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ARTICLE INFO ABSTRACT

Article history: One of the most significant forms of maritime transportation for tying together islands
Received 20 March 2025 and coastal regions is ro-ro ferrying. Regarding the security of the cars being
Received in revised form 23 April 2025 transported, Ro-Ro Ferry also confronts significant difficulties. incidents where the
Accepted 30 April 2025 vehicle's ability to secure itself was compromised by forces of vertical and lateral
Available online 30 May 2025 acceleration when the beam sea was present. Researching an efficient vehicle
fastening method is required to raise the ro-ro ferry's level of safety. To increase the
safety of the ro-ro ferry, this study intends to carry out a preliminary evaluation and
make recommendations about the quantity and kind of tie-downs in the lashing
system. The FEM method—that is, the Ansys workbench—is employed in this
investigation. For every kind of vehicle, the tie-downs is simulated to withstand
stresses brought on by lateral and vertical acceleration forces. A number of lashing
system angles are examined. According to the study's findings, the Truck 11 type
vehicle's maximum equivalent stress when working on a 45-degree tie-downs is 36.08
MPa, while the Innova 2 vehicle's minimum equivalent stress is 13.59 MPa. When
working on a tie-downs at a 70-degree angle, the highest equivalent stress for a Truck

Keywords: 11 vehicle is 47.95 MPa, while the minimum stress for an Innova 2 vehicle is 18.07 MPa.
Ferry ro-ro; lashing system; vertical The tie-downs safety factor values in the lashing system range between 3.54 and 19.
acceleration; lateral acceleration; tie- Because safety factor > 3.5, it is the value is worth using. This is true for binding angles
downs; safety factor and all vehicle kinds.

1. Introduction

Shipping accidents in 2021 were mostly caused by human factors. In fact, there was a significant
increase from the previous year of 179.55% [1]. The following year, it decreased by 31.58% where
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ships sank and burned, becoming the most frequent shipping accidents [2]. The type of ship that was
the object of the accident, according to the KNKT, was dominated by passenger ships [4]. The
Indonesian Minister of Transportation Regulation defines a passenger ship as a ship carrying more
than 12 (twelve) passengers [5]. Ro-ro ferries are a type of passenger ship used to carry passengers,
vehicles, goods (in trucks and sometimes unpowered shipping containers) and even train cars.
Handling the type of cargo on ro-ro ferries is different because it is related to the distribution of the
load on the ship, which has implications for the stability of the ship, the strength of the ship and the
safety of the ship. Ferry accidents in Indonesia occur not once or twice, but more than that [3]. Ferries
built domestically have a large width and draft ratio, which implies that the maximum stability arm
occurs at a pitch angle of less than 25 degrees [6]. According to the IMO, ships with a large width-to-
draft ratio tend not to meet one of the stability criteria [7]. Ferry research has been widely conducted,
covering stability, construction strength and manoeuvring, the direction of which is how ferry safety
is ensured. Hasbullah et al., [8] studied the influence of the operational environment on ferry
manoeuvring characteristics. The response of ferry structures to internal and external loads was
carried out [9-13]. In addition, research on structural fatigue on ro-ro ferries was also conducted [14-
16]. Likewise, efforts are made to reduce the resistance of the ship's hull [17]. The event of a vehicle
shifting or rolling over to the side of a ro-ro ferry has a large role in creating an initial tilt and
immediately causing the ship to lose stability so that it sinks [18]. This condition is prone to occur
during poor sailing weather conditions [19]. The government has issued regulations on the vehicle
fastening system on ships [20,21]. The regulation regulates the procedures for fastening types of
vehicles while sailing, but its implementation has not been effective on short routes. Therefore, it is
necessary to study the potential for vehicle shifting on ro-ro ferries, the configuration of the vehicle
fastening design system on ro-ro ferries and its effect on ship safety during sailing.

However, its application in the field is less effective on short tracks. On the other hand, the
effectiveness of the binding system is highly dependent on the forces and moments acting on the
vehicle. Therefore, vehicles that have been tied can also shift or roll over due to an ineffective binding
system or binding strength that is unable to withstand the forces and moments that occur. This is the
basis for studying the potential for vehicle shifting or rolling over and the design of the optimum
vehicle binding configuration to minimize shifting and rolling events. The transverse shift of objects
depends on their geometry and centre of gravity relative to the baseline [22,23]. Likewise with the
type of vehicle and each geometric size that will be transported by the ro-ro ferry. Previous studies
have studied ferry safety based on differences in weight distribution on the vehicle deck [24,25].
Experimental methods are used without considering the potential for vehicle shifting and rolling over.
This study will produce lateral and vertical acceleration values for vehicles due to the influence of
beam sea. The output of lateral and vertical vehicle forces will be used as a reference in conducting
initial assessments and proposing tie-downs fastener sizes and materials on the lashing system to
improve the safety of ro-ro ferries. This study focuses on the strength of vehicle binding materials
reviewed based on their safety factor value. Several previous studies that have been conducted in
relation to the possibility of vehicle shifting or overturning on ro-ro ferries include the analysis of
lateral acceleration due to ship motion as a function of position on the ship [26] and testing a model
to predict lateral acceleration based on the IMO second generation stability criteria [27]. The same
thing was done by Alamsyah et al., [28,29] by predicting the lateral and vertical acceleration of
vehicles based on their position on the car deck using the strip theory method under the influence of
side waves. As a continuation of this study, the effect of ship motion on the vehicle binding system
on ro-ro ferries will be analysed, which will then be used to design the size and material of the vehicle
binding so that accidents due to vehicle shifting or overturning can be minimized in the future. The
estimation of transverse and vertical forces due to the rolling motion of side waves is calculated.
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Based on the results of the motion simulation in the previous stage, the analysis of vehicle shifting
and overturning is carried out using the principle of force balance and geometric characteristics of
the vehicle, such as the width of contact with the deck and the height of the centre of gravity on the
deck [30].

2. Methodology
2.1 Ferry Ro-Ro

A ferry is a means of transportation that is widely used as a means of crossing between islands
and can transport passengers, vehicles and goods from one island to another. Ro-Ro is an
abbreviation for roll-on, roll-off. A ro-ro ship is a ship used to carry cargo that has wheels. Vehicles
on the ship are loaded and unloaded through the ramp door. The ramp door functions as a bridge
connecting the ship to the dock so that loaded vehicles can enter and exit easily. The ramp door is
located at the bow and stern.

In this study, data will be taken from vehicles transported by ro-ro ferry ships on three (three)
crossing routes. The vehicle data taken is the type of four (four) wheeled vehicles or more with
specifications of length, width, height, distance between vehicles, long post (measured from the
afterpeak of the ship to the centre of gravity of the vehicle), offset (measured from the centreline of
the ship to the centre of gravity of the vehicle) and height (measured from the base to the centre of
gravity of the vehicle).

2.2 Ship Motion

In designing a ship, one of the factors that must be considered is the various strengths of water
currents. Seakeeping is defined as the movement of a ship influenced by external forces caused by
water conditions. A ship moving in the open sea always experiences movement, namely three
translational movements, including surging, swaying and heaving movements. And three rotational
movements, including rolling, pitching and yawing movements. The various movements of the ship
according to its axis as shown in Figure 1 below.

Surge

Heave t P /}'

-~

Pltch

Yaw

Fig. 1. The six degrees of freedom
2.3 Lateral and Vertical Acceleration

Lateral acceleration is the acceleration imparted to an object in a direction perpendicular to its
direction of motion. Lateral acceleration refers to the change in velocity in the lateral or horizontal
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direction. This can be caused by factors such as rotation, turning or sideways motion. Lateral
acceleration can be measured in meters per second squared (m/s?) and is commonly expressed as
the centrifugal acceleration felt by passengers or objects in the vehicle. Vertical acceleration, on the
other hand, is the acceleration imparted to an object in a vertical direction or perpendicular to the
surface of the earth. Vertical acceleration refers to the change in velocity in the vertical or up-and-
down direction of the object. This can be caused by factors such as ocean waves, shocks or up-and-
down motion. Vertical acceleration is also measured in meters per second squared (m/s?).

2.4 Stowage Plan

The vehicle deck of a ferry is a special place for vehicles. In the vehicle deck, it is necessary to
arrange the cars so that the space can be used optimally. With a narrow room shape, cars should be
parked in a parallel shape. In addition to saving space, parking aims to speed up the loading and
unloading process of vehicles. Parking is done in two ways, namely parallel parking and angled
parking, but the most dominant is the parallel parking system as show in Figure 2 below.
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Fig. 2. Stowage plan
2.5 The Equivalent Stress or Von Misses Stress

Equivalent stress, commonly called von Mises stress, produced by Finite Element analysis is a
combination of normal stress and shear stress. The Eq. (1) used is as follows [31]:

o, =Vo? + 312 (1)
where o = normal stress [MPa]; t = shear stress [MPa]; oy = Equivalent stress [MPa].
2.6 The Safety Factor

Calculating the safety factor for construction. Since the safety factor is a quantitative comparison
between the material yield stress and the maximum working stress that occurs during construction,
its value must be greater than 1 (safety factor > 1). The maximal working stress in a safe environment
shouldn't be higher than the yield stress. The following Eq. (2) can be used to get the safety factor
value:

Sf — Oyield (2)

Oy

where sf = safety factor [>1]; gyieis = yield stress of material [MPa]; o,= maximum equivalent stress
acting on a construction after being subjected to force [MPa].
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2.7 Finite Element Method

The finite element method combines several mathematical concepts to produce linear or
nonlinear system equations. The number of equations produced is usually very large, reaching more
than 20,000 equations. Therefore, this method has little practical value if it does not use an adequate
computer. Advances in computer software have been able to facilitate the solution of engineering
problems on a large scale. Likewise in the field of structural analysis, which uses the finite element
method as a basis for accurate and easy-to-operate solutions. The finite element method is a method
for solving engineering problems that uses an approach that involves dividing (discretizing) the object
to be analysed into the form of finite elements that are interrelated with each other. Engineering
problems are usually approached with a mathematical model in the form of differential equations.
Each mathematical model has other mathematical equations that are determined based on
assumptions and actual conditions called boundary conditions.

3. Results
3.1 Stowage Plan Ferry Ro-Ro

The observation data is then made into a car deck with AutoCAD software. A car deck is a ship
deck that functions as a place-to-place cargo in the form of vehicles. The data obtained will be used
as coordinate points in the analysis, where modelling is carried out in the Maxsurf software to
determine the weight distribution on the car deck and the position of each vehicle. The Balikpapan-
Penajam Paser Utara ro-ro ferry route is the case study for this research. The following are the car

decks on each crossing route as Figure 3.
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Fig. 3. Stowage plan of ferry ro-ro Balikpapan — Penajam Paser Utara route
3.2 Lateral and Vertical Acceleration Analysis Including Resultant Forces
The heave value is 0.740 m; the pitch value is 1.460 deg; and the roll value is 14.390 deg. The

Response Amplitude Operator (RAO) graph at 0 knots with a wave arrival angle of 90° (beam sea) can
as shown in Figure 4 below.
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Fig. 4. RAO on 0 knot, 90° (Beam Sea)

Figure 4 explains that the RAO at a ship speed of 0 knots with a wave arrival angle of 90° (beam
sea) on the heave and pitch ship movements is shown to have increased at an encounter frequency
of 0.4 rad/s because at this encounter frequency the ship's response gives a surge effect that can be
felt so that the RAO value at an encounter frequency of 0.4 rad/s increases. After obtaining the RAO
value, analyse the acceleration values laterally and vertically with variations in wave height. In this
study, only a few samples were taken as representatives of each vehicle position that had a significant
effect when receiving waves from the side, namely the rear, middle and front of the ship on the
portside (left of the ship), centre (middle of the ship) and starboard (right of the ship). The lateral and
vertical acceleration values of each vehicle sample at each wave variation as shown in Figure 5 to
Figure 10 below.

Vertical Acceleration (Portside) Lateral Acceleration (Portside)
O~l6- -Innova 1(PS) Giiss 0.16 - -Innova 1(PS) iss
| [0l Truk 10 (PS) [ Truk 10 (PS) §
0.14 - [l Innova 19 (PS) 0.14 - [ Innova 19 (PS)
0.12
= ]
T 0.10 N\j
& 1 &
vy 0.084 0.077 A
S S
& 0.064 &
0.04
0.02 1
0.00 -
L L Sics il 0.719 1.439 2.158 2.877
Wave of height (m) Wave of height (m)
Fig. 5. Vertical acceleration of the car deck at Fig. 6. Lateral acceleration of the car deck at
portside position portside position
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Fig. 7. Vertical acceleration of the car deck at
starboard side position
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Fig. 9. Vertical acceleration of the car deck at
centre side position
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Fig. 8. Lateral acceleration of the car deck at
starboard position
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Fig. 10. Lateral acceleration of the car deck at
centre position

After obtaining the vertical and lateral acceleration values based on the type and position of the
vehicle, the next step is to determine the potential vertical and lateral force values. The Freebody
diagram for calculating the force is shown in Figure 11.
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Fig. 11. Freebody diagram of vertical & lateral

force of the vehicle

Table 1

The vehicle variable of the Balikpapan-Penajam Paser Utara route

Item Massa (kg) hIateral (m) hvertical (m) dlateral (m/SZ) Avertical (m/SZ)
Innova 1 (PS) 1690 2.100 0.880 1.707 0.090
Truck 10 (PS) 4300 2.960 1.125 1.508 0.155
Innova 19 (PS) 1690 2.100 0.880 1.541 0.090
Innova 2 (CL) 1690 0.000 0.880 1.650 0.090
Truck 11 (CL) 4300 0.000 1.125 1.603 0.155
Innova 20 (CL) 1690 0.000 0.880 1.682 0.090
Innova 3 (SB) 1690 2.100 0.880 1.547 0.090
Truck 12 (SB) 4300 2.960 1.125 1.600 0.155
Innova 21 (SB) 1690 2.100 0.880 1.757 0.090

Table 2

The vehicle variable of the Balikpapan-Penajam Paser Utara route

Item hvertical Inertia faesek FR

(m) (kgm?) _ (N) (N)
2
1/2mR Us.N \/m

Innova 1 (PS) 0.880 104 9937 2889

Truck 10 (PS) 1.125 538 25284 6519

Innova 19 (PS) 0.880 104 9937 2609

Innova 2 (CL) 0.880 104 9937 2793

Truck 11 (CL) 1.125 538 25284 6925

Innova 20 (CL) 0.880 104 9937 2847

Innova 3 (SB) 0.880 104 9937 2619

Truck 12 (SB) 1.125 538 25284 6912

Innova 21 (SB) 0.880 104 9937 2973

3.3 Determination of Materials and Dimensions of Fasteners and Modelling using FEM

In this study, the material used for lashing system is stainless steel type 340L with 6 x 7-strand

wire rope, which has the physical properties shown in Table 3 and Figure 12.
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Table 3

The mechanical properties of wire rope
Particular value units
E - Modulus 220 Gpa
Ultimate stress 485 Mpa
Yield 170 Mpa
Density 7.93 g/m®

Core

Fig. 12. Wire rope 6x7

Lashing system modelling is done with the help of SolidWorks software. Lashing system modelling
is done in 3D and analysed using FEM. In this study, we used angle variations of 40 and 75 degrees to

determine the maximum stress and deformation of the angle shown in Table 4 and Figure 13.

Table 4

Basic of the resultant force, at 45° and 70°

Item Fresultante Force at 45° Force at 70°
(N) (N) (N)
m.a m.a m.a
Innova 1 (PS) 2889 2043 2715
Truck 10 (PS) 6519 4610 6126
Innova 19 (PS) 2609 1845 2452
Innova 2 (CL) 2793 1975 2625
Truck 11 (CL) 6925 4897 6507
Innova 20 (CL) 2845 2012 2673
Innova 3 (SB) 2619 1852 2461
Truck 12 (SB) 6912 4887 6495
Innova 21 (SB) 2973 2102 2794

(a)

(b)

117



Journal of Advanced Research in Applied Mechanics
Volume 137, Issue 1 (2026) 109-121

(c) (d)
Fig. 13. Scheme of FEM analysis (a) 3D model (b) boundary condition of force (c) boundary condition of
displacement (d) analysis
Boundary conditions are applied to the FEM simulation specifically on the wire rope in the form
of normal forces that have been calculated manually based on the rope inclination angle approach.
Furthermore, it is input into the 3D wire rope model. The model is also given a fixed support at one
end of the wire rope to approach the actual event. The mesh size used is 2 mm based on the literacy
of the software.
The following is a recapitulation of the maximum stress values for each type. Recapitulation of
the analysis of the maximum stress values and minimum stress values with variations of angles of 45
and 70 degrees for each type of vehicle.

Table 5
Recapitulation of stress at wire rope at 45°
Vehicle Force (N) Minimum Stress (MPa) Maximum stress (MPa)
Innova 1 2043 -0.21 15.05
Truck 10 4610 -0.49 33.97
Innova 19 1845 -0.19 13.59
Innova 2 1975 -0.21 14.55
Truck 11 4897 -0.52 36.08
Innova 20 2012 -0.19 14.82
Innova 3 1852 -0.53 13.64
Truck 12 4887 -0.52 36.01
Innova21l 2102 -0.22 15.49
Table 6
Recapitulation of stress at wire rope at 70°
Vehicle Force (N) Minimum Stress (MPa) Maximum stress (MPa)
Innova 1 2715 -0.28 20.00
Truck 10 6126 -0.53 45.14
Innova 19 2452 -0.26 18.07
Innova 2 2625 -0.27 19.34
Truck 11 6507 -0.69 47.95
Innova 20 2673 -0.28 19.69
Innova 3 2461 -0.26 18.13
Truck 12 6495 -0.69 47.86
Innova 21 2794 -0.29 20.59
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3.4 Safety Factor

Table 7 and Table 8 present the equivalent stress values produced by the FEM simulation reaction
action. The lashing system angle consistently has implications for the equivalent stress value on the
wire rope. For the lashing system, the 70° angle produces a higher stress and for the 45° angle lashing
system, it is relatively lower. This applies to all types of vehicles tied to the car deck of the ro-ro ferry.
The context in the field sometimes uses a lashing system angle that is larger than the experimental
simulation used in the study. This can have implications for increasing the equivalent stress value of
the wire rope.

Table 7

Recapitulation of safety factor at wire rope at 45°

Vehicle Maximum stress Ultimate stress of  Yield stress of Safety factor noted

at 45° (MPa) material (MPa) material (MPa)

Innova 1 15.05 485 170 11.29 eligible
Truck 10 33.97 5.00 eligible
Innova19  13.59 12.50 eligible
Innova 2 14.55 11.68 eligible
Truck 11 36.08 4.71 eligible
Innova20  14.82 11.46 eligible
Innova 3 13.64 12.46 eligible
Truck 12 36.01 4.72 eligible
Innova2l  15.49 10.97 eligible
Table 8

Recapitulation of safety factor at wire rope at 70°
Vehicle Maximum stress  Ultimate stress of  Yield stress of Safety factor noted

at 70° (MPa) material (MPa) material (MPa)

Innova 1 20.00 485 170 8.50 eligible
Truck 10 45.14 3.77 eligible
Innova 19 18.07 9.41 eligible
Innova 2 19.34 8.79 eligible
Truck 11 47.95 3.54 eligible
Innova 20 19.69 8.63 eligible
Innova 3 18.13 9.37 eligible
Truck 12 47.86 3.55 eligible
Innova 21 20.59 8.26 eligible

A high equivalent stress value will have implications for the safety factor of the wire rope binding
material. The calculation of the safety factor of the wire rope that is the lashing system material can
be done by comparing the equivalent stress value and the yield stress value of the material using Eq.
(2). Wire rope safety factor is considered according to the guidelines for the classification and
construction Volume I: Guidelines for certification of lifting appliances. The value used for wire rope
safety factor is a minimum of 3.5 [32]. So, it can be said that the status of the lashing system is safe
for use on several vehicles. Although the research results show safe conditions for the lashing system,
these findings also recommend not using a lashing system angle greater than 70° because it has been
proven to increase the equivalent stress value and reduce the safety factor
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4. Conclusions

The maximum lashing system stress value at an angle of 45° with the type of vehicle Innova 2 is
15.05 MPa, Truck 10 is 33.97 MPa, Innova 19 is 13.59 MPa, Innova 2 is 14.55 MPa, Truck 11 is 36.08
MPa, Innova 20 is 14.82 MPa, Innova 3 is 13.64 MPa, Truck 12 is 36.01 MPa and Innova 21 is 15.49
MPa. The maximum stress value of lashing system at an angle of 70° with the type of vehicle Innova
2 is 20.00 MPa, Truck 10 is 45.14 MPa, Innova 19 is 18.07 MPa, Innova 2 is 19.34 MPa, Truck 11 is
47.95 MPa, Innova 20 is 19.69 MPa, Innova 3 is 18.13 MPa, Truck 12 is 47.86 MPa and Innova 21 is
20.59 MPa. For the safety factor value resulting from the comparison of the material yield stress to
the maximum stress of the simulation, it states that the lashing system for several types of vehicles
used is safe to use on vehicles. The vehicle with the vehicle with the largest safety factor value is the
Innova 19, with a value of 12.50 at an angle of 45° and 9.41 at an angle of 70°. Meanwhile, the truck
type 11 has the truck type 11 has the smallest safety factor value at a 45° angle, with a safety factor
value of 4.71 at a 45° angle and 3.54 at a 70° angle.
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