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ABSTRACT

This study comprises the analysis of bores, ariimm overtopped waves at sea dikes and the subsefupacts on a
vertical wall at the end of the promenade on tothefdike. Physical experiments were conductetiénntave flume facility
at Ghent University. Layer thicknesses, velocitesl the impact forces on the storm wall were megsWVhereas the
overtopping of storm walls is a well described ptraena, the actual loads causing potential damagekeostorm wall,
remain less well investigated. In this study, thddérent impact types based on the force sighaps were distinguished
and related to bore characteristics using videtyaisa The different impact types were named ‘gisaatic/down-rush bore
impact’, ‘dynamic bore impact’ and ‘pulsating bamgpact’. A large amount (86%) of the impacts wessigned to the ‘quasi-
static/down-rush bore impacts’ type with a doul#alpforce shape and a dominant second force pagkedfmore, the layer
thicknesses and velocities of the bore on the pnamie were compared to the measured forces at thdowandividual
impacts. It became clear from this analysis thefalyer thickness in front of the wall showed tlesttrorrelation to the forces
on the wall.
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1 INTRODUCTION AND OBJECTIVES

The coastal area worldwide is comparably densepufaded and in 2000 half of the major cities comgtimore than
500,000 inhabitants are located within 50 km of tleastline (UNEP, 2006). The attractiveness ofdbast leads to an
increased number of buildings and assets closedatbastline. At the same time, the sea level @seb an increased
storminess is expected in the future. As projeatethe latest synthesis report of the intergovemtalepanel on climate
change (IPCC) the global sea mean level rise witeed the observed rate of 2 mm/year (1971-201@)er1st century
(IPCC, 2014). When vulnerability in the coastalaarnd probability for flooding increase, the rigk finhabitants,
accompanying industry and infrastructure also ggesThis is especially true for countries with leapographies compared
to the sea level, such as Belgium.

It was shown that 1/3 of the Belgium coastline @ properly protected against severe storm surglesténs et al.,
2008). Structural coastal protection measures, aadikes and storm walls, are commonly designedaaeessed based on
a reduction in overtopping (Verwaest et al., 20hby, taking into account the hydrodynamic loadsobgrtopped waves.
Overtopped wave loads on storm walls, buildings@eaple have scarcely been measured resultingaokaf generic design
guidance (Eurotop, 2007). Overtopping wave loadshma severe hazard to people and objects expGsedaerts et al.
(2005) found overtopped wave loads on a dummy peicde 8.8 kN, with accompanying overtopping &f #j1/s/m. This
is a rather high value compared to a 140 N slippmg for pedestrians proposed by Endoh and Takhh@ 994). Allsop et
al. (2005) pointed out that the loads due to oyrrénl waves can be very large and are not negligible

Along the coasts of low-lying countries, buildirg® constructed at the end of wide-crested dikeswatments, like in
Belgium. This setting makes it possible for turlmtileores, which result from waves running up anermpping the crest, to



cause severe impacts on these structures. The thedto the impact of the these bores need to édigted to enable a
reliable design and protection from failure. Thggbal processes and conditions of bore formatiahtheir variation over
the promenade to final interaction with a secondtafense structure or building are barely investidaand not completely
understood (Allsop et al., 2004). Hence, this stiodyises on the analysis of such impacts on thensill, situated on top
of a dike. Furthermore the bore characteristiggefléhickness and velocity) are analyzed and cated|with the force on the
wall. This will enhance the understanding of pastrtopping flows and impact behavior on a storm v@pecified objectives
are as followed: (1) to identify typical impact ggpof a bore hitting the storm wall by analysigtaf force signal; (2) to
relate the impact types to bore characteristicthbyhelp of video analyses; (3) to study the lahekness and velocity of
the bores; and (4) to correlate layer thicknessvahatity with the force.

2 PREVIOUS RESEARCH

Layer thicknesses and velocities of overtoppingvflcon seaside promenades were experimentally aatdfically
determined for a set-up without a wall on the proate (Hughes et al., 2012; Schittrumpf and Oume2@6b). They found
that the maximum velocity did not necessarily caeavith the maximum layer thickness of the ovepiopg flow. Also, they
point out that maximum velocities are measuretiaftont of the overtopping flow. This was suppdrby Van der Meer et
al. (2010) stating that the front velocities reprged well the maximum velocity averaged over thgtil.

The influence of a wall on the post overtoppingvfiwas studied by Chen et al. (2015). The term ‘wHkct’ was used
to describe the effects of the wall on the flowisTas the reflection of the flow at the wall atslinteraction with subsequent
incoming flows. They found that the overtoppingiland the final impact at the wall was comparablstnami bore impacts
on buildings or broken overtopped wave impactstomswalls on top of rubble mound break waters.

Bubble image velocimetry was used by Chen et 8142to extract velocity information from the tutéunt bore passing
over the promenade. Interaction and wet-bed saharere distinguished and the analysis done folather one. 4 stages of
impact were defined: (1) during pre-impact the hoas travelling and transforming over the promenadier that (2) initial
impact was assigned from first impact of the bgrget over the impact of the main water body u¢8)l continued deflection
lead to upward movement of the water mass. Durgfigction (4) the upward deflected water startedatband due to
blocking of the wall travelled in the opposite ditien.

Bore characteristics and impacts in a wave flumeevgéudied by Ramsden (1996) using a laser-indtluedescence
system to record the incoming bore profiles. Thisjimguished undular and strong turbulent boredyf&e main difference
was the bore front which became steeper and madoal&nt in the latter case. The steeper the bom fsrecame the larger
run-up and impact forces were measured. Basedeorutiiup on the wall and the hydrostatic load theryved an empirical
formula to predict the forces on the wall. Additadiy they found that the maximum run-up height dat coincide with the
maximum quasi-static force peak, but occurred esairi time.

Prototype tests of overtopped wave loads on acatnvall were carried out by (De Rouck et al., 20Bd@machandran
et al., 2012) in the ‘Grosser Wellenkanal’ (GWK)rtaver. The layer thickness of the bore was detexdhby a wave gauge
located on the promenade. The velocity was obtalyetthe time the bore traveled from one wave gaagle next on the
promenade. Knowing the distance between the wavgega an average speed could be obtained. It wad fhat multiplying
the maximum layer thickness and velocity gave thst lzorrelation with the measured force. They edtia stochastic
behaviour of the measured forces between tests wméhtical conditions. Possible reasons were termeés on the
promenade, interactions of incoming waves withe@ftd waves, residual water layers on the promeiaadeair entrainment
in the overtopping waves.

A test campaign featuring the overtopping simuléamodel the impact of overtopping wave volumesatorm wall
was conducted by Van Doorslaer et al. (2012). Flepths and flow velocities were measured by me&aspotentiometer
and paddle wheels respectively. An empirical refahip between the measured flow depth, velocity, the load on the
storm wall was found.

In most studies a double peak impact shape was\@zse the force signal (Chen et al., 2012; Chieal.e 2014; De
Rouck et al., 2012; Ramachandran et al., 2012artbe compared to the double peak shape deséniliaitenhaus and
Oumeraci (1998) to classify wave loading on vettsteuctures. The first peak is typically assignea dynamic impact of
the moving bore being blocked by the structure.imyudeflection and reflection of the bore a dominaxfluence of the
second peak is observed. The physical reason ésdloond peak is discussed controversially. litfeeeassigned to a
hydrostatic force, due to the water in front of il (De Rouck et al., 2012) or to the down-ru$hvater after run-up and
blocking of the wall in one direction (Chen et a012; Martin et al., 1999; Ramsden, 1996). Thetargued that the second
force peak is situated after the maximum run-uginie and therefore cannot be directly assignedrtaaimum water layer
in front of the wall.



3 EXPERIMENTAL SET-UP

Physical experiments were conducted in the 30 rg,la m high and 1 m wide wave flume at Ghent Brsity in
March 2015. The waves were generated by a pistoa Wave paddle equipped with & drder reflection compensation
mechanism (Figure 2a). The wave paddle took 3.18 the flume length, therefore an operational langftabout 27 m can
be used. This was a decisive factor since a géotéshore to accurately model the wave transfoonagirocesses was
constructed (Figure 2b). The foreshore had a stéde35, followed by the dike with a 1:2 slope. Atilthally a 10 m wide
promenade in prototype scale was attached to tke atiest (Figure 1). The crest elevation and witesl were varied
resulting in freeboardsetween 1 m — 3 m. The scale of the model testslu2b. The foreshore was built of concrete and
the dike and promenade were constructed in wooe 183t set-up was varied slightly by removing tladl an the promenade
to measure the undisturbed flow characteristidsooés on the promenade.
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Figure 1: Cross section of wave flume with model seip

An irregular Jonswap wave spectrum with peak entraent factoy = 3.3 was used during the tests. An offshore wave
spectrum with 1000 waves was created with diffespgctral wave heightsstbetween 2 m and 4.75 m (prototype units).
Related peak wave periodg fanged between 8.5 s and 13.2 s. The resultingrspevave heights at the dike toe ranged
between 0.53 m and 2 m (Table 1). Due to wave lmgatn the shallow foreshore long waves were foanthe dike toe
location.

Table 1. Experimental set-up. Model and wave paranmers (prototype units)

Scale H Tp hott htoe Rc o m B
[] [m] [s] (m] [m] (m] [ [ [m]
1:25 2-4.75 8.5-13.2 16.3-17.3 0.3-1.3 1-3 1:2 1:35 10

Measurements of the waves were taken at four lmesitalong the flume. The recording system DHI Wawglifier
102E was used, including typical resistance typeewgauges. Theslset of wave gauges was located near the paddle and
served as an input for the active wave absorptstes of the paddle. Thé®set consisted of three wave gauges and was
installed in an offshore location and was usedistrjuish incident and reflected waves using tlethod of Mansard and
Funke (1980). The'8set of wave gauges was set-up at the dike todidmcand provided the necessary information about

Figure 2: Piston wave paddle (a), waves breaking shallow foreshore (b), the geometrical set-up dikpromenade-wall is
equipped with flash-mounted layer thickness gauges and metal measurenigiate attached to a load cell (c), rigid supporbf load
cell and measurement plate to the back of the flumgl)

water elevation in front of the dike structurectinsisted of two gauges placed in flume directidkbOn apart from each
other. The ¥ set of wave gauges was flush mounted on top optbenenade (Figure 2c). The first wave gauge on the
promenade was 0.05 m, the second one 0.2 m arnfitdeone 0.35 m landwards of the crest, respéegtiviehe third wave
gauge was also mounted 0.05 m in front of the Widde sampling frequency of the gauges was 40 He.Wdll itself was



equipped with a 3 kg load cell of the 1042 modelTiegea-Huntleigh. The width of the measuremenepddtached to the
load cell was 0.1 m and the load cell was suppdnied steel beam fixed to the end of the flumertwide a very stiff
structure (Figure 2d). To measure the forces ansgi@uge, bonded to the load cell, was used toexdive deformation force
into an electrical signal. The electrical resistant the strain gauge will change based on mechhdaformation. For the
load cell a sampling frequency of 1000 Hz was ukedyn to provide robust enough results (Oumergal.e1993).

4  ANALYSIS AND RESULTS

4.1 Methodology

11 tests with different dike heights, wave and wate
level parameters were chosen for analysis. Thelyaallin Bore creates an impact > 0.5 N
common that from initially 1000 waves only a ceamnta
number overtopped the dike crest and led to a post
overtopping bore, which eventually impacted thelvaal
the end of the promenade. This study focuses on the §
characterization of post overtopping flow impa¢igence
it is relevant to describe the selection of bores the
analysis but not the chain of parameters leadinghé&
creation of the same (e.g. foreshore slope, dikgesidike
height, freeboard, wave parameter, etc.). Whercsete yes no
bores for further analysis a semi-automatic apgrassing l
the MATLAB® software was applied. For bett
comparison, the signal of the layer thickness gaogethe Detect next bore
promenade, the load cell signal, and the videordieg
were synchronized in time. From the synchronized
measurements only bores were selected which agtuall
created an impact at the vertical wall. This imgaad to
exceed a value of 0.5 N in model scale and is there Bore chosen
equivalent to the hydrostatic force created by Gl ®
water layer in front of the wall. This is also saiént to
clearly distinguish the impact from any noise ie fbrce
signal. Due to the complex interactions of incomargl
reflected bores on the promenade only discreteshoese
chosen for the analysis. Discrete in this contesicdbes either a single bore approaching the prnadeor the first bore of
a group of bores. No residual water layer on tlenemade and no reflected bores were includedsratialysis. A maximum
of 0.005 m residual water layer on the promenadaléaved for a minimum of 1.5 s in order to seldwt next bore for
analysis. The chosen thresholds and limitationghferdiscreet bore were expected to be on thesgigesince residual water
layers on the promenade and interactions with eceftebores should damp the energy of the incomargsh The chosen
bores were approved by manually checking the cimmditfor each event from force and layer thickmasssurement. The
selection procedure as described above is sumrdariZeigure 3. In total, 776 individual bore impacemained after this
selection process for further analysis, includimg ones related to the highest measured impacts.
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Figure 3: Selection procedure of bores for analysis
(measures in model scale)

4.2 Impact case

The analysis of the force signal is done usingd-tiieavis software package. A timeframe for analisiassigned to each test
and an individual frequency filter defined. The bisao filter out all frequencies which cause mois the signal. The noise
in the signal is caused by high frequencies. Timgl lnéi high frequencies is filtered out in the freqay domain and a smoother
signal is the result. At the same time the sighalutd keep its original shape and dimension asdsegtossible. In general,
detecting the highest values is important sinceeaheave the highest impact on buildings and stoaftswHence, the peak
values after filtering were obtained for the sedeldbores. The load cell is attached to a 0.1 m widtl plate. The total force
values were therefore divided by the width of thatgin order to receive the force per meter widihpecially, for low
impacts it is not obvious to distinguish a peaksealby an impact and noise. A video comparison skdawat the selected
events above 0.5 N are easily distinguishable filmemoise in the signal. Typically the force signas a double peak shape.
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Figure 4: Impact cases of load cell measurement. §Pamic bore impact’ (left), ‘quasi-static/down-rushbore impact’
(middle) and ‘pulsating bore impact’ (right)

The first peak is commonly referred to as dynamipact force and linked to high speed and steegstéphe impacting
bore (Ramsden, 1996). Whereas the second pealeisato as the quasi-static impact force andelihto the hydrostatic
pressure of the water layer in front of the walthAugh there are other approaches in literatuysngahat the second peak
may result from the down-rush of the water afteximam run-up (Ramsden, 1996), also referred te#isating pressure or
down-rush impact. This question can only be resblith fully synchronized run-up and force measugata to better
understand the correlation between fluid motion iamphct

histories near the wall. The double peak shapbefdrce

signal is subdivided into two cases where eitherttor the

2" peak is higher (Figure 4, left and middle). Sinoky the

maximum force values are retrieved by the Ldavisisoe,

the information whether the maximum force is foadhe

15t or 2 peak is of importance because of the differe

underlying physical processes. The distinction faitlilitate

the analysis and theoretical description of imgantes at

vertical walls. If the ratio fover K would exceed the value

of 1.2 the impact case is considered ‘dynamic bopact'. 86%
For all lower ratios the impact case is considetpahsi-

static/down-rush bore impact’. A third type of fersignal

shape is identified where no distinct peak is dettand a

rather smooth ascending and descending trend &b [ Quasi-static/down-rush
(Figure 4, right). This type is referred to as §ating bore Pulsating

impact’. In total the analysis is based on 776 vitial C_Joynamic

impacts, where 6% are considered ‘dynamic boreastsp. Figure 5: Distribution of bore impact cases

The majority of 86% is considered ‘quasi-static/demish

bore impacts’. The remaining 8% are assigned tisgting bore impacts’ (Figure 5). For the ‘dynarare impacts’ a high
frequency oscillation of the signal after the firsipact is observed. This is probably due to puigaair bubbles entrapped
between the impinging wave and the wall, which@mpressed by the subsequent flow. The presensacbfair bubbles
can only be validated by video analysis. Anothasom for the oscillation in the signal could betedl to the Eigen frequency
of the structure which is not filtered out from tignal.

4.2 Bore type identification

From the force signal three different impact casese distinguished. Knowing the time signal of thipacts, the related
video sequence was found and analyzed with thetizgeto look for differences between the ‘dynatmice impact’, ‘quasi-
static/down-rush bore impact’ and ‘pulsating banpact’ case. The studied criteria were the bonetfsteepness and run-up
characteristics, air entrainment between wall amgifnging bore, as well as the volume of the watetyb

First, the ‘quasi-static/down-rush bore impactstevstudied. Since they comprise the majority ofaetp (667 events), only
selected video analysis was performed. The reldtizb sequence to Figure 4 (middle) is displayeBigure 6. The impact
stages were comparable to the one presented by &heh (2014). During pre-impact, the bore wasdling and
transforming over the promenade (Figure 6a). Falbly the initial impact of the bore tip until timepact of the main water
body (b). The foamy bore front is impinging agaiting wall, compressed continuous deflection leadstupward movement
of the water mass (¢ and d) until the water startmll (e) and due to blocking of the wall movestiie opposite direction
again (f). This is a rather typical behavior of gfast overtopping flows and turbulent bores.

The 46 ‘dynamic bore impacts’ were analyzed neke ffames extracted from video analysis for theadyic impact in
Figure 4 (left) are displayed in Figure 7. The ngisking difference to the ‘quasi-static/down-rustre impacts’ described

8%




above was that the main water body of the incorbimrg was interacting with the already reflecteceligy. The reflected tip
of the bore is seen in Figure 7(a). The main wabely was then deflected upwards already beforeviilie(b) and breaking
against the wall under inclusion of an air pockeaifd d) was observed. The process of wave breakihgling entrapped
air, is comparable to plunging wave breaking atedtigal wall and the according dynamic force shapedescribed by
Oumeraci et al. (1993). This phenomena was fourtuetthe case for 73% of the ‘dynamic bore impadibe remaining
‘dynamic bore impacts’ (27%) which showed no intticn with a reflected bore tip and were relatedhigh velocities of

Figure 6: Turbulent bore related to ‘quasi-static/dwn-rush bore impacts’ (time between frames 0.0842.5 Hz)

the incoming bore, a steep bore front and largerlthickness. In addition, the bores related tmatyic bore impacts’ follow
the same order of processes: transformation oegpribmenade (@), initial and main impact on thd (e compression and

upward deflection (d), falling water body and reflen (e and f) in the opposite direction as ddstifor ‘quasi-static/down-
rush bore impacts’.

The third impact case, ‘pulsating bore impacts'rewmainly related to shallow layer thicknesses. Slbpe of the bore
front became very gentle and was hardly differemnfthe slope of the following water body. The bai@s approaching the
wall and rose smoothly upwards, was deflected afidated in one movement. No falling water massesevobserved and
the bore was able to travel freely in the oppoditection again. This also meant that no subsequeter was passing over
the crest which would have pushed the water mdseger time against the wall. It must be said, that transition from
bores related to ‘quasi-static/down-rush bore ingamnd ‘pulsating bore impacts’ was rather smaottl sometimes hard to
distinguish from the video signal alone. Therefbseemed necessary to consider more parameterdénto better classify
these three bore types. Here the analysis of thyetnesses and velocities of the bores becomeriapo



Figure 7: Plunging turbulent bore related to ‘dynamic bore impacts’ ( time between frames 0.12 s, 12t¥)

4.3 Layer thickness and velocity

The layer thickness was measured by resistancewsgpe gauges flush-mounted along the promenad®tdhthree
gauges were installed from the crest until the walmbered WG 1 to WG 3, respectively. The lay@kiiess was measured
for unobstructed flow (no wall installed on the renade) and obstructed flow (wall installed ongr@menade). This means
the identical wave spectrum was repeated and thediffierence between the tests was the preserfzstr(ected flow) or
absence (unobstructed flow) of the wall. Measuréméor a single bore at time 1046 s are displayedrigure 8 for

WG3 WG2 WG1

o 4
o o

Layer thickness [m]
o
~

0.2

0 . . .
1044 1045 1046 1047
Time [s]

Layer thickness [m]

—— WGt
1] ---- wez
——WG3

e
3

e
o

o
~

0.2

WG3 wG2 WGl

0
1044

1045

1046
Time [s]

1047

1048

Figure 8: Layer thickness measurements for unobstreted (left) and obstructed (right) flow

unobstructed (left) and obstructed flow (right)l ¥dlues are given in prototype scale. It can lemdkat for the set-up without
wall the layer thickness decreased from WG 2 to 3Wshereas for the set-up with the wall an increasiend between
WG 2 and WG 3 was observed. The signal was alnfi4t larger at WG 3 than for the first two wave gaug&/G 3 was



installed 0.05 m (model units) in front of the walld is therefore measuring a mix of wave run-uthatwall and layer
thickness. Also the reflected bore was observes &it WG 2 and finally at WG 1, with a decreasirantl. To retrieve the
values for layer thickness and velocity from theamw@ement a semi-automatic approach was appliedhB&76 selected
events (section 4.1) the time signals of WG 1 to @/&e displayed. Then the beginning of each bodefze maximum peak
of each bore were clicked manually and the obtafdadesian coordinates were transformed in to a {xraxis) and layer
thickness (y-axis) signal. The maximum peak of eaatnt was then defined as layer thickness of tre.brhe distance
between two wave gauges was divided by the timédine front needs to travel from one wave gaugéeawther, in order
to obtain the average velocity. It should be ndtet manually identifying the beginning of the bdment was sometimes
difficult due to a smooth rise and inconsistenaiethe signal, probably induced by the foamy booaf and spray generated.
The obtained layer thickness for WG 3 (0.05 m onfrof the wall) and the average velocity betwee@ Wand WG 3 for
obstructed flow were plotted against the relataddovalues. Following the classification in sectib8 the plotted points
were subdivided into the three bore impact typé® fesults are given in Figure 9.
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Figure 9: Correlation of layer thickness at the wadland bore impact force (left), velocity and borempact force
(right), in prototype units

The layer thickness at the wall correlates welhwite impact force and it can be seen that ‘pulgdtiore impacts’ are only
present for a layer thickness below 2 m. They feltbe same trend as ‘quasi-static/down-rush bopasts’ and ‘dynamic
bore impacts’ in this region. Above this threshatdmore ‘pulsating bore impacts’ are found and'dlyaamic bore impacts’
tend to be larger than the ‘quasi-static/down-raste impacts’. Since they are physically basedhenfirst impact of the
bore against the wall, there might be a missingpmment, e.g. the incoming velocity, resulting inugward shift of force
values, or due to the breaking against the walgbaerved for 73% of the ‘dynamic bore impactsthAlgh the ‘dynamic
bore impacts’ tended to be larger than the ‘quiaiesdown-rush bore impacts’, they were only présmtil a layer thickness
of 4 m in front of the wall. All impacts above thisitical value are ‘quasi-static/down-rush boregauts’. The maximum
impact force is related to a ‘quasi-static/downkrbsre impact’ and a layer thickness at the wab.6fm. This leads to the
conclusion that there is a threshold above whi@hithpact is solely dependent on the layer thickragsthe wall. The
correlation between velocity of the incoming bomesl the forces is very poor and a large scattgvserved. The same result
is obtained when motion tracking of the bore friamtthe video sequences was carried out. Eithémanoved measurement
method needs to be elaborated or the velocity doeselp to describe the impact force. The latssuanption might be
supported by the fact, that all ‘quasi-static/dowsh bore impacts’ occur at the second peak ofdtee signal, meaning
they are correlated to the layer thickness at thkk av down-rush and not with the incoming velo@tyymore. Also, 73% of
the ‘dynamic bore impacts’ were related to caséis pluinging breaking against the wall, due to iattions with the reflected
bore tips, upward deflections and breaking agaimstwall (section 4.3). This means there was amqthgsical process
present, independent of the incoming velocity. dwihg the good correlation between layer thickness®l impact forces a
theoretical hydrostatic force was calculated.

Fineoreticar = % *p*rg* h? Y
where:
p = density of water = 1000 [kg/m3]
g = gravitational acceleration = 9.81 [m/s?]
h = layer thickness in front of the wall [m].



The measured impact force is then plotted agaiedtiteoretical impact force calculated by EquatignWhere between
0.03 kN and 25 kN the measured and calculated $aroeelated well (Figure 10). For larger values ‘tfuasi-static/down-
rush bore impacts’ were underestimated by the fsgdtia calculation implying that there was a foreen missing. This is
probably due to the fact that the layer thickneas measured 0.05 m in front of the wall and naatly at the wall, where
there was higher run-up expected. Another reasaghiniie that the down-rushing water, after maximumup, induced a
force on the wall as well which was measured butawgounted for in the hydrostatic calculation. épected the higher
‘dynamic bore impacts’ were not well described bg hydrostatic force calculation and showed a tasgatter for values
above 25 kN. It should be acknowledged that esfed ‘dynamic bore impacts’ the magnitude of tmeasured and then
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scaled force values is likely to be overestimatad tb less air entrained in the impacting bore cmeg to prototype
dimensions (Cuomo et al., 2010). Additionally, mioeféects (e.g. smooth dike/promenade and perpatatigvave attack to
coastline) lead as well to an overestimation oféomagnitudes.

5 DISCUSSION AND OUTLOOK

Physical experiments were conducted and post qugrtg bore characteristics and impacts at a vértiedl were
analysed. In total 776 individual bores were sel@@nd the synchronized layer thickness, forceviahelb measurement
investigated. Three different impact types werdimisiished. The majority of force signals showedoable peak shape
(92%) which was also stated in literature (Chealet2014; De Rouck et al., 2012; Ramachandrah,£2@l2). The double
peak signals were subdivided in to ‘dynamic boreanst’ (dominant first peak) and ‘quasi-static/domash bore impact’
(dominant second peak). The majority of bore impattvertical walls and buildings, however, werenpased of ‘quasi-
static/down-rush bore impacts’ (86%). Whether t#heosid peak was directly related to a maximum Ithyiekness at the wall
or to the down-rush of water can only be resolvdth Wighly synchronized layer thickness and forosasurements. Only
8% of the signal did not show any distinct forcalpand was named ‘pulsating bore impact'.

Video analysis of the different bore types wereqaned and the impact stages were comparable té tipact stages
found by Chen et al. (2014): transformation over ¢hest (1), initial and main impact (2), upwardlektion (3), falling of
water and reflection (4). Additionally 72% of theyhamic bore impacts’ were explained by plungingeBdreaking against
the wall and inclusion of air. The breaking wasiated by interaction of the bore with an alreaeffected bore tip, upward
movement and breaking against the wall.

The correlation of the layer thickness at the \aalll resulting forces showed that there was a atit&yer thickness of
2 m below which ‘dynamic bore impacts’, ‘quasi-statown-rush bore impacts’, and ‘pulsating bore acis’ followed the
same trend. Between 2 m and 4 m layer thicknessdyreamic bore impacts’ were generally higher thhe ‘quasi-
static/down-rush bore impacts’ and above 4 m ldp&kness only ‘quasi-static/down-rush bore impattsre found.
Maximum forces were found for ‘quasi-static/dowrstibore impacts’ and layer thicknesses above 4aencéf a theoretical
force on the wall based on the hydrostatic pressudeced by the layer thickness at the wall, walsudated.

The influence of velocities on the measured forogsncrease for smaller promenade widths. Theredaperimental
tests for varying promenade widths are recommen@dditionally, an improved velocity measurement hogt needs to be
elaborated. In the future, a method should be faarektend the analysis to bore groups and the aoipteraction between
them. Also, the study should be extended to otkengetries and individual overtopping to eventubiyng able to predict
the forces on storm walls based on the individoebming wave and structural parameters.
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