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1. Abstract 

The paper concerns horizontal wave forces on caisson breakwaters in 
multidirectional breaking seas. It is based on model tests performed in a 3D wave 
tank at Hydraulics and Coastal Engineering Laboratory, Aalborg University. The 
measured horizontal wave forces are compared to the Goda force. Good agreement 
with the Goda formula is found for waves not breaking directly on the structure, 
while increasing degree of breaking on the structure results in forces of up to 50 % 
higher than the Goda force. Furthermore, the reduction of the horizontal wave force 
on long structures due to the non full correlation of the wave pressure along the 
structure is investigated. A formula for the force reduction factor based on cross 
correlation coefficients is given as a function of the mean wave direction and the 
wave spreading. 

2. Introduction 

In the design of caisson breakwaters it is common to use the rather simplified 
but well documented (Goda, 1974), equation for calculation of the wave forces. 
Alternatively, equations from (Takahashi et al., 1994), (Allsop & Vicinanza, 1996), 
deals with effects from impulsive forces. However, these models do not at the same 
time take into account both wave impacts and wave directionality. 

The effects of wave breaking and impact forces on vertical structures have 
been investigated by several researchers in the past. However, the research on impact 
loading has mainly been based on 2D breaking waves, (Takahashi et al., 1994), 
(Oumeraci et al., 1995), (Allsop & Vicinanza, 1996), (McKenna & Allsop, 1998). 
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Attention has also been addressed to the effects of wave obliquity and 
multidirectionality on the wave loads on vertical caisson breakwaters situated in non 
breaking seas. Battjes (1982) gave a theoretical description of effects of short- 
crestedness on wave loads on long structures. Within the joint European (MAST-LIP- 
TAW) research project, a 3D model investigation was carried out at Delft Hydraulics 
to assess these effects. The results have been published by several researchers, among 
them Franco et al. (1995). 

Few researchers (Gr0nbech et al, 1997), (Calabrese & Allsop, 1998), 
described the effect of obliquity on wave load. These studies included effects from 
impact forces. 

So far, little attention has been paid to the effects of wave obliquity and 
mulitidirectionality on the reduction in the wave loads on long caisson breakwaters 
placed in deep water breaking seas. To assess these effects, a physical model study 
has been carried out (Hydraulics and Coastal Engineering Laboratory, Aalborg 
University, 1997 and 1998). 

In addition ongoing research will in the near future focus further on this topic. 
Late autumn 1998 a joint European TMS research project entitled Coherence of 
impact pressures at vertical wall in multidirectional seas lead by Prof. Alberto 
Lamberti, University of Bologna, Italy, will be performed at HR Wallingford. 

3.   Experimental setup 

The physical model tests were carried out in the 3D wave basin. A caisson 
breakwater model constructed in plywood was used in the tests. The model was 
placed on a one layer smooth foundation constructed in concrete. The idea of this 
foundation was to provocate wave breaking in front of the caisson or even to 
introduce wave breaking on the caisson. The cross section and a plan view of one of 
the models are seen in Figure 1. 

The size of the model did not refer to any particular prototype structure, 
however, a Froude scaling of 1:20 - 1:25 seems appropriate for this type of structures. 

Two different crest freeboards corresponding to dimensionless crest 
freeboards in the range 1.17 - 1.90 were applied in the tests. 

Two different model layouts were used, obliquity of the model relative to the 
wave paddles where 15° and 30°, respectively. The reason for these two model 
layouts was the fact that model influence given by the layouts should be extracted. 

To assess the effects of wave obliquity and multidirectionality of the waves, 
the wave induced pressures were measured on a 2.4 m wide test section, giving the 
opportunity to study these effects on a single vertical element of the test section as 
well as on the total width of the test section. 

To eliminate the disturbance from wave diffraction at the two ends of the 
model, the model were extended beyond the test section. 
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Figure 1 - Model setup. 

Preliminary to the tests a numerical study was performed in order to evaluate 
the diffraction effect from the two ends of the caisson. A consequence of this study 
was a non-symmetrical placing of the test section in the whole structure, see Figure 1. 
Even though much effort during planning and model changes were done trying to 
minimize effects from diffraction it must be concluded that variations in the order of 
+/- 5 % of the incident wave height along the structure within the test section could 
be expected in a test. Consideration of this variation is rather important for the 
analysis of lateral force distribution. 

In order to control the incident waves the basin were equipped with a full 3D 
active absorption system, see (Hald & Frigaard, 1997). 

As the main objective of the study was to assess the effect of wave obliquity 
and multidirectionality in breaking seas, the changes on test conditions were mainly 
the incident mean direction of the waves and the directional spreading of the waves. 
The wave parameters are summarized in table 1. 
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Wave spectrum JONSWAP, y= 3.3 
Peak period 7> 1.2 sec 
Significant wave height Hs 0.14-0.18 m 
Crest freeboard Rc 0.21 and 0.27 
Water depth near caisson h 0.3 m 
Mean wave direction 6 0° to 48° 
Spreading of waves Cosine squared, cr= 0° - 25° 

Table 1 - Wave parameters. 

To obtain an adequately statistically validity of the test results, rather long 
time series were performed with no test series having less than 1800 waves, and on 
certain occasions up to 2500 waves. 

4.   Wave analysis 

Wave height is the most important parameter in the description of the wave 
forces. Due to high amount of reflection from the caisson and thereby the relatively 
confused sea, high priority were given to calculation of the incident wave height. 

Wave elevations were measured by a wave gauges array consisting of 7 wave 
gauges located on deep water, see Figure 1. Using the Bayesian Directional Method, 
see Hashimoto & Kobune (1988), the wave field were separated into incident and 
reflected wave fields. Mean wave directions, spreading of the waves, significant wave 
heights and reflection coefficients at deep water were calculated from this incident 
wave field. 

As the waves approached the more shallow water near the caisson they 
shoaled, refracted and started to break. Therefore, deep water wave parameters could 
not describe the waves sufficient in shallow water near the structure. Due to the wave 
reflection wave breaking and the rapid chances in the sea state shallow water wave 
parameters like wave direction, spreading of energy and wave height could not be 
calculated with high accuracy. Therefore, the front of the caissons was equipped with 
up to 4 wave gauges. 

Using measured reflection coefficients of approximately 95 % an estimate of 
the shallow water significant wave height were calculated from Hs = 4/1,95 vmo, with 
m0 = total amount of energy. 

Mean wave directions and energy spreading of the waves referred to in the 
following were all calculated from the deep water incident wave field. 
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5.   Statistical distribution of forces 
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Figure 2 - Example of time series with a duration of 10 seconds showing sampled 
pressures in one section and the corresponding integrated horizontal force. 

The forces in the sections were determined by integrating the measured 
pressures over the height of the model. In Figure 2, a time series of measured 
pressures in eight different levels and corresponding integrated horizontal force are 
shown. The pressures were sampled at 800 Hz. In order to compare the results of the 
tests with the prediction formula of Goda and to compare the results of tests with 
different wave heights, the measured forces were expressed in terms of the statistical 
force parameter Fi/250 which is average of the force peaks occurring with a probability 
less than 0.4 %. Wave heights input into the Goda formula were measured at the 
structure exactly where the forces were measured. 

In the design of the model layout for non braking and breaking conditions 
approximately 0 % of the waves and 8 % of the waves were assumed to break on the 
ramp or at the caisson, respectively. Figure 2 show that some impulsive loading from 
the breaking waves were measured but only some deviations relative to pulsating 
forces were seen. 
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Figure 3 - Example of statistical distribution of horizontal force peaks. 

McKenna & Allsop (1998), stated that the statistical distribution of the 
pulsating force peaks may be described well by the Weibull distribution, and that a 
change in the gradient of the Weibull plot indicates the onset of impulsive wave 
impacts. 

Figure 3 show that this deviation happened for force peaks with a probability 
of exceedence P less than approximately 3 - 4 % which corresponds rather well to the 
observed number of waves breaking near the caisson or at the caisson. 

3/FG 

2,5 

2,0 

1,5 

0,0 

—&». 

- Breaking waves, spr. = 25° 
-Breaking waves, spr. = 18° 

-©• - - Non-breaking waves, spr. = 25° 
•X- - -Non-breaking waves, spr. = 15° 

10 20 30 

Figure 4 - Force comparisons. 
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Figure 4 show that measured forces corresponds very well to forces predicted 
by the Goda equation. As long as the waves were non breaking this was the case for 
all tests no matter wave direction and wave spreading. Other researchers, (Franco et 
al. 1995) and (Gr0nbech et al, 1997), found poorly agreement between measurements 
and the Goda force. They reported deviations up to 20 %. This is because they 
calculated the Goda force from the deep water parameters where the present study 
uses shallow water wave parameters. 
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The measured force for the breaking waves deviate approximately 50 % from 
the forces predicted by the formula of Goda. Apparently, the Goda formula 
underestimates the forces from the breaking waves. Though, here it must be 
remembered that the test conditions for the breaking waves present somewhat the 
most severe possible sea condition, which in practice is the upper limit for the number 
of breaking waves. Such conditions were never meant to be covered by the Goda 
formula. Goda (1984), described how to avoid such a condition in the design. 

3,5 4,0 1,0 1,5 2,0 2,5 3,0 
« ratio of waves breaking on the caisson 

(giving impulsive pressures) [%] 

Figure 5 - Measured forces compared to the Goda force for different degrees of wave 
breaking on the caisson. 

Allsop et al. (1996), also found that the Goda equation underestimated impact 
loadings from breaking waves and they demonstrated very good correlation with the 
equation originally proposed by Allsop & Vicinanza (1996): 

•M/2 

%„gh2y 
. 15("^)3'34 for 0.35 <Hs/h <0.6 (1) 

In the present study relatively good agreement to the Allsop & Vicinanza 
equation were found but the equation seemed to overestimate the measured forces. 
For the test cases the Allsop & Vicinanza equation estimate forces approximately 
double the estimates from the Goda equation. 

Figure 5 shows that force ratio as a function of the number of waves breaking 
on the caission. From plots like the one shown in Figure 3 it is possible to find the 
number of waves breaking on the caisson. 

The performed tests were divided in three groups, non breaking waves, 
moderate breaking waves and breaking waves, respectively. In Figure 5 all force 
ratios are plotted relative to the average number of waves breaking on the structure in 
the whole group of wave conditions. A clear trend described by the following 
equation is found. 

= 0.6 + 25« (2) 
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6.   Lateral distribution of forces 

The horizontal wave load over a length of caisson will be reduced relative to 
forces measured in one section due to the non full correlation of the wave pressures 
along the structure. 

By measuring the vertical distributions in nine sections spaced by 0.3 m and 
one section 0.1 m wide, the lateral distribution of the horizontal forces was studied. 
This is important due to the unknown correlation between the lateral distribution of 
the horizontal pressure and the lateral distribution of the horizontal force. The wave 
pressures were measured by a set of pressure transducers placed in the test section as 
shown below. 

Figure 6 indicates 10 sections with 8-9 pressure transducers in each section. 
Never the less due to a restriction of 50 available pressure transducers only 
measurements in four sections were done simultaneously. 

O Pressure  transducer 
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Figure 6 - Pressure transducer placement. Measures in meter. 

From simultaneous measurements of force time series in different sections the 
reduction factor rp can be calculated (actually r? describes the non reduction in the 
force). Given a structure with length Is the reduction factor is traditionally calculated 
as: 

rAh.P)^, 

\F(x,t)dx 

ls-FF(t) 
(3) 

Notice that the reduction factor might be depending on the probability level P 
for the calculation. 

Calabrese & Allsop (1997) and Burcharth (1998), calculated force reduction 
coefficients simply by doing statistical analysis of lateral integrated force time series, 
and then take rF as the ratio between F1/250 from the lateral integrated force time 
series and Fmso from the force times series measured in one section. 

Though, such a method for calculating the force reduction will be influenced 
by diffraction patterns along the structure leading to too low reduction factors, which 
is unsafe. Furthermore, it is impossible to perform tests with high spatial resolution, 
so results will be based on a coarse resolution. Generally this effect will result in too 
high reduction factors. It is not possible assess these effects. 
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In the present study the spatial correlation coefficient used as the basis for 
calculation of the force reduction factor is calculated as: 

pU, -4= 
±jjF(x = xl,ti)F(x = x2,ti)At 

i  

(TF(,^,)0'F(x=,2) 

(4) 

Here r is the part of the time series that the spatial correlation coefficient is 
based on (F can consist of disconnected parts of the time series), xi and X2 are 
coordinates of the sections where the time series are measured along the structure. 
cfp is the variance of the Tpart of the time series. 

The advantages of using the cross correlation coefficients are that diffraction 
effects are removed from the measurements, and it is possible to get a very high 
spatial resolution by repeating the tests with different distances between the sections. 
Results will not be affected by smaller changes in the seastates. 
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Figure 7 - Spatial correlation coefficients and fitted spatial correlation function pi • 
pi(kx sin(6)) based on all data points in the time series. 

Figure 8 - Spatial correlation coefficients and fitted spatial correlation function P2 : 

P2(kx sin(G)) based on all force peaks in the time series. 
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Figure 9 - Spatial correlation coefficients and fitted spatial correlation function p3 = 
p3(kx sin(6)) based on force peaks with a probability of occurrence less than 0.4 %. 

Spatial correlation coefficients between the measured integrated pressures in 
sections with varying lateral distance have been calculated in three different ways, see 
Figure 7-9. 

First spatial correlation function pi were calculated from the whole of the 
forces, i.e. using all data points. Second spatial correlation function P2 were 
calculated from the parts of the force time series were the peaks of the forces were 
situated. Finally, the third spatial correlation function p3 were calculated only from 
the parts of the force time series were the highest peaks (peaks with a probability of 
occurrence lower than 0.4 %) were situated, k is the wave number based on the peak 
period of the waves at shallow water. 

It is obvious that the calculated spatial correlation coefficients show 
increasingly scatter when they are calculated from fewer data points. Also the figures 
indicates that the spatial correlation for the highest forces is lower than the spatial 
correlation for the whole time series. This means that the reduction factor for the 
highest peaks is lower than the reduction factors for the whole time series. 

The reduction coefficients for the design forces were calculated using the 
spatial correlation function p3: 

U 

2 2 T^ 

dx d£, (5) 

It is assumed that the force peak will hit anywhere along the caisson with even 
probability. This means that the caisson in the calculation is placed randomly relative 
to the spatial correlation function. 
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Figure 10 - Reduction factors for the horizontal wave loads. 

Figure 10 show calculated reduction factors based on spatial correlation 
functions (eqn. (4)) compared to reduction factors based on a traditional method of 
calculation (eqn. (3)). For low values of the dimensionless structure length kls sin(d) 
it is seen that a traditional calculation will underestimate the reduction factor where as 
for high values of the dimensionless structure length the traditional calculation will 
overestimate the reduction factor. 

The calculated reduction factors can be described by the following equation: 

l + a(klssm(e))': 

/or<7 = 18°,a = 1.0 

/or er = 25°, a = 1.8 
forG>5° (6) 

7. Conclusion 

Regarding the effect of wave breaking on vertical caisson breakwaters, an 
increase compared to non-breaking waves and the predictions by the Goda formula of 
the wave forces was seen. It was found that the ratio of the waves breaking on the 
caisson controls the amplification of the force relative to the Goda force. 

Because no full correlation exists between measured horizontal forces in 
sections with varying lateral distance, a force reduction for wide caisson sections are 
found. It has been shown that force reduction coefficients must be based on measured 
cross correlation coefficients. Expressions for reduction factors as function of wave 
angle and wave spreading are given. 
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