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Abstract: Fiber-reinforced plastic (FRP) is utilized in the
fabrication of the primary structures of FRP boats. A
majority of these structures are produced using molds.
Subsequently, these products often experience deforma-
tion upon being released from the mold, as well as when
they are exposed to high temperatures. Hence, it is crucial
to carry out experimental investigations and evaluations
related to the deformation of laminated composite struc-
tures. The specimens, which are in the form of L-shapes
and curve-shapes, are constructed using unsaturated
polyester resin and fiberglass material. The study focuses
on two independent variables, namely the percentage of
hardeners and the temperature during the manufac-
turing process. The output factor under examination is
deformation, which is measured on these specimens.
Subsequently, all of the specimens are subjected to varying
levels of temperature using an oven as the working condi-
tion. The deformation is further assessed based on the
experimental findings and regression equation. The results
indicate that as the rate of hardener and temperature
increase, the level of deformation decreases. Additionally,
it was observed that when the temperature rises from 500 to
800°C, the specimens with initial deformation values that
are either too high or too low undergo rapid changes.
Moreover, the experimental equations can be utilized to
predict the values of deformation or input factors.

Keywords: polyester resin, fiberglass, deformation, making
condition, working condition

1 Introduction

Laminate composite is extensively employed because of its
excellent qualities, including high specific strength, high
specific modulus, and low cost. Combining reinforcing
fibers with a polymer matrix creates the most widely
used composite material ever. Carbon, glass, aramid, and
other fiber types are among the matrices used in this,
together with unsaturated polyester, epoxy, or vinyl-ester
resin. Glass fibers and unsaturated polyester resin are the
primary building components utilized in the manufac-
turing of tiny composite boats. Resin transfer molding
(RTM) is the principal technique for producing composite
boats. The fibers in this process are positioned within amold
prior to the application of resin. Room temperature will
allow the material in the mold to self-cure. An exothermic
interaction between the resin and the curing agent, which is
put into the resin prior to usage, causes unsaturated polye-
ster to cure. As a result, the product deforms and shrinks
after curing. The product’s geometry, therefore, frequently
differs from the mold after the mold has been removed.

The manufacturing process, strength, and even the
appearance of composite structures can all be impacted
by deformation. It finds the challenging to achieve high
precision, particularly for items with complicated forms,
as well as to manage deformation. In addition, the tempera-
ture of the working environment has an impact on how
structures deform. Several composite structures, such as
a boat’s bulkhead, floor, and engine room frame, must
function in temperatures above 60°C. Thus, conducting
experimental research and evaluating the deformation of
laminated composite structures is imperative.

Researchers have investigated the relationship between tem-
perature and laminate composite deformation (or shrinkage).
Xiaoxia et al. [1] studied the thermal curing-induced deformation
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of fiber composite laminates. The coupling method of multi-phy-
sical fields was used for this study. The fiber-dominated para-
meters, such as ply orientation andfiber volume percentage, and
the resin-dominated ones, such as curing shrinkage and reaction
heat, were methodically considered. The simulated results show
that these factors impact the curing deformation differently: reac-
tionheat primarily influences the temperature and curing degree
fields, and chemical shrinkage directly impacts the strain. Con-
versely, ply orientation and fiber volume fraction impact the
laminates’ mechanical properties. The prediction and control of
deformation of continuous fiber-reinforced thermosetting com-
posite structures caused by the curing process were reviewed by
Biao et al. [2]. The authors claim that because the curing process
involves high coupling effects of the thermochemomechanical
behaviors of composite components, the mechanism of the pro-
cess-induced deformation is complicated. The findings demon-
strated the potential effectiveness of analytical approaches for
the behavior prediction of components with regular geometry;
nevertheless, numerical methods are more commonly employed
because of their adaptability to complex geometries.

The impact of cure settings on residual deformation
for thermoset composite laminates was investigated by
Zhendong et al. [3]. An investigation was conducted using
varying heating rates and initial stay durations. In addi-
tion, a multi-scale thermoviscoelastic modeling method
was used to forecast the deformation caused by the pro-
cess. Based on the findings, it is recommended to use a
lower heating rate in order to lessen residual stress and
process-induced deformation. Additionally, Zhendong et al.
[4] employed a different technique that involved the intro-
duction of prestresses to lessen process-induced deforma-
tion of carbon fiber-reinforced polymers. The study sug-
gested applying prestress to one layer or a subset of the
layers rather than all relevant layers in order to lessen
distortion caused by processes. The required prestress
level for the single layer in this procedure was within a
tolerable range. In contrast, the experimental findings indi-
cate that the prestressing layer lowers more than 80% of
the curing deformation. Theoretically, the prestress tech-
nique can entirely counterbalance the specimens’ curing
deformation.

The impact of epoxy’s chemical shrinkage and aniso-
tropy in thermal expansion on the process-induced defor-
mation of carbon/epoxy composite stiffener structures was
examined and assessed by Yoon et al. [5]. Temperature
variation was used to describe the elastic characteristics
and coefficients of thermal expansion in the primary direc-
tions of the material. Then, they predicted the distortion of
curved laminate using a computer technique. The use of
macro-fiber composite (MFC) actuators to compensate for
heat deformation in composite structures was investigated

by Dano et al. [6]. The particular goal is to ascertain if MFC
actuators connected to a composite plate’s surface can
counteract thermally induced deformations when actuated
using both experimentation and finite-element analysis
techniques.

According to Kim et al. [7], surface deformation caused
by heat stress was examined for circular quasi-isotropic
laminate mirrors. Finite element calculations are conducted
on circular quasi-isotropic laminated mirrors to examine
thermally induced surface deformations. Sun et al. exam-
ined Heat diaphragm-formed C-shaped thermosetting com-
posite laminates [8] for the impact of forming temperature
on quality. This article examined the mechanism of double
diaphragm forming for C-shaped carbon fiber/epoxy resin
prepreg laminate. Additionally, a hot diaphragm-forming
apparatus was built to explore the impact of forming tem-
perature on the quality of produced laminate. Furthermore,
there are several other studies on the deformation of struc-
tures caused by cure-induced deformation [9–12] and fiber
orientation or stacking sequence [13–16].

For the processing of statistical data, several books and
manuals introducing statistical theory and regression, such
as Roni and Djajadikerta [17], Dougherty [18], Lewis-Beck
[19], and Zou et al. [20]. In addition, Oyeyemi et al. [21] have
compared the utility of three statistical data processing
software: SAS, SPSS, and STATA. The results show that
SPSS software is highly reliable and easy to use.

It is clear from the aforementioned analysis that there
are several reasons why composite structures distort.
However, the impact of the heat element is our main concern
in this investigation. The curing reaction is the indirect heat
source, whereas manufacturing and operating circumstances
are the direct heat sources. A more significant hardener per-
centage causes the exothermic process to become stronger.

In general, most structures on FRP boats are produced
using the RTM technique, utilizing unsaturated polyester
resin as the primary material. Product distortion fre-
quently occurs due to the polymerization reaction when
a hardener is employed to cure the resin. In addition, sev-
eral structural components are subjected to high-tempera-
ture conditions when in operation, causing additional
deformations, and all such deformations remain uncon-
trolled. Therefore, this study aims to examine the deforma-
tion of several exemplary structural elements on FRP boats
using experimental modeling. The deformation of FRP
structures is evaluated by examining many vital para-
meters, such as the percentages of hardeners, manufac-
turing temperature factors, and operational temperature
(working conditions). Furthermore, to control the deforma-
tion of structural components on FRP boats, this study pro-
cesses experimental data using SPSS software. Formulas
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Figure 1: Geometries of FRP boat: (a) arrangement view; (b) structure view; and (c) cross-section view.
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derived from the statistical results of experiments will
enable the control of deformation levels by adjusting input
parameters such as hardener percentages and manufac-
turing temperature. This approach enables a comprehen-
sive analysis of the experimental data, which in turn pro-
vides insights into the factors that influence the deformation
of FRP boats. The results of this study could prove useful for

businesses and academic institutions involved in the design
and manufacture of FRP boats.

2 Methodology

2.1 Method

FRP vessels’ and fishing boats’ primary structural shapes
are curved and L-shaped (Figure 1). Glass fiber and unsa-
turated polyester resin are the principal building compo-
nents. Methyl Ethyl Ketone Peroxide (MEKP) is the curing

Table 2: Properties of unsaturated polyester resin

Parameters Units Values

Type — CF-180
Density g/cm3 1.1–1.2
Viscosity at 25°C CP 450 ± 50
Gel time at 25°C minute 12–15
Catalyst (MEKP) at 25°C % ∼1.0
Peak temperature °C 138

Table 1: Code of specimens

Types Hard. (%) Code of specimens

15°C 25°C 35°C

L-shape 0.5 L-H0.5-T15 L-H0.5-T25 L-H0.5-T35
1.0 L-H1.0-T15 L-H1.0-T25 L-H1.0-T35
1.5 L-H1.5-T15 L-H1.5-T25 L-H1.5-T35
2.0 L-H2.0-T15 L-H2.0-T25 L-H2.0-T35
2.5 L-H2.5-T15 L-H2.5-T25 L-H2.5-T35

Curve shape 0.5 C-H0.5-T15 C-H0.5-T25 C-H0.5-T35
1.0 C-H1.0-T15 C-H1.0-T25 C-H1.0-T35
1.5 C-H1.5-T15 C-H1.5-T25 C-H1.5-T35
2.0 C-H2.0-T15 C-H2.0-T25 C-H2.0-T35
2.5 C-H2.5-T15 C-H2.5-T25 C-H2.5-T35

Figure 2:Materials used in specimen manufacturing: (a) woven 570 g/m2 E-glass fiber; (b) mat 300 g/m2 E-glass fiber; (c) unsaturated polyester resin;
and (d) hardener (MEKP-925).
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agent used in unsaturated polyester resin. Therefore, uti-
lizing glass fiber and unsaturated polyester resin, L-shaped
and curve-shaped specimens are created in this investiga-
tion, with two varied factors: temperature and hardener %
(MEKP). The samples are created manually using hand lay-
up and produced by the RTM technique. The specimens are
taken out of the mold, and their respective deformations are
measured after a full day of natural drying at room tem-
perature. After that, an oven with four temperature settings
is used to heat them all. Deformation is remeasured 48 h
after each stage. The specimen’s deformation is assessed
three times, and the average result is given. An experi-
mental equation is also provided by the simultaneous mul-
tiple regression model [18]. The regression equation and
experimental findings are used to assess the specimens’
deformation.

2.2 Theory

In addition to being evaluated directly, the regression
equation also discusses the experiment’s outcomes. We

employ the multiple linear nonlinear regression model in
this study [18]:

General equation of linearity model is given by:

= + + + + +y β β x β x β x e... ,
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where y is the dependent variable; x1, x2,…, xk are the inde-
pendent variables; = + + + +E y β β x β x β x...
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( ) is the
deterministic part of the model; βi determines the contribu-
tion of the independent variable xi; e is the random error,
which is assumed to be normally distributed with mean 0
and standard deviation σ.

In this work, the independent variables are assigned as
follows:

x1 = percentage of hardener, %
x2 = temperature, °C
and dependent variable is deformation (Def.), mm.
For the nonlinearity model, we can use a general form

as follows:
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, etc., the rela-
tionship can be rewritten in linear form:

Figure 3: L-Shape mold (Aluninum) and curve-shape mold (composite).

Figure 4: Geometric parameters of molds and specimens.
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(b) 
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Figure 5: Manufacturing process (stage 1): (a) specimens with 0.5% and 1% MEKP; (b) specimens with 1.5% and 2% MEKP; (c) specimens with
2.5% MEKP.

6  Pham-Thanh Nhut et al.



Figure 6: Some pictures of manufacturing process (stage 1): (a) L-shaped specimens fabricated within the mold; (b) curve-shaped specimens
fabricated within the mold; (c) thermal treatment for specimens in the furnace; (d) specimens after mold separation; (e) placing specimens into the
mold for deformation measurement.

Figure 7: Heating process (stage 2).
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The experiment data were processed by SPSS software
(Statistical Package for the Social Sciences).

3 Experiment

3.1 Description of materials and specimens

Fifteen varieties of L-shaped samples and 15 types of curve-
shaped samples made up the total number of samples, as
shown in Table 1. Both the woven (with a mass per square
meter of 570 g/m2) and mat (with a mass per square meter of
300 g/m2) E-glass fibers came from the South Korean Kim-
chon Plant Company. The hardener and unsaturated polye-
ster resin (MEKP-925) were obtained from the South Korean

manufacturer AEKYUNG. Polyester’s characteristics are dis-
played in Table 2 and Figure 2. The fabrication methods for
experimental specimens corresponded to the regulations
provided in the reference [22].

The specimens were made from fiberglass/polyester
with four layers [mat/woven/mat/woven (∼3 mm thick-
ness)]. The L-shape specimens were made from an alu-
minum mold, and the curve-shape specimens were made
from a composite mold. Every mold was divided into two
parts for two specimens (Figure 3). Geometric parameters
of molds and specimens are shown in Figure 4.

3.2 Experiment setup

• Stage 1 (fabricate conditions): Fabrication temperature
conditions correspond to the environmental temperature.

The resin and fiber were laid up onto the mold in a
ratio of 45/55 parts by weight. The total number of speci-
mens was divided into nine fabrication cycles. In the first
cycle, 0.5% and 1% vol. MEKP-925 catalysts were mixed into
the resin and used for each mold part. Subsequently, they
were placed in the drying oven at 15°C for 1 h. Hardener
rates of 1.5 and 2.0% were used for the second cycle, and
for the third cycle, it was 2.5%. The performance remained
consistent at 25 and 35°C (Figure 5). The hardener rate and
temperature levels were selected based on standard values
provided by themanufacturer as presented in Table 2. After a
minimum of 48 h of specimen fabrication, the specimens
were removed from the molds, and deformation was mea-
sured at three positions, as shown in Figure 4. The drying
oven utilized in this study is of the Thermo Oven GP type (The
Carl Stuart Group, UK) with the following basic specifications:
product type, Oms100; power supply, 230 V, 60Hz; tempera-
ture range, 10–250°C; internal volume, 104 L; internal dimen-
sions (W ×D ×H), 464 × 368 × 608mm; outer dimensions (W ×

D × H), 640 × 565 × 820mm (Figure 6c).
• Stage 2 (work conditions): Conditions for usage tempera-
ture are in line with the marine engine room’s temperature.

After completing the specimen fabrication in phase 1
for a minimum of 72 h, all specimens are subjected to addi-
tional heating for 48 h at four temperature levels: 50, 60, 70,
and 80°C (corresponding to the operational temperature
range of the marine engine room). Initially, all 15 L-shape
and 15 curve-shape specimens are placed in the oven and
heated to 50°C for 2 h. Subsequently, the specimens are
removed from the oven and allowed to cool naturally,
and deformation is measured as in phase 1. The

Table 3: Results of the deformation measurement in Phase 1

Types Specimens Deflection (mm)

Point 1 Point 2 Point 3 Mean

L-shape L-H0.5-T15 5.80 5.60 5.70 5.70
L-H0.5-T25 4.30 4.30 4.30 4.30
L-H0.5-T35 2.40 2.40 2.60 2.47
L-H1.0-T15 4.90 4.70 4.90 4.83
L-H1.0-T25 3.70 3.70 3.70 3.70
L-H1.0-T35 2.00 2.30 2.30 2.20
L-H1.5-T15 4.40 4.30 4.30 4.33
L-H1.5-T25 3.30 3.50 3.60 3.47
L-H1.5-T35 2.00 2.00 1.90 1.97
L-H2.0-T15 3.90 4.00 3.60 3.83
L-H2.0-T25 2.80 3.00 3.10 2.97
L-H2.0-T35 1.80 1.70 1.70 1.73
L-H2.5-T15 3.50 3.60 3.50 3.53
L-H2.5-T25 2.70 2.70 2.50 2.63
L-H2.5-T35 1.60 1.60 1.70 1.63

Curve-shape C-H0.5-T15 4.10 4.00 4.00 4.03
C-H0.5-T25 3.80 3.90 3.90 3.87
C-H0.5-T35 3.20 3.40 3.40 3.33
C-H1.0-T15 3.60 3.60 3.70 3.63
C-H1.0-T25 3.50 3.40 3.30 3.40
C-H1.0-T35 2.40 2.60 2.50 2.50
C-H1.5-T15 3.20 3.20 3.10 3.17
C-H1.5-T25 2.70 3.00 2.90 2.87
C-H1.5-T35 2.00 2.40 2.00 2.13
C-H2.0-T15 2.60 2.70 2.50 2.60
C-H2.0-T25 2.50 2.50 2.40 2.47
C-H2.0-T35 1.50 1.70 1.50 1.57
C-H2.5-T15 2.40 2.30 2.20 2.30
C-H2.5-T25 2.20 2.40 2.10 2.23
C-H2.5-T35 1.30 1.30 1.20 1.27
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subsequent steps are carried out similarly at 60, 70, and
80°C temperatures, as shown in Figure 7.

3.3 Experimental result

3.3.1 Results of deformation measurement in phase 1

The specimens’ deformation was measured using a Mitutoyo
microscale. The positions of the three measurement points
are described in Figure 4. The final deformation result is the
average value of the measurements taken at these three
points. The deformation results are presented in Table 3
and Figure 8.

According to the observations from Figure 8, it can be
concluded that the deformation rate decreases with the
increase in temperature and the percentage of hardener

for both types of specimens, L-shaped and curve-shaped.
Figure 8a displays that the slope of the deformation rate
gradually decreases as the hardener percentage increases
from 0.5 to 2.5%. On the other hand, Figure 8b shows that
the difference in deformation reduction rates among the
specimens is insignificant.

When considering the deformation variation concerning
the manufacturing temperature, the deformation of curve-
shaped specimens exhibited a nonlinear trend with tempera-
ture. In contrast, the deformation of L-shaped specimens
displayed an almost linear relationship. In this scenario, the
deformation of curve-shaped specimens decreased gradually
as the temperature increased from 15 to 25°C, but it declined
rapidly beyond 25°C. Additionally, the patterns of variation
with hardener percentage and temperature differed signifi-
cantly among the L-shaped specimens. Specifically, as the
hardener percentage changed from 0.5 to 2.5, the deformation
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Figure 8: Results of deformation (stage 1): (a) L-shape specimens; (b) curve-shape specimens.
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of the 15-degree specimen decreased from 5.7 to 3.53mm (a
difference of 2.17mm), the 25-degree specimen decreased
from 4.3 to 2.63mm (a difference of 1.67mm), and the 35-
degree specimen decreased from 2.47 to 1.63mm (a difference
of 0.84mm).When the temperature increased from 15 to 35°C,
the deformation of the 0.5% hardener specimen varied the
most (3.23mm), while the 2.5% hardener specimen varied the
least (1.9mm). These values for the curve-shape specimen
showed a relatively uniform deformation, with a variation
of approximately 1.7 to 2.3mm as the hardener percentage
changed from 0.5 to 2.5 and a variation of about 0.7 to 1.0mm
as the temperature changed from 15 to 35°C.

3.3.2 Results of deformation measurement in phase 2

The procedure and method for measuring deformation in
Phase 2 were carried out similarly to Phase 1. Results of
deformation are presented in Table 4 and Figure 9.

After 48 h of heating, the deformation of all specimens
was measured. The deformation results are presented in
Figure 9. The findings showed that the deformation of most
specimens increased for the L-shape and decreased for the
curve-shape case as the temperature rose from 50 to 80°C.
Specimens manufactured under high environmental tem-
perature conditions and with a high hardener content
exhibited a significant increase in deformation with
increasing working temperature. Conversely, specimens
fabricated under low environmental temperature condi-
tions and low hardener content showed a slight decrease
in deformation with increasing working temperature.
Meanwhile, a few specimens exhibited almost no change
in deformation with increasing working temperatures,
such as L-H0.5-T25, L-H1.5-T15, and L-H2.0-T15. The max-
imum deformation value for the L-shape case was 6.70mm,
with a maximum variability range of 4.20mm (L-H2.5-T35).

Most of the curve-shaped specimens displayed a decrease
in deformation as the temperature increased from 50 to 80°C,
as shown in Figure 9b. The specimens produced under low
environmental temperature conditions and with a small
hardener content showed a significant reduction in deforma-
tion as the working temperature increased. However, the
specimens fabricated under high environmental temperature
conditions and with a significant hardener content showed a
slight increase in deformation with increasing working tem-
perature. A few specimens, such as C-H1.5-T35, C-H2.0-T25,
C-H2.5-T15, and C-H2.5-T25, exhibited almost no change in
deformation with increasing working temperature.
The minimum deformation value for the curve-shaped spe-
cimens was 0.40mm, and the maximum variability range
was 2.80mm (L-H0.5-T15).

4 Discussions

4.1 Effect of fabricate conditions

Both L-shaped and curve-shaped specimens experienced
less deformation with increased temperature and hard-
ener percentage. This was because the resin hardened
while the fibers stretched, causing the resin to shrink.
Initially, there was noticeable shrinkage, and the fibers
moved closer together. As the temperature rises, glass
fibers are stretched from 90 degrees to a greater angle
(for L-shaped structures) or from 135 mm to a greater
radius (for curve-shaped structures). These findings align
with research conducted by Xiaoxia et al. [1] and Biao et al.
[2] on the curing and shrinking processes of polyester
resin.

The variation and deformation differences related to
temperature and hardener percentage vary for each

Table 4: Results of the deformation measurement in Phase 2

Types Specimens Deflection (mm)

50°C 60°C 70°C 80°C

L-shape L-H0.5-T15 5.13 4.23 3.77 3.67
L-H0.5-T25 4.27 4.20 4.17 4.17
L-H0.5-T35 3.00 3.77 4.40 4.93
L-H1.0-T15 4.47 4.00 3.87 3.87
L-H1.0-T25 3.97 4.20 4.40 4.53
L-H1.0-T35 2.63 3.47 4.83 5.60
L-H1.5-T15 4.23 4.13 4.03 4.03
L-H1.5-T25 3.80 4.23 4.50 4.73
L-H1.5-T35 2.83 3.90 5.00 5.93
L-H2.0-T15 4.00 4.07 4.17 4.20
L-H2.0-T25 3.53 4.20 4.90 5.60
L-H2.0-T35 2.77 4.00 5.33 6.10
L-H2.5-T15 3.80 4.50 4.97 5.17
L-H2.5-T25 3.63 4.43 5.27 5.87
L-H2.5-T35 2.50 3.83 5.37 6.70

Curve-shape C-H0.5-T15 3.20 1.63 0.70 0.40
C-H0.5-T25 3.13 1.50 0.90 0.67
C-H0.5-T35 3.00 2.13 1.40 1.00
C-H1.0-T15 3.27 2.47 1.57 1.10
C-H1.0-T25 3.10 2.27 1.70 1.30
C-H1.0-T35 2.23 2.00 1.50 1.43
C-H1.5-T15 2.87 2.23 1.63 1.40
C-H1.5-T25 2.60 2.10 1.60 1.53
C-H1.5-T35 2.07 2.00 1.90 1.80
C-H2.0-T15 2.43 2.23 2.03 1.70
C-H2.0-T25 2.40 2.23 2.13 2.10
C-H2.0-T35 1.93 2.30 2.60 2.87
C-H2.5-T15 2.03 1.90 1.90 1.83
C-H2.5-T25 2.27 2.33 2.37 2.37
C-H2.5-T35 1.80 2.50 3.00 3.37
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specimen. This indicates that the temperature during man-
ufacturing has a more significant effect on the structure’s
deformation than the hardener percentage. Therefore,
when producing composite products, it is crucial to con-
sider the environmental temperature changes throughout
different times of the day (morning, noon, and evening)
and the seasons of the year (spring, summer, fall, and
winter) to minimize product deformation. Moreover, the
deformation caused by the influence of temperature and

hardener percentage is more significant for L-shaped spe-
cimens than for curve-shaped specimens. L-Shaped speci-
mens are formed by bonding two flat panels together, and
flat panels experience significant thermal deformation.
Therefore, when producing reinforced structural details
on vessels in the form of L, V, or T shapes, it is advisable to
reduce the flat panel area by creating a large curved
radius between the adjacent surfaces of the two flat
panels.
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Figure 9: Results of deformation in Phase 2: (a) L-shape specimens; (b) curve-shape specimens.
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4.2 Effect of working conditions

The study’s findings suggest that the degree of manufac-
turing conditions has a direct influence on the deformation
of the specimens. With an increase in temperature and
curing agent concentration, the resin undergoes thermal
softening, resulting in a decrease in its mechanical charac-
teristics and the occurrence of internal tensions. This results
in an escalation of deformation as the resin persists in con-
tracting due to the impact of residual stress. Conversely, if
the specimens are produced at low temperatures and with a
low concentration of curing agent, the resin undergoes a
process of “softening” as the temperature rises during use.

This softening effect causes the glass fibers to regain their
straight shape after being bent, resulting in a decrease in the
deformation of the specimens compared to their initial state.

The research findings indicate that the performance of
L-shaped and curve-shaped specimens is significantly
affected by the production parameters, precisely the tempera-
ture and hardener rate. To minimize product deformation in
the production of FRP boats, it is essential to select optimal
manufacturing conditions that consider the product’s shape
and the ambient temperature in which it will be used.

In order to provide a more precise description of the
research results, the deformation/length and deformation/
flexure ratios were computed by creating controlled
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Figure 10: Results of deformation ratio without initial deformation: (a) L-shape specimens; b) curve-shape specimens.
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conditions that simplified evaluations, as indicated in Figure 10.
This was done without taking into account the initial deforma-
tion. The charts showed that each structure exhibited a stable
deformation as the temperature increased. The equivalent
result for the curve-shaped case was 2.3mm with specimen
C-H2.5-T25, while for the L-shaped case, it was about 4.2mm
with specimen L-H0.5-T25. If the specimens’ initial

deformation (at 50°C) were more significant than these
values, then deformation would decrease with increasing
temperature and vice versa.

4.3 Prediction of deformation with fabricate
conditions

Tables 5 and 6 show how the deformation findings were
organized for the SPSS program to use. Def. (mm) is an

Table 5: Input data for SPSS for L-shape specimens

Specimens Hard. (%) Temp. (°C) Deflection (mm)

L-H0.5-T15 0.5 15.0 5.70
L-H0.5-T25 0.5 25.0 4.30
L-H0.5-T35 0.5 35.0 2.47
L-H1.0-T15 1.0 15.0 4.83
L-H1.0-T25 1.0 25.0 3.70
L-H1.0-T35 1.0 35.0 2.20
L-H1.5-T15 1.5 15.0 4.33
L-H1.5-T25 1.5 25.0 3.47
L-H1.5-T35 1.5 35.0 1.97
L-H2.0-T15 2.0 15.0 3.83
L-H2.0-T25 2.0 25.0 2.97
L-H2.0-T35 2.0 35.0 1.73
L-H2.5-T15 2.5 15.0 3.53
L-H2.5-T25 2.5 25.0 2.63
L-H2.5-T35 2.5 35.0 1.63

Table 6: Input data for SPSS for curve-shape specimens

Specimens Hard. (%) Temp. (°C) Def. (mm)

C-H0.5-T15 0.5 15.0 4.03
C-H0.5-T25 0.5 25.0 3.87
C-H0.5-T35 0.5 35.0 3.33
C-H1.0-T15 1.0 15.0 3.63
C-H1.0-T25 1.0 25.0 3.40
C-H1.0-T35 1.0 35.0 2.50
C-H1.5-T15 1.5 15.0 3.17
C-H1.5-T25 1.5 25.0 2.87
C-H1.5-T35 1.5 35.0 2.13
C-H2.0-T15 2.0 15.0 2.60
C-H2.0-T25 2.0 25.0 2.47
C-H2.0-T35 2.0 35.0 1.57
C-H2.5-T15 2.5 15.0 2.30
C-H2.5-T25 2.5 25.0 2.23
C-H2.5-T35 2.5 35.0 1.27

Table 7: Simple regression analysis for L-shape specimens

Factors β0 β1 R R2 p

Hard. −0.769 4.440 0.469 0.220 0.078
Temp. −0.122 6.345 0.861 0.742 0.000

Table 8: Simple regression analysis for curve-shape specimens

Factors β0 β1 R R2 p

Hard. −0.918 4.134 0.827 0.684 0.000
Temp. −0.049 3.991 0.513 0.263 0.050

Table 9: Linear multiple regression analysis for L-shape specimens

Factors βi β0 R R2 p

Hard. −0.769 7.498 0.981 0.962 0.000
Temp. −0.122 0.000

Table 10: Linear multiple regression analysis for curve-shape specimens

Factors βi β0 R R2 p

Hard. −0.918 5.368 0.973 0.947 0.000
Temp. −0.049 0.000

Table 11: Errors of linear multiple regression equation

No. of spec. Error (%)

L-shape Curve-shape

L-H0.5-T15 −7.31 3.49
L-H0.5-T25 −5.50 −4.72
L-H0.5-T35 15.28 −4.18
L-H1.0-T15 1.36 2.25
L-H1.0-T25 −0.57 −5.15
L-H1.0-T35 11.77 9.40
L-H1.5-T15 4.18 2.82
L-H1.5-T25 −4.97 −3.51
L-H1.5-T35 5.48 6.69
L-H2.0-T15 7.74 7.58
L-H2.0-T25 −1.91 −6.47
L-H2.0-T35 −2.50 15.98
L-H2.5-T15 6.00 1.65
L-H2.5-T25 −4.09 −17.25
L-H2.5-T35 −20.07 7.21
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output factor (dependent variable), whereas Hard. (%) and
Temp. (°C) are two input factors (independent variables).
For both L-shaped and curve-shaped specimens, the analysis
is carried out independently. Input-output correlation and
regression are regarded as simple and multiple models, as
well as linear and nonlinear models.

To assess how each component affects the dependent
variable in a basic regression linear model, two indepen-
dent variables (x1, x2) are considered independently. It got
the numbers below (Tables 7 and 8) using SPSS software
and data from Tables 5 and 6. where p is the significance
threshold, R is the coefficient of correlation, and R2 is the
coefficient of multiple determination.

The L-shaped case has a low hardener rate and a
strong temperature correlation coefficient. This indicates

a strong correlation between temperature and deforma-
tion but a modest correlation with the hardener rate com-
ponent. Additionally, only the temperature factor (p-value
is too small) and the thickness factor (p-value > 5%) were
statistically significant. In the case of curves, it was entirely
the opposite. Consequently, we are still looking for the
regression equation for every element.

For linear multiple regression model, two independent
variables (x1, x2) are considered together. The results from
SPSS software were shown in Tables 9 and 10.

The linear multiple regression equations were written:
L-shape case:

= × ( ) × ( )Def. 7.498 – 0.769 hard. – 0.122 temp. . (4)

Curve-shape case:

= × ( ) × ( )Def. 5.368 – 0.918 hard. – 0.049 temp. . (5)

The Eqs. (4) and (5) were checked error with the data
from Tables 5 and 6 and results were shown in Table 11.

Tables 9 and 10 show a very tight association (R > 0.9)
between the two input components and deformation. All
input factors were also statistically significant, with p-
values of zero or very close to zero. For all scenarios, how-
ever, the error numbers were too high (almost more than
5%). Therefore, Eqs. (4) and (5) are useless.

After testing a variety of equation forms (square, cube,
square root, log, etc.) for the nonlinear multiple regression
model, two cubic root Eqs. (6) and (7) were chosen. In addi-
tion to satisfying the inaccuracy (almost less than 5%), these
equations demonstrated a strong link and statistical signifi-
cance. Tables 12–14 display the findings.

The nonlinearmultiple regression equations werewritten:

- =L shape case : Def. 3.260 – 0.404 hard.

– 0.466 temp. ,

1/3 1/3

1/3

( ) ( )

( )
(6)

- =Curve shapecase : Def. 1.856 – 0.160 hard.

–0.009 temp. .

1/3( ) ( )

( )
(7)

The deformation value corresponding to each tem-
perature and hardener rate value may be found using
Eqs. (6) and (7), as well as their inverse. In actuality, these
elements often create a certain production environment.
Thus, their effects are felt simultaneously. Thus, it would
be appropriate to apply Eqs. (6) and (7) more broadly.

5 Conclusions

Based on the presented experimental results, the following
conclusions can be drawn:

Table 12: Nonlinear multiple regression analysis for L-shape specimens

Factors βi β0 R R2 p

Hard. −0.404 3.260 0.974 0.948 0.000
Temp. −0.466 0.000

Table 13: Nonlinear multiple regression analysis for curve-shape
specimens

Factors βi β0 R R2 p

Hard. −0.160 1.856 0.962 0.925 0.000
Temp. −0.009 0.000

Table 14: Errors of nonlinear multiple regression equation

Specimens Error (%)

L-shape Curve-shape

L-H0.5-T15 0.19 3.02
L-H0.5-T25 −3.06 −1.32
L-H0.5-T35 4.69 −2.41
L-H1.0-T15 0.93 1.46
L-H1.0-T25 −3.47 −2.33
L-H1.0-T35 2.36 1.51
L-H1.5-T15 1.09 0.76
L-H1.5-T25 −5.21 −2.25
L-H1.5-T35 1.59 0.80
L-H2.0-T15 2.33 1.78
L-H2.0-T25 −3.39 −3.16
L-H2.0-T35 2.09 4.83
L-H2.5-T15 2.57 −0.05
L-H2.5-T25 −2.32 −6.02
L-H2.5-T35 0.80 5.12
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First, two input factors (hardener rate and temperature)
were examined to assess the deformation of L-shape and
curve-shape laminated composite structures. Two testing
phases were implemented: Phase 1, corresponding to the
fabrication conditions (temperature and solidification agent
content), and Phase 2, corresponding to the operational con-
ditions (environmental working temperature).

Second, the findings for the fabricate circumstances
indicated that decreasing the temperature and hardener
rate will increase deformation. The change in L-shaped
specimens was nearly linear, whereas curve-shaped speci-
mens declined more quickly at temperatures above 25°C
and less dramatically when temperatures rose from 15
to 25°C.

Third, during operating conditions, the deformation
was relatively steady, rising from 50 to 80°C by around
4.2 mm (L-H0.5-T25) and 2.3 mm (C-H2.5-T2.5). Specimens
with starting deformation values that were either too
high or too low (due to operating circumstances) saw
significant changes in deformation. Therefore, we
should be made at the above two related requirements
for structures that operate in high-temperature
environments.

Fourth, it can forecast deformation or identify the
input components by using experimental regression equa-
tions. It can be determined how much a structure will
deform under particular manufacturing circumstances.
To fulfill the deformation requirements for various
goods, on the other hand, it may also choose the tem-
perature or hardener rate. The practical ramifications
of this are enormous. Depending on its intended use,
every product may need varying degrees of distortion
(or accuracy). The production parameters (temperature
and hardener percentage) may be managed to provide
products with deformations that satisfy the criteria
using Eqs. (6) and (7).

Finally, to enhance the accuracy and precision of the
study on deformation, future work should concentrate on
the following research areas: (1) Including additional
types of composite materials such as epoxy resin, carbon
fibers, and natural fibers in the deformation analysis; (2)
Examining deformation across various details with dif-
ferent radii, given the wide range of curved features
found on FRP boats, to identify more accurate deforma-
tion patterns; (3) Improving the simulation of the defor-
mation process of composite materials to enhance the
reliability of the outcomes.

Funding information: The authors state no funding is
involved.

Author contributions: All authors have accepted responsi-
bility for the entire content of this manuscript and approved
its submission.

Conflict of interest: The authors declare no conflict of
interest.

References

[1] Xiaoxia W, Yuxi J, Chengguo W. Thermal curing induced deforma-
tion of fiber composite laminates. Polym Polym Compos.
2012;20(2):171–6.

[2] Biao W, Shuaijie F, Jiping Ch, Weidong Y, Weiping L, Yan L. A review
on prediction and control of curing process-induced deformation
of continuous fiber-reinforced thermosetting composite structures.
Compos Part A: Appl Sci Manuf. 2023;165:107321.

[3] Zhendong L, Xitao Z, Lixiaoyuan G, Leilei Y, Guolian S, Shiquan Z.
Comparative study on the effect of cure parameters on residual
deformation for thermoset composite laminates. J Compos Mater.
2021;55(19):1–14.

[4] Zhendong L, Xitao Z, Wenjing F, Fei W, Sohail A, Leilei Y. An alter-
native method to reduce process-induced deformation of
CFRP by introducing prestresses. Chin J Aeronautics.
2022;35(8):314–23.

[5] Yoon KJ, Kim JS. Effect of thermal deformation and chemical
shrinkage on the process induced distortion of carbon-epoxy
curved laminates. J Compos Mater. 2001;35(3):253–63.

[6] Dano ML, Gakwaya M, Benjamin J. Compensation of thermally
induced distortion in composite structures using macro-fiber
composites. J Intell Mater Syst Struct. 2008;19:225–33.

[7] Kim K, Richard DH. Analysis of surface deformation due to thermal
load on circular quasi-isotropic laminate mirrors. Am Inst Aeronaut
Astronaut. 2008;161:1–10.

[8] Sun J, Gu Y, Li M, Ma X, Zhang Z. Effect of forming temperature on
the quality of hot diaphragm formed C-shaped thermosetting
composite laminates. J Reinforced Plast Compos.
2012;31(16):1074–87.

[9] Peng X, Xu J, Cheng Y, Zhang L, Yang J, Yinghui L. An Analytical
model for cure-induced deformation of composite laminates.
Polymers. 2022;14(14):2903.

[10] Bosi F, Pellegrino F, Schlothauer A. Cure-induced deformation of
ultra-thin composite laminates. Am Inst Aeronaut Astronaut.
2018;6:1–10.

[11] Zhang C, Sun Y, Xu J, Shi X, Zhang G. Study on curing deformation of
composite thin shells prepared by M-CRTM with adjustable injec-
tion gap. Polymers. 2022;14(24):5564.

[12] Guan CL, He JL, Yang XB, Dai J, Zhang J. The composite curing
deformation prediction with the account of mold factors. IOP Conf
Ser: Mater Sci Eng. 2019;474:012056.

[13] Kerboua B, Addabedia EA, Tounsi A, Sereir Z. Thermal impact and
the fiber orientation effect of structures reinforced by composites
FRP, the new prestressed laminates model. J Thermoplast Compos
Mater. 2012;25(4):491–504.

[14] Onal L, Adanur S. Effect of stacking sequence on the mechanical
properties of glass–carbon hybrid composites before and after
impact. J Ind Text. 2002;31(4):225–271.

Evaluating deformation in FRP boat  15



[15] Lin HJ, Lai WM, Huang HD, Kuo JM. Discussion on the cause of print-
through phenomenon of FRP and several improvement methods.
J Compos Mater. 2010;44(17):2111–26.

[16] Kuo JmLin, HJ, Lee JH, Lai WM. Study of the decrease in print-
through phenomenon on fiber-reinforced plastic material.
J Reinforced Plast Compos. 2011;30(24):1989–2001.

[17] Roni SM, Djajadikerta HG. Data analysis with SPSS for survey-based
research. eBook (Springer Nature Singapore Ltd.); 2021.

[18] Dougherty C. Introduction to econometrics. 6th edn. London:
Oxford University Press; 2016.

[19] Lewis-Beck MS. Regression analysis. London: SAGE Publications,
Toppan Publishing; 1993.

[20] Zou D, Jennifer E, Lloyd V, Jennifer LB. Using SPSS to analyze complex
survey data: A primer. J Mod Appl Stat Methods. 2018;18(1):1–22.

[21] Oyeyemi GM, Adewara AA, Adeyemi RA. Complex survey data
analysis: A comparison of SAS. SPSS STATA Asian J Math Stat.
2010;3(1):33–9.

[22] QCVN-BGTVT 56. National technical regulation on classification and
construction of ships of fiberglass reinforced plastics. Vietnamese
Standards; 2013.

16  Pham-Thanh Nhut et al.


	1 Introduction
	2 Methodology
	2.1 Method
	2.2 Theory

	3 Experiment
	3.1 Description of materials and specimens
	3.2 Experiment setup
	3.3 Experimental result
	3.3.1 Results of deformation measurement in phase 1
	3.3.2 Results of deformation measurement in phase 2


	4 Discussions
	4.1 Effect of fabricate conditions
	4.2 Effect of working conditions
	4.3 Prediction of deformation with fabricate conditions

	5 Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


