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Laboratory measurements of the pressure distributions on surface-piercing vertical cylinders 
due to breaking waves are presented. Breaking waves are generated in a repeatable fashion 
under program control, and both vertical and azimuthal distributions of pressures were 
measured over many repeats of the experiments. Despite the repeatability of  the controllable 
experimental conditions, it is found that the highest impact pressures are subject to considerable 
variability, including pressure oscillations, from run to run. This high impact region is found 
to be localized in space and time, and the variability is attributed to the random dynamics of 
the breaking wave front and the entrapped air. Thus, despite the repeatability of the upstream 
incident wave hydrodynamics, it appears that the prediction of the largest pressures is essentially 
a stochastic problem. For those aspects of flow-structure interaction which do not depend on 
the higher-frequency impact pressures, these experimental results may be extrapolated to full 
scale through the use of the pressure impulse. 

1. INTRODUCTION 

It is often anticipated that wave impact will yield the 
highest hydrodynamic loads on marine structures. As 
shown later in this paper, impact pressures can be more 
than ten times higher than non-impact pressures and the 
duration of impact is typically a small fraction (<  1/100) 
of the characteristic wave period. Such impulsive loads 
can lead to unacceptable structural responses, or even 
structural failure, and a good knowledge of the impact 
phenomenon is clearly warranted. A detailed study of 
wave impact on vertical plates has been presented in a 
series of papers by Chan and Melville t-4. This paper 
presents a study of wave impact on vertical cylinders. 

Due to the complex and transient nature of the impact 
process, studies of wave impact on cylinders have, in the 
past, been rather limited. Attempts to monitor wave 
impact forces on cylinders (Honda and MitsuyasuS; 
Dalton and Nash6; Wiegel7; Takagi et al. s) were often 
limited by the dynamic response of the measurement 
system when subjected to an impulsive load. This leads 
to distortions in the force signals which must then be 
corrected by evaluating the dynamic response of the 
system. Unfortunately, the dynamics of the measure- 
ment system, which involve the force transducer, the 
model, and the ambient fluid, are typically difficult to 
evaluate, and the forces are usually taken as measured. 
Increasing the natural frequency of the force measure- 
ment system will reduce the structural vibrations, but 
this will also imply a reduction in the sensitivity of the 
force measurement system, leading to a poor signal-to- 
noise ratio. Despite the limitations of force 
measurements, the above studies did indicate the 
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significance of impact forces compared to non-impact 
forces. For vertical cylinders, the impact force can be 
five to seven times higher than predictions using Mor- 
rison's equations and linear theory (Honda and 
Mitsuyasu~). 

Theoretical predictions of wave impact forces on 
cylinders have also been limited. Empirical models to 
estimate impact forces on cylinders (Wiegel 7, Sawaragi 
and Nochino 9, and Tanimoto et al. 10) have typically 
taken the form F = d(mv)ldt; where F is the impact 
force, m is the added mass and v is the fluid velocity. 
Unfortunately, both the added mass and the fluid 
velocity are quantities dependent on the interaction bet- 
ween the fluid and the structure and at best can only be 
approximated. The added mass term is usually approx- 
imated by the value corresponding to a two dimensional 
problem - that of an infinitely long cylinder striking the 
surface of still water; and the fluid velocity is typically 
approximated by the phase velocity of the wave. 
However, both approximations are inaccurate since 
wave impact on a vertical cylinder is three-dimensional 
and the fluid velocity near the impact zone can be more 
than twice the phase velocity if the impact is associated 
with wave breaking (Peregrinen). 

Following the success in the numerical modelling of 
highly nonlinear waves (Longuet-Higgins and 
Cokelet~2; Vinje and Brevig13), attempts have also been 
made to simulate wave impact loads on cylinders. 
However, current numerical models can only simulate a 
two dimensional problem, such as wave impact on a 
horizontal cylinder parallel to the wave crest (Vinje and 
BrevigX4). Attempts to simulate wave impact on a ver- 
tical cylinder have been made by Takagi et al. s. This is 
based on the assumption that the evolution of the inci- 
dent wave crest is independent of the presence of the 
cylinder, and at discrete elevations the force is estimated 
based on Morison's equation ~5. The above assumption 
is clearly unsatisfactory, especially if the cylinder 
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diameter is large compared to the incident wave height. 
Furthermore, even if the predicted wave kinematics are 
reasonable, the prediction of wave load is still dependent 
on the estimates of the inertia and drag coefficients used 
in the model. These coefficients are unknown values for 
the highly transient impact process and have been 
assumed constant by Takagi et al. s 

A factor which has not been included in previous 
analyses of wave impact is the dynamics of air during 
impact. Detailed measurements of wave impact on a ver- 
tical wall (Chan and Melville 4) have shown that air 
dynamics may play a role at impact; contribution to both 
the high impact pressures and the pressure oscillations in 
the impact region. Air dynamics can also lead to signifi- 
cant variability in the impact pressures even when the 
incident waves are essentially identical. Similar features 
are obtained for impact on cylinders. This is evident in 
the results presented by Sawaragi and Nochino 9. Chan 
and Melville 4 further showed that for plunging wave 
impact, the pressure characteristics also depend 
significantly on the development of wave breaking just 
prior to impact. Given the variability in the load maxima 
at impact, particularly for the same incident wave condi- 
tions, it is anticipated that impact pressures are sensitive 
to small changes in the kinematics of the incident wave 
front and the geometry of the structural boundary. 
Neglecting the presence of the structure while 
simulating the incident wave kinematics, as proposed by 
Takagi et al. s, will therefore be erroneous. Unless the 
dynamics of air is clearly understood, predictions of 
wave impact forces or pressures will have to be 
stochastic, relying on statistics obtained from 
experimental findings. Attempts have been made by 
Ochi and Tsai 16 to  yield statistical predictions of impact 
pressures on cylinders. The analysis was based on 
pressures monitored along a vertical profile facing the 
incident wave front. However, the pressures obtained 
seem to exhibit little variability, contrary to the results 
obtained by Chan and Melville 3 for cylinders of  similar 
size. A higher variability in the pressure maxima is 
expected due to the presence of trapped air during 
impact, and the applicability of Ochi and Tsai's results 
may be quite limited. 

From the above review, it is clear than an improved 
knowledge of the pressure distributions, pressure 
characteristics, and the pressure variabilities will lead to 
a better understanding of the physics of wave impact and 
a better model for predicting impact forces. This will 
require a detailed study with a systematic variation of 
the incident wave conditions and the structure dimen- 
sions. Rapid variation of the pressure characteristics in 
both space and time will further require extremely good 
control in any experimental studies of the impact 
phenomenon. Due to the lack of control of the incident 
wave conditions, it is unlikely that field studies will lead 
to a fundamental improvement in our understanding of 
wave impact. However, laboratory studies are possible 
due to recent advances in experimental control (Chan 
and Melville4). Such a study is presented in this paper. 

It is noted that a complete study will necessitate a 
variation of the incident wave conditions from regular 
non-breaking waves to waves that plunge on the 
cylinder. However, this would be very time consuming 
and in this study we have limited ourselves to the most 
severe impact condition, namely impact by a plunging 

wave. A description of the experiments and the 
instrumentation is presented in the following section. 
The characteristics and distributions of the impact 
pressures, which include the pressure maxima, pressure 
variability, pressure variation with cylinder locations, 
and the distributions of mean pressure maxima, are 
presented in Section 3. Correlation of the results with 
the wave plunging process is discussed in Section 4. 
Also discussed are the engineering implications of the 
results and the extrapolation of results to prototype con- 
ditions. 

2. THE EXPERIMENTS 

The experiments were conducted in a 30 m long wave 
tank at the Ralph M. Parsons Laboratory, Massachusetts 
Institute of Technology. The channel is 0.76 m wide and 
0.9 m deep and the experiments were conducted with a 
water depth of 0.6 m. Wave plunging was simulated by 
generating a frequency modulated wave packet con- 
sisting of thirty two discrete frequency components, pro- 
grammed to yield construction interference at the 
desired location. This procedure follows Longuet- 
Higgins 17 and Greenhow et aL is and has been tested 
successfully by Chan t9 and Rapp 2~ The wave packet is 
characterised by three dominant parameters - the fre- 
quency bandwidth, the wave steepness, and the location 
of wave breaking. Details of the wave packet are 
specified in Table 1. By varying the steepness 
parameter, wave breaking ranging from spilling to 
plunging may be simulated. The steepness yielding a 
single plunging wave was used in the experiments. The 
location of wave breaking in many repeats of the experi- 
ment varied by less than 0.003 L along the channel (L 
is the characteristic wave length), indicating a high 
degree of repeatability of the experiments. 

A typical layout of the experiment is shown in Fig. 1. 
Pressure measurements were obtained simultaneously 
using five Kistler 606A quartz transducers. These 
transducers were mounted rigidly in the cylinder wall 
along a vertical profile, at elevations ranging from 
2.5 cm (0.013 L) to 17.5 cm (0.091 L) above the still 
water level (Fig. 2). The response time of the 606A 

Table 1: Characteristics of the wave packet 

Frequency bandwith 6f/f~ = 0.727 
Steepness parameter Nakr = 0.364 
Ideal distance to breaking xbk~ = 27.5 

where Af = frequency bandwith 
= 0.64 Hz 

f~ = center frequency (0.88 Hz) 
N = number of frequency components (32) 
a = component amplitude (0.35 cm) 

k~ = center wavenumber (3.25 m -t)  
xb = breaking locating 

(according to linear superposition) 
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Fig. 2. Transducer locations (z/L) and orientation (0) 

transducer is approximately 1 micro-second, much 
faster than the rise times of  the impulsive pressures 
(about 1 ms) obtained in the experiments. The pressure 
range of  the transducer is up to 21000 kN/m 2, far 
above the highest peak pressure monitored throughout 
the study (93 kN/m)). Noise levels were less than 
0.05 kN/m 2. In the experiments, the transducers were 
slightly recessed relative to the cylinder boundary. The 
recess was filled with silicon grease to transmit the 
pressure. This arrangement was necessary in order to 
reduce the strain on the transducer diaphragm caused by 
temperature differences. The latter was found to yield a 
slow drift in the pressure signals when the transducer 
face was flush with the cylinder boundary. 

Three cylinders made of PVC, with diameters 12 c a ,  
17 cm and 22 c a ,  were used in  this series of 

experiments. The incident wave parameters were main- 
tained constant throughout the study. For each run of  the 
experiment, the cylinder was first secured rigidly at a 
predetermined location within the wave breaking zone. 
The input wave signal (Fig. 1) was then transmitted to 
the wave generator and just before wave impact on the 
cylinder a trigger pulse was transmitted to initiate the 
data acquisition. All pressure signals were recorded 
digitally with a sampling rate of  20 kHz. The above 
sampling rate was deemed adequate since the shortest 
pressure rise time was around 1 ms. On completion of  
each run of  the experiment, the tank was allowed to set- 
tle down to its quiescent state before carrying out the 
next run. This typically took about half and hour, during 
which time the data was processed. 

In this series of  studies, the measurements were 
obtained at cylinder locations xlL=3.465,  3.517, 
3.568, 3.620, 3.672 and 3.775 (Fig. 1). At each 
cylinder location, pressures were also obtained at 
cylinder orientations 0 = 0 ~ 5 ~ 10 ~ 20 ~ 30 ~ 40 ~ 
50 ~ and 60 ~ (Fig. 2). Experiments were repeated at each 
cylinder location and orientation and details of  the 
results are presented in Zhou 2~. Selected results are 
presented in this paper. 

2 0  

P 

pC 2 

0 

20 

P 

0 

2 0  

-.e-... 
pC = 

0 

2 0  

pC = 

0 

l m I I I I 

O = 0 ~ z / I .  = 0 . ( t g l  

0 . o 7 ~  

o . t l h 5  

0 . 0 5 2  

0 , 0 3 9  

1 i , , f r 

, i i i J , 

0 - t O  ~ 

x t x i i i 

! t l ! I t 

i 0 i i i i 

. 30  ~ 

2O 

�9 P 

6-C 2 

o 

2O 

P-.L- 
oC 2 

0 

2 0  

P 
pC 2 

0 

2O 

P_..P._ 
pC 2 

0 

o ffi ()o z/[ = u.t,t~i 

0.07~ 

0 . O 6 5  

0 . O 5 2  

0 . 0 3 9  

I t t I i 

i , i , i , 

0 = 1 0  ~ 

I l f l l l  

O m 

I l l l l l  

I [ I I I I  

0 - 30 ~ 

f ~ t i i ! t t ! 

0 t i t  0 . 0 3  0 t i t  0 . 0 3  

x . ( a )  -~ - 3 . 5 1 7  ( b )  -~ 3 . . 5 6 8  

Fig. 3. Distributions of  pressure time histories at various 
cylinder locations (D/L = O. 88) 

222 Applied Ocean Research, 1991, Vol. 13, No. 5 



Fig. 3 cont'd 
2(I 

P 

pC~ 
0 

20 

p C  

0 

20 

P 

0 

20 

P 

7~ 
0 

6 = 0 ~ z / I .  ~ O.091 

0 . 0 7 5  

0 . 0 6 5  
-| 

�9 0.052 

0.039 

i l ! i l i 

i , �9 1 i �9 | 

e = 10 ~ I 

t 
L /L 

I I ; , i i 

0 = 20 ~ 

I t l i t !  

l i l i i ,  

O - 30 ~ 

i t i f I i 

0 t i T  0 . 0 3  

( c )  x . 3 . 6 2 0  

Wave bnpact pressures o n  vertical cylinders: Zhou, D. et al. 

2O 

P 

0 

20  

P 

0 

20  

P 

0 

2O 

f,C a 
0 

, , �9 , , , 

0 = 0 ~ z / l .  = 0.1171~ 

O. 0b'1 

0 . 0 5 2  

- -  * ~ r  - 

0 . 0 3 9  

0 . 0 2 6  

i ! t i i I 

0 = 1 0  ~ 

k 

i f f f l l  

i i , , i ,  

e = 2 0  ~ 

r 

l l l l l l  

i * l l , .  

O - 30 ~ 

t , , , , ! 

0 t i T  0 . 0 3  

x 
( d )  ~ - 3 . 6 7 2  

20  " 
0 . 0 5 2  

0 I ~ 0 . 0 2 6  

0 . 0 1 3  

i I i i [ | 

i , , i , i 

O= 1 0  ~ 
20  

, - - - - . - _ .  

pC 2 

0 

I I i i f 1 

i , , i , i 

O -  20  ~ 
20  

P 

0 " " - -  

t , t , t ! 

.30 ~ 
2O 

P 

0 

r , 1 i I I 

0 t / T  0 . 0 :  

x 
( e )  E " 3 . 7 7 5  

3. RESULTS 

3.1 Pressure distributions and characteristics 
Selected pressure time histories obtained from the pre- 
sent study are shown in Figs. 3a-e, 4 and 5a, b. Each set 
of  pressure records (e.g., Fig. 3c, 0 = 0 ~ is obtained 
simultaneously from a single run of the experiments. 
Note, however, that pressures within the impact region 
varied significantly between repeated experiments (see 
Section 3.3). Despite the variability, these pressures do 
exhibit repeatable characteristics. 

Figures 3a-e show the impact pressures obtained with 
a cylinder of diameter D/L = 0.088, at locations in the 
range x/L = 3 .645-3 .775  (N.B. Cylinder locations are 
defined by the edge of cylinder nearest to the incident 
wave front). It can be seen from these pressure records 
that, at cylinder locations x/L = 3.568, 3.620 and 3.672, 
the pressures are characterised by an impact region 
where the pressure maxima are high ( >  10pC 2, where 
p is the water density and C is the phase speed), and the 
pressure rise times are short ( <  0.002 T). These 
pressures, subsequently referred to as the impact 
pressures, are also characterised by oscillations 
immediately following the pressure maxima. A version 
of Fig. 3c, 0 = 0 ~ with the time scale expanded, is 
presented in Fig. 4. From this figure, it is evident that 
the oscillations are simultaneous at elevations 
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history at x/L = 3.620 

zlL = 0.065 and 0.052, but do not show up at other 
elevations. 

The pressures away from the impact region are 
typically much lower than those within the impact 
region. The pressure maxima are less than 2pC 2 and 
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the pressure rise times are more than 0.003 T. At each 
cylinder location and elevation, the pressure decreases as 
0 increases, but the pressure characteristics remain 
essentially the same (see Figs. 3a-e). However, the 
oscillatory characteristics associated with the impact 
region also diminish with the increase in 0. This suggests 
that the region of impulsive pressures is relatively small 
(AzlL = 0.03; A0 = 20~ During the experiments it 
was noted that these impact regions are also associated 
with air entrapment during impact. Air dynamics may 
therefore be a possible factor causing the pressure 
oscillations, and this will be consistent with the results 
from studies on wave impact on a vertical wall (Chan 
and Melville3'4). 

By comparing the pressure distributions obtained at 
different cylinder locations (Figs. 3a-e), it is evident that 
the pressure characteristics depend on the development 
of wave breaking prior to impact. At the upstream loca- 
tion, x lL=3 .517 ,  the pressure time histories are 
smoothly varying and the pressure levels are low com- 
pared to those obtained downstream. The starting times 
of pressures (i.e. the time at which the pressures depart 
from zero) are delayed at higher elevations, consistent 
with the motion of the wave front past the cylinder. 

Impulsive pressures are obtained at cylinder locations 
x/L = 3.568, 3.620 and 3.672 (Figs. 3b, c and d); at 
elevations zlL = 0.065 and 0.052. These elevations are 
just below zlL = 0.067, the maximum crest elevation 
observed in the absence of the cylinder. By considering 
the pressure characteristics of the impact region, it can 
be seen that the elevation of impact decreases from 
zlL = 0.065 to zlL = 0.052 as the cylinder location 
shifts downstream from xlL = 3.568 to x/L = 3.672. 
Further downstream, at xlL = 3.775, no impact 
pressures are evident and the pressure characteristics are 
similar to those observed at the upstream location 
xlL = 3.517. 

A characteristic of pressures at xlL = 3.568 and 3.620 
is the simultaneous occurrence of pressure maxima at 
elevations below the impact region. This is evident in 
Figs. 3b and 3c, at elevations below zlL = 0.065. Note 
that the simultaneous occurrence of pressure maxima 
will also imply a higher impact force compared to those 
obtained at other locations. A peculiar feature at these 
cylinder locations (i.e. at x/L = 3.568, 3.620 and 3.672) 
is the arrival time of pressures at the impact elevations. 
With the cylinder located at xlL = 3.568, the pressure 
arrival time at elevation z/L = 0.078 is just after the 
arrival of the impulsive pressure at zlL = 0.065. At the 
next downstream location (xlL = 3.620; Fig. 3c), the 
arrival time at zlL = 0.078 is earlier than that at the next 
lower elevation, zlL = 0.065, but comparable to that at 
z/L = 0.052. Yet further downstream (xlL = 3.672; Fig. 
3d), the pressure arrival time at zlL = 0.052 is earlier 
than that at both the neighbouring elevations (i.e. at 
z/L = 0.065 and 0.039). Also, at the latter cylinder loca- 
tion, xlL = 3.672, the pressure signals exhibit double 
peaks in the time histories, with the second peak being 
non-impulsive. It should be noted that the above 
pressure characteristics obtained at the three cylinder 
locations (Figs. 3b-d), particularly the pressure arrival 
times, are typical of the results obtained from repeated 
experiments. As discussed later in Section 4, these 
characteristics may be attributed to the development of 
wave plunging prior to impact on the cylinder. 
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Fig. 5. Distributions of  pressure time histories at 
x/L = 3.620 

3.2 Variation of  pressure characteristics with cylinder 
size 

For the present study, experiments were also con- 
ducted with cylinder diameters DIL = 0.062 and 0.114, 
but with the same incident wave conditions far 
upstream. Detailed results are presented in Zhou 2~. 
Due to the similarity in the results obtained for different 
cylinder size, only selected distributions are presented in 
this paper for comparison. 

Figures 5a and b show the typical pressure distribu- 
tions obtained at xlL = 3.620 with cylinders of diameter 
D/L = 0.062 and 0.114 respectively. These figures are 
compared with Fig. 3c, the corresponding distribution 
for DIL = 0.088. From these figures, it is evident that 
similar pressure distributions and characteristics are 
obtained for the three cylinders. Impulsive pressures, 
characterised by the high pressure maxima and the 
oscillations, are evident in all three cases at elevations 
zlL = 0.065 and 0.052. These oscillations diminish with 
increasing 0, accompanied by a decrease in the pressure 
maxima at all the corresponding elevations. The earlier 
arrival time of pressures at the elevation just above that 
exhibiting impulsive pressures is also evident in all three 
cases for this particular cylinder location. 
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3.3 Variability h~ pressure time histories 
As mentioned earlier in Section 3.1, the impulsive 

pressures vary significantly when the experiments are 
repeated with essentially identical conditions. This may 
be anticipated since the impulsive pressures are 
associated with wave breaking which yields an irregular 
and turbulent wave front prior to impact on the cylinder. 
This section examines, in further detail, the differences 
between the pressure characteristic of repeated runs. 
Selected results corresponding to a cylinder diameter of 
D/L = 0.088 are presented in Figs. 6a-d to show the 
variability associated with different azimuthal angle (0) 
and cylinder location (x/L). 

Figure 6a depicts the typical variability of pressures 
obtained at xlL = 3.620 (0 = 0~ It is evident from this 
figure that the main differences between the two 
repeated runs are in the impulsive pressures at 
zlL = 0.065 and 0.052. The difference in the pressure 
maxima at zlL = 0.065 is about 10pC2; comparable to 
the pressure maximum obtained in one of the runs. 
Much higher differences ( >  20pC 2) have been obtained 
in the present study. Also noted in this comparison is the 
difference in the frequency of pressure oscillations bet- 
ween the two runs, suggesting a difference in the air 
dynamics if the latter does contribute to the pressure 
oscillations. 

Despite the significant variability in the impulsive 
pressures, the pressures at elevations away from the 
impact region are repeatable. This is evident at eleva- 
tions z/L = 0.039, 0.078 and 0.091 (Fig. 6a) and in the 
pressure distributions obtained for 0 = 10 ~ (Fig. 6b). 
Within the impact regions, pressures are also repeatable 
approximately 0.005 T after the occurrence of pressure 
maxima. These results suggest that significant 
variabilities are present only locally in time and space 

and are associated only with the impulsive pressures 
within the impact region. 

Similar variabilities are also obtained at other cylinder 
locations and for other cylinder diameters. The 
variabilities obtained at xlL = 3.568 and 3.672 are 
shown respectively in Figs. 6c and d. It should, 
however, be noted that pressures at cylinder locations 
further upstream are very repeatable. 

3.4 Ensemble averaged thne histories 
The above results have illustrated the high variability 

of impact pressures, particularly in the pressure maxima 
and the pressure oscillations. Ensemble averages are 
therefore obtained to yield the mean pressure 
characteristics. Given the fact that pressure variabilities 
are associated with the impulsive pressures, an ensemble 
average of results obtained from repeated experiments 
will filter out the high pressure maxima and the pressure 
oscillations. Consequently, the ensemble average should 
be a good indication of the hydrodynamics of impact, 
since the impulsive and oscillatory character of the 
pressures may in turn be attributed to the trapped air 
dynamics. 

Ensemble-averaged time histories of pressure obtained 
with a cylinder of diameter D/L = 0.088 are presented 
in Figs. 7a-c. Selected results for cylinder diameters 
D/L=0.062 and 0.114, at cylinder location 
x/L = 3.568, are presented in Figs. 8a and b respec- 
tively. Note that in evaluating the ensemble averages, 
the pressure time histories obtained from repeated 
experiments were synchronised at each elevation by the 
pressure arrival time. The pressure arrival time is 
defined as the time when the pressure first exceeds 
0.05pC 2. The average pressure arrival time at each cor- 
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responding elevation is used in the presentation of 
ensemble averaged time histories. 

As shown in Figures 7a-c, the overall distribution of 
the mean pressure characteristics are similar to the 
typical results obtained from single runs of  the 
experiments (see Figs. 3b-d, respectively). In particular, 
the distribution of high impulsive pressures remain 
approximately the same and the pressure maxima 
decreases with distance away from the impact region, 
both azimuthally and vertically. Mean pressures away 
from the impact region agree well with the pressures 
obtained from a single experiment and the relative 
pressure arrival times at elevations zlL = 0.078, 0.065 
and 0.052 are retained in the ensemble averaged time 
histories. These results indicate the repeatability of  the 
experiments. However, the maxima of pressures within 
the impact region range from 3pC 2 to 9pC 2, lower than 
the respective pressure maxima obtained from individual 
experiments. The difference is particularly significant at 
xlL = 3.620, zlL = 0.065 (see Figs. 3c and 7b); but this 
is expected since the time at which the pressure max- 
imum occurs fluctuates from one run of the experiment 
to another, and therefore the impulsive pressures will be 
subjected to smoothing by the averaging process. 

The above result is also reflected in Figs. 9a-d, where 
standard deviations are plotted together with the 
ensemble-averaged time histories. Note that high stan- 

dard deviations, comparable to the mean pressure levels, 
are evident at elevations where impulsive pressures are 
obtained. Also, the standard deviations decrease with the 
azimuth (0) and with time after the duration of impact 
(Figs. 9a and b), suggesting that high standard devia- 
tions are associated with the impulsive pressures at the 
impact region. This result has been deduced in Section 
3.3 based on the direct comparison of pressure time 
histories. 

Similar observations can be made from the ensemble 
averages and standard deviations corresponding to the 
other two cylinders, diameters D/L = 0.062 and 0.114 
(see Figs. 8a, b). Comparing the results in Figs. 7a, 8a 
and 8b, it appears that there is no significant influence 
of cylinder size on the pressure characteristics. 
However, the closer pressure arrival times at 
z/L = 0.065 and 0.078, and the correspondingly higher 
pressure maxima do indicate that the impact load on the 
cylinder of  diameter D/L = 0.088 is more impulsive. It 
should be noted that the number of runs used in obtain- 
ing the ensemble averages is not the same between 
cylinder sizes, and in the above comparison we have 
examined the characteristics of distributions for all 
values of 0. 
3.5 Distribution of mean pressure maxima 

Based on the ensemble-averaged pressure time 
histories, distributions of  pressure maxima are obtained 
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and presented in this section for further evaluation. Figs. 
10a-c show the distributions corresponding to the three 
cylinders (D/L = 0.062, 0.088 and 0.114), at locations 
ranging from xlL = 3.465 to xlL = 3.775. These results 
are further compared with the mean peak pressures 
presented respectively in Figs. l la-c. The mean peak 
pressure is the mean of peak pressures at corresponding 
elevations obtained from the time histories of repeated 
experiments. This is different from the maxima of 
ensemble averages, where the time histories are aligned 
and averaged before evaluating the maxima. Note that 
the distributions presented in Figs. 10 and 11 are limited 
by the vertical resolution of the data. A more rapid 
variation of the pressure maxima is expected near the 
elevations of impact. 

It is noted from Figures 10a-c that the maxima of 
ensemble averages are highest when the cylinders are 
located at xlL = 3.568. The general decrease of pressure 
maxima with 0 is also evident in these figures. The 
highest mean pressure maxima is about 9pC 2, approx- 
imately ten times higher than the pressure maximum 
obtained upstream at x lL=3 .465 .  Of the three 
cylinders, that with D/L = 0.088 yielded the highest 
pressure maximum. This result is also evident in the 
distribution of mean peak pressures (Figs. l la-c). 
However, the cylinder location yielding the highest peak 
pressure is atxlL = 3.620 rather than atxlL = 3.568. At 
locations xlL = 3.568, 3.620 and 3.672, the mean peak 
pressures are higher than the corresponding pressure 
maxima obtained from the ensemble-averaged time 
histories. Further upstream, at xlL = 3.465 and 3.517, 
the mean peak pressures are comparable to the maxima 
of the ensemble-averaged time histories. The mean peak 
pressures corresponding to the cylinder of diameter 
D/L = 0.088 are still higher than those obtained with the 
other two cylinders. The highest mean peak pressure is 
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Fig. 10. Vertical distributions o f  pressure nlaxinta obtained from ensenlble average 

about 16,oC 2 (Fig. l lb), approximately twenty times 
higher than the peak pressure obtained upstream at 
xlL = 3.465. The highest peak pressure obtained in this 
series of experiments is about 32pC 2. 

The azimuthal distributions of the pressure maxima 
discussed above have also been evaluated. Detailed plots 
of the distributions can be found in Zhou 21. From the 
distributions, it is noted that the pressure maxima 
decrease significantly from 0 = 0 ~ to 0 = 60 ~ Except 
for a few cases at the elevation of impact, the pressure 

maxima approximately follow a cosine square decay 
with 0. At the elevations where pressures are more 
impulsive, the pressure maxima decrease exponentially 
with 0. 

In view of the above observations, the distributions of 
pressure maxima have been fitted with cosine square 
distributions and where appropriate by the exponential 

distribution. Further modification is, however, needed 
for the cosine square distribution, and may be approx- 
imately derived as follows. With reference to the control 
volume indicated in Fig. 12, the fluid with incident 
velocity v changes its momentum when it reaches the 
cylinder boundary. Conservation of momentum in the 
radial direction then leads to 

F + F* = d(mv)ldt = OV 2 dy dz cos 0 (1) 

where F is the reaction force from the cylinder boundary 
on the control volume, and F* is the radial component 
of fluid boundary force on the control volume. Dividing 
the above equation by the elemental area, dsdz, yields 
the equation 

p + p *  = p v  2 c o s  2 0 (2) 
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Table 2: Azimuthal distributions of peak pressures 

P/Po = c~ (I - M sinO) or P/Po = exp (-kO) ; 0~ O <90 ~ 

(a) Coefficients (M or k) corresponding to pressure maxima obtained 

from ensemble-averaged time histories. 

x/L = 3.465 3.517 3.568 3.620 3.  672  3 .  775  
z/L (D/L = 0.062) 

0.078 M = 0.98 M = 0.74 M = 0.75 M = 0.60 M = 0.53 

0.065 M = 0.63 M = 0.51 M = 0.96 M = 0.32 M = 0.31 k = 0.074 

0.052 M = 0.38 M = 0.50 M = 0.76 M = 0.79 k = 0.033 M = 0.54 

0.039 M = 0.20 M = 0.25 M = 0.36 M = 0.26 M =-0.19 k = 0.059 

0.026 M =-0.29 M =-0.33 M =-0.24 M =-0.28 M =-0.43 M = 0.38 

0.013 M = 0.45 

(D/L = 0.088) 

0.091 M = 0.58 k = 0.046 k = 0.034 M = 0.08 

0.078 M = 0.74 M = 0.72 M = 0.99 M = 0.34 M = 0.45 

0.065 M = 0.64 M = 0.81 k = 0.074 M = 0.82 M = 0.54 k = 0.055 

0.052 M = 0.43 M = 0.55 M = 1.00 M = 0.90 k = 0.057 M = 0.75 

0.039 M = 0.17 M = 0.26 M = 0.68 M = 0.70 M = 0.04 M = 0.57 

0.026 M = 0.37 M = 0.36 

O. 013 M =-0.26 

(D~ = 0.114) 

0.091 k = 0.044 k = 0.057 M = 0.91 M = 0.65 

0.078 M = 0.71 M = 0.66 M = 0.99 M = 0.59 M = 0.53 

0.065 M = 0.67 M = 0.84 k = 0.074 M = 0.99 M = 0.85 k = 0.058 

0.052 M = 0.40 M = 0.59 M = 0.94 M = 0.77 M = 0.31 M = 0.87 

0.039 M = 0.09 M = 0.28 M = 0.55 M = 0.92 M = 0.42 M = 0.47 

0.026 M = 0. Ii M =-0.05 

0 . 0 1 3  M = - 0 . 3 6  

(b) 

z/L 

0 078 

0 065 

0 052 

0 039 

0 026 

0 013 

0 091 

0 078 

0 065 

0 052 

0 039 

0 026 

0 013 

0 091 

0 078 

0 065 

0 052 

0 039 

0 026 

0 013 

Coefficients (M or k) corresponding to mean peak pressures obtained 

from pressure time histories. 

x/L = 3. 465 3. 517 3. 568 3. 620 3. 672 3. 775 

(D/L = 0.062) 

M = 0.74 M = 0.68 M = 0.97 M = 0.79 M = 0.59 

M = 0.53 M = 0.74 k = 0.066 k = 0.046 M = 0.67 M = 0.94 

M = 0.40 M = 0.46 M = 0.83 k = 0.057 k = 0.044 M = 0.88 

M = 0.18 M = 0.21 M = 0.39 M = 0.70 M = 0.18 

M =-0.39 M =-0.34 M =-0.21 M =-0.13 M =-0.50 

M=0.78 

M=0.21 

M=0.09 

(D~ = 0.088) 

M = 0.83 M = 0.88 k = 0.058 M = 0.93 

M = 0.57 M = 0.68 k = 0.055 k = 0.056 M = 0.35 

M = 0.61 M = 0.80 k = 0.076 k = 0.069 M = 0.84 M = 0.94 

M = 0.41 M = 0.57 k = 0.056 M = 0.78 k = 0.064 M = 0.88 

M = 0.17 M = 0.25 k = 0.038 M = 0.14 M = 0.48 M = 0.78 

M = 0.21 M = 0.21 

M=O.09 

M = 0.64 M = 0.96 

M = 0.62 M = 0.61 

M = 0.70 M = 0.86 

M = 0.37 M = 0.59 

M = 0.04 M = 0.27 

(D/L = 0.114) 

M = 0.87 k = 0.034 

M = 1.00 M = 0.81 M = 0.65 

k = 0.075 k = 0.067 k = 0.05 

M = 0.99 k = 0.058 M = 0.87 

M = 0.51 k = 0.045 M = 0.67 

M = 0.18 

M=0.67 

M=0.84 

M=0.81 

M=0.23 

M=-O.07 
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where p and p*  are the pressures corresponding to F and 
F*. 
The above equation may be rewritten as 

p = o r  2 cos 2 0(1 - K) (3) 

where K is a non-dimensional coefficient dependent on 
0. Based on least square fit, it is found that for practical 
purposes K may be expressed as a function of  sin 0 and 
the above equation may be expressed as 

P = P o  cos2 0 (1 - M  sin 0) (4)  

where Po is the peak pressure at 0 = 0 ~ and M is a con- 
stant. At elevations with high impulsive pressures, the 
exponential distribution is given by 

P = Po e x p ( ' k 0 )  (5) 

The above equations appear to fit the data remarkably 
well, and the results are presented in Table 2. For the 
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distributions of pressure maxima obtained from ensem- 
ble averages, M ranges from - 0 . 4  to 1.0 and k ranges 
from 0.03 to 0.07. For the mean peak pressures, M 
ranges from -0 .5  to 1.0 and k ranges from 0.04 to 0.08. 
We emphasize that the above equations are purely 
empirical and are intended to provide a simple correla- 
tion of the pressure maxima with the azimuth, and be 
useful in the preliminary analysis of wave impact loads 
on cylinders. At elevations near the impact elevation, 
both the cosine square fit and the exponential fit may be 

used, and in the results presented in Table 2 we chose 
the best fit. 

4. DISCUSSION AND CONCLUSION 

In this paper, detailed pressure measurements have been 
obtained and presented to yield a better understanding of 
plunging wave impact on cylinders. The results show 
that wave impact leads to impulsive pressures which are 
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locally distributed in both space and time (Az = 0.03 L, 
A0 = 20~ At = 0.0IT ), and are characterised by high 
pressure maxima (3-30pC 2) followed by pressure 
oscillations. These characteristics, which may be 
associated with air entrapment during impact, fluctuate 
significantly even for essentially identical incident wave 
conditions. Both the pressure maxima and the pressure 
oscillations diminish with distance away from the impact 
region, and with time after the onset of impact. 

Pressure characteristics associated with changes in the 
cylinder location have also been obtained. The results 
show that impact pressures can be obtained over a range 

of cylinder locations (&x/L > 0.I) rather than one 
critical location. Also, the pressure characteristics 
depended significantly on the cylinder location relative 
to the wave breaking location. These pressure 
characteristics (e.g., Fig. 3a-e) are nevertheless consis- 
tent with the development of wave plunging prior to 
impact, and may be explained with reference to Figs 
13a-e. With the cylinder located far upstream (Fig. 13a), 
the wave will propagate past the cylinder without any 
impact, and the pressures will be non-impulsive (Fig. 
3a). If the cylinder location is shifted downstream, wave 
breaking will eventually develop prior to impact (Fig. 
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13b) and impulsive pressures can be obtained at the 
elevation z/L = 0.065 (Fig. 3b). Wave breaking can be 
more developed prior to impact, as is the case in Fig. 
13c, and the pressure arrival time at the elevation 
z/L = 0.078 can be earlier than that at z/L = 0.065 (Fig. 
3c). Further downstream, wave plunging can develop to 

the stage shown in Fig. 13d, where the development of 
a jet ahead of the wave front can lead to double peaks 
in the pressure signals (Fig. 3d). Yet further 
downstream (Fig. 13e), the wave can plunge back into 
the fluid ahead of the cylinder and the pressures will 
again be non-impulsive (Fig. 3e). 

Given the variability of impact pressures, ensemble- 
averaged time histories and standard deviations have 
been obtained from repeated experiments and presented 
in this paper. The results show that high variability, or 
high standard deviations, are only associated with the 
impulsive pressures. This indicates the relative ran- 
domness in the impulsive pressures and the pressure 
oscillations, and is consistent with the fact that air 
entrapment on the breaking wave front is a highly 
variable phenomenon. Air dynamics may therefore be 
the main cause of pressure oscillations and the high 
pressure maxima. In fact, careful comparison of the 
ensemble-averaged time histories and the monitored 
pressure records (e.g. Figs. 7b and 3c) suggest that 
impact pressures consist of a basic hydrodynamic con- 
tribution, represented by the ensemble average, coupled 
with a perturbation contributed by the air dynamics. The 
relative randonmess of the impulsive load further sug- 
gests that in a stochastic analysis of wave impact 
pressures, such as the procedures of Ochi and Tsai~6, 
variability in the impact pressures should also be 
included. Note that the variability of impulsive pressures 
are not evident in the work by Ochi and Tsai ~6, who 
obtained peak pressures of about 1.4pC 2. 

Based on the ensemble averages, distributions of 
pressure maxima at various cylinder locations relative to 
the wave breaking location have also been obtained and 
presented. The pressure maxima range from about 
lpC 2 to 9pC 2, depending on the cylinder location and 
the cylinder diameter. These distributions are further 
compared with the distributions of mean peak pressures 
which account for the contribution due to the air 
dynamics. The latter range from lpC 2 to 16pC 2, higher 
than those from the ensemble averages. It should be 
noted that the ensemble-averaged characteristics, scaled 
by pC 2, may be used correspondingly in the prototype 
conditions. On the other hand, the mean peak pressures 
are dependent on the air dynamics which are still not 
well understood, and it is not clear how the results may 
be scaled to prototype conditions. 

To illustrate the application of the above results, con- 
sider an offshore tension-leg platform subjected to 
breaking wave impact. If the diameter of the leg is 14 m 
and if the characteristic wave period is 10 s, then 
D/L = 0.09, and the results in this paper (Fig. 10) sug- 
gest that the mean pressure maxima will range from 

2 2 240 kN/m to 2190 kN/m depending on the location 
of the cylinder relative to wave breaking location. 
Distributions of the mean pressure maxima may be 
obtained from Fig. 10. However, due to the neglect of 
possible contributions from the trapped air dynamics, 
the above results will be an underestimate of the mean 
peak pressures at locations yielding impulsive pressures. 
If the distributions of mean peak pressures from Fig. 11 
are used, the predicted mean pressure maxima will range 
from 240 kN/m 2 to 3894 kN/m2; but this is expected to 
be an overestimate since the trapped air at the wave front 
will be less compact under prototype conditions. 

For practical purposes, such as the estimation of struc- 
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tural responses to wave impact, extrapolations o f  the 
present results to prototype conditions may  also be 
achieved through the impulse - i.e. the integration o f  
the pressure time histories over  the duration o f  impact 
(about 0.01 T). It is noted f rom the present results that, 
despite the variability in the peak pressures,  the impulse 
integrated over  the duration o f  impact (about 0.01 T) are 
repeatable, and are also comparable  to the impulse 
integrated f rom the ensemble averages.  This impulse is 
sensibly independent o f  the air dynamics  and may  be 
used for extrapolating laboratory results to prototype 
scales. However ,  the procedure  is possible only when 
the structural response time is much larger than the dura- 
tion o f  impact.  This is true for most  practical situations. 
However ,  local areas o f  the structure may have response 
times comparable  to or  shorter  than the integration time 
of  an impulse,  and in analysing the response o f  such 
local areas,  the above procedure  will not be applicable. 

The  characteristics o f  impact  pressures presented in 
this paper  are very similar to the results obtained by 
Chan and Melville 4 for studies o f  wave impact  on a 
vertical wall. In particular, the max imum o f  impulsive 
pressures presented in this paper,  which range f rom 
3pC 2 to 32pC -~, may be compared  with a range o f  3pC 2 
to 21pC 2 obtained in the studies by Chan and Melville 4 
using identical incident wave conditions. The  ensemble 
ranges are also comparable ,  but the highest mean 
pressure maxima obtained by Chan and Melvil le 4 is 
6 . 3 p C  2, slightly lower  than the present result for 
impact  on a cylinder (about 9pC2). Given the above 
agreement  in pressure maxima,  it is envisaged that 
impact pressures are not very sensitive to the horizontal 
variation o f  the structural geometry .  This may be 
expected since breaking wave impact is a local 
phenomenon.  On the other hand, the impact loads vary 
significantly with the relative structural location and 
possibly the trapped air dynamics.  This suggests that in 
a stochastic analysis o f  the impact load, it is necessary 
to assess the probability o f  wave plunging at a part icular 
location relative to the structure location and, for  that 
location, the probability o f  exceeding a certain design 
load. 
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