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Abstract7

This paper describes a method of determining the reaction forces of a vertical structure with an overhang

to impulsive wave impacts. The aim is to develop a method to design a hydraulic structure exposed to the

impulsive wave impact. At present, there is a lack of guidelines on the designing and verification with such

a purpose. The impulse of the impact is taken as the primary design variable to estimate the impulsive

reaction force instead of peak impact forces. By using extreme value analysis (EVA), the characteristic

impulse (e.g., Iim,0.1%) can be determined. Then a simple structure model is used for obtaining reaction

forces to the characteristic impact impulse. The sum of the impulsive reaction force and the quasi-steady

wave force could represent the total reaction force, which can be used as a design load on the structure.

The advantage of using the impact impulse could give an approach in which several aspects of the impulsive

wave impact force can be incorporated better, like determining the exceedance probability of a certain load,

incorporating the flexibility of the structure and correcting possible scale effects in small scale hydraulic

models. The proposed method based on the characteristic value of the Iim,0.1% is applied to forces measured

in a small scale model of the Afsluitdijk discharge sluice, and compared well to a full time domain solution.

The results indicate the initial assumption that using the impact impulse of the impact as the primary

design variable, it is possible to estimate the dynamic response of the structure.

Keywords: Wave impact; Dynamic response; Impact impulse; Vertical structure with an overhang8

1. Introduction9

Waves can give intensive impacts with very short duration. In the design of marine structures, this type10

of impulsive impact is a primary concern, but it is seldom regarded explicitly in the structural analysis of11

hydraulic structures or in an overly simplified manner. This conventional approval of exclusion is due to12
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the low natural frequencies (or long natural vibration period) of the entire structure compared to the very13

short wave impact duration.14

Many hydraulic structures like sluice gates, lock gates, and storm surge barriers often contain slender15

features like steel gates (e.g., Eastern Scheldt storm surge barrier and Afsluitdijk discharge sluices in the16

Netherlands and Thames barrier in the UK), which may have a complicated dynamic behavior under im-17

pulsive wave impact forces. Meanwhile, many of these existing large hydraulic structures are coming close18

to the end of their envisaged lifetime, such that new structures and temporary maintenance structures have19

to be designed. The need has arisen for a simple and quick means of estimating reaction forces for struc-20

tural engineers. In many cases, it is not clear whether the impulsive force on the structure or structural21

components will be damped or amplified dynamically.22

The qualitative and quantitative experimental determination of the impulsive wave impact forces on23

vertical structures has been examined widely in the past decades (e.g., Bagnold, 1939; Nagai, 1973; Ramkema,24

1978; Chan and Melville, 1988; Oumeraci et al., 1993; Bullock et al., 2001; Cuomo et al., 2010a) and walls with25

overhang (e.g., Kisacik et al., 2012), recurved parapets (e.g., Castellino et al., 2018) and inclined walls (e.g.,26

Losada et al., 1995). These studies have demonstrated that wave impulsive forces on walls can be much higher27

than quasi-steady forces (or pulsating forces) predicted by standard methods and involve complex impact28

mechanisms, such as flip-through and breaking wave impact. The term quasi-steady force means the wave29

force is caused by slowly varied water motion, which can be dealt with relatively straightforward, for instance30

by using the theory of Sainflou (1928) for regular, non-breaking standing waves. The current manuals and31

well-known design methods are often too simplified for the wave impact force. These simplifications lead32

to conservative designs and constructions. Sometimes a measured peak-force is taken such that it is too33

conservative, or sometimes it is just said that impacts should be avoided. There are few design methods of34

wave impact forces intended for hydraulic structures. This lack of knowledge became clear during projects35

like the design of the gates of the discharges sluices, grid beams of storm surge barriers (see Fig. 1). For this36

situation, scaled physical or numerical model tests are commonly used to determine the impulsive wave force.37

Then the obtained forces are used for the design impact load. However, it is still unclear how to deal with38

these measured or calculated short-duration impulsive forces from scaled model tests. Not using these forces39

might underestimate the design reaction force, but using these forces could lead to a vast overestimation40

of the design load. Kirkgoz and Mengi (1986) and Takahashi et al. (1998) took dynamic response analysis41

of cassion walls against wave impact to obtain reaction forces. However, the analysis was limited to the42

cassion type vertical structures. Other hydraulic structures containing slender features like steel gates and43

more complex geometrical structures like vertical wall with overhangs were not considered.44

At present no method exists in which the impulsive load is described in a physically realistic and statis-45

tically sound way, such that it can be used to calculate the dynamic response of these structures. In this46

paper, a first attempt is made to formulate a design method based on splitting the impulsive part of the47
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(a) (b)

Fig. 1: (a) Wave impacts on the defence beams of the old sluice gates of Afsluitdijk; (b) wave impacts on the Oosterschelde

barrier (Rijkswaterstaat).

wave impact load. The novelty of the approach is that the impact impulse of wave impacts will be taken as48

the primary design variable instead of the peak force or pressure of the impacts. Using the impact impulse49

could give an approach in which several aspects of wave loads can be incorporated better, like determining50

the exceedance probability of a certain load, incorporating the flexibility of the structure, correcting possible51

scale effects in small scale in hydraulic models, and determining the spatial distribution of the wave loads.52

This paper is structured as follows. In Chapter 2, a brief introduction of wave impact and wave impact53

as a loading are given. Then, in Chapter 3 the envisaged design approach is described, in which small scale54

model results can be translated to flexible prototype structures. In Chapter 4, a description of analyzed55

physical model tests is given. In Chapter 5, experimental observations, and evaluation of the proposed56

envisaged design approach by using the measured wave forces are given. Finally, a short discussion and57

conclusion are presented in Chapter 6 and 7.58

2. Wave impact and impact loading59

2.1. Wave impact60

A typical time series of wave impact force consists of two components: one is the impulsive force Fim,61

which changes with time quickly; the other is the quasi-steady force Fqs+, which varies very slowly, as shown62

in Fig. 2. The shaded area in the figure, the impact impulse (Iim), is defined as the time integral of the63

impulsive force over the impact duration Td. It is the impulsive part of the impacts, the high frequency part64

of the load that is caused by the sudden contact of the water surface with the structure. For an impulsive65

impact, the duration of the impact Td can be very short compared to the natural period of the structure,66
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but the force magnitude can be even more than 10 times its quasi-steady force. Impulsive wave impacts can67

also be expected when the wave is confined at corners between walls and overhanging type structures (e.g.,68

horizontal decks and beams), and by the influences of the air (e.g., Ramkema, 1978). For these cases, recently69

an analytical solution to determine the pressure impulse has been formulated (e.g., Wood and Peregrine,70

1997; Md Noar, 2012; Md Noar and Greenhow, 2015). A brief introduction and the application of using the71

pressure-impulse are presented in Appendix A.72
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Fig. 2: Typical time history of a wave impact on a (vertical) wall with or without a horizontal overhang, Iim denotes the

impact impulse

.

The peak-forces of the impulsive impacts on a vertical wall exhibit a large variation among the existing73

reported laboratory measurements since Bagnold (1939). This variation is partly contributed by scale and74

model effects. But apart from these influences, the nature of impact loads is also very variable. It is75

observed that identical waves can give variable impact force peaks on the same structure (Bagnold, 1939;76

Losada et al., 1995; Hofland et al., 2010). Therefore, it is hard to accurately predict the peak value of the77

impulsive impact.78

It has been recognized that impact impulse is more predictable than pressure or force peaks (e.g., Cooker79

and Peregrine, 1990, 1995; Cuomo et al., 2010b; Hofland et al., 2010). Thus, using impact impulse may80

result in a simplified but much more stable model of wave impact on the structures. And there is also the81

possibility of using it to predict the impulse of wave impact forces theoretically, when the velocities are known82

(e.g., upward velocity of standing waves), or the spatial distribution has to be estimated. These velocities83

can be better predicted than the wave impact pressures or the impact forces. However, the definition and84

determination of the impulsive impact component is still not clear.85
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Table 1: Three loading domains of a structure (Humar, 2002)

Loading domain Td/Tn Reaction force and actual load

Quasi-static ≥ 4 Fr = Fmax

Dynamic 0.25-4 Fr > Fmax

Impulsive <0.25 Fr < Fmax

2.2. Wave impact as a loading86

Impact loadings can be divided into three domains according to on the duration of impacts on structures87

(Humar, 2002). Here impulsive (short), dynamical (medium), and quasi-static (slow) impacts are distin-88

guished (refer to Table 1). These durations are regarded relative to the natural frequency of the structure.89

In the impulsive domain, the subjected load is over well before the structure reaches its maximum deflection;90

In this case, the reaction force Fr is less than the measured wave impact force peak Fmax. In the quasi-static91

domain, the structure reaches its maximum deflection well before the load is over; In this case, Fr equals92

almost to Fmax. But in the dynamic domain, the maximum deflection is reached near the end of the load;93

In this case, Fr can even become larger than Fmax.94

3. Envisaged design approach95

3.1. Existing approach to determine design reaction force96

To determine the reaction forces ‘Fr’ of a structure due to dynamic effects, the dynamic response of the97

structure must be considered. Meanwhile, a statistical description of the characteristic reaction forces is98

also needed for the structure experiencing an extreme accidental event.99

Fig. 3(a) shows a flowchart of the optimal method to determine the characteristic reaction force, Fr,0.1%100

for instance. The time series of Fr is calculated based on the time series of the wave impact forces obtained101

from physical model or numerical model tests firstly by using a structural (e.g., finite element) model.102

Afterwards, Fr,0.1% can be given for example using Extreme Value Analysis (EVA). The drawback of this103

approach is that obtaining Fr in time domain typically requires too much computational effort.104

A simplified approach is widely in use, as shown in Fig. 3(b). A wave impact force peak, Fmax, by a105

statistical description is given for example using Extreme Value Analysis (EVA) firstly (e.g., F0.1%), and106

then the reaction force Fr due to this Fmax can be estimated by using a structural model to consider the107

influence of the structural flexibility (e.g., Fr,0.1%) or the true record of the maximum force is simply applied108

to the finite element model. Drawback of this approach is that only the force peaks (Fmax) are used for109

statistical analysis. Afterwards, the largest Dynamic Load Factor (DLF) value is used to calculate Fr with110

the conservative consideration. However, it is still unclear that how to deal with these measured or calculated111
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short-duration impulsive forces from scaled model tests since using these impulsive forces could lead to a112

vast overestimation of the design load by using DLF.113

Force time series from 
physical model/numerical 

model tests
F(t)

Determine design force 
E.g., F0.1%

Determine design reaction 
force 

E.g., FR,0.1%

Force time series from 
physical model/numerical 

model tests
F(t)

Quasi-steady (QS) 
force of each 

wave impact, Fqs+

Impulse of each 
wave impact,Iim

Fqs+,0.1%

Iim,0.1% Fr,im,0.1%
design reaction 

force 
E.g., FR,0.1%

Statistical model
EVA

Structural model

EVA
Sec 5.3

Structure model
E.g., DLFM (eq.2)

(b) Conventional simplified approach to determine design reaction force by using dynamic load factor 

(c) Envisaged design approach to determine design reaction force in this paper

Structure model

Force time series from 
physical model/numerical 

model tests
F(t)

Reaction force time series 
in prototype  scale

Fr(t)

Determine design reaction 
force 

E.g., FR,0.1%

Statistical model
E.g., EVA

(a) Optimal approach to determine design reaction force 

Filter impulsive 
and QS part

Sec. 5.1.2

Fig. 3: Three approaches to determine the design reaction forces with a statistical description of the dynamic response of the

structure.

3.2. Envisaged design approach by using impulse as input114

In this study, an envisaged design approach by using the impact impulse Iim to estimate the response115

(e.g., reaction force) of a structure is presented, as shown in Fig. 3(c). The approach consists of an impulse116

model, a statistical model, and a structural model. The advantage of the proposed approach is to be able117

to schematize the impacts by using a limited number of parameters such that a statistical description of118

the force becomes possible. Moreover, scale effects and the flexibility of the structure can be included in a119

better way. The work flow of the envisaged design approach is described below:120

1: Separate the quasi-steady forces from the time series of wave impact forces from scaled model (or CFD121

model) tests by using a low-pass filter by using the impulse model;122
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2: After splitting, determine the impact duration Td of the impulsive component of the impact, the impact123

impulse Iim and quasi steady force Fqs+;124

3: Make Extreme Value Analyses (EVA) of Fqs+ and Iim. Then, determine characteristic value with a125

certain exceedance probability (e.g., Fqs+,0.1% and Iim,0.1%) of these two parts by using the statistical126

model.127

4: The reaction force Fim,r,0.1% of the impulsive component can be calculated based on Iim,0.1% by using128

the structural model.129

5: The design value of the total wave force is re-constructed as Ftot,r,0.1% = Fim,r,0.1% + Fqs+,0.1%.130

The impulse model, the statistical model, the structural model and the evaluation procedure of the proposed131

approach are explained in the following sections.132

3.3. Impulse model133

Iim of an impulsive impact is more predictable than force peaks (Bagnold, 1939; Hofland et al., 2010).134

Thus, using the impact impulse may result in a simplified, but much more stable, model of wave impact135

on the structures. Based on the pressure-impulse theory (Cooker and Peregrine, 1990, 1995; Wood, 1997),136

impulsive and quasi-steady components of the wave impact need to be separated. The impact duration137

might be different in prototype due to scale effects or random variables. An impulse model is developed to138

split the impulsive and quasi-steady components of the wave impact in order to better predict the impulsive139

wave impact in the design procedure. The detailed description of using the impulse model for the splitting140

is given in Section 5.1.2.141

3.4. Statistical model142

A statistical model is empirically developed based on extreme value analysis of Fqs+ and Iim. Details143

about this model can be seen in Section 5.3 and Appendix B.144

3.5. Structural model145

In this paper the authors do not consider the exact structural components of the gate structure. This146

is part of a different study (Tieleman et al., 2018). The aim is to show that the approach whereby the147

impulsive is described by a single stochastic variable, could lead to the correct response. To this end the148

authors assume the gate to be a rigid plate with one degree of freedom: horizontal translation. In the149

hydraulic model tests the gate was completely rigid. When determining the adequacy of the structure under150

7



wave loading, estimating Fr is a simple and direct means in structural design. The ratio between Fr and the151

force peak Fmax, called dynamic load factor (DLF) or dynamic amplification factor, is expressed as Eq. 1:152

Fr
Fmax

= DLF = f(
Td
Tn

). (1)

The value of DLF can be determined from a response spectrum as a design chart for the simplified load,153

and the expression of DLF can be referred to USACE (1957). Thus, when a static response of the structure154

(e.g. Fmax) is given, the dynamic response of the structure (e.g. Fr) can be estimated by reading the value155

of DLF from the response spectrum for an appropriate frequency. In order to simplify the problem, a given156

structure is replaced by a dynamically equivalent system, herein a linear single degree of freedom model157

(SDOF) is applied. Fig. 4a shows an example of a dynamic response spectrum for the SDOF system subject158

to a triangular pulse with different rising time ratio α. The rising time ratio is defined as the ratio between159

rising time Tr and the total impact duration Td of the triangular impulse.160

In this study, using impulse as the input variable Iim to calculate the dynamic response. A modified161

DLF by using impulse to plot the response spectrum instead of using force peak Fmax is proposed. In this162

model, the response function is reformulated and related to the impact impulse, as shown in Eq. 2:163

Fr
Iim · ωn

= DLFM = f(
Td
Tn

). (2)

Fig 4b gives an example of such a response spectrum which can be used as the design chart. It can be seen164

that in the impulsive domain (Td/Tn < 0.25) the Fr depends on the impact impulse with a value 1 and it165

does not depend on the duration (or shape) of the force peak. This is an advantage of using impact impulse166

to express the response function, as within the impulsive domain the impact duration is difficult to predict.167

Fig 4b is similar to the fig.5.27 (USACE, 1957) which is used to design structures to against the effects of168

atomic weapons.169

3.6. Evaluation of the envisaged design approach170

In order to evaluate this design approach, the research is conduced in four steps: using physical model171

tests to collect wave impact forces as input; obtaining the total reaction force of the considered structure by172

using the proposed envisaged design method; using the SDOF model to get total reaction forces due to the173

time series of the wave impact force as the real structural response; then comparing the total reaction forces174

from the proposed method with the total reaction forces from the SDOF model. These steps are further175

specified in Chapter 5.176
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Fig. 4: Response function for a linear SDOF system subject to triangular pulse having a total duration time of Td. Top: based

on maximum impact force, referred to Eq 1. Bottom: based on impact impulse, referred to Eq 2.
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4. Experimental setup and test program177

Hydraulic structures like sluice gates, lock gates often contain vertical steel gates. Sometimes, this gate178

has an overhanging beam in the front. Kolkman and Jongeling (2007) remarked that for such kind of vertical179

structure with a specific overhanging type beam, impulsive wave impacts are expected to occur based on180

laboratory and field measurements and observations. Thus, measurements of such a structure are used as181

a test case for the envisaged approach. A structural model to represent a sluice gate with an overhanging182

beam of the Afsluitdijk in the Netherlands was schematized by using a vertical wall with a beam. A series183

of physical model experiments were undertaken by Deltares to determine the design wave impact load on184

such a structure. Fig. 5 shows the schematic of the physical model test of wave impacts on Afsluitdijk sluice185

gate. The model tests are performed on a geometric scale of 1:16. To convert the model results to prototype186

values, some scale rules will be considered. The main rule of scale for a proper representation of the wave187

motion is that the ratio of the main driving forces in the model (gravity and inertia) are similar to those in188

the prototype. This starting point forms the basis of Froude’s scaling law.189

4.1. Wave flume190

The tests were performed in the Scheldt Flume of Deltares. This flume has a length of 55 m, a width of191

1 m, and a height of 1.2 m (model scale). Its second-order wave generator can generate regular (monochro-192

matic) and irregular (random) waves. The wave generator is equipped with an active wave absorption system193

(ARC) to minimize reflection of waves.194

Beam

Vertical wall

Incident wave

,s pH T

th

WGs 1-3

LW 
ELW 

Pressure sensor

18 m

1.6 m

11.2 m

-4.65 m
-5.5 m

-8.42 m

0 m=NAP

2.6 m
2 m

Fig. 5: Schematic sketch of wave flume and wave parameter definition in prototype scales. The wave height is 10000 year

condition.
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4.2. Instrumentation195

The wave height is measured with an array of three wave gauges located at the toe of the foreshore (WGs196

1-3 in Fig. 5). With an array of 3 wave height meters, Mansard and Funke (1980)’s method determines the197

incoming wave signal. From this the significant wave height Hs, and the wave period Tp are determined.198

Six pressure sensors were mounted on the surface of the vertical wall with a sampling frequency at 4000199

Hz. The natural frequency of the vertical wall with the horizontal overhang model is more than 100 Hz in200

model scale, so a frequency of more 25 Hz in reality. In the pressure signal no influence of vibration was201

seen at this frequency.202

With a 2-megapixel color CCD high speed video camera, recordings were made throughout the test from203

the side of flume at 100 frames per second. With a second normal camera, images from other viewing angles204

of short sections of the test have also been made.205

4.3. Test program206

Impulsive impacts on the sluice gate were observed during the tests with low water levels (LW) and207

extreme low water levels (ELW). The incident waves are confined, resulting in impulsive impacts at the208

corner of the sluice gate and the overhanging. Test program is shown in Table 2.209

Table 2: The test program (prototype scale).

Test series Water depth ht [m] Wave height Hs [m] Wave period Tp [s]

T1-LW 7.25 2.09 4.88

T1-ELW 6.65 2.09 4.85

T2-LW 7.25 1.76 4.97

T2-ELW 6.65 1.74 4.97

5. Results210

5.1. Impulsive loads on the wall211

5.1.1. Observations212

Two types of wave impacts on the wall were observed. One is the most impulsive impact (Fmax/Fqs+ >213

2.5) and the other one is a moderate impact (Fmax/Fqs+ < 2.5), based on the classification defined by214

Kortenhaus and Oumeraci (1998). For the moderate impact, the incident wave does not break in front of215

the wall. This non-breaking wave forms a standing wave. The upward wave directly impacts on the overhang216

beam, which gives extra horizontal force on the wall, see Fig 6. The term ‘wave 1’ is used to denote this217

upward impact in this paper. For the impulsive impact , the incident wave starts to break directly on the218

11



Beam

Wall

Beam

Wall

Fig. 6: Wave 1: Moderate wave impact which is measured in test T1-LW at 5865 s. The white line indicates the water surface,

blue lines are the still water level, and the red arrows show the direction of the water surface.

structure, as shown in Fig 7. The term ‘wave 2’ is used to express the waves. The upper panel of Fig 7 shows219

the incident wave approaching the model, and the bottom panel provides the impact moment of this wave.220

When the incident wave approaches the wall, the water surface below the overhang moves rapidly upwards221

(like 1O in Fig 7). The main part of the wave above the still water surface is impacting on overhang. The222

water below the overhang is confined and pushed onto the wall (like 2O in Fig. 7). Therefore, the impact of223

wave 2 consists two processes: initial vertical impact on the beam, and following a horizontal impact on the224

wall. This horizontal impact gives a strong impact on the wall.225

Table 3: Wave impact types based on the classification defined by Kortenhaus and Oumeraci (1998)

Wave impacts [%] T1-LW T1-ELW T2-LW T2-ELW

No impact 0 0 0 0

Moderate impact 25.7 34.9 42.3 37.3

Impulsive impact 74.3 65.1 57.7 62.7

The types of wave impacts of the four tests were distinguished as shown in Table 3. The influence of226

water level and wave heights are shown below.227

� Water level228

Two water levels were tested in this study. The term ‘LW’ means low water level which is slight above229

the bottom of the beam, whereas the term ‘ELW’ means extreme low water level, which is slightly230

below the bottom of the beam. Comparing the tests T1-LW and T1-ELW (with large wave height),231

it can be seen that there are more impulsive impact events in T1-LW than that in T1-ELW. But the232

force of the wave impacts of test T1-ELW is larger than that in T1-LW. This is because the lower water233

provide enough space (below the bottom of the beam) for large waves to impact and be confined at the234

12



Fig. 7: Wave 2: the largest wave impact moment which is measured in the test T1-LW. The top panel left: 0.57 s before impact

on the gate, top panel right:0.41 s before impact on the gate; bottom panel left: 10 ms before the impact, bottom panel right:

impact. The white line indicates the water surface, the red arrows the velocity of the water surface.

corner between the wall and the beam. Especially for T1-LW, large waves just impact on the beam,235

but not the wall. While for the tests T2-LW and T2-ELW (with small wave height), the observations236

are opposite. ELW gives more violent impacts than LW.237

� Wave height238

Comparing the tests T1-LW and T2-LW, it can be seen that there are more impulsive impact events in239

T1-LW with large wave height than that in T2-LW with small wave height. But for the tests T1-ELW240

and T2-ELW with much lower water level than T1-LW and T2-LW, the differences between the two241

types of impacts are not obvious.242

Thus, a low water level combined with a large incident wave leads to the most unfavorable condition.243

5.1.2. Splitting impulsive and quasi-steady force components244

An impulse model is developed based on designing a low-pass filter to split the impulsive and quasi-245

steady force components. It is realized by analyzing the evolution of energy spectrum of wave impacts and246

water surface elevations near the structure in time-frequency domain. The filter is based on continuous 1-D247

wavelet transform (CWT) and inverse continuous 1-D wavelet transform (ICWT) by using the functions248

from MATLAB 2016. The CWT is used to get the wavelet spectrum (as shown in Fig. 8a and b), and249
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ICWT is used to get the filtered force signal in time domain (as shown in Fig. 8c). The default Morse (3,60)250

wavelet and default scales in obtaining the CWT are used.251

Fig. 8a and Fig. 8b show examples of the CWT spectrum for water surface elevations measured at WG6252

and the time series of four-wave impacts obtained by integration of the six pressure sensors of test T1-LW.253

The colour bar of each spectrum indicates the range of the wavelet energy. In Fig. 8a and b, two energy254

bands are observed at around 0.1-0.35 Hz and 0.35-0.65 Hz during the whole test respectively. In Fig. 8b,255

four energy peaks are clearly located at the higher frequency parts. By comparing both CWT spectrums,256

the consistency of the occurrence of the energy bands are believed caused by different components of wave257

motions. Therefore, quasi-steady force and impulsive force can be split at 0.65 Hz in frequency domain.258

Fig. 8c presents the original measured time series of the four wave impact forces (two moderate and two259

impulsive impacts) corresponding to the CWT spectrum of Fig. 8b. The filtered time series of quasi-steady260

wave forces at 0.35 Hz and 0.65 Hz are plotted together. It can be seen that the filtered quasi-steady forces261

obtained by using low-pass filters at 0.35 Hz (red dashed line) and 0.65 Hz (black dashed dot line) match262

each other well for the two moderate impact waves. It indicates that the choice of using a low-pass filter263

with cut-off frequency at 0.65 Hz to split quasi-steady forces caused by slowly wave motion is reasonable.264

As for the two impulsive impacts, the peak quasi-steady forces with 0.65 Hz are a bit higher than those with265

0.35 Hz. This gives insights that the steepness of the wave increases before the impact, which is in line with266

the impulsive impact mechanisms, as described by Kortenhaus and Oumeraci (1998).267

5.1.3. Equivalent impact duration268

After the step of splitting, the time series of the quasi-steady and the impulsive components of wave269

impacts are obtained. Due to the irregularity (and oscillation) of the time series of the impulsive force,270

it is difficult to determine the impact duration of the impulse Td and the further dynamic response. A271

symmetrical triangular pulse is used to schematize the impact impulse with Iim and the peak impulsive272

force Fim constant. Then the equivalent impact duration Td,e can be calculated as: 2Iim/Fim.273

Fig. 9 shows the plot of impact duration versus the impact impulse for test T1-EWL. The red circle274

marker indicates the impact duration obtained directly from the impulsive force signal, and black right275

triangular marker indicates the equivalent impact duration. It can be seen that most of the duration is276

overlapped when Td is less than 0.2 s especially for those between 0.08 and 0.18 s, where impact impulses277

have high values. In this study, we only focused on the impulsive type of impact which has a short duration.278

Thus, the calculated equivalent impact duration is reasonable to represent the impact duration of impulsive279

impacts. Thus, in the following of this paper, the impact duration Td means the equivalent impact duration.280

281
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(c)

6014      6016        6018       6020       6022       6024       6026       6028      6030        6032      6034    

Fig. 8: Example of wavelet transformation based filter to separate quasi-steady and impulsive impact components. (a) CWT

spectrum for the water surface elevations obtained by wave gauge at WG6 of the whole test T1-LW. (b) CWT spectrum for

the time series of wave impacts (from 6014 s till 6034 s) obtained by integration of the six pressure sensors of test T1-LW.

(c) Examples of the wave impacts time series (from 6014 s till 6034 s) without filtering (blue line) is shown together with

a quasi-steady force obtained by using ICWT with a low pass filter at a cut-off frequency 0.35 Hz (red dash line) and the

quasi-steady force from the same original force time series, but at a cut-off frequency 0.65 Hz (black dot dash line).
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Fig. 9: Comparison of impact duration and equivalent impact duration.

5.2. Reaction forces and reconstructed reaction forces282

5.2.1. Procedure for simulated reaction force in prototype283

The total reaction force Ftot,r of the vertical wall in prototype to the wave impact need to be calculated,284

since it may be amplified due to dynamic effect. The real reaction force can be simulated by using SDOF285

model and indicated as FSDOF in the following part of the paper.286

5.2.2. Evaluation of the envisaged method287

The proposed method for determining Ftot,r is based on the assumption that structural reactions can288

be reconstructed by the reactions of the quasi-steady (Fqs+) and the impulsive components (Fim) of the289

wave impact force. Since Fqs+ is assumed within the static loading domain of the structure (see Fig. 4), the290

reaction force to the quasi-steady impact (Fqs+,r) would equal to the Fqs+. Whereas the reaction force to291

the impulsive impact (Fim,r) may be amplified due to the dynamic effect.292

In order to evaluate the assumption of the reconstruction, Fim,r is simulated by the same SDOF model293

aforementioned, but using the impulsive component of the measured force signal. Thus the simulated294

real reaction force to the impulsive component of the wave impact Fim,r,SDOF is determined. Ftot,r can be295
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reconstructed by using the following Eq. 3:296

Ftot,r = Fqs+ + Fim,r,SDOF. (3)

Four SDOF models with varied natural frequencies at 2 Hz, 10 Hz, 20 Hz and 50 Hz are selected. By297

changing the characteristics of the SDOF model, the dynamic effect of the SDOF to the wave impact are298

different. The simulated prototype total reaction forces of these structure Ftot,r,SDOF are compared with299

Ftot,r by using Eq. 3, as shown in Fig. 10. The red line indicates the 1:1 reference line. The results show300

that there is a good agreement between Ftot,r using the proposed splitting method in this study and FSDOF.301

Thus, the proposed method with splitting the two components of the wave impacts is applicable.302

Fig. 10: Responses of four SDOF models with 2 Hz, 10 Hz, 20 Hz and 50 Hz respectively to wave impacts versus the calculated

reaction force by using Eq. 3.

Furthermore, the aim of this study is to estimate Ftot,r by using the impact impulse Iim. When the303

impulsive impact component is separated from the measured wave impact force signal, Iim, Td, and Fim are304

determined. DLFM is used to estimate the dynamic response of the structure to the impulsive wave impact.305
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The impulsive impact is simplified as a symmetrical triangular pulse (α = 0.5), which is characterized by306

the equivalent impact duration Td,e, Iim, and Fim. Thus, by using DLFM, the total reaction force Ftot,r is307

expressed as Eq.4:308

Ftot,r = Fqs+ + Iim · ωn ·DLFM. (4)

where DLFM is defined in Eq. 2. This expression is only using Iim and equivalent duration Td,e. The value309

of DLFM can be determined from the graph as shown in Fig. 4b. In order to compare the work performance310

of Eq.4, Ftot,r is also calculated with a more conventional approach by using DLF, as shown in Eq. 5:311

Ftot,r = Fqs+ + DLF · Fim (5)

where DLF is the dynamic load factor (Eq. 1) using this expression, Fim and Td,e need to be known. The312

value of DLF can be determined from the graph as shown in Fig. 4a. In a common practice, a most313

conservative value 1.52 is used for DLF to consider the dynamic effect with an assumption of the force shape314

as a symmetrical triangular (α = 0.5). Thus Eq. 5 can be simplified as:315

Ftot,r = Fqs+ + 1.52Fim. (6)

The performance of Eq. 4 and Eq. 6 are compared and discussed in the later section.316

5.3. Statistical analysis of impact impulse and quasi-steady force317

A storm contains many individual waves. To obtain a certain design load due to impulsive impacts,318

extreme value analysis is conducted. The time series of the wave force on the vertical structure were319

obtained from the physical model tests. Individual and independent Fqs+ and Iim for all four tests were320

identified from the time series of the split forces.321

5.3.1. Statistical analysis of impact impulse322

There is a positive correlation between wave forces and Iim. Fig. 11a shows such a linear trend between323

Fim and Fqs+ and Iim of each impact of test T1-ELW respectively. It can approximately be said that large324

impulsive force Fim has a large impact impulse, the same as Fqs+. Therefore, the thresholds of Iim and325

wave forces are defined based on the ratio of the impulsive impacts of all impacts (see Table 3) to distinguish326

the impulsive wave impacts. For example, for test T1-LW, the impulsive impact takes up 74.3% of total327

impacts. Thus, a threshold for impact impulse Itr used for extreme value analysis is set as the top 74.3%328

quantile of the total impact impulses Iim, the same method is used for Fqs+.329
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Fig. 11: Impulsive impact forces versus impact impulse of test T1-ELW.

Dimensionless impact impulse I∗ = Iim
ρH2U is used in the further analysis, where H and U are length330

scale and velocity scale respectively. The length scale defined herein as H = Hs and the velocity scale331

as U =
√
g (ht + 0.5Hs). Fig. 12 shows the exceedance probability of each I∗ induced by impulsive wave332

impacts of each test. y-axis indicates the exceedance probability of I∗i above the threshold I∗tr and the x-axis333

indicates the relative value of I∗i . It can be seen that the individual impact impulse from the tests with the334

same water levels (e.g., T1-LW and T2-LW) follow the same trend.335

Fig. 12: Weibull distribution fit for the four tests. Markers indicate the individual impact impulses above the threshold, and

the lines indicate the best-fit. a and b indicates the scale and shape parameters of the best fit Weibull distribution.
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5.3.2. Statistical analysis of quasi-steady force336

Fig. 11b shows a linear trend between the peak quasi-steady force and its impact impulse of each impact337

of test T1-ELW. This shows that waves that lead to large quasi-steady forces also lead to large impact338

impulses. Therefore, the threshold of the quasi-steady force Fqs,tr is based on the ratio of the impulsive339

impacts of all impacts (see Table 3). For example, for test T1-LW, the impulsive impact takes up 74.3% of340

the total impacts. Thus, a threshold for quasi-steady force used for extreme value analysis is set as the top341

74.3% quantile of the total quasi-steady forces. Dimensionless quasi-steady force F ∗
qs+ =

Fqs+

ρgH2
s

is used in the342

further analysis, where Hs is the significant wave height.343

Fig. 13 shows the exceedance probability of each dimensionless quasi-steady force induced by impulsive344

wave impacts of each test. The y-axis indicates the exceedance probability of F ∗
qs+,i above the threshold345

F ∗
qs+,tr and the x-axis indicates the relative value of the dimensionless impact impulse. It can be seen that346

most of the quasi-steady force of the four tests follow the same trend, only the tails of the distributions are347

separated.348

Fig. 13: Weibull distribution fit for the four tests. a and b indicates the scale and shape parameters of the best fit Weibull

distribution.

5.3.3. Evaluation of total reaction forces by statistical analysis349

In this section, the distributions of impact impulses and quasi-steady forces for the impulsive wave350

impacts are used. The exceedance level of Fqs+ and Iim depends on the degree of correlation between these351

two parameters. The correlation is large, as can be seen in Fig. 10b.352

A design load with a 0.1% exceedance probability (X0.1%) is selected for testing the performance of the353

proposed approach in this study. X indicates the impact event e.g., X = Iim or X = Fqs+. The impact354

duration is fixed to the most “unfavorable” duration 0.09 s, which is determined from Fig. 9. The term355
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“unfavorable” is the one with leading to the highest impulsive impact. Four structures (SDOF models) are356

considered, with natural frequencies of 2 Hz, 10 Hz, 20 Hz and 50 Hz. The impulsive impact Iim,0.1% with357

impact duration 0.09 s will fall in the impulsive (Td/Tn < 0.25), dynamic (0.25 < Td/Tn < 4) and static358

(Td/Tn > 4) loading domains of the considered structures.359

The result of T1-ELW is shown in Table 4 as an example. Fs is the total wave force at 0.1% exceedance360

level directly measured from the test, without consideration of the structural response. DLFM is the dynamic361

load factor expressed in a form of impulse, which is determined from Fig. 4b. Herein a rising time ratio362

α = 0.5 is chosen for DLFM . FDLFM
is obtained by using the method developed in this study (Eq. 4), in363

which Iim,0.1% is obtained from the curve fitting. Fqs+,0.1% is obtained from the best curve fitting. FDLF is364

calculated by Eq. 6, where Fim is using the difference of Fs and Fqs+,0.1%. FM,r is the minimum value of365

FDLFM
and FDLF, which is used to represent the reaction force based on the model tests. FSDOF is the reaction366

forces from SDOF models which are used to represent the ‘real’ reaction force of different structures.367

For structures with natural frequencies at 10 Hz, 20 Hz and 50 Hz, the total wave force Fs is less than368

FDLFM
. The structure with 10 Hz leads to the highest reaction force FDLFM

. Thus, if using Fs determined369

from the measurement as the design load, the ‘real’ dynamic force is underestimated for the structures with370

natural frequencies of 10 Hz, 20 Hz and 50 Hz, or too conservative for the structure with natural frequency371

of 2 Hz. If using FDLF as the design reaction force, the ‘real’ dynamic force is conservative for most of the372

four structures although the dynamic effect of the structure has been considered.373

Table 4: A design reaction force with a 0.1% exceedance probability with wave force peak Fs 1844 KN/m, which consists of

the impact duration Td = 0.09 s with a rising time ratio α = 0.5.

Load Domains stru. Td/Tn DLFM Iim Fqs+ FDLFM
FDLF FM,r FSDOF

Impulsive 2 Hz 0.18 0.9736 74.6 228.5 1141 2684 1141 954.7

Dynamic 10 Hz 0.9 0.5366 74.6 228.5 2742 2684 2684 2627

Dynamic 20 Hz 1.8 0.196 74.6 228.5 2065 2684 2065 2565

Static 50 Hz 4.5 0.0729 74.6 228.5 1935 2684 1935 2108

Comparing the values of FM,r and FSDOF in different loading domains, FM,r is less than FSDOF for the374

case Td/Tn = 1.8 and Td/Tn = 4.5. The reason of this underestimation of the reaction forces may be375

led by the assumption of the shape of impulse: the impulse is a symmetry triangle with rising time ratio376

α = 0.5. From the response spectrum shown in Fig. 4, it can be concluded that the DLF varies when377

Td/Tn > 0.9 for different impulse shapes, whereas for the case Td/Tn < 0.9, there is no such influence. Thus,378

the assumptions of impulse with a symmetric shape with rising time ratio α equaling to 0.5 may be not379

applicable when Td/Tn > 0.9, which will lead to the underestimation of the reaction force. Fig. 14 shows the380

trend of the calculated reaction force with considering the effect of the rising time ratio. It can be seen that381
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the assumption of a symmetric impulse shape is not applicable when the impulse falls into the end region382

of dynamic and static loading domains of the structure. A rising time ratio with 0.4 is suggested for these383

cases.384
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Fig. 14: Effect of α on the reaction forces of test T1-ELw.

6. Discussion385

In this paper, an envisaged method to estimate the design reaction force is presented with including386

certain aspects that influence the wave impact load, like determining the exceedance probability of a certain387

load, incorporating the flexibility of the structure.388

There are other aspects of using the concept of impact impulse for designing a structure that can be389

incorporated in this method, like determining the spatial distribution of the wave loads since the extreme390

value of the impact impulse (e.g., Iim0.1%) has been determined. Good agreement is found between the391

measured pressure-impulse and the results of the Cooker and Peregrine (1995)’s model. This part of analysis392

is presented in Appendix A. The results indicate that the pressure impulse model can be used to derive the393

spatial distribution of the pressure impulse from an extreme impulse obtained from an EVA for a vertical394

wall with an overhang.395

The impulse is assumed as a systematic triangle shape with a rising time ratio 0.5 which excites the396

structure. In general, this assumption works well when the impulse falls into the impulsive and part of the397

dynamic loading domains when Td/Tn < 1. But for the latter half of dynamic and static loading domain,398

both the shape and duration of the impulse are important. Choosing a symmetric triangle shape impulse to399

represent the real impact may lead to underestimation of the reaction force. For this case, an asymmetric400
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triangle shape with a rising time ratio of 0.4 is recommended. It should be noted that the dynamic response401

of the structure due to quasi-steady force is not considered. This situation may occur when the considered402

structure has an extremely long natural vibration period. Thus, the proposed method is not applicable for403

this case. It is suggested to take the minimum value of FDLFM
by using the proposed impulse expression404

and the traditional FDLF by using a DLF 1.52 as the design reaction force. The latter one always provides405

conservative values which may overestimate the real dynamic force.406

Using impulse as the input to design a structure is not a new concept. Using force peak and impulse407

are most widely used design methods in structural engineering field. For example, in USACE (1957) to408

design of structures to resist the effects of atomic weapons, it is clearly stated that using force and impulse409

(based on energy approach) to design structure to resist impacts are both good. Using the force as input410

is good to analysis the structure behavior, while using the impulse as input is good to design a structure.411

The novity of the proposed approach in the paper is to describe a method of using the impulse of wave412

impact to design a hydraulic structure. More efforts are still needed to improve the statistical model (e.g.,413

develop an impulse distribution formula which parameters can be empirically determined by wave climate414

and structure geometry characteristics) and structure model (the typology of the structure) in the future .415

In this study, four tests with two wave conditions and two water levels were statistically analyzed. For416

impact impulse, the exponential distribution (Weibull distribution with shape parameter b = 1) was found to417

provide the best fit. For quasi-steady forces, the Weibull distribution fits the four tests data well. The scale418

parameter is expected to be empirically described by the incident wave conditions in front of the structure.419

However, the proposed distribution is limited to the current test range. In an extension of this research, the420

authors propose that empirical parameterized distributions of impact impulses and quasi-steady forces will421

be obtained from more measurements and CFD calculations with a varied range of wave characteristics and422

structural geometries. This part of analysis is presented in Appendix B.423

The exact shape of the pressure peak and the impact duration have a large scatter (e.g., Hofland et al.,424

2010) and are prone to scale effects (e.g., Ramkema, 1978). Hence, the impact duration and the shape of the425

impact impulse can be altered based on empirical evidence. It might be that the impact is in the dynamical426

domain of the structure. Then the most adverse duration might be chosen as a conservative design approach,427

or a probabilistic approach can be used to estimate the joint probability of a certain extreme force. But428

for a detailed characterization the impact loads, a joint distribution between the impact impulses and the429

impact duration, or the quasi-steady forces and the impact duration are suggested for the future research.430

7. Conclusion431

The wave impact load on a vertical wall with overhang is analyzed using the impact-related impulse432

(integral of impact force over the impact duration) as the primary load variable instead of the peak impact433
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force. A wavelet-based method to split the quasi-steady and impulsive components of the impact force is434

presented. Extreme value distributions are derived for both the impact-related impulse and the pulsating435

(quasi-steady) forces. Statistical values of impact-related impulse and quasi-steady force can be recombined436

to predict the total load for a certain probability of occurrence, that can be used to determine the dynamical437

response of the structure. Small scale model tests of wave impacts on a vertical wall with an overhanging438

beam were used to try out this method. The results show that the proposed method can provide a good439

estimation of the reaction force when the structure is excited by an impulsive wave impact.440
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Appendix A. Pressure-impulse theory and application443

According to Lamb (1932), an impulsive impact occurs when a fluid surface suddenly hits a rigid surface.444

When the impact duration is very short, the pressure impulse field in the fluid can be calculated, by only445

knowing the changes in velocities around the edges of the fluid domain (i.e. impact velocities). Based on446

this fact, Cooker and Peregrine (1990, 1995) proposed a pressure impulse (P ) theory to predict the impact447

impulse of the pressure peak. The pressure impulse is defined as the time integral of the pressure over the448

impact duration P =
∫ ta
tb
pdt, as shown in Fig A.15a. By assuming a very short duration of the impact, both449

gravity and the nonlinear terms involving a spatial derivative of velocity terms can be neglected (Cooker450

and Peregrine, 1990, 1995; Wood, 1997). Based on the foregoing assumption, the considered impact is451

limited to the impulsive peak. Thus, the hydrostatic pressure from the slow water motion (e.g., red dashed452

quasi-steady force in Fig 2) needs to be removed from the whole pressure time history (Oumeraci et al.,453

2001). The pressure impulse can be approximately calculated by solving the Laplace equation, ∇2P ≈ 0 ,454

with known boundary conditions, as shown in Fig A.15b.455

An example of using the pressure-impulse theory to get the spatial pressure impulse distribution along456

the vertical wall is provided in Fig. A.16a. The input horizontal velocity (U0) and vertical velocity (V0) were457

extracted from the velocity field of each wave through PIV analysis.458

Good agreement is found between the measured pressure-impulse P and the results of the Cooker and459

Peregrine (1995)’s model, using the measured values of U0, V0, and µH. The results indicate that the pressure460

impulse model can be used to derive the spatial distribution of the pressure impulse from an extreme impulse461

obtained from an EVA for a vertical wall with an overhang.462
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Fig. A.15: (a) typical pressure-time history for impact on wall (b) boundary conditions on pressure impulse for impact on wall

for a 2D vertical case with a wave impacting the wall on the left with a velocity of U0, and over a height of (h-a) (adapted

from Wood et al., 2000).
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Fig. A.16: (a) Modified boundary condition for the vertical wall with an overhang beam; (b) the calculated pressure-impulse

distribution by using modified Cooker and Peregrine (1995)’s pressure impulse theory with boundary conditions of 2 types of

waves (see section 5.1.1)
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Appendix B. Statistical model and its applied results463

Weibull distribution is verified as the best distribution to characterize the impact impulse, expressed as464

below:465

PI∗ (I∗i − I∗tr ≥ I∗) = exp

[
−
(
I∗i − I∗tr

a

)b]
(B.1)

where a and b indicates the scale and shape parameters of the distribution. The fitting results are also466

shown in Fig. 12 and Table A1. It can be seen that the shape parameters of the four tests are close to 1.467

Thus, as a special case of Weibull distribution, exponential distribution (with shape parameter equals to 1)468

is used to simply represent the distribution of impact impulse. For the tests with the same water level, the469

scale parameters are nearly the same. Thus, a hypothesis is made that the scale parameter of the impact470

impulse distribution may be a function of water depth. Then the mth Im can be calculated as follow:471

Im = Itr − a ln

(
Pm
Pim

)
(B.2)

with Pm the exceedance probability of the mth largest impulsive impact force peak of the total impacts Nim472

with expressing as m/(Nim + 1), whereas Pim is the occurrence of the impulsive wave impact of the total473

impacts with expressing as Nim,i/(Nim + 1). In this study, incoming wave number Nw is simply determined474

as the number of generated waves in each test.475

Applying the Weibull distribution provided the best fit. Table A2 shows the fitting results. As the476

scale and shape parameters for all tests are quite close, a = 1.22 and b = 1.12 are used to characterize477

the quasi-steady force in this study. Fig. 13 also shows the fitting results of Weibull distribution by using478

a = 1.22 and b = 1.12 (black line). The final probability distribution for quasi-steady force is expressed as479

below:480

P
(
F ∗
qs+,i − F ∗

qs+,tr ≥ F ∗
qs+

)
= exp

[
−
(
F ∗
qs+,i − F ∗

qs+,tr

1.22

)1.12
]

(B.3)

The proposed distributions for impulse and quasi-steady force are limited to the current test range. In481

an extension of this research, the authors propose that empirical parametric distributions of impact impulses482

and quasi-steady forces will be obtained from more model tests and CFD calculations with a varied range483

of wave characteristics and structural geometries.484
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Table A1: Summary of the results for Weibull distribution fitting

Test series Nw Nim Nim,i I∗tr Scale a Shape b

T1-LW 2000 1583 1176 0.057 0.25 1

T1-ELW 2000 1635 1064 0.159 0.33 1.02

T2-LW 2000 1891 1091 0.097 0.27 1

T2-ELW 2000 1795 1125 0.174 0.35 1.05

Table A2: Summary of the results for weibull distribution fitting for quasi-steady force

Test series Nw Nim Nim,i F ∗
qs+,tr Scale a Shape b

T1-LW 2000 1583 1176 0.47 1.18 1.15

T1-ELW 2000 1635 1064 1.24 1.2 1.12

T2-LW 2000 1891 1091 1.04 1.27 1.10

T2-ELW 2000 1795 1125 1.42 1.24 1.11
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Appendix C. List of Symbols485

Fqs+ quasi-steady force

Fqs+,r the reaction force to the quasi-steady impact

Fqs+,0.1% quasi-steady force with exceedance probability of 0.1%

F ∗
qs+,tr threshold of dimensionless quasi-steady force

F ∗
qs+,i dimensionless quasi-steady force of i event

Fs wave force peak from the measurement

Fim impulsive force

Fmax total force peak

Fr reaction force

Ftot,r total reaction force reconstructed by the reactions of Fqs+ and Fim

Ftot,r,0.1% Ftot,r with exceedance probability of 0.1%

F0.1% force peak with exceedance probability of 0.1%

Fr,0.1% reaction force with exceedance probability of 0.1%

Fim,r reaction force to the impulsive impact

Fim,r,0.1% reaction force to the impulsive impact with exceedance probability of 0.1%

FSDOF the real reaction force can be simulated by using SDOF model

Fim,r,SDOF the simulated real reaction force to the impulsive component of the wave impact

Ftot,r,SDOF the simulated prototype total reaction forces of these structure

Iim impact impulse

Iim,0.1% impact impulse with exceedance probability of 0.1%

I∗ dimensionless impact impulse

I∗i dimensionless impact impulse i event

Itr threshold of impact impulse

Td impact duration

Td,e equivalent impact duration

Tn natural period of the structure

α rising time ratio

ωn natural angular frequency of the structure

H length scale of pressure-impulse theory

U velocity scale of pressure-impulse theory

Hs Significant wave height

Tp Significant wave period

ht water depth in front of the structure

X impact event

486
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