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ABSTRACT

Seakeeping criteria significantly impact ship aspects like speed loss, operational optimization, and 
structural integrity. This study integrated experimental and numerical methods to evaluate the 
seakeeping performance of an asymmetrical hull with varying hull separations and wave headings. 
Experimental Fluid Dynamics (EFD) tests were conducted in a towing tank with irregular waves and 
a Pierson-Moskowitz spectrum. Concurrently, numerical simulations using the Boundary Element 
Method (BEM) computed Response Amplitude Operators (RAO) for heave, pitch, and roll motions. 
The numerical mesh demonstrated a high degree of agreement between RAO peak values from 
BEM simulations and experimental tests, with discrepancies between 1% and 5%, indicating BEM’s 
precision in predicting ship responses to wave conditions. The analysis demonstrates that wave 
heading significantly influences the heave, pitch, and roll motions of the catamaran, with beam seas 
(90°) presenting the most severe conditions for heave and roll, while head seas (180°) lead to the 
largest pitch motions. Optimal performance is observed at a separation-to-length (S/L) ratio of 0.4, 
which minimizes excessive motion across various wave headings. The analysis indicates that while 
both S/L and wave heading influence vessel motions, the impact of wave heading is more pronounced, 
with optimal S/L values varying based on specific wave angles. Overall, the findings underscore the 
critical relationship between hull separation and wave direction, indicating that larger S/L ratios 
contribute to improved seakeeping performance.

1 Introduction
One aspect to consider in the initial design of a ship 

is the hydrodynamic performance. Specifically concern-
ing catamaran ships, the hydrodynamic performance of 
catamarans is evaluated in terms of seakeeping [1]. Sea-
keeping criteria have a significant impact on various 
crucial aspects of a ship, including speed loss, opera-
tional optimizations, and structural integrity [2]. Cata-
marans, being multihull vessels, offer advantages over 
monohull vessels, including spacious deck areas, large 
internal volumes, exhibit better stability, and seakeep-
ing characteristics [3]. According to Gee et al., [4] the 

multihull configuration is primarily implemented in 
warships to improve seakeeping performance and ma-
neuverability, enabling the vessel to achieve high speeds 
while minimizing the effects of vessel motions, accelera-
tions, and sea loads while simultaneously equipped the 
military with a versatile, high-speed vessel capable of 
supporting a wide range of naval missions 

Broglia et al., [5] conducted seakeeping analysis on 
fast catamaran ships in regular and irregular waves 
with Fr variation from 0.6 to 0.8, showing that the RAO 
value increased with increasing Froude number. The 
maximum pitch motion response was at Fr > 0.8, while 
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Nomenclature:
B = Breadth VCG = Vertical Center of Gravity

BWL = Breadth at WaterLine V⋅n = Dot product of velocity vector and normal vector
BEM = Boundary Element Method Vs = Velocity of ship
EFD = Experimental Fluid Dynamics WSA = Wetted Surface Area

g = Gravitational acceleration X3 = Amplitude of motion in a translational mode
GCI21 = Grid Convergence Index Medium-Fine mesh X4 = Amplitude of motion in a rotational mode
GCI32 = Grid Convergence Index Coarse-medium mesh yi = RAO value from EFD

H = Height of ship ŷi = RAO value from BEM
Hs = Significant Wave Height λw = Wave Length

Hw = Wave Height ∇ = Gradient operator

i,j,k = Unit vectors along the x-, y-, and z-axes, 
respectively ∇⋅V=0 = Continuity equation for incompressible flow

Kxx = Radius of Gyration – X-Axis ∇ϕ = Gradient of the scalar potential function ϕ 
Kyy = Radius of Gyration – Y-Axis ∇2 ϕ = Laplacian of the potential function ϕ
Kzz = Radius of Gyration – Z-Axis ωe = Encounter Frequency

k = Wave number ωw = Wave Frequency
LCG = Longitudinal Center of Gravity ϕ = Potential function
Lwl = Length at waterline ϕd = Diffracted wave potential
m0 = area under the response spectrum curve ϕi = Incident wave potential

n = Number of data ϕr = Reflected wave potential
p = Order of accuracy ζ = Vertical displacement of the free surface

RAO1 = Area under RAO curve for fine mesh ζa = Wave Amplitude
RAO2 = Area under RAO curve for medium mesh ζs = Significant Single Amplitude
RAO3 = Area under RAO curve for coarse mesh Δ = Displacement

= Response Amplitude Operator ε21 = Difference of estimation between Medium-Fine 
mesh

S = Spacing of Catamaran Hulls ε32 = Difference of estimation between Coarse-
Medium mesh

Sζr = Response Spectra φ = Wave Heading

T = Draft of Catamaran = Derivative of potential ϕ with respect to the 
normal direction

Te = Encounter Period = Partial derivative of potential ϕ with respect to 
z

Tp = Peak Wave Period + + = Partial derivatives of velocity components u, v, 
and w

u,v,w = Velocity components in the x-, y-, and 
z-directions, respectively = Second time derivative of the vertical 

displacement ζ

V = Velocity vector field

the maximum heave response was between the range of 
0.7 < Fr < 0.75. Seakeeping characteristics of catama-
rans present a more intricate phenomenon compared to 
conventional hulls, primarily due to the interaction be-
tween the main hull and the side hull [6]. Testing and 
analyzing ship seakeeping can be done in various ways, 
including experiments, and numerical methods [7]. 

The experimental approach, EFD, involves testing 
three-dimensional geometries of ship hulls (models) on 
a small scale in standardized towing tanks [8]. Ikezoe et 
al., [9] conducted seakeeping experiments in a towing 

tank to assess the behavior of a catamaran hull, particu-
larly focusing on heave and pitch motions in regular head 
waves which applied Fourier transform techniques to an-
alyze the amplitude of motions and phase differences rel-
ative to incident waves. Seakeeping experiments were 
also obtained measuring the six degrees of freedom (6-
DoF) motions, wave-induced loads, and vertical accelera-
tion, with results from regular waves compared with 
other catamarans, while also exploring the catamaran’s 
responses in irregular waves of varying sea states using 
statistical analysis methods based on motion time series 
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and spectral analysis employing motion RAOs and wave 
spectrum density. Data acquired from the experiment 
will then be validated by a numerical approach [10].

On the other hand, computational methods utilize 
high-speed computer technology, allowing for highly ac-
curate investigations of models but requiring significant 
memory capacity [11]. These methods offer various ad-
vantages in ship seakeeping analysis, including design 
flexibility, time and cost efficiency, detailed analysis, and 
the ability to optimize designs [12]. Compared to tradi-
tional approaches such as experimental testing, compu-
tational methods provide a more economical and 
effective way of studying the interaction between ships 
and fluid flow. Not only do they save significant time 
and costs, but they also offer detailed insights into ship 
performance and hydrodynamic behavior [13].

High-performance computing in simulations facili-
tates the investigation of complex flow problems, offering 
deeper mechanistic introduction [14]. This approach ef-
fectively addresses challenges related to nonlinear phe-
nomena and multi-system interconnections, often 
encountered in theoretical studies and experimental re-
search. Numerical approach was utilized to analyze the 
seakeeping performance of catamarans in waves, consid-
ered a reliable tool for simulating complex conditions in 
seakeeping problems. The computational simulations 
present results in the form of response amplitude opera-
tors for heave and pitch motions, taking into account var-

ious parameters such as Froude numbers, lateral S/L, 
and ratios of wavelengths to the catamaran’s length [15]. 
Other studies have focused on examining catamaran de-
signs with stable and seaworthy characteristics using nu-
merical methods. These investigations involve simulating 
hull performance under various conditions, including 
steady state, service speed, and speeds exceeding service 
levels, aiming to evaluate both stability and seakeeping 
performance [16]. 

Computational methods employed in seakeeping 
analysis are generally classified into two categories: po-
tential flow theory-based approaches and Reynolds-Av-
eraged Navier-Stokes (RANS) methods [17]. Among 
potential flow techniques, the application of Green’s 
function is particularly effective in resolving boundary 
value problems concerning the interaction between a 
ship’s hull and free-surface waves [18]. Recent research 
has demonstrated that the integration of BEM the free-
surface Green function streamlines the boundary inte-
gral equation to an integral over the ship’s body surface, 
thereby reducing computational complexity and the 
number of unknowns [19]. Moreover, the use of the 
free-surface Green function mitigates dispersion errors 
typically associated with free-surface discretization, im-
proving accuracy in dynamic interactions between the 
ship and the surrounding fluid [20].

Although frequency-domain solvers using the BEM 
and Green’s function provide significant advantages in 

Figure 1 Scope of Study
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computational efficiency, their limitations become appar-
ent when compared to more advanced numerical tech-
niques, particularly those used for viscous flow 
simulations. RANS-based methods, such as Computation-
al Fluid Dynamics (CFD), are capable of capturing com-
plex hydrodynamic phenomena, including large waves, 
near-resonant frequencies, and significant viscous forces 
[21]. However, these methods come with higher compu-
tational costs and longer processing times. Despite these 
constraints, BEM-based methods in the frequency do-
main remain advantageous for early-stage design pro-
cesses due to their ability to deliver rapid yet accurate 
assessments of wave-induced forces and motion respons-
es [22]. The integration of numerical and experimental 
methods is crucial in providing a comprehensive under-
standing of seakeeping performance. By combining these 
approaches, the accuracy of numerical models is en-
hanced through experimental validation, allowing for a 
broader range of conditions to be analyzed. 

Despite previous studies have explored various as-
pects of multihull ship design and performance, there 
remains a need for comprehensive analysis that inte-
grates both experimental and numerical methods with 
S/L and wave heading variations to fill a gap in the ex-
isting literature on the seakeeping performance of 
asymmetrical hull flat side inside (FSI) warships cata-
maran. Moreover, Figure 1 provides a detailed research 
framework that illustrates the relationship between dif-
ferent variables used in the study, including variations, 
methods, and enviromental condition.

Therefore, this research established a detailed inves-
tigation into the seakeeping performance of asymmetri-
cal hull warships catamaran by incorporating EFD 
testing in standardized basin tanks with non-visous 3D 
Panel Method based on Boundary Element Method. To 
simulate varying sea conditions, the study focused on 
the influence of wave characteristics and operational 
parameters. Initially, to assess the impact of hull config-
uration, tests were conducted with different ship S/L ra-
tios of 0.2, 0.3, and 0.4. Sequentially, the catamaran 

behavior was analyzed under different wave headings 
of 90°, 135°, and 180°, allowing us to identify the most 
influential factors affecting seakeeping.

2 Materials and Methods

2.1 Ship Model

The warship catamaran in this research consists of 
two asymmetrical hull, focusing on the flat side in (FSI) 
configuration. While FSI designs are typically studied 
for their impact on resistance, this paper aims to inves-
tigate their seakeeping performance in a warship cata-
maran context. The ship is scaled at a ratio of 1:6.6. The 
use of scaled models in seakeeping research has been 
demonstrated to be effective in previous studies [23] 
where model-scale tests and BEM simulations provided 
reliable insights despite the inherent scaling effects. 
This methodology not only offers a valid approach to 
understanding the hydrodynamic performance of hull 
forms but also ensures compatibility with the experi-
mental constraints, such as the size of the towing tank. 
Thus, it is feasible to employ scaled models in this re-
search with the main dimensions detailed in Table 1 
with the ship body plan shown in Figure 2.

Table 1 Principal Dimension of Warship Catamaran 

Parameter
Size

Unit
Full Scale Model Scale

Scale Ratio 1 : 6.6
LWL 16.52 2.503  m

B 7.150 1.803 m
T 1.184 0.1794 m
H 2.946 0.4464 m

WSA 107.77 2.474 m2

Displacement 40.91 0.1396 ton
VCG 1.172 0.284 m
LCG 6.601 0.998 m

 

Figure 2 Body Plan of Warship Catamaran
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The variation of ship hull analyze in this research are 
distance between 2 twin hull, which is assumed as S/L. 
The form variation are described in Table 2 and Figure 
3. The ship’s center of gravity was determined using the 
discrete method, in which the ship’s structure was di-
vided into multiple small elements. Each element was 
assigned a specific weight and a corresponding position 
within the ship’s coordinate system. Initially, the ship’s 
structure was discretized into elements based on the di-
mensions and proportions of its components. This 
method provided a more precise estimation of KG and 
the ship’s weight distribution, which is essential for 
subsequent seakeeping and stability analyses. 

These values, which align with those computed us-
ing dynamic 3D modeling software, are detailed in Table 
2. The ship model incorporates mass characteristics 
through a point mass and mass moments of inertia, de-
fined by the radius of gyration, as presented in Equation 
(1) as follows:

∑
∑

 
(1)

where kii is radius of gyration of warship catamaran, Ii 
is the inertia moment of ship, and wi is the mass distri-
bution along the discretization point, i denotes in a spe-
cific axis. The intersection of the three symmetry planes 
of the multihull configuration served as the reference 
point designated as (0,0,0) at the centre line of the FPV 

body in Aft Perpendicular (AP). This point was used to 
reference the offsets of the global centre of gravity 
(CoG).

2.2 Experimental Method

The seakeeping experiment was carried out as a 
benchmark for validating the numerical method to eval-
uate the motion performance of a ship, particularly fo-
cusing on a hull configuration of S/L 0.2 in irregular 
waves at zero speed. The process involves several steps. 
Firstly, the physical model is prepared by setting it up 
and adjusting the distribution of weight. Next, the meas-
uring equipment, such as the wave height meter and 
wireless motion tracking system, is calibrated. Follow-
ing this, the waves are set up and calibrated accordingly. 
Then, the results from photo and video recordings are 
analyzed. Finally, the test results are thoroughly exam-
ined and discussed.

The experiment is conducted in the Maneuvering 
Ocean Basin (MOB) tank belongs to Indonesia Hydrody-
namic Laboratory (IHL) in Surabaya, which particularly 
60 meters in length, 35 meters in width, and has a maxi-
mum depth of 2.5 meters. The tank is equipped with a 
wave generator system powered by electric motors, en-
abling the testing of the catamaran’s seakeeping under 
specific conditions. Combination of string is used to se-
cure a model in place so that it remains stationary with-

Table 2 Dimension detail of S/L variations

S/L Hull Separation 
(mm)

LWL  
(mm)

BWL
(mm)

Radius of Gyration (m)
Kxx Kyy Kzz

0.2 499.5 2,503 1,083 0.307 0.633 0.657
0.3 750.9 2,503 1,409 0.416 0.735 0.717
0.4 1,001.2 2,503 1,660 0.498 0.634 0.757

 

Figure 3 Ship hull variations (a) S/L 0.2; (b) S/L 0.3; (c) S/L 0.4

(a) (b) (c)
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out restricting or influencing the movement of the 
model, which is assumed to be free-floating. While this 
limitation constrained the ability to test the hull at vari-
ous speeds, it was deemed sufficient for the purposes of 
comparison with the numerical approach. Additionally, 
the tests were conducted with the hull set on an even 
keel condition, without any static trim angle. Wave gen-
eration is controlled from the operator room, where 
data such as wave height, wave period, and spectrum 
type are inputted. In this particular test, irregular waves 
with a Pierson-Moskowitz spectrum type are used, fea-
turing a significant wave height (Hs) of 1 meter and a 
peak period (Tp) of 6.5 seconds was scaled to Hs 0.152 
meter and Tp 2.5 seconds. According to established 
guidelines, minimum of 100 wave cycles is typically re-
quired to ensure reliable statistical estimates in sea-
keeping studies. In this experiment, the test duration 
covering over 300 wave cycles, which significantly ex-
ceeds the minimum requirement [24]. For the purposes 
of the experiment, the scale effect will influence the 
ship’s geometry and environmental loads (such as wave 
height and period). The significant wave height consid-

ered for the scaled model is 0.152 meters (sea state 1). 
Meanwhile, for the full-scale model or prototype, the 
significant wave height considered is 1 meter (sea state 
3).

During testing, the ship model is positioned to face 
waves from directions of 90o, 135o, and 180o. The details 
of the ship’s positioning in the experimental configura-
tion are illustrated in Figure 4 and Figure 5.

Seakeeping measurement in the MOB system used 
Qualisys instruments. Qualisys is an optical camera-
based system used for high-precision measurement of 
three-dimensional motion and position of objects [25]. 
Several preparations are required before conducting the 
simulation tests, including the installation of sensor 
marker balls for the Qualisys camera target on the cata-
maran model as pointed out in Figure 5. All sensor 
markers are ensured to work optimally if detected by 
the measurement camera. The Qualisys camera will ob-
tain the reference position of the ship model in three di-
mensions (3-D), and the ship’s motion measurements 
can be obtained as accurately as possible. The sensor 
marker target balls will form a rigid body system. The 

      
(a) (b)

Figure 4 The experiment setup (a) top view; (b) side view

 

Sensor marker

Figure 5 Ship model used for the experiment
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test model calibration is performed by adjusting the 
heading of the test model. The rigid body is formed us-
ing the ship’s COG value as the basis for determining the 
rigid body. Calibration is carried out by matching the 
position of the marker balls forming the rigid body with 
the rigid body read by the camera [26]. 

Wave calibration in the MOB or open test pool is a 
crucial step to ensure that the generated waves match 
the desired conditions in hydrodynamic experiments. 
The objectives, process, and steps in wave calibration 
on the MOB are as follows: Set the wave parameters on 
the wave maker according to the desired wave condi-
tions, such as wave height (Hw) and wave period (Tw). 
Measure the waves using calibrated wave probes to 
measure the wave height at several points in the test 
pool. Compare the measurement data with the parame-
ters set on the wave maker. If there is a discrepancy be-
tween the set waves and the measured waves, adjust the 
wave maker accordingly. Repeat the measurement and 
analysis process until the generated waves meet the de-
sired specifications [27].

2.3 Numerical Method

The numerical simulation serves as a comprehen-
sive tool for analyzing the seakeeping behavior of cata-
maran vessels, where boundary conditions are essential 
in defining the interaction between the hulls and the 
surrounding water. Utilizing AQWA, a potential flow 
solver, the simulation demonstrates both high accuracy 
and computational efficiency, making it an invaluable 
asset in the early design stages of naval vessels.

At the core of this process is the 3D panel diffraction 
solution based on the Boundary Element Method, a 
powerful numerical approach for solving linear partial 
differential equations by reformulating them as integral 
equations. BEM has proven particularly effective for 
seakeeping analyses, applicable in both the frequency 
and time domains, while accounting for first and sec-
ond-order wave effects [28]. By discretizing the hull 
surface into small panels, the 3D panel method accu-
rately captures the vessel’s geometry and its interaction 
with waves [29].

Furthermore, grid independence studies are con-
ducted to ensure that the meshing configuration satis-
fies convergence criteria, confirming that the results are 
unaffected by mesh density. This method enables a pre-
cise and reliable representation of the fluid dynamics 
around the catamaran hulls, further enhancing the ac-
curacy of the seakeeping simulation. 

2.3.1 Governing Equation 

In BEM simulation software, the governing equation 
assumes that the fluid is homogeneous, inviscid, irrota-
tional, unsteady, and incompressible. This assumption 

allows for the identification of the potential velocity 
function, which serves as a criterion for determining 
fluid characteristics such as velocity and pressure. An-
sys Aqwa has been employed to compute using the BEM 
to obtain the RAO. The BEM is widely used in seakeep-
ing analysis as a numerical approach in BEM, especially 
for analyzing ship motion responses as noted by Ber-
tram [30]. BEM approach is done using the potential ve-
locity function which can be expressed as equation (2), 
with i, j, and k representing unit vectors along the x-, y-, 
and z-axes, respectively. Within the assumption that the 
fluid is incompressible, i.e., there is no change in mass 
flow into and out of the control surface, the Laplace 
equation is employed. This equation is represented by 
equation (3).

=
 

(2)

∇ = + + = 0
 

(3)

V expresses the velocity vector field. ∇ϕ is gradient of 
the scalar potential function ϕ. ∂ϕ/∂x, ∂ϕ/∂y, and 
∂ϕ/∂z represent the partial derivatives of the potential 
function ϕ with respect to the spatial coordinates x, y, 
and z respectively. i, j, k are the unit vectors in these re-
spective directions. ∇2

ϕ represents the Laplacian of the 
potential function ϕ. ∂u/∂x, ∂v/∂y, and ∂w/∂z represent 
the partial derivatives of the velocity components u, v, 
and w with respect to the spatial coordinates x, y, and z, 
respectively. To fulfill the continuity equation, all poten-o fulfill the continuity equation, all poten-
tial velocity solutions must adhere to the condition of 
non-rotational.

Under these circumstances, no flow occurs through 
the surface of a stationary object immersed in a fluid in 
motion. This condition signifies the impermeability of 
the object and is represented by equation (4). Equation 
(4) specifically denotes the impermeability of a fixed 
object like the surface body, with “n” representing a nor-
mal vector pointing outward from the surface body into 
the fluid. Equation (5) extends this concept to a moving 
object with a velocity “V”.

= 0
 

(4)

 
(5)

The kinematic condition for the free surface posits 
that, in the scenario of small waves, fluid particles situat-
ed on the surface are expected to remain on the free sur-
face. Additionally, the dynamic condition for the free 
surface asserts that the pressure exerted by the water on 
the free surface equals a constant atmospheric pressure. 
The simplified and linearized forms of these kinematic 
and dynamic free-surface conditions are represented by 
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equation (6), derived from linear theory and assuming 
small waves, zero current, and zero forward speed of the 
body.

 
(6)

ζ usually represents the vertical displacement of the 
free surface, and this term relates to the acceleration of 
the surface and g represents the acceleration due to grav-
ity. Finally, as the vessel interacts with the waves, the po-
tential velocity serves to describe the flow pattern of the 
waves around the hull sections. Additionally, it facilitates 
the computation of fluid forces acting on the hull sec-
tions, as well as the hull motion and wave-induced forces. 
Consequently, the potential velocity induced by external 
waves can be combined using equation (7).

 (7)

ϕi, ϕr, ϕd represent the potential functions corre-
sponding to the incident wave, radiation wave, and dif-
fraction wave, respectively. ϕi are derived based on 

 

13917 elements mesh
3442 elements mesh 7088 elements mesh

1774 elements meshUn-mesh

Figure 7 Mesh configuration for numerical analysis

 

Figure 6 Boundary condition for numerical analysis
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diffraction theory. In diffraction theory, the potential 
function is determined through solving the Laplace 
equation, applying relevant boundary conditions, and 
subsequently calculating pressure and resulting forces 
acting on the body. Pressure is obtained using the Ber-
noulli equation. Ultimately, integrating pressure over 
the entire wet surface area yields wave excitation forces 
utilized within the AQWA software.

2.3.2 Grid Independence Study

It is crucial to have high-quality meshing to ensure the 
precision of BEM computations. Attaining grid independ-
ence is crucial as it affects the computational efficiency of 
BEM simulations. The quality of meshing directly affects 
computational resources and effectiveness. Furthermore, 
the selection and arrangement of mesh types have a no-
table impact on simulation results, with well-structured 
meshes often leading to positive outcomes in BEM simu-
lations. Improving simulation precision involves imple-
menting finer grid resolution around the model to 
accurately capture interaction phenomena. The bounda-
ry condition shown in Figure 6 followed by Figure 7 
which illustrates the mesh generation. 

For seakeeping-related problems, grid independence 
study is conducted for these quantities similarly to how it 

is done for resistance in calm water. This ensures that the 
simulation results for ship motions and hydrodynamic 
forces are both accurate and reliable [31]. Conversely, ar-
eas farther away from the model can utilize the smaller 
amount of grid size to reduce the computational process-
es. This strategic mesh arrangement optimizes computer 
performance while enhancing result accuracy. This grid 
analysis was performed on two types of motion: transla-
tional and rotational. In this investigation, the grid inde-
pendence study is presented in Table 3 and Figure 8.

The smallest amount of grid size analyzed in this 
study, comprising 1,774 elements, was found to be ac-
ceptable for heave and pitch motions, as the discrepan-
cies observed were minimal. However, for roll motion, 
this grid size exhibited a significantly higher discrepan-
cy compared to the other grid sizes evaluated. Conse-
quently, it does not meet the accuracy requirements 
necessary for use in this study. The utilization of 3,442 
mesh elements for the catamaran hull for all motion 
proves to be optimal and precise as this number of ele-
ments signifies grid independence, with the relatively 
small and stable percentage deviation of the RAO value, 
which remains below 2%. This outcome is comparable 
to the independence study conducted by Sun et al., 
which focused on catamarans using the BEM. In Sun’s 

Table 3 Grid independence study

Element 
Numbers

Area RAO Curve
Heave

[m.rad/(m.s)]
Discrepancy 

(%)
Pitch

[deg.rad/(m.s)]
Discrepancy 

(%)
Roll

[deg.rad/(m.s)]
Discrepancy 

(%)
1,774 4.123 - 274.430 - 61.211 -
3,442 4.116 0.250 274.758 0.120 58.290 5.011
7,088 4.124 0.183 274.958 0.073 57.922 0.635

13,917 4.128 0.194 275.582 0.117 57.822 0.172
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study, the errors between coarse and fine meshes were 
minimal, with largest deviations of 4.07% [32]. Given 
the minor discrepancies in motion responses, it con-
cluded that independence was achieved. Similarly, cur-
rent study demonstrates a stable RAO with minimal 
deviation, reinforcing the reliability of the chosen mesh 
configuration. This finding indicates that further in-
creases in grid count do not notably alter the RAO value. 
Thus, the current number of grids effectively minimizes 
computation time [33]. 

In addition to the grid independence study, a grid 
convergence index (GCI) analysis was conducted. The 
GCI is a widely accepted and standardized method used 
to evaluate the level of grid convergence, calculated at 
various stages of refinement. GCI value below 1% is 
considered a basis for validating that the results is con-
vergence [34, 35]. Data used as the comparison in GCI is 
the area of RAO curve for heave and pitch motion, with 
the results summarized in Table 4. Convergence study 

values indicate GCI21 for grid convergence under fine 
meshing and GCI32 for coarse meshing. The values ob-
tained were GCI32 at 0.313% and GCI21 at 0.228% for 
heave motion. For pitch motion, GCI32 is at 0.149% and 
GCI21 at 0.091%. For roll motion, GCI32 is at 1.263% and 
GCI21 at 0.793%. Given the minimal differences in mo-
tion responses across various mesh configurations, grid 
convergence was established. To reduce computation 
time, the medium mesh was chosen for the remaining 
simulations. Thus, it can be concluded that the most ef-
ficient number of elements used in the analysis is 3,442.

2.4 Seakeeping Analysis

Optimizing the seakeeping performance of catama-
rans is emphasized in various studies due to their ex-
pansive decks and high-speed capabilities. Concerns 
regarding their performance in rough waters include 
significant vertical resonant motions and susceptibility 

Table 4 Grid Convergence Index (GCI)

Outcome Heave Pitch Roll
Fine (1) 7088 7088 7088

Medium (2) 3442 3442 3442
Coarse (3) 1774 1774 1774

ri √2 √2 √2

RAO1 4.128 m.rad/(m.s) 274.96 deg.rad/(m.s) 61.21 deg.rad/(m.s)
RAO2 4.116 m.rad/(m.s) 274.76 deg.rad/(m.s) 58.29 deg.rad/(m.s)
RAO3 4.123 m.rad/(m.s) 274.43 deg.rad/(m.s) 57.92 deg.rad/(m.s)

ε21 0.008 0.200 0.368
 ε32 0.010 0.328 0.921
p 0.908 1.429 5.980

e21 0.020 0.312 0.053
e32 0.028 0.512 0.421

GCI21 0.228% 0.091% 0.793%
GCI32 0.313% 0.149% 1.263%

 
Figure 9 Wave direction for seakeeping analysis



285A. I. Wulandari et al. / SCIENTIFIC JOURNAL OF MARITIME RESEARCH [Pomorstvo] 38 (2024) 275-296

to deck diving in following seas. The wave direction (μ), 
also known as the heading angle, signifies the angle be-
tween the wave direction and the ship’s motion [36], as 
illustrated in Figure 9. 

This concept elucidates the various heading angles 
that can be formed relative to the ship’s direction of mo-
tion and the direction of wave propagation. Following 
seas occur when the wave direction aligns with the ship’s 
motion (0°), while head seas occur when the wave direc-
tion opposes the ship’s motion (180° angle). Additionally, 
bow quartering seas, beam seas, and stern quartering 
seas occur at angles of 45°, 90°, and 135°, respectively, 
relative to the ship’s direction. The RAO, often termed the 
transfer function, can be obtained from model testing in 
towing tanks, analytical calculations, or simulations using 
numerical software. Under the assumptions of linear the-
ory, the relationship between the amplitude of wave in-
put and the resulting motion amplitude remains 
consistent for each wave period, as represented by the 
RAO value. This value denotes the ratio between the am-
plitude of the ship’s motion and that of the wave motion 
for every wave frequency and can be applied in spectral 
density calculations, which are adjusted based on incom-
ing and outgoing waves as per [37].

RAO for translational and rotational value can be  
obtained by using Equation (8) and Equation (9) 
respectively.

 
(8)

 
(9)

In the equation provided, where RAO represents the 
response function, X3 denotes the spectral density of the 
motion, for translational motions surge, sway, heave cal-
culated in metres. X4 is the rotational motions roll, yaw, 
and pitch which inputted in radian, k is wave number 
that obtained from 2π divided by wave length (λw) meas-
ured in rad/m, and ζa represents the spectral density of 
the wave [36, 38]. It is a direct comparison between the 
amplitude of the motion compared to the amplitude of 
the incident wave. RAO are formulated with Equation (8) 
for translation & Equation (9) for rotation.

Irregular waves are assumed to result from the sum-
mation of regular waves that have different frequencies, 
heights, and wave phases, whereas regular waves are 
waves that have the same frequency, height, and wave 
phase [39]. In the phenomenon of ship motion, the for-
ward or backward movement of the ship is influenced by 
waves. If a ship moves in the sea at a constant speed, 
waves will appear for the ship at a faster rate than the ac-
tual frequency of the waves it encounters [40, 41]. The 
observed frequency is called the encounter frequency. 
Like waves, the encounter frequency consists of the en-
counter period (Te) Equation (10), which is equal to the 

time it takes for a ship to move from one wave crest to 
another. The wave frequency (ωw) is converted into the 
encountered wave frequency (ωe) using Equation (11).

=  
 

(10)

−
 

(11)

In this context, Te denotes the encounter period (s), 
λw represents the wavelength (m), ωe stands for the en-
countered frequency (rad/s), ωw symbolizes the wave 
frequency (rad/s), g signifies the acceleration due to 
gravity (m/s²), Vs represents the ship’s velocity (m/s), 
Vw denotes the wave velocity (m/s), and μ indicates the 
heading angle of the ship (degrees). Based on Equation 
(10) ωe is equal to ωw because this ship in this study is at 
zero speed. The wave spectrum formulation used in this 
analysis is the Pierson-Moskowitz spectrum, which for-
mulated as concluded in Equation (12) [42]. 

( )  ( ) ( ) −691( )  (12)

Which ω is circular frequency, Hs is significant wave 
height, T1 is average wave period, and Tp is peak period.

2.5 Calculation of Response Spectral

The responses of a floating structure in irregular 
waves shall be obtained by correlating the RAO with the 
wave spectrum within transforming wave energy into 
response energy with the following equation (13). Sub-
sequently, the amplitude significant response is calcu-
lated as equation (14).

( )  (13)

= 2  (14)

Where Sζr(ω) is the response spectrum, Sζ is the sig-
nificant single amplitude and m0 is the area under the 
response spectrum curve as shown in the following 
equation (15). 

= ∑ ( ) ( )  (15)

To measure how large the error is between the val-
ues predicted by experiment and the BEM values, Root 
Mean Square Error (RMSE) equation is used. RMSE pro-
vides an indication of how close the predicted results 
are to the actual values and is often used in the context 
of regression and model evaluation [39]. RMSE is calcu-
lated by taking the square root of the average of the 
squared differences between the predicted values and 
the actual values in Equation (16).

∑ ( )
 

(16)
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Where yi is the RAO value from experiment, y ̂i is the 
RAO value from BEM, and n is the number of data.

2.6 The strengths and constraints of this study 

Frequency-domain potential solvers, like the 3D 
panel Green Function combined with the BEM, offer ef-
ficient computations. However, it is important to ac-
knowledge the limitations of the numerical approach 
employed in this study, namely the 3D panel Green 
Function in combination with the BEM. While effective 
for certain applications, this approach falls short when 
compared to advanced techniques like CFD, particularly 
in the simulation of viscous fluid effects and time-do-
main responses. CFD methods excel in capturing phe-
nomena such as large wave dynamics, near-resonant 
frequencies, and viscous forces but often demand sig-
nificantly greater computational resources and time 
[21]. Tables 5 and 6 provide a detailed comparison of 
the strengths and limitations of the selected numerical 
approach.

Despite these limitations, the Boundary Element 
Method based on frequency-domain analysis remains 
an essential tool in naval engineering, particularly for 
the evaluation of advanced marine vessels. As Jifaturro-
hman et al., [43] argue, BEM provides valuable insights 
into the seakeeping performance of ships and marine 
structures, even though it does not account for certain 
nonlinear and viscous effects present in real-world 
conditions. 

Seakeeping analysis is a fundamental aspect of naval 
architecture, and the methodologies applied in this 
study offer several key advantages. These include the 
ability to calculate wave-induced forces, motion re-
sponses in pure oscillatory conditions, and the structur-
al response to irregular wave spectrums. Additionally, 
the use of frequency-domain analysis enables the esti-
mation of significant amplitude motions through Root 
Mean Square (RMS) calculations based on stochastic 
processes. By integrating the BEM this study establishes 
a robust framework for evaluating critical seakeeping 
parameters effectively and efficiently [44]. 

3 Results

3.1 Comparison between BEM and EFD Result

Wave spectral, or wave spectrum, is a representation 
of the distribution of wave energy across different fre-
quencies or wavelengths. The comparison of wave spec-
tra from experiment and BEM is shown in Figure 10. 
The results from BEM and experimental measurements 
exhibit similar spectral trends, though with different 
peak values; specifically, the experimental results show 
higher peaks and rougher trends compared to BEM. 
This discrepancies can be attributed to instabilities en-
countered by experimental setups that might not fully 
captured by BEM simulations, such as uncertainties in 
measurement conditions or variability in wave data. 
These factors can lead to a rougher spectral trend in ex-

Table 5 Strength of Research

Strengths Description 
Computational speed and 
effectiveness 

Accelerates problem-solving compared to time-domain techniques, allowing for quicker 
results [45]. 

Simplicity in assessing regular 
wave behavior 

The analysis is adapted for situations involving small amplitude ship motions or regular 
waves, particularly when the ship is moving at low or zero speeds, assuming that wave 
excitation behaves as simple harmonic motion [46]. 

Correlation between numerical 
simulation and experiment 
process 

The results demonstrate a high level of confidence, as the numerical simulations effectively 
represent the experimental outcomes related to the seakeeping of warship catamarans, with 
differences of less than 10% observed at the peaks of the RAO curves for specific motions at 
the same wave frequency 

Table 6 Limitation of Research

Limitation Description

Issues related to non-linear 
interactions and steady-state 
wave modeling

The study does not consider the effects of currents, wind, and other parameters related to 
nonlinear interactions between these forces, such as tidal influences. This limitation can 
significantly affect the motion and stability of floating structures time-domain simulations are 
essential for accurately capturing time-dependent of motion. Additionally, the method used is 
not suitable for addressing time-dependent nonlinearities or transient problems, limiting its 
applicability to real-world scenarios.[47]. 

Distance between Bodies
The distance between bodies is determined to provide insight into how the ship’s geometry 
affects seakeeping performance, particularly in pure oscillatory motions such as heave, roll, and 
pitch. The variations considered in this paper are limited to S/L = 0.2, S/L = 0.3, and S/L = 0.4



287A. I. Wulandari et al. / SCIENTIFIC JOURNAL OF MARITIME RESEARCH [Pomorstvo] 38 (2024) 275-296

perimental data. Nevertheless, the wave spectrum can 
be used in further analysis [48].

Area of wave spectrum curve was compared to find 
out the discrepancy between two methods. Area from nu-
merical and experimental resulting at 1.44 x 10-3 m2 and 
1.47 x 10-3 m2 respectively. The comparison of both wave 
spectra is at 2%. This is considered as satisfactory as it is 
similiar to the condition met in research conducted by 
Diez et al., [49] which reported overall comparison of ex-
perimental and BEM spectra revealed errors and uncer-
tainties smaller than 3%, similar to the results found in 
this study. The reasonable accuracy and small uncertain-
ties for wave height statistics in the comparative study 
further reinforce the satisfactory performance of both ex-
periment and BEM methods in predicting wave spectra, 
consistent with findings in this study, as illustrated in Fig-
ure 8. After the spectra reach its peak, the wave spectrum 
value decreases as the frequency increases. This high de-
gree of agreement between the BEM simulation and the 
experimental data demonstrates the accuracy and relia-

bility of the BEM model in predicting wave spectra across 
different frequencies.

This study analyzes the RAO for three motions: 
heave, pitch, and roll, with wave headings of 90°, 135°, 
and 180°. The analysis of these RAOs was carried out at 
the same wave height and wave frequency which rang-
ing from 1 to 10 rad/s. Figures 11-13 show a compari-
son of the RAO between the BEM and EFD results for 
each heading with non-dimensional variable. The com-
parison of the RAO peak values between the EFD and 
BEM is presented in Table 7.

The difference between the RAO peak values for 
wave headings of 90°, 135°, and 180° for heave, pitch, 
and roll motions is shown in table 7. The results indi-
cate that the difference between the RAO peak values 
from both the BEM and EFD ranges from 1% to 5%. 
These findings suggest that the BEM simulation accu-
rately nearly replicates the experimental trends, vali-
dating its effectiveness for this analysis [50]. The values 
in Table 7 can be considered within this tolerance range. 
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Table 7 Comparison RAO Peak between BEM and EFD Result

Wave Heading Motion
RAO Peak Value

Discrepancy (%)
BEM Expt.

90o

Heave (m/m) 0.984 0.983 0.09%
Pitch (rad/rad) 0.309 0.298 3.79%
Roll (rad/rad) 1.144 1.179 2.94%

135o

Heave (m/m) 0.995 1.000 0.50%
Pitch (rad/rad) 0.691 0.689 0.21%
Roll (rad/rad) 0.665 0.661 0.71%

180o

Heave (m/m) 0.992 0.993 0.08%
Pitch (rad/rad) 0.926 0.889 4.10%
Roll (rad/rad) 0.053 0.056 5.38%
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The comparison graphs of BEM and EFD results are 
shown in Figures 11-13.

As shown in Figure 11, the RAO results for a wave 
heading of 90° indicate that the highest peak occurs in 
the roll motion. This is evidenced by both the BEM and 
EFD data which shown good agreement across the fre-
quency range. In heave motion wave frequency between 
1 rad/s and 2 rad/s, rapid decrease are observed in both 
curves, with RAO values decreasing and then increasing 
afterwards. At around 5-6 rad/s, Both the BEM and EFD 
curves show a similar rapid decrease in RAO values, as 
their slopes are comparable. However, the local minima 
differ, with the BEM curve showing a sharper decline 
near the minimum compared to the experimental curve . 
Beyond 6 rad/s, both curves follow a similar trend with 
minor variations up to 10 rad/s. In pitch motion, both 
curves reach their RAO peak value near 1.4 rad/s and 
then decline steadily. In roll motion, a peak is observed 
around 2.19 rad/s in both curve followed by a gradual 
decrease up to 6 rad/s and smaller variations beyond 7 
rad/s, with the EFD remaining nearly constant after. 

In Figure 12, With a wave heading of 135°, the high-
est RAO peak value is observed in the heave motion for 
both the BEM and EFD methods. In the heave motion, 
the highest RAO peak at wave frequencies between 2.09 
rad/s show variations in both curves. At around 6 rad/s, 
both the BEM and EFD curves exhibit a similar decline 
in RAO values, with the BEM showing a sharp decrease 

while the EFD curve decreases more gradually. Beyond 
6 rad/s, both curves display a consistent trend until 10 
rad/s. In pitch motion, between 2 rad/s and 6 rad/s, 
both curves show a gradual decrease in RAO values, 
with peaks occurring around 2 rad/s. Beyond 7 rad/s to 
10 rad/s, both curves continue to decrease progressive-
ly. In roll motion, a similar trend is observed in both the 
BEM and EFD curves, with a difference of 0.71% in the 
RAO peak. Both RAO peak curves occur around frequen-
cies near 2.3 rad/s. At higher frequencies, both BEM and 
EFD results show a decline. The largest value in the di-
rection of the wave heading at 135° occurs in heave mo-
tion for both BEM and EFD results, with RAO peak 
values of 0.995 rad/rad and 1.000 rad/rad, respectively.

In Figure 13, the RAO with a wave heading of 180° 
shows that the highest peak of RAO value is in the heave 
motion, as indicated by both the BEM and EFD methods. 
In heave motion the highest RAO peak value occurs at 
wave frequency 2.04 rad/s in both methods with value 
0.992 m/m from BEM and from EFD at 0.993 m/m, 
showing a difference of 0.08%. In pitch motion, the 
highest RAO peak value occurs at wave frequency  
3.04 rad/s in both methods with value 0.926 rad/rad 
from BEM and from EFD at 0.889 rad/rad, showing a 
difference of 4.10%. In roll motion the highest RAO peak 
value occurs at wave frequency near 6.17 rad/s in both 
methods with value 0.053 rad/rad from BEM and from 
EFD at 0.056 rad/rad, showing a difference of 0.08%. 
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Figure 11 RAO in wave heading 90o (a) Heave, (b) Pitch, (c) Roll
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Figure 12 RAO in wave heading 135o (a) Heave, (b) Pitch, (c) Roll
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Figure 13 RAO in wave heading 180o (a) Heave, (b) Pitch, (c) Roll

Figures 11-13 indicate that the experimental and 
numerical (BEM) results exhibit similar trends and val-
ues, with no consistently larger trend in either method. 
The differences in RAO values at small frequencies can 

indeed be observed. However, these differences are not 
significant, as the frequency data are based on both ex-
perimental and BEM measurements, which naturally in-
volve slight variations due to differences in data 
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acquisition methods and intervals. Additionally, the 
nonlinearity in the ship’s response further contributes 
to these variations. The data points selected represent 
the closest corresponding frequencies between the two 
approaches (heave, pitch, and roll), and these minimal 
variations in starting points do not affect the overall 
agreement in the trends observed in both the BEM and 
EFD data.

In heave motion, the highest values are consistently 
obtained from waves approaching at wave heading 135°, 
with the RAO peak value for heave from BEM being 0.995 
m/m and from EFD being 1.000 m/m, showing a differ-
ence of 0.50%. In pitch motion, the highest value occurs 
at wave heading 180°, with the RAO peak value for pitch 
from BEM being 0.926 rad/rad and from experiments be-
ing 0.889 rad/rad, showing a difference of 4.10%. As for 
roll motion, the highest value is found for waves ap-
proaching at 90°, possibly due to the maximum wisting 
moment generated by this wave direction, with the RAO 
peak value for roll from BEM being 1.144 rad/rad and 
from experiments being 1.179 rad/rad, showing a differ-
ence of 2.94%. Overall, the obtained RAO values indicate 
that the experimental and numerical results have a high 
degree of agreement, with relatively small discrepancies, 
demonstrating that BEM simulations are sufficiently ac-
curate in predicting structural responses to waves. 

Based on the RAO graphs obtained from BEM and 
EFD, the error values between the two methods for 
heave, roll, and motion at each wave heading can be cal-
culated using the RMSE formula in Equation (16), as 
summarized in Table 8. 

Table 8 shows the errors for each heading with BEM 
and EFD as per RMSE. The highest RMSE for heave is at 
wave heading 90°, the highest RMSE for pitch is at wave 
heading 180o, and the highest RMSE for roll is obtained 
at wave heading 90o. The difference obtained from BEM 
and EFD is minimal, with a RMSE below 1. This indi-
cates that the results obtained from the EFD simulations 
can be considered reliable. Similar levels of error were 
also found in other studies, which conclude that this de-
gree of error is acceptable for demonstrating the accu-
racy of both methods [51]. 

3.2 Variation of S/L and wave heading

3.2.1 Heading 90°

These RAO peaks are determined from the RAO 
graph at wave heading of 90o. At wave heading of 90o, 
each motion mode has its own distinct characteristics. 
Moreover, when observing the variation in S/L for the 
same motion mode, it contributes significantly, as de-
picted in Figure 14. The RAO graph also shows the RAO 
peak at wave heading of 90° for each S/L. The RAO 
peak indicates the largest resonance that can occur on 
the ship, which also causes the largest motion experi-
enced by the ship [52]. Resonance in ships occurs 
when the frequency of external forces, such as waves, 
matches the ship’s RAO peak. Figure 14(a) shows the 
RAO peak in heave motion for each S/L. At S/L 0.2, the 
RAO peak occurs at wave frequency of 2.08 rad/s. At 
S/L 0.3, the RAO peak occurs at wave frequency of 6.59 
rad/s, and at S/L 0.4, the RAO peak occurs at a fre-
quency of 6.15 rad/s. Figure 14(b) shows the RAO 
peak of pitch motion for each S/L. At S/L 0.2, the RAO 
peak occurs at a frequency of 6.59 rad/s. At S/L 0.3, 
the RAO peak occurs at a frequency of 6.04 rad/s, and 
at S/L 0.4, the RAO peak occurs at a frequency of 6.48 
rad/s. Figure 14(c) illustrates the RAO peak in roll mo-
tion. At all S/L, the RAO peak occurs at wave frequency 
2.08 rad/s. The wave frequencies observed for each 
S/L variation at a wave heading of 90° occur within the 
range of 2.08 - 6.59 rad/s for all S/L variations. At 
wave heading of 90o, the most significant RAO peak 
value is observed for heave motion at S/L 0.4, pitch 
motions being highest at S/L 0.3 as well and roll mo-
tion the highest at S/L 0.2. 

Assessing the RAO values enables the evaluation of 
each motion’s response at a 90o wave heading. At this 
wave heading, variations in S/L lead to distinct peak re-
sponses for different motion modes. The largest RAO 
peak for heave motion occurs at S/L 0.4, indicating a 
more pronounced vertical response at this configura-
tion. For pitch motion, the maximum responses is ob-
served at S/L 0.3, highlighting the ship’s tendency to tilt 
forward or backward more at this ratio. In contrast, the 
most significant roll motion is found at S/L 0.2, reflect-
ing a stronger side-to-side rolling behavior. These RAO 
peaks, identified from the RAO graph for the 90o wave 
heading, indicate the specific S/L configurations where 
the ship experiences its greatest dynamic response for 
each motion mode. 

In general, it can be concluded that the RAO peak for 
each motion mode does not consistently occur at the 
same S/L parameter. For instance, at a wave heading of 
90o, the heave mode, characterized by relatively con-
servative motion, peaks at S/L 0.4. In contrast, the roll 
mode exhibits its conservative motion at S/L 0.2, while 
the pitch mode shows a peak at S/L 0.3.

Table 8 RMSE from BEM and Experiment

Heading Motion RMSE

90o

Heave 0.00007
Pitch 0.03724
Roll 0.42660

135o

Heave 0.00004
Pitch 0.27270
Roll 0.07545

`180o
Heave 0.00006
Pitch 0.44150
Roll 0.03179
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3.2.2 Wave Heading 135°
The influence of the ship’s hull distance on seakeep-

ing at a wave heading of 135o is summarized in Figure 
15, which also shows the RAO peak for each S/L. In all 
cases, the RAO peak for heave, pitch, and roll motions 

occurs consistently at a frequency of 2.08 rad/s, as illus-
trated in Figures 15(a), 15(b), and 15(c) respectively. 

At wave heading of 135°, the most pronounced RAO 
peak values are observed for heave motion at S/L 0.2, 
for pitch motion at S/L 0.3, and for roll motion at S/L 

0

0,2

0,4

0,6

0,8

1

1,2

1,4

0 2 4 6 8 10

H
ea

ve
 R

AO
 (m

/m
)

Wave Frequency (rad/s)

S/L 0.2
S/L 0.3
S/L 0.4

0

0,05

0,1

0,15

0,2

0,25

0 2 4 6 8 10

Pi
tc

h 
RA

O 
(r

ad
/r

ad
)

Wave Frequency (rad/s)

S/L 0.2
S/L 0.3
S/L 0.4

(a) (b)

0

0,2

0,4

0,6

0,8

1

1,2

0 2 4 6 8 10

Ro
ll 

RA
O 

(r
ad

/r
ad

)

Wave Frequency (rad/s)

S/L 0.2
S/L 0.3
S/L 0.4

(c)

Figure 14 RAO in wave heading 90o (a) Heave, (b) Pitch, (c) Roll
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Figure 15 RAO in wave heading 135o (a) Heave, (b) Pitch, (c) Roll
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0.2. The notable increase in these RAO peaks suggests 
that the ship experiences more substantial responses to 
wave action under these specific conditions. The wider 
separation between the hulls enhances hydrodynamic 
interactions, resulting in more pronounced vertical mo-
tions as the vessel reacts to incoming waves. This obser-
vation aligns with the conclusions of Murdijanto et al., 
[53] who indicated that increased hull separation tends 
to amplify the vertical motions of the ship, reflecting a 
significant relationship between hull configuration and 
seakeeping performance.

3.2.3 Wave Heading 180°

The influence of the ship’s hull distance on seakeep-
ing for a wave heading at 180o is depicted in the Figure 
16. The RAO graph also shows the RAO peak at a head-
ing of 180° for each S/L.Resonance in ships happens 
when the frequency of external forces, like waves, aligns 
with the ship’s RAO peak. Figure 16(a) shows the RAO 
peak in heave motion for each S/L. At all S/L 0.2, the 
RAO peak occurs at a frequency of 2.08 rad/s. Figure 
16(b) shows the RAO peak of pitch motion. At all S/L 
0.2, the RAO peak occurs at 2.08 rad/s. Figure 16(c) il-
lustrates the RAO peak in roll motion. At S/L 0.2, the 
RAO peak occurs at 6.26 rad/s. At S/L 0.3, it occurs at 
8.68 rad/s, and at S/L 0.4, it occurs at 5.49 rad/s. 

At wave heading of 180°, pronounced RAO peak val-
ues are noted for heave motion at S/L 0.2, for pitch mo-
tion at S/L 0.3, and for roll motion at S/L 0.2. The 

significant responses observed in these modes indicate 
that the vessel exhibits notable motions in reaction to 
wave action under these conditions. The enhanced ver-
tical motion during heave, particularly at S/L 0.2, sug-
gests a strong interaction with the incoming waves, 
while the pitch motion at S/L 0.3 indicates a noteworthy 
rotational response.

The seakeeping performance of the ship varies signifi-
cantly with wave heading and S/L. For heave motion, the 
highest RAO peak is consistently observed at S/L 0.2 for 
wave headings of 135° and 180°, and at S/L 0.4 for wave 
heading of 90o indicating that the ship experiences the 
most substantial vertical motion at this hull separation 
ratio for these headings. In terms of pitch motion, the 
RAO peak is observed at S/L 0.3 across all wave headings. 
However, the pitch values are notably higher at a heading 
of 180° compared to 90° and 135°, suggesting that pitch 
motion is more pronounced at this heading direction. For 
roll motion, the highest RAO is recorded at S/L 0.2 for all 
headings. There is a significant variation in RAO peak val-
ues for roll motion, with headings of 90° exhibiting high-
er values compared to heading 135° and 180°. This 
indicates that roll motion becomes more significant as 
the wave heading deviates from 90°. The RAO peak indi-
cates that the ship will be more sensitive to certain mo-
tions at specific wave frequencies. Based on the obtained 
RAO values, the motion values for various S/L ratios with 
wave headings of 90°, 135°, and 180° can be calculated 
using Equation (14). The results are included in Table 9.
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Figure 16 RAO in wave heading 180o (a) Heave, (b) Pitch, (c) Roll
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Table 9 presents the significant single amplitude ζs 
values for different S/L variations at wave headings. 
Based on the data in Table 9, the highest and lowest dis-
crepancies for heave, pitch, and roll across different 
wave headings and S/L ratios are as follows: For heave, 
the largest discrepancy occurs at a wave heading of 
180°, where the highest amplitude at S/L 0.2 is 0.062 m, 
and the lowest at S/L 0.4 is 0.055 m, resulting in an 
11.29% difference. At 90°, the difference is 7.35%, and 
at 135°, it is 6.15%, with the highest heave amplitude at 
S/L 0.3 and the lowest at S/L 0.4. For pitch, the largest 
discrepancy is at 90°, where the amplitude at S/L 0.3 is 
0.505° compared to 0.375° at S/L 0.2, giving a 25.74% 
difference. At 135°, the largest pitch amplitude is at S/L 
0.2, with a 17.73% difference from the lowest at S/L 0.4, 
while at 180°, the difference is 7.81% between S/L 0.3 
and S/L 0.2. For roll, the largest discrepancy is at 180°, 
with a 50% difference between S/L 0.2 and S/L 0.3, 
though the values are small. More significant roll dis-
crepancies are at 90° with a 26.39% difference between 
S/L 0.2 and S/L 0.4, and at 135°, with a 26.89% differ-
ence between the same S/L ratios. 

The analysis of wave headings reveals that different 
headings influence ship motions differently. At a wave 
heading of 90°, the vessel experiences the most signifi-
cant heave and roll motions, as the waves strike the side 
of the ship, causing larger lateral and vertical move-
ments. Conversely, at a wave heading of 180°, the ship is 
exposed to maximum pitch motion, as the waves hit the 
bow or stern directly, inducing more pronounced up-
and-down movement. The 135° heading produces inter-
mediate motions across all modes. These findings 
indicate that wave heading plays a crucial role in deter-
mining the type and severity of the ship’s motion re-
sponse, with beam seas (90°) generally being the most 
challenging for roll and heave. This finding is similar to 
the research conducted by Murdijanto et al., [53] who 
also observed increasement in heave and roll motion 
under the same wave conditions, which shows roll over 
beam seas (90°) causing the largest motions overall. 
Meanwhile, the response of pitch reaches maximum val-

ues under 180° as sea conditions caused by waves com-
ing perpendicularly, leading the vessel to move up and 
down more excessively. This finding is similar to the re-
search conducted by Windyandari et al., [54].

The relationship between S/L ratios of the catama-
ran also revealed in the analysis. Performance varies no-
tably with different S/L ratios across motion modes, 
with an optimal S/L ratio of 0.4 for heave and roll mo-
tions at wave headings of 90°, 135°, and 180°, suggest-
ing this ratio minimizes excessive motion in these 
conditions, while pitch motion generate similiar re-
spond except for 135o as the smallest respond obtained 
from S/L 0.3. In general, larger S/L ratios, especially 0.4, 
result in smaller motions in heave, pitch, and roll, pro-
viding a more stable and controlled response to waves. 
With greater hull separation, the ship experiences less 
movement, improving its seakeeping performance and 
making it less vulnerable to instability caused by wave 
action. This suggests that increased hull spacing effec-
tively reduces vertical and lateral motions, leading to 
enhanced motion consistency in different sea condi-
tions. For heave motion, the highest amplitude is ob-
served at S/L 0.2 for most wave headings, especially at 
90° and 180°, while 135o obtained its biggest motion to 
S/L 0.3, indicating that a smaller hull separation in-
creases the vessel’s vertical motion, making it more vul-
nerable to wave impacts. Regarding pitch motion, the 
largest amplitude is found at S/L 0.3 across multiple 
headings, particularly at 90° and 180°, suggesting that 
the ship experiences more significant pitching motions 
with a moderate hull separation due to hydrodynamic 
interactions between the hulls. In terms of roll motion, 
the largest amplitude consistently occurs at S/L 0.2 for 
all headings, with a particularly pronounced peak at the 
90° heading, indicating that smaller hull separation re-
sults in more severe lateral movements. Overall, smaller 
S/L ratios, especially 0.2, tend to produce larger mo-
tions in heave, pitch, and roll. As hull separation de-
creases, the ship experiences more significant motions, 
potentially compromising its overall seakeeping 
performance. 

Table 9 Significant Single Amplitude ζs in various S/L

Wave Heading Motions
Significant Single Amplitude (ζs)

S/L 0.2 S/L 0.3 S/L 0.4

90o

Heave (m) 0.068 0.066 0.063
Pitch (Deg) 0.375 0.505 0.434
Roll (Deg) 5.317 4.390 3.915

135o

Heave (m) 0.063 0.065 0.061
Pitch (Deg) 2.792 2.700 2.297
Roll (Deg) 3.131 2.382 2.289

180o
Heave (m) 0.062 0.062 0.055
Pitch (Deg) 3.627 3.934 3.623
Roll (Deg) 0.002 0.001 0.001
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The analysis of vessel motions reveals significant 
variations in maximum and minimum values for heave, 
pitch, and roll across different slenderness ratios (S/L) 
and wave headings. For heave, the maximum value is 
found at an S/L ratio of 0.2 and wave heading 90°, while 
the minimum value found at S/L 0.4 and heading 180°. 
In terms of pitch, the highest amplitude is found at S/L 
0.3 with at heading 90°, contrasted by a minimum that 
found at S/L 0.4 and a heading of 135°. Roll motion ex-
hibits a maximum value at S/L 0.2 at heading 90°, with a 
minimum at S/L 0.4 and heading at 180°. Overall, while 
there is a correlation between S/L and wave heading, 
the relationship is not consistent. The optimal S/L for 
reducing vessel motions shifts depending on the specif-
ic wave angle. Lastly, the analysis suggests that wave 
heading gave more significant impact on vessel motions 
compared to S/L, as the variations in motion amplitudes 
are often more pronounced with changes in wave head-
ing, demonstrating how the interaction between these 
two variables influences overall vessel performance in 
different sea conditions.

4 Conclusions

This study successfully integrated experimental and 
numerical methods to analyze the seakeeping perform-
ance of asymmetrical hull FSI warships catamaran. The 
experiments were conducted to scaled ship existing 
model in the MOB tank at zero speed in different wave 
directions, with the results validated the numerical 
method to understand how hull configuration and sea 
conditions influence the ship’s motion response. BEM 
analyzed varying hull separation ratios (S/L) of 0.2, 0.3, 
and 0.4, as well as different wave directions of 90°, 135°, 
and 180°. Measurements were taken for various ship 
motions, such as heave, pitch, and roll, using both EFD 
and BEM simulations to obtain RAO values.

The results from the experiments showed a high de-
gree of agreement between the RAO peak values generat-
ed by BEM simulations and the experimental tests, with 
differences values ranging between 1% and 5%. This in-
dicates that BEM simulations provide sufficiently accu-
rate predictions of the ship’s structural response to wave 
conditions. At a wave heading of 90°, the RAO peak am-
plitudes indicate that the highest value for heave is re-
corded at an S/L ratio of 0.4, while the highest pitch is 
recorded at an S/L 0.3 and roll occurs at an S/L ratio of 
0.2. At a wave heading of 135°, the highest RAO for heave 
is achieved at an S/L ratio of 0.4. The RAO peak for pitch 
is recorded at an S/L ratio of 0.2 The RAO peak for roll 
occurs at an S/L ratio of 0.2. At a wave heading of 180°, 
the RAO peak for heave is observed at an S/L ratio of 0.3. 
The highest pitch is recorded at an S/L ratio of 0.3, and 
the highest roll is also observed at an S/L ratio of 0.2.

Further analysis revealed that variations in S/L ra-
tios and wave directions significantly impact the sea-

keeping performance of the ship. The analysis reveals 
that both wave heading and S/L ratio significantly affect 
the seakeeping performance of the catamaran. At a 
wave heading of 90°, the vessel encounters the most se-
vere heave and roll motions, while at 180°, pitch motion 
dominates, highlighting how different wave directions 
cause varied responses in ship motions. The optimal 
S/L ratio of 0.4 generally minimizes heave and roll mo-
tions across all headings, indicating improved seakeep-
ing with larger hull separations. However, pitch motion 
behaves differently, with S/L 0.3 generating the smallest 
response at 135°. Smaller S/L ratios, such as 0.2, lead to 
increased heave, pitch, and roll motions. This suggests 
that greater hull separation, particularly at S/L 0.4, opti-
mizes overall seakeeping performance by reducing ver-
tical and lateral movements and providing a more 
controlled response to wave impacts. The analysis indi-
cates that while both S/L and wave heading influence 
vessel motions, the impact of wave heading is more pro-
nounced, with optimal S/L values varying based on spe-
cific wave angles. Therefore, these findings offer 
valuable guidance for improving catamaran hull design 
by optimizing hull separation to achieve better seakeep-
ing performance across various sea conditions.
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