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ABSTRACT 

Ensuring passenger safety and comfort is crucial for maintaining trust in sea transportation, especially as 

ship accidents remain a concern. One critical area for improvement is the vehicle fastening systems on 

Roll-On-/Roll-Off (Ro-Ro) ferries, which must account for fastening techniques and vehicle positioning to 

prevent shifting or overturning during adverse conditions. This study calculates the shear and overturning 

moments acting on vehicles when a ferry experiences rolling motion due to beam waves, using numerical 
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simulations to evaluate the impact of vehicle placement. Wave heights were adjusted to reflect operational 

area conditions, and vertical and lateral accelerations were derived based on vehicle dimensions, type, and 

enter of gravity. A case study of a Ro-Ro ferry operating on the Bira-Pamatata route revealed that Bus 2, 

located at the rear centreline, exhibited the highest rolling moment of 14,370 N·m, while Ayla 21, 

positioned at the front centreline, had the lowest moment of 1,141 N m. These results demonstrate that 

vehicle mass, dimension, and vertical and horizontal center of gravity significantly influence rolling and 

share moments. 

Keywords-ship roll; ro-ro ferry; car deck; moment rolling; acceleration 

I. INTRODUCTION  

Indonesia, the world’s largest archipelago, is a nation where 
two-thirds of the country is covered by the sea. With the 
increasing need of people using marine transportation, ship 
accidents remain a pressing concern, claiming countless lives 
each year [1]. One of the main factors causing these accidents 
is the ship rolling in random waves, which is a complicated 
nonlinear motion that contributes substantially to ship 
instability and capsizing. Previous research has provided 
valuable insights into the dynamics of ship rollovers with 
various approaches having been employed to better understand 
and predict these events. Authors in [2], approached the 
problem using the Finite Element Method (FEM), solving the 
Fokker-Planck (FP) equations numerically for homoclinic and 
heteroclinic ship rollover under random waves, which are 
described as repeated white noise and Gaussian wave 
excitations. In [3], ship rollover events were predicted through 
the employment of a data-driven ship motion forecast method, 
while in [4], a ship rollover behavior was observed by 
simulating the load distribution located on the centerline side 
and even further away from it, deploying an experimental 
method in a test tank. Simultaneously, authors in [5] utilized a 
hybrid data-driven method by applying a combination of low-
fidelity physics with Machine Learning (ML) to model 
nonlinear forces and moments at a reduced computation cost. 
In [6], a simple model for ship stability based on Mathieu 
equation was employed, namely a second-order differential 
equation with periodic coefficients, which describes the 
phenomenon of parametric rolling. In addition to the studies on 
ship rollovers, several other investigations have focused on the 
effects of ship rolling motion and its impact on stability, 
passenger movement, and safety. Specifically, authors in [7] 
identified the effect of ship rolling motion on the speed of 
passengers on board, finding that the farther passengers are 
from the ship’s center of gravity, the lower is their speed during 
rolling. Similarly, in [8], the human evacuation speed during a 
ship rolling event was predicted, with a focus placed on the 
accommodation deck and dining areas of passenger ships. In 
[9], the stability behavior and rolling periods of ferry RO-RO 
ships were studied by varying the types of electric and 
conventional vehicles, considering different weight 
distributions. A potential consequence of a Ro-Ro ferry's 
rolling motion is the possibility for the items on the vehicle 
deck to shift. When a car moves or rolls to one side of the deck, 
it can cause an initial tilt, which in turn affects the ship’s 
stability and can lead to capsizing [10]. This risk is more likely 
to happen under poor sailing conditions. The geometry and 
center of gravity of an object relative to the baseline determine 
its transverse displacement [11, 12]. To address these risks, the 
government has implemented regulations regarding shipboard 

vehicle attachment systems [13, 14]. Although these standards 
specify how different types of vehicles must be secured during 
sailing, their application has not been proven effective on short 
routes. Consequently, research into the potential for vehicle 
shifting on Ro-Ro ferries, as well as the arrangement of the 
vehicle fastening design system and its effect on ship safety 
during sailing, are vital [15-19]. The likelihood of vehicles 
moving or overturning on Ro-Ro ferries depends on the lateral 
acceleration due to ship motion as a function of their position 
on the ship [20]. A model test estimating lateral and vertical 
acceleration was conducted using the strip theory method for 
automobiles based on their position on the car during side-
wave conditions [10]  

II. METHODOLOGY 

This study focuses on a Ro-Ro ferry operating on the Bira-
Pamatata shipping route. To evaluate the impact of various 
wave parameters on the ship's motion response, simulations are 
performed with changes in the wave heading angle, height, and 
wave length. 

A. Numerical Simulations 

The ferry, which operates on a relatively short route, is 
modeled in 3D using the Maxsurf modeler, and analyzed 
employing the Maxsurf motion method [21-24]. Figure 1 
illustrates the hull shape and main dimensions of the Ro-Ro 
ferry, with a width (B) of 14.00 m, a height (H) of 7.11 m, and 
a length overall (LOA) of 56.00 m.  

 

 
Fig. 1.  General arragement of the Ro-Ro ferry. 
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Fig. 2.  2D and 3D model of the line plan and hull . 

The Computer Aided Design (CAD) model was developed 
using Maxsurf from the ground up, as a 3D-CAD formulation 
based on the ship’s offset lines. The two-dimensional 
representations are projections of the 3D-CAD model, offering 
an additional perspective. The overall design of the ship is 
depicted in Figure 2. 

In the ship motion analysis, "remote location" refers to the 
point where an object’s center of gravity intersects with its 
load. The specified remote location is demonstrated in Figure 
3. 

 
(a) 

 
(b) 

 
Fig. 3.  (a) vehicle’s main dimensions, (b) car deck plan. 

After establishing the remote location and configuring the 
car deck layout, the setup is completed, with the ship being at 
zero knots. Additionally, the wave setup is prepared. The 
rolling behavior of the Ro-Ro ferry is influenced by the wave 
heading angle, which is set at 90 degrees (beam sea). 
JONSWAP wave profiles are employed, with significant wave 
heights and mean periods being selected based on the wave 
scatter diagram for the specified shipping area [25]. 

B. Waves 

External forces, such as adverse environmental conditions, 
can generate large waves, water currents, and winds that pose 
risks to the ship, crew, and passengers while disrupting 
onboard comfort. To simplify the analysis and predict ship 
movements under these influences, several assumptions are 
made. Specifically, it is assumed that only sea waves are 
considered, with a wave heading of 90 degrees, as this is the 
angle at which roll motion exhibits the maximum response. 
Additionally, the waves are assumed to occur in deep-sea 
conditions to eliminate the influence of the seabed. The 
fundamental wave formulas used in the analysis are [26]: 
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where ��  is the wavelength, ��  is the wave speed, ��  is the 
wave period, �� is the wave frequency, 
 is the wave number, 
and � is the gravitational acceleration. 

The wave scatter on the Ro-Ro ferry route, Bira-Pamatata, 
is shown in Figure 4. 

 

 
Fig. 4.  Wave scatter of the Ro-Ro ferry route. 

C.  Rolling Motion 

The movement of a ship around its longitudinal axis is 
known as rolling motion. This motion alternates as the ship 
rolls from side to side, from the starboard to the port side. The 
ship's rolling motion can be analyzed using [27]: 

� � ���
��� � � � ��

�� � � � � � ��  � cos# �$%&  (4) 

where � ���
���  is the inertia moment, � ��

��  is the damping 

moment, � � � is the restoring moment, and ��  � cos# �$%& is 
the exciting moment. 

The natural circular frequency of roll motion is: 

�'� � ( )**
+**,-** � (.�∇012

+**,-**    (5) 

where: 

 344 : roll motion stiffness (kN) 

 544 : moment of inertia of mass for roll motion (ton.m2) 
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 �44 : additional mass moment of inertia for roll motion 
(ton.m2) 

 6: density of sea water (1.025 ton/m3) 

 �: gravinational acceleration (9.81 m/det2) 

 ∇: the volume displacement (m3) 

 7��: vertical position of the metacentric (m) 

D. Newton Law 

Newton’s First Law of Motion states that an object will 
remain at rest or continue to move with constant velocity unless 
acted upon by an external force. The principle is often 
summarized as:  

8 9 �  0     (6) 

Newton’s Second Law establishes the relationship between 
a point object’s kinematic quantities (acceleration, velocity, 
and displacement) and its dynamic quantities (mass and force). 
The second law states that the acceleration produced by the 
resultant force acting on an object is directly proportional to the 
resultant force, in the same direction, and inversely 
proportional to the mass of the object, and is expressed by: 

8 9 �  ; � �     (7) 

The moment of force is defined as the rotational effect 
produced by a force acting at a distance from a pivot point. The 
moment is obtained by multiplying the applied force by the 
lever arm (the perpendicular distance from the axis of rotation 
to the line of action of the force). Mathematically, the moment 
of force can be expressed as: 

8� �  9 � �     (8) 

where 8� is the total moment, 9 is the applied force, and � is 
the lever arm. 

The term moment of criteria refers to a quantity in 
rotational motion that is analogous to mass in translational 
motion. It measures an object’s resistance to changes in its 
rotational motion around an axis. While mass resists changes in 
linear motion, the moment of inertia resists changes in rotation 
motion around a given axis [28]. To calculate the moment of 
inertia of a car with respect to its rotational axis, the moment of 
inertia formula is applied for a solid object rotating about an 
axis through its center of mass. This approach assumes the car 
behaves as a solid object. This provides insight into how 
resistant the vehicle is to changes in its rotational motion, 
which is essential for understanding its stability when subjected 
to rolling forces: 

5 �  �
�  ;<�     (9) 

III. RESULTS AND DISCUSSION 

Table I presents the main dimensions of the Ro-Ro ferry 
studied. Data from the observations made on the Bira-Pamatata 
crossing route are presented in Table II and Figure 5. The 
analyzed ship, under a 90º wave heading angle and a ship speed 
of 0 knots, experienced the largest roll motion at a circular 
frequency of 0.912 rad/s. the largest pitch motion at a circular 

frequency of 0.823 rad/s, and the largest heave motion at a 
circular frequency of 1.214 rad/s. These results were obtained 
after inputting the required data for the ship’s motion analysis. 
Figure 6 illustrates the motion response for each variation in 
wave height, presented in consecutive order. 

TABLE I.  DIMENSIONS OF THE RO-RO FERRY 

 Values Units 

Overall Length (LOA) 56.09 m 
Breadth (B) 14.00 m 
Height (H) 7.11 m 
Draft (T) 2.70 m 

Gross Tonnage (GT) 1689 - 

TABLE II.  INTEREST OF VEHICLE DATA 

Positioning 

from breadth 

After 

Perpendicular 

Midship Fore 

Perpendicular 

Starboard side Avanza 1 Triton 9 Granmax 20 
Center line Bus 2 Bus 7 Ayla 21 
Port side Pick Up 3 Xenia 10 Pick Up 22 

 

 
Fig. 5.  Car deck plan of observations from Bira-Pamatata route. 

 
Fig. 6.  Ship motion against wave height: (a) Hw = 0.71 m, (b) Hw = 1.43 
m, (c) Hw = 2.15 m, (d) Hw = 2.87 m. 

The results demonstrate that the wave height is directly 
proportional to the ship’s motion in heave, roll, and pitch. The 
higher the wave is, the greater is the value of the produced ship 
motion. 

Figure 7 outlines the lateral and vertical acceleration values 
of each vehicle, based on its dimensions, center of gravity, and 
position relative to the centerline and bus line. These 
accelerations are generated by the ship’s motion under the 
influence of beam waves. The results reveal the significance 
impact of wave height on these accelerations. As the wave 
height increases, the vehicles experience higher lateral and 
vertical accelerations. However, there are differences in values 
across the vehicles. Notably, the lateral acceleration is 
consistently much higher than the vertical for all vehicles on 
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the car deck. Additionally, the positioning of the vehicles 
relative to the ship’s width shows that the lateral acceleration 
values are nearly the same for vehicles located on the portside, 
starboard site, and centerline. In contrast, the vertical 
acceleration values on Bus 2 (CL) and Bus 7 (CL) are three 
times greater than those of the other vehicles. 

 

 
Fig. 7.  Vertical and lateral acceleration of vehicle influence of/ the Beam 
Sea and wave heigth in varying wave heigth by using numerical simulation (a) 
vertical acceleration in port side, (b) lateral acceleration in port side, (c) 
vertical acceleration in centre, (d) lateral acceleration in centre, (e) vertical 
acceleration in starboard side, (f) lateral acceleration in starboard side. 

A. The Maximum Angle of Heel Calculation 

The force and moment balance formulae are applied to the 
lateral and vertical acceleration values of each vehicle, 
considering the maximum tilt angle resulting from the Ro-Ro 
ferry's heeling moment (Figure 8). This is performed to 
calculate the rolling moment of the vehicle. Additionally, the 
friction coefficient between the rubberized tires and the steel 
car deck is also factored into the data processing. 

 Gravity vector along the x-axis: 

=>  �  ; � � � ?@A�    (10) 

 Gravity vector along the y-axis: 

=B  �  ; � � �  �C?�    (11) 

 Force equilibrium along the x-axis: 

; � � � ?@A� D EF � 0    (12) 

 Force equilibrium along the x-axis: 

G D ; � � � �C?� � 0    (13) 

 Maximum tilt angle (�H->): 

; � � � ?@A�H-> �  IF � #; � � � �C?�H->&  

%�A�H-> �  IF   
�H->  �  %�AJ�#IF&   
Substituting IF � 0.6, we get: 

�H->  �  30.96° 

The maximum tilt angle before the car begins to roll is 
approximately 30.96°. This indicates that the car will start to 
roll once the tilt angle reaches this threshold. 

 

 
Fig. 8.  Free-body diagram of the heeling maximum of vehicle. 

Table III presents the roll moment values for each vehicle 
on the car deck of the Ro-Ro ferry, revealing key trends based 
on vehicle positioning and characteristics. 

Bus 2 exhibits the largest roll moment, followed by Bus 7, 
with Ayla 21 showing the smallest roll moment. Notably, all 
three vehicles are positioned at the centerline of the car deck. 
However, the differences in their roll moments arise from 
variations in their size, mass, and positioning along the ship’s 
length. Bus 2 is at After Peak, Bus 7 is at Midship, and Ayla 21 
is at Fore Peak.  

In addition to the longitudinal positioning, the mass and 
vertical center of gravity, relative to the car deck, significantly 
influence the roll moment value. For vehicles positioned on the 
portside and starboard side, similar tendencies are observed, 
aligning with findings from previous studies [4, 29]. Notably, 
even vehicles of the same type can exhibit different roll 
moments due to variations in the horizontal center of gravity, 
relative to the centerline. This is evident in the comparison of 
Pick Up 3 and Pick Up 22, where Pick Up 3 has a greater roll 
moment because its horizontal center of gravity is farther from 
the centerline than that of Pick-up 22. 

 

(a) 

(c) (d) 

(e) (f) 

(b) 
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TABLE III.  SUMMARIZED DATA OF ROLLING MOMENT OF VEHICLES 

Vehicle Hvertical (m)  Inertia or limits (N·m) Ffriction (N) Fresulant (N) Mroll (N·m) 

Pick Up 3 (PS) 0.950 2496.25 9114 2676 2537 
Xenia 10 (PS) 0.840 1644.99 6350 1711 1436 

Pick Up 22 (PS) 0.950 2496.25 9114 2458 2329 
Bus 2 (CL) 1.940 11120.80 26672 7589 14370 
Bus 7 (CL) 1.940 11120.80 26672 7456 14106 

Ayla 21 (CL) 0.750 1190.81 5154 1522 1141 
Avanza 1 (SB) 0.850 1866.44 6145 1598 1356 
Triton 9 (SB) 0.880 2890.40 9161 2466 2167 

Granmax 20 (SB) 0.900 3150.03 11466 3628 3261 

 

IV. CONCLUSIONS 

This study identifies the potential for vehicle shifting on 
Ro-Ro ferries using numerical simulations to calculate vehicle 
shear and overturning moments. The results indicate that Bus 2 
(CL), positioned at the rear of the ship, has the highest potential 
to overturn, with a rolling moment of 14,370 N·m, which 
exceeds its moment of inertia limit of 11,120.80 N·m. In 
contrast, Ayla 21 (CL), located at the front, has the lowest 
overturning potential, with a rolling moment of 1,141 N·m, 
well below its moment of inertia limit. 

The magnitude of the rolling moment is significantly 
influenced by three factors: 

 The mass of the vehicle. 

 The horizontal center of gravity of the vehicle, relative to 
the centerline.  

 The vertical center of gravity, relative to the car deck. 

The rolling moment increases with greater distances 
between the vertical center of gravity and the car deck, as well 
as the horizontal center of gravity and the centerline. 
Conversely, a reduction in these distances results in a lower 
rolling moment. 
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