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Abstract: Fiberglass Reinforced Polymer (FRP) is a type of
composite extensively used in small boats in Indonesia.
Most FRP research focuses on general applications and
research on FRP materials is not aligned with actual yard
practices in lamination. This study examined the mechan-
ical characteristics of marine-grade FRP composites applied
to ships, considering fiberglass layer configurations that
conform to yard practices and their compliance analysis
with several international classification rules. Samples
from Bojonegara and Makassar 3 met the criteria of the
Indonesian Classification Bureau, Korean Register, and
American Bureau of Shipping rules for tensile and bending
strength and have the best specific strength. Analysis of
Variance showed that the differences in fiberglass layer con-
figurations had a significant impact on tensile and bending
strength. Grouping using Tukey Simultaneous Tests indi-
cated that samples with four or five layers showed tensile
and bending strength that were not significantly different
statistically. The Unsaturated Polyester Resin brand had a
considerable impact on tensile strength but a less pro-
nounced effect on bending strength. Sample Bojonegara
and Makassar 3 can be recommended for practitioners in
FRP shipyards as they have met the requirements of inter-
national regulations.
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1 Introduction

Composite materials have been widely used in the mari-
time field. These materials are employed in various applica-
tions, ranging from small boats, recreational boats, fishing
vessels, and offshore structures to renewable energy struc-
tures [1-5]. Composites can also be utilized for specific ship
elements, such as superstructures, deck elements, bulk-
heads, propulsion system elements, and piping. Addition-
ally, they find applications in offshore gas installations
and underwater repairs [6].

Fiber Reinforced Polymer (FRP) is one of the alterna-
tive composite materials widely used in small boats in
Indonesia [7]. These materials are known for their ease
of fabrication, flexible geometry and shape, good material
durability, corrosion resistance, and a high strength-to-
weight ratio [8]. FRP materials require less significant
investment compared to aluminum boats. Furthermore,
they are lightweight, have straightforward technology,
and do not demand highly skilled labor [9].

The majority of research on FRP composites applied
for general applications focuses on matrix development,
fibers, chemical agents, and the mechanical characteristics
of these materials. There has been extensive research in
developing Unsaturated Polyester Resin (UPR) for FRP com-
posites, focusing on creating bio-based thermoplastic resins
[10-12]. Studies on the thermoset capabilities of these resins
have also been explored [13-15]. Additionally, research has
addressed the incorporation of dynamic agents [16-19] and
chemical depolymerization processes [20,21]. Substitution of
synthetic and natural fibers has also been examined [22-25].
Investigations have been carried out on the fire resistance
and adhesion of FRP for general applications [26-28]. The
dynamic properties of FRP concerning impact, vibration, and
material fatigue [29-31] have been studied. Furthermore, the
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mechanical strength characteristics of FRP have been
researched [32-34].

Research on FRP composites applied to the shipbuilding
industry has not been widely explored. Research on FRP
materials with applications in building architecture has
been conducted [10,35,36]. Applications in railways [37], tidal
turbines [38], and the use of FRP for underwater pipe
repairs [39] have also been discussed. Studies on the
strength of FRP materials in Pleasure Craft Decks have
been carried out, but the focus of this research was on
sandwich structure combinations [40], which may not
align with the practices used in Indonesian shipyards.

Furthermore, research on the mechanical characteris-
tics of marine-grade FRP composites with UPR-fiberglass
applied to ships and their compliance analysis with several
international rules is still limited. However, regulations for
FRP ship materials require the use of UPR and marine-
grade fiberglass [41]. On the other hand, the effect of fiber-
glass layer configurations that conform to Indonesian yard
practices on the strength of FRP ship materials has not
been extensively studied.

Therefore, studying the influence of fiberglass layer
configurations based on yard practices on the mechanical
strength of marine-grade FRP ship materials is essential.
This research is expected to serve as a reference for ship-
yards when manufacturing FRP ships with measurable
material quality. Tensile and bending strength of FRP com-
posites with various fiberglass layer configurations must
be ensured to comply with the relevant regulations. The
study will be conducted using samples produced by each
shipyard following the yard practices of FRP shipyards in
Indonesia. This is crucial to ensure that the tested samples
accurately represent the actual lamination characteristics
of each FRP shipyard. A statistical approach and specific
strength analysis will be employed to compare which ship-
yard’s lamination provides the most optimal mechanical
strength for ship materials.

Table 1: Shipyard lamination sample specification
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2 Material and method

This experimental research intends to evaluate the tensile
and bending capabilities of marine-grade Chopped Strand
Mat (CSM)-Woven Roving (WR) composites in comparison.
Section 2 outlines the materials utilized for specimen pre-
paration and the techniques employed for conducting uni-
axial tensile and three-point flexure tests, which serve to
address the stated research goal.

2.1 FRP ship materials

In this study, FRP composites were developed for the side
shell plate of a ship’s hull using marine-grade UPR. The
research samples were fabricated using the hand-layup
technique based on yard practices, with each sample being
produced by different FRP shipyards. All samples were
collected from experienced FRP shipyards in Indonesia,
which met the Indonesian Classification Bureau (BKI) stan-
dards. The Indonesian Classification Bureau’s standards
are recognized internationally and refer to other interna-
tional classification bodies. Each shipyard used marine-
grade UPR with different brands and fiberglass layer
configurations, as shown in Table 1. The table also pro-
vides an overview of the yard practices of various FRP
shipyards in Indonesia. The FRP material specifications in
this study were intentionally chosen based on Table 1 to
evaluate how well the shipyard’s practices align with the
strength criteria defined by the rules. Furthermore, the
use of sample specifications from yard practices in this
research aims to represent the shipyard’s practices better
and to provide shipyard professionals with greater con-
fidence in adopting samples that have been proven to
meet the strength criteria of the rules.

Table 2 presents the types of resin used at these ship-
yards and their respective material characteristics. UPR A

No Sample Fiberglass layer configurations UPR brand
1 Sample 1 (Banyuwangi) CSM300, WR600, CSM600, WR600, CSM 450 UPR A
2 Sample 2 (Samarinda) CSM300, CSM450, CSM450, WR800, CSM 450 UPR B
3 Sample 3 (Batam) CSM300, WR900, CSM450, WR900 UPR C
4 Sample 4 (Tanjung Pinang) CSM450, CSM800, CSM450, CSM800 UPR B
5 Sample 5 (Makassar 1) CSM450, WR800, CSM450, WR800, CSM 450 UPRD
6 Sample 6 (Bojonegara) CSM300, WR800, CSM450, WR800, CSM 450 UPR A
7 Sample 7 (Makassar 2) CSM450, WR800, CSM450, WR800, CSM 450 UPR A
8 Sample 8 (Makassar 3) CSM450, WR800, CSM450, WR800, CSM 450 UPRE
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Table 2: Material characteristics of marine grade UPR brand A, B, C, D, and E

Properties UPR A UPR B UPR C UPRD UPRE
Specific gravity (g/cm?) 1.10 £ 0.02 114 1.16 1.1-1.2 1.0-1.12
Water Absorption (%) 0.188 0.24 0.4 0.18 0.17
Viscosity (cP) 450-500 300-400 650 540 30-40
Acid Value KOH (mg/g) 7-13 8-14 5 24.9 15-25
Gelling Time (min) 60 40 180-240 21 20-30

was supplied by PT. Justus Sakti Raya, Indonesia, UPR B
and UPR C were purchased from Wee Tee Tong Chemicals
Pte Ltd, and UPR D and UPR E were obtained from PT.
Arindo Pacific Chemicals, Indonesia. The fiberglass used
at each shipyard was a combat fiberglass consisting of
CSM and WR. Methyl Ethyl Ketone Peroxide, used as a
curing agent, was purchased from PT. Kawaguchi Kimia
Indonesia and added an amount of 0.5% by weight of the
resin to accelerate the hardening process during fiber lami-
nation. The number of layers used varied from four to five
layers in the eight shipyards.

The types of fiberglass mats and fiberglass rovings used
include CSM with weights of 300, 450, 600, and 800 g/mz, and
WR with weights of 600, 800, and 900 g/m” Mat consists of
filaments or continuous strands, or it can be in the form of
pieces with a minimum length of 50 mm and is randomly
oriented [42]. On the other hand, WR is a type of material
used in the fiberglass ship lamination process, in woven
form. WR layers are typically used on the inner layers,
beneath the Mat layers, to ensure optimal resin absorption.

2.2 Experimental testing procedures

An experimental study was conducted to investigate ten-
sile, bending, and specific strength in 8 FRP shipyards. The
tensile and bending strength of the FRP ship material will
be evaluated for compliance with the minimum require-
ments of the Indonesian Classification Bureau, Korean
Register (KR), and the American Bureau of Shipping (ABS)
[43,44]. Each shipyard was asked to create specimen sheets
using the hand-lay-up technique, as shown in Table 1.

Uniaxial tensile tests and three-point bending tests
were conducted using a calibrated Universal Testing
Machine (RME 100 Schenck Trebel), as seen in Figure 1.
Uniaxial tensile tests and three-point bending tests were
performed on each sample until failure occurred. This
allowed the determination of tensile strength (MPa) and
bending strength (MPa) for each sample based on the max-
imum load that could be achieved [33]. Six specimens were
required for each of these tests.

Figure 1: Tensile testing using a calibrated Universal Testing Machine.

The uniaxial tensile test was performed following ISO
527-3 (as suggested by the Indonesian Classification Bureau)
at a crosshead speed of 5 mm/min [45]. Uniaxial tensile test
specimens were fabricated in sheet form and cut to the
dimensions of specimen type 3 in ISO 527-3, as shown in
Figure 2(a)-(c). Uniaxial tensile test specimens had an overall
length (L3) of 250 mm, width (b1) of 25 mm, and thickness (h)
of 8 mm. Subsequently, tensile test data were reported as the
average of 6 specimens with standard errors.

Three-point bending test specimens were also fabri-
cated in sheet form and cut to the dimensions required by
ISO 14125 (as suggested by the Indonesian Classification
Bureau). Three-point bending test specimens had a spe-
cimen length (J) of 80 mm, an outer span (L) of 66 mm, width
(b) of 15mm, thickness (h) of 4 mm, the radius of central
loading (R1) of 5mm, and the radius of support members
(R2) of 5mm, as shown in Figure 3(a) and (b). Three-point
bending tests were conducted with a strain rate of 0.01 (i.e.,
1% per minute) [46], and bending test data were reported as
the average of six specimens with standard errors.

2.3 Specific strength calculation

Strength calculation of materials is based on the volume
fraction of fibers and matrix as well as the direction of the
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Figure 2: (a) Tensile and bending specimens. (b) Dimensions of the tensile test specimen.

fibers, the strain in the fiber, matrix, and the composite
itself.

2.3.1 Rule of mixtures

The mechanical characteristics of composite materials are
significantly influenced by the proportion of reinforce-
ment and the matrix. Fundamental properties can be
estimated by applying the rule-of-mixture principle under
specific assumptions. The kind of reinforcement (whether
it is fibers, particles, or whiskers) and their alignment are
pivotal factors in establishing the composites’ strength. In
composite materials, when fibers are positioned at an
angle, their strength in the direction of the fibers exceeds
that in other orientations. Composite structure is also
determined by its volume fraction of fiber and matrix.

Furthermore, the volume of the composite can be calcu-
lated as follows:

Volume fraction of fiber:
e

Vi=—,
= )]

Volume fraction of matrix:

V= — 2
m= 2
where v; is the volume of fiber, and v, is the volume of
matrix.
Hence, volume of composite:

Ve = Vg + Vo 3
Many researchers have highlighted that the fiber volume

fraction stands as a primary parameter for ascertaining
the mechanical characteristics of composites. Therefore,
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Figure 3: (a) Dimensions of the bending test specimen. (b) Bending
testing.

it becomes essential to precisely establish this value. Typically,
the fiber volume fraction is computed following the guidelines
outlined in ASTM D2584 [47]:

_ Pt
! (pmwf + pfwm) ’

@

where V; is the volume fraction of fibers, Wy is the weight
of fibers, and Wy, is the weight of matrix, p¢is the density of
fibers, and py, is the density of matrix.

For unit volume of composite:

1=V+ V, 5)
Volume fraction of matrix:
Vu=1- 1. (6)

Notations used in rule-of-mixture are as follows:

¢, f, m represent composite, fiber, and matrix, respec-
tively; Vis the volume fraction, P is the load withstand, A is
the cross-sectional area, E is the elastic modulus, o is stress,
€ is strain, y is Poisson’s ratio, and p is the density.

The density was determined through a displacement
method, where the volume of the specimens immersed in
water was equivalent to the volume displaced in a gradu-
ated cylinder. The weight of the specimens was quantified
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using a digital scale. The weight percentage of fiber (and
matrix) in a polymer composite matrix quantifies the pro-
portion of additive material within the overall composite.
The weight percentage of additives provides insights into
the composite’s composition. A higher percentage indicates
a greater proportion of fiber, which can lead to improved
specific properties.

However, an excessive fiber content might compro-
mise the matrix’s integrity. Proper calculation ensures
that the desired properties are achieved for specific appli-
cations. During the manufacturing processes of compo-
sites, the weight of the fibers and matrix were measured
properly. Furthermore, to calculate the weight percentage
of filler/fiber in a polymer composite matrix, the following
formula can be applied:

Weight of fiberglass
Weight of composite

Weight% of fiber glass = x100%. (7)

2.3.2 Strength of composites

In the case of a fiber-oriented composite being subjected to
a load aligned with the longitudinal direction of the fibers,
the strain in the fiber, matrix, and the composite itself is
uniform and equal, often referred to as iso-strain [48]. For
iso-strain condition,

€ = & = €, ®

as load withstand by composite can be presented as
B=P; + By, 9
and load withstand can also be written as
OA; = O¢As + Opdn. (10)

Then, the strength of the composite, elastic modulus,
and the density of composite for longitudinal load can be
expressed as follows:

Strength of the composite

Oc = OfVf + OpVn. an
Longitudinal elastic modulus of composite

Eq = Efvs + Eqvp. 12)
And, the density of the composite,

P = PrVt T PV 13)

2.4 Statistical approach

A statistical approach was developed to determine the sig-
nificance of the influence of fiberglass layer configurations
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on the strength of ship FRP materials. There are several
assumptions that need to be met when performing an
Analysis of Variance (ANOVA): independent observations,
normally distributed observations in each group, and equal
population variances in each group or homoscedasticity
[49]. Observations meet the assumption of independence
because they consist of different material compositions
and laminations. Based on the KS test for normality, a P-
value >0.150 was obtained for both the tensile test and
bending test. It can be concluded that the observations are
normally distributed.

The homogeneity of variances test results indicate that
the population variances are equal (P-value from Levene’s
test = 0.071 for the tensile test and P-value from Levene’s
test = 0.435 for the bending test). If this assumption is not
met, one alternative that can be applied is the Welch test
[50-54]. In this study, all assumptions have been met,
allowing for the continuation of ANOVA for each response,
including the Tensile and Bending Tests.

3 Result and discussion

This section outlines the findings and discourse concerning
the impact of UPR type and laminate arrangement on stan-
dardized tensile and flexural strength based on various
rules. A comprehensive examination contrasts the standar-
dized tensile and flexural strength acquired in this inves-
tigation with outcomes from diverse sources.

3.1 Compliance with rules

Experimental testing was conducted to determine the com-
pliance of the strength of FRP ship materials with three sets
of rules: the Indonesian Classification Bureau (BKI), the KR,
and the ABS. These three sets of rules specify minimum
requirements for tensile and bending strength, with both
the KR and the Indonesian Classification Bureau having the
same minimum requirements, as shown in Table 3.

Table 4 presents the average and standard error values
obtained from the uniaxial tensile tests for each sample. The

Table 3: Minimum requirement in three rules

Mechanical properties ABS (MPa) KR (MPa) BKI (MPa)
Tensile Strength 123 98 98
Flexural Strength 172 150 150
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Table 4: The tensile strength for each sample

Group No

Tensile strength (MPa)

I I II1 v \' VI Average
Sample 1 85 99 120 126 123 93 107.7 £ 7.1
Sample2 49 74 67 79 91 92 753 +6.6
Sample3 80 83 55 79 68 93 763 +£5.4
Sample 4 119 126 130 125 130 112 1237 +£29
Sample 5 113 129 132 124 103 132 1222 +48
Sample6 159 174 197 156 184 175 1742 +6.3
Sample7 110 96 100 103 106 117 105.3 £ 3.1
Sample 8 144 151 153 152 148 153  150.2+1.4

standard error values range from 1.4 to 7.1 MPa, with an
average standard error in tensile strength of 4.7 MPa. Stan-
dard error indicates the range of mechanical strength values
for FRP ship materials, where higher standard error values
suggest variations in material quality or less homogeneity
within the composite. The average standard error in tensile
strength achieved in this study is quite good, as other FRP
composite studies have reported higher average standard
errors in tensile tests [55,56]. The standard error in tensile
strength is significantly influenced by the hand lay-up method
[57-59]. However, even FRP composite materials with better
fabrication techniques, such as vacuum-assisted film infu-
sion, had standard error values of 7.88 MPa [56], which is
not better than those in this study. Similar results were also
found in epoxy/fiberglass mat composites fabricated using
the vacuum-assisted resin transfer molding technique [60].

The average and standard error of the three-point
bending test for each sample are shown in Table 5. This
study’s average standard error of bending strength was
also relatively good, at 9.8 MPa. These results were better
than other fiberglass composites in the literature [55,56].

Table 5: Bending Strength in each sample

No
Group Bending strength (MPa)
I II III v V' VI Average

Sample1 124 141 155 153 132 154 143253
Sample2 102 109 110 101 97 122 106.8 + 3.6
Sample3 280 253 335 276 316 265 2875+128
Sample4 190 152 68 164 136 176  147.7+£17.7
Sample5 203 171 175 213 230 205 199.5+93
Sample 6 234 271 282 288 240 313 2713123
Sample7 217 186 163 186 180 218 191.7+8.9
Sample 8 233 224 255 226 259 205 233783
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Table 6: The acceptability of each sample

Class Group Tensile Bending Three rules

ABS KR BKI ABS KR BKI

Sample 1 v
Sample 2
Sample 3
Sample 4 v
Sample 5
Sample 6 v
Sample 7
Sample 8 v

N
<
N

ANENENENEN
ANENENENEN
ASENENEN
ASENENEN
ASENENEN

UPR/WR fiberglass and UPR/unidirectional discontinuous
fiberglass composites fabricated using the same technique
as in this study, which is hand lay-up, have higher average
standard errors in bending strength, at 12.9 and 11 MPa,
respectively [61]. Therefore, overall, shipyards in Indonesia
appear to be realistic in still using the hand lay-up tech-
nique, as it is simpler and more cost-effective. In fact, the
hand lay-up technique is still used in yacht fabrication in
Italian shipyards [40].

Table 6 shows the acceptability of each sample regarding
the tensile and bending strength criteria from the three
rules. Samples that met the tensile and bending strength
criteria of KR and the Indonesian Classification Bureau
(BKI) were samples 5, 6, 7, and 8. Meanwhile, samples 6
and 8 were the only ones meeting the ABS criteria. Unfortu-
nately, sample 4 only met the tensile strength criteria of ABS,
KR, and BKI but not the bending strength criteria. On the
other hand, sample 3 only met the bending strength criteria
of ABS, KR, and BKI but not the tensile strength criteria.

Samples 5, 7, and 8 had the same fiberglass layer config-
urations; the difference lay in the UPR brand. Interestingly,
only sample 8 met the criteria of all three rules, while

Table 7: Strength calculation for tensile and bending test
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Samples 5 and 7 only met the criteria of KR and BKI. The
significance of the UPR brand’s influence, based on the
sample grouping, will be further explained in Section 3.3.
Therefore, the best fiberglass layer configuration that could
be applied as FRP ship material with only 5 layers and met
the criteria of the three rules was the configuration of Sam-
ples 6 and 8. Samples 5 and 7 were actually suitable for the
use of FRP ship material in Indonesia because they met the
requirements of the Indonesian Classification Bureau (BKI).
Still, Samples 6 and 8 were more convincing because they
met the criteria of the three rules. Furthermore, a safety
factor of 90% can be applied [62]. If this safety factor was
calculated, the tensile and bending strength of Sample 6
became 156.8 and 244.2 MPa, respectively. Meanwhile, the
tensile and bending strength of Sample 8 became 135.2 and
210.3 MPa. Based on these results, Samples 6 and 8 still met
the criteria of the three rules even when the safety factor
was considered. In general, it can be concluded that Samples
6 and 8 had the best fiberglass layer configuration.

3.2 Specific strength

The average calculation of tensile strength and bending
strength are clearly presented in Table 7. The data was
taken from six test-pieces for each sample and then the
average was taken. As the fiber contents are given, with
the rules of the mixture of composite equations, the fiber
volume of fractions, the matrix volume of fractions, and
the density of the composite can be determined accord-
ingly. The average specific strength was calculated by
dividing the average tensile strength by the density pro-
duced. When analyzing composite structure, it is important
to calculate the specific strength of the composite instead
of the strength itself. The higher the specific strength, the
better the structure with lower weight.

No Material and Fiber Average Average Fiber Matrix Composite Specific Specific
Lamination content tensile bending volume volume density tensile bending
Composition (wWt%) strength strength fraction fraction (g/m?) strength strength

(N/mm?) (N/mm?) (N m/g) (N m/g)

1 Sample 1 29.0 107.7 143.2 0.230 0.770 1.19 90.5 120.3

2 Sample 2 25.0 75.3 106.8 0.196 0.804 1.18 63.8 90.5

3 Sample 3 371 76.3 287.5 0.302 0.698 1.22 62.5 235.7

4 Sample 4 387 123.7 147.7 0.316 0.684 1.23 100.6 120.1

5  Sample 5 33.6 122.2 199.5 0.271 0.729 1.21 101.0 164.9

6  Sample 6 40.3 174.2 2713 0.331 0.669 1.23 141.6 220.6

7  Sample?7 33 105.3 191.7 0.265 0.735 1.21 87.0 158.4

8  Sample 8 33 150.2 233.7 0.265 0.735 1.21 1241 193.1
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The tensile strength and bending strength data are
clearly presented as a graph as shown in Figures 4 and 5,
respectively. It is obvious that Sample 6 had the highest
values for tensile and Sample 3 had the best arrangement
for bending. Furthermore, it is also clearly shown that
Sample 6 had a significant value for the bending test. It
can be concluded that Sample 6 gave the best results for
the tensile and bending test.

Uniquely, even though Sample 3 had the highest
bending and specific bending strength, the tensile and spe-
cific tensile strength of Sample 3 was very low. This phe-
nomenon was caused by debonding between fiberglass
layers, which is commonly found in various composites
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and can reduce bending strength [63]. Debonding is also
a key factor in determining bending strength in sandwich
composites, and various studies have been conducted on
damage/debonding identification [64-66].

3.3 Statistical approach
3.3.1 Tensile test
In the tensile test response, the ANOVA results are shown

in Table 8 as follows. Based on Table 8, an F-value of 44.84
was obtained. When compared to Fg gs740) = 2.249, it led to
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m Specific Tensile Strength (Nm/g)

Figure 4: Average tensile strength and specific tensile strength.
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Figure 5: Average bending strength and specific bending strength.
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Table 8: ANOVA of tensile test

Source DF AdjSS AdjMSs F-Value P-Value

Material and lamination 7 48,313 6901.8 44.84 0.000

composition
Error 40 6,157 153.9
Total 47 54,470

the conclusion to reject the null hypothesis. Similarly, the
P-value obtained was 0. When compared to a = 0.05, the
decision was made to reject the null hypothesis. It can be
concluded that the difference in fiberglass layer configura-
tions significantly affected the tensile test.

Figure 6 displays the interval plot of each material com-
position and lamination. It is evident that Sample 6, with
fiberglass layer configurations CSM300 + 2 CSM450 + 2
WR800, achieved the highest result in the Tensile test
when compared to other compositions. Although Sample 5,
Sample 7, and Sample 8 shared the same fiberglass layer
configurations (3 CSM450 + 2 WR800), they yielded different
results due to variations in the UPR brand. The highest result
was obtained by Sample 8, followed by Sample 5, and lastly,
Sample 7. Once it was established that one or more fiber-
glass layer configurations had different means, the analysis
proceeded with Tukey pairwise comparisons. The results of
the simultaneous test for mean differences can be seen in
Table 9 below.

Table 9 presents simultaneous tests for mean differ-
ences for all pairs with combinations of fiberglass layer
configurations. The pairs of Sample 5 and Sample 1 had
means that were not significantly different. The same
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applied to the pairs of Sample 7 and Sample 1, Sample 4
and Sample 1, Sample 2 and Sample 3, Sample 7 and Sample
5, Sample 4 and Sample 5, as well as Sample 4 and Sample 7.
Based on the test results presented in Table 10, the fol-
lowing grouping can be established.

Table 10 provides information that Sample 6 with fiber-
glass layer configurations CSM300 + 2 CSM450 + 2 WR800 had
the highest means and is in Group A. Sample 8 with the
composition of 3 CSM450 + 2 WR800 was in Group B. Despite
having the same fiberglass layer configurations, Sample 5 and
Sample 7 were in Group C. The distinguishing factor between
Samples 5, 7, and 8 was the UPR brand. This indicates that
UPR E had a statistically significant effect on tensile strength
because Sample 8 was categorized in a different group from
Sample 5 and Sample 7. On the other hand, Sample 4 with
fiberglass layer configurations 2 CSM450 + 2 CSM800 and
Sample 1 with fiberglass layer configurations CSM300 +
CSM450 + CSM600 + 2 WR600 are in Group C. Group D con-
tained two members, namely Sample 3 and Sample 2.

Based on the grouping in Table 10, this indicates that
the number of layers did not have a statistically significant
impact on the results of the Tensile test. For example,
Sample 4 with four layers, while Sample 5, Sample 1, and
Sample 7 with five layers were in the same group. Simi-
larly, Sample 3, which used four layers, was in the same
group as Sample 2, which has five layers.

3.4 Bending test

In this section, the response to the Bending Test was also
studied. Next, an ANOVA will be conducted with the results
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Figure 6: Interval plot of tensile test.
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Table 9: Tukey simultaneous tests for differences of means of tensile test

Difference of Levels Difference of means T-Value Adjusted P-Value
Sample 3-Sample 1 -31.33 -4.37 0.002
Sample 6-Sample 1 66.50 9.28 0.000
Sample 5-Sample 1 14.50 2.02 0.479*
Sample 7-Sample 1 -2.33 -0.33 1.000*
Sample 8-Sample 1 42.50 5.93 0.000
Sample 2-Sample 1 -32.33 -4.51 0.001
Sample 4-Sample 1 16.00 2.23 0.354*
Sample 6-Sample 3 97.83 13.66 0.000
Sample 5-Sample 3 45.83 6.40 0.000
Sample 7-Sample 3 29.00 4.05 0.005
Sample 8-Sample 3 73.83 10.31 0.000
Sample 2-Sample 3 -1.00 -0.14 1.000*
Sample 4-Sample 3 4733 6.61 0.000
Sample 5-Sample 6 -52.00 -7.26 0.000
Sample 7-Sample 6 -68.83 -9.61 0.000
Sample 8-Sample 6 -24.00 -3.35 0.034
Sample 2-Sample 6 -98.83 -13.80 0.000
Sample 4-Sample 6 -50.50 -7.05 0.000
Sample 7-Sample 5 -16.83 -2.35 0.293*
Sample 8-Sample 5 28.00 3.91 0.008
Sample 2-Sample 5 -46.83 -6.54 0.000
Sample 4-Sample 5 1.50 0.21 1.000*
Sample 8-Sample 7 44.83 6.26 0.000
Sample 2-Sample 7 -30.00 -4.19 0.003
Sample 4-Sample 7 18.33 2.56 0.201*
Sample 2-Sample 8 -74.833 -10.45 0.000
Sample 4-Sample 8 -26.50 -3.70 0.014
Sample 4-Sample 2 48.33 6.75 0.000
Note: *indicated the corresponding means are not significantly different.

Table 10: Grouping Information Using the Tukey Method of Tensile Test

Rank Sample Fiberglass layer configurations Mean Grouping

1 Sample 6 CSM300 + 2 CSM450 + 2 WR800 174.2 A

2 Sample 8 3 CSM450 + 2 WR800 150.2 B

3 Sample 4 2 CSM450 + 2 CSM800 123.7 C
4 Sample 5 3 CSM450 + 2 WR800 122.2 C

5 Sample 1 CSM300 + CSM450 + CSM600 + 2 WR600 107.7 C

6 Sample 7 3 CSM450 + 2 WR800 105.3 C

7 Sample 3 CSM300 + 2 WR900 + CSM450 76.3 D
8 Sample 2 CSM300 + 3 CSM450 + WR800 75.3 D

Note: Means that do not share a letter are significantly different.

Table 11: ANOVA of bending test

Source DF AdjSS AdjMS F-Value P-Value

Material and lamination 7 171319 244741 36.17 0.000

composition
Error 40 27066 676.7
Total 47 198385

shown in Table 11 as follows. Table 11 shows that the
obtained F-value is 36.17. Similar to the tensile test, when
compared with Fgs740) = 2.249 it can be concluded that
the null hypothesis was rejected. The same conclusion was
reached when considering the P-value, which was 0. When
compared with a = 0.05 the decision was to reject the null
hypothesis. It can be concluded that the differences in
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fiberglass layer configurations had a significant impact on
the bending test.

Figure 7 shows the interval plot for each material com-
position and lamination in the Bending Test. It can be seen
that Sample 3, with the fiberglass layer configurations of
CSM300 + 2 WR900 + CSM450, had the highest mean in the
Bending test compared to other compositions. Following
that, Sample 6, with fiberglass layer configurations of
CSM300 + 2 CSM450 + 2 WR800, had the second-highest
mean. Sample 2, with the lamination of CSM300 + 3
CSM450 + WR800, had the lowest mean. Figure 7 also
indicates that each fiberglass layer configuration had a
different mean. This aligns with the results of the F-test
in the ANOVA (Table 11), which suggested that one or
more fiberglass layer configurations had different means.
Next, Tukey’s pairwise comparison was conducted to
further analyze the differences in mean for the Bending
test. The results of the simultaneous test for mean differ-
ences in the Bending test are given in Table 12.

Using a = 0.05, there were several pairs of fiberglass
layer configurations that did not have significantly dif-
ferent means, as shown in Table 12. Sample 2 and Sample
1, Sample 4 and Sample 1, Sample 6 and Sample 3, and
Sample 8 and Sample 6 did not have significantly different
means. Similarly, for the pairs Sample 7 and Sample 5,
Sample 8 and Sample 7, Sample 4 and Sample 7, and
Sample 4 and Sample 2, there were no significant differ-
ences in means. Similar to the tensile test, based on the test
results presented in Table 12, groupings can be made as
shown in Table 13.

As shown in Table 13, Sample 3 with fiberglass layer
configurations CSM300 + 2 WR900 + CSM450 fell into the

same group (A) as Sample 6 (CSM300 + 2 CSM450 + 2
WR800). Even though they had a different number of
layers, Samples 3 and 6 exhibited Bending test results
that were not significantly different. Next, Sample 6 (CSM300
+2 CSM450 + 2 WR800) was grouped with Sample 8 (3 CSM450
+ 2 WR800) in Group B. The three fiberglass layer configura-
tions from Samples 5, 7, and 8 were placed in the same group,
which was Group C. Unlike the results of the Tensile test, these
three compositions had Bending test results that were not
significantly different.

Furthermore, Sample 7 (composition 3 CSM450 + 2
WR800) was grouped together with Sample 4 (composition
2 CSM450 + 2 CSM800) in Group D. Group E comprised
three members: Sample 4 (composition 2 CSM450 + 2
CSM800), Sample 1 (composition CSM300 + CSM450 +
CSM600 + 2 WR600), and Sample 2 (composition CSM300
+ 3 CSM450 + WR800). This analysis was consistent with
the previous analysis, which concluded that the number
of layers did not significantly affect the mean bending
strength. As in Group D, Sample 7 had five layers, and
Sample 4 had four layers. In Group E, Sample 4 had
four layers, while Sample 1 and Sample 2 had five layers.

Based on Tables 10 and 13, Samples 5, 7, and 8 exhib-
ited the same trend in the order of the best tensile and
bending strength values, which are, in sequence, Sample
8, Sample 5, and followed by Sample 7. These three samples
shared the same fiberglass layer configurations, the only
difference being the UPR brand used. Therefore, among the
three UPR brands, the best ones, in sequence, were UPR E
and UPR D, followed by UPR A. Moreover, statistically,
Sample 8 (Group B) using UPR E demonstrated significantly
higher tensile strength compared to Samples 5 and 7 in
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Table 12: Tukey simultaneous tests for differences of means of bending test

Difference of Levels Difference of means T-Value Adjusted P-value
Sample 3-Sample 1 1443 9.61 0.000
Sample 6-Sample 1 128.2 8.53 0.000
Sample 5-Sample 1 56.3 3.75 0.012
Sample 7-Sample 1 48.5 3.23 0.046
Sample 8-Sample 1 90.5 6.03 0.000
Sample 2-Sample 1 -36.3 -2.42 0.260*
Sample 4-Sample 1 4.5 0.30 1.000*
Sample 6-Sample 3 -16.2 -1.08 0.958*
Sample 5-Sample 3 -88.0 -5.86 0.000
Sample 7-Sample 3 -95.8 -6.38 0.000
Sample 8-Sample 3 -53.8 -3.58 0.019
Sample 2-Sample 3 -180.7 -12.03 0.000
Sample 4-Sample 3 -139.8 -9.31 0.000
Sample 5-Sample 6 -71.8 -4.78 0.001
Sample 7-Sample 6 -79.7 -5.30 0.000
Sample 8-Sample 6 =377 -2.51 0.222*
Sample 2-Sample 6 -164.5 -10.95 0.000
Sample 4-Sample 6 -123.7 -8.23 0.000
Sample 7-Sample 5 -7.8 -0.52 0.999*
Sample 8-Sample 5 34.2 2.27 0.332*
Sample 2-Sample 5 -92.7 -6.17 0.000
Sample 4-Sample 5 -51.8 -3.45 0.026
Sample 8-Sample 7 42.0 2.80 0.125*
Sample 2-Sample 7 -84.8 -5.65 0.000
Sample 4-Sample 7 -44.0 -2.93 0.093*
Sample 2-Sample 8 -126.8 -8.45 0.000
Sample 4-Sample 8 -86.0 -5.73 0.000
Sample 4-Sample 2 40.8 2.72 0.147*

Note: * indicated the corresponding means are not significantly different.

Table 13: Grouping information using the tukey method of bending test

Sample  Fiberglass layer Mean Grouping
configurations
Sample 3 CSM300 +2 WR900 + CSM450 2875 A
Sample 6 CSM300 + 2 CSM450 + 2 2713 A B
WR800
Sample 8 3 CSM450 + 2 WR800 233.7 B C
Sample 5 3 CSM450 + 2 WR800 199.5 C
Sample 7 3 CSM450 + 2 WR800 191.7 c D
Sample 4 2 CSM450 + 2 CSM800 1477 D E
Sample 1 CSM300 + CSM450 + CSM600 143.2 E
+ 2 WR600
Sample 2 CSM300 + 3 CSM450 + WR800 106.83 E

Note: means that do not share a letter are significantly different.

Group C. It is important to note that differences in groups
indicate significant differences in tensile strength.

In Table 13, it can be observed that Group A intersects
with Group B, while Group B intersects with Group C. On
the other hand, according to the bending test criteria for

FRP ship materials set by the Indonesian Classification
Bureau and KR, the material must have a bending strength
greater than 150 MPa. Therefore, only Groups A, B, and C
met these criteria. Notably, all the samples in Groups A, B,
and C consist of at least two layers of woven fiberglass mat
with a minimum weight of 800 g/m?, which translates to two
layers of WR 800 and two layers of WR 900. This indicates
that an efficient fiberglass layer configuration for the side-
shell of FRP ships should include at least two layers of WR
800 to meet the bending strength requirements. While using
three layers or more of WR 800 or WR 900 is possible, such
an approach might not be as efficient.

The CV for the Tensile test was 10.62%, and for the
Bending test, it was 13.16%. These results are superior to
the CV values in the tensile test for composite materials
such as PU, PU resin, and Phenolic resin [67], as well as the
CV in bending tests for composite beams under BS 5950
[68]. This research can serve as a reference for practi-
tioners in FRP shipyards, indicating that to ensure compli-
ance with the requirements for international classification
rules regarding tensile and bending strength in the side-
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shell of FRP ships, fiberglass layer configurations like those
in Samples 6 and 8 can be effectively applied in shipyard
practices.

In the future, research on the lifetime of FRP ship
materials needs to be further elaborated. The structural
lifetime is highly determined by the dynamic characteris-
tics of the ship due to wave loads, where wave spectra are
commonly developed statistically. Additionally, the max-
imum side hull stresses also affect structural lifetime,
and these are often studied using the Finite Element
Method [69]. The development of vibration-based damage
detection for FRP ship materials [70], where damage para-
meters are studied using a statistical approach, is also an
interesting area to explore.

4 Conclusion

FRP is a composite material commonly used in small boats,
recreational boats, and fishing vessels. Shipyards in devel-
oping countries like Indonesia often overlook the scientific
aspects when designing fiberglass layer configurations for
FRP boats. This study focused on assessing the strength of
various fiberglass layer configurations based on different
yard practices.

The coefficient of variations and standard errors of
tensile and bending strength for the six specimens in the
eight FRP samples show relatively good values compared
to several references. Therefore, FRP fabrication using the
hand lay-up technique is still recommended due to the
reasonably good specimen results and cost-effectiveness.
Samples 5, 6, 7, and 8 meet the tensile and bending strength
criteria of the KR and the Indonesian Classification Bureau
(BKI). However, only Samples 6 and 8 meet the tensile and
bending strength criteria of the ABS. Thus, the fiberglass
layer configurations of Samples 6 and 8 are recommended
for use as the lamination arrangement for the hull of FRP
boats. Another variable studied is specific strength, indi-
cating samples with high strength and low weight. Specific
strength analysis reveals that Samples 6 and 8 have the
best specific tensile and specific bending strength.

A statistical approach was developed to assess the
significance of tensile and bending strength among the sam-
ples. ANOVA results show that fiberglass layer configura-
tions significantly affect the tensile and bending strength
values. Furthermore, Tukey Simultaneous Tests were devel-
oped to group samples with specific ranges of tensile and
bending strength values. Grouping using this method indi-
cates that samples with four or five layers show tensile and
bending strength values that are close or not significantly
different statistically. The UPR brand considerably impacts

Strength assessment of fiberglass layer configurations in FRP ship materials
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tensile strength but has a less pronounced effect on bending
strength. Fiberglass layer configurations in Samples 6 and 8
have significantly different tensile strength but not signifi-
cantly different bending strength. Sample 3 has significantly
higher bending strength than Sample 8, as shown by the
group differences, but it has very low tensile strength in
Group D and does not meet all rule criteria. Therefore, it
can be concluded that the optimal fiberglass layer config-
urations recommended for implementation as hull lamina-
tion for FRP boats are the configurations from Samples 6
and 8.
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