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In the prediction of accurate wave force, the consideration of short-crested wave is important in repre-
senting the actual ocean condition. Owing that, nonlinear wave characteristics are expected to change
the flow properties when the wave passes the structures, which showing these characteristics are crucial
to be accounted. However, literature reported that the overestimation on the design of marine structures
has shown a lower reliability in the wave force prediction considering long-crested wave. Further in
detail, the effect of wave directionality and directional spreading angle from the actual sea conditions,
i.e. the short-crested waves, have been neglected in a way. To prove the validity of this statement, an
experimental investigation was conducted to quantify the effects of wave directionality on the wave
forces and to propose the hydrodynamic coefficients incorporated the effect of directional spreading
angles. The wave directionality in term of directional spreading angles were considered, ranging from
5 to 45�. Then, the measured wave surface elevation and wave forces were processed using least square
method to compute the hydrodynamic coefficients and to evaluate the wave forces. To quantify the effect,
force ratio factor was adopted. Based on the finding, short-crested waves led to 20 % force reduction as
compared to the long-crested. On top of that, a reduction of 1.12 % of wave force has also been observed
for every one-degree incremental of the directional spreading angle. As conclusion, the wave direction-
ality was found contributing to the reduction of wave force which may provide new improvement on
the accuracy of wave force formulation for the design of lean marine structures.
� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In designing a lean marine structure, an accurate prediction of
the actual ocean environmental forces is essential. Generally, the
ocean environmental forces are consisted of wind, wave, current,
etc. Among these, wave is dominating, as it contributes to almost
three quarter of the total forces that exerted on the marine struc-
tures. In general, wave can be classified as unidirectional or long-
crested waves, and multi-directional or short-crested waves,
whereby the latter is defined as superposition of long-crested
waves with variation of frequencies that are propagated from mul-
tiple directions [1].

The prediction of the wave force considering the actual ocean
characteristic is important and deeply discussed in some of the
recent studies. It has been reported that the long-crested wave is
practically being used in the structural design, and this practice
is found to be conservative and has overdesigned [2]. The evalua-
tion on the overdesigned structure is observed during the risk
assessment of the aging platform, which the finding has high-
lighted that the platform has exceeded its service life [3]. For struc-
tural reliability, it can be specified as a good indicator, but indeed it
might contribute to the company losses as some of the platform
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service is no longer needed due to the deficiency of the oil in the
reservoir. Certainly, the perceptible enhancement in the mechanics
of the ocean wave, including the characteristics of short-crested
waves, is still not clearly evaluated. This is due to the complexities
of the numerical solution and computationally expensive in mod-
elling the kinematics properties [4,5]. Although the designer pre-
fers to implement the kinematic reduction factor [6] in
considering the wave directionality effects of the ocean wave, how-
ever, this value shows no reliable trend in representing the unpre-
dictable condition and behaviour of the ocean wave-structure
interaction [7,8]. On top of that, the reduction of the factor is not
clearly chosen due to the consideration of the favourable direction
which leads to a smaller value with respect to the long-crested
wave and becomes greater at the extreme conditions [9]. Gener-
ally, the directional spreading effect of short-crested wave con-
tributes to the reduction of the wave force [10], and this wave is
found to be weaker if it has the transverse component as this
mechanism has given hydrodynamic effect to the loadings. Mean-
while, in long-crested wave or unidirectional condition, the return-
ing wave has given positive contribution to the instantaneous
force, which leads the increment on the force magnitude. It is con-
cluded that the estimation of the incident waves might be overes-
timated when long-crested wave is adopted, in which the wave
force is getting greater as the waves become less short-crested.

Additionally, the comparison between these waves was investi-
gated on the behaviour of spar platform and greater responses in
long-crested wave was observed as compared to the short-
crested wave [11], which indicated that the long-crested wave
exerted larger forces as compared to the short-crested wave. Sim-
ilar finding was also found in the study of the barge’s structural
response. The study reported that the barge was found to have
an insignificant responses and performances as evaluated in the
real ocean condition [12]. Further evaluation on the short-crested
wave has been conducted incorporating the current effects and it
was observed that short-crested wave gave a conspicuous influ-
ence on the loadings [13,14]. The effect of short-crested waves
was also found to be carried out within the scope of platform foun-
dation. A study on the composite bucket foundation has high-
lighted that the short-crested wave gave a significant reduction
of the wave forces [15] and it was found to be affected by the wave
phases [16].

Generally, the cylindrical components are commonly used in
the marine structures as less resistance is observed when being
exerted by the surrounding environmental forces. Hence, the con-
sideration of the cylindrical structure is expected to provide a good
overview and basic understanding on the ocean wave-structure
interaction especially in the short-crested wave environment. Basi-
cally, various studies that focused on the prediction of the short-
crested wave force on slender cylinders have been performed.
Example of this structure, i.e. brace and legs of the jacket truss
structures, pipelines, and the umbilical cables that usually attached
to the underwater vehicles [17]. A numerical investigation was
conducted by Isaacson and Nwogu [18] on a long floating cylinder
considering boundary element method in the short-crested wave
environment. The findings revealed a significant reduction of force
factor and response ratio. The reduction was also observed by
Hogedal et al. [19], whereby in the experimental measurements
on a smooth vertical cylinder, the inline and resultant forces in
short-crested waves were found to be lower as compared to the
long-crested wave for the same spectral properties. Also, further
reduction on the inline force was observed to be reduced with
the incremental of the directional spreading. Another comprehen-
sive experimental investigation on a vertical cylinder was con-
ducted by Subbiah and Irani [20], and the results in terms of
peak force showed that in the short-crested wave environment,
wave force was found to be greater at the mean water level.
2

Another experimental study on a vertical cylinder was conducted
by Chaplin et al. [10], whereby a reduction of the wave forces
was observed due to the effect of wave directionality. Also, due
to the significant contribution of the short-crested wave on the
total forces, Zhu and Satravaha [21] have studied the short-
crested wave in depth by developing a method to estimate the
velocity of the short-crested for a vertical cylinder. The study has
been extended to investigate on various structural cross-sectional
shapes [22]. The studies reported herein have supported the state-
ment that short-crested wave yields a lower wave force as com-
pared to the long-crested one. This provides a good indication on
the importance of considering the short-crested wave for an accu-
rate prediction of the wave forces in the design of lean marine
structures. It also can be drawn that the reduction of the wave
force has given a significant highlight on the importance of consid-
ering the appropriate wave condition in predicting the forces that
exerted on the marine structures. Substantially, from the finding, it
can be interpreted that consideration of the long-crested waves in
the evaluation of the wave forces may result in structural design
overestimation due to the negligence of the nonlinear properties
of the ocean wave [23]. As a result, this practice will affect the life
cycle cost of the design, which can be evaluated through the pro-
longed strength and stability of the structures that exceeding the
design life.

In addition, the direction of the wave propagation is important
in the design and operation of the marine structures [37]. Distribu-
tion of the wave energy within the angle of the propagated wave
direction is defined as the directional spreading angles. Investiga-
tion by Hogedal et al. [19] has highlighted greater reduction of
the wave forces at the larger spreading angle, due to the wider dis-
tribution area of the wave energy at greater angle. This has led to a
smaller wave force measurement at a particular point. This discus-
sion reveals that the consideration of the wave directionality and
the directional spreading angles, are able to represent the beha-
viour of the actual ocean and it is expected to be more accurately
predict the wave force.

In evaluating the wave forces, Morison equation is commonly
used, whereby it comprises of the structural and wave kinematic
properties. Inclusion of the suitable hydrodynamic coefficients is
essential for Morison equation, in which studies have showed that
the accuracy shall increase accordingly [24,25]. Keulegan and Car-
penter [26] have instigated a study on hydrodynamic coefficients
and presented the values to the dimensionless parameter. Follow-
ing with that, many researchers have expanded the study on the
hydrodynamic performance of cylinders considering various
parameters, e.g. the structural geometrical shapes [22,27–30],
structural inclination [31–33], surface roughness [34–36], array
configurations [37–39], effects of current [40–42], and the effects
of water depth [43,44]. Despite these various parameters, the
hydrodynamic coefficients for slender structures were still com-
puted with the negligence of the short-crestedness characteristic.

Aforementioned, the selection of the hydrodynamic coefficients
will affect the accuracy on the prediction of the wave forces [45].
To provide a solution on the issue pertaining on the overestimation
in the structural design, the effect of wave directionality of short-
crested wave incorporated within the hydrodynamic coefficients
and wave forces exerted on cylinders is deficient and requires
additional investigations. With that, the aims of this paper are to
quantify the effects of wave directionality on the wave forces
and to propose the hydrodynamic coefficients incorporated the
effect of directional spreading angles. Generally, the behaviour of
the fluid is best to be described by the dimensionless number
[46], i.e., Keulegan-Carpenter (KC) number and Reynolds (Re) num-
ber [1]. In the previously published work of the authors [47], the
influence of the Keulegan-Carpenter (KC) numbers to the hydrody-
namic coefficients has been reported. Noting that the continuation
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of the work is presented in this work, which involves the quantifi-
cation of the findings due to the influence of Reynolds (Re) number.
The proposed hydrodynamic coefficients are expected to elude the
structural overestimation due to the consideration of the long-
crested wave force, thus optimizing the life cycle cost of the struc-
tural design. It is worth noting that the application of the current
findings is only for the circular cylindrical structures and, further
investigation is needed to study the effect of directional spreading
angles on the hydrodynamic coefficients for the other cross-
sectional shapes, e.g., elliptical cylinder, triangle cylinder, and rect-
angular cylinder.

The remainder of the paper is followed by the sequence of
methodology that inclusive of experimental procedure and data
analysis. The discussion of the findings will be presented in Sec-
tion 3. Later, the overall findings will be summarized in the final
section.
Fig. 1. Sketch of the experimental setup.

Fig. 2. Vertical circular cylindrical model with the 3D force transducer.
2. Experimental procedure and data analysis

The experimental investigation was conducted at the wave tank
with a dimension of 10 m width, 2 m length, and 1.5 m depth, in
Offshore Laboratory, Universiti Teknologi PETRONAS, Malaysia.
The wave tank is equipped with a wave generator that consists
of 16 individual flat type of wave paddles installed across the
width of the front end. The wave generator is capable to generate
both long and short-crested waves in the frequency range of 0.3 Hz
– 2.0 Hz. This wave tank is also installed with an inclined mesh
beach that fitted across the width of the opposite side of the wave
generator, to absorb the energy of the incoming waves. Along with
these, three movable bridges and side-glass windows are installed
for a good handling process and observation during the
experiment.

To design the scaled model and environmental properties of the
experiment, the limitation on controlling the actual size of the pro-
totype were resolved by considering the capability of the wave
tank and instrumentations. Fundamentally, the scale effects are
governed by the viscosity and surface tension in the selection of
the scaling law [40]. For a free surface flow condition, the gravita-
tional effect is predominated. This leads to a reduction in the vis-
cosity and surface tension effects, eventually been neglected [48].
With that, the evaluation of ocean wave-structure interactions
commonly adopts the Froude’s scaling law, whereby the correla-
tion of the scaling factor with the model and prototype variables
is stated as in Eq. (1).

lp ¼ klm ð1Þ

where lp is a characteristic length in the real-world prototype, lm is
corresponding length in the model, and k is scale factor for the
model.

In this study, the model dimensions were generally adopted
within the range of typical size of the existing jacket platforms legs
installed within Malaysia water. Upon the model design, the
dimensions were selected by fulfilling the slender structure condi-
tion, whereby the ratio between the cylinder diameter to the
wavelength has to be less than 0.2 [49]. Three different diameters
ranging from 40 mm to 60 mm with 10 mm interval, were selected
and constructed. Considering the capability of the facilities in eval-
uating the prototype scale, a scale ratio of 1:100 was selected.

The experiment was conducted in a water depth of 1 m and the
laboratory measurement involved the data collection of the wave
surface elevation and wave forces exerted on the cylindrical mod-
els. The measurement of the wave surface elevation was conducted
by using 900 mm length twin wire wave probes. As shown in Fig. 1,
two wave probes were placed in transversely with the axis of the
cylinder to measure the wave surface elevation. Another two addi-
3

tional wave probes were placed at the front and back of the cylin-
der, aimed to monitor the phase angle of the wave across the
length of the tank. Prior to the test, calibration was performed reg-
ularly as the height level of the probes was changed in still water
by measuring the difference of the output voltage.

Meanwhile, for the measurement of the wave forces, the cylin-
drical model was instrumented with the wave force transducer at
the bottom of the structure as shown in Fig. 2. The wave force
transducer was designed and assembled with eight loadcells that
were arranged on one platform, in which it was designed to be able
to measure the 3D wave. This arrangement was referring to the
work by Bazergui et al. [50], whereby it has provided a reliable
measurement of the 3D loadings. Each load cell can measure the
tension and compression loads up to 250 N. The wave forces mea-
sured by the loadcells were captured as the wave acting from the
corresponding directions.
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In evaluating the effect of the wave directionality on the wave
forces, the long and short-crested waves were generated. In the
generation of these waves, the significant wave height and the
peak period, with the JONSWAP spectrum of peak enhancement
factor equals to 3.3 were specified. The wave parameters were
identified as the input to the wave generation software installed
in the host computer and connected to the wave generation sys-
tem. The long-crested wave was generated by considering the
wave height and the wave frequency of the specified wave condi-
tion. Meanwhile, for the short-crested wave, an additional infor-
mation on the directional spreading were implemented and
computed in the system by adopting the energy spectrum values
for each frequency for the directional spreading angle of 5�, 15�,
25�, 35�, and 45�. The generation of these wave considered the
reflected wave from the side walls, in producing a full quality of
the short-crested waves over the whole area of the wave tank
[51]. To avoid the spurious wave, the limitation of the maximum
angle of propagation with relevant frequency was considered. In
total, 600 numbers of waves were generated in this investigation.

As the data analysis required accurate wave properties, a careful
setup and calibration of the model and the equipment was con-
ducted prior to the full data measurement. The reliability of the
results was identified by comparing the targeted and the measured
spectrum of the wave surface elevation as plotted in Fig. 3. It is
observed that the measured spectrum is well agreed to the tar-
geted spectrum with a small difference, which is due to the wider
frequency band.

Alongside with the data collection, which involved the mea-
surement of wave surface elevation and wave forces as functions
of time, the measurements were recorded concurrently as the
waves started to generate. Further, at the beginning of each test,
sufficient rest time was required between each test to ensure the
water level was stayed still and had no disturbance. Later, these
data were undergoing the post-data processing, which required
meticulous attention to detail [52]. In present investigation, the
least square method considering the force spectrum was imple-
mented to determine the hydrodynamic coefficients [53]. The esti-
mation of the drag and inertia coefficients, CD and CM, are given as
Eqs. (2) and (3) respectively.

CM ¼ 4
pqD2

s2s3� s1s5
s22 � s1s4

� �1=2
ð2Þ

CD ¼ 2
qDru

ffiffiffiffi
p
8

r
s3s4� s2s5
s1s4� s22

� �1=2
ð3Þ
Fig. 3. Comparison of target and measured JONSWAP

4

s1 ¼
XNf
i¼1

S2u xið Þ;

s2 ¼
XNf
i¼1

Su xið ÞS _u xið Þ;

s3 ¼
XNf
i¼1

Su xið ÞSF xið Þ;

s4 ¼
XNf
i¼1

S2_u xið Þ;

s5 ¼
XNf
i¼1

S _u xið ÞSF xið Þ;

Su xð Þ; S _u xð Þ;and SF xð Þ are the spectral densities of the velocity,
acceleration, and wave force, ru is the standard deviation of the
velocity, and x is the wave angular frequency.

Substantially, the interpretation of the hydrodynamic coeffi-
cients using the dimensionless analysis is essential, as it provides
an overview of the potential influencing parameters that govern
the hydrodynamic forces considering the properties of the ocean
wave–structure interactions. In present findings, the evaluations
of the wave forces and hydrodynamic coefficients are presented
due to the influence of Reynolds (Re) numbers. As this study inves-
tigated the short-crested wave, hence this parameter was pre-
sented as the average of the third highest value as it was more
indicative on the contribution of the wave component [20]. This
approach has been adopted in the previous studies and compre-
hensive findings were discussed [54–56]. The formulation of the
average values of the Re numbers was calculated using the maxi-
mum velocity of mean water level for a wave with significant wave
height, Hs, and peak period, Tp, as shown in Eq. (4).

Re ¼ pHsD
Tpm

coth khð Þ ð4Þ

In which D is the diameter of the cylinder, h is the water depth,
k is the wave number, and m is the fluid viscosity.
3. Results and discussion

The main purpose of this experimental investigation is to quan-
tify the effects of wave directionality on the wave forces and to
spectrum (peak frequency, fp = 0.56 Hz, c = 3.3).



Cheng Yee Ng, Siti Nor Adha Tuhaijan, V. John Kurian et al. Ain Shams Engineering Journal 13 (2022) 101550
propose the hydrodynamic coefficients incorporated the effect of
directional spreading angles. Prior to the quantification of the
effects. the significance differences of the effects on the wave
forces were statistically assessed by adopting the hypothesis test-
ing. This allows the comparison of the total wave forces of the long
and short crested waves, which will provide good information on
the hydrodynamic force for the structural design. Subsequently,
the results are presented based on the laboratory measurements
on the vertical cylinder subjected to the aforementioned wave
conditions.
3.1. Assessment on significance differences of the effect on wave force
using hypothesis testing

The wave directionality effect or the short-crestedness effect on
the total wave force was validated using the statistical analysis by
comparing the long and short-crested waves. The hypothesis test-
ing using paired t-test was adopted to identify the differences
between the standard deviation of the peak forces for the waves.
In the comparison, same wave properties were considered for long
and short-crested waves. Whilst additional parameter by using the
spreading function of cos2 model was considered for the wave
directionality effect.

In the hypothesis testing, the identification of peak force stan-
dard deviation different could be observed for p-value less than
0.05, or the standard deviations differ at 0.05 level of confidence.
The finding generally observed that the p-value is too small and
less than 0.05, which may provide a conclusion that the peak force
standard deviations of the long and short-crested waves are signif-
icantly different. The distribution of the differences between the
wave cases is shown in Fig. 4. In the graph, there is no unusual data
being observed, hence the interpretation of the results is statisti-
cally reliable.

On top of that, short-crested waves are mainly governed by the
directional spreading angles. Henceforth, the effect of the direc-
tional spreading angles on the wave force was statistically tested
prior to its quantification. Similarly, paired t-test was adopted to
determine the significant differences of the peak force standard
deviation of short-crested wave for different directional spreading
angles. For the exceptional validation, the wave forces for the
directional spreading angles of 5� and 45� were selected and anal-
ysed. From the test, the p-values were found to be less than 0.05,
which concluded that the peak force standard deviation values
for both cases are significantly different. Nevertheless, this inter-
pretation is also reliable, as no unusual difference is observed from
Fig. 4. Distribution of the w
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the distribution of the differences as shown in Fig. 5. Later, the
quantification of the effect of directional spreading angles on the
wave forces was conducted and the results are discussed in the fol-
lowing section.

3.2. Force ratio factor (ɸ) for the effect of wave directionality

The initial analysis involved the quantification on the changes
of the hydrodynamic performance for different types of wave
forces. There are several ways in expressing the change in loading
associated with the wave spreading [19]. The indication of the
changes in the behaviour of the waves is recommended by using
a statistical quantity, i.e. the force ratio factor, ɸ. The force ratio fac-
tor is defined in Eq. (5), in which the peak force standard deviation,
r, is computed over the entire duration of each test from the mea-
surement of the forces.

/r ¼ rFshort�crested wave

rFlong�crested wave

ð5Þ

This ratio is adopted for the quantification of the standard devi-
ation of the peak wave force for both long and short-crested waves
[20]. By adopting the same properties of the wave spectrum, these
factors disclose the differences in the standard deviation of the
measured forces in long and short-crested waves. The evaluation
of the long-crested wave involves the computation of the peak
standard deviation of the in-line force in the x–direction, while
an additional transverse force in y-direction was included for the
short-crested wave in the resultant force. The force ratio factors,
ɸr is derived from the measurement of the total force on the ver-
tical cylinders subjected by both long and short-crested wave are
presented as a function of Re numbers in Figs. 6 and 7. It can be
observed that the force ratios are within the range of 0.8, which
indicates that the short-crested wave force is lessen by 20 % than
the long-crested waves. This has affirmed that the consideration
of the effect of the wave directionality in the computation of the
wave force will reduce the force magnitude [19].

3.3. Force ratio factor (ɸ) for the effects of directional spreading angles

Referring to the previous findings of the force ratio factor, ɸr, it
has validated the statement of the short-crested wave yields lower
force as compared to the long-crested wave [18]. This has attribu-
ted to the further quantification on wave force due to the short-
crested waves incorporated with the directional spreading angles,
by adopting the specific directional spreading angles in the design.
ave force differences.



Fig. 5. Distribution of the directional spreading angle difference.

Fig. 6. Comparison of standard deviations of short-crested and long-crested waves.

Fig. 7. Ratio of the standard deviation of short-crested wave force to the long-crested wave force as a function of Re at the mean water level.

Fig. 8. Ratio of the standard deviation of short-crested wave force for directional spreading angles of 5�, 15�, 25�, 35�, and 45� to the long-crested wave force as a function of
Re.
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The quantification was conducted by computing the force ratio fac-
tors ɸr considering the directional spreading angles ranging
between 5� to 45�. The factors are presented as a function of Re
as plotted in Fig. 8. From the results, the higher reduction of the
force ratio factors was observed at greater directional spreading
angle. Overall, it could be quantified that the total wave force is
reduced by 1.12 % with every 1� incremental of the directional
spreading angle. As highlighted by Hogedal et al. [19], this illus-
trates that the energy spreading distribution is greater as the direc-
tional spreading angle increases, which leads to a reduction of the
wave forces.
Fig. 9. CM values for different directiona

7

3.4. Hydrodynamic coefficients as function of Re numbers

The quantification of the wave directionality and directional
spreading angles effects on the wave forces that exerted on a ver-
tical cylinder within the Morison regime has extended to the com-
putation of the hydrodynamic coefficients, i.e. inertia (CM) and drag
(CD), by using the least squares method. The computation of CM and
CD values for the directional spreading angles of 5�, 15�, 25�, 35�,
and 45�, as a function of Re number are presented in Fig. 9(a-e)
and 10(a-e) respectively. It can be observed that the hydrodynamic
coefficients are presented as cubic functions, which best fit the
l spreading angles as function of Re.



Fig. 10. CD values for different directional spreading angles as function of Re.
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data. To support this, the R2 value for each function, which statis-
tically measures the closeness of the data to the fitted regression
plot, are also presented [57]. The R2 values were found to be
greater than 0.85, which indicates that the cubic functions serve
well for these regression plots.
8

In present investigation, Re numbers from 2000 to 12,000 has
been identified. Within these Re ranges, the transition and turbu-
lence are gradually move upstream along the free shear layers
and the wake becomes increasingly irregular. As the transition
coincides with the separation point, laminar separation is



Fig. 11. Computed time history of wave forces.

Fig. 12. Measured time history of wave forces.
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expected. This is then followed by reattachment to the cylinder,
whereby a turbulent separation occurs resulting in a narrower
wake. The reduction of the wake size due to the separation points,
has retreated the results to become a smaller drag, thus it is even-
tually resulting in a large fall in the coefficient values [58]. These
findings are significantly importanti to distinguish the relationship
between the hydrodynamic coefficients and Re
numbers, especially to interpret the effect of the nonlinear proper-
ties of the short-crested wave on the hydrodynamic coefficients.

From these values, it is obvious that the CM and CD are found to
be strongly affected by the directional spreading angles, whereby
the values have slightly increased with the reduction of the direc-
tional spreading angle [19]. The reason being is that the larger
directional spreading angle has caused a wider distribution of the
total wave energy. Henceforth, this condition has lessened the
magnitude of the total loading acting on the structures. Mean-
while, a smaller directional spreading angle may contribute to a
more concentrated wave energy distribution, causing the genera-
tion of the wave energy focuses on the structures located within
the wave region [59]. As the small discrepancy of the directional
spreading angles may give a significant reduction or increment to
the total wave force, the evaluation of the wave force using the
existing formulation considering an accurate hydrodynamic coeffi-
cient is essential.
9

3.5. Application of proposed hydrodynamic coefficients in wave force
prediction

To validate the reliability of the proposed CD and CM values, a
comparison between the measured and computed wave forces,
by commercial software, is presented herewith. The comparison,
is performed considering significant wave height of 0.15 m and
peak period of 1.4 s. The results of the comparison for direc-
tional spreading angles of 45�, with CD is 0.51 and CM is 1.00,
are shown in Figs. 11 and 12 respectively. The comparison is
found to be good in magnitude although at some period the
crests are underpredicted. For a better interpretation of the time
series, the comparison between the spectrum densities of the
measured and computed forces is presented in Fig. 13. From
the observation, a good agreement is observed at the peak fre-
quency. However, some discrepancies are observed at higher fre-
quency of the measured wave force, which expected to be
contributed from the remaining noises in the data. As the fre-
quency increases, both spectra are found to be constant and hav-
ing nearly zero magnitude. Also, the measured and computed
peak forces are plotted in Fig. 14, whereby each point represents
the peak values of the wave forces. The comparison shows a
good agreement with no discrepancy at both positive and nega-
tive peaks of the wave forces.



Fig. 13. Comparison of measured and computed wave force spectrum.

Fig. 14. Comparison of measured and computed peak wave force.
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4. Conclusion

An experimental investigation was conducted to quantify the
effects of wave directionality on the wave forces and to propose
the hydrodynamic coefficients incorporated the effect of direc-
tional spreading angles. The quantification of the effects is pre-
sented in terms of force ratio factor, /r, which is defined as the
ratio of peak force standard deviation. Prior to the effects’ quantifi-
cation, the standard deviation of the peak wave forces are statisti-
cally assessed by using the hypothesis testing, and the significance
differences of the effects on the wave forces are observed as the p-
values are less than 0.5. In evaluating the effect of wave direction-
ality, the force ratio factors of short-crested wave to long-crested
wave are computed. The factors are observed at the range of 0.8,
which indicates that the short-crested wave forces yield 20 % less
loading as compared to the long-crested wave. Further quantifica-
tion for the effect of directional spreading angles is also conducted.
A reduction of the ratio factor with the increasing directional
spreading angle is observed. From the results, a reduction of 1.12
% of the wave force is quantified for every 1� incremental of the
directional spreading angle. This is mainly due to the larger wave
energy distribution at a greater directional spreading angle that
has reduced the magnitude of the wave force. Meanwhile, at smal-
ler directional spreading angles, the wave energy is more concen-
trated, which permits the structure to experience a higher
10
magnitude of the wave force. Referring to all these factors, the
hydrodynamic coefficients incorporated with different directional
spreading angles are then proposed. Based on the quantifications,
a reduction of the hydrodynamic coefficient values has been
observed at higher directional spreading angles. It is believed that
by adopting the proposed hydrodynamic coefficients in the design
and analysis of the marine structure, the total wave force is
expected to be reduced. Moreover, the life cycle cost is also
expected to be reduced, which enable a cost-effective and a more
lean design of the marine structure.
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