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ABSTRACT

This paper outlines the uncertainties of impact waves and the reduction of the value of Fhmax

due to aeration in the impacting waves, irrespective of the method of obtaining this force.
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1. INTRODUCTION

The concept of uncertainty analysis has already been explained in chapter 4.4 of Volume IIa
by Vrijling et.al. (1998). In this chapter an uncertainty analysis will be presented on impact
waves. Furthermore the scale corrections due to aeration will be discussed.

2. UNCERTAINTY ANALYSIS OF WAVE IMPACTS

In this section a short summary is presented of the statistical analysis of the data base of
laboratory measurements of PROVERBS / Task 1. Horizontal impact and uplift forces are
modelled with a GEV-distribution. The statistical uncertainties of the GEV are determined
and upper bounds are calculated. Rise time and total impact duration are modelled with a new
proposed relation.
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2.1 Horizontal impact and uplift forces

HR97 tests have been performed with various bed slopes. Horizontal impact forces have been
measured and are scaled to Fh*=Fh/ρgHb

2. The tests contain dimensionless parameters used in
the impact model for prediction of force magnitude, Fh, impact rise time, tr and impact
duration, td.  The parameters are:

Fh/ρgHb
2

tr/(deff/g)0.5

td/(deff/g)0.5

deff

Hb is the breaker height and deff is the effective depth as defined by Calabrese (1997).

The best model for the statistical distribution of scaled impact forces appears to be the so-
called Generalized Extreme Value model. The distribution function is given by:

F(x) = 1-exp(-(1-k.((x-u)/a))1/k)  (1)

and k, u and a are the parameters describing the GEV distribution.  These should vary with
structure geometry and bedslope.

The data base of PROVERBS/Task 1 laboratory measurements consists of HR94, HR97,
GWK.IMP, WKS_U.IMP and QUB.IMP tests.  More information about these tests can be
found in McConnell, K.J., Kortenhaus, A. (1996) and Kortenhaus, A. (1996) w.r.t. GWK-
tests; furthermore Kortenhaus, A., Oumeraci, H. (1997), Oumeraci, H., Kortenhaus, A.,
Klammer, P. (1995) w.r.t. WKS-tests and Allsop, N.W.H., Vicinanza, D., McKenna, J.E.
(1996) and McConnell, K.J., Kortenhaus, A. (1996) w.r.t. QUB-tests.

Of each test the 10-2 quantile is estimated by integrating out the parameter uncertainty. Also a
95%-upperbound of the 10-2 quantile is determined. The results are summarised in the next
tables.

Tab.1: Parameter values (UB is the 95%-upperbound, 10-2 is the 10-2 quantile) of HR94-
tests.
Bedslope u A k 10-2 UB
1 in 7 6.97 3.44 -0.42 54.1 77.4
1 in 10 11.84 8.09 -0.296 97.6 136.3
1 in 20 7.75 3.54 -0.35 49.7 57.7
1 in 50 6.45 2.49 -0.14 23.1 26.1

Figure 1 gives the results of the HR97 tests with the 1 in 50 bed slope consisting of 268 data
points. The GEV-model and the lower- and upperbound fit satisfactorily.
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Fig.1: GEV-Fit for relative horizontal forces for a typical model test

The PROVERBS/Task 1 measurements data base consists of experiments with bed slopes of
only 1 in 7, 1 in 10, 1 in 20, and 1 in 50. Extrapolation to bed slopes of 1 in 100 and 1 in 200
is however not advisable.

The results of the LWI tests (all 1 in 50) of the horizontal forces are given in the next table:

Tab.2: Parameter values (UB is the 95%-upperbound, 10-2 is the 10-2 quantile).
u a k 10-2 UB

GWK.IMP 7.86 3.97 -0.32 53.6 80.2
WKS_U.IMP 8.72 6.46 -0.15 52.4 56.8
QUB.IMP 8.59 3.83 -0.012 27.3 30.5

It should be noted that the values of the 10-2 quantile of the LWI-tests differ quite much than
the corresponding HR97 values (about 200%).

Uplift forces have also been measured in the LWI-tests. The following characteristics were
found:
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Tab.3: Parameter values (UB is the 95%-upperbound, 10-2 is the 10-2 quantile).
u a k 10-2 UB

GWK.IMP 4.384 2.17 -0.11 18.4 24.5
WKS_U.IMP 6.131 4.26 -0.36 28.3 30.6
QUB.IMP 5.763 2.52 0.056 16.2 18.3

Note that the 10-2 quantiles and the upperbounds of the uplift forces are about a factor 2 lower
than the corresponding values of the horizontal forces.

The correlation of uplift forces with horizontal impacts forces could be determined:
GWK.IMP 0.7263
WKS_U.IMP 0.5138
QUB.IMP 0.3067

2.3 Rise time and total impact duration

The relation between rise time and total impact duration is proposed by:

tr = k'(deff/g)0.5.ρgHb
2/Fh  (2)

with k’ a random variable modelled by a LogNormal distribution with the following means
and standard deviations.

Tab.4: Parameter values
Horizontal Horizontal Uplift Uplift
mean Std mean std

GWK.IMP 0.086 0.084 0.16 0.17
WKS_U.IMP 0.10 0.20 0.63 0.44
QUB.IMP 0.16 0.38 0.57 0.45

Figure 2 give the results of the HR94 tests with the 1 in 50 bed slope, from which it can be
denoted that indeed tr /(deff/g)0.5.ρgHb

2/Fh remains fairly constant under all observations.
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Fig.2: Value of k’ of a typical test (see Eqn. (2))

The following relation for td and tr is suggested:
td=-c/ln (tr) where c is normally distributed with the following means and std’s (standard
deviations).

Tab.5: Parameter values
Horizontal Horizontal Uplift Uplift
mean Std mean std

GWK.IMP 2.17 1.08 1.88 0.99
WKS_U.IMP 2.45 1.02 1.19 0.75
QUB.IMP 2.08 0.86 1.18 0.47

Figure 3 give the results of the HR97 tests with the 1 in 10 bed slope, from which it can be
denoted that indeed –log(tr).td remains fairly constant under all observations.
Note that the relation td=-c/log(tr) can be written as:

trtd = c’   (3)

(with c’=e-c).
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Fig.3: New proposed relationship Eqn. (3)

3. SCALE CORRECTIONS DUE TO AERATION

Research under MAST III has been carried out into the estimation of the wave impact force
Fhmax  (illustrated in Figure 4), and its effect on the stability of vertical breakwaters using full
scale and model scale tests. These forces can be obtained by carrying out model scale tests and
scaling up to full scale or by using prototype wave data and obtaining the wave impact force
after some manipulation of this data.

This section outlines the reduction of the value of Fhmax due to aeration in the impacting
waves, irrespective of the method of obtaining this force.
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Fig.4:  Force - time curve

3.1 Calculation of force reduction

The estimation of the reduction of wave impact forces due to aeration is obtained in three
steps which are :

1. Obtaining the frequency of impacts
2. Determination of the level of aeration for frequency of impacting waves
3. Obtaining the reduction in wave impact loading due to the level of aeration

The individual steps are described in more detail below

3.1.1 Prediction of the occurrence frequency of impacts

A simplified model for the prediction of the percentage of impact loadings acting on a vertical
breakwater has been developed, Calabrese(1997).

The main assumption of the model is that all the incoming irregular waves with a height larger
than the local critical wave height, H99.6b , break onto the structure causing impact forces. The
point of wave breaking is particular to each individual wave and consequently some of them
can arrive broken at the wall (not impacting).
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The wave height distribution for the non-breaking wave heights H < H99.6b is assumed to be
the same as it is in the absence of wave breaking. In the model the Rayleigh distribution has
been assumed because it is commonly used for many engineering purposes.

The fraction Pi  of the waves impacting on the structure has been calculated as the number of
waves which, according to the Rayleigh distribution would have been larger than H99.6b :

Pi  =  exp(-2(H99.6b / Hsi )
2 )*100  (4)

where Hsi indicates the significant inshore wave height without the structure.

Note, In some cases when waves arrive broken at the breakwater some discrepancies may
occur.

3.1.2 Aeration in breaking waves

Several sets of full scale aeration measurements have been obtained over the last decade for
void fraction under whitecaps, air bubbles entrained within Langmuir circulation and for
breaking waves on beaches. The first aeration levels recorded in impacting waves have been
measured at Alderney by UoP over the last two and a half years. A scale model of Alderney
has also been tested with impact pressures, wave data and aeration measured. The model scale
aeration results along with their full scale counterpart have been analysed and used to relate
wave data and impact pressure data to percentage aeration.

The analysis of the field and laboratory data indicates that modest changes in the quantity of
entrained air can have a significant influence on the temporal and spatial variations in pressure
and hence forces.

The curve shown in Figure 5 has been obtained from the measurements of temporal and
spatial variations of wave impact pressures and aeration levels at the near vertical Alderney
Breakwater. These measurements have been described in more detail in a previous paper,
Crawford et al (1997).
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Fig. 5:  Aeration levels in impacting waves

3.2 Reduction in forces due to aeration

The impact of a steep fronted wave against a vertical wall is affected by many variable
parameters one of which is aeration. Drop tests have been carried out, Hewson et al (1998), to
investigate the effect of water compressibility on impact time histories.

Piezometers, water levels and speed of sound measurements were used to obtain values for the
level of aeration. The curves obtained showed a clear correlation between impact loads,
impact velocity and levels of aeration.

Based on these tests an empirical curve has been obtained which shows the reduction in force
relative to the level of aeration - see Figure 6.
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Fig. 6:  Force Reduction Factor (Beta is the fraction aeration, F: force with aeration and Fi:
force without aeration)

By applying the method outlined in the three steps above a force reduction factor can be
calculated, which is then used to modify predicted maximum forces for full scale wave
impacts. In addition to finding a decrease in the maximum pressure for increased aeration the
laboratory results also show that rise time increases with increased aeration. The change in
rise time may also be calculated by assuming that the impact momentum remains constant,
where impact momentum is calculated by the method outlined in Walkden (1996).

It is recommended to use a mean force reduction factor r of 0.67 with a variation coefficient of
30%. Furthermore the rise time increases with a factor 1/r:

F = Fmodel r (5)
tr = tr / r (6)

4. CONCLUSIONS

In this chapter attention has been paid on:
- an uncertainty analysis of wave impacts,
- reduction of the value of Fhmax due to aeration in the impacting waves.

0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20

Beta  %

F
or

ce
 R

ed
uc

tio
n 

F
ac

to
r 

 F
i/F

  



CHAPTER 5.4 UNCERTAINTY ANALYSIS

- 11 -

REFERENCES

VRIJLING, J.K., (1997),  Evaluation of uncertainties and statistical descriptions. Probabilistic
tools for vertical breakwater design, MAS3-CT95-0041, Proceedings Workshop Las Palmas,
February 1997.

VRIJLING, J.K. and VAN GELDER, P.H.A.J.M, (1997), The effect of inherent uncertainty in
time and space on the reliability of vertical breakwaters, ESReDA Seminar on Industrial
Application of Structural Reliability Theory, 2-3 October 1997, Paris.

ANG, A.H.S., (1973), Structural risk analysis and reliability-based design, J. of Structural
Division, ASCE, Vol.99, No. ST9, Sept. 1973, pp. 1891-1910.

VAN DER MEER, J.W., D’ANGREMOND, and JUHL, J., (1994), Probabilistic calculations
of wave forces on vertical structures, Coastal Engineering 1994, pp.1754-67.

CALABRESE M., 1997, “Onset of Breaking in Front of Vertical and Composite
Breakwaters”, MAST III Probabilistic Design Tools for Vertical Breakwaters, Task 1
Workshop, Edinburgh June 1997

CRAWFORD A.R., BULLOCK G.N., HEWSON P.J., & BIRD P.A., 1997, “Wave Impact
Pressures and Aeration at a Breakwater”, Waves ‘97 International Conference, Virginia USA
Nov. 1997, 14pp

HEWSON P, WALKDEN M J, BULLOCK G N, 1998, “Reduction in Impact Pressures due
to Aeration”, MAST Workshop, Caen, France

WALKDEN M.J., HEWSON P.J., & BULLOCK G.N., 1996, “Wave Impulse Prediction for
Caisson Design” Proc. Int. Conf. Coastal Engineering ‘96, Orlando USA Sept. 1996, p2584-
2597

MCCONNELL, K.J.; KORTENHAUS A. 1996, “Analysis of pressure measurements -
discussion note”. Task 1, Belfast Proceedings, Annex 19.

KORTENHAUS A., 1996, “Pore pressures in rubble foundation underneath a caisson
breakwater - results of large-scale model tests“, Internal Note.

KORTENHAUS A; OUMERACI, H., 1997, ”Supplementary data for response map”. Las
Palmas Proceedings, Annex 1B.

OUMERACI, H, KORTENHAUS A.; KLAMMER, P. , 1995, “Displacement of caisson
breakwaters induced by breaking wave impacts”, ICE'95, London, pp. 50-63.

ALLSOP, N.W.H.; VICINANZA, D.; MCKENNA, J.E., 1996, “Wave forces on vertical and
composite breakwaters”, SR 443 report, HR Wallingford.



DUT / UOP P.H.A.J.M. VAN GELDER ET AL.

- 12 -

MCCONNELL, K.J.; KORTENHAUS A, 1996, “Analysis of pressure measurements -
discussion note”. Task 1 Belfast Proceedings, Annex 19 .


