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ABSTRACT
Impulsewaves feature tsunami-like characteristics and are generated by very rapidmasswasting,

including landslides and avalanches, into water bodies. In engineered reservoirs, these waves may
run-up and overtop the dam, thereby exerting hydrostatic and -dynamic forces on its structure.
For this work, solitary waves were applied as a proxy for impulse waves and the forces acting on
vertical structures during wave run-up and overtopping were investigated with hydraulic laboratory
experiments. The solitarywaveswere generated in awave channelwith a piston-typewave generator
and the horizontal pressure forces at a vertical wall as well as a vertical dam-like structure were
measured with multiple pressure sensors. The discrete pressure data were used to interpolate
pressure distributions and the resulting horizontal forces. Empirical equations were derived,
approximating the measured maximum forces and their respective centers of pressure within –7%
both for cases with and without wave overtopping. For small freeboards, already small relative
wave amplitudes may exert forces similar to those induced by an earthquake as estimated with a
pseudo-static approach.

INTRODUCTION
Impulse waves are generated by very rapid subaerial mass wasting � including landslides,

rockfalls, snow avalanches, and glacier breako�s � into a waterbody (Roberts et al. 2014, Evers
et al. 2019b, Hager and Evers 2020). In engineered reservoirs, these wave run-up along the shore
and may potentially overtop the dam as the lowest section of the shoreline (Müller 1995, Kobel
et al. 2017, Tessema et al. 2019). Figure 1 shows the Pontesei dam in Veneto, Italy. In 1959, a
construction worker died when a landslide of approximately 3 million m3 generated an impulse
wave train which overtopped the double-curved dam (Walters 1971). The event was described and
assessed by the operator’s chief engineer Carlo Semenza as follows:

"On the 22nd March 1959, a huge landslide of loose material (about 3 million m3 of
gravel, sand blocks, clay, and so on) fell into the reservoir from its left side, from an
area noticeably upstream (about 500 m) from Ru di Bosco Nero. No movement was
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apparent at the rocky pinnacle of Ru di Bosco Nero.
The level of water in the reservoir on that day was 13 m lower than the maximum.
The slide gave way to a sudden wave which over�owed the dam not only through the
spillway but up to a few metres above the parapet.
The stresses in the dam probably became twice as high as under normal circumstances,
but its behaviour was excellent. The control instruments, with the exception of only
one pendulum, showed no movement at all. This is considered a further proof � not
necessary but interesting � of the capacity of the curved structures to face exceptional
stresses. Should the event come on a straight gravity (solid or hollow) dam something
more serious would perhaps happen."
� Carlo Semenza, January 1, 1960 (Walters 1971)

20 m

13 m
SWL (22.03.1959)

Fig. 1. View from upstream of Pontesei dam, Italy, with estimated still water level (SWL, blue line)
as on 22 March 1959 before the landslide � shown in the top-right insert, seen from downstream
� was triggered (Photos: Wikimedia Commons/VENET01, CC BY-SA 4.0); decommissioned
morning glory bell-mouth over�ow with 20 m lip diameter (Walters 1971)

The tragic event at Pontesei dam is seen as a precursor of the nearby disaster four years later. The
most fatal historical impulse wave event happened on 9 October 1963 at the 262-meter Vajont dam,
Italy, when the southern �ank of Mount Toc with an estimated landslide volume of 270 million m3

slid into the reservoir and displaced its impounded water (Panizzo et al. 2005). While 158 people
died due to immediate wave run-up in the communities of Erto and Casso directly adjoining the
reservoir’s shoreline, the majority of the approximately 2000 fatalities was caused in the village
of Longarone downstream of the dam by the �ood following the wave overtopping (Zaetta et al.
2007). A maximum wave run-up height of 235 m above the reservoir level was recorded close
to Casso on the shore opposite Mount Toc (Panizzo et al. 2005). Numerical simulation yielded
maximum overtopping depths above the dam crest in the order of 50 m to 100 m (Vacondio et al.
2013, Franci et al. 2020). Note, that the Vajont slide was a partially submerged slide. However, the
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major part of the landslide mass was situated above the reservoir water level. While the destruction
along the reservoir shore and especially downstream of the dam was catastrophic, the dam was
largely undamaged and still stands today. Müller (1995) reports several impulse wave events in
Alpine reservoirs generated by snow avalanches. The events for which traces of wave overtopping
were reported include: Fedaia reservoir, Italy, on 24 December 1958 and Räterichsbodensee,
Switzerland, on 23 December 1962. In both cases, the dams’ parapets were damaged. The given
examples show the importance of incorporating the hazard of impulse waves into dam safety
planning and guidelines (Achterberg et al. 1998, Pougatsch et al. 2002, ICOLD 2002). Therefore, it
should be assessed whether forces on dams by rare impulse waves may exceed e.g. seismic design
loads, on which this research sheds new light.

Overtopping of impulse waves at dams occurs when the available freeboard 5 is exceeded by the
wave run-up height ' , which is de�ned as the vertical distance between the still water level (SWL)
and the maximum elevation of the water during run-up (Fig. 2). While 5 in a reservoir is generally
controlled by the operator, ' depends on the characteristics of the wave and the run-up slope. Evers
and Boes (2019) compiled run-up data from various solitary and impulse wave experiments and
proposed an equation to estimate ' for non-breaking waves on slope angles Vbetween 10° and 90°
(vertical wall) with

'
�

= 2Y40•4Y
�
90�

V

� 0•2

(1)

including the still water depth � , the run-up slope angle V, and the relative wave amplitude Y= 0• �
with the wave amplitude 0 (Fig. 2). In addition, it was found that solitary waves are a suitable
proxy for modelling the run-up height of the �rst wave within an impulse wave train.

The case of pressure forces acting on a vertical wall due to solitary wave run-up, i.e. without
overtopping for ' Ÿ 5 , has been investigated with hydraulic laboratory experiments in several
studies. In the following, the total (subscript tot) horizontal (subscript h) pressure force � 0

�–C>Con
a vertical wall or dam per unit width, i.e. width 1 = 1 m, is normalised with twice the hydrostatic
still water pressure force per unit width and de�ned as the normalized (subscript norm) horizontal
water pressure force

� 0
=>A< =

� 0
�–C>C

dF 6� 2
(2)

with the water (subscript F ) density dF , the gravitational acceleration 6, and the still water depth
� . Consequently, a normalized force � 0

=>A< = 0•5 would correspond to the hydrostatic (subscript
hydr) water pressure force � 0

�–�H3A= 0•5dF 6� 2 per unit width, i.e. with no wave run-up.
Liu and Al-Banaa (2004) investigated the interaction between a solitary wave and a thin vertical

barrier with di�erent immersion depths. For a setup comparable to the one used in this work, they
proposed the following equation to predict the maximum (subscript m) normalized horizontal water
pressure force

� 0
=>A<–<= 2•865¹1 � 4� Y1•14

º ¸ 0•5 for 0•08 � Y � 0•42 (3)

for solitary wave run-up with the relative wave amplitude Y as governing parameter. Note that
Liu and Al-Banaa (2004) did not normalize the force according to Eq. (2), resulting in a di�erent
notation of Eq. (3).

3



Chen et al. (2019) analysed wave pressure forces of solitary waves re�ecting at a vertical wall by
comparing data from laboratory experiments and numerical simulations and approximated � 0

=>A<–<
with

� 0
=>A<–<= � 1•61Y2 ¸ 2•79Y¸ 0•5 for 0•1 � Y � 0•56• (4)

Adopting the equation already introduced in its �rst edition (Heller et al. 2009), the second
edition of the so-called Impulse Wave Manual(IWM, Evers et al. 2019b) approximates � 0

=>A<–<
based on the experimental data by Ramsden (1996) with

� 0
=>A<–<= ¹1 � 1•5Yº1•6 ¹20 ¸ � º2

2� 2
for 0 � Y � 0•6• (5)

Equation (5) has a local maximum at Y � 0•58 and yields � 0
=>A<–<= 0 for Y = 0•66, i.e. slightly

higher than its upper parameter limitation. Note, that IWM presents Eq. (5) in a dimensionful
form.

The case of pressure forces acting on a dam due to solitary wave overtopping, i.e. ' ¡ 5 , has
received less attention. There are few experimental studies on impulse wave overtopping volumes
and �ow depths on the dam crest (Müller 1995, Kobel et al. 2017, Huber et al. 2017, Tessema
et al. 2019). Gabl et al. (2015) and Attili et al. (2021) investigated impulse wave overtopping
numerically.

Based on the theoretical assumption of a trapezoidal pressure distribution, the IWM reduces
(subscript red) � 0

=>A<–<for run-up at a vertical wall (Eq. 5) geometrically from a triangular to a
right trapezoidal shape with

� 0
=>A<–<–A43=

� ¸ 5
20 ¸ �

�
2 �

� ¸ 5
20 ¸ �

�
� 0

=>A<–< for 5 Ÿ20• (6)

Again, Eq. (6) is presented dimensionfully in the IWM. Moreover, Eq. (6) is a simpli�ed notation
of the IWM’s procedure. The sum of the the still water depth � and the freeboard 5equals the dam
height F = � ¸ 5. Attili et al. (2021) compared the IWM reduction approach with their numerically
computed pressure forces and found reasonable agreement (approximately � 15%).

This experimental research relates to the pressure forces acting on a dam induced by solitary
waves. The experiments focus on vertical structures, as especially gravity dams with (near)
vertical upstream faces are generally less resistant to horizontal forces than embankment dams
with inclined slopes. Two test series were conducted for solitary wave run-up and overtopping.
Prediction equations have been derived for the maximum total horizontal pressure forces and their
corresponding centers of pressure. As earthquake loads represent the critical load scenario for the
design of most large dams (Wieland 2014), the discussion compares the forces induced by impulse
wave overtopping to the additional hydrodynamic water pressure forces induced by earthquakes,
derived as a �rst-order estimation with the pseudo-static approach by Westergaard (1933). Finally,
the presumed forces of the historical impulse wave overtopping event at the Pontesei dam are
assessed with the newly proposed equations.
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Fig. 2. Experimental setups, including wave generation, wave propagation and wave-structure
interaction, for (a) wave run-up and (b) wave overtopping; UDS: ultrasonic distance sensor, PS:
pressure sensor

PHYSICAL MODEL

Experimental setup
The experiments were conducted in a wave channel with a length of 11m, a height of 1m and

a width of 0.5m. Solitary waves were generated with a piston-type wave maker (Fuchs 2013).
Similar to the study by Francis et al. (2020), di�erent wave generation methods implementing
standard solitary wave solutions were tested. A combination of Boussinesq’s approximate solitary
wave solution and the wave generation method presented by Malek-Mohammadi and Testik (2010)
was chosen for this study, as it was found to produce reasonable results on a wide range of solitary
wave conditions. Two di�erent experimental setups were installed in the wave channel:

� Run-up experiments: A vertical wall (V= 90°) was installed at the position G= 4•35m from
the wave maker’s center position (Fig. 2a). To measure the water pressure distribution on
the wall, 12 pressure sensors (PS) were installed. Their exact elevations above the channel
bottom are listed in Table 1. From these discrete point pressure measurements, the pressure
distribution acting on the wall was derived. An ultrasonic distance sensor (UDS) was
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placed 1.7 m in front of the structure to measure the incident wave as well as to synchronise
pressure data and video recordings of the run-up process.

� Overtopping experiments: A rectangular dam structure (V = 90°) with a height of F =
0•343m and a dam crest width of 1 = 0•11m, which was the minimum space required
for sensor installations, was positioned at the same distance G= 4•35m as the vertical wall
(Fig. 2b). The 12 PS were installed at the elevations listed in Table 1 to derive pressure
distributions. Again, a UDS was placed 1.7 m in front of the structure to measure the
incident wave and to synchronise PS and video data. A second UDS was placed directly
above the dam crest to measure the overtopping depth.

Figure 2 gives an overview of these setups including the wave maker’s stroke length bC>C, the
wave amplitude 0, the still water depth � , the wave run-up height ' , the PS positions � I 8, the
dam height F , the dam crest width 1 , the freeboard 5, and the maximum wave overtopping depth
30. The coordinates Gand I have their origin at the wave maker’s center position and the channel
bottom, respectively. Based on the analysis conducted by Kastinger et al. (2020) for impulse wave
train run-up on steep to vertical slopes, scale e�ects were considered negligible.

TABLE 1. Pressure sensor elevations � I above the channel bottom for the run-up and overtopping
experiments

PS Run-up Overtopping
1 0.053m 0.026m
2 0.103m 0.053m
3 0.152m 0.077m
4 0.203m 0.103m
5 0.251m 0.125m
6 0.300m 0.152m
7 0.352m 0.176m
8 0.402m 0.203m
9 0.451m 0.225m
10 0.502m 0.251m
11 0.550m 0.274m
12 0.601m 0.300m

UDS, UNAM 30 (Baumer Electric AG, Frauenfeld, Switzerland), with a sampling frequency
of 60 Hz and a measurement accuracy of –0.8 mm were used to measure the water surface
displacement. Relative PS, PR-23SY (Keller AG, Winterthur, Switzerland), with an accuracy of
–200 Pa were used to measure the pressure forces. Figure 3 shows the pressure variation curves
and the respective standard deviations of �ve superimposed pressure measurements for the run-up
experiments. In this example, PS 1 and PS 5 were examined. The maximum standard deviations
show values of BD1–<0G= 20•7Pa and BD5–<0G= 22•1Pa, corresponding to 2.07mm or 2.21mm
water height, respectively. As the mean values of approximately 7 Pa or 12 Pa, respectively, are
lower, i.e. smaller than the sensor’s accuracy, test repeatability was considered full�lled.

In total, data of = = 65 experiments were analysed with relative wave amplitudes ranging from
Y= 0•047to 0•665. A more detailed overview of the experimental program is shown in Table 2.
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Fig. 3. Five superimposed pressure variation curves at PS 1 (a) and PS 5 (c) during solitary wave
run-up with � = 0•3m and Y= 0•6 and corresponding standard deviations (b) and (d)

TABLE 2. Relative amplitude range of run-up and overtopping experiments

Setup � /F Y
Run-Up - 0.05 - 0.65

0.5 0.047 - 0.620
0.6 0.049 - 0.648

Overtopping 0.7 0.060 - 0.628
0.8 0.073 - 0.665
0.9 0.087 - 0.631
1.0 0.094 - 0.575

Data analysis
As the UDS have a sampling frequency of 60Hz, the data does not result in a continuous

but a stepped wave pro�le and were therefore smoothed with a Savitzky-Golay �lter (Savitzky
and Golay 1964). This �lter is implemented in the Python library SciPyand was used with a
window size of 251 and a polynomial degree of 2. The pressure measurements were compared to
the averaged still water pressure to reduce measurement �uctuations and to detect and eliminate
possible calibration o�sets. This produced twelve discrete pressure time series for each experiment.
To determine the total force acting on the structures, a pressure distribution was approximated from
the discrete pressure measurements. Between two PS, a linear gradient of the pressure distribution
was assumed. The interpolated linear pressure gradient between PS 1 and PS 2 was extrapolated to
the channel bottom I = 0 m. The estimation of the pressure distribution above the highest PS that
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was submerged by wave run-up required a case di�erentiation:

� No overtopping (' Ÿ 5 ): the measured pressure of the top submerged PS is used to
extrapolate the pressure distribution with a hydrostatic pressure assumption to the point
where atmospheric pressure is reached, i.e. the extrapolated pressure distribution above the
sensor has a triangular shape (e.g. Fig. 7).

� Overtopping (' ¡ 5 ): the measured pressure of the top submerged PS is used to extrapolate
the pressure distributionwith a hydrostatic pressure assumption up to the damcrest elevation,
i.e. the extrapolated pressure distribution above the sensor has the shape of a right trapezoid
(e.g. Fig. 13).

While both approaches simplify the actual pressure distribution, these extrapolated pressure gra-
dients at the bottom and top only represents a small fraction of the total water pressure force and
were considered to have a negligible e�ect on the overall results.

With this approach, a pressure distribution consisting of =¸ 1 trapezoids, where = is the number
of submerged PS, was determined. The total water pressure force was derived by calculating the
total area of the pressure distribution at the hydraulic structure. The total force was normalized
with the hydrostatic still water level force per unit width as de�ned by Eq. 2. The center of pressure
was determined by calculating the center of gravity I B–8of each trapezoid. O�setting all local I B–8
with their respective PS distance and weighting these values with the area of each trapezoid yielded
a global center of pressure I B (Fig. 2).

RESULTS

Run-up
A �nding of previous research on solitary wave re�ection at a vertical wall is the occurrence

of a double peak in the pressure build-up at the wall (Cooker et al. 1997, Chen et al. 2019). This
was also observed in the experiments conducted for this study. Similar to Chen et al. (2019), Fig.
4 shows the pressure development over the normalised time ¹C� C0º•g with time C, designated
reference time C0, and g =

p
� •6. The di�erence between a sensor’s measured water pressure ? and

its initial still water pressure ?0 is normalized with the hydrostatic still water pressure at the channel
bottom ?�H3A = d6� . The double-peaked pressure development is distinct for large Y, while the
e�ect decreases for higher I • � and smaller Y. For large Y, there is local pressure minimum between
the total and the second-peak maxima. These observations agree well with Chen et al. (2019),
although slightly di�erent parameter combinations were investigated.

In Fig. 5(a), the maximum normalized forces � 0
=>A<–<are plotted against the relative wave

amplitude Y. The experimental data of the maximum normalized water force was approximated
(A2 = 0•996) with:

� 0
=>A<–<= 2•15 tanh¹Yº ¸ 0•5• (7)

The deviations shown in Fig. 5(b) scatter between = 1.7% and +4.7%.
Figure 6 shows a comparison of the normalized pressure force and run-up height for the run-up

experiment with Y = 0•5. The moment of maximum force occurs before the maximum run-up
height is reached. In all experiments, the maximum run-up height occurs shortly after � <0G. Figure
7 shows the corresponding video stills for selected time points including SWL conditions, the
moment of the maximum force � <0G, and the maximum run-up height ' <0G overlaid with the
approximated pressure distribution. The pressure distribution features a slightly convex pro�le.
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Fig. 4. Relative water pressures of solitary wave run-up experiments with Y = 0•3 (left) and
Y= 0•65 (right) measured at di�erent relative vertical positions I • �

The run-up heights for the maximum of the second force peak and the local minimum between the
two peaks are very similar and visually less distinguishable than their respective forces and were
therefore not included in Fig. 7.

In addition to Eq. (7), a relation between the relative lever arm I B/� of the maximum acting
horizontal water force and the relative wave amplitude has been approximated (A2 = 0•997) with:

I B

�
¹� 0

=>A<–<º = 0•65 tanh¹Yº ¸
1
3

• (8)

Equation (8) and the measurements are also shown in Fig. 5, with their deviations ranging from
= 1.1% to +3.6%.

Overtopping
The characteristic double-peaked pressure distribution for solitary wave run-up at a vertical

wall was only observed for overtopping experiments with small relative water depths � •F featuring
an extended run-up phase with eventually only little water overtopping. With decreasing � •F
and increasing overtopping water volume, the second peak gets less and less pronounced. This
observation is shown in Fig. 8 for a relative wave amplitude of Y= 0•55, where the decrease of the
second peak occurs at � •F = 0•6. For � •F = 0•9, i.e. decreasing freeboard 5, the relative pressure
values recorded at all sensors reach a similar magnitude (Fig. 8). While at a vertical wall the water
mass reaches a stagnant point between the run-up and run-down phases, wave overtopping involves
a continuous �ow process comparable to a highly unsteady weir over�ow.

Similarly to run-up, the maximum normalized water forces acting on the structure were investi-
gated for the overtopping experiments. Note that compared to the run-up experiments at a vertical
wall, the setup with the dam-like structure allowed for overtopping. However, for small Yand � •F ,
' did not exceed 5 and no overtopping occured. Fig. 9 shows measured � 0

=>A<–<for � •F between
0.5 and 1.0 with the data fanning out as a function of � •F . As the forces are normalized with the
hydrostatic pressure at still water conditions, small � •F imply a longer run-up phase before the
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water masses eventually overtop compared to � •F = 1•0, i.e. no freeboard. For an extended run-up
phase, larger portion of the wave’s overall force is guided into the structure. The measurements

10



012345
p [kPa]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
SWL

012345
p [kPa]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
Fmax

012345
p [kPa]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

z 
[m

]

Rmax

Fig. 7. Solitary wave run-up photos and measured water pressure distribution for � = 0•3m and
Y= 0•5

10 5 0 5 10
(t t0)/

0.2

0.0

0.2

0.4

0.6

0.8

(p
p 0

)/
p h

yd
r

z/h = 0.99
z/h = 0.13

z/h = 1.22

z/h = 1.46

h/w = 0.6

10 5 0 5 10
(t t0)/

0.2

0.0

0.2

0.4

0.6

0.8

z/h = 0.97

z/h = 0.08

z/h = 0.66

h/w = 0.9

Fig. 8. Relative water pressures of overtopping experiments with Y = 0•55, measured at di�erent
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of � •F = 0•5 closely match the run-up measurements at a vertical wall, implying a lower limit of
� = 0•5F . While all experiments without overtopping may already be described by Eq. (7), the
experiments with overtopping have to be considered separately depending on � •F . The two cases
of run-up and overtopping may be distinguished with a threshold value Y<8=, which describes the
minimum relative wave amplitude before overtopping occurs. At this Y<8=, the wave run-up ' just
reaches the top of the dam, so that ' ¸ � = F . Inserting ' = F � � into Eq. (1) and solving it for
� with V = 90� , yields the threshold Y<8=. The analytical solution, however, contains a Lambert ,
function which appears unpractical for engineering purposes. A very close approximation with a
maximum absolute deviation of +2.7% is thus proposed with

Y<8= = � 0•5
�

�
F

� � 0•25

ln
�

�
F

�
for V = 90� • (9)
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No overtopping occurs as long as Y � Y<8=, in which case Eq. (7) may be applied. To include
potential overtopping, Eq. (7) was extended to (A2 = 0•996)

� 0
=>A<–<=

8>>><

>>>
:

2•15 tanh¹Yº ¸ 0•5 for Y � Y<8=

2•15 tanh¹Y<8=º ¸ tanh

 

1•3¹Y� Y<8=º
�

�
F

� � 0•4
!

¸ 0•5 for Y ¡ Y<8=•
(10)

Equation (10) extends Eq. (7) depending on the threshold value Y<8= with a second term which
considers the overtopping process, resulting in a function with an in�ection at Y = Y<8=. Figure 9
shows Eq. (10) and the measured force for all examined cases of � /F with and without overtopping,
as well as the deviation between the measured and predicted values. The deviations shown in Fig.
9 range from = 6.3% to +5.2% with a median at = 0.7%. With a 2.5%-quantile at = 4.0% and a
97.5%-quantile at +4.6%, 95% of all measurements scatter approximately within � 5% from Eq.
(10).

Figures 10 and 11 show a comparison of the normalized pressure force and the overtopping
�ow depth above the dam crest for the overtopping experiment with Y = 0•5 and 0.9, respectively.
In both cases, the moment of maximum force occurs before the maximum overtopping �ow depth
30 is reached. Figures 12 and 13 show the corresponding video stills for SWL, � <0G, and 30
conditions overlaid with the approximated pressure distribution. Although overtopping occurs, the
resultant force of the almost triangular pressure distribution for � •F = 0•6 in Fig. 12 is very similar
to the run-up case (Fig. 9). For � •F = 0•9, the pressure distribution features the shape of a right
trapezoid.

For the center of pressure, a similar approach to Eq. (10) was applied. Based on Eq. (8) and
Eq. (9), a case-dependent set of equations is proposed to approximate (A2 = 0•989) the relative
center of pressure with

I B

�
=

8>>>><

>>>>
:

0•65 tanh¹Yº ¸
1
3

– for Y � Y<8=

0•65 tanh¹Y<8=º ¸ tanh

 

0•1
p

Y� Y<8=

�
�
F

� � 0•5
!

¸
1
3

– for Y ¡ Y<8=

(11)

Figure 14 shows Eq. (11) and the measured centers of pressure for all � •F with and without
overtopping, as well as the deviation between the measured and predicted values. The deviations
seen in Fig. 14 scatter within = 4.8% to +3.2% with a median at +0.5%. The 2.5%- and 97.5%-
quantiles are = 4.0% and +3.1%, respectively, i.e. 95% of all measurements scatter around Eq. (11)
within this range.

DISCUSSION
The observation of the distinct double-peaked pressure evolution for Y ¡ 0•5 (Fig. 4) provides

a qualitative agreement with previous studies (e.g. Chen et al. 2019). According to Shao (2005),
the double peak is a result of interactions between hydrostatic and dynamic pressures. For large Y,
vertical acceleration during both wave run-up as well as run-down increases the dynamic pressure
component in addition to hydrostatic pressure (Cooker et al. 1997). The local minimum between
the two pressure peaks is caused by the water column’s state of partial rest upon reaching ' <0G(Fig.
6). Grilli and Svendsen (1990) remark that shortly cycled double wave force maxima represent a
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Fig. 9. (a) Maximum normalized horizontal water force � 0
=>A<–<versus Yfor solitary wave run-up

and overtopping, (b) deviation between the experiments and Eq. (10)
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solitary wave run-up and overtopping, (b) deviation between the experiments and Eq. (11)

strong loading scenario for hydraulic structures. Due to lower vertical acceleration, the hydrostatic
pressure component predominates for small Y, leading to a single peak.

Figure 15 shows a quantitative comparison of the maximum normalized force � 0
=>A<–< for

solitary wave run-up at a vertical wall with previous studies. This study’s experimental results
closely match the experiments by Ramsden (1996). All prediction equations are intentionally
applied between 0 � Y � 0•7, although this range exceeds their respective experimental limitations.
The simulations by Cooker et al. (1997) are shown with a line plot connecting their numerical
data points. For Y Ÿ 0•5, the measurements and most prediction equations agree well except for
Eq. (4), which yields larger forces. For Y ¡ 0•5, the spread increases and Eq. (4) features an
opposite trend by increasingly underpredicting the measurements. Due to its formulation, Eq.
(5) (IWM) approaches � 0

=>A<–< = 0 for Y = 0•66, which is only slightly higher than its upper
limitation Y = 0•6. Without predominantely over- or underpredicting, the newly proposed Eq. (7)
yields the most balanced representation of the measurements and features a comparatively simple
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mathematical expression.
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Fig. 15. Maximum normalized force � 0
=>A<–<for wave run-up at a vertical wall versus Y

In Fig. 16, � 0
=>A<–<for solitary wave run-up (Y � Y<8=) and overtopping (Y ¡ Y<8=) at a vertical

dam is shown for Eq. (6) (IWM) and the newly proposed Eq. (10). The data split up in two plots
for better readability. Compared to Eq. (10), the IWM overestimates the force acting on the dam
for all relative water depths � •F , with an increasing o�set for larger � •F . The deviations between
the experimental data and the IWM equation vary between = 2.5% and +13.9% with a median
at +6.2%. Similar to run-up, the IWM’s results are peaking between Y = 0•55 and 0•6 before
decreasing again. For Y= 0•6, the IWM and Eq. (10) match closely.

Earthquake loads represent the critical loading scenario for assessing the structural safety of
most large dams, even in regions of low and moderate seismicity (Wieland 2014). To illustrate
the order of magnitude of the forces induced by solitary wave run-up/overtopping, a comparison
to the hydrodynamic forces exerted by a reservoir’s water mass during earthquakes is made.
The earthquake load by the impounded water mass is estimated with the pseudo-static approach
by Westergaard (1933) considering the hydrostatic pressure component as � 0

�–�H3A = 0•5dF 6� 2

and the additional parabolic horizontal pressure force component stemming from �uid structure
interaction at the dam per unit width as

� 0
� =

2
3

n� 0� dF 6� 2 (12)

including the variable earthquake coe�cient
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n� =
0•816

s

1 � 7•75
�

�
1000)

� 2
(13)

as well as the relative horizontal acceleration 0� , the water density dF , the gravitational acceleration
6, the still water depth � , and the oscillation period ) (Rescher 1965). The equivalent wave
amplitude �Y is introduced and corresponds to the relative amplitudes of solitary impulse waves
for partial reservoir �lling levels between � •F = 0•5 and 1•0 exerting a force equivalent to the
maximum total earthquake force, i.e. the sum of � 0

�–�H3A and � 0
� , on dams impounded to full

supply levels at � •F = 0•95, i.e. featuring a freeboard of 0•05F . Provided that dams are generally
designed to withstand earthquake loading scenarios, Y ¡ �Ycould induce forces exceeding the dam’s
design scenario and potentially impair its structural safety. To obtain �Yas shown in Fig. 17, � 0

�–�H3A
and the additional earthquake load � 0

� were �rst calculated with the pre-dimensioning values 0� =
0.05, 0.1, and 0.15, i.e. the horizontal accelerations are 5%, 10%, and 15% of 6, respectively, and
) = 1s (Rescher 1965) for � •F = 0•95. This range of values for 0� corresponds to moderateto
strongperceived shaking according to the modi�edMercalli intensity scale (Wald et al. 2005). Note
that the pseudo-static approach is a good proxy for seismic loadings from horizontal accelerations
below 0.1 to 0.156. For stronger accelerations, a dynamic approach adopting e.g. �nite element
methods (FEM) would be required. In the following step, the relative wave amplitude Y in Eq.
(10) was iteratively adjusted for 0•5 � � •F � 1•0 so that the maximum force induced by wave
run-up/overtopping became equal to the earthquake force for � •F = 0•95, i.e. � 0

< = � 0
�–�H3A¸ � 0

� .
Note, that inertia forces on the dam structure during earthquakes were not considered for this
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comparison, as these are generally more than an order of magnitude smaller than the corresponding
hydrodynamic forces, even for a gravity dam. Therefore, this �rst-order comparison errs on the
side of caution as dams are designed to also take the additional inertia load. As shown in Fig. 17,
�Y is constantly larger than Y<8= for 0� = 0.1 and 0.15, i.e. overtopping would always occur. For
0� = 0.05, �Ybecomes smaller than Y<8= for values of � •F = 0.79 and larger. The ratio of Y<8=• �Y
reaches a maximum of approximately 160 at � •F = 0.97, after which it rapidly decreases to zero.
For small � •F , very large �Y are necessary to exert loads similar to those by an earthquake at full
supply water level. For � •F � 0.55, �Ymay even exceed the breaking criterion for solitary waves
at Y = 0•78 (indicated by the dotted line style). For increasing � •F , �Y becomes smaller. While
�Y varies slightly for di�erent dam heights, the dam height appears to have only a minor e�ect in
general. Nevertheless, for scenarios with little to no freeboard (� •F ¡ 0•9), even impulse waves
with small amplitudes (Y Ÿ0.1) may therefore already exert potentially critical loads on a dam with
a close-to vertical upstream face. For concrete dams, a slight overtopping might still be allowed
if not resulting in major �ooding downstream; in contrast, embankment dams made of erodible
material such as earth- or rock�ll must generally not be overtopped to avoid dam breaching. It is
consequently advisable to keep displaced water masses within the reservoir and to avoid impulse
wave overtopping as far as possible, e.g. by a pre-emptive lowering of the water level. However,
note that a rapid drawdown may act as a trigger for the failure of partially submerged slopes
as demonstrated by the Vajont event (Paronuzzi et al. 2013). To assess the extent to which the
freeboard has to be increased to keep the exerted forces within acceptable limits, Eq. (10) requires
the incident wave amplitude as an input parameter. Impulse wave amplitudes can be estimated with
generally applicable equations frommodel tests (e.g. Heller and Hager 2010, Mohammed and Fritz
2012, Bregoli et al. 2017, Evers et al. 2019a, Evers et al. 2019b), prototype-speci�c model tests
(e.g. Davidson and Whalin 1974, Fuchs et al. 2011), or well-benchmarked numercial simulations
(e.g. Zweifel et al. 2007, Xiao and Lin 2016, Kim et al. 2020, Ghaïtanellis et al. 2021, Paris et al.
2021, Rauter et al. 2022).

In the above-stated assessment of the impulse wave overtopping event at Pontesei dam, Carlo
Semenza praised the capacity of the dam’s curved structure to withstand exceptional stresses. The
extreme overtopping depths of the Vajont event generally support this assumption. Considering
F = 93 
m for the Pontesei dam, a freeboard of 3 m, and the information that the reservoir level
was 13 m below its maximum (Walters 1971), a still water depth � = 77m on the day of the event
may be assumed. To induce overtopping depths at the almost vertical dam of a "few meters above
the parapet" (parapet height � 1.5 m) as stated by Semenza, Y = 0•14with ' = 22•8 m (Eq. 1) is
estimated. ' consequently exceeds the parapet top by 5.3 m. However, this is a theoretical value
as ' only applies to wave run-up at an in�nite wall. The actual maximum �ow depth 30 (Fig.
2b) during overtopping would be smaller (Kobel et al. 2017). For � •F = 77•93 � 0•83 and an
assumed relative horizontal acceleration 0� = 0•1, Fig. 17 yields �Y � 0•11, i.e. a similar magnitude
as Y = 0•14. However, considering Semenza’s statement (see Introduction), even for a "straight
gravity [...] dam" the forces exerted by impulse wave overtopping similar to the Pontesei event
appear to be within those of an earthquake.

CONCLUSIONS
In this study, the forces exerted on a damwith vertical upstream face by solitary wave run-up and

overtopping were investigated with hydraulic laboratory experiments. First, run-up experiments at
a vertical wall were conducted and resulting forces were derived by integrating discrete pressure
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Fig. 17. Equivalent relative wave amplitude �Y, minimum relative wave amplitude for overtopping
Y<8=, and Y<8=• �Yversus � •F (for 0� = 0•05–0•10–0•15 and F = 100m)

sensors measurements. Second, the vertical wall was replaced by a vertical dam-like structure
allowing for wave overtopping in case the run-up exceeded the dam crest elevation. In this second
test series, the still water depth was varied in addition to the wave amplitude to investigate the e�ect
of freeboard. The experimental data was approximated with equations allowing for the prediction
of the maximum horizontal force and the center of pressure both for solitary wave run-up and
overtopping. The main �ndings are:

� While the water pressure development on structures with wave run-up shows two distinct
asymmetric pressure peaks, the second pressure peak disappears for cases with strong
overtopping.

� The maximum wave force loading on the structure occurs before the maximum run-up
height or overtopping �ow depth is attained.

� All measurements scatter within a maximum of –7% around the proposed equations for
the maximum wave forces and their respective centers of pressure for both run-up and
overtopping.

� For small freeboards (i.e. � •F ¡ 0•9), small relative wave amplitudes Y Ÿ0.1 may already
exert forces similar to those of earthquakes based on pseudo-static calculations.

DATA AVAILABILITY STATEMENT
Some or all data, models, or code generated or used during the study are available in a repository

online in accordance with funder data retention policies (Hess et al. (2022):
https://doi.org/10.5281/zenodo.5814716).
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NOTATIONS
The following symbols are used in this paper:
0 = wave amplitude (m);
0� = relative horizontal acceleration (-);
1: = dam crest width (m);
3 = wave overtopping �ow depth (m);
30 = maximum wave overtopping �ow depth (m);
� 0

� = parabolic horizontal water pressure force per unit width due to earthquake loading (N/m);
� 0

�–C>C= horizontal pressure force per unit width (N/m);
� 0

=>A<= normalized total horizontal pressure force (-);
� 0

=>A<–<= maximum normalized total horizontal pressure force (-);
6 = gravitational acceleration (m/s2);
� = still water depth (m);
? = water pressure (kPa);
?0 = initial still water pressure (kPa);
?�H3A= hydrostatic water pressure (kPa);
A2 = coe�cient of determination (-);
' = wave run-up height (m);
BD–<0G= maximum pressure standard deviation (Pa);
C= time (s);
C0 = designated reference time (s);
) = oscillation period (s);
F = dam height (m);
I B= Center of pressure (m);
Y= relative wave amplitude (-);
Y<8== minimum relative wave amplitude for overtopping (-);
�Y= equivalent relative wave amplitude (-);
n� = variable earthquake coe�cient (-);
g = temporal normalization factor (-);
bC>C= total stroke length (m);
dF = density of water (kg/m3);
IWM = Impulse Wave Manual (Evers et al. 2019b);
PS = Pressure Sensor;
SWL = Still Water Level;
UDS = Ultrasonic Distance Sensors.
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