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Abstract: Hybridization of natural and synthetic fibers has
the ability to improve composite performance. It means
that the combination of natural fibers such as coir, jute,
bamboo, and sisal with synthetic or glass fiber can broaden
the role of the composite material, especially for structural
application. This study developed a finite element simu-
lation to investigate the damage to the bow structure of
the fishing boat hull, which was produced using hybrid
coir-glass fiber composite (HCGFRP) material subjected to
front collision load. The experimental measurement was
conducted to determine the mechanical properties of four
hybrid composite laminates defined based on the differ-
ences in their layers number, fiber types, and orientation
angle. Moreover, a numerical simulation model was ap-
plied to the traditional fishing boat colliding with fishery
harbor quay, and the scenario was defined by varying the
boat speed and the types of laminates adopted on the hull
structure. The results showed the damage level for the bow
structure of the HCGFRP boat due to the collision accidents,
while the numerical findings are expected to be used as
the basic knowledge in applying the hybrid coir-glass fiber
laminates composite as an alternative hull construction
material.
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1 Introduction

Laminated fiber-reinforced polymer composite has been
adopted widely in the marine industries due to its several
advantages compared to steel, aluminum, and wood. It is
commonly used for small craft vessels such as pleasure
boats, yachts, patrol boats, fishing boats, fast ferries, and
workboats. It is important to note that some of the factors
generally considered in selecting an alternative material for
boat construction include corrosion resistance, low thermal
expansion, seamless hull, and high specific mechanical
properties. Meanwhile, the polymer material is observed to
have a lesser strength than metals, but a reinforced fiber can
significantly improve its mechanical properties. Examples
of synthetic reinforced fiber commonly used include carbon
and glass fiber. However, natural fibers can be adopted as
an alternative reinforced fiber because they offer biodegrad-
able, renewable, and cheaper. Moreover, the limitations
of natural fiber reinforced polymer composite can be im-
proved through hybridization and special fiber treatment
such as chemical, biological and physical treatments.

Natural fibers such as coir, jute, sisal, and bamboo
are adopted as reinforced fibers in bio-composite material.
Bio-composite material has offered a green boat building
production process that can be considered as an alterna-
tive boat hull material by naval architects and boatyards.
On the marine and manufacturing industry application,
the investigation of biocomposite mechanical and physical
properties should be conducted. Sen et al. [1] reviewed the
mechanical properties of several natural fibers such as sisal,
bamboo, coir, and jute fibers, and hybridization was discov-
ered to have a significant influence on the tensile properties
of the natural fiber composite. Moreover, sisal, coir, bam-
boo, and jute fiber-reinforced composite were observed to
have high impact strength, moderate tensile strength, and
flexural characteristics. The study also attempted to use nat-
ural fibers to solve the waste disposal problem, especially
for developing countries with abundant natural fibers.

On the small craft and boat production with compos-
ite material, considerable progress has been shown on the
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capability to build the complex boat structure with multi-
material and withstand an extreme load. Shenoi et al. [2]
also discovered that the use of polymeric composite ma-
terial for marine structures increases due to its ability to
produce a better safety and quality level. Moreover, the life
cycle assessment of these composite structures is required
to identify the environmental impact of their application.
There is also the need to focus more on structural health
monitoring to maximize, extend, and ensure the safety of
the marine composite.

The hybridization of natural and synthetic fiber offers
an attractive behavior and price for the composite struc-
ture due to its ability to combine the behavior of the single
composite components, which is influenced by fiber length,
chemical composition, matrix mechanical properties, and
the fiber-reinforced treatment. Moreover, hybridization can
improve toughness and impact strength [3, 4]. For example,
Khalil et al. [5] showed the mechanical properties of hy-
brid oil palm empty fruit bunch (EFB)-glass fiber reinforced
polyester composite and indicated the ability of the glass
fiber to increase the strength and modulus of the hybrid
composite. It was also discovered that more glass fiber con-
tent led to better mechanical properties while an increase in
the EFB escalated the fracture elongation of the composite
produced.

Several studies on the hybrid natural and synthetic
fiber have also been conducted concerning kenaf and car-
bon fibers [5], basalt flax and synthetic fiber (glass/carbon)
[6-9], jute and glass fiber [10, 11], sisal, and glass fiber [12],
bamboo and glass fiber [13-15], sugar palm yarn and glass
fiber [16], coir and glass fiber [17], as well as EFB and glass
fiber [5, 18]. It was discovered that the mechanical proper-
ties of the hybrid natural and synthetic fiber composite were
increased due to the inclusion of glass/carbon fiber. More-
over, substituting 15% of glass fibers with natural fibers can
be achieved without changing the material’s mechanical
properties but improving flexibility and strain character-
istics. The natural fiber quality and production procedure
also influence the hybrid composite mechanical properties,
such as stacking sequence, layering method, resin type,
and fiber orientation angle.

The hybrid composite has been adopted for engineer-
ing construction because the combination generates better
mechanical properties such as tensile, flexural bending,
creeps, bending, and impact strength [19-22], thereby mak-
ing it applicable in the field of marine engineering and
structures. Moreover, the lignocellulosic fiber composite
fascinated marine engineers and scientists to develop green
material as a surrogate of carbon steel or fiber synthetic
composite material. This hybridization can improve and
increase the durability of natural fiber composite subjected
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to physical, chemical, and biological deterioration. Further-
more, the increased aging resistance and better mechanical
stability associated with hybridization can reduce the low
compatibility between hydrophilic fibers and hydrophobic
resin. The hybrid composite can also compromise environ-
mental issues, mechanical strength, production cost, and
reliability [23, 24].

The application of the natural fiber and the hybrid
composite as the boat hull material has been previously
studied. For example, Misri et al. [25] investigated hybrid
woven-glass and sugar palm composite as the surrogate
of fiberglass boat material using unsaturated polyester as
the resin or matrix. The production of the hybrid compos-
ite boat through the compression molding technique was
also evaluated while the tensile and impact strength be-
haviors were tested based on the ASTM 5083 and ASTM
256 standard. The results showed that the tensile strength,
failure elongation, impact strength, and young modulus
increased significantly due to the inclusion of woven-glass
fiber. Moreover, compression molding was recommended
as the layering procedure of the hybrid woven-glass and
sugar palm fiber composite for boat hull production.

Renjith and Nair [26] also conducted a structural anal-
ysis on a boat hull produced using natural fiber-reinforced
polymer composite. Some of the natural fibers used include
pineapple, jute, abaca, bamboo, banana, and waste silk,
with their mechanical properties presented and compared.
The results showed that the natural fiber composite could
be used as a small boat hull material, while finite element
analysis showed its safety factor is within the acceptable
limit. Moreover, the waste silk composite was observed to
have better mechanical properties than the others and was
recommended for structural applications and construction.

Tikupadang et al. [27] also studied the tensile and flexu-
ral bending strength of Agave Cantula Roxb fiber composite
as a hull material in fishing boats based on the fiber fraction
composition of 0%, 20%, 30%, 40%, and 50%. The tensile
and flexural bending tests were conducted in line with the
ASTM D3039 and ASTM D790-03 standard, and the results
showed the composite laminate with a fiber content of 50%
had tensile strength and the maximum bending stress con-
sidered to have fulfilled the requirement of the Indonesia
Classification Bureau standard for boat hull material.

Several previous studies have explored the mechanical
characteristics and advantages of hybrid natural and syn-
thetic fiber as a surrogate of common engineering material.
However, there is limited research on the comprehensive
assessment of the hybrid composite structural response
to dynamic loads such as collision and impact. It is essen-
tial due to the need to evaluate the application of hybrid
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composite for boat hull construction more than only the
static load such as hull girder strength analysis, thereby
leading to the conduct of collision analysis to assess the
structural damage which can cause the loss of vessel hull
water tightness due to excessive deformation. Furthermore,
there is limited study on assessing the permissible boat
service speed in the harbor basin area, which is required
to avoid serious hull structural damage and catastrophic
incident during collision accidents.

This condition has motivated the development of the
numerical damage analysis for the bow structure of the
hybrid coir-glass fiber composite fishing boat. The process
involved determining the mechanical properties of the hy-
brid coir-glass fiber-reinforced polyester polymer (HCGFRP)
through an experiment, while the defined material model
was validated by comparing the numerical bending defor-
mation with the experiment results. The collision scenario
was also defined at different service speeds, laminate types,
and thicknesses. It is important to note that the essential
contribution of this research is to determine the damage
level of the boat structure produced using hybrid coir-glass
fiber-reinforced polymer due to the collision load and in-
vestigate the performance of the HCGFRP material as a sur-
rogate of fiberglass composite using the nonlinear finite
element analysis.

This article is structured into several sections, with Sec-
tion 1indicating the background and introduction of this
study. Section 2 describes the experimental and mechanical

properties of the hybrid coir-glass fiber-reinforced polymer.

Then, Section 3 presents The HCGFRP material modeling
and validation conducted by comparing the numerical and
experimental results of the bending deformation due to
the defined lateral load. The description of the fishing boat
adopted for the collision simulation analysis is presented
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in Section 4. While Section 5 reports the numerical simula-
tion analysis results for the defined collision scenario, and
Section 6 presents the conclusion and summary.

2 Experimental study and the
mechanical characteristics of the
hybrid coir-glass fiber-reinforced
polyester polymer (HCGFRP)
composite

2.1 Experimental study

Experimental studies were conducted on HCGFRP materi-
als using appropriate instruments or equipment to obtain
the mechanical properties of each specimen, such as the
tensile, bending, and impact tests. Moreover, a series of
mechanical tests were also conducted to determine the me-
chanical characteristics such as tensile strength, flexural
strength, and impact strength. The results were processed
to obtain a numerical model to represent the mechanical
properties of the HCGFRP composite material.

Coconut fiber was used as the core material and placed
right in the middle of the lamina/core of the HCGFRP mate-
rial lamination process in the specimen, and this is neces-
sary because the core usually receives a lower voltage load
compared to the top and bottom layers. This configuration
was able to optimize the material’s strength, considering
that the layer with the potential to receive the most sig-
nificant load was supported by a laminate made of glass
fiber which has more substantial mechanical character-
istics when compared to the coconut fiber. This coating

Table 1: Laminate type configurations in layers number, stacking sequence, and fiber orientation angle

Specimen type Layers number

Stacking sequence

Fiber orientation angle

Type 1 5 layers mat300/wr600/Coir Fiber/ random / 0°/Core / 0°/ random
wr600/mat300

Type 2 5 layers mat300/wr600/Coir Fiber/ random / 45°/ Core / 45°/ random
wr600/mat300

Type 3 9 layers mat300/wr600/ random / 0° / random / 0° / core / 0°/

mat300/wr600/Coir Fiber/ random / 0° / random

wr600/mat300/
wr600/mat300

Type 4 9 layers mat300/wr600/ random / 45° / random / 45° / Core [/ 45°/

mat300/wr600/Coir Fiber/

random / 45° / random

wr600/mat300/
wr600/mat300
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Figure 1: The process of making coconut fiber sheets

Figure 2: Lamination process using the hand lay-up method to manufacture hybrid coir and glass fiber composite material (HCGFRP)

technique is commonly known as sandwich lamination.
Meanwhile, the configuration of the laminate type for each
specimen is presented in Table 1.

The production of the hybrid specimens of coconut
and glass fibers was initiated by producing sheets from the
coconut fiber through pressure and a little resin liquid to
bind the coconut fibers together, as indicated in Figure 1.
The resin was not poured completely to ensure it enters the
crevices of the coconut fiber during the process of manu-
facturing hybrid materials after it has been used to form
the sheets. This technique is expected to produce a hybrid
composite material consisting of both glass and coconut
fibers thoroughly bonded through resin at the same time.

The hybrid composite material was produced using a
hand lay-up lamination technique, usually employed to
produce fiberglass ship hulls in shipyards. The lamina-
tion started with the application of liquid resin as the ini-
tial base, after which wr600 and mat300 fiberglass fibers
were inserted, and resin applied again. Moreover, the co-

conut fiber was placed right at the middle of the lamination
process conducted according to the fiber configuration de-
scribed in the previous sub-chapter, with the steps used
for the inner coating highlighted in Figure 2. The pressure
was also applied using a glass sheet to ensure the resin was
absorbed thoroughly into the crevices of the coconut and
glass fibers, and this was used to represent the pressing
process in the ship’s hull manufacturing process using rolls
to ensure the standard amount of pressure was provided
and that the resin also fill the gaps in the reinforcing fibers.

The specimen’s dimensions used for the tensile test
were in line with the thickness of the specimen and the
ASTM D3039/D3039M-00, Figure 3. The tensile and bending
testing processes were conducted using a universal testing
machine with a maximum tensile capacity of 1000 KN with
the rate of stretching regulated by the size of the hydraulic
valve opening that drives the machine’s piston. Moreover,
the maximum strain rate was achieved when the hydraulic
valve was opened maximally.
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Figure 3: Dimensions of the test specimen according to the test standard: (a) Tensile test - ASTM D3039; (b) Bending test for 5 layers-
ASTMD790-03; (c) Bending test for 9 Layer-ASTM D790-03; (d) Impact test/Impact-ASTM D5942-96

2.2 Mechanical properties of the hybrid
coir-glass fiber-reinforced polymer
(HCGFRP) composite

Figure 4 shows that the highest tensile strength of 76.55
MPa was achieved in type 3 lamina configuration, with
eight layers of glass fiber compared to the four layers in
lamina types 1 and 2. It also has better tensile strength
than type 4, which has the same number of layers due to
the orientation angle of its glass fibers. It means that the
addition of glass fiber at orientation angles of 0° and 45°
in HCGFRP for type 3 can increase the tensile strength by
2.89% and 22.45%, respectively. At the same time, those
with 5 and 9 layers increased by 39.72% and 17.4%. This
characteristic pattern also showed that the tensile strength
of the HCGFRP material could be improved by increasing
the number of layers of glass fiber. However, the percentage
increase is strongly influenced by the quality of the lamina
due to the process involved in its production.

The effect of the configuration of the laminate type on
the tensile strain is presented in Figure 5, with those having
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Figure 4: Characteristics of the tensile strength of HCGFRP in each
configuration of the lamina

a higher number of glass fibers discovered to have a higher
tensile strain value with an increase in the magnitude by
13.45% and 28.33% for 0° and 45° orientation angle respec-
tively. Meanwhile, the solid tensile strain at 0° angle was
found to be greater than 45°, and the decrease in tensile
strain was recorded to be 23.8% and 13.8% for those with
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Figure 5: Tensile strain characteristics of HCGFRP in each lamina
configuration

Figure 6: Fracture contour in tensile test specimen

five layers and nine layers, respectively. The results showed
that the addition of glass fiber could increase the tensile
strain value and cause the material to be more flexible or
elastic. It means that the strength of the HCGFRP material
is dominated by the matrix and shear strength between the
laminae layers. Moreover, the tensile test results showed
the fracture of the material started with the delamination
phase, as indicated in Figure 6, which occurred due to the
shear stress caused by the differences in elongation asso-
ciated with the variations in the level of stiffness of the
core lamina (coconut fiber composite) and top/bottom lam-
ina (glass fiber composite). It was also discovered that the
tensile strain characteristics of the 9-layer laminate type
specimen become more flexible or elastic despite the in-
crease in the mass fraction, as indicated in Figure 7. The
imperfection in the lamination process conducted using
the hand lay-up method was the reason for the inability to
form a good bond between the fiber and the resin, thereby
making the additional layer that is expected to allow the
HCGFRP material to be more rigid to become more flexible.
The tensile strength and strain characteristics were
used to determine the magnitude of the modulus of elastic-
ity of each type of lamina, as indicated in Figure 8. It was
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Figure 7: Mass fraction of HCGFRP in each lamina configuration
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Figure 8: Modulus of elasticity of HCGFRP in each lamina configura-
tion

discovered that the lamina type with the enormous tensile
strain has the smallest modulus of elasticity as indicated
by the findings that the modulus of elasticity at the orien-
tation angle of 45° is greater than 0° for the same number
of layers. Moreover, the lamina with five layers was also
found to be larger than those with nine layers at the same
orientation angle.

The tensile test results also showed that the mechanical
characteristics of HCGFRP are significantly affected by the
number of layers and angle of orientation of the glass fiber.
It was indicated by the fact that the higher amount of glass
fiber had increased tensile strength in the range of 2.89% —
22.45%, and this was explained to be due to the high tensile
strength mechanically contributed by the glass fiber to the
HCGFRP material. It means that it is possible to adjust the
magnitude of tensile strength needed in the HCGFRP using
the mass/volume fraction of the glass fiber content in the
composite.

The orientation angle was also found to affect the ten-
sile strength with the sample at 0° observed to have better
strength than those with 45°. It is explained by the fact that
the tensile load acting on the specimen’s cross-section at 0°
is directly resisted by the glass fiber with the same direction
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Figure 9: Maximum bending load of HCGFRP in each laminate

of force, thereby making the stress refuted in its entirety by
the strength of the reinforcing fiber. Meanwhile, at 45°, the
tensile load was supported by the reinforcing fiber with a
deviation angle of 45°. It means that the load was not re-
futed with the full strength of the reinforcing fiber. Another
essential factor that is needed to be considered is the qual-
ity of the lamination process while producing the HCGFRP
composite materials. This phenomenon was shown by the
dominance of the mechanical characteristics of the speci-
mens with the matrix.

The bending test was used to obtain the mechanical
characteristics such as the maximum buckling load, maxi-
mum bending stress, and flexural modulus. The buckling
test showed that the maximum bending load was at the
lamina with nine layers and 0° orientation angle, as in-
dicated in Figure 9. It was predicted using Type 3, which
had the highest specimen thickness and required a more
significant bending moment to be bent. However, it was
discovered that Type 1 has the highest bending stress, as
indicated in Figure 10, which means the higher number of
layers led to a reduction in the maximum bending stress.
It is associated with the imperfections allowed in the lami-
nation process of samples having more layers in the hand
lay-up method, thereby reducing the effectiveness of the
reinforcing fiber added and limiting its ability to increase
the maximum bending stress directly. configuration

The maximum bending load and stress were used to
determine the flexural modulus, and the highest value was
recorded in the type 1lamina configuration as indicated
in Figure 11, while the 5-layer lamina had the highest flex-
ural stiffness. The lower number of layers indicates that
glass fiber reinforcement is more effective at increasing the
strength of the HCGFRP composite. It is, however, essen-
tial to note that a small number of coatings can reduce the
potential for imperfections in the lamination process to
ensure the material has a higher flexural modulus.
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Figure 11: Flexural modulus of HCGFRP in each lamina configuration

The HCGFRP material included in the orthotropic was
observed to have a different modulus of elasticity from
the bending test (flexural modulus) compared to the value
recorded from the tensile test (tensile modulus). It is associ-
ated with the mechanical characteristics of the composite
specimens’ upper, lower, and middle layers, which are very
likely to occur, especially in composites reinforced with
fibers that have random orientations such as coconut and
chopped strand mat-type glass fibers.

The last mechanical test was on impact, and the 9-layer
glass fiber laminate with 0° orientation was found to have
the most significant impact energy, as indicated in Figure 12.
It means the number of laminae significantly affected the
impact energy of HCGFRP as indicated by the 321% and
313% increment recorded at 0° and 45° orientation angles,
respectively, as the layers increased. Meanwhile, the other
glass fiber orientation angles did not significantly differ
on the same number of layers, but 0° was discovered to
have better impact energy compared to 45°. The same trend
was also recorded for impact toughness, as indicated in
Figure 13.
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3 Hybrid coir-glass fiber-reinforced
polyester polymer (HCGFRP)
composite material model and
validation

3.1 HCGFRP composite material model

The HCGFRP material has two types of laminae which are
the top/bottom layer (Top and Bottom layer) produced us-
ing glass fiber laminate (GFRP) and the core or middle
layer (Coir Fiber) laminate. Based on the commonly used
approach [28], it is assumed that the mechanical character-
istics of each lamina are homogeneous and are modeled as
linear elastic orthotropic materials. Moreover, there are four
types of laminates in the HCGFRP composite material devel-
oped, and they were varied based on the number of layers,
types, and orientation angles of the glass fiber, as indicated

Table 2: Properties of the materials used in the FE Model

Bow structure damage analysis for hybrid coir-glass fiber composite fishing boat hull =——— 243

Impact Toughness

. 100.72 99.22
NE 100
<
=2
& 80
a
[
£
s 60
3
2
g 40 g 29.52
©
aQ
- . .

0

Type 1 Type 2 Type 3 Type 4

Type of Laminate Layer
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in Table 1. It is, however, essential to note that the orien-
tation angle and fiber direction have the same position in
the longitudinal direction for all the types and transversely
to identify the mechanical characteristics of the material
as transversely isotropic. Therefore, it was assumed that
they all have the same mechanical properties in the X and
Y axes, which were measured only in one direction.

The behavior of the HCGFRP material was modeled as
an ideally plastic material up to the moment it experienced
a brittle fracture. Moreover, the damage simulation was
defined through the damage evolution using the DISPLACE-
MENT TYPE, which involves determining the evolution of
the damage based on the total or plastic displacement after
the occurrence of the initial damage (Initiation Damage).
The details of the mechanical properties used in the simu-
lation are presented in Table 2.

Type 1 Type 2 Type 3 Type 4
Young modulus (GPa) 24.212 10.974 17.482 6.601
Poisson ratio 0.3 0.3 0.3 0.3
Yielding stress (MPa) 40.29 36.65 31.7 34.17
Density (Kg/m>) 1364 1240 1180 1560
Fracture strain 0.088 0.067 0.0997 0.086
Stress triaxiality 1.35 1.30 1.32 1.33
Strain rate 1 1 1 1

Damage evolution

Fracture energy
(Joule)

Type displacement,
softening linear,
degradation
maximum
3300

Type displacement,
softening linear,
degradation
maximum
3100

Type displacement,
softening linear,
degradation
maximum
13900

Type displacement,
softening linear,
degradation
maximum
12800
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3.2 Bending test simulation for material
model validation

The material model from the experiment was validated by
comparing the simulation results with data from the ex-
perimental study. It is important to note that the bending
test was selected as an object for the validation, and this is
because lateral loads dominate the majority of structural
problems in ship structure analysis. It means that the struc-
ture’s response to these loads is very relevant and is rep-
resented by the response of the plate in the bending test
process. Therefore, the modulus of elasticity used in the
material model was obtained from the elastic modulus data
obtained from the experimental measurement.

The bending test model used 1800 elements of 4 quadri-
lateral vertices with a total of 1920 vertices, as indicated in
Figure 14. This number of nodes was determined according
to the values needed to calculate the accuracy to produce
a convergent computational process. The model’s thick-
ness was also adjusted to the thickness of the bending test
specimen for each type of HCGFRP laminate. At the same
time, the boundary conditions were adjusted to the support
characteristics from the bending test, which was simply
supported. Moreover, the distance between the supports
was also adjusted to the distance of the supports in the
bending test.

A concentrated load acting at an independent point on
a multi-point constraint (MPC-RBE2) was also used because
the bending experimental data produced the maximum
magnitude of the concentrated load of the system. This
concentrated load was later distributed through the press
on the bending test machine with the end of the pressure
tool that distributed the load force represented by nodes

Figure 14: Bending test model for material model validation

Figure 15: Multi-point constraint type RBE-2 for load model in bend-
ing test simulation
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connected rigidly at one independent point in the multi-
point constraint modeling system (MPC-RBE2), as indicated
in Figure 15.

The defined model was run using two algorithms with
different computational methods. The first was the linear
perturbation static method, which assumed that the ma-
terial was linearly elastic and that the plasticity was not
considered. At the same time, the second was the general
static method which considered the plasticity of the mate-
rial and was observed to be very appropriate for cases of
structural response undergoing considerable deformation
or large displacement problem, which generally has per-
manent or plastic deformation. This problem can also be
identified as a nonlinear problem. Meanwhile, the compu-
tational simulation results of the two methods were later
compared with the experimental data of the bending test.

The experimental data used for the model validation
was the displacement value when the specimen was sub-
jected to the maximum compressive load. Meanwhile, the
maximum force and thickness of the specimen used in each
simulation model are presented in Table 3. It is important
to note that the displacement data for each specimen were
obtained by photographing. The deformation point was
determined by digitizing the data points through a digi-
tizer plot, and the ordinates generated were transferred to
Microsoft Excel to obtain the deformation shape of each
specimen.

The simulation model developed was run using the
ABAQUS software, and the results were in the form of the
deformation distribution on the test specimens obtained
through the linear perturbation and general static methods
as indicated in Figures 16 and 17, respectively. The data
were further compared with the displacement data of the
bending test experiment, as shown in Figures 18-21.

The results showed that the general static method had
better deformation estimation than the linear perturbation
method. It is associated with data in this method to de-
scribe the phenomenon of plasticity in the case of struc-
tural deformation. Moreover, Figure 18 shows the maxi-

Table 3: Compressive force load data and specimen thickness for
bending test simulation

Laminates Maximum Specimen
type compressive force thickness
[N] [mm]
Type 1 10300 10.0
Type 2 9730 11.5
Type 3 11640 13.0
Type 4 11350 15.1
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Figure 16: Estimation of deformation through linear perturbation method (linear elastic): (a) laminate type 1, (b) laminate type 2, (c) lami-
nate type 3, (d) laminate type 4
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Figure 17: Estimation of deformation through general static method (with plasticity): (a) laminate type 1, (b) laminate type 2, (c) laminate
type 3, (d) laminate type 4
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Experiment Linear Perturbation General Static

Figure 18: Comparison of bending deformation values on laminate
type 1

Experiment Linear Perturbation General Static

Figure 19: Comparison of bending deformation values in laminate
type 2

Experiment Linear Perturbation General Static

Figure 20: Comparison of bending deformation values on laminate
type 3

——General Static

——Linear Perturbation

—— Experiment

Figure 21: Comparison of bending deformation values on laminate
type 4

mum deformation value of laminates type 1 ranging from
12 mm and has a ratio of 7.68% between maximum deflec-
tion and unsupported length (deflection span ratio). The
linear perturbation method was observed to have shown an
excellent estimation at a relatively small maximum defor-
mation value with a deflection span ratio value below 10%.
However, it produced a deformation of the beam (beam cur-
vature), which is slightly different from the experimental
results in cases with relatively large deformation values
(deflection span ratio >10%), such as laminate type 2 with
10.6% and type 4 with 14.2%. Meanwhile, the general static
method showed that the estimation of the beam deforma-
tion curvature is excellent and almost coincides with the
beam deformation curvature from the experimental data. It
means the definition of material plasticity in the HCGFRP
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material model can influence the accuracy of the deforma-
tion shape in the simulation model.

These findings indicate that the HCGFRP material
model from the experiment could produce an accurate esti-
mate of the maximum deflection value as indicated by the
numerical calculations conducted using linear perturba-
tion and general static methods. The model also showed
excellent results for estimating the shape of the deforma-
tion curvature, especially in the general static method. In
contrast, the decreasing level of accuracy in the linear per-
turbation method was associated with the exemption of
the plasticity of the material in the calculation algorithm
procedure. It can, therefore, be explained that the response
of the model structure is assumed to be linearly elastic in
this method.

The validation process also showed that the material
model developed can represent the HCGFRP material in
the simulation to evaluate its performance when used as a
ship hull material. It was indicated by the excellent valid-
ity recorded with two different numerical computational
methods. It concluded that the model could be used to de-
termine the response characteristics of the ship’s structure
which is a feasibility study associated with the application
of HCGFRP as a hull material.

4 Ship description for simulation
model

Traditional fishers mainly use traditional fishing boats
to conduct fishing activities, and their hulls are majorly
constructed using wood. It is, however, essential to note
that the quantity of wood materials usually used to con-
struct these traditional ships is not balanced with the time
required to supply the woods. For example, the exten-
sive woods that generally require more than ten years to
grow are mainly used for ship construction, leading to the
scarcity of resources and an increase in the price of wood.
Moreover, the government has also imposed restrictions on
the exploitation of timber commodities to maintain forest
sustainability. Therefore, the government directed tradi-
tional ship artisans to use alternative materials to substi-
tute for wood due to the limited availability and the high
cost of wood commodities.

Several alternative materials have been widely used
for ship hulls, such as glass fiber-reinforced polymer
(GFRP), high-density polyethylene (HDPE), polyvinyl chlo-
ride (PVC), aluminum, Ferro cement, and others. The
HCGFRP composite material developed and described in
the previous sub-chapter was studied and evaluated for its
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feasibility and reliability when used as a ship hull material
using simulation techniques to determine its strength and
response after applying it.

A ship and HCGFRP material model were required for
the simulation, and the ship selected is a traditional purse
seine-type fishing vessel usually found on almost all the
coasts in Indonesian waters with different types of hulls
created by the ship artisans in each region. The variation in
the forms of traditional purse seine hulls led to the selection
of the rod type, which is observed to be the most common
in the North Coast of Central Java Province. This type is
an encircling fishing vessel that uses purse seine nets to
catch a large volume of schooling fish, and this means it
requires a large loading capacity. Therefore, it shows it has
the large and appropriate size to evaluate the application
of the HCGFRP as a hull material.

Table 4: The principal dimension of Batang type traditional purse
seine vessels

Principal dimension
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Figure 22: 3D geometry design of Batang type traditional purse
seine hull

dimensions of each lamina type were studied for mechan-
ical characteristics, and material models were applied. It
was due to the assumption that the simulation was only
conducted to assess the feasibility and reliability of the lam-
inate type developed and not to design a new construction
system for ships using HCGFRP material. This considera-
tion was very relevant because the existing regulations do
not stipulate the standard dimensions for the structural

Length overall (Loa) 30m members of ships produced using new materials such as
Length of waterline (Lwl) 24 m HCGFRP.
Length between perpendicular (LBP) 23.16m The structural design in the simulation model used a
Breadth (B) 8.2m transverse construction system with the side of the hull re-
Draught (T) 2.6m inforced using the mainframe with a distance of 1 m. More-
Height (H) 3.6m over, there is an elongated bulkhead separating the fish
Service speed (Vs) 15 knot hold from the port side and the starboard side in the middle
Displacement (A) 348.6 Ton
Bl?Ck Foef‘ﬁue.zn‘t 0.662 Table 5: Structural Members of the Ship Framing System Model
Midship coefficient 0.976
Waterplane coefficient 0.892 No Components Dimension Type
Prismatic coefficient 0.678 [mm]

1 Main frame 200xTIx350xTl Closed-bar

2 Center girder 500xTl Flat-bar

Traditional purse seine ship designs have been passed 3 Side girder 500xTl Flat-bar

down from generation to generation, with the construction 4 Deck girder 500xTl Flat-bar
process conducted based on the habits and references ap- 5 Deck beam 200xTIx350xTl Closed-bar

plied directly without using drawings and manufacturing

procedures planned in a systematic and detailed manner.

Therefore, the ship’s hull dimensions and the design draw-
ings were conducted after the ship was completed. However,
it is essential to inform that the hull’s principal dimensions
were retrieved from Taury and Zakki [29], as indicated in
Table 4 and the 3D diagram presented in Figure 22.

The construction of purse seine-type fishing boats was

modified from wooden materials to a design with fiberglass.

It is important to note that the dimensions of the structural
members were not in line with the regulatory standards of
the Indonesian Classification Bureau, especially regarding
the thickness of the HCGFRP plate. However, the thickness

Tl = thickness of each laminate type, Table 6

Figure 23: The frame structure design of the ship simulation model
(without longitudinal bulkhead)
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Table 6: Scenarios of ship and harbor quay collision simulation

No Collision Laminates Laminates Service

scenario type thickness  speed
1 Scenario 1 3 knot
2 Scenario 2 Type 1 10 mm 4 knot
3 Scenario 3 5 knot
4 Scenario 4 3 knot
5 Scenario 5 Type 2 11.5mm 4 knot
6 Scenario 6 5 knot
7 Scenario 7 3 knot
8 Scenario 8 Type 3 13.0 mm 4 knot
9 Scenario 9 5 knot
7  Scenario 10 3 knot
8 Scenario 11 Type 4 15.1 mm 4 knot
9  Scenario 12 5 knot

of the loading room while the engine room was constructed
using the same frame spacing, but the bottom section side
girders were added as reinforcement for the engine mount.
The details of the structure size and design of the framing
system are presented in Table 5 and Figure 23.

5 The collision analysis of the
HCGFRP fishing boat

This collision analysis was conducted to determine the
structural response behavior in the case of the ship strik-
ing a pier. The analysis is necessary to identify the level of
damage to the ship’s bow structure, focusing on the dam-
age having the potential to cause a leak that can sink the
ship. Another analysis was also conducted to determine
the speed limit of ships in the port waters to reduce the
occurrence of catastrophic collisions, which can sink ships
and cause loss of lives.

The simulations were defined based on the scenarios
presented in Table 6, which were varied in line with the

Figure 24: Geometric model of ship and harbor quay collision simu-
lation
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collision speed and the type of laminate used for the ship
structure. Moreover, the model materials were assumed to
be transversely isotropic even though composite materials
are usually considered orthotropic. This assumption is rele-
vant because the orientation angles of the reinforcing fibers
were set at 0° and 45°and this placed the tensile strength
value of the material in the same orthogonal axis direction.
The initial velocity in the model was also determined using
a set of nodes on all the nodes in the ship model to collide
with a rigid wall or pier at an angle of collision set at 90°,
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Figure 25: Force — Time of each type of laminate based on impact
with a speed of 3 knots
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Figure 26: Force — displacement of each type of laminate based on
impact with a speed of 3 knots
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impact with a speed of 3 knots
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known as a lateral collision. This angle was selected be-
cause it provides the greatest impact momentum compared
to other angular conditions.

The numerical method used in the computational pro-
cess was the penalty method, which subtracted the amount
of contact force applied to the ship model (slave element)
from the force required to restore the slave element node
position when penetrating the dock model node formation
(master element). Moreover, the magnitude of the contact
force was influenced by the damping and penalty constant
values selected automatically by the ABAQUS/Explicit due
to the assumption that the defined simulation model has
hard penalty contact characteristics which do not allow
any node to pass through the master surface. This condi-
tion was observed to be suitable for ship collision cases
where the ship constructed was not allowed to penetrate
the pier or rigid wall, as indicated in the geometric model
of Figure 24.
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The complexity of the actual system was reduced
through several simplifications made in the simulation
model to save and reduce computational time. For example,
the hydrodynamic effect of the fluid (seawater), especially
on the behavior of the ship’s motion after experiencing a
collision, was not considered because its calculation pro-
cess involves complex computational algorithms and is
very expensive (very long calculation time). Furthermore,
the simulation was focused on determining the effect of
the laminated HCGFRP material on the performance of the
ship structure. It is also important to note that the distance
between the ship and the pier was shortened to reduce
the computational time required to simulate the collision
phenomenon.
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Figure 28: Deformation of the hull construction due to impact at a speed of 3 knots: (a) Laminate type 1, (b) Laminate type 2, (c) Laminate

type 3, (d) Laminate Type 4
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Figure 29: Deformation of bow construction due to impact at a speed of 3 knots: (a) Laminate type 1, (b) Laminate type 2, (c) Laminate type

3, (d) Laminate type 4

5.1 Fishing boat — harbor quay collision in
service speed 3 knot

The simulation results at the service speed of 3 knots in
Scenarios 1, 4, 7, and 10 are presented in Figures 25-29. The
magnitude of the contact force and time presented in Fig-
ure 25 showed that Laminate type 1 could absorb collisions
better than the other types of laminations as indicated by
the reduction and absence of contact force at 0.9 seconds
which means the ship retreated backward and did not touch
the pier. It was confirmed by the contact force and impact
distance graphs in Figure 26, where the type 1 lamina ship
was observed to have moved backward after moving for-
ward by 0.93 m. The lack of contact force indicates no part of
the ship’s bow has contact with the pier, but a contact force
was recorded in laminate types 2 and 3 even though the ship
has also moved backward, which means the bow construc-
tion was in contact with the pier. Furthermore, laminate

type 4 was the weakest, as indicated by the ship’s forward
movement up to the end of the simulation. Despite the ap-
pearance of a decrease in the magnitude of the contact force
in Figure 25, the collision did not end because the contact
force increased significantly. It means that additional bow
construction components were damaged by having contact
with the pier, as indicated in Figure 26, where the ship is
observed to have a continuous movement forward up to the
end of the simulation. Type 4 laminate failed to dampen
the ship’s collision at a speed of 3 knots, and this is also
indicated in the magnitude of the ship’s kinetic energy in
addition to the contact force graph.

The magnitude of the change in the ship’s kinetic en-
ergy when experiencing the collision is presented in Fig-
ure 27, and a significant decrease in kinetic energy was
recorded at approximately 0.3 seconds. It served as the be-
ginning of the reduction in the ship’s speed due to collision,
which was observed to be successfully suppressed in lami-
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nate types 1, 2, and 3 that touched a number close to zero.

The graph also explains that the ship has moved backward
after the collision, in laminates types 1 and 2. However, it
tended to stop in type 3 after the collision event. In the case
of laminate type 4, the ship is still moving forward up to
completing the simulation termination time.

The simulation results of the bow construction dam-
age of the four laminate types are presented in Figures 28
and 29. They are all observed to have experienced deforma-
tion due to impact. The highest maximum effective stress
was indicated in the laminate type 1, which means it is
stiffer when compared to other types of laminate. It follows
that it has the highest modulus of elasticity value of 149
MPa compared to the other laminates and has the smallest
thickness, which was observed to have led to higher stress
at the same load from the contact force.

The high effective stress observed was not the only in-
dicator of material fracture, which can also be determined
using the material’s ultimate tensile strength and maxi-
mum fracture strain. The failure or fracture represented by
material deletion was observed in this study based on the
maximum fracture strain criteria, and this was indicated
by the type 4 lamination, which has the smallest stress but
suffered a fracture due to the maximum fracture strain limit
HCGFRP have been achieved in the model.

The damage experienced in types 1 and 2 was hull de-
formation in the stem bar and some stiffeners of the bow
structure, as indicated in Figures 28a and 28b. It means that
the high stress recorded in these types did not cause the
material to fracture because the value is below the flexural
tensile strength and the maximum strain value was also
below the maximum fracture strain limit value. Meanwhile,
even though the stress in bow construction with types 3
and 4 was smaller than 1 and 2, fracture occurred because
the maximum fracture strain limit was reached.

These simulation results showed that the ship hitting
the pier at a speed of 3 knots can damage the bow construc-
tion section in the form of structural deformation and even
fracture. It is important to note that the damages in the
form of deformation cannot cause ship leakage, and this
means it will still float and not be considered dangerous to
passengers. Meanwhile, the fracture as indicated in types 3
and 4 can cause leakage, allowing water to enter the fore-
peak tank, but the boat is expected only to experience bow
trim as long as the collision bulkhead construction is intact.
It is indicated that the four types of laminate are safe and
reliable during a ship-pier collision at a speed of 3 knots.
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5.2 Fishing boat — harbor quay collision in
service speed 4 knot

The characteristics of the ship-pier collision at a speed of
4 knots are presented in Figures 30-34. It was discovered
from the contact force against time graph in Figure 30 that
the bow construction of the ship is always in contact with
the pier. It means that its body touches the pier until the
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Figure 30: Force — Time of each type of laminate based on impact at
a speed of 4 knots
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Figure 31: Force — displacement of each type of laminate based on
impact at a speed of 4 knots
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simulation is finished. An increase in the speed of impact
was observed to have caused the type 1laminate and the
bow construction of the ship not to stop hitting the pier,
as indicated in Figure 31. The ship with the laminate type
1 was discovered to have struck forward at approximately
1.18 m. After that, the ship started bouncing to a distance
estimated at 1m in front of the starting position. However,
the bow construction was observed still stuck on the pier.

The kinetic energy graph presented in Figure 32 shows
that the kinetic energy was nearly zero in the type 1 lami-
nate while the other types only tend towards the zero point,
and this means type 1 can reduce the kinetic energy of the
ship faster than the others. It is similar to the previous ex-
planation that the material’s stiffness appears to be more
influential in absorbing the ship’s impact energy than the
additional thickness of the laminate layer.

The degree of damage to the bow construction is pre-
sented in Figures 33 and 34, with the simulation results ob-
served to indicate more severe damage due to an increase in
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the impact velocity. Type 1 had the smallest level of damage
compared to the others, and it is also important to note that
types 2 and 3 had no rips in the hull at a collision speed of 3
knots, but they both have tears at 4 knots. It means that an
impact of 4 knots can cause hull leakage and allow water
into the forepeak tanks.

The level of damage also increased in the bow structure.
It can be seen on the extension of the damage, which was
initially in the form of deformation in the stem bar to the
bow structure, as shown in Figures 33 and 34. Moreover, the
bow hull tear in the laminate type 4 was more expansive
than before, as indicated in Figure 33d. The fracture dam-
age in the stem bar was discovered to have occurred in all
types of laminates. The increase in damage to the bow also
showed the increased stress on the two bow frames that
propagate to the collision bulkhead construction. There is
also deformation in the deck area, especially in the bulwark,
as presented in Figure 33d. It can be seen that the frame
was pushed by the impact penetration, thereby leading to
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Figure 33: Deformation of the hull construction due to an impact at a speed of 4 knots: (a) Laminate type 1, (b) Laminate type 2, (c) Laminate

type 3, (d) Laminate type 4
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Figure 34: Deformation of the bow construction due to impact at a speed of 4 knots: (a) Type 1, (b) Type 2, (c) Type 3, (d) Type 4

the bending moments in the deck and bulwark. Meanwhile,
even though the increasing level of damage caused the bow
construction to lose its impermeability because the hull
was torn, the ship was in a floating condition because the
collision bulkhead was intact and did not experience any
significant deformation. It means that the ship is afloat and
safe at a collision speed of 4 knots and did not cause any
fatal disaster.

5.3 Fishing boat — harbor quay collision in
service speed 5 knot

The highest speed used to assess the impact strength of
ships made from HCGFRP was 5 knots, and it was selected
based on the assumption that it has at least half the ship’s
service speed when in the dock area. The graph showing
the relationship between the contact force, time, and im-
pact distance at this speed indicates all the laminate types
have contact forces up to the completion of the simulation
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Figure 35: Force — Time of each type of laminate based on the im-
pact at a speed of 5 knots

as presented in Figures 35 and 36, which means the ship’s
bow was touching the pier. Moreover, even though type 1
showed a reverse movement as indicated in Figure 36, its
contact force was not zero, and this means the bounce mo-
tion occurred while the ship’s structure was still touching
the pier. Meanwhile, no bounce motion was discovered in



254 — A.Windyandarietal.

the other types. The laminate type 4 was observed to have
the furthest forward movement of 1.9 m compared to the
other types. It can be said that type 4 is relatively slow in
absorbing ship-pier collision energy.
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Figure 36: Force — displacement of each type of laminate based on
the impact at a speed of 5 knots
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Furthermore, the kinetic energy graph in Figure 37
shows that the ship’s speed decreased with the kinetic en-
ergy moving close to zero as the simulation time ranged
from 1 second, which is the duration for its completion.
However, laminate type 4 has shown that the collision event
is still running even though the simulation time was over,
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Figure 37: Kinetic Energy — Time of each type of laminate based on
impact at a speed of 5 knots
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Figure 38: Deformation of hull construction due to impact at 5 knots: (a) Laminate type 1, (b) Laminate type 2, (c) Laminate type 3, (d)

Laminate type 4
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Figure 39: Deformation of bow construction due to impact at 5 knots: (a) Laminate type 1, (b) Laminate type 2, (c) Laminate type 3, (d)

Laminate type 4

as observed in previous results. In contrast, the collision
event was discovered to have ended in types 2 and 3 with-
out any bounce. It means that the collision occurred with
the hull position stopped and still stuck or attached to the
pier.

The level of damage to the bow of each laminate type
is presented in Figures 38 and 39, and all four types were
found to have a higher level of damage at a speed of 5 knots
compared to the previous lower speeds. The damage was
discovered to have spread to the deck construction with
significant deformation of the deck and bulwark, Figure 38.
Moreover, the deformation in the stem frame and stem bar
also appears to be larger, but the increase in the damage
did not change the condition of global ship safety with the
ship collision bulkheads observed to be intact without any
tear, and this means the ship is still afloat and safe.

The simulation model at different collision speeds and
types of laminations showed that the HCGFRP could be
used as a hull material. It is observed from the possibility

of increasing the thickness of the laminate (number of lay-
ers) to increase the safety factor of the ship under static
loading. Meanwhile, It does not apply under dynamic load-
ing such that the addition of the number of layers did not
improve the ability of the ship to reduce the impact load.
However, the damping of the impact force was indicated by
the material’s stiffness that was represented as the modu-
lus of elasticity. The type 1 laminate, which has the largest
modulus of elasticity, was discovered to have the ability
to reduce the kinetic energy of collisions faster than the
others. It means that a higher level of construction rigidity
can reduce the collision energy more quickly. However, the
rapid absorption of the collision energy also can cause an
increase in the motion acceleration response. The signif-
icant acceleration response might negatively impact the
passengers or crew, primarily when the collision occurs at
a very high speed. However, it is important to note that this
acceleration is not an essential consideration in the case of
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this ship-pier collision because the process usually occurs
at a relatively slow speed below 5 knots.

An increment in the layer thickness or number was
able to reduce the stress in the collision as indicated in
types 3 and 4 that have smaller maximum stress than 1 and
2. Meanwhile, it does not affect the failure, especially in
element deletion animation, which is usually determined
based on the maximum fracture strain. It means that the
element deletion needs to be simulated when the element is
deformed beyond the maximum fracture strain limit, even
though the effective von Mises stress is much smaller than
the other models. It was observed that type 1 reached a
von Mises stress of 251 MPa, Figure 39a, but it has smaller
damage than type 4, which only had 67.1 MPa as presented
in Figure 39d. Moreover, the construction is also declared
failed when it exceeds the maximum tensile strength limit.
It is also important to note that this controversy associated
with the determination of the failure criteria does not affect
the suitability of the HCGFRP material as a hull material
because the collision bulkhead remains intact in all types of
the laminated HCGFRP material, and each collision velocity
condition was between 3-5 knots.

6 Conclusion

Collision analysis was conducted to identify the level of
damage experienced by the ship’s bow structure, focusing
on the damage to cause a leak that can lead the ship capsiz-
ing. The damage to the bow structure on the collision event
at 3 knots was deformed, and fractures of stem structures.
It was found that the collision damage could not cause the
hull leakage. Meanwhile, tear damage was found in the bow
structure on the collision event at 4 knots. This condition
can allow the entry of water into the forepeak tank. In com-
parison, the damage at 5 knots was discovered to spread
and be significantly occurred at the deck and bulwark struc-
tures. The more extensive deformation can also be found
on the stem frame and bar. However, the increase in the
level of damage did not change the condition of global ship
safety because the water was observed only flooding the
forepeak tank while the collision bulkhead was still intact
and there were no tears.

The simulation conducted at different speeds of the
collision and types of laminations showed the collision
bulkhead was intact for all types of laminated HCGFRP
material. Therefore it can be concluded that HCGFRP can
be adopted as a surrogate hull material.
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