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14 Abstract

15 The accurate modelling of overtopping of coastal defences by tsunami waves is of vital 

16 importance for the formulation of disaster management strategies. To improve knowledge 

17 of this phenomena the authors conducted experiments on coastal structure overtopping 

18 using bores that were generated by a dam-break mechanism. Three types of structures 

19 were tested, namely a coastal dyke, a wall, and a wall of infinite height. The results 

20 highlight the necessity to consider the energy present in a bore to determine if a structure 

21 will be overtopped or not. As a result of these experiments an empirical formula to 

22 determine the height of overtopping given the incident bore height and velocity was 

23 validated. The study highlights the importance of clearly modelling the velocity and 

24 Froude number of a tsunami. Such experiments should be conducted on rough beds, for 

25 which a suitable Manning’s n seems to be around 0.06 sm-1/3. The study also contrasted 

26 the results obtained to those of the ASCE7 method, and concludes that the Manning’s n 

27 values recommended in ASCE7 are probably too low. 
28
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34 1. INTRODUCTION 

35

36 Tsunamis can devastate large portions of the coastline, inflicting severe casualties to any 

37 community situated on it that is not adequately prepared. To counteract these events, concrete 

38 structures have been built along large sections of coastlines at risk, particularly in the case of 

39 Japan. Despite the presence of such structures, the 2011 Tohoku Earthquake and Tsunami 

40 (which generated run-ups of 10 to 40 m along the Tohoku coastline, Mori et al., 2011), went 

41 on to inflict casualties that sometimes exceeded 10% of the resident population (Yamao et al., 

42 2015). Almost 20,000 people lost their lives in total, between those dead and still missing 

43 (The Japan Times, March 8, 2016), and 169 bn USD of assets were lots lost (equivalent to 

44 approximately 3% of the country’s GDP (Japanese Cabinet Office, 2011; Ranghieri and 

45 Ishiwatari, 2014). 

46

47 The failure of what was considered at the time a modern countermeasure system (Mori et al., 

48 2011) has led to a re-assessment of the role of “hard” structures in tsunami disaster mitigation. 

49 Particularly, engineers have been trying to draw lessons about why some structures were 

50 overtopped but others were not. In areas where a bore might not have possessed enough 

51 energy only minor flooding was recorded behind the structures, such as in the case of Fudai. 

52 In this town floodgates and dykes were effective at dissipating the tsunami’s energy, even 

53 though the structure was eventually partly overtopped (Fig. 1, left). However, throughout 

54 most of the coastline the defences were not high enough, and the wave carried enough energy 

55 to overtop them and destroy the town behind them (such as at Taro, for example, Fig. 1, right).

56

57

58
59 Figure 1. Left: The dyke and floodgates at Fudai successfully stopped the tsunami, despite 

60 suffering some overtopping (inundation marks of ~20m in front of the structure, indicated by 
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61 the blue sign on the rightmost tower). Right: At Taro the massive coastal walls were 

62 overtopped, and the town behind them completely destroyed (pictures by authors).  

63

64 Following the 2011 event the Japanese coastal engineering community has started to classify 

65 tsunamis into two different levels, depending on their severity and intensity (Shibayama et al., 

66 2013). Level 1 events would have a return period of several decades to around 100 years, and 

67 would result in smaller inundation heights than Level 2 events. Level 2 events would have 

68 return periods of a few hundred to a few thousand years, and for the case of substantial parts 

69 of the Japanese coastline would have inundation heights in excess of 10 m (Shibayama et al., 

70 2013).  The 2011 Tohoku Earthquake and Tsunami is considered a Level 2 event, given that it 

71 has a return period greater than 1 in 1,000 years, though the tsunami height levels are 

72 calculated at each point of the coastline according to historical data on tsunami return periods. 

73 While there is some uncertainty on these, this change in philosophy essentially represents a 

74 move by Japanese disaster risk management to move to a probabilistic management of 

75 tsunami risk. 

76

77 The determination of the tsunami level is crucial when it comes to the design of tsunami 

78 countermeasures.  “Hard measures”, such as breakwaters or coastal protection dykes, should 

79 be sufficiently high to protect residents and their property in the case of a Level 1 event. For 

80 the case of Level 2 events it is accepted that coastal defences would be overtopped, and that 

81 residents would have to rely on “soft measures”, such as evacuation to higher ground or 

82 tsunami shelters. However, even in this case hard measures are expected to survive the event, 

83 and should  play a secondary role in slowing the advance of the tsunami and providing 

84 residents with extra time to evacuate (Tomita et al., 2012). For example, in the case of 

85 Otsuchi town, in Iwate prefecture, prior to the 2011 event the highest tsunami walls were built 

86 up to a height of +6.4 m T.P.1. Simulations carried out by the national and prefectural 

87 governments indicate that the 1896 Meiji-Sanriku tsunami should become the benchmark for 

88 a Level 1 event (which required tsunami walls to be a level of +10.5 m T.P.) (Iwate Prefecture 

89 Tsunami Disaster Prevention Technical Committee 2013). However, as the town is located 

90 close to Kamaishi city it was decided that most of the tsunami walls would be built to the 

91 same inundation height as that expected in Kamaishi, i.e. to a level of +14.5 m T.P (see 

92 Figure 2, top left). Simulations indicate that even for such a wall partial overtopping is 

93 possible, allowing some water to flood the land behind it (Esteban et al., 2015). While the 

94 land behind the dykes has also been raised (Figure 2, top right), it is necessary to understand 

1  These heights are presented relative to Tokyo Peil (T.P. corresponds to mean sea level of Tokyo 
Bay).
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95 to what extent the new dyke will be successful at stopping inundation behind it. Other similar 

96 dykes are being rebuilt elsewhere along the coastline (see Figure 2, bottom)

97

98
99 Figure 2. Top left. Construction of new dyke in Otsuchi town (Sept 2018). Top right. New 

100 park in Otsuchi, showing the original level of the town (pond on the right) and the new level 
101 (houses at the back).  Bottom left. Reconstructed dike along the Sendai plains coastline (photo 
102 courtesy of Glasbergen, T). Bottom right. New coastal dyke at Rikuzentakata, in front of a 
103 preserved memorial building. 
104

105 In the aftermath of the 2011 event many field survey reports have analyzedanalysed the types 

106 of failure mechanisms of coastal structures (Kato et al., 2012; Mikami et al., 2012; Mori and 

107 Takahashi, 2012; Jayaratne et al., 2016; Esteban et al., 2014). It is evident that beach 

108 bathymetry, coastal geomorphology, onshore coastal topography, coastal structure geometry 

109 and tsunami wave conditions, influence the failure modes and mechanisms of coastal 

110 structures (Kato et al., 2012; Mikami et al., 2013; Jayaratne et al., 2016). For the case of 

111 dykes, a number of authors (Kato et al., 2012; Mikami et al., 2013; Jayaratne et al., 2016) 

112 identified how leeward toe scour was the leading failure mechanism, though a number of 

113 other types of mechanisms could also be observed (Bricker et al., 2012; Kato et al., 2012; 

114 Tonkin et al., 2014; Jayaratne et al., 2016). Essentially, most structures were insufficiently 

115 strong to withstand the lateral and overtopping pressures and forces exerted on them, as they 

116 were based on research on solitary waves that had mostly not contemplated overtopping (see 

117 Tanimoto et al., 1984; Ikeno et al., 2001, 2003; Mizutani and Imamura, 2000; Esteban et al., 

118 2008, 2009, 2016). However, following the 2011 event the use of solitary waves in tsunami 

119 modelling has been questioned, due to the relatively short distance between the source region 

120 and coast, compared to the distance in which a soliton forms (Madsen et al., 2008). Due to 
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121 this, many researchers nowadays accept that the use of solitary waves can only be considered 

122 to reproduce the incipient motionfirst stage of a tsunami wave as it reached the coastline of 

123 the tsunami wave (Goseberg et al., 2013). Hence, in recent times other researchers have 

124 focused on the current velocity and overtopping effects to design armour of breakwaters 

125 against tsunami attack (Sakakiyama, 2012; Hanzawa et al., 2012; Kato et al., 2012), even 

126 though it is difficult to accurately replicate such effects in the lab. 

127

128 It is important to note how, despite failing, protection structures might have played a role in 

129 mitigating tsunami damage (Nateghi et al., 2016), as highlighted by field surveys (Mikami et 

130 al., 2012; Suppasri et al., 2012; EERI, 2011; Omira et al., 2013; Latcharote et al., 2016) and 

131 numerical simulations (Nandasena et al., 2012; Stansby et al., 2008; Hunt-Raby et al., 2011). 

132 One of the more significant of such structures was the Kamaishi tsunami breakwater, the 

133 deepest breakwater built anywhere in the world. Following the disaster, Tomita et al. (2012) 

134 conducted simulations that show that the structure could have reduced inundation heights in 

135 Kamaishi city from 13.7 m to 8.0 m, providing residents an extra 6 minutes to evacuate 

136 (though the effect of damaged sections of this breakwater was neglected in the calculations of 

137 tsunami approach time, Cyranoski, 2012). However, other more typical breakwaters were 

138 basically designed to reflect wind waves, and the reduction of the tsunami impact due to them 

139 should also not be overestimated (Takagi and Bricker, 2014).

140

141 Thus, the 2011 event triggered an abundance of research dealing with the stability of tsunami 

142 countermeasures, though comparatively little experimental research has been conducted on 

143 understanding the overtopping of tsunami-induced flows over tsunami walls or dykes. To 

144 properly understand the benefits of coastal structures that are overtopped, as is expected for 

145 Level 1 tsunamis, it is important to determine the volume of water, flooding depth (df) and 

146 velocity (v) that can result from an overtopping tsunami. The df dv product is particularly 

147 important, as values higher than 0.5 m2/s can result in 50% mortality, which increases to 

148 almost 100% when df dv > 2 m2/s (Jonkman and Penning-Rowsell, 2008). If correctly 

149 designed, these structures can play a critical role in lowering this dv value, and provide 

150 residents with extra time to evacuate (Okumura et al., 2017; Takabatake et al., 2017, 2018). 

151 Coupled with improved evacuation procedures and communication, such disaster 

152 management systems would make it easier for residents and visitors to an area evacuate in the 

153 case of a tsunami (San Carlos-Arce et al., 2017). 

154

155 As a result, Esteban et al (2017) set out to investigate overtopping flow patterns that result 

156 from a variety of different incident bore-type conditions. The laboratory experiments detailed 
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157 by these authors were then followed by detailed computer simulations by Glasbergen (2018), 

158 using a bathymetry that attempted to simulate typical beach profiles along the Sendai planes, 

159 in the northern Tohoku region in Japan. The results of Esteban et al. (2017) and Glasbergen 

160 (2018) showed that whether a structure is overtopped or not will depend on the energy in the 

161 bore, with lower velocity bores less likely to overtop a structure than higher velocity ones. 

162

163 However, the experiments of Esteban et al. (2017) suffered from the limitation of only having 

164 been carried out on a smooth bed, and thus did not take into account the effect of different 

165 (and more realistic) bed roughness coefficients. Furthermore, it is not clear whether the high 

166 velocities and Froude numbers obtained using a dry bed are truly representative of a tsunami-

167 like flow. Thus, in the present work the authors set out to address this problem by conducting 

168 a new set of experiments on a rough bed, which were then compared to the original results 

169 detailed in Esteban et al. (2017). The authors then provide some guidelines as to how high a 

170 structure would have to be so that it can effectively help in the evacuation of citizens against a 

171 Level 2 tsunami. 

172

173 However, tsunamis can also represent a threat to coastal communities outside Japan.  The 

174 ASCE7 (ASCE 2016) became the first North American standard that is written in mandatory 

175 language, addressing tsunami hazards and how these apply to the context of North America 

176 (Stolle et al., 2019). The International Building Code (IBC) references design provisions that 

177 are provided for in the ASCE7 Standard, and thus has become part of an enacted building 

178 code law through adoption of the model International Building Code by the state, county, or 

179 city (Chock, 2015). This guideline contains a simplified method (called the Energy Grade 

180 Line, or EGL, method) to establish maximum tsunami inundation depth and flow speed 

181 values, based on inundation maps throughout the United States. The present research will also 

182 attempt to validate the accuracy of such a model, in light of the laboratory experiments carried 

183 out in the present work, and the simulations conducted by Glasbergen (2018). 

184

185 2. EXPERIMENTAL PROGRAM

186

187 Two different rounds of laboratory experiments (in Sept 2017 and Sept-Oct 2018) using a 

188 dam break generation mechanism were performed in a wave flume (dimensions 14 m × 0.41 

189 m × 0.6 m) at Waseda University, Tokyo, Japan. The first analyses of the 2017 smooth-bed 

190 tests was given by Esteban et al. (2017). Froude scaling of 1:50 was used when converting the 

191 velocity of the bore to real-life conditions, to see how accurately the wave resembled that of a 
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192 real life tsunami event. A schematic representation of the wave tank and the apparatus in it, 

193 as used for both tests series, is shown in Fig. 3. On the left side of the tank a dam break 

194 generation mechanism was operated by a system of pulleys attached to a heavy weight (See 

195 Fig. 4). The opening height of the gate was 15 cm. As the weight was not changed throughout 

196 the experiments, the gate opening speed also remained constant. Behind this gate a 4.5 m 

197 reservoir ensured that there was enough water to generate a long bore (water levels behind the 

198 gate varied between experimental cases, meaning that between 18.9 and 37.8 m3 of water 

199 were released each time). In total, 12 experimental cases were carried out, for water levels in 

200 the reservoir of d = 30, 40, 50 and 60 cm, and water levels in front of the reservoir of h = 0, 

201 10 and 20 cm. 

202

203 (PLEASE SEE FIGURE 3 AT END OF THIS DOCUMENT)

204

205 (PLEASE SEE FIGURE 4 AT END OF THIS DOCUMENT)

206

207

208 A metal false bed was constructed on top of the floor of the tank, with the start of the sloping 

209 section being only 5 cm away from the edge of the gate. The horizontal section of the false 

210 bed was 20 cm above flume bed, with the slope of the initial section being 1:10. All of the 

211 experimental cases were repeated for two false bed conditions. The first was the smooth metal 

212 finish of the actual bed. For the second condition, acrylic layers were fixed on top of the false 

213 bed, with small diameter stones (3-5mm, corresponding to a Manning n = 0.02 sm-1/3 

214 according to Limerinos, 1970) being glued to the entire face of each of the panels. This made 

215 the bed in the rough bed case slightly (ca. 5 mm) higher. Note that there are more physically 

216 realistic ways than Manning’s n to parameterize bed roughness (see for example the 

217 discussion at the end of Bricker et al., 2015), but Manning’s n still pervades the practice of 

218 inundation modeling and is encoded by the ASCE7, so it is thus the focus of the present study. 

219

220 The test section was located 1.65 m away from the top end of the sloping part of the false 

221 bottom, with three different structures being tested: (1) a coastal dyke, (2) a low tsunami wall 

222 and (3) a high tsunami wall (this wall was not overtopped, so it can be regarded as a wall of 

223 “infinite height”). The dyke was constructed using a combination of acrylic panels and a 

224 hollow metallic structure (9.5 cm high, 26 cm long across the base and 6cm wide at the top, 

225 see Fig. 5). The low tsunami wall was essentially one concrete block 15 cm high and 10 cm 

226 wide (Fig. 5). The high tsunami wall consisted on a 39 cm high acrylic panel, supported at the 

227 base by a concrete brick (Fig. 5). The false bed and all of the test structures were fixed to the 
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228 sides of the wave tank using silicon, and particular attention was paid to them being 

229 completely sealed. No movement was observed in any of the structures or false bed during the 

230 experiments. At the end of the tank a wave absorption beach was constructed, under which 

231 there was a drain that allowed for excess water to be removed after each experiment. 

232

233 (PLEASE SEE FIGURE 5 AT END OF THIS DOCUMENT)

234

235 Several wave gauges (WG) and velocity meters (VM) were placed in the tank, as shown in 

236 Fig. 1. All gauges (KENEK CHT6–30, 40) were of the capacitance type, with a range of 

237 either 30 or 40 cm. Table 1 shows a summary of the experimental conditions (note that some 

238 definitions in the table will be further elaborated in the results section). To evaluate the 

239 hydrodynamic conditions of the waves that were generated experiments were also performed 

240 without any structures being present inside the tank, focusing on the unobstructed water 

241 surface elevation and velocity profile just before the test area. The instruments used a data 

242 logging system (KENEK ADS2016), which was connected to a PC. The sampling frequency 

243 of all measurements was 200 Hz. A high-speed Nikon D5200 camera (60 frames per second) 

244 was mounted on a tripod, directly in front of the structures. This allowed the analysis of the 

245 profile of the bores as they hit the structures, and the overflowing patterns that resulted from 

246 them.

247

248 The velocity meters (KENEK VMT2–200–04P, 04PL) used in the experiment were all 

249 electromagnetic current meters (ECMs), with a range of measurement of 2 m/s. A low pass 

250 filter of 20 Hz was applied after the data acquisition. They were placed at the top of the 

251 structure and 15 cm behind it, to attempt to measure the overtopping conditions. However, 

252 due to air bubbles entrained within the turbulent bore and disturbance of the free surface due 

253 to the high-speed flow around the probe head, the complete velocity profile could not be 

254 accurately recorded for the entire length of the experiments. Thus, the measurements obtained 

255 by this type of instrumentation were considered to be approximate reference values, and the 

256 bore front velocities were measured from the wave gauge (WG) data, as will be discussed 

257 later. 

258

259 In preparation for each of the experimental cases the tank was drained and filled to the 

260 specified height with water (both for the case of the water in the reservoir and that in the main 

261 test section). It should be noted that wet bed conditions were used in all experimental 
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262 conditions. To ensure replicability certain experimental conditions were repeated five times, 

263 as will be discussed later in this paper. 

264

265 T/2 (the “wave half-period” of the “tsunami-like wave”) was estimated from the wave profile 

266 of the experimental cases where no structure was present in the tank. For the experimental 

267 cases with less water, T/2 could be calculated precisely (For example, for the smooth bed 

268 experiments T/2 = 10.6 s for d=30 cm and h=0 cm, which would correspond to a real life T/2 

269 = 74.9 s ). However, as the amount of water in the reservoir was increased the wave was 

270 faster and it reached the end of the tank  and was reflected before a full cycle could be 

271 recorded. Thus, it was only possible to conclude that, T/2 > 16.1 for d=60 cm and h=0 cm for 

272 the smooth bed corresponding to a real life tsunami T/2 >113.8 s). For the case of the rough 

273 bed, the wave appeared to advance slower, and for d=30 cm a secondary wave (reflected from 

274 the sloped section onto the gate and back onto the structure) reached the test section before a 

275 full cycle was finished. Thus, it was only possible to conclude that T/2 > 12.18 s for d=30 cm 

276 and h=0 cm and T/2 > 14.12 s for d=60 cm and h=0 cm for the rough bed (real life T/2 of 86.1 

277 and 99.8 s, respectively) . Despite this limitation, a T/2 >10 s meant that the experiments were 

278 able to reach a quasi-stationary overtopping flow (for the experimental cases where 

279 overtopping took place), which could be considered similar to what was observed during the 

280 2011 Tohoku Earthquake and Tsunami. 

281
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282 Table 1. Summary of experimental conditions and results (note that some of the mentioned 

283 variables will be defined in the results section). Numbers in bold italics indicate the 

284 experimental conditions (d=50, h=0 cm, for both the low vertical wall and the dyke) that were 

285 repeated 5 times. Results for the smooth bed case are repeated from Esteban et al. (2017).

Structure Type

Roug
h Bed

Water depth 
in reservoir / 

in front of 
the reservoir 

No structure

High 
vertical 

wall ( non-
overtopped

)

Low vertical wall Dyke

Hi 
[cm]

Vi 
[m/s] Hf0 [cm] Hf 

[cm]
Ho 

[cm]
Hb 

[cm]
Hf 

[cm]
Ho 

[cm]
Hb 

[cm]
d   

[cm
]

h 
[cm

] WG5 WG2-4 WG3 WG3 WG5 WG6 WG3 WG5 WG6

0 3.42 1.24 8.24 8.57 0 0 8.06 0.41 1.43

10 3.67 1.15 7.79 7.15 0 0.02 8.57 0 0.6130

20 3.73 0.88 8.2 7.49 0 0.02 8.7 0.04 0.12

0 5.49 1.68 16.15 15.21 0.9 1.48 13.73 5.55 4

10 5.64 1.37 14.59 14.46 0.21 1.41 13.39 4.41 2.440

20 5.64 1.79 15.41 14.85 0.57 1.62 13.58 3.89 2.58

0 8.59 2.12 24.3 21.04 10.76 5.31 17.61 11.35 7.56

10 7.79 1.92 22.38 19.28 4.92 3.26 17.11 9.22 6.8850

20 8.32 1.66 21.41 20.16 5.31 4.3 17.97 10.45 7.38

0 12.17 2.59 33.69 27.55 16.33 9.45 20.32 16 9.92

10 10.74 2.43 28.61 24.35 11.11 6.95 20.36 13.16 8.95

No

60

20 10.27 2.7 28.63 24.17 12.38 6.88 20.89 13.48 10.12

0 3.38 0.99 8.59 8.81 0.03 0.04 7.62 0 0

10 3.11 0.86 7.44 6.89 0 0 7.48 0 030

20 3.28 0.78 8.32 7.38 0.03 0.04 8.01 0 0

0 5.63 1.36 18.13 16.07 0.32 0.62 15.27 5.19 2.61

10 5.23 1.28 16.46 14.18 0.28 0.03 13.87 2.99 2.0240

20 5.86 1.29 17.66 16.13 0.72 1.99 13.85 3.22 2.21

0 7.95 1.82 25.98 21.59 6.518 3.784 19.138 9.234 4.844

10 7.5 1.49 24.08 22.54 4.1 3.69 18.09 7.22 4.250

20 8.01 1.27 26.35 21.88 7.63 2.61 18.4 11.06 3.37

0 10.55 1.96 33.55 28.38 12.29 7.15 24.34 13.67 8.13

10 9.96 1.65 32.95 35.55 10.27 6.24 21.21 12.08 7.6

Yes

60

20 10.76 1.42 32.38 31.45 11.65 4.66 21.43 12.38 6.09

286
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287

288 3. RESULTS

289

290  3.1. Experiment repeatability

291

292 When performing tests using dam-break experiments it is important to ascertain whether tests 

293 are consistent. Esteban et al. (2017) proved this by repeating experiments 5 times for the case 

294 of the “low tsunami wall” and “dyke” structure experiments with d = 50 cm  and h = 0 cm 

295 (showed in bold italics in Table 1). For the case of the rough bed the coefficient of variation 

296 from the averaged maximum water level recorded at each gauge was low, as shown in Table 2. 

297

298 However, the measurements by the velocity metres were much less consistent, for both the 

299 rough and smooth bed conditions. In this sense, the present experiments were unable to 

300 improve on the methodology of Esteban et al. (2017) and were thus omitted (the velocity 

301 meters are electromagnetic instruments that do not produce reliable results in conditions of 

302 substantial air entrainment).  

303

304 Table 2. Summary of the coefficient of variation for the various experiments conditions, for 

305 d=50 cm and h= 0 cm (based on 5 experiments)

Structure Bed type WG1 WG3 WG5 WG6
Smooth 

bed 1.2% 1.9% 13.5% 10.6%
Low Vertical 

Wall Rough bed 3.8% 0.6% 12.0% 6.3%
Smooth 

bed 1.2% 1.7% 4.8% 6.3%
Dyke

Rough bed 1.0% 4.2% 6.9% 5.3%
306

307

308

309 3.2. Dam break Wave Profile 

310

311 As stated earlier it was difficult to get accurate readings from the velocity metres, as the 

312 velocity of the incident bores typically exceeded their capabilities (full range of 2 m/s), and 

313 the entrapment of air behind the probes resulted in missing data points (also reported in 

314 Esteban et al., 2017). To overcome this problem, the authors used the bore front velocity to 

315 approximate the maximum kinetic energy present in the wave-like flow (following Dressler, 

316 1954; Estrade and Martinot, 1964; and Chanson, 2006, who estimated that the flow velocity 

317 in the turbulent bore tip is roughly equal to the bore front velocity). As the experiments were 
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318 conducted over a horizontal, flat, unobstructed surface, the bore front velocity should 

319 represent the maximum velocity of the flow.

320

321 Following Esteban et al. (2017), the bore front velocity was thus calculated by measuring the 

322 time for the bore tip to travel between WG2 and WG4 (which were situated 1.0 m apart from 

323 each other) when no structure was present in the tank (see Fig. 6). The incident wave height 

324 (Hi) was considered to be the maximum height of the wave as it traversed WG5 (as this was 

325 the location of the centre of the structures in the other experimental cases), with Table 1 also 

326 showing the values of Vi. When no structures were present the bore appeared uniform as it 

327 made progress over the false bed (i.e. there appeared to be no change in its profile between 

328 WG4 and WG5, see Fig 6). This obviously changed when the structres were placed inside the 

329 tank, as the wave crashed into the structure and overtopped it (if it had sufficient kinetic 

330 energy). 

331

332

333 Fig. 6. Diagramatic representation of the calculation of the bore velocity Vi. The continous 

334 line indicates the wave profile as the bore reaches WG4. Hi, the incident (unobstructed) wave 

335 height, was taken as the maximum water lever at WG5 (with the discontinous line showing 

336 the wave profile at this moment).

337

338 The notional Froude number Fr for the bore front given in Fig. 6 is defined by equation (1), 

339

340  (1)𝐹𝑟 =  
𝑉𝑖

𝑔𝐻𝑖

341

342 It is important to remember that this Fr is not the steady flow Froude number, given that this 

343 is a front propagating over a dry bed, and that the front velocity and (maximum) flow depth 

344 are measured at different times. The Fr for the rough bed and smooth bed experiments was 
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345 clearly different, as shown in Fig. 7. This indicates that the bore front slows down and 

346 steepens up due to the roughness. There are indications that the lower Froude numbers of the 

347 rough bed experiments are more realistic than those of the smooth bed, according to 

348 Glasbergen (2018) and Matsutomi et al. (2001). The SWASH simulations conducted by 

349 Glasbergen (2018) indicate that in the coastal area (around 300-500m from the seashore) the 

350 Fr number for a tsunami-like propagating front should be in the order of 1. Matsutomi et al. 

351 (2001) summarized Froude numbers for past tsunami events, which they calcuated using the 

352 surveyed flow depths and velocities estimated from Bernoulli’s equation, and showed that 

353 they ranged from 0.7 to 2.0 near the shoreline. 

354
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355 Figure 7. Comparision of Fr numbers of rough and smooth bed experimental conditions for 

356 the range of experimental conditions provided in Table 1. 

357

358 In order to get a more direct view on the change in bore shape due to the roughness, the slope 

359 of the wave front was measured from the video images that were recorded during the tests. 

360 The image taken at the moment that the front made first contact with the wall was used for the 

361 analysis. Then, the water depth of the wave at a distance of 30 cm from the wall was read 

362 from the image. The water surface could be distinguished best by observing a series of 

363 pictures from the movie recording, with the image coordinates being transformed into real-life 

364 coordinates by relating the pixel size to objects of known size in the image (that were located 

365 at the same distance from the camera as the water surface). The pixel size ranged from 0.5 to 

366 1 mm. No image correction was applied, so that the accuracy was estimated to be better than 

367 5%. From Figure 8 it can be seen that the front slope of the wave on the rough bed seems to 

368 be steeper than that on the smooth bed. The only cases in which this trend is not clear are for 

369 the tests with  the largest initial water level (d = 60 cm). 
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370

371 Figure 8. Comparison of direct video measurement of front slope angle for smooth and rough 

372 beds, for different water depths (d) in the reservoir.  

373

374 3.3.Inundation height after the structure

375

376 Esteban et al. (2017) introduced a number of parameters to analyse the wave overtopping. Hf, 

377 Ho and Hb are the maximum values of the water surface elevation of the bore as it impacts, 

378 overtops and continues to run behind the structure (which were obtained from WG3, WG5 

379 and WG6, respectively). These parameters are diagramatically explained in Fig. 9.   All 

380 experiments showed a similar pattern, with the front rapidly approaching the structure and 

381 eventually overtopping it if they had enough kinetic energy. A quasi-stationary overtopping 

382 flow was subsequently achieved (with the durations indicated by T/2 earlier), which would 

383 last several minutes for the case of real tsunamis, though in the case of the laboratory water 

384 quickly ran out. 

385

386

387
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388

389 Figure 9. Wave parameters used to analyse the overtopping wave. Hf, Ho and Hb represent 
390 maximum values of the surface profile of the wave as it impacts, overtops and runs past the 
391 wall. These values were obtained from WG3, WG5 and WG6, respectively.
392

393

394 In basic wave hydraulics the energy of an incoming steady flow traversing WG5 without 

395 structure would be given by equation (2)

396  

397 (2)𝐸𝑖 =
𝑉2

𝑖

2𝑔 + 𝐻𝑖

398

399 where Ei is the total head, Vi is the flow velocity (for which we here take the maximum 

400 incident bore front velocity in front of the structure), g is the acceleration due to gravity, and 

401 Hi is the water level (for which we here take the maximum incident water level relative to the 

402 flume false bottom, as defined in Figs. 4). 

403

404 The authors first summarized the data for the high wall case (which was not overtopped and 

405 can hence be regarded as the maximum run-up), by using the maximum value recorded at 

406 WG3, placed close to the front of the high seawall, which is referred to as Hf0. It is assumed 

407 that Hf0 is a stagnation pressure that is equal to the incoming ‘energy head’ Ei, which was also 

408 corroborated by Esteban et al. (2017). Fig.10 shows the relationship between static head at the 

409 edge of the gate relative to the elevation of the false bottom (d – 0.2 m) and Ei, showing how 

410 the rough bed dissipates some of the energy of the incoming wave.  

411
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412

413 Figure 10. Relationship between Ei and static head at the edge of the gate for the high seawall
414

415 Esteban et al. (2017) provide a formula to estimate the inundation height after a structure of a 

416 given height Hw, given the total head of the incident front Ei (which can be calculated 

417 according to its incident wave front velocity Vi and wave height Hi). The ratio Hb / Hi is given 

418 by the relationship between the ratio of wave depth after the wall [Hb] to the incident wave 

419 height [Hi] and the Ei / Hw

420

𝐻𝑏/𝐻𝑖 = tanh (0.51
𝐸𝑖

𝐻𝑤
‒ 0.36)                 (𝑅2 = 0.89) (3)

421

422 The formula is applicable for both dykes and vertical walls, for structures and tsunamis where 

423 0.2 < Hi/Hw < 1.3. In the present work the authors verified that the equation is still applicable 

424 for rough beds, and that its range of applicability is independent of the roughness of the bed or 

425 Froude number of the bore, as shown in Fig. 11. 
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427 Fig.11. Relationship between the ratio of wave depth after the wall [Hb] to the incident wave 

428 height [Hi] and the Ei / Hw

429

430

431 3.4. Comparison of results with the ASCE 7 energy gradeline method

432

433 The ASCE7 (ASCE 2016) contains a simplified method (called the Energy Grade Line, or 

434 EGL, method) to establish maximum tsunami inundation depth and flow speed values, based 

435 on inundation maps throughout the United States. As explained in detail in Kriebel et al. 

436 (2017), the EGL assumes that a conservative way to calculate the maximum inundation depth 

437 and flow speed values along a 1-dimensional transect normal to the shoreline is via the total 

438 head equation (2), starting at the point of maximum runup (known elevation and zero kinetic 

439 head), and calculating back towards the shoreline. Moving towards the shoreline, the friction 

440 loss is added back into the total head (5) via Manning’s equation (6)

441

442 Ei = Ei-1 + si∆x (4)

443 (5)𝑠𝑖 =
𝑢2

𝑖

(1
𝑛)

2
ℎ

4
3
𝑖

444

445 where s is frictional head loss slope, E is total head, ∆x is the distance between calculation 

446 points i and i-1, ui is the maximum flow speed at point i, n is Manning’s n, and hi is maximum 

447 flow depth at point i. 

448
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449 The experiments of this paper provide a chance to check the Manning’s n values suggested by 

450 ASCE7 for Equation (6) against physical results. To do this, a simple HEC-RAS version 5.0.6 

451 unsteady flow model (Bruner, 2016), which uses the one-dimensional St. Venant equations, 

452 was implemented to estimate flow depths and speeds throughout the flume. HEC-RAS has 

453 been shown to model 1-dimensional dam breaks with enough accuracy for practical 

454 applications (Bricker et al., 2017). The model was set up to run with a cross-section spacing 

455 of 1 cm, and a time step of 0.1 sec. Initial conditions represented the water levels within and 

456 in front of the reservoir, and the gate was assumed to open instantaneously, with an orifice 

457 coefficient of 0.8. Since HEC-RAS assumes a rough bed, it was compared only to the rough 

458 bed experiments detailed earlier in this paper. Model calibration resulted in a Manning’s 

459 n=0.03 s/m1/3 (model scale) best approximating the bore speed and depth at each wave gauge. 

460 Fig. 12 shows the comparison of water depth time series at each wave gauge. 

461

462 Figure 812. Comparison of laboratory experiments (rough bed, no structure scenarios) and 
463 HEC-RAS time series (with n=0.03 sm-1/3) at wave gauges WG1 through WG4, for reservoir 
464 depths d of 30 cm, 40 cm, 50 cm, and 60 cm, released into a water depth in front of the 
465 reservoir h of 20 cm. 
466
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467 The lesson from these laboratory experiments is related to the Manning’s n values in Eq. (6), 

468 for which ASCE7 recommends values of 0.025 sm-1/3 for “coastal water or nearshore bottom 

469 friction, or open land or fields”, 0.04 sm-1/3 for urban areas, and 0.03 sm-1/3 for all other cases. 

470 For coastal and open areas, these suggested values are similar to those for steady flow (i.e., 

471 Chow, 1959), but for urban and vegetated areas, much larger values are suggested for both 

472 steady and unsteady flows (Bricker et al., 2015). The rough bed laboratory experiments 

473 presented in this resarch utilized stones 3-5mm in diameter (d50 approximately 4mm). 

474 Limerinos (1970) relates the median stone diameter d50 and the hydraulic radius R to 

475 Manning’s n in steady flow via Eq. (7).

476

477 (6)𝑛
𝑅1/6 =

0.0926

0.35 + 2.0𝑙𝑜𝑔10( 𝑅
𝑑50)

478

479 For the shallow, wide flume, the hydraulic radius is approximately equal to the flow depth, 

480 which for the bores shown in Fig. 12 is on the order of 0.05 m. The resulting Manning’s n 

481 from Eq. (76), intended for steady flow, is 0.02 sm-1/3. However, the calibrated HEC-RAS 

482 model required n =0.03 sm-1/3 to correctly capture the waveforms of Fig. 12, indicating that 

483 the steady-flow Manning’s n value was too small for the unsteady dam-break flow of the 

484 experiments. Bricker et al. (2015) suggests that tsunamis require larger effective Manning’s n 

485 values than steady flow because of the enhanced turbulent dissipation of energy in the 

486 unsteady flow bottom boundary layer (Bricker et al., 2005).; Williams and Fuhrman (2016) 

487 and Larsen and Fuhrman (2019b) corroborate this further by showing the bottom boundary 

488 layer under a tsunami to be unsteady, therefore not reaching the full water depth. Since 

489 Manning’s n scales with the geometric scale to a power of 1/6, the Manning’s n value 

490 expected for a tsunami over this terrain at prototype scale (the bed grains themselves 

491 correspond to cobbles of 20 cm diameter at prototype scale) is n=0.06 sm-1/3, which is again 

492 much larger than any of the Manning’s n values suggested by ASCE7 (ASCE 7 suggests a 

493 maximum value of n=0.04 sm-1/3, for “buildings of at least urban density”, which are much 

494 larger than cobbles). 

495

496 Since the suggested application of Eq. (5) and Eq. (6) in the EGL method is to begin at the 

497 location of runup (the edge of inundation) on a hazard map, and then to calculate total head Ei 

498 seaward up to the shoreline, the incremental friction head si (Eq. (6)) is added back into the 

499 total head each spatial step. Small values of Manning’s n generate small values of the friction 

500 head si, and thus small values of the total head, with error accumulating seaward. Since the 

501 Manning’s n values suggested by ASCE7 are much smaller than those suggested by Bricker 



9

502 et al. (2015) in urban and vegetated areas, the current EGL method appears non-conservative, 

503 requiring futher research into appropriate Manning’s n values for tsunamis. 

504

505

506

507 4. DISCUSSION

508 The experiments detailed in this study, combined with the HEC-RAS computer simulations, 

509 and those performed by Glasbergen (2018) allowed the authors to obtain some insights into 

510 how accurately the laboratory experiments can represent tsunami waves.  

511

512 The roughness of the experiment bed used has a clear influence on the incoming tsunami front. 

513 The shape of the is waves wasare different, with steeper fronts and lower Froude numbers for 

514 rough bed experiments. However, the different approaching flows did not noticeably change 

515 the observed response of the tested tsunami walls to the transient flow. The overtopping flow 

516 depth data collapsed onto the results of Esteban et al. (2017) for smooth walls, and provides 

517 further evidence that the equation of Esteban et al. (2017) might be applicable to realistic 

518 tsunamis. It also is further proof that the total head is a good parameter to describe the 

519 hydraulic response of the structure to the considered stationary/transient flow (while formally 

520 it is only valid for stationary flow). Herewith, the range of applicability of the formula has 

521 been increased to encompass a wider range of conditions.

522

523 The simulation of tsunamis in the laboratory is clearly difficult, as Froude numbers should 

524 match those of the real tsunamis. Glasbergen (2018) computed tsunami generation and runup 

525 for realistic ranges of tsunami sources and coastal shapes, using the model SWASH (Zijlema 

526 et al., 2011). After calibration of the inundation depth and the runup height at the coast near 

527 the town of Yuriage, it was found that a Manning’s n of 0.06 sm-1/3 could reproduce the event 

528 well. Glasbergen (2018) then determined (slightly differently defined) Froude numbers for the 

529 bore fronts that resulted from these tsunamis, and compared them to the smooth bed tests 

530 (Esteban et al., 2017). For the smooth bed tests the bore-front Froude numbers at the location 

531 of the structure ranged from 1.45 to 2.69 while the bore-front Froude numbers of the 

532 simulations were much lower at that location (ranging from 0.65 to 1.14). However, the 

533 computed bore-front Froude numbers at the coast were 1.34 to 2.6, so essentially the inland 

534 bore-front Froude numbers (by Glasbergen, 2018)  of the smooth bed tests match the Froude 

535 numbers of the simulations at the coast line. With the increased roughness the bore slows 
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536 down and steepens, and this Froude number resembles the inland bore front-Froude number 

537 more closely.

538

539 A HEC-RAS simulation calibrated to the rough-bed laboratory experiments results in a 

540 Manning’s n much higher than that suggested by ASCE7. The implications of this for disaster 

541 risk management are that the ASCE7 energy grade line (EGL) method is non-conservative. 

542 This is because the friction loss in (Equation 6), when added back into Equation (5) between 

543 the inundation limit and the shoreline, is smaller than the actual friction loss. However, for the 

544 USA this error may be mitigated since the original simulations used to generate the ASCE7 

545 tsunami inundation maps also used Manning’s n values that were too small, thereby resulting 

546 in conservative estimates for the limit of the inundation itself. A real danger is that the 

547 ASCE7 method may be applied by non-US entities looking to use the EGL method with 

548 hazard maps that were not generated in the same way as the ASCE7 hazard maps.  If the EGL 

549 method is applied with inundation maps based on historical data, for example, the resulting 

550 flow depths and speed estimated by the EGL method would be too small. This is particulary 

551 worrying, given that the product of these two parameters largely determines mortality rates 

552 (with depth velocity products of over 1.2 m2/s generally considered as the upper limit for 

553 pedestrians, Suga et al., 1995, Wright et al., 2010, Takagi et al., 2016).

554

555 The results of the present experiments thus emphasize the need to consider the incident bore 

556 velocity in the design of coastal protection structures. Video footage of the 2011 Tohoku 

557 Earthquake Tsunami highlighted how in some areas the tsunami manifested itself as rapidly 

558 rising tide, in others as a slow bore, and yet in others as a rapidly advancing high velocity 

559 bore. This further emphasizes the need to start cataloguing tsunami waves into different types 

560 of waves, which should be clearly described and catalogued, rather than simply lumped 

561 together under the term “tsunami” (as in, efforts should be made to catalogue tsunami waves 

562 into different types, in the same way that breaking wind waves are differentiated into breaking, 

563 spilling and surging by the clearly defined Irribarren number, breaking solitary waves are 

564 classified by the solitary wave breaking criterion (Grilli et al., 1997), and breaking windwave 

565 groups are described by the normalized bed slope parameter (Battjes et al., 2004)). 

566 Glasbergen (2018), Roubos (2019), and Larsen and Fuhrman (2019a) present suggestions for 

567 such a quantitative classification of tsunami wave types. This difference in wave type will 

568 have implications for the design of coastal dykes, as under the current tsunami disaster 

569 management in Japan (which differentiates Level 1 and 2 events), coastal structures need to 

570 protect settlements against the expected inundation that could be brought about as a result of a 

571 1 in 100 year tsunami (Level 1). The results in thusindicate that this is not just a problem of 
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572 how high to build the dyke, but that careful consideration needs to be given to the wave 

573 velocity and overtopping mechanism. While consideration of the failure mechanism is outside 

574 of the scope of this work, it is worth noting how lessons have been learnt as a consequence of 

575 the 2011 event, and that many new structures have improved leeward slope and toe 

576 protection[Kato et al., 2012; Mikami et al., 2013; Jayaratne et al., 2016]. 

577

578

579

580

581 5. CONCLUSIONS

582

583 The level of understanding on how to defend against tsunamis has greatly increased in the last 

584 15 years, through observations of the aftermaths of the many events that have taken place in 

585 this period, and important research efforts have been made with laboratory experiments and 

586 computer simulations. Nevertheless, important challenges and gaps in knowledge still exist 

587 regarding how to accurately model these waves in the laboratory. In the present work the 

588 authors analysed how changes in bed roughness affect a dam-break bores, and the resulting 

589 overtopping processes on three different structures, namely an “infinite” vertical wall, a dyke, 

590 and a low vertical wall. 

591

592 The bores on rough floors had lower Froude numbers and steeper fronts. As a result, the range 

593 of applicability of the formula for overtopping flow depth by Esteban et al. (2017) has been 

594 increased to encompass this different type of rough-floor approach flow.

595

596 The results clearly corroborate the necessity of considering the energy present in the bore to 

597 determine whether a structure will be overtopped or not, which is a critical consideration 

598 considering how coastal structures in Japan should not be overtopped by a 1 in 100 tsunami 

599 event (Level 1). They also show the importance of clearly modelling the velocity and Froude 

600 number of a tsunami, and the importance of conducting experiments using a realistic rough 

601 bed, for which a suitable Manning’s n seems to be aroundwas 0.06 sm-1/3 for both our 

602 experiments (which correspond to a bed of cobbles at prototype scale) and for a SWASH 

603 model calibrated by Glasbergen (2018) for the tsunami inundation ofatof Yuriage in 2011. 

604 Otherwise, the use of a smooth bed in tsunami experiments might result in waves that do not 

605 accurately reproduce the real phenomena observed in nature (though the present experiments 

606 also indicate that they would represent conservative estimates, as compared to rough beds)
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858  Figure 3. Schematic of the wave flume and intrumentation [not to scale]
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864 Figure 4. Experimental Apparatus. a) View of the back of the gate. b) Weight system to release the gate. c) wave gauge and velocity meters (smooth flat bed). d) stone flat bed
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868 Figure 5. The structure types tested [not to scale]. From left to right, “high vertical wall”, “low vertical wall” and dyke. 
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