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This article presents experimental measurements of breaking wave impact loads9

on a vertical cylinder. The focus is on the influence of some of the breaking wave10

properties on the measured force. These properties are the distance to breaking,11

δ, defined as the distance between the breaking location and the front face of12

the cylinder, and the breaking strength, characterised here by the Γ parameter13

proposed by Derakhti et al. (2018). The wave characteristics are obtained through14

numerical simulations of the breaking waves using a fully non-linear potential15

flow solver. Seven breaking waves with different breaking strengths have been16

considered. For each wave, the distance to breaking has been systematically varied17

and the resulting impact force time-history was measured. It is found that except18

for the two less intense breaking cases, corresponding to values of Γ lower than19

one, there is a value of δ for which the magnitude of the impact force is maximum.20

Small variations of the distance to breaking δ strongly influence the impact force21

time-history and its maximum. A linear relationship is observed between the22

maximum force and the breaking strength Γ . For the wave cases with values of23

Γ higher than one, the maximum impact force is observed when the distance24

to breaking δ is close to 5 % of the wavelength. An empirical wave slamming25

coefficient accounting for the distance to breaking δ and the breaking strength Γ26

is derived.27
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1. Introduction33

Offshore structures such as floating offshore wind turbines (FOWTs) are exposed34

to harsh environments that may threaten their integrity. The highest hydrody-35

namic loads encountered by these structures are often due to the hydrodynamic36

impact of breaking waves (Paulsen et al. 2019). The associated peak loads37

may be twice the loads generated by non-breaking waves with an equivalent38

height (Kjeldsen et al. 1986; Paulsen et al. 2019). Moreover, slamming loads are39

impulsive and they may trigger a dynamic response of the impacted structure40

at its first modes (Suja-Thauvin et al. 2017). In spite of the different studies41

dedicated to breaking wave impacts, it is still challenging to predict accurately42

the loads that may be induced by breaking waves.43

Because of the complexity of the flows taking place in breaking waves in-44

teracting with offshore structures (e.g., three-dimensional effects), analytical45

approaches based on slamming models (Goda et al. 1966; Wienke & Oumeraci46

2005) only provide an estimate of the maximum force that may occur during a47

breaking wave impact. Indeed, despite some recent efforts to improve this kind48

of models using more realistic impact conditions in terms of free-surface profile49

and fluid kinematics at the instant of impact (Renaud et al. 2023; Tai et al.50

2024), it remains hard to predict accurately the force time-history during an51

impact. Simplified models are nevertheless very useful for a quick, and in general52

conservative, estimate of the maximum force that may be induced by a breaking53

wave impact. For a detailed prediction of the force time-history induced by a54

particular breaking wave and a certain distance to breaking, one has to rely55

on high-fidelity numerical simulations (e.g., Paulsen et al. 2014; Batlle Martin56

et al. 2023). However, the high computational cost associated to these approaches57

limits their use to the impact of a few waves, while the design process of an58

offshore structure requires to simulate a large number of waves to achieve robust59

load statistics. As a consequence, breaking wave impact forces are often studied60

through experimental investigations, which also have their own limitations and61

difficulties. A first difficulty is due to the impulsive nature of wave impacts: the62

dynamic response of the model triggered by the impact will induce oscillations63

of the force or pressure measurements. Even though several methods have been64

developed to address this issue (e.g., Wienke & Oumeraci 2005; Alsalah et al.65

2021; Antonini et al. 2021; Tassin et al. 2024), it still limits the precision of the66

force measurements. Moreover, an intrinsic low repeatability of the wave impact67

phenomenon has also been reported. This low repeatability can be illustrated by68

the force measurements of the same wave impact case carried out by Ha et al.69

(2020), for which they observed significant variations in terms of magnitude of70

the impact force, starting time of the impact and characteristics of the time71

history (see their figure 7). Moalemi et al. (2024) showed that this variability was72

linked to the variability of the wave shape at impact. By regrouping the impact73

cases for which the wave heights and slopes before the impact were similar, they74

managed to reduce the variability observed on the force measurements. Another75

difficulty that arises when studying breaking wave impacts is the identification76

of the slamming contribution in the force measurements. Experiments are often77

carried out to determine or validate slamming formulas, which aim to predict the78

slamming term of the force. However, the measured force also contains a “Morison79

term”, which is not due to slamming. Different approaches have been proposed80

(e.g. Wienke & Oumeraci 2005; Ghadirian et al. 2023) to extract the slamming81
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contribution from the force measurement. They all rely on strong assumptions and82

there is no widely accepted approach. One last difficulty is the characterisation83

of the impacting wave. As pointed out by Moalemi et al. (2024), the wave shape84

before the impact considerably affects the impact loads. In many experiments,85

the only accessible wave data are local wave height measurements obtained from86

wave gauges (e.g., Suja-Thauvin et al. 2017; Paulsen et al. 2019), or free-surface87

profile measurements at the side of the wall obtained from high-speed video88

cameras (e.g., Ma et al. 2020; Ha et al. 2020). Local wave height measurements89

do not allow to access the free-surface profile at impact and are often limited90

to the computation of the wave height, period and local time derivative. Video91

camera measurements allow to obtain the spatial free-surface profile. They are92

however limited to flumes presenting a side glass wall, and the accuracy of the93

measurements is affected by the modification of the wave by the wall (Rapp &94

Melville 1990), in particular close to the instant of breaking.95

In spite of these difficulties, experimental approaches are commonly used to96

study the loads generated by breaking wave impacts. Their results are also crucial97

for the validation of numerical simulations. Most of these experiments aim to98

derive formulas that link the characteristics of a given wave or sea-state to the99

impact force it may generate on a cylinder. This is often achieved by empirically100

modifying a theoretical impact formula based on experimental measurements101

(Goda et al. 1966; Tanimoto et al. 1987; Wienke & Oumeraci 2005; Paulsen et al.102

2019). All the aforementioned studies propose to write the time evolution of the103

slamming term of the force as:104

FS(t) = f(t)βρc2Rηb, (1.1)

where ηb is the height of the crest of the breaking wave, c the crest speed, R105

the radius of the cylinder, ρ the density of the fluid, f(t) a normalized time106

function and β a dimensionless coefficient. The main difference between the107

different approaches lies in the choice of the time history function, f(t), and108

of the value of the coefficient β. In many studies, β corresponds to the product109

of a slamming coefficient CS and a curling factor λ (Goda et al. 1966; Wienke &110

Oumeraci 2005; Paulsen et al. 2019). The curling factor was initially defined as111

the percentage of the wave crest which is vertical and which impacts the mockup112

(Goda et al. 1966). Over the height ληb, analytical impact formulas such as the113

ones proposed by von Karman (1929) and Wagner (1932) are usually applied. In114

later studies, other definitions were proposed for the curling factor. Wienke &115

Oumeraci (2005) adjusted the curling factor so as to obtain a good agreement116

between theory and experiments. Paulsen et al. (2019) defined it as the base of a117

triangular shaped pressure distribution along the cylinder. The curling factor is118

related to the strength of the breaking wave: the more severe the breaking wave,119

the higher the curling factor. However, quantifying the strength of a breaking120

wave is not an easy task and different approaches have been adopted: Goda121

et al. (1966) recommended two different curling factor values, one for plunging122

waves and one for spilling waves; Sawaragi & Nochino (1984) and Tanimoto et al.123

(1987) proposed a quantification of the breaking strength based on the slope of124

the bottom of the flume (thus only valid for bathymetric breaking waves). It125

appears from these approaches that no robust methodology has been proposed126

to account for the severity of the breaking wave.127

Other experimental works focused on assessing the importance of the distance128

δ between the cylinder and the breaking location for the impact load. Zhou et al.129
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(1991) and Manjula et al. (2013) reported that the time history and magnitude130

of the pressure measured on the surface of a cylinder strongly depend on the131

position of the cylinder with respect to the breaking location. Ma et al. (2020)132

reported variations of 50 % of the magnitude of the impact force depending on the133

location of the cylinder while Sawaragi & Nochino (1984) observed variations of134

more than 600 %. Other works indirectly studied the influence of the distance to135

breaking δ by investigating different wave shapes at impact (e.g., Moalemi et al.136

2024; Zhang et al. 2024): the impact of a wave that just overturned corresponds137

to a close-to-zero δ value, while the impact of a fully overturned wave corresponds138

to a high value of δ. To the best of the author’s knowledge, the only studies that139

quantitatively related the distance to breaking to the impact force are the ones by140

Sawaragi & Nochino (1984) and by Ma et al. (2020). This lack of quantification141

may be due to the earlier mentioned difficulty of determining the breaking142

location in experiments. Sawaragi & Nochino (1984) determined it as the first143

position at which bubbles appeared, and Ma et al. (2020) used a high-speed video144

camera to measure the wave profile through a glass wall. Until now, no impact145

load formula accounting for this distance has been proposed. This inability to146

account for the stage of breaking at impact is likely to explain the low correlation147

between the shape of a breaking wave and the magnitude of the induced impact148

force that has been reported in some studies focusing on wave impact loads in149

irregular sea states. For instance, Paulsen et al. (2019) investigated the influence150

of the height and period of a breaking wave on the magnitude of the impact force151

by measuring the force acting on a surface piercing vertical cylinder exposed to a152

breaking irregular sea state. They observed that “it is not necessarily the highest153

nor the steepest waves which are causing the largest impact forces”. Similarly,154

Guo et al. (2020) observed a rather low correlation between the height, period155

and crest velocity of breaking waves with the impact forces measured on a semi-156

submersible platform at basin scale. To explain this low correlation, Paulsen et al.157

(2019) speculated that “the point of breaking relative to the cylinder could be of158

particular importance for the magnitude of the impact force”. Indeed, according to159

the works focusing on the importance of the distance between the cylinder and160

the breaking location, a strong breaking wave could generate an impact force161

gentler than a mild breaking wave depending on the breaking stage at impact.162

In the present study, we experimentally investigate the combined effect of163

the breaking strength and location on the impact force measured on a vertical164

cylinder. The force oscillation issue is addressed through the approach recently165

proposed by Tassin et al. (2024). The free-surface profile of the different waves166

was precisely obtained with a fully non-linear potential flow (FNPF) solver (Grilli167

et al. 1989; Grilli & Subramanya 1996). In particular, this allowed to determine168

the “breaking location”, which is here defined as the location at which the free169

surface first becomes locally vertical. These simulations and the use of a motion170

generator on which the mockup was fixed allowed to precisely characterise the171

evolution of the magnitude of the impact force with the distance between the172

breaking point and the cylinder. A quantitative characterisation of the breaking173

strength is achieved by computing the parameter Γ proposed by Derakhti et al.174

(2018) using the FNPF simulations. The Γ parameter is defined as:175

Γ = Tb

dB

dt

∣∣∣∣
B=0.85

, (1.2)

Focus on Fluids articles must not exceed this page length
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2 m
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Figure 1: Scheme of the wave flume with the mockup and the high-speed video
cameras.

where Tb is a characteristic wave period and B = u/c is the ratio between the176

horizontal fluid velocity at the crest, u, and the crest velocity, c. Derakhti et al.177

(2018) showed that the energy dissipated during a breaking event is strongly178

correlated to the value of Γ .179

The article is structured as follows. Section 2 describes the experimental ap-180

proach and introduces different quantities used for the analysis of the results.181

Section 3 describes the generation and characterisation of the breaking waves.182

Section 4 presents impact-force time-histories measured for different impact con-183

ditions. The influence of the impact conditions on the magnitude of the impact184

force is analysed in section 5. The effect of the breaking strength, characterised by185

the Γ parameter, and of the distance to breaking δ is investigated. Eventually, an186

empirical formula for the magnitude of the impact force that accounts for δ and187

Γ is introduced in section 6. Based on this formula, a wave slamming coefficient188

depending on δ and Γ is proposed. Conclusions are drawn in section 7.189

2. Experimental approach190

In this section, the experimental set-up and protocol are presented. The exper-191

imental facility and the mockup are presented in section 2.1. The methodology192

applied to compensate for the force oscillations induced by the vibrations of the193

model is described in section 2.2. In section 2.3, we define the physical quantities194

used later to analyse the results.195

2.1. Experimental set-up196

The experiments were carried out in the wave flume of Ifremer, Brest. A schematic197

description of the flume is depicted in figure 1. The experimental flume is 40.5 m198

long from the wave generator to the absorbing beach, 4 m wide and 2 m deep. It is199

equipped with a piston-type wave generator. The mockup was fixed on a motion200

generator of type Mistral manufactured by Symétrie that allowed to accurately201

control the location of the mockup. Two high-speed video cameras were installed202

on the side of the flume to film the front and rear faces of the mockup during203

the wave impacts. The video cameras trigger was synchronised with the motion204

of the wave generator.205

A segmented mockup, of which a schematic view is depicted in figure 2, was used206

to measure independently the forces acting on different portions of the cylinder207

(sections S1 to S4 in figure 2). The mockup is a 1.81 m high circular cylinder with a208

diameter of 40 cm. As shown in the cross-sectional view displayed in figure 3a, the209

cylinder is composed of six sections, out of which 4 are instrumented (sections210

S1 to S4). Each instrumented section is composed of an outer part, called the211
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Motion
generator
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St
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S2

S3

S4

Sbxb

δ

15 cm
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81 cm

40 cm

Figure 2: Description of a breaking wave impacting the mockup in the flume.
Parameter δ corresponds to the distance between the breaking location and the

front face of the cylinder. The vertical dashed line indicates the breaking
location xb and the horizontal dotted line the still water level (SWL).

skin element, and an inner part, called the backbone element. These two parts212

are visible in the exploded view depicted in figure 3b. The skin and backbone213

elements are linked through a load cell (of type MCS10-025 for sections S1, S2214

and S3 and of type MCS10-010 for section S4). The signals of the load cells were215

recorded at a sample frequency of 250 kHz. Waterproofness of the mockup was216

ensured using surgical tape filling in the 3 mm gap between the different sections.217

The mockup was positioned so that the intersection between sections S4 and S3218

lies at the still water level (SWL).219

The present set-up allows to modify the distance to breaking, δ, by changing the220

location of the cylinder, and not the breaking location of the wave as it has been221

done by some authors in the past (e.g., Wienke & Oumeraci 2005). Therefore,222

it is certain that the results obtained for different values of δ correspond to the223

impact of the same wave.224

2.2. Compensation of the vibration induced force oscillations225

During the impact of a breaking wave, different modes of the skin elements226

can be excited. This induces oscillations of the force signals that complicate227

the interpretation of the force measurements. In order to compensate for these228

oscillations, we applied the methodology proposed by Tassin et al. (2024). In the229

aforementioned study, the present set-up was used as a case study to demonstrate230

the efficiency of the method. The results were limited to the upper section. Given231

that the methodology is detailed in Tassin et al. (2024), we only recall the main232

assumptions of the method and we present the instrumentation used for the233

different sections.234

The compensation methodology consists in recording the dynamic response235

of the impacted structure to estimate the part of the measured force that is236
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Cross-sectional
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element)
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(b) Exploded view of two
instrumented sections

Figure 3: Description of the mockup

induced by the structural response. The response is recorded by acceleration237

measurements at different points of the structure. Correction coefficients that238

were priorly computed from hammer tests allow to estimate the influence of239

the structural response on the force signal as the sum of the acceleration signals240

multiplied by the coefficients, and to subtract it from the raw measurement. With241

this methodology, we obtain an acceptable level of residual oscillations without242

loosing the high-frequency content of the force signal (that would have been243

removed by a simple low-pass filter).244

The number and locations of the accelerometers used for the present experi-245

ments are detailed in figure 4. Six accelerometers were placed on the upper section246

S1 that is the one experiencing the most violent impacts, 5 were placed on section247

S2, and one accelerometer per section was placed on sections S3 and S4 that248

were not impacted by the waves and experienced a limited level of oscillations.249

Similarly to the load cells, the accelerometers signals were recorded with a250

sampling frequency of 250 kHz. The number of accelerometers placed on a section251

determines the number of modes of the section that can be compensated for. For252

this reason, we filtered out the very high frequency content of the acceleration and253

force signals that is due to higher frequency modes. The force oscillations induced254

by these modes cannot be compensated for given the number of accelerometers255

used in the experiments. The signals recorded on section S1 were low-pass filtered256

at 1000 Hz, the ones on section S2 at 700 Hz and the ones on sections S3 and S4 at257

300 Hz. Comparisons of the filtered and non-filtered frequency contents presented258

in Hulin (2024) show that these cut-off frequencies allow to retain most of the259
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Figure 4: Accelerometer configuration for the complete set-up: top view of the
skin elements for sections S1 (a), S2 (b), S3 (c) and S4 (d).

force frequency content. More details, in particular concerning the computation260

of the compensation coefficients, are also given in Hulin (2024).261

2.3. Definition of physical quantities of interest for the present study262

In this section, we define different physical quantities that are used throughout263

the study.264

The breaking location, xb, is defined as the location at which the free surface of265

the wave becomes locally vertical for the first time. We call the instant at which266

this event occurs the breaking time, tb. In figure 2, the blue profile corresponds267

to a wave profile at the instant tb. The breaking location, xb, is indicated by268

the vertical dashed line. The distance between the breaking location and the269

front face of the cylinder, also shown in figure 2, is denoted by δ. This distance270

is non-dimensionalised as δ̄ = δ/L, where L is the characteristic wavelength of271

the wave spectrum (see table 1). Here, L is computed as the wavelength linked272

to the peak period Tp of the spectrum through the linear dispersion relation273

(L =
gT 2

p

2π
tanh( 2πh

L
), where h is the water depth).274

Following seminal analytical approaches, the force F acting on a cylinder during275

a wave impact may be written as the sum of a drag term FD, an inertial term FI276

and a slamming term FS (Goda et al. 1966; Wienke & Oumeraci 2005):277

F = FD + FI + FS. (2.1)
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However, as mentioned in the introduction, extracting the slamming term FS278

from the total hydrodynamic force is not straightforward. As a consequence,279

many authors studied the hydrodynamic force acting on the whole cylinder280

(e.g. Wienke & Oumeraci 2005; Paulsen et al. 2019; Ma et al. 2020). Different281

possibilities were investigated by Ghadirian et al. (2023) to extract the impact282

term from the total hydrodynamic force obtained from numerical simulations.283

They observed that the different methods lead to rather different estimates of284

the slamming term. Moreover, some of the methods depend on the value of the285

first or even second time-derivative of the force and may not be applicable to286

experimental measurements affected by measurement noise. Sawaragi & Nochino287

(1984) approximated the impact force as the force acting above the SWL. This288

was permitted by the use of a segmented mockup. Even though a part of the289

hydrodynamic force acting above the SWL is due to the non-impulsive terms,290

this definition has the advantage of being simple, unambiguous and applicable291

to experimental and numerical results. In the present study, we followed the292

approach of Sawaragi & Nochino (1984): we study the influence of the different293

impact conditions on the force FSWL acting above the SWL. It corresponds to294

the force acting on the three upper sections S1, S2 and S3 (see figure 2). Another295

possibility would have been to study the force acting on the two upper sections,296

where the impact occurs. However, with this approach, the percentage of the297

wave height accounted for in the impact force would depend on the height of the298

wave. Moreover, non-impulsive terms would still be present in the measurements.299

Also, following Sawaragi & Nochino (1984), we define the non-dimensional300

impact force F̄SWL as:301

F̄SWL =
FSWL

πρc2Rηb
, (2.2)

where R is the radius of the cylinder, ρ the density of water, c the wave crest302

celerity and ηb the wave crest height. The quantity πρc2Rηb corresponds to the303

theoretical maximum impact force acting on a cylinder of length ηb entering calm304

water at speed c derived from the theory of von Karman (1929). Note that the305

non-dimensional impact force, F̄SWL, may be interpreted as the curling factor λ306

introduced by Goda et al. (1966) which represents the percentage of the wave crest307

that is impacting the cylinder. Indeed, following Goda’s theory, the maximum308

slamming force is equal to FS = λπρc2Rηb. The difference between F̄SWL and λ309

lies in the fact that F̄SWL includes a non-impulsive term, while F̄S = λ is the310

slamming term of the non-dimensional force.311

3. Breaking waves generation and characterisation312

The breaking waves were generated through the focusing of wave packets defined313

with a JONSWAP spectrum, using the iterative procedure detailed in Hulin et al.314

(2025). The iterative procedure was applied to obtain breaking close to xt =315

21 m. Note that, in contrast to the work presented in Hulin et al. (2025), the316

focusing time was selected as tf = 30 s. During the experimental campaign,317

seven breaking wave cases were used. The parameters of the spectrum used for318

the wave generation are given in table 1. The significant wave height, HS, of the319

spectra was varied to obtain different breaking strengths, i.e. different values of Γ .320

The peak period, Tp, was also varied to vary the wavelength, i.e. the scale, of the321

breaking waves. The focusing location results from the iterative procedure, and322
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Wave
Number

HS [m] Tp [s] γ [1] fc [Hz] ∆f [Hz] xf [m] tf [s] L [m]

1 0.12 2.25 3.3 0.8 0.01 18.80 30 7.39
2 0.13 2.25 3.3 0.8 0.01 22.99 30 7.39
23 0.135 2.25 3.3 0.8 0.01 23.57 30 7.39
24 0.14 2.25 3.3 0.8 0.01 23.87 30 7.39
3 0.15 2.25 3.3 0.8 0.01 24.15 30 7.39
7 0.13 2.49 1.4 0.8 0.01 19.69 30 8.67
15 0.10 2.0 3.3 0.9 0.01 23.40 30 6.05

Table 1: List of the parameters used to generate the breaking waves for the
experimental campaign. The parameters of the JONSWAP spectrum are the

significant wave height, HS , the peak period, Tp, the peak enhancement factor,
γ, the cut-off frequency, fc, and the frequency discretization, ∆f . Parameters

xf and tf correspond to the focusing location and time, respectively. Parameter
L is the wavelength linked to the peak period Tp through the linear dispersion

relation.

-0.5 0 0.5 1 1.5 2 2.5 3

-0.2

0

0.2

0.4

Figure 5: Numerical free-surface profiles at the instant of breaking of the waves
listed in table 1. The waves are ordered by increasing values of Γ and the index
corresponds to the wave number (given in table 1). To improve the readability
of the figure, the profiles were shifted in space so that the breaking location

corresponds to n∆, where n is an integer and ∆ = 0.4 m.

the wavelength L is computed as the wavelength associated to the peak period323

of the spectrum, Tp, through the linear dispersion relation (L =
gT 2

p

2π
tanh( 2πh

L
),324

where h is the water depth).325

The different breaking waves were modelled using the FNPF solver based on the326

boundary element method proposed by Grilli et al. (1989); Grilli & Subramanya327

(1996). Notice that a validation of this numerical model through comparisons328

with experimental free-surface profiles was performed by Hulin et al. (2025). The329

free-surface profiles of the 7 waves listed in table 1 are shown in figure 5. The330

waves are ordered by increasing values of Γ and are shown at the instant of331

breaking. To improve the readability, the profiles are shifted in the x-direction.332

Rapids articles must not exceed this page length
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Wave Number xb [m] tb [s] ηb [m] c [m/s] Γ [1]

1 21.00 30.56 0.39 2.7 0.97
2 21.04 27.25 0.33 2.49 0.8
23 20.99 26.93 0.37 2.74 1.29
24 20.99 26.77 0.39 2.83 1.82
3 20.99 26.58 0.4 2.89 3.01
7 20.97 30.12 0.41 2.85 1.93
15 21.01 27.06 0.3 2.41 1.83

Table 2: Characteristics of the breaking waves used during the experimental
campaign.

Visually, it appears that the higher the value of Γ , the higher the curling factor333

(the percentage of the wave that is “vertical”). The FNPF solver was also used334

to compute the different parameters of interest of the breaking waves given in335

table 2: the breaking location, xb, the instant of breaking, tb, the crest elevation336

at the instant of breaking, ηb, the crest speed at the instant of breaking, c, and337

the breaking strength parameter, Γ . More details on the numerical configuration338

and the computation of the different wave parameters are given in Hulin et al.339

(2025). The computation of the breaking location, xb, was used to compute the340

distance to breaking δ.341

In the following sections, we will observe that variations of a few centimetres342

of the distance to breaking may have a strong influence on the measured force.343

However, we are not able to assert that the values of xb listed in table 2 have a344

centimetric accuracy. Indeed, experimental measurements of xb are not sufficiently345

accurate to be used as references to quantify the accuracy of the values of xb346

obtained numerically. Nevertheless, as explained in section 2.1, the distance δ347

was varied by modifying the position of the cylinder with the motion generator.348

The error on the position of the cylinder is known to be smaller than 1 mm. As349

a consequence, even if the absolute value of δ may be inaccurate, the variations350

of δ are very accurate. Thus, the obtained force evolutions as a function of δ are351

reliable, although the absolute values of δ are not known accurately.352

4. Time histories of the impact force for different wave impact353

conditions354

In this section, we present the force measurements obtained for different impact355

conditions (i.e. different wave cases and locations of the cylinder). We investigate356

the repeatability of the force measurements in section 4.1 and we present the357

force measurements obtained for the different impact conditions in section 4.2.358

The effect of the wave-shape on the characteristics of the force time-history is359

analysed in section 4.3. The importance of the diffraction of the wave by the360

cylinder for the force time-history is highlighted in section 4.4. In this section as361

well as in the following ones, the compensation methodology presented in section362

2.2 is applied to the force measurements.363
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Figure 6: Time-histories of the force FSWL measured during 10 repeats of the
impact of wave 3 for δ̄ = 0.043.

4.1. Repeatability of the force measurements364

To assess the repeatability of the experiments, we repeated 10 times the force365

measurement for the impact of wave 3 at δ̄ = 0.043. These impact conditions were366

chosen because they are among those inducing the strongest loads and the highest367

levels of oscillations that we observed. As such, they are likely to be among the368

impact conditions with the lowest repeatability. The force measurements resulting369

from the ten repeats are depicted in figure 6. The mean value of the maximum370

impact force for the ten repeats is of 1151 N and it displays a standard deviation371

of 58 N, which represents 5 % of the mean value of the maximum impact force.372

It also appears from this figure that the force measurements are time shifted373

with respect to each other. The largest time shift, measured as the time interval374

between the force maxima for repeats 5 and 10, is of 7 ms. This high level of375

repeatability was attained at the cost of a minimum resting time of 45 minutes376

between two experiments. In the following, the maximum value of the impact377

force in time will be called “magnitude of the impact force”. This term is used to378

differentiate it from the maximum over δ of the magnitude of the impact force.379

4.2. Force measurements for the different impact conditions380

For the 7 waves listed in table 1, the force FSWL was measured for several distances381

to breaking δ. The corresponding time evolutions of FSWL are shown in figure 7.382

Each subfigure corresponds to a wave case and each curve was obtained with a383

particular distance δ. The legends indicate the corresponding values of δ̄. Note384

that intermediate δ̄ values, which are not shown in the figure for clarity, were also385

investigated. Except for waves 1 and 2 that displayed a much smaller variability386

in the force measurements, the experiments were repeated at least three times for387

almost all impact conditions. Only one repeat is shown in figure 7 for the sake388

of clarity. The subfigures are ordered by increasing values of Γ . Note that some389

50 Hz oscillations due to electric noise are visible in figures 7b and 7e. This issue390

was fixed during the campaign, but some of the measurements are polluted.391

It appears from figure 7 that, depending on the values of Γ and δ, some force392

measurements are impulsive and others are not. For instance, in figure 7g, the393

force time history for δ̄ = 0.043 is impulsive while the one for δ̄ = 0.003 is not.394
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(b) Wave 1: Γ = 0.97, Tp = 2.25 s, Hs = 0.12 m

Figure 7: Evolution of the time-histories of the force with the non-dimensional
distance to breaking δ̄ for the different waves

However, for some conditions, it is not easy to assess whether the force is impulsive395

or not. For example, it is not clear if the force time history corresponding to396

δ̄ = 0.016 in figure 7g should be considered as impulsive or not. Even if the397

presence of a dynamic response is linked to the impulsive nature of the force,398

this response is structure dependent; thus, it is not reliable to discriminate the399

impulsive nature of the excitation force based on the response of the structure.400

For the waves with the smallest values of Γ , namely waves 2 (Γ = 0.8) and 1401

(Γ = 0.97), there is no value of δ̄ for which an impulsive increase of the measured402

force is observed (see figures 7a and 7b). For wave 2, the magnitude of the impact403

force slightly decreases when δ̄ increases, while it is rather constant for wave 1. For404

the other wave cases, corresponding to values of Γ greater than one, some values405

of δ̄ lead to an impulsive force increase while others do not. Small values of δ̄, i.e.406

close to zero, either present a small impulsive increase or are non-impulsive. Up407

to a value of δ̄ of about 0.05, the magnitude of the impact force FSWL increases408

with δ̄. The highest magnitude of FSWL is reached for values of δ̄ in the interval409
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(c) Wave 23: Γ = 1.29, Tp = 2.25 s, Hs = 0.135 m
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(d) Wave 24: Γ = 1.82, Tp = 2.25 s, Hs = 0.14 m

Figure 7: Evolution of the time-histories of the force with the non-dimensional
distance to breaking δ̄ for the different waves

[0.04; 0.06]. The impacts for which δ̄ is in this interval are the ones showing the410

highest peak forces and the shortest rising times. For larger values of δ̄, the411

magnitude of FSWL slowly decreases. It will be shown in the following sections412

that the wave impacts with values of δ̄ higher than 0.06 correspond to the impact413

of significantly overturned waves for which a jet is formed.414
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(f) Wave 7: Γ = 1.93, Tp = 2.49 s, Hs = 0.13 m

Figure 7: Evolution of the time-histories of the force with the non-dimensional
distance to breaking δ̄ for the different waves



16

26.5 26.6 26.7 26.8 26.9 27 27.1

-200

0

200

400

600

800

1000

1200

Jet impacts

(g) Wave 3: Γ = 3.01, Tp = 2.25 s, Hs = 0.15 m. The dashed vertical lines are
placed at the instants at which the forces first increase due to the impact of the

jet. The red dots correspond to the magnitudes of the impact forces.

Figure 7: Evolution of the time-histories of the force with the non-dimensional
distance to breaking δ̄ for the different waves
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4.3. Shape of the wave at impact for different distances to breaking415

It appeared in the previous section that different distances to breaking, i.e.416

different wave shapes at impact, may lead to very different force time histories.417

This section is devoted to the influence of the wave shape at impact on the418

characteristics of the force time history. The shape of wave 3 at the instant of419

maximum force for different distances to breaking is illustrated in figure 8 with420

high-speed video camera images. These instants are indicated by the red dots421

shown in figure 7g. The wave profiles obtained with the FNPF solver at the same422

instant are shown for comparison. The solid vertical line superimposed to the423

numerical profile indicates the position of the front face of the cylinder. For values424

of δ̄ higher than 0.084, the numerical free-surface profiles are not shown because425

they are not available at the instant of maximum force (the FNPF simulations426

stop when the tongue of the crest touches the water bulk). Note that the numerical427

free-surface profiles depicted in figure 7g were time shifted of 20 ms. As discussed428

in Hulin (2024), this time shift allowed to compensate for the delay between the429

experimental and numerical wave profiles. The images depicted in figure 7g show430

that for δ̄ values higher than 0.043 (figures 8d and below), the tongue of the431

wave has already reached the cylinder at the instant of maximum force. This is432

confirmed by the numerical free-surface profiles. It is likely that the impact of433

the tongue on the cylinder is responsible for the rather rapid but smaller force434

increases prior to the main impulse visible on the force time-histories of the435

impact of wave 3 depicted in figure 7g. These increases occur for δ̄ = 0.043 and436

higher values. The black vertical dashed lines indicate the time instants at which437

these first force increases are observed. The fact that two different impacts (of438

the wave tongue and vertical front) occur when the wave crest has overturned is439

also supported by the studies of Zhou et al. (1991); Chan et al. (1995); Manjula440

et al. (2013); Govindasamy et al. (2023), who reported the appearance of two441

pressure peaks for wave impacts with high values of δ̄.442

It also appears in figure 8 that at the instant of maximum force, the locally443

vertical part of the wave, which position is indicated by the dashed vertical line,444

is still far from the front face of the cylinder. In the basin, the wave profile is445

modified by the presence of the cylinder. It is likely that this modification is such446

that at the instant of maximum force, the locally vertical front indeed reaches447

the front face of the cylinder in the basin.448
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(a) δ̄ = 0.003

(b) δ̄ = 0.016

(c) δ̄ = 0.030

Figure 8: Images of wave 3 impacting the mockup for various values of δ̄. All
the images are taken at the instant at which the impact load is maximum. The
plot in the upper left corner corresponds to the numerical free-surface profile at
the same instant. The solid vertical line indicates the position of the front face
of the cylinder. The dashed vertical line indicates the position of the locally

vertical front.
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(d) δ̄ = 0.043

(e) δ̄ = 0.057

(f) δ̄ = 0.070

Figure 8: Images of wave 3 impacting the mockup for various values of δ̄. All
the images are taken at the instant at which the impact load is maximum. The
plot in the upper left corner corresponds to the numerical free-surface profile at
the same instant. The solid vertical line indicates the position of the front face
of the cylinder. The dashed vertical line indicates the position of the locally

vertical front.
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(g) δ̄ = 0.084

(h) δ̄ = 0.097

(i) δ̄ = 0.111

Figure 8: Images of wave 3 impacting the mockup for various values of δ̄. All
the images are taken at the instant at which the impact load is maximum. The
plot in the upper left corner corresponds to the numerical free-surface profile at
the same instant. The solid vertical line indicates the position of the front face
of the cylinder. The dashed vertical line indicates the position of the locally

vertical front.
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(j) δ̄ = 0.125

Figure 8: Images of wave 3 impacting the mockup for various values of δ̄. All
the images are taken at the instant at which the impact load is maximum. The
plot in the upper left corner corresponds to the numerical free-surface profile at
the same instant. The solid vertical line indicates the position of the front face
of the cylinder. The dashed vertical line indicates the position of the locally

vertical front.

4.4. Influence of wave diffraction on the force time histories449

In section 4.2, we observed that impact conditions with small values of Γ or values450

of δ̄ close to zero do not lead to an impulsive force increase although the profile451

of the undisturbed wave presents a vertical front when it reaches the location452

of the cylinder. It is likely that this phenomenon is due to the fact that the453

shape of the wave is affected by the presence of the cylinder prior to the impact.454

This modification of the wave profile in the vicinity of the cylinder can indeed455

be observed on the high-speed video camera images. For the cases that do not456

show an impulsive increase of the force, we observe the appearance of a run-up457

that prevents the vertical front of the wave from impacting the cylinder. This is458

illustrated in figure 9 which presents images taken during two impacts of wave459

24 with different values of δ̄. The images on the left correspond to δ̄ = 0.016 and460

the images on the right to δ̄ = 0.043. It can be seen in figure 7d that δ̄ = 0.016461

does not lead to an impulsive force increase while δ̄ = 0.043 does. In figure 9,462

the images in the first raw (figure 9a) were taken 10 ms before the measured463

force reaches its maximum value, the images in the second raw (figure 9b) at the464

instant tmax (when the force is maximum) and the images in the third raw (figure465

9c) 10 ms after tmax. The run-up is already visible 10 ms before the maximum466

force is reached for the non-impulsive case δ̄ = 0.016 (see the blue arrow in figure467

9a) while it is not for the impulsive case δ̄ = 0.043. At the instant of maximum468

force (figure 9b), the extent of the run-up has increased for the case δ̄ = 0.016469

while the wetted surface expansion is not yet visible for the case δ̄ = 0.043. The470

extent of the cylinder surface affected by the run-up is strongly increased 10 ms471

after the instant of maximum force (figure 9c) for the non-impulsive case while472

the fragmentation of the jet visible on the right of figure 9c indicates that a473

hydrodynamic impact occurred.474

These images show that the presence of the structure may modify the wave475

in such a way that hydrodynamic impact is hindered. For waves 1 and 2, which476

correspond to low values of Γ and for which no value of δ̄ leads to an impulsive477

force increase, a similar run-up was observed. One may also expect that in certain478
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cases for which a wave impact occurs, the force evolution may be affected by wave479

diffraction effects. This assumption is supported by the results of Batlle Martin480

et al. (2023) who observed through numerical simulations that the vertical part481

of a wave that may induce impact is reduced when the diameter of the cylinder is482

increased. The importance of the wave diffraction was also highlighted by Chan483

& Melville (1989) who measured the impact forces induced by breaking waves484

impacting on a vertical circular cylinder and a vertical wall. They observed that a485

vertical wall, which corresponds to the case of a cylinder with an infinite diameter,486

has a greater influence on the development of the breaking wave than a cylinder.487

In the present experiments, the radius of the cylinder was kept constant, but488

waves of different sizes were investigated. More precisely, the ratio R/L between489

the radius of the cylinder and the characteristic wavelength of the impacting wave490

is ranging from 2.3 × 10−2 to 3.3 × 10−2, with 5 out of 7 waves corresponding491

to R/L = 2.7× 10−2. These values were chosen so as to be representative of the492

wave conditions that may be experienced by a SPAR-type wind turbine floater.493

Given the rather limited range of values, it has not been possible to characterise494

the influence of the R/L ratio on the perturbation of the wave front and on the495

resulting impact force. As a consequence, one should keep in mind that the non-496

dimensional force measurements presented in the following sections may not be497

valid for impact conditions where the ratio R/L is significantly different from the498

ones used in the present study.499

5. Influence of the impact conditions on the magnitude of the impact500

force501

5.1. Evolution of the magnitude of the impact force with the impact conditions502

In the present section, we investigate the influence of the impact conditions, i.e.503

of the values of δ̄ and Γ , on the magnitude of the impact force. As a reminder,504

the term “magnitude of the impact force” denotes the maximum value over time505

reached by the measured force FSWL. For wave 3, the magnitude of the impact506

force obtained for different values of δ̄ is indicated by the red dots shown in figure507

7g. The magnitude of the impact force obtained for each impact condition and508

each repeat is reported in figure 10. Each colour is associated to a particular509

wave. In accordance with the observations of section 4, for the smaller values510

of Γ (Γ < 1 for waves 1 and 2), the magnitude of the impact force is almost511

independent of the value of δ̄. For higher values of Γ , the maximum value of the512

impact force magnitude is reached close to δ̄ = 0.05. For these 5 wave cases with513

Γ > 1, the increase of the force prior to the peak is steeper than the subsequent514

decrease. It is also interesting to note that waves 15, 7 and 24, whose values515

of Γ are around 1.9, present rather close evolutions for the magnitude of the516

non-dimensional impact force.517

5.2. Maximum impact force induced by a given wave518

As observed in the previous section, the magnitude of the impact force generated519

by a given wave depends on the distance to breaking δ. In the present section,520

the focus is on the maximum of the magnitude of the impact force that may be521

reached for a given wave and its evolution as a function of Γ .522

For each impact condition, i.e. each couple (Γ, δ̄), we compute the mean value523

of the impact force magnitude, denoted by F̄mean
SWL , over the different repeats of524
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Run-up

(a) tmax − 10 ms

Run-up

(b) tmax

Run-up

(c) tmax + 10 ms

Figure 9: Images of the impact of wave 24 on the vertical cylinder at different
instants around the instant of the maximum force tmax. The pictures on the left
correspond to δ̄ = 0.016 while the pictures on the right correspond to δ̄ = 0.043.

the experiment. The values of F̄mean
SWL obtained for the different values of δ̄ for525

wave 3 (Γ = 3.01) are represented in figure 10 by red dots. It appears that there526

is a value of δ̄ for which F̄mean
SWL is maximum. This maximum impact force, that527

is illustrated by the blue arrow in figure 10, is denoted by F̄max
SWL.528

The evolution of F̄max
SWL as a function of Γ is depicted in figure 11. Each circle529

corresponds to a wave case and the solid line is a linear approximation of the evo-530

lution of F̄max
SWL. The results presented in figure 11 show that the maximum non-531

dimensional impact force F̄max
SWL is strongly correlated to the breaking strength532
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Figure 10: Evolution of the magnitude of the non-dimensional force F̄SWL as a
function of δ̄. In the legend, the Γ indices correspond to the wave numbers

given in table 2. The red dots, shown only for wave 3, correspond to the mean
value of the impact force magnitude over the different repeats of the same

impact conditions.
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Figure 11: Evolution of the maximum impact force F̄max
SWL as a function of Γ .

Each circle corresponds to the maximum impact force obtained for a wave case.
The solid line is a linear approximation of the evolution of F̄max

SWL as a function
of Γ .

Γ . This is an important outcome of the present study. Note also that the circles533

corresponding to waves 7, 15 and 24 lie close to each other in figure 11. These534

3 waves have different wavelengths ranging from 6.05 m to 8.67 m and wave535

heights ranging from 0.30 m to 0.41 m, but they are all mild plunging breakers536
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with a value of Γ of approximately 1.8. The present results thus suggest that the537

obtained evolution of F̄max
SWL is independent of the wave scale.538

Note that the systematic variation of the values of δ that was carried out is of539

prime importance for the results presented in figure 11. Indeed, for wave 3 for540

instance, if F̄max
SWL had been estimated at a δ value 20 cm smaller than the one541

leading to F̄max
SWL, the maximum force would have been underestimated by 30 %.542

In figure 7g, this would correspond to estimating F̄max
SWL with the curve labelled543

δ̄ = 0.030 instead of the curve labelled δ̄ = 0.057. The value obtained for F̄max
SWL544

would thus be close to the one obtained for wave 24. Studying the influence of545

the distance to breaking δ on the impact force appears as an important step in546

the determination of the maximum impact force F̄max
SWL that may be induced by547

a breaking wave.548

6. Identification of an empirical formula for the maximum impact549

force550

This section is devoted to the development of an empirical formula for the551

maximum impact force induced by a breaking wave on a vertical cylinder. For552

each wave, we propose in section 6.1 an asymmetric Gaussian fit that describes553

the evolution of the maximum impact force as a function of δ̄. This fit depends554

on five parameters. Based on these parameters, we propose in section 6.2 an555

empirical formula that describes the evolution of the impact force as a function556

of δ̄ and Γ .557

6.1. Parametrisation of the maximum impact force as a function of δ̄558

Considering the evolution of the non-dimensional force F̄SWL as a function of δ̄559

that was described in section 5.1, we propose to fit the force evolution for each560

wave using two Gaussian functions. One function describes the increase of the561

magnitude of the force prior to its peak and the other one describes the subsequent562

decrease. Using two functions allows to account for the fact that the increase of563

the force magnitude is faster than its subsequent decrease. In addition, a constant564

F̄0 is added to the fit to account for the fact that the force magnitude does not565

seem to tend to zero for negative and high values of δ̄. For waves 1 and 2, for566

which the magnitude of the force is almost independent of δ̄, we only identify this567

constant parameter. Consequently, for waves 1 and 2, this constant corresponds568

to the mean value of the magnitude of the impact force obtained for the different569

impact conditions. For the other waves, the parametric function writes:570

f(δ̄) = F̄0 + F̄G exp

(
−1

2

(δ̄ − δ̄max)
2

σ2

)
, with

{
σ = σl if δ̄ < δ̄max

σ = σr if δ̄ > δ̄max

. (6.1)

This function depends on 5 parameters, which can be interpreted as follows.571

Parameter F̄0 corresponds to the non-impulsive part of the force. As explained572

previously, we assume that this parameter does not depend on δ̄. In other words,573

it is assumed that the variation of the non-impulsive part of the force with the574

distance to breaking is negligible compared to the variation of the impulsive part.575

Parameter δ̄max is the value of δ̄ for which the fit reaches its maximum, i.e. the576

value of δ̄ for which the most severe impact is obtained. Therefore, the maximum577

value of the impact force magnitude corresponds to F̄SWL|δ̄max
= F̄0 + F̄G. The578

force F̄G can thus be identified as the impulsive part of F̄SWL|δ̄max
. Parameters579
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Figure 12: Evolution of the magnitude of the non-dimensional impact force as a
function of δ̄. The wave numbers correspond to the index of Γ . For each wave,
the solid line corresponds to the result of the fit obtained with the parametric

function of equation 6.1.

σ2
l and σ2

r characterise the range of δ̄ values over which a hydrodynamic impact580

may occur for values of δ̄ smaller or higher than δ̄max, respectively.581

The obtained fits of the force evolutions are depicted in figure 12, along with582

the experimental measurements. The values obtained for the parameters of the583

fits are given in table 3 (appendix A) for the 7 wave cases. For waves 3, 7, 15 and584

24, figure 12 shows that the fits are in close agreement with the measured force585

evolution. For wave 23 (Γ = 1.29), the value of δ̄ for which the fit is maximum586

does not correspond to the value of δ̄ for which F̄max
SWL is reached. Also, the fit587

presents a force increase that is less pronounced than the subsequent decrease.588

We think that this difference could be due to the fact that the non-impulsive589

part of the force is higher than its impulsive part. Indeed, for wave 23, F̄G is590

smaller than F̄0 (this is not the case for waves 3, 7, 15 and 24). Small variations591

of the non-impulsive part of the force, as the ones observed for wave 2, may thus592

influence the fit that is assumed to account for the impulsive part of the force.593

As a consequence, the fit may not be well-suited for the impact of weak breaking594

waves. For this reason, the parameters δ̄max, σl and σr obtained for wave 23 will595

be discarded in the following section that investigates the evolution of the fit596

parameters as a function of Γ .597

6.2. Evolution of the parameters of the fit as a function of Γ598

The evolution of the impulsive and non-impulsive parts of the force, respectively599

F̄G and F̄0, that were obtained for waves 3, 7, 15 and 24 are shown in figure 13600

as a function of Γ . The solid lines correspond to linear interpolations of these601

two quantities and each marker corresponds to a wave case. It appears that the602

evolution of F̄0 is nearly independent of Γ . For the 4 considered wave cases, we603

obtain:604

F̄0 ≈ 0.20. (6.2)
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Figure 13: Evolution of parameters F̄0 and F̄G as a function of Γ

A linear approximation of the evolution of the impulsive part of the force F̄G as605

a function of Γ leads to:606

F̄G ≈ 0.19Γ − 0.19. (6.3)

The assumption of a linear evolution of F̄G with the Γ parameter is also supported607

by the results presented in section 5.2 (see figure 11). Indeed, when the maximum608

of the magnitude of the measured force F̄max
SWL is considered, we observe a similar609

relationship with the Γ parameter for the seven wave cases.610

For the wave cases 3, 7, 15 and 24, we obtain mean(δ̄max) = 0.053, which means611

that δmax corresponds to 5.3 % of the wavelength of the impacting wave. This612

is in close agreement with the value of 6 % of the wavelength obtained in the613

study by Sawaragi & Nochino (1984). To the best of the authors knowledge, the614

study by Sawaragi & Nochino (1984) is the only one giving an estimate of δ̄max.615

Nevertheless, other studies (e.g., Ma et al. 2020; Zhang et al. 2024) observed616

that the strongest impact loads were obtained for the impact of an overturned617

wave, the tongue of which has not impinged the free surface yet. This is also in618

agreement with the value of δ̄max obtained in the present study. Indeed, an image619

of wave 3 for which δ̄ ≈ δ̄max is depicted in figure 8e at the instant of maximum620

force. It corresponds to a significantly overturned wave, the tongue of which has621

not impinged the free surface yet.622

The evolution of the other parameters of the fit, namely σl and σr, is shown623

in figure 14. We observe that the values of σl and σr obtained for wave 3 are624

higher than the ones obtained for the other wave cases. This would mean that625

a wave with a high value of Γ may induce impact over a wider region than a626

wave with a smaller value of Γ . However, as the variations of σl and σr with Γ627

are rather limited, we propose to approximate σl and σr using their mean values,628

respectively mean(σl) = 0.015 and mean(σr) = 0.026. These mean values are629

represented by the two horizontal lines in figure 14.630

Based on these results and the non-dimensionalisation of equation 2.2, we631

suggest that the dimensional impulsive part FG of the force acting above the632
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Figure 14: Parameters δ̄max, σl and σr as a function of Γ for the wave cases
listed in table 2.

SWL can be estimated as:633

FG = CWS(Γ, δ̄)ρc
2Rηb, (6.4)

where CWS is a wave slamming coefficient that depends on δ̄ and Γ . This wave634

slamming coefficient reads:635

CWS(Γ, δ̄) = π(aΓΓ + bΓ ) exp

(
−1

2

(δ̄ − δ̄max)
2

σ2

)
,

with

{
σ = σl if δ̄ < δ̄max

σ = σr if δ̄ > δ̄max

.

(6.5)

The values of the different parameters given in the previous equation are:636

aΓ = 0.19

bΓ = −0.19

δ̄max = 0.053

σl = 0.015

σr = 0.026.

(6.6)

This formula was obtained from values of Γ ranging from 1.8 to 3. Validating637

this formula outside of this range would require additional investigations.638

7. Conclusions639

We quantitatively investigated the influence of the distance to breaking and of640

the breaking strength on the force generated by a breaking wave impacting a641

segmented vertical cylinder. The strength of the breaking wave was characterised642

by the Γ parameter introduced by Derakhti et al. (2018). The distance to breaking643

was computed as the distance between the front face of the cylinder and the644
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breaking location. Our analysis is based on the force measured above the still645

water level. Seven different wave cases displaying various breaking strengths Γ646

were investigated. The distance δ was systematically varied for the seven wave647

cases. The values of the parameters δ and Γ were estimated using a fully non-648

linear potential flow solver. The compensation methodology proposed in Tassin649

et al. (2024) was used to reduce the amplitude of the force oscillations induced650

by the dynamic structural response of the mockup.651

For each wave case, the time-histories of the impact forces obtained for different652

values of δ are presented. It appears that for values of Γ lower than one, no653

position of the mockup leads to an impulsive force. The first wave case inducing654

a hydrodynamic impact corresponds to a value of Γ = 1.29. For higher values of655

Γ , the higher the value of Γ , the stronger the impact force. Thanks to the high-656

speed video camera images, we highlighted that the absence of hydrodynamic657

impact for some wave cases and some values of δ is a consequence of the presence658

of a run-up that hinders the impact of the wave front on the cylinder. We observed659

that the maximum value of the impact force magnitude is linearly related to the660

Γ parameter. The evolution of the magnitude of the impact force with the non-661

dimensional distance to breaking δ̄ is as follows: it increases until it reaches a662

peak value for δ̄ ≈ 0.05; then, a slower decrease is observed.663

From the experimental force measurements, we fitted the evolution of the664

magnitude of the force with the distance δ̄ for each wave using an asymmetric665

Gaussian function. For all the wave cases inducing large impulsive loads, we666

observed that the sole parameter of the fit that depends on Γ is the maximum667

value of the impact force magnitude. The other parameters such as the position668

of the maximum, δ̄max, and the right and left width of the Gaussian functions669

are nearly constant. Based on these results, we proposed an empirical formula to670

predict the magnitude of the impulsive part of the force as a function of δ̄ and Γ .671

The conclusions of this work are based on a compilation of more than 180672

impact experiments. Nevertheless, several limitations of the present study were673

identified and could be improved in future works. First, only seven breaking wave674

cases were exploited, out of which two did not induce hydrodynamic impact.675

This limitation is related to the important experimental time required to vary676

the distance to breaking δ for each wave case. Moreover, it is necessary to wait677

for 45 minutes between two consecutive tests to ensure that the flume is at rest.678

This ensures a good repeatability of the measurements (≈ 5 % variations on679

the magnitude of the force), but it is at the expense of the number of impact680

conditions that could be investigated. This reduced number of waves is not681

sufficient to investigate the influence of the scale of the wave on the impact force.682

As mentioned in section 4.4, we observed that the run-up influences the presence683

of hydrodynamic impact. It is thus likely that it also influences the magnitude of684

the impact force. This has indeed been shown numerically by Batlle Martin et al.685

(2023). The importance of the run-up is likely driven by the ratio between the686

wavelength of the impacting wave and the radius of the cylinder. As such, it would687

be of interest to extend the present study to breaking waves of different sizes or688

to cylinders of different sizes. Another difficulty that was encountered during the689

study is the computation of the Γ parameter. Indeed, we had to rely on numerical690

simulations to estimate the value of Γ for the different wave cases. Ideally, this691

quantity should be estimated experimentally, but this would require significant692

developments without guaranties of success. Indeed, the computation of Γ from693

numerical results is already delicate (see Hulin et al. 2025), so computing Γ from694
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experimental results is expected to be even more difficult because of inherent695

measurement uncertainties (such as signal noise).696
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Appendix A. Parameters of the Gaussian fits713

The parameters of the Gaussian fits presented in section 6.1 are given in table 3714

along with the values of the Γ parameter of the breaking waves.715
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