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ABSTRACT
Tsunamis, impulse-waves and dam-break waves have affected humanity in recent decades and the construction of vertical shelters can provide
safety to people. However, for non-critical infrastructures, typically residential houses of lower height, overtopping is accepted during such events.
This study experimentally quantifies the effect of building overtopping, i.e. water flowing over the roof, on the resulting loading process. Both
surges and bores were investigated and the impact against buildings with two different heights was assessed. Detailed measurements of forces and
moments allowed key differences to be captured between the scenarios with and without overtopping. Results showed that overtopping induced
higher downstream water depths, leading to lower horizontal forces and a reduced resistance coefficient. Furthermore, cantilever arm, moment and
impulse values were constantly lower in case of overtopping. Finally, this study presents an innovative methodology to assess the main loading
features of buildings subject to overtopping, supporting engineers to design safer resilient structures.

Keywords: Hydrodynamic loading; overtopping; tsunami; unsteady flows; wave impact

1 Introduction

Over the past decades the world has seen some catastrophic
events such as the 2004 Indian Ocean Tsunami and the 2011
Tohoku Tsunami in Japan. These events led to the destruc-
tion of multiple buildings, increasing interest in an improved
design of free-standing buildings conceived as vertical shelters.
These should be designed to withstand impact forces induced
by tsunami inundations, thereby guaranteeing safety to people.
Obviously, these buildings should not be overtopped. How-
ever, some of the non-critical infrastructures are not designed
to serve as vertical shelters, and overtopping of the building
can occur.

Most previous studies focused on free-standing buildings
designated as vertical shelters. Among others, Cross (1967),
Ramsden (1996), Asakura et al. (2000), Arnason, Petroff, and
Yeh (2009), Lukkunaprasit, Thanasisathit, and Yeh (2009),
Fujima, Achmad, Shigihara, and Mizutani (2009), Nouri, Nis-
tor, Palermo, and Cornett (2010), Al-Faesly, Palermo, Nistor,
and Cornett (2012), Foster, Rossetto, and Allsop (2017) and
Wüthrich, Pfister, Nistor, and Schleiss (2018b) have all con-
ducted research on hydrodynamic loading on structures or struc-
tural elements. Qi, Eames, and Johnson (2014) investigated the
fluid–structure interaction under steady flow conditions while
the effect of building orientation was investigated by Shafiei,
Melville, and Shamseldin (2016). The effect of building open-
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ings was addressed by Wüthrich, Pfister, Nistor, and Schleiss
(2018c).

To the authors’ knowledge, limited literature is available for
low-rise coastal buildings overtopped by incoming surges and
bores (Asakura et al., 2000; Iizuka & Matsutomi, 2000; Rah-
man, Akib, Khan, & Shirazi, 2014), representing the majority
of the buildings standing along the coastline. Forces induced by
waves overtopping a coastal dike and impacting against a ver-
tical wall were experimentally investigated by Chen, Hofland,
Altomare, Suzuki, and Uijttewaal (2015) and Chen, Hofland,
and Uijttewaal (2016). These studies provided an empirical for-
mula to compute the impact loads on a sea wall as a function
of the hydrodynamic properties of the incoming waves and
the dike geometry. Most recently, Esteban et al. (2017) inves-
tigated the effect of tsunami overtopping of concrete coastal
dikes, focusing on inundation depths behind the structures.
The same study also provided preliminary tools to predict
whether a structure would be overtopped based on the structural
and wave hydrodynamic properties. Several previous studies
(Nouri et al., 2010; Ramsden, 1996; Wüthrich, Pfister, Nis-
tor, & Schleiss, 2018a) showed that both surges propagating
on a dry bed (representing the first incoming wave) and bores
propagating over an initially still water layer (representing any
subsequent wave), should be equally considered for design
purposes.

During a tsunami-induced inundation, horizontal forces Fx

are dominant in magnitude and their estimation is essential to
properly design a structure. The purpose of this research is to
describe the loading process of buildings subject to overtopping
and to compare it to the corresponding case without overtop-
ping. In addition, the effect of overtopping on the hydrodynamic
load is described and quantified through an extensive experi-
mental programme with a variety of different incident dry bed
surges and wet bed bores. The main objectives of this study
are:

• To provide an insight into the physical process for the over-
topping of a free-standing building.

• To characterize the loading process for overtopped building
in terms of horizontal forces, moments and impulse.

• To conclude whether the results presented and discussed by
Wüthrich et al. (2018b) for impervious free-standing build-
ings can also be applied in case of overtopping.

2 Previous studies

The Japanese structural design guideline (SMBTR), developed
by Okada et al. (2005), applies the findings of Asakura et al.
(2000) based on the hydrostatic pressure distribution. As such,
the design horizontal force (Fx ,D) is calculated using three times
the incident wave height hmax, resulting in Eq. (1):

Fx,D = 1
2
ρgB(3hmax)

2 = 9
(

1
2
ρgBh2

max

)
(1)

where ρ is the water density (ρ = 1000 kg m−3), g the gravity
constant (g = 9.81 m s−2), B the building width and hmax the
maximum wave height. The same equation was also suggested
by CCH (2000) and Okada et al. (2005). Equation (1) leads to
a resultant force which is nine times the hydrostatic one; Yeh
(2007) questioned its validity, as it presumably overestimates
the actual value.

The issue of building overtopping was addressed by Nakano
(2008), also based on the experimental results of Asakura et al.
(2000). For the case with overtopping (Case 2 in Fig. 1), the
same pressure value is assumed at the bottom of the structure;
however, it is only applied to the actual height of the building,
leading to Eq. (2):

Fx,D = 1
2
ρgB(6hmax − HB)HB (2)

where ρ is the water density (ρ = 1000 kg m−3), g the gravity
constant (g = 9.81 m s−2), B the building width, hmax the maxi-
mum wave depth and HB the building height. These findings are
summarized in Fig. 1.

Figure 1 Forces with and without overtopping, according to Asakura et al. (2000) and Nakano (2008)
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3 Experimental set-up

3.1 Wave generation

The present study is based on an experimental approach and
all tests were carried out at the Laboratory of Hydraulic Con-
structions (LCH) at Ecole Polytechnique Fédérale de Lausanne
(EPFL), Switzerland. Both dry bed surges and wet bed bores
were generated using a vertical release technique, as previously
presented and discussed by Wüthrich et al. (2018a). Similar gen-
eration techniques were used by Chanson, Aoki, and Maruyama
(2002), Rossetto, Allsop, Charvet, and Robinson (2011), Meile,
Boillat, and Schleiss (2011) and Wüthrich et al. (2018b, 2018c).
The experimental set-up is presented in Fig. 2. An upper reser-
voir with a volume of 7.1 m3 was linked to a water-filled lower
reservoir through three identical and independent pipes. Each
pipe was fitted with a valve and the sudden water release was
achieved through a system of pulleys and ropes. When the sys-
tem was activated, the water from the upper reservoir started
flowing into the lower tank and, subsequently, into the chan-
nel. All waves propagated over a smooth horizontal channel
with a length of 15.5 m and a width of 1.4 m. On average,
using steady-state experiments under various flow conditions,
the Darcy–Weisbach friction factor of the channel was measured
to be 0.02. The water was evacuated at the downstream end of
the flume through a vertical drain, thus avoiding any backwater
effect. For the generation of wet bed bores, an initial still water
depth (h0) on the flume (“wet bed” condition) was achieved
using a variable vertical sill located at the downstream end of
the channel.

The generated waves were shown to be similar to the clas-
sical dam-break waves (Wüthrich et al., 2018a). Unlike the use
of solitary waves, dam-break waves are now considered a more
appropriate technique to reproduce tsunami-like flows propagat-
ing inland (Chanson 2006; Madsen, Fuhrman, & Schäffer, 2008;
Nistor, Palermo, Nouri, Murty, & Saatcioglu, 2009; Nouri et al.,

2010; Yeh, Liu, & Synolakis, 1996). Dry bed surges and wet
bed bores were proven to be similar to the Ritter (1892) and
Stoker (1957) analytical solutions, respectively (Wüthrich et al.,
2018a).

The openings of the valves resulted in a relatively constant
discharge into the channel, and a quasi-constant water level was
observed in the channel inlet (US1, x = 2 m). As explained by
Wüthrich et al. (2018a), this allowed an equivalent impound-
ment water depth d0 to be computed, allowing a comparison
with the classical dam-break generation mechanism (Fig. 1,
Table 1). The good repeatability of the spatial and temporal
features of the generated waves was verified and confirmed by
Wüthrich (2018).

3.2 Instrumentation

The propagating waves and the impact were investigated using
seven ultrasonic distance sensors (US) type Baumer UNAM
30I6103 (Frauenfeld, TG, Switzerland), with a measuring range
of the water depth between 100 to 1000 mm. Water levels
were sampled with an accuracy of 0.5 mm and a response
time of less than 80 ms. Their location is shown in Fig. 2.
Among these, five sensors were located along the longitudi-
nal axis of the channel at a distance x = 2.00, 10.10, 12.10,
13.35, and 13.85 m from the flume inlet, i.e. the downstream
edge of the lower basin; one sensor was located on the roof
of the structure to measure any potential overtopping (US6)
and another sensor was located at the same location as the
US7 (x = 13.85 m) on the left hand side, at y/W = –0.25,
where y is the transversal coordinate and W the channel
width. An additional sensor (US0) with an extended measur-
ing range (UNAM 50, 250–4000 mm) was installed in the
upper reservoir to ensure the accurate recording of the valve
opening time.

Figure 2 Experimental set-up used to generate bores and surges with the vertical release technique
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Table 1 Experimental programme

Wave characteristics

Building Bed d0 (m) h0 (m) U (m s−1) hmax (m) h0/hmax Overtopping Repetitions Test no.

HB = 0.3 m Dry 0.82 0 3.56 0.181 0 Major 2 Test 1
0.63 0 3.11 0.162 0 Minor 2 Test 2
0.40 0 2.35 0.132 0 No 2 Test 3

Wet 0.82 0.010 3.07 0.193 0.052 Major 5 Test 4
0.030 2.81 0.232 0.129 Major 4 Test 5
0.050 2.75 0.260 0.193 Major 2 Test 6

0.63 0.010 2.70 0.172 0.058 Minor 2 Test 7
0.030 2.52 0.206 0.146 Minor 3 Test 8
0.050 2.44 0.224 0.223 Minor 2 Test 9

0.40 0.010 2.10 0.142 0.072 No 4 Test 10
0.030 1.97 0.162 0.185 No 2 Test 11
0.050 1.93 0.178 0.280 No 2 Test 12

HB = 0.6 m Dry 0.82 0 3.56 0.181 0 No 2 Test 13
0.63 0 3.11 0.162 0 No 2 Test 14
0.40 0 2.35 0.132 0 No 1 Test 15

Wet 0.82 0.010 3.07 0.193 0.052 No 2 Test 16
0.030 2.81 0.232 0.129 No 2 Test 17
0.050 2.76 0.260 0.193 No 2 Test 18

0.63 0.010 2.70 0.172 0.058 No 1 Test 19
0.030 2.52 0.206 0.146 No 1 Test 20
0.050 2.44 0.224 0.223 No 1 Test 21

Min 0.40 0 1.93 0.132 0 – 1 –
Max 0.82 0.050 3.56 0.260 0.280 – 5 –

Note: d0 = equivalent impoundment depth for dam-break analogy, h0 = initial still water depth, U = wave front celerity,
hmax = maximum wave height measured without the building.

As shown in Fig. 2, the building models were installed on
top of a force plate (AMTI MC6-1000) which recorded the
time-history of the impact forces and moments, including surge
and drag components, with an acquisition frequency of 1 kHz.
Forces and moments in all three directions were measured for
all tested scenarios. A representation of the principal direction is
presented in Fig. 2 and the reference system used herein assumes
Fx is positive in the flow direction. Fy is positive towards the left
if surfing the wave and Fz is positive in the upward direction.

For the force plate, no calibration was necessary; however,
a validation of the results provided was conducted (Wüthrich,

2018). In addition, some tests were carried out without the build-
ing installed in the channel. For all tests, the force plate was
reset to zero before the arrival of the wave to guarantee the same
initial conditions.

3.3 Building model

The tested buildings were located at a distance x = 14.00 m
downstream of the channel inlet to ensure full development
of the bores/surges. The buildings used in the present study
are shown in Fig. 3 and had a width B = 0.3 m, resulting into

Figure 3 Impervious free-standing buildings: (a) HB = 0.6 m without overtopping (Wüthrich et al., 2018b); (b) HB = 0.3 m, with overtopping for
larger waves (d0 ≥ 0.63 m)
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a blockage ratio β = W/B = 4.67; this value was sufficiently
high to limit side wall effects and consistent with previous stud-
ies (Table 1). The buildings were in the form of aluminium
cubes with a wall thickness of 10 mm and were designed
to be completely rigid, ensuring that the building’s dynamic
response could be neglected. These structures represented build-
ings with height and width of 9 m if a Froude scaling ratio
of 1:30 is assumed, corresponding to residential houses com-
monly observed in coastal zones exposed to tsunami hazard.
Two building heights were tested herein: the first one, with a
height HB = 0.3 m represents a structure that might be over-
topped during a flood and HB = 0.6 m the impervious vertical
shelters previously described by Wüthrich et al. (2018b).

The natural frequencies of both structures were found
through Fourier fast transforms (FFT) of the horizontal force
Fx. For the taller structure, with HB = 0.6 m, a value of 33 Hz
was obtained. For the lower structure HB = 0.3 m, the frequency
was around 45 Hz. These values are within the same range as
those identified by Arnason et al. (2009), Nouri et al. (2010)
and Wüthrich et al. (2018b, 2018c) for similar free-standing
buildings.

4 Experimental methodology

The present study is based on an experimental approach which
included 46 tests for various waves with different hydrodynamic
properties in terms of water depths and front celerity. Details of
the experimental programme are presented in Table 1 for both
scenarios: with and without overtopping. All parameters con-
cerning the wave without the presence of the buildings were
obtained as average values of multiple tests. The maximum
model wave height hmax was 0.18 m for the dry bed surge and
0.26 m for the wet bed bore, with a front celerity U ranging
from 1.93 to 3.55 m s−1. For a Froude scaling ratio of 1:30, these
values corresponded to a wave height of 5.5 to 8 m and a propa-
gating celerity between 10.7 and 19.4 m s−1, which is consistent
with field observations (Chock, Robertson, Kriebel, Francis, &
Nistor, 2012; Fritz et al., 2012; Jaffe et al., 2012).

As suggested by Bullock, Crawford, Hewson, Walkden, and
Bird (2001) for the case of fully aerated flows, a Froude
similitude was used herein. Reynolds numbers were large

enough to ensure a sufficient level of turbulence of the flow
(Re ≈ 105–106). Moreover, the Weber number We ≈ 30 was
consistent with similar studies (Fuchs, 2013) and higher than the
critical value We = 10 defined by Schüttrumpf and Oumeraci
(2005) to avoid scale effects in case of wave overtopping and
wave run-up.

5 Visual observations

5.1 Surges and bores

As shown by several authors, including Ramsden (1996), Nouri
et al. (2010) and Wüthrich et al. (2018a), waves propagating
on dry or wet bed have different physical properties. A dry bed
surge (also called non-breaking bore) represents the first incom-
ing wave of a tsunami. In contrast, a wet bed bore represents any
following wave propagating on wet bed. Both scenarios have
to be equally considered, because past studies showed that the
maximum resulting force may not always be associated with the
first incoming tsunami wave.

The difference in behaviour between surges and bores propa-
gating on a smooth horizontal bed was investigated in previous
studies, including those by Lauber and Hager (1998), Ramsden
(1996), Chanson (2004) and Wüthrich et al. (2018a). Dry bed
surges are characterized by a constant increase in water depth
without front aeration, whereas bores present a turbulent aerated
front propagating along the channel with a sudden rise in water
depth (Fig. 4). Furthermore, surges are associated with higher
front velocities, whereas bores have greater wave heights.

5.2 Wave impact

Visual observations showed that the physical difference between
surges and bores resulted in slightly different behaviours dur-
ing the impact against a free-standing building. For both of
these cases, two main phases were recognized: a short, initial
“impact phase” of the wave front, followed by a “hydrody-
namic phase” during which the main body of the wave flows
around the structure. These two phases are visually presented
in Fig. 5, where the time evolution of the impact is presented
through pictures taken at T(g/d0)0.5 ≈ 0 (impact with highest

Figure 4 (a) Dry bed surge (d0 = 0.63 m, hmax = 0.162 m, U = 3.11 m s−1) and (b) wet bed bore (d0 = 0.63 m, h0 = 0.03 m, hmax = 0.206 m,
U = 2.52 m s−1), both generated with the vertical release technique
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Figure 5 Time evolution of the wave impact against an impervious free-standing building for a dry bed surge (hmax = 0.187 m, d0 = 0.82 m) and
a wet bed bore (hmax = 0.269 m, d0 = 0.82 m, h0 = 0.05 m) for HB = 0.3 m (c, d, g, h, k, l) and HB = 0.6 m (a, b, e, f, i, j)

run-up) and T(g/d0)0.5 ≈ 14 and 28 (post-impact hydrodynamic
phase) for both surges and bores with and without overtopping.
Note that in this study T = 0 s represent the wave arrival time at
the measurement location and thus coincides with the instant of
initial impact on the building. Similar results were previously
presented by Wüthrich, Pfister, and Schleiss (2016), pointing
out some key differences between the impact characteristics of
surges and bores.

During the initial impact phase, no major differences were
observed for the case with and without overtopping, i.e.
HB = 0.3 m and HB = 0.6 m, respectively. When the wave front
hit the building’s upstream side, a vertical run-up height H was
observed. This was measured to be some four times the max-
imum wave height without the presence of the structure hmax

(Fig. 6). For both surges and bores, the impact phase was char-
acterized by significant splashes and turbulent air entrainment
on the upstream side of the building, as shown in Fig. 5a and
5d. Due to the presence of the building, the run-up splash fell
back onto the incoming wave, producing a steady roller on the
upstream side of the building, associated with high level of tur-
bulence and air entrainment. The formation of the roller in the
upstream side is shown in Fig. 5e and 5f and it marked the transi-
tion between the impact and the hydrodynamic phase. Visually,

dry bed surges presented more aeration than wet bed bores, as
shown in Fig. 5e,g and 5f,h. This is probably due to the higher
velocities and Froude numbers associated with the incoming
surge (Wüthrich et al., 2018a). Dry bed surges were also char-
acterized by a pulsating behaviour, attributed to the interaction
between the high-speed incoming wave and the reflection of the
vertical run-up.

For the higher building (HB = 0.6 m), no overtopping was
observed and the water flowed only around the obstacle. For
the lower building (HB = 0.3 m) an overtopping of the build-
ing was observed for the largest waves (d0 = 0.63 and 0.82 m).
The higher flow velocities associated with the dry bed surge
produced an aerated jet overpassing the structure (Fig. 5g),
whereas for the bore a non-aerated flow submerging the building
was observed (Fig. 5h). Visually, the overtopping seemed more
important for bores.

For all scenarios, the presence of the building provoked a
constriction, with an upstream decrease in flow velocity and an
increase in water level. The combination of these effects led to
a change in flow regime and to the propagation of a bore in
upstream direction. For all configurations, intense vortices were
observed downstream of the building for both the surge and the
bore (Fig. 5).
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Figure 6 Profiles measured at US 7 for: (a) dry bed surge (d0 = 0.82 m, hmax = 0.162 m, test 13); (b) wet bed bore h0 = 0.03 m (d0 = 0.82 m,
h0 = 0.03 m, hmax = 0.162 m, test 17)

The ultrasonic distance sensor (US7) located 0.15 m
upstream the building side (Fig. 2) measured the vertical run-
up heights, H, providing a quantitative description of the visual
observations previously discussed. These results are shown in
Fig. 6 for both a dry bed surge and a wet bed bore, with
and without overtopping. These are also compared with the
wave profile h measured without the building. These measure-
ments, although influenced by flow aeration and occasional
splashes, show the difference in terms of flow characteristics
between surges and bores. This confirmed a more fluctuating
behaviour of the water surface for the case of flow propagat-
ing over an initially dry bed. For the dry bed surges, upstream
water depths were similar, regardless of the building height
HB, whereas for bores, a higher discharge over the building
resulted into a reduction of the sustained water depth on the
upstream side.

6 Impact forces without overtopping

Examples of the measurement obtained for horizontal force
Fx and the tilting moment My for a dry bed surge and a wet
bed bore are presented in Fig. 7. The magnitude of the forces
and moments in the transversal (Fy , Mx) and vertical directions
(Fz, Mz) was negligible compared to those observed in the flow
direction (Fx, My ). For this reason, the values of Fy , Fz, Mx

and Mz will be hereafter neglected. These features are simi-
lar to those previously observed by Ramsden (1996), Arnason
et al. (2009) and Nouri et al. (2010). For the same release con-
ditions (d0 = 0.63 m), similar maximum values were obtained
for both the dry bed surges and the wet bed bores. Thus, bores
are characterized by a sudden rise in horizontal force Fx and
moment My , whereas surges are associated with milder loading
conditions.

Figure 7 Loading scenario in terms of (a) horizontal forces Fx and (b) tilting moment My , for both a dry bed surge (d0 = 0.63 m, test 14) and a wet
bed bore (d0 = 0.63 m, h0 = 0.03 m, test 20) without overtopping (HB = 0.6 m)
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Wüthrich et al. (2018b, 2018c) showed the validity of the
following equations to compute the hydrodynamic load Fx for
similar buildings, without overtopping.

For surges:

Fx,D = 1
2
ρCRBM = 1

2
ρCRB(hV2

m) (3)

For bores:

Fx,D = 1
2
ρCRBM ∗ = 1

2
ρCRB{h[min(χU; Vm)]2} (4)

where ρ is the water density (ρ = 1000 kg m−3), B is the build-
ing width, h is the wave height measured without the building,
U is the wave front celerity, and Vm is the depth-averaged pro-
file velocity defined by Wüthrich et al. (2018a) as a function
of the impoundment depth, d0, for a classical dam-break wave.
For wet bed bores, an overestimation of the computed force was
observed in the aerated front region. The maximum force was
shown to be proportional to the modified maximum momentum
flux per unit width M ∗

max for both surges and bores through a wet
bed bore reduction coefficient χ introduced by Wüthrich et al.
(2018b). For hydrodynamic flows, an important role is played
by the drag coefficient CD. Similarly to Gupta and Goyal (1975)
and Arnason et al. (2009), a resistance coefficient CR, taking into
account the impact, hydrostatic and hydrodynamic components
was used herein. This was shown to be CR = 2.0 for impervious
structures without overtopping.

Fx,D,max = 1
2
ρCRBM ∗

max (5)

7 Effect of building overtopping

As presented in Table 1, two scenarios were tested herein:
building with a height HB = 0.6, where no overtopping was
observed for any of the waves, and building with a height
HB = 0.3 m, where some overtopping was observed for larger

waves (d0 ≥ 0.63 m). For the smaller waves (d0 = 0.40 m),
for both configurations, no overtopping was observed, showing
good agreement with the findings of Wüthrich et al. (2018b).
Some minor overtopping was observed for d0 = 0.63 m while
major overtopping was recorded for d0 = 0.82 m.

In this study, force measurements showed that for both dry
bed surges and wet bed bores, the values recorded for a building
with overtopping were lower compared to the non-overtopped
scenario. Figure 8 shows the loading behaviour of two build-
ings with different heights (HB = 0.6 and 0.3 m) under the
impact of the same incoming dry bed surge (hmax = 0.187 m,
U = 3.556 m s−1, corresponding to tests 1 and 13). One can
notice a similar magnitude for the force acting on both build-
ings during the first seconds of the impact. Some differences
can be observed during the hydrodynamic phase of the impact,
with the overtopped building (grey line) less loaded. Similar
results are obtained for other dry bed surges (not shown). A
similar case for a wet bed bore with an initial still water depth
h0 = 0.03 m (hmax = 0.254 m, U = 2.810 m s−1, tests 5 and 17)
is presented in Fig. 9. Results showed that for the wet bed bore,
the magnitude of the recorded forces in case of overtopping was
lower than the scenario without overtopping. As compared to
the dry bed surge shown in Fig. 8, the difference between the
two scenarios is more significant for bores (Fig. 9).

Additionally, higher water levels were observed on the down-
stream side of the buildings for the scenarios with overtopping
(Fig. 5m and 5n), contributing to a lower hydrostatic compo-
nent in the total force. This was also identified by Esteban
et al. (2017). The reduction in Fx ,max can be clearly observed in
Fig. 10, where the forces recorded for the scenarios with over-
topping over the building (empty symbols) are overestimated
by the use of Eqs (3) and (4) if using the standard value of the
resistance coefficient, CR = 2.0.

In addition, both Figs 8 and 9 show the behaviour of the
force in the vertical direction Fz, representing the weight of
the overtopping water (negative values indicate a force vector
downwards, Fig. 2). Higher values of Fz are observed for the
wet bed bore, confirming the visual observations and suggesting

Figure 8 Time-history of the horizontal (Fx) and vertical (Fz) forces measured for a dry bed surge (hmax = 0.187 m, U = 3.556 m s−1) impacting
an impervious structure with (HB = 0.3 m, test 1) and without (HB = 0.6 m, test 13) overtopping
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Figure 9 Time-history of the horizontal (Fx) and vertical (Fz) forces measured for a wet bed bore (hmax = 0.23 m, h0 = 0.03 m, U = 2.81 m s−1)
impacting an impervious building with (HB = 0.3 m, test 5) and without (HB = 0.6 m, test 17) overtopping

Figure 10 Comparison between measured and predicted force values
for the configurations with overtopping (CR,S = 1.5, R2 = 0.91) and
without overtopping (CR = 2.0, R2 = 0.95)

a more important overtopping discharge (Fig. 5h). This higher
discharge was responsible for the increased downstream water
depth and thus, for the reduction of the horizontal force. For
a dry bed surge, visual observations in Fig. 5g showed an aer-
ated jet overtopping the structure, a feature which might also be
responsible for the lower vertical force measured by the force
plate.

The authors conclude that a combination of a reduced
upstream run-up height and an increased downstream water
level are responsible for a lower horizontal force. In the cal-
culation of the horizontal force, this translated in a reduced
resistance factor CR, as shown in Figs 10 and 11. Experi-
mental data showed that for the scenarios with overtopping, a
value CR,S = 1.5 was more appropriate, compared to the value
CR = 2.0 used for buildings without overtopping. The better
agreement found for a reduced resistance coefficient can be
inferred from results shown in Fig. 11.

If Eqs (1) and (2) are used to estimate the design forces
Fx ,D, an overestimation of the measured force Fx by a fac-
tor of 3 to 4 was found. This confirms the study of Yeh

(2007) questioning their validity for the design of free-standing
impervious buildings with and without overtopping.

7.1 Force analysis

As previously performed by Wüthrich et al. (2018b), an in-
depth analysis of the horizontal forces presented in the previous
sections is carried out in this section. The main parameters
discussed are presented hereafter:

• “time to peak”: the time from wave arrival to the moment
when the force peak occurs, τmax;

• relative wave height hM for which the maximum horizontal
force is measured (at τmax); and

• impulse I transferred from the wave to the building.

Time to peak τmax

The “time to peak” τmax represents the time interval between
the moment of impact (T = 0) and the instant when the maxi-
mum measured horizontal force Fx ,max is recorded. The values
of τmax measured for all tests are presented in dimensionless
form in Fig. 12 as a function of h0/hmax, where h0/hmax = 0
represents the dry bed surges and h0/hmax > 0 represents
the wet bed bores. Results show larger values of τmax up to
τmax

√
g/d0 = 30, for dry bed surges (h0/hmax = 0), whereas for

bores (h0/hmax > 0), almost all maximum forces occurred for
τmax < 5

√
d0/g. These findings clearly showed that the max-

imum force occurred earlier for wet bed bores than for dry
bed surges, a finding which is in agreement with the results of
Wüthrich et al. (2018b). Results in Fig. 12 also show that the
maximum time to peak occurred a little earlier for buildings with
overtopping (void symbols), compared to the scenario without
overtopping (filled-in symbols).

Wave height recorded at the instant of maximum force

A relevant parameter for the design of tsunami resistant build-
ings is the wave height h, at the instant when the maximum force
Fx ,max occurs. This relative height hM is defined in Eq. (6) as the
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Figure 11 Variation of the resistance coefficient CR for buildings with (HB = 0.3 m) and without (HB = 0.6 m) overtopping for surges and bores:
(a) time development before and after the occurrence of the maximum force (T/τmax = 1); (b) values of CR when the maximum force takes place
(T/τmax = 1) as a function of h0/hmax

Figure 12 Time to peak (τmax) for both bores and surges with (void
symbols) and without overtopping (filled-in symbols)

ratio between the wave height h (measured without the building)
at which the maximum force occurs (T = τmax), and the absolute
maximum wave height hmax (also measured without the building
in the flume, thus independent of the force development):

hM = h(T = τmax)

hmax
(6)

The values of the relative wave heights obtained from the exper-
imental tests are presented in Fig. 13. These values are also
compared with those calculated using the prescriptions of the
design guidelines from ASCE7-6 (2016), according to which
the maximum hydrodynamic load occurs at 2/3 of the maxi-
mum inundation height, i.e. when h = 2/3hmax. The comparison
showed good agreement for data corresponding to dry bed
surges (h0/hmax = 0). However, for increasing values of h0/hmax,
results seemed to indicate that the choice of hM = 2/3 becomes
less conservative. Being the maximum force proportional to the

Figure 13 Relative wave height hM at which the maximum force
Fx ,max occurs, and comparison with design recommendations from
ASCE7-6 (2016)

maximum momentum in Eq. (5), these results are consistent
with the findings of Wüthrich et al. (2018a) for the maximum
momentum flux per unit width, M.

Impulse I

The product of force and time is commonly known as impulse, I.
In this specific case, the total impulse Itot can be identified as the
integral of the horizontal force, Fx , over time, until the upper
limit T = 100 · √

d0/g is reached. This value was chosen as it
represents the shortest period able to capture all main features
of the loading process for all tested configurations. The total
impulse is thus defined by Eq. (7):

Itot =
∫ 100·

√
d0
g

0
Fx(T)dT (7)
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Mathematically, the impulse represents the area below the
force–time curve (Wüthrich et al., 2018b). Given Newton’s sec-
ond law (F = m·a = m·�V/�t), the impulse can be seen as
I = F·�t = m·�V, corresponding to a change in momentum.
The total impulse experienced by the building Itot, therefore
equals the exchange in momentum between the incoming wave
and the free standing building. Current results show that, if a
building is overtopped (HB = 0.3, d0 > 0.63 m), less impulse
will be transferred to the structure compared to the case with
overtopping. As previously discussed in Section 6 and shown
in Figs 8 and 9, this is a consequence of the smaller force
magnitude recorded for the case of the overtopped building. In
addition, from Fig. 14a, it seems that the impulse asymptoti-
cally stabilizes and that no difference is observed between the
two largest tested impoundment depths.

To better define the amount of impulse that is transferred to
the building before the occurrence of the peak, a parameter Ipeak

is defined as the integral between the interval 0 < T < τmax.
This parameter represents the surface below the curve until
Fx ,max is reached:

Ipeak =
∫ τmax

0
Fx(T)dT (8)

Results for the total impulse and the peak impulse are pre-
sented in Fig. 14a for buildings with and without overtopping
(HB = 0.3 and 0.6 m, respectively), showing similar results for
both configurations. Figure 14a also shows that the impulse
transferred before the occurrence of the force peak is only a
small portion of its total magnitude. A parameter, I*, can thus
be defined as the ratio between the peak impulse Ipeak and the
total impulse Itot, corresponding to the amount of impulse that is
recorded before the peak force occurs:

I∗ = Ipeak

Itot
(9)

The values for the relative impulse are presented in Fig. 14b,
where a difference in behaviour can be observed between surges
and bores. For bores, less than 10–15% of the impulse is trans-
ferred to the building before the peak force occurs. For surges,
however, this can reach 30–35%. This difference is also a conse-
quence of the time to peak values. These results are in agreement
with those previously observed by Wüthrich et al. (2018b) for
the case of impervious structures without overtopping and by
Bullock, Obhrai, Peregrine, and Bredmose (2007), who found
that Ipeak < 0.3·Itot.

7.2 Moment and cantilever arm

Any force applied outside of its centre of gravity produces a
moment that is directly proportional to the force’s application
distance, the cantilever arm Lz. The moments are important for
the stability of buildings, because they act toward their over-
turn. In this study, only moments in the transversal direction
(M y) were considered since the moment magnitude in the other
two directions, Mx and Mz was negligible. Despite some scat-
tering, results in Fig. 15 confirmed the approach of Wüthrich
et al. (2018b) who showed that the maximum moment My ,max

occurred simultaneously with the horizontal force Fx ,max, even
in case of building overtop.

Similarly to what was discussed in Section 6 for the mag-
nitude of the horizontal forces, buildings without overtopping
consistently showed moment values that were larger than those
calculated for buildings with overtopping.

Once the maximum horizontal force is known, the momen-
tum can be obtained through the cantilever arm (Lz), which
represents the distance from the reference point at which the
force is applied. For the present study, the reference point
(Lz = 0) coincides with the channel bottom, as shown in Fig. 2.
Experimentally, the behaviour of Lz in time can be computed as
the ratio between moment around y-axis My and the horizontal
force Fx. Since both maximum force and moment occur at the

Figure 14 (a) Total impulse (Itot) and peak impulse (Ipeak) measured for both the case of bores and surges with and without building overtopping.
(b) Relative impulse I* = Ipeak/Itot for both dry bed surges and wet bed bores
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Figure 15 Time of occurrence of the maximum horizontal force
Fx ,max and of the maximum moment My ,max

same time, the cantilever arm at T = τmax can be obtained
through Eq. (10):

Lz(T = τmax) = My,max

Fx,max
(10)

The values derived from the experimental data are presented
in Fig. 16 as a function of h0/hmax for both dry bed surges
and wet bed bores. These are also compared with values previ-
ously obtained for the impervious structure without overtopping
(HB = 0.6 m). All values are normalized using the maximum
wave height hmax measured without the presence of the building.

Figure 16 shows that for all tests, the cantilever arm was
almost constant around an average value of 1.00 hmax. It could
therefore be assumed that, on average, the total horizontal force
defined in Section 6 was applied at a height that corresponded
to the maximum wave height hmax measured without the pres-
ence of the building. This allowed an equation to be obtained
to compute the maximum moment My ,D,max as a function of the

Figure 16 Cantilever arm Lz computed for both dry bed surges
(h0/hmax = 0) and wet bed bores (h0/hmax > 0) at time T = τmax
(Table 1)

Figure 17 Comparison of maximum measured values My ,max with
those calculated using Eq. (11), My ,D,max (R2 = 0.76)

hydrodynamic properties of the wave without the presence of
the building:

My,D,max = 1.00hmaxFx,D,max = 1
2
ρCR, S BM ∗

maxhmax (11)

where Fx,D ,max is maximum horizontal force computed using
Eq. (5) with a resistance coefficient CR,S = 1.5 which was
defined in Section 6 for the scenarios with building overtopping.
The magnitude of the maximum moment My ,max calculated
using through Eq. (11) is compared with the experimental data
in Fig. 17.

8 Discussion

Findings of the present study indicate that, when a building is
overtopped, a reduction in both the force and the impulse is
observed. This means that, from a structural point of view, a
building which is overtopped is subject to milder loading con-
ditions for a given flood wave, as compared to a higher building
impacted by the same wave. The comparison with the results
obtained in Section 6 shows that a modification of the resis-
tance coefficient CR and the cantilever arm Lz was appropriate
to obtain a better approximation of the forces and moments,
when referring to the basic hydrodynamic properties of the wave
measured without the presence of the structure.

The overtopping depth was difficult to accurately obtain from
the US sensors, as these were affected by air entrainment and
run-up splashes. For this reason, an equivalent overtopping
depth Heq was derived from the maximum vertical force Fz ,max

measured by the force plate:

Heq = Fz,max

B2gρ
(12)

A value of Heq = 0 implies that no water passed over the
building, whereas for Heq > 0 the building was overtopped.
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Figure 18 Dependence of: (a) impulse �I /Itot and (b) cantilever arm Lz/hmax on the degree of overtopping of the building, described herein by the
overtopping coefficient S, defined in Eq. (13)

Hereafter, the reduction in total impulse �Itot due to the
overtopping of the building is addressed. Accordingly, an over-
topping coefficient S is defined in Eq. (13) as the ratio between
the equivalent overtopping depth Heq and the building height
HB:

S = Heq

HB
= Fz,max

B2gρHB
(13)

If S > 0, then some overtopping was observed, otherwise S ≈
0 and no overtopping occurred. Figure 18a shows, for all tested
waves, an increasing trend for the values of �I /Itot, where �I
is the impulse reduction due to overtopping and Itot the total
impulse for the non-overtopped building. This proved that the
reduction of the impulse is a function of the overtopping coef-
ficient S and therefore of the volume of water that overtopped
the building. Similarly, the cantilever arm Lz shown in Fig. 18b
is proportional to the overtopping coefficient. Higher values of
S correspond to smaller horizontal forces, cantilever arms and,
therefore, reduced moments. Nevertheless, the overtopping of
a building is, generally, not a regular load condition to prac-
tical engineers and it cannot be hence deduced from the basic
hydrodynamic properties of the wave. For this reason, loading
conditions calculated using the proposed resistance coefficient
CR,S = 1.5 and the cantilever arm Lz = hmax is shown to rep-
resent a good preliminary approach. It is also important to
point out that in case of higher overtopping (values of HB/hmax

<< 1.5), the magnitude of the resistance coefficient CR,S is
expected to be smaller than 1.5 and further investigations are
needed.

9 Conclusions

In coastal areas, some particular buildings, often associated
with critical infrastructures, are designed as vertical evacua-
tion shelters, whereas for others, overtopping is accepted. The
experimental programme mainly focuses on low-rise buildings,
potentially overtopped in case of extreme coastal flood events

such as tsunami inundation. This issue was rarely addressed
in the past. The results elaborated for these low-rise build-
ings were then compared with results from the study on the
impervious free-standing buildings discussed by Wüthrich et al.
(2018b). This study proposes a methodology to quantify the
effect of building overtopping on the resulting wave-induced
loads. This represents a preliminary approach in the design of
coastal buildings prone to potential overtopping that could be
applied to extreme flood events and inundation occurring in a
built environment.

The following conclusions could be drawn:

(1) As a result of overtopping, higher water levels were
observed on the downstream side of the building, as com-
pared to the configuration without overtopping.

(2) In terms of hydrodynamic loading, buildings with overtop-
ping were consistently subjected to lower horizontal forces
and impulse compared to the buildings which were not
overtopped. This is probably a consequence of the smaller
difference in water depth between the upstream and the
downstream building sides, which resulted in a reduced
hydrostatic pressure component and thus a smaller force.
Results also showed that, mostly for wet bed bores, the max-
imum force occurred slightly earlier for the buildings with
overtopping compared to the scenario without overtopping.
This modified dynamics of the buildings with overtopping
also resulted in reduced cantilever arms, and, therefore, in
smaller tilting moments.

(3) The formulae presented and discussed in Section 6 for
buildings without overtopping (Eqs 3 and 5) can be applied
to buildings potentially overtopped; however, these expres-
sions lead to an overestimation of the forces. If a more
precise estimation of the forces is desired, then a modified
approach with a reduced resistance coefficient CR,S = 1.5
can be used. In addition, the resulting horizontal force
should be applied at a height equal to the maximum wave
height hmax measured without the building. In practical
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terms, this depth would be obtained by a design engi-
neer from a detailed numerical model of the inundation or
from the application of the Energy Grade Line method, as
prescribed by the ASCE7-6 (2016) standard.

(4) While the reduction in terms of horizontal forces and asso-
ciated moments remained limited for buildings subject to
minor overtopping (d0 = 0.63 m), for major overtopping
(d0 = 0.82 m), the differences were more significant. This
showed a dependence of forces and moments on the water
depth overtopping the building. However, this parameter is
difficult to derive from the basic hydrodynamic properties of
the wave such as water depth and flow velocity. An iterative
process is thus needed.
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Notation

B = building width B = 0.3 (m)
CR = generic resistance coefficient ( − )
CR,S = resistance coefficient in case of overtopping

( − )
d0 = equivalent impoundment depth for a dam-

break wave (m)
Fx, Fy , Fz, = force in x, y and z directions (N)
Fx,D = computed horizontal force (N)
g = gravity constant, g = 9.81 (m s–2)
H = wave height with the building (m)
h = wave height without the building (m)
h0 = initial still water depth (m)
HB = building height (m)
Heq = equivalent overtopping depth [eq. (12)] (m)
hM = relative wave height at F = Fx,max [eq. (6)]

(m)
I = impulse, I = F · �t (N s)
I∗ = ratio between I peak and I tot [eq. (9)] ( − )
Ipeak = impulse in the interval T = 0 to T = τmax [eq.

(8)] (N s)
Itot = total impulse [eq.(7)] (N s)
Lz = cantilever arm defined in eq. (10) (m)
M = wave momentum flux per unit width [eq.(3)]

(m3 s−2)
M ∗ = modified momentum flux per unit width

[eq.(4)] (m3 s−2)
Mx, My , Mz, = moment around x, y and z axis (N m)
My,D = computed moment around y-axis (N m)
Re = Reynold number ( − )
S = overtopping coefficient defined in eq. (13) ( − )
T = shifted time such that the impact occurs at

T = 0 (s)

t = time (s)
U = wave front celerity (m s−1)
Vm = depth-averaged profile velocity (m s−1)
W = channel width, W = 1.4 (m)
We = Weber number ( − )
x = longitudinal streamwise direction (m)
y = transversal lateral direction (m)
z = vertical direction (m)
β = blockage ratio β = W/B ( − )
ρ = water density ρ = 1000 (kg m−3)
τmax = time between impact and Fx,max (s)
χ = force reduction coefficient for wet bed bores

( − )
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