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A B S T R A C T

Fiber-reinforced polymers (FRPs), which are widely used in ship structures, have numerous advantages. How
ever, environmental concerns exist regarding the raw materials’ characteristics and challenges associated with 
disposal. Natural fibers such as hemp and flax are promising alternatives already applied in the automotive 
industry; nonetheless, their application to marine structures remains limited. Fiber content (Gc) measurements 
are crucial to satisfy structural design regulations, for which several methods exist. Among others, the burn-off 
method recommended by ISO 12215-5 and classification societies can accurately measure the Gc and internal 
defects of fiber composites. However, natural fibers have low ignition points, which renders the conventional 
burn-off method unsuitable. This study analyzed existing measurement techniques designed to assess Gc and 
internal defects considering the unique characteristics of cellulose-based natural FRPs (NFRPs). A modified burn- 
off method for NFRPs, which incorporates a pre-heating stage and adjusted combustion temperatures, is pro
posed to address the high moisture absorption and ignition point that are lower than those of resins inherent to 
natural fibers, overcoming the limitations of standard burn-off procedures. Experimental hemp and flax fiber 
composites were fabricated and their Gc was measured using various conventional methods and two proposed 
techniques: pre-heating followed by hydrometer testing and the modified burn-off method. Accordingly, the 
hemp specimens exhibited an average moisture absorption of approximately 2.623 ± 0.976 wt%, whereas that of 
the flax specimens was approximately 1.877 ± 1.115 wt%, and both were found to contain higher levels of in
ternal defects compared to conventional glass-fiber-reinforced polymers. Overall, the modified burn-off method 
enables accurate quantitative evaluation of both Gc and internal defects in NFRPs.

1. Introduction

Fiber-reinforced polymers (FRPs) have high specific strength, 
excellent corrosion resistance, superior workability, and cost- 
effectiveness [1–5]. Consequently, they are widely used across various 
industries and their market demand is growing steadily [6–8]. In the 
marine sector, FRPs are commonly employed as structural hull materials 
for small vessels such as fishing boats, leisure crafts, and patrol boats, as 
well as superyacht structures recently [9–11]. However, the 
manufacturing and disposal of FRP vessels has drawn increased scrutiny 
in recent years, as global concern over environmental pollution con
tinues to grow [12,13].

Marine-grade FRPs typically comprise a polymer matrix such as 
polyester or epoxy, combined with reinforcing fibers such as glass or 
carbon. These polymer matrices are derived from primary resources, 
including crude oil, natural gas, chlorine, and nitrogen, which presents 
clear environmental challenges [14]. Additionally, curing of these ma
terials releases significant amounts of volatile organic compounds 
(VOCs), which not only pollute the air [15] but also pose health risks to 
workers during fabrication [16–18]. Glass and carbon fibers, the most 
common reinforcement materials, are synthetic and require 
energy-intensive production processes that emit toxic substances 
[19–21]. The automotive industry is subject to regulations that mandate 
the recycling of more than 85% of end-of-life vehicles [22]; however, the 
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marine sector lacks similarly robust standards. Existing frameworks, 
such as the Hong Kong International Convention of the International 
Maritime Organization (IMO) [23] and the European Union's Ship 
Recycling Regulation [24], address dismantling procedures but do not 
provide specific targets or guidelines for FRP vessel disposal [25]. 
Although FRP recycling methods have been developed, including me
chanical processing, pyrolysis, thermal decomposition, solvolysis, and 
chemical treatment [26,27], these approaches are often costly [28]. 
Furthermore, recycled fibers tend to be shorter and exhibit weak 
bonding with resins, yielding lower mechanical performance [26,29]. 
Consequently, incineration and landfilling remain the most common 
disposal methods, and FRP vessels are frequently abandoned along 
coastlines [30]. These practices can cause serious environmental dam
age, including dioxin and VOC release during incineration [31], along 
with microplastic pollution from weathered FRP debris [32].

Accordingly, alternative hull-construction materials are being 
explored [33,34]. These can be broadly categorized as carbon-intensive 
or low-carbon, based on the environmental impact of their production. 
Among carbon-intensive materials, aluminum and high-density poly
ethylene (HDPE) are of particular interest. Both exhibit high specific 
strength and good corrosion resistance, and both are recyclable. How
ever, aluminum is costly and forming limitations arise regarding its 
application to complex hull geometries [35], whereas HDPE is hindered 
by manufacturing complexity, structural performance, and thermal 
resistance limitations. Although both are recyclable, their production is 
energy-intensive and heavily dependent on fossil fuels. 
Natural-fiber-reinforced polymers (NFRPs) have emerged as a 
low-carbon alternative. These composites typically comprise either an
imal- or plant-based fibers. The animal fibers employed in NFRPs 
include silk, wool, and spider silk, all of which comprise proteins [36]. 
Plant fiber sources include bast, leaves, or seeds, which are subjected to 
fiber extraction processes [37,38]. In industrial applications, 
plant-based fibers are more widely used because of their availability, 
cost efficiency, and ease of processing. Hemp and flax are especially 
common [36,39,40]. These materials are considered as carbon-reducing 
because plants absorb CO2 during growth. Additionally, hemp and flax 

are relatively inexpensive compared to glass fibers [41,42], and their 
lower density [43,44] and high biodegradability at end-of-life render 
them attractive environmentally friendly alternatives [41,45]. However, 
hemp and flax fibers comprise cellulose, hemicellulose, lignin, and 
pectin [46], and typically contain 10%–12% moisture [47,48], which 
becomes a source of internal defects during composite fabrication. To 
reduce moisture absorption, various surface treatments have been 
developed, including alkaline, silane, acetylation, heat treatment, 
coating, and plasma processes [49–55]. These treatments modify the 
fiber prior to composite fabrication. However, research on accurate fiber 
content (Gc) determination for completed NFRPs, especially methods 
that reflect the absorbed moisture, remains limited.

FRP hull structural designs share many similarities with conven
tional ship designs; however, the former include a distinct stage for 
material specification. FRP hulls are designed according to ISO 12215-5 
[56] or classification society rules, as illustrated in Fig. 1 [57]. The hull 
laminate thickness is determined based on the main ship characteristics, 
including speed, displacement, stiffener spacing, compartment config
uration, and design loads, as well as the composite's material properties 
[9,58]. The material design influences mechanical performance and 
involves various factors, including fiber type, reinforcement form, fiber 
weight fraction (glass content, Gc), manufacturing method, and quality 
control [59]. Among them, Gc and fabrication quality are especially 
crucial, as they directly affect structural strength and safety. Therefore, 
international standards and classification society rules provide equa
tions to estimate the mechanical properties of laminates based on Gc. 
These formulations are available for conventional synthetic fibers; 
however, no such models currently exist for natural fibers, as their use in 
marine applications is relatively new [11].

One of the most crucial quality factors impacting FRP laminate 
fabrication is the presence of internal defects. As a result of the inherent 
characteristics of composite processing, FRP laminates often exhibit 
porosity, voids, and delamination [60]. These defects are influenced by 
various parameters, including the fabrication environment (temperature 
and humidity), manufacturing method, operator proficiency, rein
forcement type, and matrix properties [9]. The volume occupied by 

Fig. 1. FRP hull-laminate scantling flowchart from ISO 12215-5 [57].
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voids is considered to have no effect on mechanical performance. 
Therefore, such regions are treated as having zero mechanical strength 
and density, while making no contribution to the stiffness or durability. 
Consequently, internal defects significantly degrade the mechanical 
properties of FRP laminates [61–63]. The laminate thickness required 
for marine applications generally exceeds that required in other sectors. 
In particular, naval vessels and other special-purpose ships often require 
laminate thicknesses of several tens of millimeters. Furthermore, com
posite shipbuilding requires a higher resin content than that necessary in 
other industries [64], which increases the propensity for void formation 
[65]. Natural fibers further amplify this challenge as they are hydro
philic and absorb considerable moisture, which increases the fiber 
weight and causes deviations in Gc measurements. This discrepancy can 
compromise the structural safety of the resultant vessel. Therefore, ac
curate Gc and internal defect assessment is essential to ensure the 
structural integrity of FRP laminates. This requirement applies equally 
to NFRPs made from hemp and flax.

To apply NFRPs in marine structures, it is essential to evaluate the Gc 
and internal defects accurately. Although various methods are available 
to assess these properties in FRP laminates, the burn-off test is known for 
its high accuracy [9]. However, this method was developed for synthetic 
fiber composite laminates with a specified burn-off temperature of 
approximately 600 ◦C, whereas hemp and flax fibers burn at approxi
mately 200–300 ◦C, rendering the current burn-off method unsuitable 
[66–68]. At this temperature, not only the resin but also the natural fi
bers combust, resulting in the loss of the target reinforcement material. 
Another limitation is the inability of this approach to account for the 
moisture absorbed within the natural fibers, which makes accurate Gc 
determination difficult.

Accordingly, this paper proposes a modified burn-off method 
adjusted for the unique moisture-absorption and ignition characteristics 
of natural fibers for accurate Gc and internal defect measurement in 
NFRPs. Experimental specimens, which were fabricated using industrial- 
grade hemp and flax fibers, were evaluated using three standard 
methods for Gc measurement in FRP ship structures. The corresponding 
results were compared with measurements conducted using the modi
fied burn-off method to analyze its reliability.

The remainder of this paper is organized as follows. Section 2 re
views existing Gc and internal defect measurement methods in FRP 
laminates and discusses its limitation for NFRP application. Section 3
analyzes the burn-off method according to ASTM D3171-15 [66] and 
defines the research method for NFRP applications. Section 4 analyzes 
the high moisture absorption and low ignition point of natural fibers and 
proposes a suitable modified burn-off method. Section 5 presents the 
specimen manufacturing and measuring processes using the standard 
methods for FRP ship structures and the modified burn-off method. The 
main results and implications are presented and discussed in Section 6. 
Finally, Section 7 summarizes the main contributions of this study, 
highlights the effectiveness of the modified burn-off method, and pre
sents potential future research directions.

2. Standard methods for Gc and internal defect measurement in 
FRP ship structures

Precise Gc and internal defect measurement is essential to ensure the 
structural safety of FRP laminates in marine applications. The same 
requirement applies to NFRPs manufactured from hemp and flax, which 
are increasingly being considered as alternative hull materials. This 
section reviews the existing techniques used in the shipbuilding industry 
for Gc and internal defect assessment in FRP laminates. The primary 
techniques used to determine Gc in composite ship structures include 
rule-based calculations, direct measurement, hydrometer-based testing, 
and the burn-off method [58]. Table 1 summarizes the key character
istics of each method. The remainder of this section provides a detailed 
analysis of these approaches.

The rule calculation approach is commonly used for Gc estimation in 

FRP laminates. This method is based on the laminate thickness, which is 
determined via ISO 12215-5 or classification society rules, and involves 
back-calculation of Gc from the fiber and resin densities, along with the 
fiber weight per unit area, as follows: 

Gc =
ρr

(ρr ρm) t/W + (ρr − ρm)
, (1) 

where ρf is the fiber density (g/cm3), ρm is the resin density (g/cm3), W 
is the fiber weight per unit area (kg/m2), and t is the laminate thickness 
(mm). As destructive testing is not required, this method is simple and 
has been widely adopted in FRP ship design.

Direct measurement is an alternative Gc calculation approach, which 
involves measurement of the weight and dimensions of a laminate 
specimen. The relative density (ρc) is first determined from the cross- 
sectional area and thickness using Eq. (2); then, Gc is calculated from 
the fiber and resin densities using Eq. (3). 

ρc =
mi

100 A t
, (2) 

Gc =
0.1 p N

ρc t
, (3) 

where mi is the laminate specimen weight (g), A is the cross-sectional 
area (m2), t is the laminate thickness (mm), p is the weight of one ply 
or lamina of FRP per unit area (g/m2), and N is the number of plies in the 
specimen.

Although this method is relatively straightforward, it is assumed that 
the laminate has a perfectly rectangular shape and that both the volume 
and weight can be measured precisely. In reality, laminate surfaces are 
often rough and irregular, and these characteristics can reduce the ac
curacy of this approach. For improved precision, a variant of the direct 
measurement method has been developed, in which a hydrometer is 
used for density measurement, following ASTM D792-13 [69]. Then, the 
resultant density value is used in Eq. (3) for more accurate Gc calcula
tion. This approach is referred to as the hydrometer-assisted direct 
measurement method.

Table 1 
Comparison between different Gc determination methods [58].

Glass Fiber Weight Fraction Measurement

Rule Calculation Simple Direct 
Measurement

Hydrometer- 
based Method

Burn-off Method

■ ISO 12215-5 re
ports the glass 
fiber and resin 
densities. Gc can 
be calculated 
based on these 
values and the 
structure 
thickness

■ This method is 
widely 
recommended 
by classification 
societies

■ The calculation 
is simple and the 
weight can be 
easily estimated 
from the 
laminate 
thickness

■ ISO 12215-5 and 
ASTM D792-13

■ The volume 
and weight 
are 
measured 
using tools 
such as a 
Vernier 
caliper and a 
scale; and 
the relative 
density is 
calculated

■ The 
procedure is 
very simple

■ The volume 
errors of 
some 
external 
shapes can 
be estimated

■ ASTM 
D792-13

■ The relative 
density of a 
cut laminate 
structure is 
measured 
using a tool 
such as a 
densimeter

■ A relatively 
accurate Gc 
value can be 
obtained 
using a 
simple tool

■ Interior 
defects such 
as voids 
cannot be 
considered

■ ASTM 
D792-13

■ The fiber 
weight within a 
laminate is 
measured by 
calcining a 
resin matrix 
using a furnace, 
and Gc is 
calculated 
based on the 
weight

■ Gc can be 
accurately 
calculated

■ A special 
experimental 
tool is required

■ The volume of 
the fabrication 
defects within 
the laminate 
can be 
considered

■ ASTM 
D3171-15, ISO
1172, and 
ASTM D792-13
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The resin ignition test (hereafter referred to as the burn-off method) 
is another technique widely recommended for FRP applications, most 
notably in ISO 12215-5 and classification society guidelines. Unlike the 
previous three approaches, in this method, actual specimens are used to 
determine the fiber-to-resin ratio. In accordance with ASTM D3171-15
[66], the resin is either chemically dissolved or thermally removed to 
enable the measurement of the pure fiber weight and Gc calculation. The 
fibers used in FRP ship structures can be deformed by the acid solvent 
used for digestion; therefore, the burn-off method is more appropriate 
[58]. This method leverages the difference in combustion temperatures 
between the matrix and resin for the burn-off method according to 
ASTM D3171-15 [66] and ISO 1772 [70], 565 ± 30 and 625 ◦C, 
respectively. By contrast, conventional glass fibers begin to melt at a 
much higher temperature, approximately 1100 ◦C.

In addition to the fiber content, internal defect assessment in FRP 
laminates is crucial, as they directly influence structural integrity. 
Common techniques for internal defect detection include X-ray 
computed tomography (CT), ultrasonic testing, serial sectioning, and the 
burn-off test. CT imaging enables highly accurate visualization of in
ternal voids but is limited by high costs and long processing times. Ul
trasonic testing can identify internal defects; however, multiple samples 
are required to establish material-specific relationships between voids 
and signal attenuation. Serial sectioning yields excellent precision but 
incurs in significant time and labor costs. Furthermore, although these 
methods exhibit excellent performance in terms of defect location, they 
are less accurate when quantifying the total void volume [70–74]. By 
contrast, the burn-off test is a fast and practical method for quantita
tively measuring internal voids in FRP laminates [9,75]. It also enables 
simultaneous Gc measurement, making it particularly useful for both 
material quality and structural reliability assessment.

Therefore, the burn-off test is widely regarded as the most suitable 
method for Gc and internal defect evaluation in FRP ship structures. 
However, this method exhibits significant limitations when applied to 
NFRPs comprised of natural fibers such as hemp and flax. This is due to 
the considerably low ignition point of conventional natural fibers where 
decomposition occurs at approximately 215 ◦C; therefore, they tend to 
combust before the resin during thermal treatment. Consequently, direct 
application of ASTM D3171-15-based burn-off methods to NFRPs is not 
possible.

To address this problem, a modified burn-off method tailored to the 
thermal characteristics of natural fibers is proposed in this paper. This 
revised method aims to enable accurate quantification of both Gc and 
internal defects in NFRP laminates.

3. Burn-off approach and research methods

Among the four standard methods for Gc determination in ship 
structures, the rule calculation, direct measurement, and hydrometer- 
based direct measurement methods can be applied to NFRPs. Howev
er, the burn-off method is not directly applicable because of the distinct 
thermal behavior of natural fibers. This section analyzes the conven
tional burn-off test procedure and presents a modified methodology 
suitable for NFRP applications.

3.1. Burn-off method according to ASTM D3171-15

ASTM D3171-15, titled “Standard Test Methods for Constituent 
Content of Composite Materials,” provides procedures for quantitatively 
determining the constituents of composite materials, including the fiber, 
resin, and void volumes. This standard is divided into two main pro
cedures: Test Methods I and II. Test Method I involves chemical or 
thermal removal of the resin to directly measure the fiber weight, 
enabling accurate Gc calculation. This method also enables void volume 
estimation using the relative composite density along with the fiber and 
matrix densities. Test Method II is a supplementary approach that en
ables Gc determination through non-destructive means based on 

dimensional and density measurements, similar to the direct measure
ment method discussed previously. Although simpler, this method is 
based on the assumption that no internal defects are present and, thus, 
tends to yield less accurate results. This study focused on a modified 
version of Test Method I, particularly the burn-off method, in which 
thermal decomposition is used for matrix removal. This choice was 
made over chemical digestion because of the fiber degradation risks and 
extended processing times associated with chemical methods [76].

The ASTM D3171-15 protocol specifies the required equipment and 
testing environment. An analytical balance with a resolution of at least 
0.1 mg is necessary, and the muffle furnace must maintain a stable 
temperature of 600 ± 30 ◦C. For thickness measurements, the instru
ment should have a minimum resolution of 0.001 mm. The test must be 
conducted on a minimum of three specimens, each weighing at least 
0.5 g. In cases where void volume evaluation is also required, the 
specimen weight must be at least 1.0 g. During specimen preparation, 
the dimensions must be measured with high precision. The weight 
should be recorded to the nearest 0.0001 g. The thickness should be 
measured at a minimum of 10 points, using a 4–7-mm micrometer 
interface for specimens with uneven surfaces, and the average should be 
used. The width and length should be measured at least three times each 
and their respective means calculated. The specimens must be placed in 
crucibles for combustion. Prior to testing, the crucibles must be cleaned 
by heating to 500–600 ◦C and cooled in a desiccator. The test should be 
conducted at 23 ± 5 ◦C with a relative humidity of less than 65%. 
Combustion is performed at 565 ± 30 ◦C until the weight stabilizes, for a 
maximum of 6 h, depending on the specimen size. A flowchart of this 
procedure is presented in Fig. 2.

Under the conditions described above, the specimen's Gc can be 
calculated by measuring its weight before and after combustion, 
following Eq. (4). Additionally, the specimen's internal defect volume 
can be determined using Eq. (5), based on the specimen density, initial 
and final weights after combustion, and fiber and resin densities. 

Gc =100 Mf
/
Mi, (4) 

Vv =100
(
1 − Mf

/
Mi ρc

/
ρf −

(
Mi − Mf

) /
Mi ρc

/
ρm

)
, (5) 

where Mf is the final specimen weight after combustion (g), Mi is the 
initial specimen weight (g), ρc is the specimen's relative density (g/cm3), 
ρf is the fiber density (g/cm3), ρm is the resin density (g/cm3), and Vv is 
the void volume (%).

3.2. Research method

Based on the analysis above, the standard burn-off method presents 
challenges when applied to NFRPs. Therefore, a reliable burn-off 
method for accurate Gc and internal defect measurement in NFRPs 
must incorporate the moisture retained within the natural fibers while 
also reflecting the lower ignition point of such fibers.

Accordingly, a pre-heating step is introduced to the proposed 
modified burn-off method to address the moisture absorption problem. 
Furthermore, the combustion temperature is adjusted to ensure that 
only the resin is removed, with no burning of the natural fibers; thus, 
their lower ignition threshold is accommodated. To validate the pro
posed modified burn-off method, a comparative analysis was conducted 
using five different methods: (i) rule calculation in accordance with 
international standards and classification society guidelines; (ii) direct 
measurement using the laminate's physical dimensions; (iii) 
hydrometer-based measurement using the relative density; (iv) 
hydrometer-based measurement after pre-heating to evaluate the 
effectiveness of the pre-heating process; and (v) the proposed modified 
burn-off method. For this comparative study, natural fibers that are 
widely used in industrial applications, namely, hemp and flax, were used 
to fabricate the NFRP specimens.
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4. Modified burn-off method

This section builds on the ASTM D3171-15 test procedure discussed 
earlier and provides a detailed analysis of the high-moisture-absorption 
and low-ignition-point characteristics of natural fibers. Hence, a modi
fied burn-off method suitable for NFRPs is proposed.

4.1. Moisture-absorption and low-ignition-point characteristics of natural 
fibers

Table 2 compares the characteristics of natural fibers and E-glass, a 
commonly used synthetic fiber in FRP applications. Among natural fi
bers, hemp and flax fiber composites have a lower flexural strength than 
glass fiber composites. However, their low specific gravity, which is 
approximately 40% lower than that of glass fiber composites, makes 
them attractive materials in various industries [78]. However, one of 
their limitations is their significantly higher moisture absorption 
compared to E-glass. This absorbed moisture can weaken the interfacial 
bonding or adhesion between the hydrophilic natural fibers and the 
polymer matrix, which is typically hydrophobic [36,79]. For 
glass-fiber-reinforced polymers (GFRPs) in composite form, moisture 
absorption is reported to be ~0.0093 wt% [80], whereas that of hemp 
and flax composites is significantly higher, ranging between 2.1 and 
3.16 wt% [81,82]. Additionally, this absorbed moisture constitutes an 
internal defect, as it artificially increases the fiber weight and introduces 
errors in Gc calculations for laminates.

Another characteristic to consider is the low ignition point of natural 
fibers. As they have cellulose-based structures, natural fibers are 
inherently characterized by low thermal stability. The primary compo
nents of hemp and flax, namely, cellulose and lignin, begin to degrade at 

temperatures as low as 200 ◦C [67,68]. Although the decomposition 
temperatures vary with the exact fiber composition, most natural fibers 
begin degrading at approximately 215 ◦C [83]. For hemp and flax in 
composite form, degradation typically occurs at ~300 ◦C [84] and ~240 
◦C [85], respectively. These ignition points are significantly lower than 
that of E-glass, which does not begin melting until ~1000 ◦C [86]. 
Consequently, application of the conventional burn-off test to natural 
fiber composites causes simultaneous combustion of both the resin and 
fiber. By contrast, thermogravimetric analysis (TGA) results reported for 
commonly used diglycidyl ether of bisphenol A (DGEBA)-based epoxy 
resins indicate that the 5%-mass-loss temperature (Td5) is approximately 
330 ◦C [87]. This demonstrates a clear difference between the thermal 
degradation onset temperatures of hemp and flax fibers and that of the 
epoxy resin, indicating the existence of a temperature range in which the 
thermal behaviors of the two constituents do not interfere with each 
other's degradation characteristics. Therefore, to accurately apply the 
burn-off test to NFRPs, the procedure must consider both the moisture 
absorption and low ignition point of natural fibers. Only by addressing 
these two factors can the test reliably determine Gc and quantify the 
internal defects in the target laminate.

4.2. Modified burn-off method applicable to NFRPs

Based on the analysis presented in Section 4.1, in this study, the 
conventional burn-off method was modified to incorporate the high 
moisture absorption and low ignition point of natural fibers. The pro
posed modified burn-off method follows the procedure specified in 
ASTM D3171-15, with targeted adjustments to accommodate the spe
cific properties of natural fibers. To address the issue of moisture ab
sorption, a pre-heating step was introduced. Note that this step is 
essential for removing the moisture absorbed by the natural fibers and, 
thus, enabling accurate Gc measurement. The pre-heating temperature 
was determined based on TGA results for NFRP specimens, which 
revealed that moisture is released within a 25–155 ◦C range [88]. 
Additionally, the maximum temperature ensuring no moisture genera
tion during natural fiber processing has been identified as 70 ◦C [89]. 
Therefore, the pre-heating process was defined as heating at 70 ◦C for 
2 h.

The conventional burn-off test, which relies on the temperature 
difference between the combustion points of the fiber and resin to 
remove the resin at a lower calcination temperature, was modified by 
considering the low ignition point of natural fibers. Instead of resin 

Fig. 2. Standard burn-off test procedure for FRP laminates according to ASTM D3171-15.

Table 2 
Properties of natural fibers in relation to those of E-glass [77].

Property Fiber

E-glass Hemp Flax

Density (g/cm3) 2.55 1.48 1.40
Tensile strength (MPa)

2400
550–900 800–1500

E-modulus (GPa) 73 70 60–80
Elongation at failure (%) 3 1.6 1.2–1.6
Moisture absorption (%) - 8 7
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removal, the method was reversed such that the natural fiber is elimi
nated first, enabling measurement of the pure resin weight and, thus, 
more accurate Gc and internal defect determination. The experimental 
temperatures were selected based on the hemp- and flax-fiber degra
dation points reported in the literature. The temperature was set to 230 
and 210 ◦C for hemp and flax, respectively. A flowchart of the modified 
burn-off test procedure tailored for NFRPs is presented in Fig. 3. The 
proposed method is compared with the conventional approach.

5. Application to hemp- and flax-fiber specimens

The preceding section discussed the development of a modified burn- 
off method to reflect the high moisture absorption and low ignition point 
of natural fibers. This section reports application of the proposed 
method to specimens fabricated using hemp and flax fibers. The speci
mens were produced via the hand lay-up and vacuum bagging methods, 
which are commonly used in the fabrication of ship structures. Gc was 
measured using the three standard methods that are widely applied to 
FRP ship structures, namely, rule calculation, direct measurement, and 
hydrometer-based direct measurement. This was done along with a 
method in which a pre-heating step was conducted prior to direct 
measurement and, finally, the proposed modified burn-off test. For 
NFRP fabrication, mat-type hemp and flax fibers with surface densities 
of 150 and 300 g/m2, respectively, were used. Epoxy resin was used as 
the matrix material [90–92]. The relative density of the raw materials 
used for laminate fabrication was obtained from the manufacturers’ 
technical datasheets. The density of both the hemp and flax fibers was 
set to 1.45 g/cm3, while that of the epoxy resin was taken as 1.10 g/cm3 

[90–92]. The specimens were designed according to ISO 12215-5 and 
their design Gc was confirmed using Eq. (6) [56]. The specimens used for 
the experiments were cut to 40 × 40 mm using a waterjet cutting process 
(see Fig. 4). For each fiber type, six hand lay-up specimens and five 
vacuum bagged specimens were prepared, for a total of 22 specimens. 
The nomenclature for the specimens is in the following format: S_{fiber 
type, production method, specimen number}. The fiber type is "F" and 
"H" for the flax and hemp samples, respectively, while the production 
method is "H" and "V" for the hand lay-up and vacuum bagging methods, 
respectively. The design specifications for all specimens used in the 
experiments are summarized in Table 3. 

GcDesign = ρf
/

ρf ρm
(
TDesign

/
Ws +

(
ρf − ρm

))
, (6) 

where GcDesign is the designed fiber weight fraction (wt%), ρf is the fiber 
density (g/cm3), ρm is the resin density (g/cm3), TDesign is the designed 
specimen thickness, and Ws is the fiber weight in one ply of laminate 
(kg/m2).

5.1. Method I – rule calculation

Using the material information for the fabricated specimens, the 
thickness per ply can be determined using Eq. (7) [56]. By multiplying 
this value by the number of plies in each specimen, the total laminate 
thickness can be calculated. This calculated thickness can then be 
applied to Eq. (1) to determine the specimen Gc. Once the design Gc is 
established, it can be used in conjunction with the thickness estimation 
formulas provided in the design rules to calculate the expected thick
ness. This approach also enables straightforward Gc back-calculation 
from the fabricated specimens. 

Tsingle ply =Ws
/

ρf ρm
(
ρf

/
Gc −

(
ρf − ρm

))
, (7) 

where Ws is the fiber weight in one ply of laminate (kg/m2), ρf is the 
fiber density (g/cm3), ρm is the resin density (g/cm3), and Gc is the fiber 
weight fraction (wt%).

5.2. Method II – direct measurement

The second Gc measurement method involves direct measurement of 
the shapes and weights of the laminate specimens. As shown in Fig. 5, 
measurements were conducted according to ASTM D3171-15. The 
length and width were each measured at three points in each sample, 
and the thickness was measured at thirteen points; hence, the average 
dimensions were determined for analysis. Because the specimen surfaces 
were uneven, a micrometer with a 6-mm tip diameter was used for the 
thickness measurement, following ASTM D3171-15 guidelines. In this 
study, thickness measurements were performed using a micrometer with 
a 0.001-mm resolution and a measurement uncertainty of ± 0.002 mm. 
The weight was measured to the nearest 0.001 g, which was the limit of 
the available equipment. To evaluate Gc uncertainty arising from the 
mass measurement resolution, an analysis was conducted under 
extreme-case assumptions. For specimen S_{F, H, 5}, which exhibited a 
relatively low fiber content, the mass measurement error was assumed 
to be ± 0.001 g, and Gc was recalculated accordingly. The resulting Gc 

Fig. 3. Comparison between the conventional burn-off test and the modified burn-off test accommodating the properties of natural fibers.
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values ranged between 16.834 and 16.843 wt%, corresponding to a 
difference of approximately 0.0030%. This variation is negligible 
compared with the differences in Gc observed among the specimens in 
this study, indicating that the influence of mass measurement uncer
tainty on the Gc results is limited and not statistically significant. The 
dimensions and weights measured from the hemp and flax specimens are 
reported in Tables 4 and 5, respectively. Although the specimens were 
cut precisely using a waterjet, some degree of dimensional error was 
observed. Additionally, thickness variability was evaluated by calcu
lating the average coefficient of variation (CV) for the hemp and flax 
specimens according to the fabrication method. For the hemp speci
mens, the average thickness was approximately 2.819 and 2.269 mm for 
the hand lay-up and vacuum bagging methods, respectively; the corre
sponding CVs were 2.102% and 2.384%, respectively. For the flax 
specimens, the average thickness was approximately 6.503 and 
5.981 mm for the hand lay-up and vacuum-bagged specimens, respec
tively; the corresponding CVs were 4.277% and 4.245%, respectively.

Based on the measured dimensions and weights, the calculated Gc 

values for the hemp and flax specimens are reported in Tables 6 and 7, 
respectively. For all specimens, discrepancies were observed between 
the Gc values obtained via Methods I and II. These differences can be 
attributed to variations introduced during laminate fabrication, partic
ularly differences between the actual and designed specimen volumes. 
Comparing the thicknesses listed in Table 3 with the measured values 
reported in Tables 4 and 5, deviations between the calculated and actual 
thicknesses are apparent. This outcome reflects a general characteristic 
of FRP materials, where differences between the design values (Method 
I) and the actual fabricated results often arise. These findings confirm 
the importance of accurate Gc measurement in practice.

5.3. Method III –hydrometer-based direct measurement

The third method considered in this study was a refined version of 

Fig. 4. Fibers and fabricated NFRP specimens used in this study.

Table 3 
Design details of the NFRP specimens.

Fiber Method Design Gc 
(wt%)

Number of 
plies

Tsingle 

(mm)a
Tdesign 

(mm)b

Hemp Hand lay-up 39.524 Mat × 9 0.312 2.809
Vacuum 
bagging

37.746 Mat × 7 0.328 2.298

Flax Hand lay-up 16.134 Mat × 4 1.625 6.498
Vacuum 
bagging

21.617 Mat × 5 1.196 5.979

a Tsingle: specimen thickness per ply.
b Tdesign: designed specimen thickness.

Fig. 5. (a) Length and width of the specimens. (b) Thickness measurement locations for the hemp and flax specimens.

Table 4 
Dimensional and weight measurements of the hemp specimens.

Specimen Mean Weight (g)

Length (mm) Width (mm) Thickness (mm)

S_{H, H, 1} 40.390 40.260 2.859 4.685
S_{H, H, 2} 40.560 40.337 2.741 4.513
S_{H, H, 3} 40.347 40.530 2.863 4.716
S_{H, H, 4} 40.497 40.233 2.888 4.734
S_{H, H, 5} 40.420 40.167 2.793 4.619
S_{H, H, 6} 40.183 40.420 2.769 4.559

S_{H, V, 1} 39.027 39.140 2.146 3.665
S_{H, V, 2} 39.073 38.930 2.376 3.870
S_{H, V, 3} 38.640 39.157 2.279 3.778
S_{H, V, 4} 39.097 38.790 2.291 3.780
S_{H, V, 5} 38.613 39.087 2.251 3.758
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the previously conducted direct measurements, which is designed to 
yield more accurate Gc values by employing a hydrometer. Measure
ments were conducted in accordance with ASTM D792-13 [69]. A 
water-immersion-type hydrometer was used, with a resolution of up to 
0.01 g/cm3. The measurement accuracy of the instrument was ±

0.01 g/cm3. Fig. 6 shows sample relative density measurements for flax 
specimens conducted using this hydrometer. The relative densities ob
tained through this process were then used for the Gc calculation. The Gc 
measurement results for the hemp and flax specimens are reported in 
Tables 8 and 9, respectively.

Based on these results, although some differences were observed 
compared to those obtained via Methods I and II, a similar trend is 
evident. Overall, the Gc values were lower than those calculated using 
Method II. This discrepancy was attributed to volume measurement 
errors in the specimen dimensions.

5.4. Method IV – direct measurement with pre-heating

The fourth method employed in this study was designed to accom
modate the high moisture-absorption characteristic of natural fibers by 
incorporating a pre-heating process prior to Gc measurement. Based on 
prior literature regarding the temperature range for moisture release 
from natural fibers, as well as manufacturer guidelines, pre-heating was 
conducted at 70 ◦C in 30-min intervals for a total of 2 h. Pre-heating was 
performed using a muffle furnace employed for the burn-off test [93], 
which has a chamber volume of 4.5 L. The furnace is capable of oper
ating at temperatures of up to 1200 ◦C, with a temperature accuracy of ±
5 ◦C and temperature uniformity of ± 10 ◦C. In this study, the 
pre-heating procedure was conducted by setting the furnace to a set 
temperature of 70 ◦C. During pre-heating, operator error regarding 
temperature control caused damage to one hand lay-up specimen (S_{H, 
H, 3}) and one vacuum bagging specimen (S_{H, V, 1}), which were 
excluded from further analysis. All experiments were conducted under 
the environmental conditions recommended in ASTM D3171, namely, a
temperature of 23 ± 5 ◦C and a relative humidity of ≤65%. To minimize 
the effect of moisture reabsorption in NFRPs, the specimens were cooled 
in a humidity-controlled desiccator for approximately 10–15 min prior 
to measurement. Fig. 7 shows the conditions of selected specimens 
before and after pre-heating. After this process, the weight changes were 
recorded and the relative densities were measured using a hydrometer. 
The final Gc values for all hemp and flax specimens are reported in 
Tables 10 and 11, respectively.

The pre-heating process slightly reduced the masses of all specimens; 

Table 5 
Dimensional and weight measurements of the flax specimens.

Specimen Mean Weight (g)

Length (mm) Width (mm) Thickness (mm)

S_{F, H, 1} 39.927 40.097 6.633 11.011
S_{F, H, 2} 39.860 40.210 6.088 9.953
S_{F, H, 3} 40.090 39.893 6.485 10.255
S_{F, H, 4} 39.960 39.867 6.649 10.562
S_{F, H, 5} 40.043 39.867 6.868 11.373
S_{F, H, 6} 40.153 39.883 6.296 10.354

S_{F, V, 1} 40.257 40.353 6.168 9.052
S_{F, V, 2} 40.200 40.310 5.821 8.251
S_{F, V, 3} 40.283 40.233 5.927 8.026
S_{F, V, 4} 40.150 40.343 6.018 8.020
S_{F, V, 5} 40.250 40.407 5.973 8.256

Table 6 
Gc results for the hemp specimens obtained via 
direct measurement.

Specimen Gc (wt%) 
(Method II)

S_{H, H, 1} 46.857
S_{H, H, 2} 48.940
S_{H, H, 3} 46.811
S_{H, H, 4} 46.463
S_{H, H, 5} 47.451
S_{H, H, 6} 48.096

S_{H, V, 1} 43.762
S_{H, V, 2} 41.271
S_{H, V, 3} 42.050
S_{H, V, 4} 42.127
S_{H, V, 5} 42.170

Table 7 
Gc results for the flax specimens obtained via direct 
measurement.

Specimen Gc (wt%) 
(Method II)

S_{F, H, 1} 17.447
S_{F, H, 2} 19.324
S_{F, H, 3} 18.715
S_{F, H, 4} 18.100
S_{F, H, 5} 16.844
S_{F, H, 6} 18.560

S_{F, V, 1} 26.919
S_{F, V, 2} 29.459
S_{F, V, 3} 30.290
S_{F, V, 4} 30.295
S_{F, V, 5} 29.549

Fig. 6. Relative density measurements for the flax specimens conducted using a water immersion hydrometer: (a)–(e) Flax specimens S1–S5, respectively.

Table 8 
Gc results for the hemp specimens based on the dimensions and hydrometer- 
determined relative density.

Specimen Relative density (g/cm3) Gc (wt%) 
(Method III)

By dimension By hydrometer

S_{H, H, 1} 1.01 1.07 44.133
S_{H, H, 2} 1.01 1.07 46.036
S_{H, H, 3} 1.01 1.05 44.901
S_{H, H, 4} 1.01 1.06 44.099
S_{H, H, 5} 1.02 1.06 45.599
S_{H, H, 6} 1.01 1.06 45.997

S_{H, V, 1} 1.12 1.17 41.825
S_{H, V, 2} 1.07 1.15 38.434
S_{H, V, 3} 1.10 1.16 39.711
S_{H, V, 4} 1.09 1.15 39.845
S_{H, V, 5} 1.11 1.15 40.567
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this was accompanied by a decrease in density. Therefore, the reduction 
was caused by the removal of the moisture absorbed in the fibers. As 
water was removed from within the fibers, the specimen masses 
decreased; however, the volume remained constant, which yielded a 
decrease in density. Consequently, the Gc values also decreased. For the 
hemp specimens, average moisture absorption values of 3.373 ± 0.536 
(confidence interval (CI): 2.707–4.039) and 1.685 ± 0.218 (CI: 
1.338–2.032) wt% were obtained for the hand-lay-up and vacuum- 
bagging specimens, respectively. For the flax specimens, the average 
moisture absorption values were 1.065 ± 0.178 (CI: 0.875–1.251) and 
2.854 ± 0.938 (CI: 1.689–4.019) wt%, respectively. A comparison be
tween the Gc results obtained with and without pre-heating (Tables 8 
and 9) shows that laminates fabricated with hemp fibers exhibit an 
average impregnation ratio difference of 1.909 wt%, whereas those 
fabricated with flax fibers exhibit an average difference of 1.452 wt%. 
These values are consistent with those reported in previous studies [81,
82]. As can be seen in Fig. 7, there is convergence toward a stable value, 
suggesting that the pre-heating process was conducted under appro
priate conditions. However, further research is needed to determine 
whether the observed weight changes due to moisture removal are 
statistically significant.

5.5. Method V – modified burn-off test

The final method applied in this study was the modified burn-off test, 
which was used to determine both the Gc and internal defects of the 
NFRP specimens. Based on the procedure described in Section 3, this 
method involved combusting the natural fiber using a muffle furnace 
and measuring the remaining resin weight for the Gc calculation and 
internal defect assessment. The test temperatures were selected 
considering the decomposition temperatures of the natural fibers and 
the NFRP degradation thresholds. Specifically, the test was conducted at 
230 and 210 ◦C for the hemp and flax composites, respectively. The 
weight of each specimen was recorded at 20-min intervals and the test 
was repeated until the final weight change was within 0.001 g. Fig. 8
shows the experimental setup, including the muffle furnace and the 
desiccator used during the cooling phase. Each test was conducted under 
controlled environmental conditions, with the ambient temperature and 
relative humidity being maintained at 23 ± 5 ◦C and 65%, respectively.

Fig. 9 shows the weight change trends of the hemp and flax com
posites observed during the modified burn-off test. Similar overall trends 
were observed for both specimen types. Additionally, to verify that the 
fibers were completely removed according to the proposed modified 
burn-off test procedure, each specimen was subjected to at least three 
additional heating and mass measurement cycles after the mass had 
reached an apparent stable state with no further weight change. These 
results confirmed that no additional mass loss occurred and that the 
mass remained stable throughout the repeated measurements. For all 
specimens, no further weight change was detected during these repeated 
cycles, indicating that errors due to partially pyrolyzed fiber residues 
were negligible. Notably, for specimens with greater thickness and 
weight, the time to weight stability with no further changes was longer. 
Additionally, the total testing time was longer for the flax specimens 
than for the hemp specimens. This was attributed to the lower burn-off 
temperature used for the flax and the larger size of the flax specimens. 
The final Gc values derived from the modified burn-off tests for the hemp 
and flax specimens are summarized in Tables 12 and 13, respectively. 
These values were calculated using Eq. (4) based solely on the weight of 
the resin remaining after the complete combustion of the natural fibers.

These results indicate that the Gc values for hemp and flax specimens 

Table 9 
Gc results for the flax specimens based on the dimensions and hydrometer- 
determined relative density.

Specimen Relative density (g/cm3) Gc (wt%) 
(Method III)

By dimension By hydrometer

S_{F, H, 1} 1.03 1.06 16.991
S_{F, H, 2} 1.02 1.06 18.596
S_{F, H, 3} 0.99 1.03 17.964
S_{F, H, 4} 1.00 1.03 17.522
S_{F, H, 5} 1.04 1.06 16.484
S_{F, H, 6} 1.03 1.07 17.812

S_{F, V, 1} 0.90 0.95 25.601
S_{F, V, 2} 0.87 0.92 28.010
S_{F, V, 3} 0.84 0.88 28.760
S_{F, V, 4} 0.82 0.86 28.982
S_{F, V, 5} 0.85 0.87 28.867

Fig. 7. Examples of pre-heating results for selected hemp and flax composite specimens.
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fabricated using the same manufacturing process were generally com
parable. However, specimen S_{F, V, 1} exhibited a relatively higher Gc 
value compared with other specimens produced under identical fabri
cation conditions. For specimen S_{F, V, 1}, no visible defects or surface 
abnormalities were observed during post-fabrication visual inspection. 
Nevertheless, it exhibited an initial mass approximately 1 g greater than 
that of other specimens of similar size, along with a relatively higher 
measured density (Fig. 6). These observations suggest that specimen S_ 
{F, V, 1} may have contained additional material with a density and 
mass comparable to those of flax fibers, in addition to the flax fiber and 
epoxy resin. During the modified burn-off test, such material would have 
been removed along with the flax fibers, leading to a larger measured 
amount of combusted reinforcement and, consequently, a higher 
calculated Gc value compared with other specimens. This occurrence 
reflects a common issue that can arise during fiber-reinforced composite 
fabrication. Moreover, it highlights the need for burn-off-test-based 
verification to accurately determine the constituent composition of 
fiber-reinforced composites.

Fig. 10 summarizes the void volume content, or internal defects, 
measured in the hemp and flax specimens using Eq. (5). Compared to 
FRP laminates that typically use glass fiber, the NFRP laminates 
exhibited higher void volumes [9,58]. This finding underscores the 
importance of evaluating laminate quality when considering NFRP 
application in ship structures.

6. Discussion

In this study, the modified burn-off method for Gc and internal defect 
measurement was adjusted for the inherent characteristics of natural 
fibers. To verify the reliability of the modified method, a comparative 

analysis was performed with other Gc measurement methods for a 
general FRP ship structure. The methods considered were as follows: 
rule calculation, which is typically applied to FRP ship structures; direct 
measurement; direct measurement using a hydrometer; direct mea
surement with pre-heating to reflect the natural fiber characteristics; 
and the modified burn-off test. In this section, the Gc results obtained 
from these different methods are compared and analyzed. Additionally, 
the effects of the moisture absorbed by natural fibers are discussed, and 
the internal defects of natural fiber composites are compared with those 
of conventional GFRPs.

6.1. Comparison between the conventional ship-structure Gc 
measurement and the proposed modified burn-off method

This section reports the comparison between the Gc values for the 
hemp and flax composites obtained using the five aforementioned 
methods. Prior to comparison, a boxplot analysis was conducted using 
the results from the modified burn-off test, as shown in Fig. 11. Outlier 
detection was performed using an interquartile range (IQR)-based 
approach. Considering the small sample size, coefficient k was conser
vatively set to 0.85 for a stricter outlier identification criterion. Conse
quently, specimen S1 among the flax hand-lay-up specimens and 
specimen S1 among the vacuum bagged specimens were identified as 
outliers and excluded from the subsequent analysis.

Across all methods, consistent trends were observed for the Gc results 
regardless of fiber type. First, a comparison between Methods I and II 
revealed discrepancies between the design-based and fabricated speci
mens, indicating that such variation is inherent in composite materials. 
This result highlights the importance of verifying the fabricated Gc to 
ensure structural safety for shipbuilding applications. Next, a compari
son between Methods II and III revealed a slight decrease in Gc across all 
groups. This can be attributed to dimensional measurement errors, as 
shown in Fig. 12, in which rough edges in the NFRP specimens (which 
were present despite precise cutting) introduced deviations. These 
findings suggest that use of a hydrometer to determine the relative 
density of the specimen enables more accurate Gc measurements.

A comparison between Methods III and IV revealed a further 
decrease in Gc after pre-heating. This was due to absorbed moisture 
removal from within the fibers and indicates that the pre-heating pro
cess effectively corrected the Gc values that were previously affected by 
moisture. These results underscore the need for a pre-heating step for 
accurate Gc measurements in NFRP composites. Finally, a comparison 
between Methods IV and V revealed an additional decrease in Gc. This 
decline was interpreted as being due to the internal defects present in the 
NFRP specimens, which were reflected in the modified burn-off test.

Table 10 
Weights and relative densities of the hemp specimens before and after pre- 
heating and Gc values measured after pre-heating.

Specimen Before pre-heating After pre-heating Gc (wt%) 
(Method 
IV)Weight 

(g)
Relative 
density (g/ 
cm3)

Weight 
(g)

Relative 
density (g/ 
cm3)

S_{H, H, 1} 4.685 1.07 4.571 1.06 42.235
S_{H, H, 2} 4.513 1.07 4.358 1.05 43.621
S_{H, H, 4} 4.734 1.06 4.559 1.05 40.977
S_{H, H, 5} 4.619 1.06 4.452 1.04 42.935
S_{H, H, 6} 4.559 1.06 4.391 1.04 43.290

S_{H, V, 2} 3.870 1.15 3.800 1.13 37.400
S_{H, V, 3} 3.778 1.16 3.726 1.15 38.745
S_{H, V, 4} 3.780 1.15 3.716 1.13 38.921
S_{H, V, 5} 3.758 1.15 3.688 1.14 39.115

Table 11 
Weights and relative densities of the flax specimens before and after pre-heating 
and Gc values measured after pre-heating.

Specimen Before pre-heating After pre-heating Gc (wt%) 
(Method 
IV)Weight 

(g)
Relative 
density (g/ 
cm3)

Weight 
(g)

Relative 
density (g/ 
cm3)

S_{F, H, 1} 11.011 1.06 10.906 1.05 16.215
S_{F, H, 2} 9.953 1.06 9.862 1.05 17.885
S_{F, H, 3} 10.255 1.03 10.150 1.02 17.148
S_{F, H, 4} 10.562 1.03 10.413 1.01 16.476
S_{F, H, 5} 11.373 1.06 11.255 1.05 15.616
S_{F, H, 6} 10.354 1.07 10.245 1.05 17.122

S_{F, V, 1} 9.052 0.95 8.902 0.93 24.542
S_{F, V, 2} 8.251 0.92 8.067 0.91 26.174
S_{F, V, 3} 8.026 0.88 7.791 0.86 26.584
S_{F, V, 4} 8.020 0.86 7.698 0.83 26.050
S_{F, V, 5} 8.256 0.87 7.972 0.86 25.803

Fig. 8. Experimental setup for the modified burn-off test.
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6.2. Analysis of the effectiveness of pre-heating in addressing moisture 
absorption in natural fibers

To determine whether the moisture removed during the pre-heating 
process was statistically significant, a statistical analysis was conducted. 
Specifically, a paired t-test was used to compare the differences before 
and after pre-heating. Unlike a general t-test, the paired t-test evaluates 
the difference in means within the same group before and after a 
particular event, focusing on paired data. The analysis was conducted 
separately for four groups: hemp hand-lay-up specimens, hemp vacuum- 
bagging specimens, flax hand-lay-up specimens, and flax vacuum- 
bagging specimens. Minitab software [94] was used for the analysis. 

Prior to the main analysis, normality of the differences between each 
pair—an assumption in the paired t-test—was verified and satisfied for 
all groups. These results are presented in Fig. 13.

For the hemp hand-lay-up and vacuum-bagging specimens, the p- 
values were 1.41E-04 and 6.32E-04, respectively. For the flax hand-lay- 
up and vacuum-bagging groups, the p-values were 2.94E-04 and 0.003, 
respectively. Therefore, in all cases, the weight change caused by 
moisture removal during pre-heating was statistically significant (see 
Table 14). These findings confirm that moisture absorption in natural 
fibers is a crucial factor. Therefore, the proposed pre-heating step is 
essential for obtaining accurate Gc measurements in NFRP composites.

Fig. 9. Examples of weight change trends observed during the modified burn-off test for selected NFRP specimens.
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6.3. Comparative analysis between NFRP and conventional GFRP quality

This section reports a quality comparison between the NFRP speci
mens and GFRP laminates, which are commonly used in ship structures. 
The results are presented in Fig. 14. For hand-lay-up GFRP specimens, 
Han et al. [58] reported void contents of approximately 0.95% and 
1.20% for low- and high-Gc laminates, respectively. By contrast, average 
void contents of 14.782% and 5.847% were obtained in this study for the 
hemp hand-lay-up and vacuum-bagging specimens, respectively. For the 
flax hand-lay-up and vacuum-bagging specimens, the values were 
9.552% and 26.059%, respectively. Based on these results, the NFRP 
laminates exhibited a general tendency toward increased internal de
fects compared to the GFRP laminates, with differences ranging between 
approximately five- and twenty-fold on average. However, considering 
the variability arising from differences in material properties and 
manufacturing characteristics between the two experiments, these re
sults should be interpreted in terms of the relative trend rather than the 
absolute magnitude ratio. This disparity can be attributed to the 
inherent moisture content of natural fibers. Moisture reduces the 
interfacial bonding strength between the hydrophilic natural fiber and 
hydrophobic polymer resin, causing void formation [40,79]. Addition
ally, the hygroscopic nature and heterogeneous microstructure of nat
ural fibers often lead to insufficient resin impregnation, which further 
contributes to void generation within the fiber bundles and at the 
fiber–matrix interface [95]. Furthermore, as such internal defects can 
significantly impact structural integrity, they must be assessed and 
minimized when NFRP materials are applied to ship structures.

7. Conclusion

The structural strength of FRP marine structures is fundamentally 
determined by the reinforcing fiber, and the estimation of that strength 
relies on the fiber content (Gc). Thus, accurate Gc measurement is 

crucial for the effective design and safety validation of ship structures. 
This study examined existing methods for Gc and internal defect mea
surement of NFRPs and identified the limitations of the conventional 
burn-off method, which, despite its high accuracy, is difficult to apply to 
NFRPs. Based on the results, a modified burn-off method suitable for 
NFRPs is proposed. The proposed method considers the unique char
acteristics of natural fibers, including their high moisture absorption and 
low ignition point, by incorporating a pre-heating step and adjusting the 
burn temperature.

Unlike conventional resin burn-off-based methods, the proposed 
approach selectively combusts the natural fibers and directly quantifies 
the remaining resin mass, thereby enabling quantitative evaluation of 
the constituent composition and internal void content of NFRPs. The 
proposed method was applied to specimens fabricated with actual hemp 
and flax fibers, demonstrating consistent and repeatable results in terms 
of both Gc and void measurements. The validity of the proposed method 
was demonstrated through comparisons with standard Gc measurement 
techniques.

The rule calculation method enabled fast and simple Gc estimation 
based on theoretical equations. However, noticeable deviations were 
observed when the results were compared to values measured from 
actual fabricated specimens. The direct measurement method proved 
more accurate when a hydrometer was employed, as this device enabled 
more precise dimensional assessment of the specimens. Though pre- 
heating and hydrometer-based measurements, the amount of moisture 
was confirmed to be 2.623 ± 0.976 and 1.877 ± 1.115 wt% for the 
hemp- and flax-fiber specimens, respectively. The results converge to a 
specific value during the experiment and exhibited values similar to 
those reported in the literature. This verifies that the determined test 
condition for pre-heating (70 ◦C; 2 h) was suitable. Furthermore, it was 
statistically confirmed that the added pre-heating step can correct Gc 
measurement errors due to moisture from the natural fibers. Thus, it can 
be concluded that pre-heating is an essential procedure for Gc mea
surements of NFRP composite materials. Additionally, the proposed 
modified burn-off method can verify the internal defects of NFRPs 
quantitatively. Compared to conventional GFRPs, a void content 
exceeding a factor of 20 was found in NFRPs, primarily because of the 
weakened interfacial bonding strength due to the moisture from the 
natural fibers. Additionally, the hygroscopic nature and heterogeneous 
microstructure of natural fibers often lead to insufficient resin impreg
nation, which further contributes to void generation within the fiber 
bundles and at the fiber–matrix interface.

The results of this study confirm that the proposed modified burn-off 
method is applicable to hemp- and flax-based NFRPs, and demonstrate 
that accurate Gc and internal defect evaluation is essential for the safe 
application of NFRPs in ship structures. Despite these advantages, 
several limitations regarding the proposed approach were identified. 
First, while the proposed method is considered applicable to general 
NFRP systems, additional verification of the appropriate test tempera
ture range is required, as the thermal degradation behavior may vary 
according to the specific natural fiber and epoxy resin employed. Sec
ond, although the proposed method is expected to be applicable to 
thicker laminates representative of actual ship structures, further 
consideration of test conditions—such as the increased time required for 
mass stabilization during the modified burn-off process—is needed. 
Additionally, for hybrid composites composed of synthetic and natural 
fibers, which have been actively studied in recent years, the proposed 
modified burn-off test could be applicable if the constituent materials 
are selectively combusted in sequence, namely, the natural fibers fol
lowed by the resin. However, in the case of hybrid composites, the 
introduction of additional combustion stages would inevitably increase 
the testing procedure complexity, and further verification of the influ
ence of the experimental duration at each stage is required. Therefore, 
further research is needed to investigate the correlations among accu
rately measured Gc, internal defects, and mechanical properties based 
on the proposed method. Furthermore, the development of hull 

Table 12 
Gc measurement results for the hemp specimens obtained using the modified 
burn-off method.

Specimen Specimen 
weight (g)

Post-burn-off 
resin weight 
(g)

Calculated fiber 
weight (g)

Gc (wt%) 
(Method 
V)

S_{H, H, 1} 4.571 2.570 2.001 43.776
S_{H, H, 2} 4.358 2.522 1.836 42.129
S_{H, H, 4} 4.559 2.258 2.301 50.472
S_{H, H, 5} 4.452 2.564 1.888 42.408
S_{H, H, 6} 4.391 2.646 1.745 39.740

S_{H, V, 2} 3.800 2.432 1.368 36.000
S_{H, V, 3} 3.726 2.351 1.375 36.903
S_{H, V, 4} 3.716 2.412 1.304 35.091
S_{H, V, 5} 3.688 2.207 1.481 40.157

Table 13 
Gc measurement results for the flax specimens obtained using the modified burn- 
off method.

Specimen Specimen 
weight (g)

Post-burn-off 
resin weight 
(g)

Calculated fiber 
weight (g)

Gc (wt%) 
(Method 
V)

S_{F, H, 1} 10.906 8.626 2.644 24.244
S_{F, H, 2} 9.862 8.345 1.517 15.382
S_{F, H, 3} 10.150 8.536 1.614 15.901
S_{F, H, 4} 10.413 8.781 1.632 15.673
S_{F, H, 5} 11.255 9.559 1.696 15.069
S_{F, H, 6} 10.245 8.485 1.655 16.252

S_{F, V, 1} 8.902 3.741 5.161 57.976
S_{F, V, 2} 8.067 6.178 1.889 23.416
S_{F, V, 3} 7.791 5.789 2.002 25.696
S_{F, V, 4} 7.698 5.681 2.017 26.202
S_{F, V, 5} 7.972 6.075 1.897 23.796
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Fig. 10. Void volume contents of NFRP specimens measured using the modified burn-off test.

Fig. 11. Gc measurement results for the hemp and flax specimens according to fabrication method.

Fig. 12. Rough edges observed in selected hemp specimens.
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structural design criteria and material property prediction models for 
NFRPs that incorporate these relationships is expected to be an impor
tant research direction for advancing NFRP application in marine 
structures.
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Fig. 13. Paired t-test results for moisture absorption in the NFRP specimens.

Table 14 
Paired t-test results for moisture absorption in the NFRP specimens.

Fiber Method Pre-heating Sample size Mean specimen weight (g) St. dev. SE mean Effect size p-value

Hemp Hand lay-up Before 5 4.622 0.090 0.040 6.492 1.41E-04
After 5 4.466 0.096 0.043

Vacuum bagging Before 4 3.796 0.050 0.025 8.000 6.32E-04
After 4 3.733 0.048 0.024

Flax Hand lay-up Before 5 10.499 0.535 0.239 5.200 2.94E-04
After 5 10.385 0.526 0.235

Vacuum bagging Before 4 8.138 0.133 0.067 4.271 0.003
After 4 7.882 0.168 0.084

Fig. 14. Internal defect comparison between the GFRP and NFRP specimens [58].
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