation of peak cross-shore velocities plotted against the relative distance from 653 

the shoreline for the X/L positions of three ADVs in the building array. The maximum velocities in the 654 

incident waves were calculated by averaging the single peak data value and two data values on either 655 

side of this peak. In general, cross-shore velocities increased from the first to third building array before 656 

decreasing to the last row for almost all trials. The increasing trend in cross-shore velocities is due to 657 

channeling and blocking effects. Narrow spacing between each building element may make cross-shore 658 

velocities increase in the side street (Tomiczek et al., 2016).  659 

 660 

 661 

Fig. 7. Peak cross-shore velocities as a function of relative cross-shore distance (X/L). 662 
 663 

The wet and dry conditions of the bed highly influenced the maximum cross-shore velocities 664 

recorded. While the overland flows traveled in a dry bed in Case 1, the urban array is initially partially 665 

submerged by a still water level of 0.1 m in Cases 2 and 3. In more detail, the peak velocities in the dry 666 

beds are larger than those measured in the wet beds, consistent with the previous results reported by 667 

Wüthrich et al. (2018). In wet bed conditions, strong turbulence was generated in the location where 668 
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the kinetic energy or momentum of coming bore-fronts was transferred to initial water particles located 669 

on the bottom of the landward section (St–Germain et al., 2012). This turbulence resulted in wave 670 

energy dissipation of the advancing bore fronts. Therefore, the energy dissipation could explicate the 671 

deceleration of overflow propagation in the wet beds compared to the dry beds.  672 

The percent reduction (PR) of horizontal velocities was calculated following Equation (1) by 673 

replacing the maximum flow depths with the maximum cross-shore velocities measured in the baseline 674 

and countermeasure configurations. The SB configurations reduced horizontal velocities by 4% to 21%, 675 

and significant decreases between 11 % and 23% were observed for the SW configurations at three 676 

wave conditions. For the low-water-level case, the mangrove configurations 4M and 8M decreased the 677 

overall maximum cross-shore velocities by 20% and 30% at two ADVs in the inland area. The presence 678 

of both the seawall and submerged breakwater in the SWSB was the most effective in alleviating 679 

velocities, with an overall percent reduction of 34% over the three wave cases. Generally, the shielding 680 

structures reduced cross-shore velocities for all wave trials, and there was no large difference recorded 681 

in each mitigation configuration. 682 

 683 
3.3. Effects of mitigation measures on horizontal forces and total impulses 684 

 685 

The overland tsunami-like wave impacts on vertical structures experienced three stages: an initial 686 

impact phase, a reflection phase (transition phase), and a quasi-steady phase (Kihara et al., 2015; Xu et 687 

al., 2021). Forces measured in these stages are referred to as impact (impulsive forces), reflection (run-688 

up forces), and quasi-steady forces, respectively. This study presents a typical example of the wave-689 

induced force time series on vertical buildings without any protection in Case 3 to elucidate the three 690 

stages. Fig. 8 shows the free surface elevation measured by USWG1 in front of the first building row, 691 

the horizontal force obtained by 6DOF, and the temporal variation of six hydrodynamic pressures PGs 692 

(1–6). Fig. 8c illustrates the classification of durations for three phases: an impact stage (red-shaded 693 

region), a reflection stage (blue-shaded region), and a quasi-steady stage (green-shaded region).  694 

The leading edge of the wave arrived at the constructed specimen at 25.02 s. At that time, water 695 

elevations significantly increased, reaching a peak at 0.44 m at 25.09 s (Fig. 8a), and impulsive 696 

pressures and forces were also observed immediately in the red-shaded region (Fig. 8b, c). The rise 697 

times of six pressures to reach peak values fluctuated between 0.028 s and 0.174 s. Bullock et al. (2007) 698 

carried out large-scale experiments to investigate detailed characteristics of wave impacts on vertical 699 

walls. There are four types of impact characteristics: low- and high-aeration impacts, slightly breaking, 700 

and broken wave impacts. For low-aeration impacts, pressures were characterized by large pressure 701 

spikes and short rise times of approximately 0.08 s – 0.20 s (Bullock et al., 2007). The localized 702 

pressures in the present study are similar to those in the low-aeration impacts of Bullock’s study; 703 

however, the duration of pressure spikes was shorter.  704 
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From 25.19 s to 25.21 s, a “cavity phenomenon” was generated by a large amount of air entrainment 705 

between the water and vertical buildings, making pressures and forces decrease to their local minimum 706 

values. For this duration, the peak free surface elevation declined to 0.36 m. Following the impact stage, 707 

an initial reflection phase was generated (blue-shaded region), in which horizontal forces and pressures 708 

started increasing again because the cavity was filled with water particles (Fig. 8b, c). The convergence 709 

between upward and downward flows generated local high pressures and forces (Kihara et al., 2015). 710 

While incident waves in low areas continuously accelerated upward flows, the downward flows were 711 

caused by gravity effects resulting from water particles in the high position of the building element. The 712 

local peak forces of 0.46 kN were observed at 25.31 s, while the reflected water column fluctuated and 713 

collapsed to 0.23 m. From 25.70 s onwards (green-shaded region), the forces and pressures were 714 

relatively equal to the hydrostatic forces and pressures but contained some fluctuations in front of the 715 

building because the flows became quasi-steady (Xu et al., 2021).  716 

Wüthrich et al. (2018) used the total impulse to investigate the momentum exchange with the 717 

incoming waves. The total impulse has the advantage of exhibiting less variability than peak forces 718 

(Bullock et al., 2007). The total impulse was defined as the surface area under the boundary of the 719 

horizontal force time series (Fig. 8c). This boundary is defined by three points a, b, and c (Fig. 8c). In 720 

greater detail, point (a) shows the first instant indicating recorded force data above the noise level. Point 721 

(b) indicates an instant when the maximum forces occurred, and point (c) displays the data at the end 722 

of a quasi-steady phase before falling back to the noise level. Total impulse can be calculated by 723 

integrating the positive portion of the horizontal force time series and is expressed by the following 724 

equation:  725 

0

t

tot HI F dt


=                                                                     (2) 726 

Here FH is the horizontal force in kN, and ∆t is the duration between points (a) and (c) in seconds (s). 727 

According to Newton’s Second Law, we can express total impulse as F×∆t = m×∆V, where m is the 728 

mass and ∆V is the velocity. That means the estimated total impulse equals the momentum exchange of 729 

incoming flows experienced in the vertical buildings. In this study, impact forces, reflection forces, 730 

quasi-steady forces, and total impulses were investigated comprehensively later in Fig. 10. 731 

 732 
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 733 

Fig. 8. Temporal variation of (a) free surface displacements measured by USWG1; (b) pressures at six 734 
sensors; (c) cross-shore forces measured at 6DOF for baseline configuration of Case 3. 735 

 736 

Fig. 9 shows the time series of normalized horizontal forces FH/(𝜌gBA2), in which FH (N) is the 737 

horizontal force; 𝜌 (kg/m3) is the specific water density; g (m/s2) is the gravitational acceleration, B (m) 738 

is the width of building models, and A (m) is the incident wave amplitude. The six-degree-of-freedom-739 

loadcell (6DOF) was utilized to represent the time series of horizontal forces (FH) in the first building 740 

row in Fig. 9. For the most beachfront building row, the rise times take approximately 0.7 s – 1.1 s for 741 

cross-shore forces to reach the maximum magnitudes in Case 1 (Fig. 9a) and take 0.04 s – 0.2 s in Cases 742 

2 and 3 overall configurations tested (Fig. 9b, c). The rise time indicates that maximum forces could be 743 

observed in the impact phase for Case 2 and Case 3 over four configurations; however, the largest forces 744 

could happen during either the reflection or quasi-steady stages of wave impact based on different 745 

configurations for Case 1, according to the classification reported in several previous studies (Palermo 746 

et al., 2012; Kihara et al., 2015; Xu et al., 2021). In addition, the high-water-level wave cases generated 747 

local spikes, and the impulsive-type forces induced by initial impacts in this study are consistent with 748 

those in the previous studies (e.g., Bullock et al., 2007; Park et al., 2017).  749 

The effect of structural configurations on wave-induced forces varied for the three wave cases tested. 750 

As shown in Fig. 9, the transient-wave impact in Case 1 is broken wave impact, and Cases 2 and 3 are 751 

classified as high or low-aeration impacts depending on the configuration, according to Bullock et al. 752 

(2007). In Case 1, the transient wave breaks before reaching the building, generating highly aerated 753 

turbulent bores. Fig. 9a illustrates the time series of fully-broken waves-induced horizontal forces over 754 
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six configurations, in which the maximum forces measured for configurations with shielding 755 

countermeasures are smaller than the forces measured for the baseline configuration for the low-water-756 

level case (Case 1). For Cases 2 and 3, low-aeration and high-aeration impacts were recorded, which 757 

are characterized by the short rise time and duration of temporally and spatially localized impulsive 758 

force. For the high-aeration, such as the SWSB and SB configuration, the transient wave introduced a 759 

lot of air into water impinging in the buildings, causing the damped oscillation corresponding to the 760 

alternate expansion and compression of air following the time of peak impulsive force (Bullock et al., 761 

2007). For the low-aeration, such as the baseline configuration, the time series of forces illustrate that 762 

the water adjacent contained little air entrainment. In contrast to Case 1, countermeasure configurations 763 

resulted in larger forces than the baseline in high-water-level cases (Cases 2 and 3) except for the SW 764 

configuration in Case 3 (Fig. 9b, c). The SW condition induced the smallest force in Case 3 because the 765 

tsunami-like wave impacted the building models as broken waves with smaller velocities than those 766 

measured in the SB and SWSB configurations (Fig. 7c). In contrast, the horizontal force measured in 767 

the SW configuration in Case 2 showed the largest magnitude among the configurations tested because 768 

the seawall served as a ramp, in which water propagated over the seawall to impinge on the building 769 

elements directly (Fig. 3e). This phenomenon, called “ramping effects,” was also observed in Crespo 770 

et al. (2007) and Thomas and Cox (2012). A slight difference in maximum forces for countermeasure 771 

configurations was observed in Cases 1 and 2 for all configurations; however, there are significant 772 

differences in Case 3 at a higher water level than in Case 1.  773 

 774 

Fig. 9. Time series of normalized forces measured by 6DOF: (a) Case 1; (b) Case 2; (c) Case 3 775 
 776 
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Fig. 10 illustrates the variation of maximum total impulses and maximum horizontal forces in three 777 

phases versus relative distance X/L. Particularly, a significant wave and building interaction was 778 

witnessed in the first building row; therefore, we installed 6DOF and LC2 in the two building elements 779 

to measure horizontal forces induced by the overland flows. The time series of horizontal forces 780 

measured in both 6DOF and LC2 have an agreement in the phase over the entire time series; however, 781 

there is a discrepancy in the maximum value, which depends on the wave conditions and the interaction 782 

phases. LC2 is more sensitive than 6DOF in measuring the sharp peak in the impact stage when the 783 

severe interaction occurs, inducing larger deviations in maximum forces compared to the reflection and 784 

quasi-steady stages. Especially, the violent interaction between strong waves and building elements 785 

(Case 3) contained a lot of random air entrainment in the impact phase, generating a more significant 786 

deviation between the two instruments compared to Cases 1 and 2. Therefore, we present the maximum 787 

forces and total impulses measured in 6DOF and a deviation bar to represent the difference between the 788 

instruments in the most beachfront row. Moreover, from the second to fifth building arrays, maximum 789 

forces are located in the quasi-steady phases, ensuring LCs measure the horizontal forces effectively. 790 

In general, maximum cross-shore forces in three stages and total impulses decreased with an increase 791 

in the relative distance. Horizontal forces significantly decreased when flowing past the first three rows 792 

of buildings due to the large wave energy dissipation by breaking waves in this region, while peak 793 

forces changed slightly from the third to fifth rows. For the impact stage, maximum forces measured 794 

on shielding structures in the first building array for countermeasure configurations are larger than those 795 

forces measured for the baseline conditions in high-water-level cases; however, the remaining building 796 

rows witnessed smaller forces in countermeasure configurations compared to the baseline. 797 

Countermeasure configurations effectively reduced forces in the reflection and quasi-steady phases 798 

from the baseline configurations in overall building rows. Regarding total impulses, the SWSB 799 

significantly reduced total impulses over the three wave cases. Countermeasure configurations caused 800 

a significant reduction in total impulse in the nearest-coast building row; however, there is a slight 801 

difference between the total impulse measured for baseline and countermeasure configurations in the 802 

remaining arrays over the three wave cases. 803 

Force percent reductions are also expressed using Equation (1) by substituting the maximum 804 

elevations with the maximum forces in three phases and total impulses measured in both baseline and 805 

countermeasure configurations. Detailed changes in peak forces in the impact phase and total impulse 806 

relative to the baseline condition are presented in Tables 4 and 5. These tables show maximum 807 

percentages of impulsive force and total impulse difference compared to the baseline in the first row 808 

(X/L = 0.15) and the overall percent reduction. The overall value is calculated by averaging the percent 809 

reduction of maximum impulsive force or total impulse over five loadcells. The negative percent 810 

reduction indicated that the maximum forces and total impulses at countermeasures conditions are 811 

larger than those at the baseline. For the impact phase force Case 1, the baseline impulsive force in the 812 

first row was reduced to 50% at the SWSB configurations, whereas the 8M configuration resulted in an 813 



Manuscript submitted to Coastal Engineering 

27 

 

impulsive force reduction of 38%. Hence, the combined hard structure is more effective in reducing the 814 

impulsive force in the first row. However, there was a significant increase in the impulsive force up to 815 

82% and 90% for SB and SWSB in Case 3, respectively. For the SB and SWSB configurations, the 816 

breaking inland flow generated vertically deflected waves, then deflected landward by the momentum 817 

of fluid, and finally collapsed in the high elevation of buildings before the continuous flow impacted 818 

the entire front face of the first building row. In contrast, for the SW-only configuration without 819 

amplification of water elevation offshore due to the submerged breakwater, the seawall significantly 820 

dissipated the inland flow propagation, causing wave breaking on the lee side of the seawall. Large 821 

wave splashes were generated that hit the buildings initially, which is attributed to some peak impulsive 822 

forces shown in Fig. 9c. Regarding the overall percent reduction of impulsive force, the maximum 823 

overall percent reduction of impact force over five loadcells reached 68% for the combined hard 824 

structures, considering three wave conditions. Although a significant reduction of overall force was 825 

recorded in the built environment with the presence of mitigation structures, it is necessary to highlight 826 

that the maximum forces are larger than the baseline configuration in the first building row for high-827 

water-level cases. Therefore, it should be taken into consideration for designing structures near coasts.” 828 

There are no significant differences among the countermeasure configurations over three wave 829 

cases for reflection and quasi-steady forces for all building rows. While all countermeasure 830 

configurations caused reductions in total impulse from the baseline configurations, mangroves induced 831 

larger total impulses than gray mitigation configurations for Case 1 (Fig. 10). Generally, Tables 4 and 832 

5 also indicate that the SWSB configuration resulted in larger overall percent reductions of impact 833 

forces and total impulses compared to individual alternatives.  834 

 835 

Table 4. Maximum impulsive force changes 836 

Mitigation 

Strategy 

Case 1 Case 2 Case 3 

Shoreline at 

X/L = 0.15 (%) 

Overall 

(%) 

Shoreline at 

X/L = 0.15 (%) 

Overall 

(%) 

Shoreline at 

X/L = 0.15 (%) 

Overall 

(%) 

SB 48 44 -44 7 -82 7 

SW 22 45 -68 7 58 48 

SWSB 50 68 -44 26 -90 12 

4M 25 31  –   –   –   –  

8M 38 52  –   –   –   –  

 837 

Table 5. Maximum total impulse changes 838 

Mitigation 

Strategy 

Case 1 Case 2 Case 3 

Shoreline at 

X/L = 0.15 (%) 

Overall 

(%) 

Shoreline at 

X/L = 0.15 (%) 

Overall 

(%) 

Shoreline at 

X/L = 0.15 (%) 

Overall 

(%) 

SB 35 46 10 11 18 16 

SW 46 49 23 23 13 27 

SWSB 68 73 34 31 29 36 

4M 9 -6  –   –   –   –  

8M 28 12  –   –   –   –  

 839 
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 840 

Fig. 10. Variation of maximum horizontal forces in three stages and total impulses. 841 

 842 
3.4. Comparison of force reduction factors in Case 1 (low-water-level wave condition) 843 

 844 
Several previous studies and existing design guidelines in the United States (e.g., FEMA, 2012) 845 

and Japanese design standards (e.g., Fukuyama et al., 2011) are primarily used to evaluate wave loading 846 

on single buildings without considering the effects of building arrays on overland flows. However, 847 

Reese et al. (2007) conducted field observations during the 2006 Java tsunami and showed that while 848 

tsunami-caused overland flows damaged buildings along the Pangandaran beach, structures further 849 

inland shielded by several commercial buildings near coasts were not seriously damaged. Therefore, 850 

analyzing the effects of the presence of nearby buildings on maximum force variation in an urban array 851 

is of great importance for engineering design and coastal planning. Moris et al. (2021) comprehensively 852 

analyzed the relationship between building row numbers and the change in wave forces and water 853 

surface displacements in the condition without any shielding structures through load reduction factor 854 

(LRF) and run-up reduction factor (RRF) under the water level of 0.98 m and incident wave amplitudes 855 

of 0.13 m and 0.17 m. Following the analysis in Moris et al. (2021), we further evaluate the reduction 856 

factor of cross-shore wave-induced forces in countermeasure configurations compared to the baseline 857 

cases for the low-water-level condition (A = 0.21 m and h = 0.98m). The load reduction factor can be 858 

expressed through a fraction of ( ) ( )( ) (1)

max max

i

c bF F , in which ( )(1)

maxbF is the maximum force measured 859 

by 6DOF located in the first building element in the baseline case, ( )( )

max

i

cF is the maximum force at 860 
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each of the five loadcells (6DOF to LC6) in the countermeasure configurations. The presence of 861 

building rows is represented through the relative distance to each loadcell X/L.  862 

Fig. 11 illustrates the load reduction factor as a function of the relative distance, which is covered 863 

by a 1–term exponential upper boundary curve (black solid line):  864 

( )
6.1 /max

(1)

max

( )
2.65

( )

i
X Lc

b

F
e

F

−=                                                                                                 (3) 865 

The empirical boundary curve, containing output as a fractional term and non-dimensional input, 866 

allows its application to a wide range of macro-roughness sizes and shapes (Thomas and Cox, 2012). 867 

Generally, there was a monotonic decrease in load reduction factors with increased relative distance 868 

X/L. The highest load reduction factor was 1 in the baseline configuration in the first building row (no 869 

reduction). The overland tsunami-like wave broke near the end of the slope (x = 31.7 m and z = 1.0 m), 870 

inducing turbulent bores that propagated and impacted the most seaward building row (X/L = 0.15), 871 

whereas the first building row dissipated the most extensive turbulent energies of incoming flows before 872 

reaching the remaining rows. Therefore, the greatest reduction was observed from X/L = 0.15 to X/L = 873 

0.24, in which the load reduction value decreased by 0.40 (40%) for the baseline condition. The 874 

reduction factors witnessed a significant decline of approximately 0.8 (80%) at the fourth building row 875 

(X/L = 0.4), compared to that measured at the first building row, meaning maximum horizontal forces 876 

decreased four times with three rows sheltering the structure from wave interaction. Slight decreases to 877 

below 0.20 were seen in the force fraction for all configurations in the fifth building row.  878 

 879 

Fig. 11. Comparison of green and gray structures in load reduction factors versus relative distances for 880 
Case 1 (low-water-level condition). 881 

 882 

Fig. 11 also compares force reduction factors due to the green and gray mitigation measures. At the 883 

first row, the maximum baseline force is reduced by approximately 23% for the SB and SW 884 

configurations separately and the four rows of mangroves (4M). Therefore, the presence of individual 885 
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hard structures and 4M indicated a similar capacity in alleviating maximum force in the most seaward 886 

building. Moreover, approximately 50% of the combined SBSW configuration was witnessed in the 887 

first row, slightly higher by 4% for the eight rows of mangroves. It is interesting to note that the two 888 

separate treatments and 4-row mangrove configurations show a relatively linear combination for the 889 

SWSB and 8M configuration at the first row since the linear combination does not hold at the other 890 

locations. In the second row, for example, the SB and SW configurations each show a reduction of 891 

approximately 50% relative to the baseline condition. However, the SWSB configuration shows a 892 

reduction of approximately 70%. In any case, the SWSB configuration shows a significant reduction in 893 

wave force relative to the baseline condition for this case. Therefore, the presence of both the seawall 894 

and submerged breakwater dramatically contributed to reducing the loads generated by tsunami-like 895 

wave-caused overflows in the low-water-level condition, suggesting that combined mitigation 896 

countermeasures may outperform individual solutions. It should be noted, however, that the SWSB 897 

configuration did not improve the impact force for Cases 2 and 3.   898 

For the use of mangroves, the 8M configuration reduced the maximum baseline force, doubling the 899 

performance of the 4M. This indicates that a moderate increase in cross-shore forest width could have 900 

a significant impact on reducing wave forces for certain incident wave conditions. However, some 901 

caution is warranted because scale effects will exaggerate the dissipative benefits. Moreover, there was 902 

no consideration of the survivability of the mangroves (uprooting, breakage) during inundation. In any 903 

case, the positive results here would suggest that further research for prototype conditions should be 904 

considered in combination with conventional coastal structures. 905 

 906 
3.5. Comparison of force reduction factors in Case 2 and Case 3 (high-water-level wave conditions)  907 

 908 

Fig. 12 shows the load reduction factors plotted against relative distance for the gray structure 909 

configurations only in the high-water-level wave conditions. Similar to the low-water-level wave case, 910 

a monotonic decreasing trend for maximum forces was observed for several loadcell locations. The 911 

force reduction factor values in the first row for the countermeasure configurations are larger than those 912 

for the baseline configuration due to the amplification of the impact forces. In particular, the SWSB 913 

condition induced an extensive increase up to twice the baseline in the first row. However, the force 914 

reduction factor dramatically decreased by 2.5 and 8 times for the SWSB condition during the first two 915 

arrays in Cases 2 and 3, respectively, with the load reduction factor values remaining relatively stable 916 

at around 0.6 (Case 2) and 0.2 (Case 3) for the four remaining building rows (X/L > 0.24).  917 

 918 
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 919 

Fig. 12. Force reduction factor versus the relative cross-shore distance X/L in Cases 2 &3 (high-water-920 
level cases). 921 
 922 
4. Discussion  923 

 924 
A scaled physical experiment investigated the performance of gray and green countermeasures 925 

against tsunami-like wave impacts on the urban environment. This study provides a comprehensive 926 

experimental analysis of the transformation of tsunami-like forces, pressures, and hydrodynamics in the 927 

inland area in the presence of different countermeasure configurations subject to three varying incident 928 

initial wave conditions. The results show that tsunami-like wave forces highly depend on wave-breaking 929 

characteristics affected by the dimensions, positions, and geometries of countermeasures, as well as 930 

initial wave conditions.  931 

Several experimental considerations and idealizations must be acknowledged in the interpretation 932 

of the results. Firstly, the countermeasure configurations tested here represent an idealization of 933 

submerged breakwaters, seawalls, and mangrove trunk-prop root systems. The dimensions and 934 

locations of mitigation alternatives were fixed for the whole test trial in the current experiment. 935 

However, previous studies (e.g., Thomas and Cox, 2012) highlighted that the heights and positions of 936 

seawalls affected force reduction factors. In addition, several studies investigating wave and currents 937 

around submerged breakwaters (e.g., Johnson et al., 2005) or shoreline response on the lee side of 938 

submerged breakwaters (e.g., Ranasinghe and Turner, 2006) generally accepted that the proximity of 939 

submerged breakwater to the shoreline affects the wave transformation. Therefore, additional structural 940 

parameters and locations could be modified to verify the effectiveness of structural countermeasures in 941 

tsunami overflow reduction thoroughly. Similarly, mangrove forests in nature will comprise multiple 942 

species with spatially varying tree ages, stem densities, and growth stages; the projected area associated 943 

with these heterogeneous natural systems will be affected by the water depth, ultimately affecting wave 944 

attenuation and resulting loads on inland structures (e.g., Kelty et al., 2022). Future studies may consider 945 

additional forest densities or configurations to represent these natural systems. Secondly, three incident 946 

wave trials varied the wave amplitudes and water levels considered in this study. However, the current 947 

study only investigated the relationship between force reduction factors and the relative distance from 948 
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each building row to the shoreline. Therefore, the analysis of force reduction factors must be further 949 

developed by including relationships between the relative distance, water depth, and incident wave 950 

parameters. Further, a comparison of structural and natural countermeasures was only performed for 951 

the low-water-level wave case (Case 1), for which conditions tested by Tomiczek et al. (2020a) 952 

overlapped conditions tested in the structural countermeasure experiments. Future work must consider 953 

the comparative performance of gray and green countermeasures under other wave conditions. For 954 

example, a comparison of force reduction factors between gray structures and mangroves for the high-955 

water-level cases will be analyzed through numerical modeling and extended for other incident wave 956 

conditions.   957 

Besides long-wave disaster prevention, additional work is required to evaluate the performance of 958 

the mitigation structures during normal and storm conditions. Wave conditions containing regular, 959 

irregular, and storm waves with and without background currents must be tested to fully acknowledge 960 

these structures’ mechanisms. Tomiczek et al. (2020a) observed that the presence of currents was 961 

associated with an increase in water levels and increased impulsive forces exerted on vertical buildings, 962 

potentially causing the contribution to failures of structures under long-lasting or extreme conditions.  963 

It is important to note that the experiments conducted here were performed at a reduced geometric 964 

scale (1:16). While the geometric scale was selected as large as possible given the dimensions and 965 

capabilities of the DWB, scaling effects may play a significant role in measured forces under 966 

countermeasure configurations, particularly for mangrove configurations where friction may be 967 

enhanced in reduced scale models. The period of transient wave in the 1:16 scale at Case 1 is about 15 968 

s; thus, the prototype period is 60 s, considering the Froude scaling. This is much shorter than an actual 969 

tsunami wave (5 to 20 min) but quite larger than general storm waves (< 20 s), so the term “tsunami-970 

like wave” is used to represent the wave condition. Additional dimensionless numbers based on other 971 

similarity laws were designed, with values exceeding the critical values proposed by Peakall and 972 

Warbuton (1996). Particularly, the minimum Weber number (fraction between the inertia and surface 973 

tension force) is 1400 during the quasi-steady stages compared to its critical value of 100. The minimum 974 

Reynolds number of 20000 for the size of mangrove roots (0.0025 m), enabling the generation of the 975 

turbulent wake, while the critical value of Reynolds number is only 2000 as suggested in Peakall and 976 

Warbuton (1996). Nonetheless, the effect of atmospheric pressure in Euler similarity is neglected 977 

because of the free surface nature of the phenomenon. The Cauchy similarity induced the structures to 978 

behave too stiffly compared to the real structures, resulting in the elasticity of structure models cannot 979 

be scaled. However, the severe impact of the tsunami-like waves on building elements contains a lot of 980 

air entrainment, which influences the maximum forces exerted on the building elements, requiring the 981 

consideration of the Cauchy similarity. Further investigation of the laboratory experiment in different 982 

scales is needed to investigate the potential scale effects on the wave transformation, including wave 983 

breaking and impacts on structures, and the comparison of the protective performance of each mitigation 984 

alternative. Therefore, results derived from this study must be interpreted with caution, and future 985 
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prototype-scale physical modeling, numerical modeling, and field observations are required to verify 986 

the performance of gray and green countermeasure systems in tsunami hazard mitigation. 987 

In general, the results of these experiments can have significant implications for coastal planning 988 

for tsunami or coastal flood hazard mitigation. Results indicate that, in general, multi-tiered solutions 989 

(i.e., SWSB) outperform individual countermeasures in reducing water surface elevations, velocities, 990 

and loads in the built environment for overland flow conditions. Further, while additional work is 991 

needed to verify performance under a range of incident hydrodynamic conditions, these results suggest 992 

a measurable contribution of natural infrastructure (mangroves) to mitigate overland flow velocities and 993 

loads on inland structures, providing sufficient cross-shore widths. Future work may further investigate 994 

the combined performance of green and gray systems (e.g., submerged breakwater + mangroves or 995 

seawall + mangroves) in reducing coastal flood hazards during varied overland flow conditions.  996 

 997 
5. Conclusions  998 

 999 

The physical model experiment investigated the effects of countermeasure configurations, 1000 

including a seawall, a submerged breakwater, a combined seawall and submerged breakwater, and 1001 

mangrove forests of two moderate cross-shore widths against a tsunami-like wave-induced overland 1002 

flow on the built environment. This study analyzed wave forces and inland hydrodynamic 1003 

characteristics on a series of building rows. Based on the results of these experiments, the following 1004 

conclusions are presented:  1005 

1. The presence of countermeasures influenced flow depths recorded in the inland area. While all 1006 

mitigating structures reduced flow depths in front of the seaward-most building array for the 1007 

low-water-level case, the SB configuration amplified the flow depth by a maximum of 33% in 1008 

the high-water-depth cases. Averaged percent reductions of flow depth over the landward area 1009 

reached 26%, 30%, and 53% in the SB, SW, and SWSB conditions over three wave cases, 1010 

whereas, for Case 1, the average water surface elevation was amplified at 38% and 35% in 4M 1011 

and 8M configurations, respectively. 1012 

2. Bed conditions highly affected the leading edge of cross-shore velocities. Tsunami-like wave 1013 

propagation in the dry bed was faster than in the wet bed. The presence of countermeasure 1014 

configurations induced smaller cross-shore velocities compared to the baseline configuration. 1015 

There is no significant difference in peak velocities at the first building row recorded for the 1016 

green and gray structure configurations for the low-water-level case. Averaged percentages of 1017 

velocity reductions were up to 21%, 23%, 34%, 20%, and 30% over three transient wave 1018 

(tsunami-like wave) cases at the SB, SW, SWSB, 4M, and 8M configurations, respectively. 1019 

Generally, the SW configuration performed better than the SB configuration in alleviating 1020 



Manuscript submitted to Coastal Engineering 

34 

 

horizontal velocities around the buildings, while the SWSB was more effective than other 1021 

configurations. 1022 

3. Countermeasure configurations significantly reduced maximum forces in the low-water level 1023 

case. However, the presence of a submerged breakwater in the configurations amplified the 1024 

impact force in the first building row compared to the baseline condition for the high-water-1025 

level cases. For the low-water-level case, the SWSB reduced the peak impulsive force by 50% 1026 

relative to the baseline configuration, while for high-water-level conditions, the SWSB 1027 

configuration resulted in an increase of impulsive force of up to 90% in the first building array. 1028 

However, the SWSB induced the smallest magnitudes of reflection, quasi-steady forces, and 1029 

total impulses compared to other configurations. 1030 

4. In the low-water-level case, a 1-term exponential upper boundary curve was applied to examine 1031 

the force reduction factor as a function of the relative distance between the building elements 1032 

and shorelines. Load reduction factors decreased four times in the fourth building row that was 1033 

shielded by the three seaward rows of buildings. 1034 

5. Compared to the near-coast areas protected by green structure configurations under the low-1035 

water-level wave case, both the individual SB and SW generated a similar load reduction factor 1036 

to the 4M, equal to relatively twice the 8M and SWSB condition in the first row. The presence 1037 

of both seawall and submerged breakwater (SWSB) was more effective than individual 1038 

configurations in reducing wave loadings on all building rows in the low-water-level case. 1039 

This study conducted a unique scaled physical model experiment to evaluate the performance of 1040 

shielding structures against overland flow effects; however, the physical modeling results cannot 1041 

generalize the performance of countermeasures as we only utilized three wave conditions over the fixed 1042 

geometry and bathymetry conditions. Additional work is needed to clarify the potential and limitations 1043 

of leveraging combined countermeasures for coastal protection. Future physical and numerical tests are 1044 

required to investigate the varying dimensions and positions of green and gray structures on force 1045 

reduction. The effect of countermeasures under regular and random wave cases with/without currents 1046 

is also worthy of further investigation.  1047 

 1048 

Credit authorship contribution statement 1049 

 1050 

Hai Van Dang: Methodology, Investigation, Conceptualization, Data curation, Formal analysis, 1051 

Visualization, Writing-original draft, Writing-Review & Editing. Hyoungsu Park: Methodology, 1052 

Investigation, Conceptualization, Writing-Review & Editing, Supervision. Sungwon Shin: 1053 

Methodology, Investigation, Conceptualization, Data curation, Writing-Review & Editing, Supervision, 1054 

Fund acquisition. Tori Tomiczek: Conceptualization, Writing-Review & Editing, Supervision, Fund 1055 

acquisition. Daniel T. Cox: Conceptualization, Writing-Review & Editing, Supervision, Fund 1056 

acquisition. Eunju Lee:  Methodology, Investigation, Writing-Review & Editing. Dayeon Lee: Data 1057 



Manuscript submitted to Coastal Engineering 

35 

 

curation, Writing-Review & Editing. Pedro Lomonaco: Conceptualization, Experiment Design, 1058 

Writing-Review & Editing. 1059 

 1060 
Acknowledgment  1061 
 1062 
Personnel on this project were funded by the National Science Foundation through multiple awards:  1063 

Cox NSF-1661315 and NSF-2110439, Kennedy NSF-1661015, Tomiczek NSF-1825080 and NSF-1064 

2110262. This material in this study is also partially supported by National Research Foundation in 1065 

Korea under awards 2022R1F1A1071641. The O.H. Hinsdale Wave Research Laboratory is partially 1066 

supported through the Natural Hazards Engineering Research Infrastructure program of National 1067 

Science Foundation through award NSF-2037914.  The experimental data are available on 1068 

DesignSafe.org at https://doi.org/10.17603/ds2-j0j1-5827. The authors thank Andrew Kennedy and 1069 

Patrick Lynett for their contributions to the overall experimental design and Joaquin Pablo Moris, and 1070 

Adam Keen for conducting experimental testing.  1071 

 1072 
Appendix 1073 

 1074 
A1.  Photos of instrumentation setup in the experiment  1075 

Fig. A1 shows the experimental instrument, including wave gauges, ultrasonic wave gauges, 1076 

acoustic Doppler velocimeters, loadcells, a six-degree-of-freedom loadcell, and pressure sensors.  1077 

 1078 

 1079 

Fig. A.1. Instrumentation layouts and details: (a) Wire resistance wave gauges; (b) collocated ultrasonic 1080 
wave gauges (USWGs) with acoustic Doppler velocimeters (ADVs); (c) Instrumented buildings 1081 
(identified by 8 silver boxes); (d) Six-degree-of-freedom loadcell; (e) pressure gauges; (f) mangrove 1082 
forest. 1083 
 1084 
A2. Wave conditions  1085 

 1086 

https://doi.org/10.17603/ds2-j0j1-5827
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Fig. A2a presents the time series of water surface elevations in three tsunami-like wave cases for 1087 

the baseline conditions. The time series of paddle displacements are shown in Fig. A2b. Cases 1 and 3 1088 

indicate the same rise time (overlapped in Fig. A2b), which is shorter than the rise time for Case 2.  1089 

 1090 

Fig. A.2. (a) Time series of offshore water surface elevations measured at WG2 and (b) paddle 1091 
displacements measured by wmdisp for three wave trials in the baseline condition. 1092 

 1093 
A3. Data processing techniques  1094 

 1095 
Fig. A3 shows an example of data processed from one trial for Case 2 with a water depth of 1.1 m 1096 

and wave amplitude of 0.14 m for a baseline test (i.e., no green and gray mitigation alternatives). Fig. 1097 

Fig. A3a illustrates the piston displacements and free surface profiles on the wavemaker. In addition, 1098 

Fig. A3b shows offshore water elevations measured by WG3, WG6, and WG9 located along the sloped 1099 

section. The first peak of the incident waves slightly changed in the mild slope. The water elevation 1100 

near the wavemaker represents a symmetric positive incident surge; however, the waveform becomes 1101 

asymmetric in WG3, WG6, and WG9 at the start of the sloping beach. Each Fig. A3c and Fig. A3d 1102 

shows onshore flow depths from USWGs and cross-shore (wave direction) velocities from ADVs in 1103 

the inland area. The leading edges of wave velocities were not easy to capture from ADVs for the low-1104 

water-level case of 0.98 m (Case 1), but they are measured clearly in the wave trials with a high-water-1105 

level case of 1.1 m (Case 2 and Case 3). Fig. A3e illustrates the example of the time histories of force 1106 

data measured at in-line loadcells LC2, LC4, and LC6. In the initial impact on the most seaward building 1107 

row (measured by LC2), the maximum force occurred in the initial impulse, followed by run-up and 1108 

quasi-steady phases with their maximum magnitudes of approximately 50% – 80% of the impulsive 1109 

peak (Fig. A3e). The initial spike was visually observed in the force data and was also seen in the 1110 

hydrodynamic pressure data in the building model nearest to the shoreline (Fig. A3f). The 6DOF was 1111 

also installed to measure forces and moments in three directions in the seaward-most building row. 1112 

However, the cross-shore horizontal (x-directed) wave-induced forces are much larger than those in the 1113 

y and z directions. Therefore, this study solely focuses on streamwise forces in the force reduction 1114 

analysis. All other cases were processed in a similar method to ensure that the instrumental equipment 1115 

was working correctly.   1116 
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 1117 
Fig. A.3. Time series of data collected from the baseline condition at a water level of 1.1 m and a wave 1118 
amplitude of 0.14 m: (a) paddle movement and wavemaker wave gauge, (b) offshore wire resistance 1119 
wave gauges, (c) ultrasonic wave gauges, (d) Cross-shore velocity component measured by acoustic 1120 
Doppler velocimeters, (e) in-line horizontal loadcells, (f) pressure sensors.  1121 

 1122 
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