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1. Introduction
Biofouling is the phenomenon of organisms’ attachment 
tendency on man-made surfaces. This phenomenon has 
consistently become one of the most persistent challenges 
to overcome in many industries, including shipping [1], 
aquaculture [2], marine renewable energy [3], and offshore 
installations [4]. Among the others, biofouling increases 
hull roughness, altering the ship’s hydrodynamic form, 
resulting in added resistance up to 80% that may lead up 
to 10.7% slower steaming for a Oliver Hazard Perry class 
frigate (FFG-7) compared to a foul-free ship hull scenario 
[5]. Additionally, biofouling maintenance costs reach up to 
$1 billion over 15 years for a DDG-51 class [6]. What is 
more, by applying antifouling coatings on crude oil and bulk 
carriers, 138 t of fuel can be saved and 430 t CO2 emission 
release can be prevented per route [7]. Beyond operational 
and economic burdens, biofouling also facilitates the spread 
of invasive species, posing ecological threats to marine 
biodiversity [8]. 

Several methods exist for preventing biofouling, so that 
antifouling strategies can be divided into physical, biological 
and chemical approaches [9]. Biological antifouling 
strategies typically rely on the secretion of enzymes or natural 
compounds from organisms that have biofouling deterrents. 
However, the low stability of the enzyme secretion process, 
with a lack of practicality in application, is still considered 
a major problem, making biological antifouling strategies 
insufficient as feasible antifouling deterrents [10-12]. In 
contrast, physical antifouling strategies rely on structural 
and material properties such as the use of acoustics [13], 
electric or magnetic fields [14], ultraviolet (UV) light [15], 
and engineered surface topographies [16]. Despite the wide 
variety of these approaches, many have been developed 
within recent years and remain at an initial stage of 
development. As a result, the lack of long-term performance 
data and cost-effectiveness makes the majority of physical 
antifouling strategies insufficient. In other words, while 
physical antifouling strategies are considered promising for 
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the future, current studies based on these methods are not yet 
dependable [17].
Chemical antifouling strategies remain among the most 
common, feasible, and cost-effective antifouling methods 
preferred in the maritime industries [18]. From traditional 
antifouling coatings to modern chemical antifouling coatings, 
majority of the coating systems function as releasing 
toxic materials into the marine environment [19], thereby 
preventing fouler organisms from attaching to surfaces, 
enabling a foul-free surface [12]. Among the others, two 
types of antifouling coatings are highly recognised within 
modern chemical antifouling coatings: self-polishing 
copolymer (SPC) coatings and foul release (FR) coatings 
[20]. 
Foul-release coatings are regarded as the future of the 
antifouling coatings due to their non-toxic, environmentally 
friendly mechanisms [21,22]. Buskens et al. [23] conducted 
a research reviewing foul-release coatings to discuss 
alternative antifouling coatings for replacing SPC coatings. 
Additionally, Hu et al. [24] investigated developments 
of foul-release coatings with a particular focus on high-
performance foul-release coatings. That is to say, although 
there are many studies conducted showing the impacts of 
biofouling for the vessels coated with the FR coatings 
[25,26], overall, widespread adoption of FR coatings across 
maritime sectors remains a question [27], due the relatively 
higher costs and poor performances for the vessels operating 
under idle conditions [21]. 
In contrast with the foul-release coatings, SPC coatings 
function by releasing toxic biocides into the marine 
environment. Lagerström et al. [19] investigated SPC 
antifouling leach and found that slowest leaching rate of 
copper in marine waters was 1.9 µm/cm2 per day. These 
toxic biocides act as deterrents so that any fouler organism 
attempting to attach to the coated surface faces with the 
potential death threat. Due to being one of the earliest 
methods, this mechanism makes SPC coatings highly 
effective and economically feasible in the fight against 
biofouling [12,28,29]. Consequently, numerous studies have 
been conducted on SPC coatings, clearly demonstrating their 
effectiveness in the fight against biofouling [30]. However, 
while only a few early investigations have explored the 
efficacy of SPC coatings on wooden ships, most of the 
research has been primarily concentrated on SPC applications 
involving steel-hulled ships.
Thai et al. [31] conducted nanocomposite antifouling coatings 
performance on a steel substrate using natural marine water in 
a laboratory. Falara et al. [32] investigated five commercially 
available antifouling coatings on naval steel by focusing 
on antifouling and anticorrosive performances. Zhao et al. 
[33] attempted to develop an environmentally friendly Cu-

bearing stainless steel as an antifouling coating. Zhou et al. 
[34] developed an antifouling coating for galvanised steel,
which is reported to be as a successful antifouling method
for preventing certain fouler organisms. Daloğlu et al.
[35] investigated a glass-ceramic coating applied to steel
substrates, which ended up effectively resisting biofouling.
Suleiman et al. [36] investigated the anticorrosion and
antifouling performances of biocides embedded in hybrid
coatings on mild steel. Soma Raju et al. [37] highlighted sol-
gel-based organic and inorganic hybrid coatings for steel.
That is to say, existing research concerning marine biofouling 
has predominantly focused on the challenges associated with
commercial vessels constructed with steel.
In contrast, the impact and characteristics of biofouling 
on recreational vessels, which are primarily fabricated 
from Glass Fiber Reinforced Polymer (GFRP), have 
received considerably less extensive investigation. Kadir 
et al. [38] investigated two coatings with the compounds 
of polytetrafluoroethylene, polydimethylsiloxane, and 
polyvinylidene fluoride on GFRP Composite materials 
through visual observation. In addition to that, Subramanian 
and Williams [39] demonstrated how banned Tributyltin-
modified epoxy polymers for glass fiber reinforced 
composites are more successful than traditional antifouling 
coatings. This disparity in research attention represents 
a significant oversight, particularly given the operational 
profile of leisure vessels.
Sánchez and Yebra [40] investigated methodologies for 
marine antifouling coating performance tests, distinguishing 
between laboratory-based and field-based testing approaches. 
In their study, a representative pyramid was generated to 
demonstrate how accurate antifouling performance tests 
are. Short-term tests are located at the base of this pyramid, 
which represents the least initial and the least conclusive 
performance tests. Upon satisfactory outcomes, medium-
term tests are conducted, followed by long-term tests and 
finally, full-scale ship tests are conducted. Therefore, ship 
tests are the most accurate antifouling coating performance 
tests. However, that should be noted that the economic 
viability of such trials is often impractical. Overall, research 
conducted by Sánchez and Yebra [40] showed that long-term 
field tests are frequently considered as the most practical 
and reliable method for evaluating antifouling coating 
performances. Figure 1 illustrates the efficient antifouling 
coating design and optimisation workflow.
Moreover, experimental panels submerged for ten weeks 
are considered representative of the upper range of 
biofouling accumulation anticipated on commercial vessels 
maintaining frequent operational schedules [41-43]. Such 
vessels, often benefiting from advanced anti-fouling systems 
and regular movement through water, typically experience a 
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controlled degree of fouling. The three-month time frame in 
an experimental setting likely captures a mature yet actively 
managed fouling community, similar to the hull condition of 
these frequently used commercial ships.
In contrast, experimental deployments extending from 
six to twelve months resulted in fouling accumulation of 
greater complexity and biomass. These extensive fouling 
communities are comparable to those documented on vessels 
that have remained idle for prolonged periods [43,44]. 
During extended static conditions, hydrodynamic forces that 
would typically inhibit the settlement of fouling organisms 
are absent. This allows for the development of diverse and 
well-established biofouling, including macroalgae and larger 
invertebrates, mirroring the state of long-berthed or laid-up 
vessels [43].
Furthermore, it is evident from the literature that a 
shorter immersion period of approximately ten weeks 
for experimental panels corresponds to an early stage of 
biofouling development. This level of fouling is similar 
to that expected on a recreational fishing vessel subject 
to seasonal use [30,45]. Such vessels often experience 
intermittent activity with potentially extended periods 
of mooring during off-seasons, allowing for the initial 
colonisation and establishment of initiative fouling species. 
The ten-week exposure likely reflects this early successional 
stage, characterized by biofilm formation and the settlement 
of initial macrofouling organisms, before significant biomass 
or community complexity is achieved.
American Society for Testing and Materials (ASTM) released 
a standard [ASTM D3623-78a (2020)] that determined how 
these anti-fouling tests should be conducted [46]. According 
to this standard immersion panel area shall be a minimum 
of 465 cm2. This standard was taken as a reference for the 

immersion tests. In addition to that, the US Navy developed 
a fouling grade system, Naval Ship’s Technical Manual 
(NSTM) [47]. According to the NSTM fouling rating system, 
fouling accumulation was graded between 0 and 100, whilst 
fouling rating 0 representing the no-foul surface and fouling 
rating 100 denotes the most severe biofouling intensity. The 
NSTM report classifies fouling with the characteristics of 
fouler organisms, such as soft, hard or composite, while 
soft fouling has minimal impact, hard and composite types 
significantly impair hydrodynamic performance and damage 
coatings and machinery. Furthermore, for each rating grade, 
pictures of fouling conditions with the fouling grade are 
presented within the NSTM report.
Furthermore, by conducting antifouling coating performance 
tests deployed over time, a model can be used to determine 
extended fouling conditions on a specific surface coated 
with the same antifouling coating. To do that, biofouling 
accumulation on antifouling-coated surfaces is required to 
be mimicked. In the existing literature, there are two growth 
model configurations suitable for modelling biofouling [48]. 
The first is an exponential growth model, and the other is 
a logistic growth model. The exponential logistic growth 
model assumes that there is an unlimited amount of nutrition 
in the environment. Therefore, while an exponential growth 
model may hold validity in conditions where resources are 
unlimited, it is inadequate for accurately portraying the 
temporal dynamics of biofouling in marine environments, 
which are characterized by finite resources. This necessitates 
the use of more appropriate growth models. On the other hand, 
the logistic growth model considers exponential growth as 
the early-stage growth, but then takes the carrying capacity 
into account; therefore, an “S” shaped model is generated. 
Consequently, as the exponential growth model becomes 
unrealistic to represent biofouling accumulation over time, 
the logistic growth model remains the most suitable growth 
model representing the fouling accumulation over time.
To the best of the authors’ knowledge, no study has 
systematically investigated the biofouling accumulation 
patterns and antifouling coating performance on recreational 
vessels constructed from GFRP using a time-dependent 
modelling approach. While the antifouling performance 
of coatings—particularly SPC—has been widely studied 
on commercial steel-hulled vessels, limited research has 
addressed how these coatings perform on GFRP hulls over 
time. This gap highlights a critical need for experimental 
studies focused on the temporal dynamics of fouling 
patterns on vessels with GFRP hulls, supported by robust 
modelling frameworks such as the logistic growth model, 
to better inform coating selection, maintenance strategies, 
and environmental impact assessments for the recreational 
boating sector.

Figure 1. The efficient antifouling coating design and optimization 
workflow adapted from [40]
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2. Methodology
Methodology of this research is presented in this section, 
starting from the sample panels manufacturing, coating 
application and sample panels monitoring.

2.1. Sample Panel Manufacturing
This investigation intends to replicate real application 
conditions prevalent among recreational fishermen to 
quantitatively assess the effect of selected antifouling 
coating. Specifically, coating samples were applied utilizing 
a roller brush, a methodology widely adopted within this 
user group, thereby ensuring the practical relevance of the 
findings [49]. The experimental design was conceived to 
simulate the operational environment of recreational fishing 
vessel hulls typically navigating the Black Sea. To further 
enhance the reliability and replicate the in-situ performance 
of the antifouling coating, test panels were fabricated 
using the same materials, glass fiber/polyester, same lay-
up configurations, and the same manufacturing techniques 
identical to those utilized in the construction of small marine 
crafts common in the region. This approach aimed to provide 
a realistic evaluation of the antifouling coatings’ performance 
of a recreational fishing boat hull manufactured using GFRP.
The reference vessel for this study is a 4.95-meter 
recreational fishing boat as illustrated in Figure 2. To 
ensure the representativeness of the test specimens, the 
manufacturing protocol mirrored that typically employed for 
the construction of such marine craft.
The fabrication process commenced with the application of 
a protective gelcoat layer onto a prepared, smooth surface. 
Specifically, a dual-layer application of marine-grade 
gelcoat was applied via a spray gun, achieving a cumulative 
thickness designed to provide substantial protection against 

environmental degradation, including UV radiation and 
water ingress, as well as to offer a degree of resistance 
to superficial mechanical damage. In conventional boat 
building, this gelcoat is typically applied to the internal 
surface of a female mold. However, for the purposes of this 
study, which focused on flat panel testing, an 18 mm-thick 
sheet of plywood, which had been previously coated and 
polished to achieve a high-quality surface finish, served as 
the flat male mold.
Following an adequate gel time to allow for the initial 
curing and consolidation of the gelcoat layer, the structural 
laminate was constructed. This involved the sequential hand 
lay-up of five plies of 450 g/m² chopped strand mat glass 
fiber reinforcement. Each ply was carefully wetted out with 
polyester and consolidated to ensure thorough impregnation 
and minimize voids.
This fabrication process yielded test panels with a nominal 
overall thickness of approximately 5.0 mm. This total 
thickness was constituted by a 0.5 mm layer of cured gelcoat 
and a 4.5 mm thick GFRP laminate, resulting from the five 
plies of 450 g/m². This standardized sample preparation 
ensures that subsequent analyses accurately reflect the 
material properties and performance characteristics of a 
structure manufactured using this conventional technique.
After a 24-hour curing period, which ensured adequate 
solidification and stabilization of the composite material, the 
prepared samples were advanced to the drilling holes stage. 
For the purpose of secure mounting within the designated 
test frame, a hole was precisely drilled in each corner of 
every sample. Significant attention was dedicated to the 
drilling methodology to prevent the initiation of micro-
cracks or fractures on the delicate gelcoat surface. This was 
achieved through a meticulous, multi-stage drilling protocol. 
Initially, pilot holes of a substantially smaller diameter than 
the final requirement were introduced. Subsequently, the 
drill bit diameter was incrementally enlarged in a stepwise 
manner until the target hole of 5 mm was attained. This 
progressive drilling technique was implemented to minimize 
stress concentrations and ensure the integrity of the sample 
material surrounding the hole. Geometrical characteristics 
of test panels are visually depicted in Figure 3 (a).

2.2. Coating Application and Frame Construction 
Prior to coating application, the gelcoat surface was 
mechanically prepared by sanding with an 80-grit abrasive 
paper. This procedure was implemented to enhance the 
surface profile, thereby facilitating improved mechanical 
keying and promoting robust adhesion of the subsequent 
antifouling coating layer. The final appearance of the sample 
panels before coating application is given in Figure 3 (b).

Figure 2. A typical recreational fishing vessel commonly observed 
in the black sea region, whose hull structure served as the reference 
for the design and preparation of the experimental panel samples
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The test panels underwent painting using a roller brush. 
This method was deliberately chosen due to its widespread 
adoption and common practice among recreational fishermen 
in the Black Sea region, thereby ensuring the experimental 
methodology closely mirrored real-world application 
scenarios. Therefore, the coating application was directed 
by the person responsible for hull paintings at a fishing 
port where local recreational vessels are typically serviced. 
In this context, the antifouling paint selected was the one 
most used among recreational vessels. Furthermore, the 
application was carried out using the roller painting method, 
which is a widely adopted technique among recreational boat 
users. Although antifouling coating’s data sheet indicates 
that the average coating thickness typically ranges between 
150-200 µm, by mimicking the real application conditions,
measurements such as the thickness of the applied coating
were not taken into consideration. In this study, uncoated
blank specimens were assigned to the designations “B1”
and “B2”, and samples coated by means of a roller brush
application were denoted as “R1” and “R2”.
The specific antifouling coating used was a commercially 
available product designed for recreational vessels with 
wooden or GFRP hulls. The selected coating is a SPC 
antifouling coating that combines cuprous oxide (Cu2O), 
Diuron, and N-cyclopropyl-N’-(1,1-dimethylethyl)-6-
(methylthio)-1,3,5-triazine-2,4-diamine. The composition 
of the selected antifouling coating was obtained from the 
manufacturer’s data sheet, which the authors have chosen 
not to disclose for commercial reasons. Adherence to the 
manufacturer’s Material Data Sheet (MDS) was strictly 
maintained throughout the application process to ensure 
optimal performance characteristics and consistency. 
Following the initial application of the first coat, a precisely 
observed inter-coat interval of one hour was maintained 
before the second layer was applied. In accordance with the 
MDS specifications, no thinner was added to the coating, 
preserving its intended viscosity and active ingredient 
concentration. 
Furthermore, a support structure, specifically a frame, was 
conceptualized and constructed to suspend experimental 
samples. The material of choice for this frame was 
Polypropylene Random Copolymer (PPRC). This selection 
was based on PPRC’s inherent resistance to corrosion in a 
seawater environment, a critical factor to prevent any material 
degradation from influencing the experimental outcomes. To 
ensure the frame’s submersion, a hollow pipe of PPRC with 
a 32 mm diameter was chosen. These pipes were precisely 
cut to the required dimensions and subsequently joined 
using a plastic welding technique. The final frame was 
designed with dimensions of 120x120 cm, providing ample 
area to accommodate the samples. For sample attachment, 

strategic holes were drilled into the pipes. Samples were 
then secured to the frame at each corner using plastic cable 
ties. To mitigate the possibility of contact between adjacent 
samples, additional diagonal tying was implemented, 
thereby ensuring spatial separation and preventing potential 
interference effects. Figure 3 (c) illustrates the final setup for 
the deployment tests.
Overall, a site frequently utilized for the mooring of local 
recreational vessels was selected to facilitate the deployment 
of the experimental frame. The immersion test panel 
apparatus was submerged at 135 cm depth from the surface, 
complying with the ASTM standard [ASTM D3623-78a 
(2020)] [46]. This location was chosen to replicate authentic 
environmental conditions. The frame was subsequently 
secured at its upper vertices to the harbor and suspended in 
water.

2.3. Biofouling Monitoring and Analysis
To track the progressive accumulation of biofouling, 
immersed sample panels were systematically monitored at 
weekly intervals throughout a ten-week observation period. 
Recent studies have demonstrated ongoing applicability of 
NSTM fouling ratings. For instance, Tamburri et al. [50] 
conducted a research to evaluate ship-in-water cleaning 
and capture systems by using NSTM fouling rating in 
image processing to automate fouling assessment. Dinis 
et al. [51] developed a novel tool for ship underwater hull 
maintenance by using the NSTM fouling rating system. 
Therefore, the NSTM Fouling rating system was used to 
quantify fouling accumulation over time in this research. To 
do that, instructions with the descriptions were considered 
from NSTM [46]; therefore, notes were taken for each week 
and the panel’s biofouling condition. As a result, fouling 
ratings of each panel over time were attended. Table 1 gives 

Figure 3. Geometry of sample panels (a), the samples in their final 
stage prior to coating application (b), immersion test panels kit for 
the deployment experiment (c)
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the description of the fouling patterns and attributed fouling 
ratings adapted from NSTM [47]. 
Following that, attributed NSTM fouling ratings were fitted 
into logistic growth model using MATLAB software’s 
Curve fitting tool. To do that, a logistic growth model was 
developed based on the logistic growth models suggested by 
Sarkar [48] and Uzun et al. [52]. The logistic growth model 
equation representing biofouling accumulation over time is 
given in Equation 1.

(1)

Where FRNSTM is the fouling ratings according to NSTM 
standards, P, p, b, c, d, f, g, m, n, and o are logistic growth 
model constants, and t is the sum of immersion time in days. 
As a result, fouling ratings and relevant models of the panels 
immersed over 10 weeks are presented in plots. Plots include 
the specific panel codes with the logistic growth models. So 
that the natural growth of the fouling over immersed panels 
can be predicted using Equation 1 with the given constants. 
Concurrent with the weekly acquisition of sample images, 
environmental variables, such as water temperature and 
salinity, were systematically monitored and recorded.
Schultz [5] investigated the coating roughness and the 
impacts of biofouling on ship resistance and powering. In 
this study, a table was demonstrated correlating the NSTM 
fouling ratings, the equivalent sand roughness heights (ks) and 

average coating roughness (Rt50). The range of representative 
fouling conditions, corresponding NSTM fouling ratings 
with equivalent ks and Rt50 values are given in Table 2.
Biofouling monitoring and analysis step was finally 
concluded by generating two further equations with the aim 
of converting NSTM fouling ratings to industrially accepted 
roughness scales ks and Rt50 values.

3. Results and Discussion
Biofouling accumulation over time was periodically observed 
in the natural marine environment for the recreational 
vessels. To do that, panels representing hull material were 
coated with a commercially available antifouling coating and 
checked periodically with the aim of observing biofouling 
over time. The material used in the immersion test panels was 
selected to represent the recreational vessel’s hull material. 
At the same time, weekly seawater temperature and salinity 
with the atmospheric temperatures measured to check for 
any anomalies in seawater. Recorded seawater temperatures, 
salinity and weather temperatures are presented in Table 3.
Analysis of the data presented in Table 3 demonstrates that, 
despite minor temporal fluctuations, a consistent long-term 
upward trend is observed for both weather and seawater 
temperatures. Conversely, salinity levels were observed 
to fluctuate within a range of 18-20.5%. While such a 
variation in salinity was not anticipated, this deviation can 
be attributed to the lack of control over the environmental 

Table 1. NSTM fouling ratings, adapted from [47]

Fouling ratings Description of the fouling patterns
0 A clean, foul-free surface; red and/or black AF coating or a bare metal surface.

10 Light shades of red and green (incipient slime). Bare metal and coated surfaces are visible beneath the 
fouling.

20 Slime as dark green patches with yellow- or brown-colored areas (advanced slime). Bare metal and coated 
surfaces may be obscured by the fouling.

30

Grass as filaments up to 3 inches (76 mm) in length, projections up to 1/4 inch (6.4 mm) in height; or 
a flat network of filaments, green, yellow, or brown in color; or soft non calcareous fouling such as sea 

cucumbers, sea grapes, or sea squirts projecting up to 1/4 inch (6.4 mm) in height. The fouling can not be 
easily wiped off by hand.

40 Calcareous fouling in the form of tubeworms less than ¼ inch in diameter or height.

50 Calcareous fouling in the form of barnacles less than ¼ inch in diameter or height.

60 Combination of tubeworms and barnacles, less than ¼ inch (6.4 mm) in diameter or height.

70 Combination of tubeworms and barnacles, greater than ¼ inch in diameter or height.

80 Tubeworms closely packed together and growing upright away from surface. Barnacles growing one on 
top of another, ¼ inch or less in height. Calcareous shells appear clean or white in color.

90 Dense growth of tubeworms with barnacles, ¼ inch or greater in height; Calcareous shells brown in color 
(oysters and mussels); or with slime or grass overlay.

100 All forms of fouling present, soft and hard, particularly soft sedentary animals without calcareous covering 
(tunicates) growing over various forms of hard growth.

NSTM: Naval Ship’s Technical Manual 
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conditions prevalent within the port during the immersion 
tests. However, since recreational vessels spend their 
idle time in the ports, this condition represents a realistic 
perspective in the biofouling immersion tests. Building on 
these environmental observations, the subsequent sections 
present the fouling growth results and analyse them using a 
logistic growth model.

3.1. Fouling Growth Analysis
This study specifically aimed to characterise the early 
stages of biofouling development. Consequently, the test 
panels were retrieved from the Black Sea after a 10-week 
immersion period. To do that, immersed panels were checked 
regularly to distinguish fouling patterns over time using the 
descriptions from Table 1. From the immersion day to the 
final day of the immersion tests, panels were periodically 
observed, notes taken, and the fouling ratings given with the 
descriptions from Table 1 were attended. Within this point, 
it is important to state that semi-ratings (such as 5,15 and 
25) were also considered when the fouling patterns are not
clear; therefore, the authors could not fit the ratings in an
NSTM fouling rating grade. Attended NSTM fouling ratings
are given in Table 4.

It can be seen from Table 4 that coated and uncoated surfaces 
show differences in terms of fouling ratings. Moreover, 
while uncoated surfaces face advanced slime accumulation 
(NSTM fouling rating of 20) within the first month (Week 4), 
antifouling coatings prove high effectiveness in combating. 
When uncoated panels (B1 and B2) are examined in detail, 
fouling patterns show similarities as expected. However, 
uncoated surfaces fail to prevent biofouling accumulation 
for both panels. In other words, both panels show indications 
of incipient slime accumulation (fouling rating 10) with 
the first 2 weeks, and yet in the 4th week, advanced slime 
accumulation (fouling rating 20) is observed. Within the 
10-week immersion period, grass filaments became visible
as the severest fouling condition over B2 and therefore the
maximum fouling rating reached is 30. Another important
point to notice is that although general trends indicate
increases in the severity of biofouling—and consequently
higher NSTM fouling ratings—the B2 panel shows a slight
decline in NSTM ratings. More specifically, after week 8 of
the B2 panel, there is a decline in the NSTM fouling ratings
of B2. Although the reason behind this is unclear, wave
patterns in the immersion site or the organisms that are fed

Table 2. Fouling condition descriptions, equivalent NSTM fouling ratings, equivalent sand roughness heights (µm) and average coating 
roughness (µm), adapted from Schultz [5]

Description of fouling conditions NSTM fouling rating ks (µm) Rt50 (µm)
Hydrodynamically smooth surfaces 0 0 0

Typical as applied AF coating 0 30 30

Deteriorated coating or light slime 10-20 100 100

Heavy slime 30 300 300

Small calcareous fouling or weed 40-60 1000 1000

Medium calcareous fouling 70-80 3000 3000

Heavy calcareous fouling 90-100 10000 10000
NSTM: Naval Ship’s Technical Manual 

Table 3. Environmental variables during the 10-week immersion period

Immersion duration (weeks) Seawater temp. (°C) Salinity (%) Weather temp. (°C) Sky condition
0 10 20 13 Partly cloudy

1 13 19 23 Partly cloudy

2 9 20 6 Rainy

3 13 19.5 18 Mostly cloudy

4 13 18.5 17 Rainy

5 11 20.5 9 Mostly cloudy

6 12 19 14 Mostly cloudy

7 14 19.5 16 Cloudy

8 12 19.5 12 Mostly cloudy

9 18 18 27 Sunny

10 16.5 20 24 Sunny
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by the fouler organisms can cause this problem, similar to 
the incident reported by Özyurt [53]. In that study, a similar 
condition was observed and reported. A pipefish (Syngnathus 
typhle) was naturally feeding on fouling organisms, which 
led to a noticeable decrease in the NSTM ratings.
Moreover, fouling ratings for the coated panels R1 and 
R2 show similarities. Whilst incipient slime accumulation 
becomes visible starting from the 4th week, the maximum 
fouling rating that is reached for the coated panels R1 and 
R2 is 20, after a 10-week immersion period. Thus, coated 
panels R1 and R2 show greater success at preventing 
biofouling in comparison to the uncoated panels B1 and B2. 
In detail, whilst the second week becomes the initial stage 
of the incipient slime accumulation on B1 and B2, it is the 
fourth week that the incipient slime becomes visible for the 
coated R1 and R2 panels. Furthermore, during the 10-week 
of immersion time, while the uncoated panels B1 and B2 
show the highest fouling ratings of 30 in the sixth week, the 
highest fouling rating for the coated R1 and R2 is the fouling 
rating 20 after a ten-week immersion period. 
Within this point, it is important to note that while 
conducting antifouling tests in the natural sea environment 
provides realistic insights, they are limited by lack of 
control. Additionally, seasonal and geographical changes 
result in significant changes in biofouling accumulation 
due to the factors affecting biofouling growth, including 
seawater temperature, salinity, pH, nutrient availability, 
and immersion depth. However, considering the accuracy 
of the antifouling tests presented in Figure 1, validation 
through full-scale testing on an actual vessel is ideally 
required, but such an undertaking is often not feasible due 
to high costs. Therefore, the most feasible method to test 
antifouling coatings is the immersion tests. Further details 
of the aspects among varying antifouling ageing tests are 
investigated in the research conducted by Hellio and Yebra 
[27]. The resultant final condition of the panels is presented 
in Figure 4, providing a clearer representation of biofouling 
accumulation at the end of the 10th week.
Figure 4 illustrates the overall performance of antifouling 
coatings on GFRP materials. It is visually apparent that 
while coated surfaces are successful at preventing biofouling 
accumulation, uncoated surfaces fail to prevent biofouling 
accumulation after a 10-week immersion time. After the 
fouling ratings were attended for each test panel, a Logistic 
growth model was fitted into the generated data.

3.2. Logistic Growth Model Fitting
After generating a data set representing biofouling growth 
over time, a logistic growth model was fitted into the data 
set with the aim of predicting certain NSTM fouling rating 
at a given immersion period; therefore, further calculations 

can be conducted for the recreational vessels operating under 
a certain operational profile. Fitted logistic growth models 
using the data presented in Table 4 and Equation 1 are 
plotted and presented in Figure 5.
Figure 5 demonstrates fouling accumulation trends of two 
uncoated (B1 and B2) and two coated (R1 and R2) panels 
over approximately 70 days of immersion, modelled 
utilizing a logistic growth model, Equation 1, to describe 
NSTM fouling ratings. Additionally, logistic growth model’s 
constant values with the R-squared values (RSQ), adjusted 
RSQ, sum of squared error values and root mean squared 
error values are presented in Figure 5. Overall, results 
demonstrate that the logistic growth model exhibits a strong 
correlation with the Immersion Field test data, particularly 
for B1, R1 and R2, which shows excellent correlations with 
the high RSQ values. Additionally, although B2 shows a 
lower RSQ value, the correlation is sufficient, supporting 
the suitability of the model for stimulating biofouling growth 
over time and provides confidence in predicting the NSTM 
fouling ratings for the given immersion time.
Lower RSQ value for B2 can be attributed to the fouling 
removal, as discussed in Section 3.1. Since the logistic 
growth model considers population growth and neglects 
the decrease in population dynamics, as demonstrated by 
Sarkar [48], an imbalance between observed data and model 
predictions is expected when the fouling is actively removed.
Figure 5 also highlights the effectiveness of antifouling 
coatings. While an uncoated recreational vessel’s GFRP hull 
is only capable of preventing advanced slime accumulation up 
to 30-35 days, coating application can delay advanced slime 
accumulation approximately 35 days, which is visible from 

Table 4. Attended NSTM fouling ratings over a 10-week 
immersion period

Weeks
NSTM ratings

B1 B2 R1 R2
0 0 0 0 0

1 5 5 5 5

2 10 10 5 5

3 10 10 5 5

4 15 15 10 5

5 20 20 10 10

6 25 30 10 10

7 25 30 10 10

8 25 30 10 10

9 25 25 15 15

10 25 25 20 20
NSTM: Naval Ship’s Technical Manual 
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both test panels and their replicas. Furthermore, while an 
uncoated GFRP hull cannot resist grass filaments appearing 
on its surface between 35-40 days, coating application can 

delay grass filaments appearing on the recreational vessel’s 
hull more than nearly 70 days.
Overall, fitted curves illustrated in Figure 5 make a prediction 
of the NSTM fouling ratings. By using Equation 1 and the 
given constants within Figure 5 for each immersion test panel 
(B1, B2, R1, and R2), it is possible to predict the fouling 
condition of any surface for the given immersion time.
Finally, in addition to the curves fitted into the logistic 
growth model, a further correlation between roughness 
scale, in terms of equivalent sand roughness heights (ks), 
average coating roughness (Rt50), and NSTM fouling ratings 
is plotted and presented in Figure 6.
Figure 6 illustrates the correlations between NSTM fouling 
ratings, equivalent sand roughness heights and Average 
Coating Roughness in µm. The equations given in Figure 6 
are particularly important for those willing to investigate the 
impacts of biofouling on a recreational boat made of GFRP 
with coated and/or uncoated hull conditions, considering the 
operational profile of the vessels.

Figure 4. State of panels blank 1 (B1), blank 2 (B2), roller paint 1 
(R1), roller paint 2 (R2) after 70 days (week 10) of immersion

Figure 5. Logistic growth fitting for the NSTM fouling ratings for the surfaces deployed
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4. Conclusion
Biofouling over a coated and uncoated GFRP material 
showed significant differences in terms of initial fouling 
growth. This growth was quantified using the NSTM fouling 
rating system to be converted into varying roughness scales, 
including equivalent sand roughness heights (ks) and average 
coating roughness (Rt50). Subsequently, the obtained NSTM 
fouling rating data were fitted to a logistic growth model to 
characterize the natural progression of biofouling over time. 
Utilizing the logistic growth parameters presented in Figure 
5 and Equation 1, the temporal evolution of NSTM fouling 
ratings can be estimated. Following the model fitting, 
additional correlations were established between the NSTM 
fouling ratings, ks, and Rt50. Based on these relationships, 
two predictive equations—depicted in Figure 6—were 
formulated to estimate ks ​and Rt50​ values as a function of 
the NSTM fouling ratings. Collectively, these equations, 
in conjunction with Equation 1, enable the prediction of 
roughness parameters over a specified fouling period. As 
a result, antifouling coating immersion test results showed 
that coating GFRP material with an SPC coating becomes 
highly efficient in terms of preventing fouling growth over 
time. More specifically, while coating a recreational boat 
with a GFRP hull can prevent advanced slime accumulation 
for 60 to 70 days, uncoated hulls are subjected to advanced 
slime accumulation in nearly 30-40 days. With this in 
mind, biofouling has been shown to increase effective 
power requirements by up to 24%, which in turn raises fuel 
consumption and CO2 emissions for fishing vessels with steel 
hulls over a fishing season, as reported by Ozyurt et al. [30]. 
Considering the total operational profile of the recreational 
vessels, this time gap can make a significant contribution to 
the overall efficiency of the vessel, leading to reduced fuel 
consumption, fuel costs and CO2 emissions.

5. Future Work
Although this study does not include quantitative data on 
fuel consumption or emissions reductions, the observed 
reduction in fouling with SPC coatings suggests a 
potential for improved operational efficiency and reduced 
environmental impact. These implications align with trends 
reported in previous literature [5-8] and warrant further 
investigation through dedicated empirical studies. This 
research may lead researchers to further investigate the 
potential benefits of GFRP materials constructed recreational 
fishing boats concerning biofouling. This can be helpful for 
the decision-maker authorities adopting new regulations 
for the recreational fishing vessels, which can particularly 
be preserved both marine ecosystem and air pollution due 
to toxic material release into the marine environment from 
SPC coatings and the added emissions released caused 
by increased fuel consumption. This data can be further 
extrapolated to investigate the impacts of the recreational 
fishing boats concerning the GFCM area and globally. To 
gain a more complete understanding of long-term biofouling 
dynamics, subsequent research should incorporate extended 
immersion periods, ranging from six to twelve months, 
to mimic vessels remaining idle for protracted durations. 
In addition, the scope of the research can be broadened 
by conducting similar field tests in different marine 
environments, such as the Baltic Sea, the Caspian Sea or the 
Mediterranean Sea. A further study would facilitate a direct 
comparison of biofouling characteristics over typical steel 
and GFRP constructed hulls. In addition, a life cycle analysis 
can be conducted considering a recreational vessel’s lifespan 
between steel-hulled and GFRP-hulled vessels. In parallel, a 
comprehensive investigation into the impacts of antifouling 
coatings on the environment can be investigated to underline 
how marine organisms and biodiversity are affected.

Figure 6. NSTM fouling ratings (FRNSTM) against equivalent sand roughness heights (ks) correlations (a) and average coating roughness 
(Rt50) correlations (b)
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