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ABSTRACT

Tsunamis, landslide-generated waves, and dam failures are rare, but highly destructive
phenomena, associated with extreme loading on infrastructure. Recent events showed that
specific measures must be taken to guarantee safety of both people and the built environ-
ment. This experimental study investigates the forces and moments exerted on free-standing
buildings that are induced by both surges and bores. The hydrodynamic impact was char-
acterized by high splash, subsequently followed by a quasi-steady flow around the structure.
For dry bed surges, the time history of the horizontal force was proportional to the momen-
tum flux per unit width. For wet bed bores, an attenuation of the peak force due to the
presence of an aerated front was observed and the introduction of a reduction coefficient
was necessary to achieve a realistic force estimation. Additional force analysis in terms of peak
time, wave height at maximum force and impulse also pointed out some key differences
between forces exerted by dry bed surges and wet bed bores. The occurrence of the
maximum tilting moment on the building coincided with the maximum horizontal force
and an evaluation of the cantilever arm was possible. These findings provide engineers with
practical information for the design of safer coastal structures.
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1. Introduction

Extreme natural events such as tsunamis, impulse

waves, floods, and storm surges are exposing human
communities to severe hazardous consequences. For
this reason, protection measures are necessary to
reduce negative consequences on the built environ-

ment and to limit human losses. Events that took
place along the western and northern coasts of
Sumatra Island (Indonesia, 2004), central coast of

Chile (2010), and in Tōhoku, Japan (2011), showed
that specific design features of infrastructures can
help save lives. Some 500 people successfully sought

refuge at three specifically designed buildings in
Ishinomaki, Japan (2011), proving thus that vertical
shelters are essential in tsunami-prone coastal areas

where access to higher elevation is limited or distant
(ASCE 7-2016, Chapter 6). Such situations showed that
engineering and coastal planning measures can be
effective to ensure safety and reduce reconstruction

costs. Research has been focusing in recent years to
develop and design infrastructure capable to with-
stand, within certain limits, the impact and effects of

natural disasters and to protect human lives.
Buildings are frequently designed to resist extraor-

dinary lateral forces induced by seismic action or

strong winds; however, these are rarely designed to

withstand hydrostatic or hydrodynamic loads. The
purpose of current tsunami-related studies is to quan-

tify the horizontal loading due to wave-induced
impacts on buildings located near the shoreline and
combine it with the already existing seismic design

guidelines. Nevertheless, some basic differences in
building failure modes due to seismic loads, asso-
ciated with high-frequency dynamic effects and tsu-

nami loads, have been identified and discussed
(Nistor et al., 2009). Tsunami waves and associated
inland inundation have long periods and are highly
transitory. As such, they generate sustained forces

whose magnitudes depend on the inundation depth
and the flow velocity (ASCE, 2016).

Chanson (2006) showed a strong similarity

between tsunami-induced bores and hydrodynamic
waves produced by the sudden collapse of a dam.
These are best described by the analytical solutions of

Ritter (1892) and Stocker (1957) for dry and wet bed
scenarios, respectively. Several experimental studies
were conducted to investigate the impact of dam-

break waves on buildings, most of which were repre-
sented by a vertical wall placed across the entire
channel width. Worth mentioning are the contribu-
tions of Cross (1967), Ramsden (1996), Linton et al.

(2012), Mizutani and Imamura (2001), Santo and
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Robertson (2010), and Robertson et al. (2011) and
(2013). The interaction between a tsunami-like bore
and a 3D structure is a more complex phenomenon

investigated by Arnason, Petroff, and Yeh (2009),
Lukkunaprasi et al. (2009), Fujima et al. (2009), Santo
and Robertson (2010), Nouri et al. (2010), Al-Faesly

et al. (2012), Chinnarasri et al. (2013), Shafiei,
Melville, and Shamseldin (2016), and most recently
Foster, Rossetto, and Allsop (2017). Yeh (2007)
showed that the maximum force is proportional to

momentum flux per unit width (hv2), and Bullock et al.
(2007) found a linear relationship between momen-
tum flux and the total impulse for broken, oscillatory

waves. A summary of major previous studies focusing
on impact forces against free-standing buildings is
presented in Table 1.

Despite the work performed to date, the number of
empirical or semi-empirical formulas available and
their significant scattering suggest that the behavior
of structures under such extreme loading remains

challenging to describe and quantify (Section 5.4).
Furthermore, most studies focused on values of the
blockage ratio β ≈ 1 (Table 1), where β is defined as

the ratio between channel width W and obstacle size
B. The effect of blockage ratio was investigated by Qi,
Eames, and Johnson (2014) for free-surface channel

flows with constant discharge and by Foster, Rossetto,
and Allsop (2017) for unsteady flows.

Guidelines were presented by CCH (2000) and

FEMA55 (2000). In Japan, the current design guideline
is represented by SMBTR, based on the results of
Asakura et al. (2000). Okada et al. (2005), and Tokyo
University and BRI (2011). Most recently, the 2016

edition of the ASCE-7 standard entitled “Minimum

design loads for buildings and other structures” intro-
duced a specific Chapter 6, “Tsunami loads and effects”

(ASCE 7–06; Chock, 2016; Robertson, 2016). The latter
identified tsunami building categories depending on
their importance. The present study focuses on build-

ings belonging to Tsunami Risk Category II, i.e. struc-
tures acting as vertical shelters with an elevation
higher than 19.8 m at prototype level. Some of the
major formulae found in literature to compute wave-

induced loads are presented in Table 2.
Wüthrich et al. (2018) carried out a recent study

focusing on the wave hydrodynamics properties of

bores and surges generated using the vertical release
of a controlled volume of water. These findings in
terms of velocity profiles and momentum flux are

used herein to quantify the hydrodynamic loads
induced by the generated surges and bores onto a
free-standing building. During the tsunami inflow, the

horizontal force Fx is dominant in magnitude and its
estimation is essential to properly design buildings
identified as tsunami vertical shelters. The loading
mechanism onto a free-standing structure was experi-

mentally measured, providing helpful information on

the magnitude of the wave-induced forces and its
application point. Compared to previous studies, this
paper directly applies the recent results by Wüthrich

et al. (2018) in terms of velocity profiles behind the
wave front and momentum flux for the computation
of the resulting hydrodynamic load conditions. In

addition, detailed analysis techniques are presented
herein, including the impulse transferred from the
wave to the building, the wave height at which the
maximum takes place, and the moment generated by

the force and its application point (cantilever arm).

2. Experimental set-up

2.1. Wave generation

The present study is based on an experimental
approach and all tests were carried out at the
Laboratory of Hydraulic Constructions at Ecole

Polytechnique Fédérale de Lausanne (EPFL) in
Switzerland. Both dry bed surges and wet bed bores
were generated using a vertical release technique, as

previously presented by Wüthrich et al. (2018). Similar
generation techniques were used by Chanson, Aoki,
and Maruyama (2002), Rossetto et al. (2011), and

Meile, Boillat, and Schleiss (2011). The scaling of this
experimental program considered the Froude simili-
tude with a geometrical scale ratio 1:30, and the
experimental set-up is presented in Figure 1. An

upper reservoir with a volume of 7 m3 was connected
to a water-filled lower reservoir through three identi-
cal and independent pipes with an internal diameter

of 315 mm. Each pipe was fitted with a valve, and the
sudden water release was performed through a sys-
tem of pulleys and inextensible ropes. When the

release system was activated, resulting in a sudden
difference in total head, the water from the upper
reservoir started flowing into the lower tank and

further into the horizontal channel with a width W

of 1.4 m, a height of 0.9 m, and a length of 15.5 m.
Through steady-state experiments under various flow
conditions, the Darcy–Weisbach friction factor of the

channel was determined to be 0.021, corresponding
to a roughness of 0.66 mm. The water was evacuated
at the downstream end of the channel through a

vertical drain, avoiding thus any backwater effect.
For the generation of wet bed bores, an initial still
water depth (h0) on the flume (“wet bed” condition)

was ensured by using a vertically adjustable sill
located at the downstream end of the channel
(Figure 1).

The characteristics of the dry bed surges and wet

bed bores generated in the present study were
demonstrated to be similar to those of the classical
dam-break waves and were also verified against the

analytical solutions of Ritter (1892) and Stocker (1957),
respectively (Wüthrich et al., 2018). Unlike the use of
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solitary waves, dam-break waves are considered a
more appropriate technique to reproduce the proper-

ties of tsunami-like bores and surges propagating
inland (Yeh, Liu, and Synolakis, 1996; Chanson, 2006;
Madsen, Fuhrman, and Schäffer, 2008; Nistor et al.,

2009; Nouri et al., 2010). The triggering of the release
mechanism resulted in a relatively constant discharge
into the channel, and a quasi-constant water level was
observed in the channel inlet (US1) for a duration

ranging from 8 to 20 s depending on the initial
release discharge. As explained by Wüthrich et al.
(2018), this allowed to compute an equivalent

impoundment water depth d0, providing thus a
meaningful comparison with the classical dam-break
scenarios (Figure 1, Table 2).

2.2. Building models

The tested buildings were located at a distance
x = 14.00 m from the channel inlet to ensure the
full development of the bores/surges. One single
building model was tested in the present study, as

shown in Figure 2, with dimensions B × B ×
HB = 0.3 m × 0.3 m × 0.6 m. This resulted in a
blockage ratio β = W/B = 4.67 which was suffi-

ciently large to limit side wall effects and was
consistent with previous studies (Table 1). The
impermeable building had a square shape, and it

was made of aluminum plates with a uniform
thickness of 0.01 m. This was designed to be com-
pletely rigid, ensuring that the structure’s dynamic
response could be neglected. Some FEM numerical

simulations of push-over tests allowed to calculate
a stiffness values around 2·108 N/m for all build-
ings. These buildings corresponded to prototype

structures of 9 m if a geometrical scale of 1:30 is
assumed. Such dimensions would be typical for

residential buildings commonly observed in coastal
zones exposed to tsunami hazard. The building

height HB = 0.6 m (Figure 1) was representative
of a vertical shelter belonging to the Tsunami Risk
Category II, as defined by ASCE-7 Chapter 6.

The eigenfrequencies of the buildings were esti-
mated through Fast Fourier Transformation of a ham-
mer-induced horizontal force, Fx. For this
configuration, a value of 31.6 Hz was obtained in

x-axis direction. This value is within the same range
as that identified by Arnason, Petroff, and Yeh (2009)
and Nouri et al. (2010) for similar buildings. It is

important to point out that the eigenfrequencies of
the investigated structures were sufficiently high to
avoid any interference with the flow frequency

f ~ 1.0–1.5 Hz, obtained for a Strouhal number
St = f∙B/U = 0.15, where B is the building width and
U the wave front celerity.

2.3. Instrumentation and measuring technique

The profiles of the propagating waves and the run-

up heights produced during the impact on the
building were investigated using seven Ultrasonic
distance Sensors (US) type Baumer UNAM 30I6103,

with a measuring range of the flow depth between
0.1 to 1 m. Water levels were sampled with an
accuracy of 0.5 mm and an instrument response

time of less than 80 ms. The location of these
instruments is shown in Figure 1. Among these,
five sensors were located along the longitudinal
axis of the channel at x = 2.00, 10.10, 12.10, 13.35,

and 13.85 m from the flume inlet, i.e. the down-
stream edge of the lower basin. One sensor was
located on the roof of the building to measure

any potential overflow (US6) while another one
(US7) was located at the same location as the

Table 2. Summary of major formulae in literature to predict wave-induced forces on structures.

Study Formula Note

Cross (1967) Fx;D ¼ 1
2
ρgBh22 þ ρBh2U

2 Force is given by the sum of hydrostatic and hydrodynamic
components.

Japanese design guideline
(SMBTR)

Fx;D ¼ 1
2
ρgB 3 h2 � h0ð Þ½ �2 Equation based on Asakura et al. (2000) and Okada et al. (2005).

This generates a force equals to nine times the hydrostatic force
magnitude. Yeh, Robertson, and Preuss (2005) commented on
the validity of this equation, indicating that this leads
“excessively overestimated values.”

Fujima et al. (2009) Fx;D ¼ 1:3ρB h2 � h0ð ÞU2 Similar to Asakura et al. (2000), but based on the maximum
inundation depth.

OCADI, 2009 (Overseas
Coastal Area
Development Institute)

Fx;D ¼ 3:3ρgB h2 � h0ð Þ2 þ 2:2ρgB h2 � h0ð Þ � h0 Triangular pressure distribution above the still water level with
height 3h and base pressure given by 2.2ρgh. This base pressure
is maintained constant throughout the depth of still water h0.

ASCE7 Chapter 6 Fx;D ¼ 0:933ksρgItsuBh
2
max

Hydrodynamic formula 6.10-1.

Fx;D ¼ 1:6 � ksρgItsuBh
2
max

More conservative approach than 6.10-1.

Robertson et al. (2013) Fx;D ¼ ρB 1
2
gh22 þ h2 � h0ð ÞU2 þ g

1
3 � h2 � h0ð ÞU½ �

4
3

n o

This equation was successfully proved during the 2011 Japan
tsunami by Chock et al. (2012).

Foster, Rossetto, and
Allsop (2017)

Fx;D ¼ λBg
1
3 Uhmaxð Þ

4
3 For unsteady flow regime:

λ ¼ 1:37� 1:35 B
W

� �

þ 1:37 B
W

� �2

Fx,D: computed horizontal force; ρ: flow density; g: gravitational constant; B: wilding width; h2: plateau height for wet bed bores; h0: initial still water
depth for bores; U: wave front celerity; ks: fluid density factor to take into account the effect of soil and debris (typically ks = 1.1); Itsu: importance factor
(Itsu = 1); hmax: maximum wave height; W: channel width.

4 D. WÜTHRICH ET AL.



building model at x = 13.85 m on its left hand side,

at y/B = –0.25. An additional sensor (US0) with an
extended measuring range (UNAM 50,
250–4000 mm) was installed in the upper reservoir
to ensure the accurate recording of the time history

of the water level in the reservoir based on which
the opening instant of the system (t = 0 s) was also
defined.

As shown in Figure 1, the buildings were installed on
a force plate (AMTI MC6-1000) that recorded the time

history of the impact forces and moments, including
surge and drag components, with a sampling frequency
of 1 kHz. For all scenarios, the time histories of the forces
and moments in all three dimensions were measured.

The coordinate system is shown in Figures 1 and 3. The
following sign convention is used throughout the paper:
Fx is positive in the flow direction (frontal impact), Fy is

positive to the left if surfing the wave downstream the
flume, and Fz is positive in upward direction.

Calibration parameters for the force device were pro-

vided by Prophysics SA on behalf of AMTI. However, in
both x- and y-directions, forcemeasurements were com-
pared to those provided by a HCB Hanging Scale Device

(KERN, Germany) with a precision of ±0.1 N. In addition,
preliminary tests were carried out for a passing wave
without the presence of the building. The related forces
are presented in Figure 4 for a dry bed surge.

The measurements of the force along the z-axis
were compared to the weight of the water column
as the wave passing over the force plate (Eq. (1)).

Fz ¼ h � B2 � g � ρ (1)

Figure 1. Experimental set-up used to produce bores and surges with the vertical release technique.

Figure 2. Impervious structural model configuration
(B = 0.3 m, HB = 0.6 m) used for the present study.

Figure 3. Coordinates system used herein.

COASTAL ENGINEERING JOURNAL 5



Good agreement was observed for Fz for both the
dry bed surge and the wet bed bore (not shown).
Good repeatability of the force measurements in

x-direction is shown in Figure 5, with standard devia-
tion below 13%.

3. Experimental methodology

A total of 45 tests were carried out for 12 standard
waves (equal to test numbers in Table 3) with differ-

ent hydrodynamic properties. The maximum recorded

-10 0 10 20 30 40 50
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Figure 4. Comparison between measured force Fz and the calculated weight through Eq. (1) (d0 = 0.82 m, dry bed).
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Figure 5. (a) Repeatability of the time histories of force Fx for a wet bed bore impacting an impervious building (d0 = 0.82 m, h0
= 0.010 m); (b) Standard deviation for a dry bed surge.

Table 3. Experimental program.

Building

Wave

Repetitions Test Number Symbol
Bed

type
Impoundment depth

d0 (m)
Initial water depth

h0 (m)
Celerity
U (m/s) hmax (m)

h0/hmax

(–)

HB = 0.6 m Dry 0.82 0 3.56 0.18 0 4 1
0.63 0 3.11 0.16 0 3 2
0.40 0 2.35 0.13 0 4 3

Wet 0.82 0.01 3.07 0.19 0.05 4 4
0.03 2.81 0.23 0.13 4 5
0.05 2.76 0.26 0.19 4 6

Wet 0.63 0.01 2.70 0.17 0.06 3 7
0.03 2.52 0.20 0.15 3 8
0.05 2.44 0.22 0.22 3 9

0.40 0.01 2.10 0.14 0.07 5 10
0.03 1.97 0.16 0.18 4 11
0.05 1.93 0.18 0.28 4 12

Min 0.40 0 1.93 0.13 0 3 – –

Max 0.82 0.05 3.56 0.26 0.28 5 – –

6 D. WÜTHRICH ET AL.



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. All parameters con-

cerning the wave without the presence of the build-
ings were obtained as average values of minimum
three tests. For a scaling of 1:30, these values corre-

sponded to a prototype wave height of 5.5–8 m and a
prototype celerity of 10.7–19.4 m/s, values which are
consistent with reported field observations during the
2011 Tohoku Tsunami (Chock et al., 2012; Fritz et al.,

2012; Jaffe et al., 2012).

4. Visual observations

4.1. Surges and bores

As pointed out by various authors, waves propagating
on dry or wet bed have different physical character-
istics (Ramsden, 1996; Chanson, 2004; Nouri et al.,
2010; Wüthrich et al., 2018), Such difference in beha-

vior between a dry bed surge and a wet bed bore can
be observed in Figure 6. Dry bed surges are character-
ized by a non-aerated front followed by a constant

increase in flow depth, whereas bores present a
strongly turbulent aerated roller front which propa-
gates along the channel and which is associated with

a sudden rise in flow depth, followed by a relatively
constant level h2 (Figure 1). Furthermore, surges pre-
sented higher front velocities, whereas bores had

greater wave heights. A dry bed surge is representa-
tive of the first incoming tsunami-induced inundation,
whereas a wet bed bore may represent any following
inundation wave. Both scenarios have to be equally

considered since past tsunami inundation events
showed that the maximum resulting force may not
always be associated with the first incoming wave-

induced inundation.

4.2. Wave impact process

Visual observations proved that the difference
between surges and bores discussed in Section 4.1

resulted into slightly different behaviors during the
wave impact with an impervious free-standing build-
ing. For both cases, two main phases were observed:

(1) an initial impact of the wave front, followed by (2)
a quasi-steady hydrodynamic phase. Both phases are
shown in Figure 7, where the time evolution of the

impact is presented through pictures taken for both
surges and bores at T∙(g/d0).

0.5
≈ 0 (impact phase, with

highest run-up) and T∙(g/d0)
0.5

≈ 14 and 28 (post-
impact hydrodynamic phase). Note that in the chosen

normalization T represents the time, g the gravity
constant, and d0 the equivalent impoundment depth
if a dam-break theory is considered (Wüthrich et al.

(2018)). Similar qualitative results were previously pre-
sented by Wüthrich, Pfister, and Schleiss (2016) for the
case of buildings toppled by overflow.

During the initial impact phase, the wave front hit
the building’s upstream side and a vertical run-up
height H was observed. As shown in Figure 7(a–d),
for both the cases of bores and surges, the impact

phase was characterized by significant splashes and
turbulent air entrainment at the upstream side of the
building. Subsequently, the run-up and splashes fell

onto the incoming wave, producing a stationary roller
on the upstream side. This roller is characterized by
high turbulence, a recirculating pattern, and substan-

tial air entrainment. The formation of a roller in the
upstream side is shown in Figure 7(e, f), and it marked
the transition between the impact phase and the

quasi-steady hydrodynamic one. During this phase,
the main body of the wave continuously flowed
around the building, without major changes in flow
behavior. In addition, constant water depths on both

the upstream and the downstream sides were
observed, until these decreased after the passage of
the wave. The duration of the quasi-steady flow ran-

ged between 20 < t∙(g/d0)
0.5 < 70, depending on the

hydrodynamic properties of the wave. As shown in
Figure 7(e–g) and (f–h), a visual assessment indicated

that dry bed surges presented higher air entrainment
compared to wet bed bores. Dry bed surges were also
characterized by a pulsating flow behavior, which is

(b)(a)

Surge front 

Figure 6. Photos of propagating waves: (a) dry bed surge (d0 = 0.63m, hmax = 0.162 m, U = 3.11 m/s) and (b) wet bed bore
(d0 = 0.63m, h0 = 0.03 m, hmax = 0.201 m, U = 2.52 m/s). (Images by D. Wüthrich)
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attributed to the interaction between the high-speed
incoming wave and the return motion of the vertical

run-up. For all test cases, no overflow of the building
was seen. For all configurations, intense von Kármán
vortices in the downstream side of the building were

observed (Figure 7).
The Ultrasonic Sensor US7, located 0.15 m

upstream of the building (Figure 1), measured the

time history of the vertical run-up heights H, provid-
ing a more quantitative description of the previously
discussed visual observations. The results are shown

in Figure 8 for both a dry bed surge and a wet bed
bore. These are compared with the wave profile h

measured without the building. Results showed simi-
lar maximum values Hmax corresponding to approxi-

mately four times the maximum wave height without

the building hmax. If compared to bores, the measure-
ments for the dry bed surge showed a more fluctuat-

ing behavior and a constant decrease. On the
contrary, wet bed bores showed a sudden reduction
in water depth immediately following the run-up

splash provoked by the initial impact.

5. Impact forces

An example of the raw data recorded for forces and
moments measured at the building induced by a dry

bed surge and a wet bed bore is presented in
Figure 9. For the same release conditions
(d0 = 0.63 m), similar force maxima were observed

for both the dry bed surge and the wet bed bore.
As a consequence of their hydrodynamic behavior
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Figure 8. Vertical run-up heights (measured at US 7) for (a) dry bed surge; (b) wet bed bore with h0 = 0.03 m.

d0 [m] h0 [m] T·(g/d0)0.5 ≈ 0 T ·(g/d0)0.5 
≈ 14 T ·(g/d0)0.5 

≈ 28

test 1 0.82 - 

(a) (c) (e) 

test 6 0.82 0.05 

(b) (d) (f) 

Figure 7. Wave impact against an impervious buildings without overflow: (top) dry bed surge: d0 = 0.82 m, test 1; (bottom) wet
bed bore: d0 = 0.82 m, h0 = 0.05 m, test 6. (Images by D. Wüthrich)
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(Section 4.2), wet bed bores generated a sudden rise
in the horizontal force Fx and moment My, whereas
dry bed surges were associated with a more gradual
rise in time. These behaviors are in agreement with

those of Arnason, Petroff, and Yeh (2009) and Nouri
et al. (2010). The magnitude of the forces and
moments in the transversal (Fy, Mx) and vertical direc-

tion (Fz, Mz) was negligible compared to those
recorded in the flow direction (Fx, My), proving the
bi-dimensionality of the phenomenon. For this reason,

the values of Fy, Fz, Mx, and Mz are hereafter neglected
and not discussed herein. Given the differences
between the force time history, the two waves are
hereafter considered separately: the dry bed surge is

described in Section 5.1 while the wet bed bore is
described in Section 5.2.

5.1. Dry bed surges

The horizontal force produced by a flow moving

against an obstacle can be calculated using the
approach proposed by Morison, Johnson, and Schaaf

(1950). These equations take into account the hydro-
dynamic (or drag) force component and the inertia
component. For tsunamis, due to their long periods,
the inertia component becomes important only at the

leading edge of the incoming wave when the wave
impacts the building: this is often termed surge force.
The quasi-steady hydrodynamic component in the

x-direction, Fx,D, can be computed as

Fx;D ¼
1

2
ρCDB � hv2

� �

¼
1

2
ρCDB �M (2)

where ρ is the water density (ρ = 1000 kg/m3), B the
building width, h the flow depth (without building),
and v the flow velocity. M is the wave momentum flux

per unit width that is obtained through a combination
of wave height and flow velocity (M = hv2). The drag
coefficient CD depends on the obstacle geometry and
the flow conditions. More details regarding the drag

coefficient can be found in Blevins (1984).
During these experimental tests, in agreement with

what was visually observed after the initial impact, the

flow became quasi-steady due to the surge’s long
period. Therefore, the estimation of the force could
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Figure 9. Time histories of forces and moments in x-direction for both the dry bed surge, d0 = 0.63 m (test 2) (a) and wet bed
bore, d0 = 0.63 m, h0 = 0.03 m (test 8) (b).
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be obtained through Eq. (2). It is important to point
out that the maximum force Fx,max does not occur
when both h and v are maximum, but when the

momentum flux per unit width (M = hv2) is maximum,
i.e. Mmax = (hv2)max ≠ hmaxv

2
max (Yeh, Liu, and

Synolakis, 1996; Yeh, 2007).

Some data time series for the dry bed surge are
presented in Figures 9 and 10, in which one can
notice a constant increase of the force until a quasi-
constant value is reached, corresponding to the quasi-

steady hydrodynamic phase. In the present case, no
force overshot due to surge component was observed
during the initial impact, as discussed by Yeh (2007)

and Arnason, Petroff, and Yeh (2009) and Foster,
Rossetto, and Allsop (2017). This is probably due to
the mild slope of the incoming surge. It is therefore

reasonable to conclude that, for a dry bed surge, the
inertia component (surge force) can be neglected.

A combination of hydrostatic and hydrodynamic
components was suggested by Cross (1967) to com-

pute the total force resulting from wave impact
(Table 1). Thus, this study confirms that the actual
measured force Fx was less than the one computed

using the run-up height H, assuming hydrostatic
conditions (Fx < Fx,H), something which is in agree-
ment with findings by Ramsden (1996), Arnason,

Petroff, and Yeh (2009), and Nouri et al. (2010).
Furthermore, as shown in Figure 10, the measured
values were also higher than the values computed

using the wave height h in the absence of the build-
ing model (Fx > Fx,h).

In addition, for such rapidly varied flows, the hydro-
static and hydrodynamic components cannot be inde-

pendently identified and any assumption of hydrostatic
pressure repartition remains dubious. For these reasons,
similarly to Arnason, Petroff, and Yeh (2009), a resistance

coefficient CR was used, instead of a “classical” drag
coefficient, CD. This approach allows to take into account

the hydrostatic pressure difference between the back
and the front sides of the building, which may contri-
bute a portion of the measured impact force. As recom-

mended by ASCE7 Chapter 6 and Chock (2016), a value
of CR = 2.0 is initially chosen; however, more considera-
tions are presented in Section 5.5.

The presence of the building reduced the wave
velocity in the upstream reach of the channel after
the impact, producing a backwater effect. Thus, the
use of the wave front celerity U in the computation of

wave momentum M was not representative and such
approach might lead to an overestimation of the
resulting load. For this reason, Shafiei, Melville, and

Shamseldin (2016) suggested a reduction of the wave
front velocity U, using the Bernoulli equation.
Alternatively, the results presented by Wüthrich et al.

(2018) allowed to quantify the decelerating behavior
of the wave velocity behind the wave front (Vm) and a
more precise estimation of M in time was thus
obtained. As such, a modified version of Eq. (2) is

Fx;D ¼
1

2
ρCRB �M ¼

1

2
ρCRB � hV2

m

� �

(3)

where h is the wave height measured without the build-

ing, B the building width, and Vm the depth-averaged
wave velocity, calculated using the formula proposed by
Wüthrich et al. (2018). The good agreement (Figure 10)

proved experimentally that the horizontal force Fx was
proportional to the momentum flux per unit width
(M = hVm

2). Equation (3) was tested for three dry bed

surges with three different impoundment depths d0, as
shown in Figure 11. Good agreement is observed for the
configurations with higher initial release discharge
(d0 = 0.82 m), resulting into a shorter wave period (impul-

sive type). On the contrary, for waves with lower initial
discharges (d0 = 0.63 and especially 0.40 m), an under-
estimation of the force was observed for higher values of

T �
ffiffiffiffiffiffiffiffiffiffi

g=d0
p

. This underestimation of Fx,D was particularly
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Figure 10. Comparison of tests with hydrostatic and hydrodynamic approach (d0 = 0.63 m, dry, test 2). Fx is the measured horizontal
force, Fx,H is the hydrostatic force computed using the run-up height H (with the building), Fx,h is the hydrostatic force computed using
the measured wave height h(t) without the building, and Fx,D is the hydrodynamic force computed using Eq. (3).
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observed in the post-peak force region for T �
ffiffiffiffiffiffiffiffiffiffi

g=d0
p

>30� 40 (Figure 11). This is because all para-

meters used in Eq. (3) refer to the wave properties mea-
sured without the presence of the building, whose flow
conditions involved higher velocities and lower flow

depths. Nevertheless, it is important to point out that
the force maxima observed for both measured and pre-
dicted values are similar. As such a good representation

of the loading process can be obtained with Eq. (3).

5.2. Wet bed bores

A bore had a steep turbulent aerated front, similar to
a translating hydraulic jump (Figure 6(b)). The general

behavior of the forces induced by wet bed bores is

shown in Figure 9, and some key differences with the
dry bed surges were pointed out at the beginning of
Section 5. In the present study, an initial force over-

shot was not constantly recorded and, typical of wet
bed bores, the increase in horizontal force Fx was
proportional to the increase in water depth.

For the estimation of the force acting on the build-

ing, the procedure presented in Section 5.1 for the dry
bed surge is here applied to wet bed bores.
Nevertheless, it was noted that the estimation of the

horizontal force Fx, through Eq. (3), constantly over-
estimated the measured value by some 20–50%, as
shown in Figures 12(b) and 14. This behavior can be

attributed to the complexity of the turbulent bore front
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and its aerated profile. Wüthrich et al. (2018) pointed
out a discontinuity between the front celerity U and

the depth-averaged velocities values Vm behind the
wave front (Figure 12(a)). This velocity was shown to
be similar to the velocity V2, which occurs behind the

bore front, as predicted by the momentum equation:

V2 ¼ U �
h2 � h0

h2

� �

(4)

where U is the front celerity, h2 is the wave height
behind the front, and h0 the initial still water depth.
Such discontinuity in velocity values may be a conse-

quence of the presence of the recirculating roller,
associated with high energy losses. In addition, the
presence of an aerated roller with pulsating and com-

pressible behavior might be partially responsible for
the attenuation of the impact forces. For all these
reasons, a wet bed force reduction coefficient χ was
introduced (Figure 12) and a maximum value of Vm/

U = χ was herein imposed. The experimental values of

χ when the peak forces occurred are presented in
Figure 13 and compared to the values of V2 obtained
from Eq. (4).

Good agreement was found for all experimental
points and the average values of χ were best approxi-
mated by

χ ¼
V2

U
¼ 1�

h0

h2
¼ 1� 1:073

h0

d0

� �0:629

(5)

where the bore height h2 was obtained using the
numerical approximation proposed by Chanson, Aoki,
and Maruyama (2000). Thus, the modified momentum

flux per unit width, M*, taking into account the force
reduction coefficient, was computed using

M� tð Þ ¼ h tð Þ � min χU; Vm tð Þð Þ½ �2 (6)

where h(t) is the time development of the wave pro-
file without the building, χ the reduction coefficient, U
the bore front celerity, and Vm the depth-averaged

profile velocity, defined through the expression pre-
sented in Wüthrich et al. (2018). For dry bed surges a
coefficient χ ¼ 1 can be assumed.

In the computation of the total horizontal force, if the
wet bed force reduction coefficient χ and the modified
momentum M* are introduced, then Eq. (3) leads to

Fx;D ¼
1

2
ρCRB �M

� (7)

and the prediction of the horizontal force Fx,D using
Eq. (7) is presented in Figure 14 for three bores with

different initial still water depths.

5.3. Maximum force

For all considered configurations (bores/surges), the
experimental force maxima Fx,max were extracted and
compared to the values predicted using Eq. (6), Fx,D,max

in Figure 15. These were shown to be proportional to the

maximum momentum flux per unit width M*max,
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Figure 13. Wet bed bore coefficient χ for all tested scenarios
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resulting in Eq. (8). Results showed a good agreement for

all scenarios. Accordingly, for the present case, Eqs. (7)
and (8) provide a good estimation of the maximum
impact load for both surges and bores on impervious
buildings.

Fx;D;max ¼
1

2
ρCRB �M

�
max (8)

5.4. Comparison with previous studies

The experimental values obtained in the present

study were also compared with formulae and meth-

odologies found in literature (Table 1). All results are
plotted in Figure 16(a) for dry bed surges and in
Figure 16(b) for wet bed bores. One can observe

that most existing formulae overpredict the herein
measured forces. For dry bed surges, relatively good
agreement was found using OCADI (2009) and Foster,

Rossetto, and Allsop (2017), whereas for wet bed
bores, the best agreement is provided by ASCE7-6. It
is important to point out that most studies, including
Ramsden (1996), Santo and Robertson (2010), and

Robertson et al. (2013), were carried out for walls
with blockage ratios β = W/B = 1 (Table 1). The
difference in resulting forces shown in Figure 16 sug-

gests that in reality this is a 3D phenomenon and that
blockage ratio plays an important role in the compu-
tation of the total force. Nevertheless, neglecting the

effect of the blockage ratio in the computation of the
horizontal load is a conservative approach in the
design process.

5.5. Resistance coefficient

As discussed in Section 5.1, during the impact phase,
various components of the total force can be identi-

fied, including an initial surge force, hydrodynamic (or
drag), and hydrostatic components. Since the process
is highly unsteady and rapidly varied, these compo-
nents are difficult to isolate and estimate. Thus, simi-

larly to Gupta and Goyal (1975) and Arnason, Petroff,
and Yeh (2009), a resistance coefficient parameter CR,
taking into account the surge, hydrostatic, and hydro-

dynamic components, was used. It is defined as

CR ¼
2 � Fx
ρBhV2

m

¼
2 � Fx
ρBM�

(9)

where ρ is the fluid density (herein ρ = 1000 kg/m3), B is

the building width, Fx is the measured horizontal force,
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and h and Vm are the wave height and depth-averaged

flow velocity, respectively, measured for the free flow
condition without the presence of the building. As men-
tioned in Section 5.1, the definition presented in Eq. (9) is

similar to the drag coefficient CD for the computation of
the hydrostatic component; however, the resistance coef-
ficient CR is a function of time rather than a constant
value. CR represents the value that would be required to

obtain the exact measured value Fx, given the height h
and velocity Vm of the wave without the presence of the
building. If CR > 2.0, then the force is underestimated,

whereas forCR< 2.0 the force is overestimated. For longer
times, an increase in the value of CR is observed especially
for dry bed surges, suggesting an underestimation of the

horizontal force in the quasi-steady hydrodynamic phase
when using the conventional value of CR = 2.0 (Figure 11
(c)). In Figure 17 τmax represents the time at which the
maximum force occurs and the chosen normalization T/

τmax allows to express the value of CR at the moment of
the force peak (T/τmax = 1). Good agreement is observed
for all scenarios, and a constant value of CR = 2.0, sug-

gested by numerous design codes including FEMA
(FEMA 55, 2000), CCH (2000), and ASCE7-6, seems appro-
priate. These findings are confirmed in Figure 18, where

values of CR at T/τmax = 1 are presented for various surges
and bores tested. For wet bed bores, the independency
of the resistance coefficient from the initial still water

depth h0 is shown in Figure 18.

6. In-depth force analysis

An in-depth analysis of the measured horizontal
force in the x-direction was conducted. The main

parameters discussed are (1) time to peak, τmax,
corresponding to the time from wave arrival (t0)

to the force peak; (2) the wave height at maximum
force, hM, at which the maximum horizontal force

is measured; and (3) the impulse, I, transferred
from the wave to the building. These parameters
are schematically presented in Figure 19.

6.1. Time to peak τmax

The “time to peak”, τmax, represents the time inter-

val between the initial impact (T = t – t0 = 0) and
the maximum horizontal force Fx,max. The values of
τmax obtained for all tests are presented in
Figure 20 as a function of h0/hmax, where h0/

hmax = 0 represents the dry bed surges and h0/
hmax > 0 the wet bed bores. Results showed larger
normalized values of τmax for dry bed surges (h0/

hmax = 0), ranging from 5<τmax

ffiffiffiffiffiffiffiffiffiffiffiffiffi

g=d 0

p

<35,
whereas for wet bed bores (h0/hmax > 0), almost
all maxima occurred instantaneously for

0<τmax

ffiffiffiffiffiffiffiffiffiffiffiffiffi

g=d 0

p

<5. These observations clearly con-

firmed a substantial difference between surges and
bores in terms of their respective celerity, proving
thus that maximum force values occur before

those recorded in the wet bed scenario, resulting
therefore in steeper average gradients dF/dt.

6.2. Wave height at maximum force hM

An important parameter in the design of tsunami
resistant buildings is the wave height h at which the

maximum force Fx,max occurs (T = τmax), normalized
with the maximum wave height hmax without the
building.

hM ¼
h T ¼ τmaxð Þ

hmax
(10)

The results obtained from the tests are presented
in Figure 21. These are also compared to the design
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Figure 17. Time history of the resistance coefficient CR during
the wave impact for dry bed surges and wet bed bores. Dry
bed surges: d0=0.82m, d0=0.63m, d0=0.40m; Wet bed

bores: d0=0.82m h0=0.01m, d0=0.63m h0=0.01m,
d0=0.40m h0=0.01m; d0=0.82m h0=0.03m, d0=0.63m
h0=0.03m, d0=0.40m h0=0.03m; d0=0.82m h0=0.05m,
d0=0.63m h0=0.05m, d0=0.40m h0=0.05m.
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guidelines of the ASCE7-6, according to which the
maximum hydrodynamic load occurs at the moment

when the 2/3 of the maximum inundation depth is
reached, i.e. when h = hM = 2/3hmax. Results showed
relatively good agreement for dry bed surges (h0/

hmax = 0) with an average value of hM = 0.71 m.
However, for increasing values of h0/hmax, the choice
of hM = 2/3 becomes less conservative. Since the

maximum force is proportional to the maximum
momentum, as shown in Eq. (5), these results are in
line with the findings of Wüthrich et al. (2018), who

measured the momentum flux of bores and surges
without the presence of the building.

6.3. Impulse I

The product of force F and time t is known as Impulse

I. For the present case, the total impulse Itot is the

integral of the force Fx over time, until the upper limit

T ¼ 100 �
ffiffiffiffi

d0
g

q

is reached. This value was chosen as it

represented the minimum duration that allowed to
capture the loading data for all waves. The total
impulse is thus expressed as

Itot ¼

ð

100
ffiffiffi

d0
g

p

0

Fx Tð ÞdT (11)
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Figure 20. Normalised values of the time to peak (τmax) for the
wet bed bores and dry bed surges. Dry bed surges:

d0=0.82m, d0=0.63m, d0=0.40m; Wet bed bores:

d0=0.82m h0=0.01m, d0=0.63m h0=0.01m, d0=0.40m
h0=0.01m; d0=0.82m h0=0.03m, d0=0.63m h0=0.03m,
d0=0.40m h0=0.03m; d0=0.82m h0=0.05m, d0=0.63m
h0=0.05m, d0=0.40m h0=0.05m.
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Figure 21. Wave height at maximum force hM at which the
maximum force Fx,max occurs. Experimental data and compar-
ison with design guidelines of the ASCE7-6. Dry bed surges:

d0=0.82m, d0=0.63m, d0=0.40m; Wet bed bores:

d0=0.82m h0=0.01m, d0=0.63m h0=0.01m, d0=0.40m
h0=0.01m; d0=0.82m h0=0.03m, d0=0.63m h0=0.03m,
d0=0.40m h0=0.03m; d0=0.82m h0=0.05m, d0=0.63m
h0=0.05m, d0=0.40m h0=0.05m.

Figure 19. Definition sketch of parameters used in the force analysis.
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This quantity also represents the area of the surface
below the curve, as shown in Figure 19. Given

Newton’s second law (F = m∙a = m∙ΔV/Δt), the impulse
can be expressed as I = F∙Δt = m∙ΔV, corresponding to
the change in momentum. The impulse experienced

by the building Itot equals therefore the exchange in
momentum with the incoming wave. To better define
the amount of impulse that is transferred to the build-

ing before the peak force occurs, a parameter, Ipeak, is
defined as the integral between 0 < T < τmax. The
latter represents the area of the surface below the

curve up to the moment when Fx,max is recorded
(Figure 19).

Ipeak ¼ �
τmax

0
F Tð ÞdT (12)

Both the total impulse and the peak impulse calcu-
lated for the tests are shown in Figure 22. These
results suggest that the impulse transferred to the

building before the occurrence of the force peak is
only a small portion of the total impulse. A parameter
I* is defined as the ratio between the peak impulse
Ipeak and the total impulse Itot, corresponding the

portion of impulse that is transferred to the building
before the maximum force occurs.

I� ¼
Ipeak

Itot
(13)

Its values for the current experimental tests are pre-
sented in Figure 22. A different behavior can be

observed between surges (h0/hmax = 0) and bores
(h0/hmax > 0). In fact, for bores, less than 10–15% of
the total impulse is transferred to the building before

the peak. In contrast, for surges this can reach
30–35%. This difference is also a consequence of the

time to peak force values that were previously dis-

cussed in Section 6.1 and it is in agreement with
Bullock et al. (2007), for whom Ipeak < 0.3 Itot.

7. Moments and cantilever arm

Any force applied outside of the centroid of an area
produces a moment that is directly proportional to its
application distance, called cantilever arm Lz. In this

study, only moments in the transversal direction (My)
were considered. Since their magnitude was too low to
be considered relevant, Mx and Mz were neglected, as
previously shown in Figure 9. Despite some small scat-

tering, results showed that overall the maximum
moment My,max occurred at the same time t as the
maximum horizontal force Fx,max, as shown in Figure 23.

The cantilever arm corresponds to the applica-
tion point of the horizontal force, whose magnitude
was identified in Section 5. As shown in Figure 1,

the reference point (Lz = 0) coincided with the
channel bottom. Given the simultaneous occurrence
of Fx,max and My,max, as shown in Figure 23, the

value of Lz arm at T = τmax can be obtained using
Eq. (14). The values are normalized with the max-
imum wave height without the building hmax. The
cantilever arm of all experimental points, including

both dry bed surges and wet bed bore, is presented
in Figure 24.

Lzð Þτmax
¼

My;max

Fx;max
(14)

These results showed that, for all tested scenarios,
the cantilever arm had a fairly constant magnitude,

ranging between 0.9 and 1.2 hmax, with an average
value of 1.15 hmax, where hmax is the wave height
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surges (h0/ hmax = 0) and wet bed bores. Dry bed surges:

d0=0.82m, d0=0.63m, d0=0.40m; Wet bed bores:

d0=0.82m h0=0.01m, d0=0.63m h0=0.01m, d0=0.40m
h0=0.01m; d0=0.82m h0=0.03m, d0=0.63m h0=0.03m,
d0=0.40m h0=0.03m; d0=0.82m h0=0.05m, d0=0.63m
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Figure 23. Time of occurrence of maximum horizontal force
Fx and maximum moment My. Dry bed surges: d0=0.82m,

d0=0.63m, d0=0.40m; Wet bed bores: d0=0.82m
h0=0.01m, d0=0.63m h0=0.01m, d0=0.40m h0=0.01m;
d0=0.82m h0=0.03m, d0=0.63m h0=0.03m, d0=0.40m
h0=0.03m; d0=0.82m h0=0.05m, d0=0.63m h0=0.05m,
d0=0.40m h0=0.05m.
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for the case without building. It could therefore be

assumed that the maximum horizontal force
defined in Section 5 was applied at a height that
corresponded to 1.15 of the maximum wave height

without the presence of the building, something
which leads to Eq. (15):

My;D;max ¼ Fx;D;max � 1:15 hmax (15)

The prediction of the maximum moment My,D,max

through Eq. (15) is compared to the experimental data

in Figure 25: good agreement for all scenarios can be
observed.

8. Conclusions

Post-tsunami forensic engineering field surveys have
shown that a specific building design can limit
damages to vital infrastructures and provide vertical

shelters. At present, several experimental studies and
few design guidelines are available to engineers.
However, disagreement with measured data and an

overestimation of the forces were observed. The pur-
pose of this study is to characterize the loading pro-
cess for free-standing buildings in terms of the wave’s
hydrodynamic properties.

In this experimental study, a vertical release tech-
nique was used to reproduce tsunami-like flows, simi-
lar to those produced with dam-break scenarios. The

building was reproduced through a 0.3 × 0.3 m free-
standing impervious building model made of alumi-
num plates, sufficiently rigid to minimize structural

response. Wave hydrodynamics was investigated
using Ultrasonic distance Sensors (US), which
recorded the water level upstream of the building.

Forces and moments acting on the building were
measured using a force plate, which provided a
detailed record of the loading history.

Both dry bed surges and wet bed bores were

systematically tested. Dry bed surges were charac-
terized by a non-aerated front followed by a con-
stant increase in water depth, whereas bores

presented a turbulent aerated roller propagating
along the channel associated with a sudden rise in
water depth. Furthermore, surges had higher front

velocities, whereas bores had greater wave heights.
For all scenarios, the wave impact was characterized
by high splashes and significant turbulent air
entrainment on the upstream side of the building.

Following the initial impact, quasi-steady hydrody-
namic flow conditions around the building were
observed.

During the impact, only forces and moments in
the stream-wise direction (Fx, My) were considered as
the others were found to be too small to be relevant.

The following conclusions can be drawn from this
study:

(1) For dry bed surges, the horizontal force Fx was

shown to be proportional to the momentum
flux per unit width M = hVm

2, where h and Vm
are the height and velocity of the wave without

the building. Equation (3) describes well the
horizontal forces for dry bed surges.

(2) The application of Eq. (3) to wet bed bores leads
to an overestimation of the maximum load. The

presence of an aerated roller, similar to a trans-
lating hydraulic jump, associated with internal
energy dissipation, showed a reduction in flow

velocities behind the wave front. For this, a wet

bed force reduction coefficient χ (Eq. (5)) was
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Figure 24. Cantilever arm Lz computed for both dry bed
surges and wet bed bores for T = τmax. Dry bed surges:

d0=0.82m, d0=0.63m, d0=0.40m; Wet bed bores:
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Figure 25. Comparison of experimental moments with the
values predicted through Eq. [15]. Dry bed surges:

d0=0.82m, d0=0.63m, d0=0.40m; Wet bed bores:

d0=0.82m h0=0.01m, d0=0.63m h0=0.01m, d0=0.40m
h0=0.01m; d0=0.82m h0=0.03m, d0=0.63m h0=0.03m,
d0=0.40m h0=0.03m; d0=0.82m h0=0.05m, d0=0.63m
h0=0.05m, d0=0.40m h0=0.05m.
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introduced and a modified momentum flux M*
defined. This approach gave a better agreement
for all experiments (Eq. (7)). The use of Eq. (7) also

showed lower forces compared to ASCE7-6, thus
proving a conservative approach in the design of
coastal structures subject to tsunami hazard.

(3) Since the wave impact process is highly unsteady
and rapidly varied, the hydrostatic, hydrodynamic
(or drag), and surge components are difficult to
isolate and further estimate. For this reason, the

drag coefficient, CD, was herein replaced with a
resistance coefficient CR. The latter was a function
of time and an average value CR = 2.0 was shown

to be appropriate at the occurrence of the max-
imum horizontal force, Fx,max.

(4) The maximum horizontal force was shown to

be proportional to the maximum modified
momentum flux per unit width M*max. A good
estimation for both surges and bores is repre-
sented by Eq. (8).

(5) Additional parameters were also introduced and
discussed. The time to peak τmax, defined as the
time lap between the arrival of thewave t0 and Fx,
max, showed that the maximum force occurred
before for wet bed bores than for dry bed surges.
This implied that the initial force gradient was

higher for bores than for surges. Especially for
bores, the maximum force Fx,max also occurred
at a relative wave height hM that was higher than

the 2/3 value suggested by the ASCE 7-6. The
impulse (I = F∙t) represented the exchange in
momentum transferred from the wave to the
building. Similar values were observed for surges

and bores with the same initial conditions; how-
ever for bores only 10–15% of the total impulse
were transferred to the building before the occur-

rence of the maximum horizontal force.
(6) The maximum force Fx,max and maximum

moment My,max were shown to occur simulta-

neously. The application point of the force
(cantilever arm) was defined as Lz = My,max/Fx,

max and, for all scenarios, an average value of
1.15 hmax was found. This allowed to predict

the moment My using Eq. (15).
(7) This research paper provides some relevant

information for the design of safer, impervious,

near-shore structures. However, the impact of
extreme hydrodynamic events on a free-stand-
ing building remains only partially understood

and the effect of blockage ratio, openings and
over-topping on the loading process should be
further assessed and quantified.
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Notation

B building width and depth [m]
CD drag coefficient [–]
CR resistance coefficient [–]
d0 equivalent impoundment depth [m]
F force [N]
f frequency of the flow [Hz]
Fx force in the horizontal direction [N]
Fx,D horizontal hydrodynamic force [N]
Fx,D,max maximum computed horizontal force [N]
Fx,H hydrostatic force computed using h [N]
Fx,h hydrostatic force computed using h [N]
Fx,h,max hydrostatic force computed using hmax [N]
Fx,max maximum horizontal force [N]
Fy force in the transversal direction [N]
Fz force in the vertical direction [N]
g gravitational constant (g = 9.81) [m/s2]
H wave (run-up) heights with the building [m]
h wave height without the building [m]
h0 initial still water depth [m]
h2 plateau height for incoming wet bed bore [m]
HB building height [m]
hM wave height at which Fx,max occurred [m]
hmax maximum wave height without the building [m]
I impulse [Ns]
I* relative impulse, defined as I* = Ipeak/Itot
Ipeak impulse between T = 0 and T = τmax [Ns]
Itot total measured impulse [Ns]
Itot,D total computed impulse [Ns]
Lz lever arm, defined as Lz = My/Fx [m]
m mass [kg]
M momentum flux per unit width [m3/s2]
M* reduced momentum flux per unit width [m3/s2]
Mmax maximum momentum flux per unit width [m3/s2]
Mx moment around the x-axis [Nm]
My moment around the y-axis [Nm]
My,D computed moment around the y-axis [Nm]
My,D,max maximum computed moment around the y-axis
[Nm]
My,max maximum moment around the y-axis [Nm]
Mz moment around the z-axis [Nm]
St Strouhal number, defined as St = f∙B/U
T shifted time, such that T = t – t0 [s]
t time [s]
t0 arrival time of the wave [s]
U wave front celerity [m/s]
v flow velocity [m/s]
Vm depth-averaged profile velocity [m/s]
W channel width [m]
x longitudinal coordinate [m]
y transversal coordinate [m]
z vertical coordinate [m]
β blockage ratio, defined as β = W/B [–]
ρ water density [kg/m3]
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τmax shifted time at which Fx,max occurs [s]
χ wet bed reduction coefficient [–]
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