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Abstract: Glass fiber-reinforced polymer (GFRP) ship structures have hull plate thicknesses of 10 mm
or more and are fabricated using a higher proportion of resin matrix systems than E-glass fiber
reinforcements. Therefore, GFRP is classified as a highly attenuative material, and this characteristic
is a major cause of large errors in ultrasonic nondestructive testing for quality inspections. In
this study, considering the aforementioned design and fabrication characteristics of GFRP ship
structures, hull plate prototypes with various glass fiber weight fractions, glass contents (Gc), and
laminate thicknesses were fabricated. Then, a pulse-echo ultrasonic test was performed with the
fabricated prototypes, and the attenuation characteristics of the GFRP hull plates were investigated
by conducting statistical analyses. These results demonstrated that with a variation of 30-50% in the
Gc used for GFRP structure design, the plate thickness variation had a greater impact than the Gc
variation on the attenuation characteristics. The increase in Gc naturally increased the scattering of
ultrasonic waves but did not significantly affect the attenuation coefficient. The effects of the inner
voids on the ultrasonic waves were also investigated, and the results confirmed that the laminates in
this Gc region did not significantly affect attenuation.

Keywords: composite ship; glass fiber-reinforced polymer; ultrasonic; defect

1. Introduction

Nondestructive techniques are widely used for material evaluation and defect detec-
tion. Although X-ray and thermography approaches are effective methods for nondestruc-
tive testing (NDT) offering super-high resolutions, ultrasonic testing is more convenient
and useful than other NDT techniques in terms of safety, cost, and the availability of facili-
ties. Ultrasonic testing is one of the most common NDT methods for various applications
in metals, concrete, plastics, and composites [1-3].

In ultrasonic testing, ultrasonic waves of a specific frequency generated by probes are
transmitted from the front surface of the inspected media. These waves reach the back
surface or encounter inner defects and are reflected. In this process, the characteristics
of the travel time and ultrasonic signals are analyzed for gauging the thickness or for in-
specting inner defects. In general, when ultrasonic waves are propagated in homogeneous
metal media such as steel and aluminum, the reflection, transmission, and scattering of the
signals at boundaries such as inner defects and back surfaces are analyzed to determine the
state of the inspected specimens or for defect detection. However, composite materials are
composed of reinforcements and matrix systems and are essentially anisotropic materials.
As the relative densities of the constituent materials are different, their acoustic impedances
are also different, and interfaces are generated for each ply [4]. In addition, owing to the
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various types of reinforcements, matrices, and fabrics, and the irregularities in the com-
posite material, ultrasonic wave propagation in composite materials is complex. Although
the densities of composite structures are lower than that those of steel structures, the
irregularity of the crystalline particles in the former is greater, resulting in greater scattering
or absorption of ultrasonic waves [5]. Therefore, composite materials are considered highly
attenuative materials [5,6].

Composite structures, such as the glass fiber-reinforced polymers (GFRPs) used in
composite ships, have inner defects including voids, pores, foreign objects, and resin-rich
regions, depending on environmental factors such as the temperature and humidity as
well as the operator’s skill level and the techniques employed during fabrication. These
inner defects can significantly reduce the flexural and tensile strength [7], compressive
strength [8], interlaminar shear strength [9], and fatigue strength [10] of the laminate, thus
hindering effective ultrasonic testing. This is because inner defects such as voids interfere
with ultrasonic wave propagation and cause the further loss of ultrasonic waves, resulting
in increased attenuation characteristics. Therefore, it is also critical to evaluate the rela-
tionships between the ultrasonic attenuation characteristics and the inner defect contents.
Related research is actively being conducted in the aerospace industry. For instance, Ishii
et al. [11] and Lin et al. [12] confirmed that voids can increase the attenuation character-
istics of carbon fiber-reinforced polymer (CFRP) laminates. CFRP aircraft laminates are
typically thin, and their void content is less than 1% when fabricated using the infusion
and vacuum-assisted resin transfer molding (VARTM) methods [13]. By contrast, GFRP
ship structures have large hull plate thicknesses and require hand lay-up for fabrication,
resulting in a high ratio of inner defects such as voids [13,14]. Mouritz [13] investigated the
effects of artificially increasing the void content by 30% for GFRP composite laminates with
thicknesses of 20-150 mm on their void content and ultrasonic attenuation. For increasing
the void content, the attenuation characteristics increased accordingly. Gholizadeh et al. [1],
Abdelal et al. [10], and Stone and Clarke [15] also reported the effects of defects such as
voids on the ultrasonics of FRP laminates.

However, for more accurate NDT of composite materials, such as GFRP ship structures,
it is necessary to investigate the attenuation characteristics by considering the design and
fabrication characteristics of the composite ship. For example, it is commonly observed
that the weight content of glass fibers and the laminate thickness depend on the role of the
structure, and these factors can significantly affect attenuation. In addition, in laminates
composed of tens to dozens of plies, the interfaces should be considered according to the
structural characteristics.

2. Background

The objective of this study was to determine the ultrasonic attenuation characteristics
of GFRP laminates, which are used as materials in most small ships, while considering
the effects of ship design and fabrication characteristics. To this end, it was necessary to
analyze the design and fabrication characteristics of the GFRP hull structure.

Typical variables governing the composite hull plate thickness are design variables
such as the displacement, speed, and design load, as well as variables related to the com-
posite materials, such as the type of reinforcement material, fabric type, glass fiber weight
fraction, and mechanical properties [16,17]. The glass fiber weight fraction, quantified
as the glass fiber content (Gc), is a critical design element that significantly affects the
mechanical properties of the laminate. In general, Gc must be at least 30% to form a hull
structure [18], and it usually does not exceed 70% [19]. Assuming that the fabrication
quality of the GFRP structures is guaranteed, the use of a high Gc value is advantageous in
terms of structural safety, weight, and eco-friendliness [19,20]. However, in general cases
where the hand lay-up method is utilized for GFRP ship fabrication [21], a Gc value of
30-50% is used [16,22].

Considering the above-mentioned thickness characteristics of GFRP ships, the typical
laminate thickness in an aircraft is 2-3 mm, whereas GFRP ships generally have hull
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Typical GFRP hull plate

plate thicknesses of 10 mm or more. Expectedly, in special cases, such as naval ships and
coast guard ships, the hull plate thickness may be in the order of tens of millimeters [23].
Figure 1a shows a common fishing boat with a hull plate thickness of ~10 mm [16,24]. In
comparison, a yacht approximately 15 m long has a hull plate thickness of approximately
15 mm [17].

GFRP hull pla

(b)

Figure 1. (a) Typical 15 m long fishing boat with a hull plate thickness of 10 mm [25]. (b) GFRP hull plate cuts with

inner defects.

In this study, the specimens were fabricated by considering the design and fabrication
characteristics of the GFRP laminates utilized in the above-mentioned types of composite
ships, and ultrasonic tests were performed. Specifically, the applied design characteristics of
the GFRP vessel were Gc values of 30%, 40%, and 45% and laminate thicknesses from 8 mm
to 20 mm. For the GFRP laminates, the types of fabric and resin commonly employed in the
practice were used, and the specimens were fabricated by utilizing the hand lay-up method.
The GFRP laminates fabricated as described above were subjected to pulse echo ultrasound
A-scans, and the effects of Gc and thickness variations on the attenuation characteristics
of the ultrasonic waves were statistically analyzed. In addition, by performing a burn-off
test [17] to measure the exact void content of each GFRP laminate design case (Figure 1b),
the effects of inner defects that may occur during the actual design and fabrication, such as
voids, on the attenuation were analyzed.

3. GFRP Hull Plate Design and Fabrication

The hull plate of the composite ship was selected as the GFRP laminate design target
for pulse echo ultrasonic testing. Hull plates are the largest components of composite ships
and generally consist of a single-skin structure fabricated using molds; as described above,
they are usually produced via the hand lay-up method.

In this study, the GFRP hull plates were divided into two groups. One group was
designed with Gc values of 30%, 40%, and 45%, and the thickness was kept constant as
much as possible, whereas the other group was designed with hull plate thicknesses of
approximately 10 mm, 15 mm, and 20 mm with the Gc fixed at 40%. Thus, it was possible
to examine the effects of the Gc and the thickness of the hull plate. For the hull plate design
and fabrication, a 450 g/m? E-glass fiber chopped strand mat (CSM) [26] was employed
as the reinforcement, and polyester [27] was utilized as the resin matrix. The relative
density of each material for the analysis of the experimental results was measured using
a hydrometer [28]. The E-glass fiber and polyester resin were measured at 2.62 g/cm?
and 1.23 g/cm?, respectively. Tables 1 and 2 provide the design information of each GFRP
hull plate.
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Table 1. Design details of specimens in the Gc variation group.

Items Hull Plate 1 Hull Plate 2 Hull Plate 3
Design Gc (%) 30.00 40.00 45.00
Laminate schedule CSM x 10 CSM x 13 CSM x 12
Design thickness (mm) 10.50 9.62 7.56

Table 2. Design details of the thickness variation group specimens.

Items Hull Plate 2 Hull Plate 4 Hull Plate 5
Design Gc (%) 40.00 40.00 40.00
Laminate schedule CSM x 13 CSM x 21 CSM x 26
Design thickness (mm) 9.62 15.54 19.24

All the hull plates were fabricated via the hand lay-up method. Figure 2 depicts the
fabricated hull plates as well as the average thickness of each hull plate, measured using
a Vernier caliper [29]. The thickness of each plate was measured at 50 different points,
and the average thickness of each plate is shown in Figure 2. The thickness deviations
of the plates were 0.29 mm, 0.41 mm, 0.42 mm, 0.80 mm, and 0.42 mm. The fabricated
GFRP laminates could differ slightly from the design thickness owing to the fabrication
characteristics. The laminates without significant differences from the design thickness
were finally selected and utilized in the ultrasonic test.

Hull plate 2 Hull plate 3

Hull plate 4 Hull plate 5 Hull platee.

Figure 2. Prototype hull plates fabricated according to the design plan.

4. Test Methods
4.1. Ultrasonic Inspection

To increase the measurement accuracy of the ultrasonic NDE of the GFRP laminate, it
is recommended to use a low-frequency probe (0.50-2.25 MHz) [5,6]. In addition, pulse
echo ultrasonic testing is recommended because only the measurement of one side of the
hull structure is possible with the NDE method, owing to the dimensions of the structure
and the hull structure characteristics [14,23]. Accordingly, in this study, traditional pulse
echo ultrasonic testing was conducted, and A-scan inspection was performed using a
probe [30] with a diameter of 12.70 mm and frequency of 1.00 MHz. Glycerin was used as
the couplant.

The measurement points were set at 2 cm intervals along the width and length, and
A-scans were performed at a total of 250 measurement points, with 5 hull plates and
50 measurement points per hull plate (Figure 3). As is shown in Figure 4, the attenuation
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characteristics at each measurement point were examined by analyzing the amplitude
difference between the front and back surfaces of the GFRP hull plate through multiple
back reflection signals.

Figure 3. Example pulse echo ultrasonic device used in the experiment.

Front surface
W _1_
2 //< | | Back surface
[ L Defect {

R LT
Probe jj#\u I I . ‘

Amplitude

Backscatter

— —\ 2z

Highly scattering material

Figure 4. Conceptual diagram of pulse echo testing for attenuation measurement, modified from [31].

Attenuation describes the decrease in ultrasound intensity with distance. In this study,
the attenuation of ultrasonic waves through the GFRP hull plate was determined from
the ratio between the amplitudes of the first and second echo heights. Here, the wave
path length (L) was the total distance traveled by the ultrasonic wave during the first and
second echoes, which was approximately twice the GFRP hull plate thickness.

The attenuation coefficient (o) [32], which is defined as the attenuation per path length,
can be expressed as

o= (20logAa/A)/2T, 1)

where « is measured in dB/mm; A4 and A are the amplitudes of the first and second back
reflections, respectively, measured as percentages; and T is the laminate thickness (of each
measurement point) in mm.

4.2. Void Content Measurement

As reported previously, because composite materials are affected by inner defects, such
as voids and the weight fraction of the reinforcement, these aspects were also considered in
this study. Theoretical calculations and experimental measurements have been performed
to determine the Gc for GFRP laminates. Among the methods utilized, burn-off testing has
yielded the most accurate measurements [17].

After performing the ultrasonic A-scan, specimens with dimensions of 2 cm x 3 cm
were cut from the hull plate in preparation for the burn-off test, which was conducted on
5 specimens representing each Gc in the hull plate group, in which the Gc was varied, and
5 specimens with each thickness in the hull plate group, in which the thickness was varied,
for a total of 25 specimens. The burn-off test was performed according to the ASTM D3171
standard [33]. In this study, a 4.5-L electric muffle furnace was used. The furnace was
heated to approximately 600 °C, and heating and cooling were repeated until the specimen
weight variation was within 0.001 g. Polyester was calcinated from the laminate cut, the
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weight of the remaining E-glass fiber was analyzed, and the exact Gc values and void
volumes (Vv) of the hull plate specimens were measured.

5. Experimental Results
5.1. Effects of the Glass Fiber Weight Fraction on Attenuation

Ultrasonic A-scanning was performed on all the hull plates, and the effect of the
glass fiber weight fraction was analyzed based on the results for the hull plates in the Gc
variation group with Gc = 30%, 40%, and 45%.

Figure 5 provides an example of the A-scan analysis, showing multiple back reflections
for the three aforementioned types of plates, and Table 3 presents the results, including
the attenuation and attenuation coefficients according to Equation (1) at three random
measurement points on each of the three plates. The results demonstrate that the attenua-
tion coefficient increased with the increasing Gc, and a variation in attenuation was also

observed. However, because the thickness difference must be considered, the statistics of
all the data needed be analyzed.

Design Gc 40% Design Gc 45%

80 Ay (76%) 80 /AA (75%) 80 /AA (74%)
S ~ -
geo %60 eq-;eo
E] -8.07 dB 3 -9.20dB 3 -10.94dB
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Figure 5. Ultrasonic A-scan analysis results for each type of plate in the G¢ variation group: (a) design Gc 30%; (b) design
Gc 40%; and (c) design Gc 45%.

Table 3. Characteristics of and attenuation analysis results for each plate in the Gc variation group.

Items Hull Plate 1 Hull Plate 2 Hull Plate 3
Design Gc (%) 30.00 40.00 45.00
Thickness (T, mm) 9.89 8.89 7.50
First echo pulse height (A4, %) 76 75 74
Second echo pulse height (A, %) 30 26 21
Attenuation (Y, dB) 8.07 9.20 10.94
Attenuation coefficient («, dB/mm) 041 0.52 0.73

The data obtained at the 150 measurement points on three hull plates in the Gc
variation group are outlined above, and the attenuation variation was obtained as a
function of the Gc, as shown in Figure 6a. When the hull plate thickness was similar but
the Gc was increased, the mean attenuation values of the plates with Gc = 30%, 40%, and
45% were 6.80 dB, 8.10 dB, and 8.78 dB, respectively. It was considered that increasing the
Gc led to greater attenuation with ultrasonic wave propagation. In addition, a residual
plot was prepared to test the regression model of attenuation as a function of the G,
and Figure 6b presents the results. A uniform distribution of residuals can be seen in

the —2-2 dB section, regardless of the fitted values; therefore, the regression model was
determined to be suitable.
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Figure 6. Ultrasonic wave attenuation as a function of the Gc. (a) Regression analysis results. (b) Residual analysis results.

Figure 7a depicts the variation of the attenuation coefficient, which is defined as the
attenuation per unit path length. The mean attenuation coefficients of the plates with
Gc = 30%, 40%, and 45% were 0.35 dB/mm, 0.46 dB/mm, and 0.52 dB/mm, respectively.
It can be concluded that during ultrasonic wave propagation, although E-glass fiber was
the propagation medium, it increased the interference in the ultrasonic wave. In addition,
it was assumed that the irregularity of the fiber chop, a characteristic of CSM, caused
additional scattering. A uniform distribution of residuals can be seen between —0.1 and
0.1 dB/mm around 0, regardless of the fitted values; therefore, the regression model was
determined to be suitable (Figure 7b).
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Glass fiber weight fraction (Ge, %) Fitted values (a, dB/mm)
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Figure 7. Ultrasonic wave a

ttenuation as a function of the Gc. (a) Regression analysis results. (b) Residual analysis results.

5.2. Effects of the Laminate Thickness on Attenuation

The effects of the thickness were analyzed based on the ultrasonic A-scan results of hull
plate 2 (actual mean of 8.71 mm), hull plate 4 (actual mean of 14.10 mm), and hull plate 5
(actual mean of 18.34 mm) in the thickness variation group. Figure 8 provides an example of
the analysis of the A-scan presentation, showing multiple back reflection results for each of
the three plates, and Table 4 outlines the results, including the attenuation and attenuation
coefficients according to Equation (1) at three random measurement points on the three
plates. The attenuation increased significantly, whereas the attenuation coefficient showed
no significant variation. Upon comparing these results with those shown in Figure 5
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(obtained by varying the Gc), we could infer that attenuation increased significantly. The
polyester added to increase the thickness of the plate could have led to the increase in
attenuation [13,14]. The discussion section explains in detail the effects of the varying Gc
and the thickness on attenuation and void formation.
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Figure 8. Ultrasonic A-scan results for each type of plate in the thickness variation group. (a) Thickness = 8.89 mm.
(b) Thickness = 13.99 mm. (c) Thickness = 18.47 mm.

Table 4. Characteristics of and attenuation analysis results for each plate in the thickness varia-

tion group.
Item Hull Plate 2 Hull Plate 4 Hull Plate 5
Thickness (T, mm) 8.89 13.99 18.47
First echo pulse height (A4, %) 75 78 79
Second echo pulse height (A, %) 26 18 8
Attenuation (Y, dB) 9.20 12.74 19.89
Attenuation coefficient («, dB/mm) 0.52 0.46 0.54

The data obtained at 150 measurement points were analyzed to obtain the results
for hull plates 2, 4, and 5, which are shown in Figure 9. The Gc was designed to be
fixed at 40%. As the mean thickness increased from 8.71 mm to 14.10 mm and 18.34 mm,
the mean attenuation also significantly increased from 8.10 dB to 12.45 dB and 17.38 dB,
respectively (Figure 9a). Based on the residual analysis, the regression model was confirmed

to be suitable.
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Figure 9. Ultrasonic wave attenuation as a function of thickness. (a) Regression analysis results. (b) Residual analysis results.

Figure 10a presents the attenuation coefficients of the three hull plates with different
thicknesses. Although the plate thickness differed by more than two times, the actual mean
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Gc was similar, with values of 39.40%, 40.29%, and 43.39%. Accordingly, the attenuation co-
efficients of all three plates were similar, being 0.46 dB/mm, 0.44 dB/mm, and 0.48 dB/mm.
The regression model was confirmed to be suitable by constructing a residual plot.
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Laminate thickness (T, mm) Fitted values (a, dB/mm)
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Figure 10. Ultrasonic wave attenuation coefficient as a function of the thickness. (a) Regression analysis results. (b) Residual
analysis results.

6. Discussion
6.1. Effects of Gc and Thickness Variation

Further statistical analysis was performed on the ultrasonic test results obtained using
the Gc and thickness variation groups. The attenuation coefficient exhibited predictable
levels of variation with the Gc and thickness. However, in the case of attenuation variation,
there was also a significant difference between the two groups (Figures 6a and 9a).

Both types of variation increased the attenuation, but when the Gc was varied, the
irregularity of the wave was greater. This characteristic is thought to result from the fact
that, although the ultrasonic wave speed increases upon increasing the laminate density,
the E-glass fiber chop interferes with the wave simultaneously.

The increments in attenuation for the two groups were also different. The plates in
the thickness variation group produced a larger change than the plates in the Gc variation
group. The correlation analysis results obtained for each group also supported this finding.
The Pearson correlation analysis revealed a larger correlation in the thickness variation
group than in the Gc variation group, indicating that the plate thickness had a considerably
higher correlation with the attenuation than the Ge (Figure 11). In particular, the analysis
of the thickness variation group (Figure 11b) confirmed that the Gc had an almost negli-
gible effect (o = —0.092), whereas the thickness had a highly significant effect (o = 0.948)
on attenuation.
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Figure 11. Pearson’s correlation analysis to investigate the effect of the Gc and laminate thickness on

attenuation. (a) Gc variation group. (b) Thickness variation group.

Therefore, when the Gc was in the range of 30%-45%, which is a typical range for the
GEFRP structure design, plate thickness variation had a greater impact on attenuation than

Gc variation.

6.2. Effects of Voids

In typical GFRP structures, void generation increases with an increasing Gc or thick-
ness; thus, the analysis was conducted while considering this aspect. Fifteen burn-off tests
were performed with two groups of hull plates (Tables 5 and 6), and Figure 12 presents the

analysis results for each Gc and thickness variation group plate.

Table 5. Gc values of the hull plate specimens according to burn-off testing.

Mean
Hull Plate Design Gc (%) Thickness Test Value of Gc (%) Mean (%)
(T, mm)
Hull plate 1 30.00 9.87 31.80 32.20 31.11 33.06 33.23 32.28
Hull plate 2 40.00 8.71 39.49 39.33 38.79 40.60 38.80 39.40
Hull plate 3 45.00 7.56 42.03 41.92 41.80 41.01 43.30 42.01
Hull plate 4 40.00 14.10 43.00 40.18 39.36 38.73 40.19 40.29
Hull plate 5 40.00 18.34 42.69 44.02 42.39 45.78 44.28 43.83
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Table 6. Vv values of the hull plate specimens according to burn-off testing.
Mean
Hull Plate Design Gc (%) Thickness Test Value of Vv (%) Mean (%)
(T, mm)
Hull plate 1 30.00 9.87 0.66 0.92 0.91 0.79 0.90 0.84
Hull plate 2 40.00 8.71 1.03 0.92 0.57 1.13 0.57 0.84
Hull plate 3 45.00 7.56 1.49 1.41 1.33 1.43 1.72 1.48
Hull plate 4 40.00 14.10 1.48 0.85 0.94 1.17 1.50 1.19
Hull plate 5 40.00 18.34 1.89 1.55 1.69 2.13 1.72 1.80
2.5
[ Gc variation group
[ Thickness variation group
2.0
9 1 69(75%)
=15
= 1.41(75%)
£
o
€ 1.17(50%)
o
2 1.0
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0.0

Figure 12. Comparison of void volumes within the hull plate (Gc variation group vs. thickness
variation group).

According to the analysis results (Figure 12), thickness variation had a slightly greater
impact on the generation of voids than Gc variation. For a more detailed investigation,
further statistical analyses were performed. The population mean T-test for the mean
void volumes in the Gc and thickness variation group plates yielded a significance level
of 0.078. Thus, there was a difference in the generation of voids between the two groups,
but this difference was not significant. This is because the Gc values of the hull plate
fabricated in this study were 32.28-43.83%, which did not indicate a high Gc region but
rather a normal Gc region; thus, a high ratio of void generation was not observed. In fact,
thickness variation had a greater effect on void generation than Gc variation. An average
void volume of 1.8% was generated in the thickest plate (18.34 mm) According to an earlier
study [34], hull plates with 50-60% Gc contain up to 3—6% voids, and the thickness of these
hull plates is less than half that of the plates analyzed in this study. Therefore, inner defect
volumes equal to approximately 1% of the plate volumes in both the variation groups were
considered normal [23].

7. Conclusions

The purpose of this study was to investigate the attenuation characteristics of ultra-
sonic waves according to the design and fabrication characteristics of GFRP laminates for
composite ships. To this end, various combinations of GFRP laminates with Gc values and
thicknesses similar to the actual design values of hull plates were fabricated, and a pulse
echo ultrasonic test was performed on the fabricated specimens. The conclusions of this
study are as follows.

When the Gc was set to 30%, 40%, and 45% while the thickness was kept at similar
values (7.56-9.87 mm), the attenuation coefficient showed a natural tendency to increase
accordingly. However, some wave irregularities were identified, which are thought to have
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originated from the increase in the GFRP laminate density caused by increasing the E-glass
fiber weight; the E-glass fiber chop also increased the ultrasonic wave scattering.

When the Gc value of the hull plate was kept constant at 40% and the thickness
was changed to 10 mm, 15 mm, and 20 mm, all three measurement groups exhibited
highly similar attenuation coefficients. The attenuation increased significantly, becoming
approximately three times larger than that in the Gc variation group. This increase in
attenuation could have occurred because the amount of polyester increased considerably
when the thickness was increased at the same as the Gc, and the interface change between
each ply of the laminate increased.

Considering the above results comprehensively, in the Gc range of 30-50%, which
is the common range of Gc values applied in the design of laminate structures for GFRP
ships, the plate thickness had a greater impact on the attenuation characteristics than the
Gc. In addition, the effects of inner defects such as voids on the ultrasonic waves were
relatively insignificant.
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