ﬂ buildings

Review

Advancements in Surface Coatings and Inspection Technologies
for Extending the Service Life of Concrete Structures in Marine
Environments: A Critical Review

Taehwi Lee

check for

updates
Academic Editors: Olga Szlachetka
and Marek Dohojda

Received: 30 December 2024
Revised: 12 January 2025
Accepted: 19 January 2025
Published: 21 January 2025

Citation: Lee, T.; Kim, D.; Cho, S.;
Kim, M.O. Advancements in Surface
Coatings and Inspection Technologies
for Extending the Service Life of
Concrete Structures in Marine
Environments: A Critical Review.
Buildings 2025, 15, 304. https://
doi.org/10.3390/buildings15030304

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Dongchan Kim, Sanghwan Cho

and Min Ook Kim *

Department of Civil Engineering, Seoul National University of Science and Technology, 232 Gongneung-ro,
Nowon-gu, Seoul 01811, Republic of Korea; 1th20910@seoultech.ac.kr (T.L.); kdc0357@seoultech.ac.kr (D.K.);
sanghc9812@naver.com (S.C.)

* Correspondence: minookkim@seoultech.ac.kr

Abstract: Concrete structures in marine environments are subjected to severe conditions
that significantly compromise their durability and service life. Exposure to chloride pene-
tration, sulfate attack, and physical erosion accelerates deterioration, leading to extensive
maintenance requirements and high associated costs. To address these challenges, signifi-
cant advancements in surface coatings and inspection technologies have been developed to
enhance the longevity of concrete structures. This review examines recent progress in pro-
tective surface coatings that mitigate environmental damage and explores state-of-the-art
inspection techniques for assessing structural integrity. By providing a comprehensive anal-
ysis of innovative materials, coating applications, and non-destructive evaluation methods,
this paper aims to equip researchers and industry professionals with effective strategies for
preserving concrete infrastructure in marine environments.

Keywords: concrete structures; marine environment; surface coating; surface inspection

1. Introduction

Concrete structures in marine environments, such as ports, bridges, offshore platforms,
and coastal defense systems, all play a significant role in global infrastructure and economic
activities [1-4]. However, these structures directly face consistent and severe environmental
challenges that threaten their durability and service life [5,6]. Concrete structures in
marine environments face distinct corrosion mechanisms compared to those constructed
on land, largely due to heightened exposure to chlorides, seawater spray, and frequent
wetting—drying cycles [7-11]. These conditions accelerate chloride ingress and increase the
likelihood of steel reinforcement corrosion. Once chlorides penetrate the concrete cover and
reach the steel, electrochemical reactions occur, forming expansive corrosion products that
can crack or spall the surrounding concrete and reduce the load-bearing capacity [12-15]. In
contrast, land-based concrete structures typically experience lower chloride concentrations
and less aggressive moisture cycles, resulting in a slower corrosion rate and reduced risk
of severe steel degradation. Consequently, marine structures often require more robust
protective measures, ongoing maintenance, and specialized material selection to prolong
their service life and ensure safe performance under harsh coastal conditions.

The economic implications of concrete deterioration in marine settings are substan-
tial [16]. Maintenance, repair, and rehabilitation of damaged structures require significant
financial resources, and failure to address these issues in a timely manner can result in
catastrophic structural failures, service disruptions, and safety hazards [17,18]. For instance,
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corrosion-related damage accounts for a significant portion of the annual maintenance
budget for marine infrastructure worldwide [19]. As such, there is a growing need for
cost-effective and sustainable strategies to enhance the durability and service life of concrete
structures in such harsh environments.

To mitigate these challenges, advancements in surface protection technologies and
inspection methods have emerged as critical areas of research and application. Protective
surface coatings have gained significant attention as a means to shield concrete from envi-
ronmental stressors. These coatings generally act as barriers, preventing chloride ingress,
sulfate attack, and moisture penetration, thereby reducing the rate of deterioration. The de-
velopment of advanced coating materials, such as polymer-based systems, hybrid coatings,
and nanotechnology-enhanced solutions, has greatly improved the protective performance
and durability of these systems. Additionally, the optimization of coating application
techniques and quality control measures has contributed to more effective and long-lasting
protection. In parallel with advancements in protective coatings, inspection and monitoring
technologies have evolved to address the need for reliable, efficient, and non-destructive
assessment of structural integrity. Despite their established utility, conventional inspection
techniques for marine concrete structures such as core sampling and diver-based surveys
often fail to deliver real-time insights and typically necessitate invasive procedures [20,21].

Recent technological advancements in non-destructive evaluation (NDE) techniques
have significantly improved our ability to detect and monitor structural damage in real
time without compromising the integrity of the asset [22-25]. Ground-penetrating radar
(GPR), which employs electromagnetic waves to identify subsurface anomalies—like voids,
cracks, or delaminations—within concrete structures [22]. Infrared thermography, which
detects subtle temperature variations on surfaces, revealing hidden defects or moisture
ingress indicative of ongoing degradation [23]. Acoustic emission (AE) monitoring, which
captures stress waves caused by micro-cracking or other structural changes, thus providing
early warnings of potential failures [24]. Advanced electrochemical sensors, which measure
in situ corrosion activity and rates, allow engineers to pinpoint problem areas before signif-
icant damage occurs [25]. These innovative NDE solutions offer enhanced capabilities for
early-stage defect detection, ongoing corrosion monitoring, and comprehensive assessment
of coating performance. Consequently, engineers and asset managers can implement more
effective maintenance strategies, minimize costly repairs or downtime, and extend the
overall service life of critical infrastructure.

Surface repair and protective coatings are integral to maintaining the structural in-
tegrity of marine concrete infrastructure. Despite the existence of national and international
guidelines (e.g., [Relevant Standard /Code]), these documents often employ prescriptive
rather than performance-based approaches, overlooking the complex and variable condi-
tions encountered in marine settings. Factors such as frequent wetting—drying cycles, high
chloride concentrations, and temperature oscillations can significantly degrade both the
concrete matrix and embedded steel reinforcements. A key deficiency lies in the limited
recognition of the site-specific parameters that drive deterioration mechanisms in marine
environments. Current regulations commonly specify universal requirements for repair
and coating applications (e.g., minimum layer thickness, adhesion strength) but may fall
short in addressing localized loading scenarios or variable exposure zones (submerged,
tidal, splash, and atmospheric). As a result, material-mechanical properties deteriorate
more rapidly than anticipated, undermining the intended service life of repaired sections.
Enhancing these standards to incorporate performance-based testing, flexible selection
criteria for new coating technologies, and tailored maintenance protocols could offer more
robust protection. This approach would better align regulatory provisions with real-world
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conditions, reducing the risk of premature failure and ensuring the long-term durability of
marine concrete structures.

This review provides a comprehensive examination of recent advancements in protec-
tive surface coatings and state-of-the-art inspection technologies aimed at extending the
service life of concrete structures in marine environments. The discussion encompasses
innovative coating materials, application methods, and performance evaluations, as well
as the latest developments in inspection tools and techniques. By synthesizing current
knowledge and highlighting future research directions, this paper aims to serve as a valu-
able resource for researchers, engineers, and industry professionals striving to improve the
resilience and sustainability of marine concrete infrastructure. In the following Sections, we
discuss: (1) the environmental challenges faced by concrete structures in marine settings,
(2) the development and performance of advanced protective coatings, (3) non-destructive
inspection and monitoring technologies, and (4) emerging trends and future directions
for improving concrete durability in harsh marine environments. By addressing these
topics, the article provides actionable insights into effective strategies for preserving and
maintaining critical concrete infrastructure.

2. Surface Coatings for Marine Concrete Structures

As mentioned previously, surface coatings play a pivotal role in enhancing the dura-
bility and service life of concrete structures in marine environments. These coatings act
as protective barriers against environmental stressors—such as chloride ingress, sulfate
attack, and physical erosion—which are especially severe in coastal and offshore locations.
Over time, significant advancements in coating formulations have emerged, ranging from
traditional epoxy- or cementitious-based solutions designed to seal concrete surfaces, to
more advanced, innovative systems that utilize polymeric compounds, nanomaterials, and
even self-healing additives [26-29]. These newer approaches extend service life, reduce
maintenance demands, and offer enhanced durability under aggressive marine conditions.
The detailed types of surface coatings investigated in this study are summarized in Figure 1.
The surface coatings discussed in this review are intended for the exterior surfaces of
marine concrete structures rather than for the reinforcements inside them.
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Figure 1. Type of surface coatings for marine concrete structures investigated in this study.
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2.1. Existing Materials, Surface Preparation, and Performance Analysis

In this Section, we comprehensively review the characteristics and application effects
of various coating materials designed to improve the performance of concrete structures
exposed to marine environments. To this end, we systematically analyzed key research
findings on polymer coatings, cementitious coatings, and bituminous coatings from existing
literature, and discussed each material’s properties as well as its feasibility for marine
applications. In particular, we compared and analyzed the chloride penetration resistance,
waterproofing capability, chemical resistance, and mechanical properties of each coating
material to evaluate their impact on the durability and functional enhancement of the
structures. Based on these results, we derive the characteristics of coating materials suitable
for marine environments and comprehensively assess their overall effectiveness.

Surface preparation is essential to ensure both the effectiveness and durability of
protective coatings on marine concrete structures [30-33]. The process typically begins
with a thorough inspection to identify cracks, spalls, or corroded reinforcing steel, all of
which must be repaired prior to coating application. Contaminants such as marine growth,
salt deposits, and loose debris should then be removed using high-pressure water jetting,
mechanical abrasion (e.g., grit or shot blasting), or suitable chemical cleaners. Any structural
damage is addressed next: cracks are repaired with epoxy injection or polyurethane grouts,
and spalled or delaminated areas are patched with compatible repair mortars. Achieving
the correct surface profile is critical for coating adhesion, and abrasive blasting methods
can simultaneously roughen and clean the concrete. It is equally important to ensure the
substrate is sufficiently dry, as residual moisture can compromise adhesion, and to apply a
primer if recommended by the coating manufacturer. Throughout the process, temperature
and humidity must be carefully controlled, and the work area protected from wind-blown
salt or excessive moisture. Finally, each coating should be applied promptly after surface
preparation to prevent the infiltration or bonding of harmful ions and contaminants [34].
By following these steps, coating performance is maximized, and marine concrete enjoys
an extended service life in harsh coastal or offshore environments.

2.1.1. Polymer-Based Coatings

Table 1 summarizes the properties of various polymeric coatings reported by previous
studies [35-41]. As shown in Figure 2, polymer coatings have proven their excellent
durability and chemical resistance in numerous prior works and are widely employed for
maintaining and reinforcing concrete structures exposed to marine environments.

Table 1. Material properties of various polymeric coatings [35-41].

Polymeric Coatings Chemical Formula Material Evaluation Outcomes Refs.
0 o The coating showed high cohesion
Polyurethane-based o R0 |C| . | after 27 weeks of alternating exposure:
| — _T_R_‘ — ¢ 4 h at 60 °C with UVA radiation (QUV)  [35]
potymer H and 1 hat25°C
(Prohesion).
—0 Y om The coating penetrated 2376 pm,
Epoxy resin-based e l \CH/ dehydrated at 168.1 °C, with charge 36
polymer CH\ / O\ / and oxygen permeability reduced to [36]

CH, CH, 63 °C and 4.438 cc/m?-day.




Buildings 2025, 15, 304 5 of 25
Table 1. Cont.
Polymeric Coatings Chemical Formula Material Evaluation Outcomes Refs.
COOCH; COOC;H,
|/ _‘ |/ ’ Disc adhesion time (hours): 4.8 + 0.2
Polyacrylates C— CH, CH, — CH total work of adhesion (u]): 92.8 + 6.9 [37]
L J4 L . detachment force (mN): 47.0 + 11.9
clly
— o o __
N |\ o/\l/\ Ok\
Conductive polvmer 5 Thermogravimetric analysis (0-850 °C)
(alk cli)) y | showed the primer is highly stable, with [38]
Y c—o decomposition starting at 300 °C.
— R —n
o
‘ Provides excellent durability and an
g H,C CH Yy
Methrarf;i/eliitaelsbased / 3 appealing finish when coated with [39]
o appropriate film thickness
CH;
o=—=c
PU coating showed minimal penetration:
Acrylic polymer \VAVA\VAVA VAT e _CH:/\/\/\/\/\/ <20 mm (3 years), <30 mm [40]
(5 years), vs. >45 mm for others.
H H
‘ . ’ Aliphatic acrylic and polyurethane
Alinhatic acrvlic and N R=N—C—O0—R—R—R!~ coatings reduced the chloride
};olyuret}il ne diffusion coefficient (Dc) by 29% and 36%, [41]

R!:—(CH,)s— HDI

R%: —(CH,)s— butanediol
R3: Dihydro-oxa-phosphaphenanthrene oxide

respectively, after 88 months, compared to

the control.

In particular, tests that simulate aggressive marine conditions—such as the chlorine

spray test and the accelerated corrosion test—have demonstrated the superior corrosion
resistance of conductive polymer coatings, including polyurethane [35,38].

Based on the onsite tests, preventing chloride-induced corrosion is a key concern;
therefore, the chloride penetration depth, diffusion coefficient, and surface chloride ion
concentration of polymer coatings were evaluated [36,40-42]. Results show that epoxy resin
and acrylic coatings form highly impermeable layers in corrosive marine environments,

effectively blocking chloride ion penetration. Notably, polyurethane coatings are reported

to reduce the chloride diffusion coefficient by up to 86%, indicating that polymer coatings

effectively prevent corrosive agents in marine environments from easily entering through

pores and cracks on the concrete surface. This protective barrier function helps slow

structural deterioration and minimize damage to concrete.
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Polymeric coating
sticks to concrete surface via a bond

@
Coating ® @ o
- 5.

Concrete species

Figure 2. Schematic representation of polymeric coatings applied to a concrete surface.

Additionally, when applied with an appropriate film thickness, polyacrylate-,
urethane-, and methyl methacrylate-based coatings exhibit excellent adhesion, signifi-
cantly improving the durability of concrete [37,39]. These findings suggest that polymer
coatings play a critical role in minimizing concrete damage caused by moisture, temperature
fluctuations, and chloride and sulfate ions present in seawater under marine conditions.

2.1.2. Cementitious and Bituminous Coatings

Table 2 presents the types, test methods, and major findings of previous studies
that employed cementitious and bituminous coatings [43-58]. Cementitious coatings are
reported to offer excellent tensile properties, adhesive strength, waterproofing capability,
and flexibility even at low temperatures [47]. Accordingly, researchers have investigated
cementitious coatings (see Figure 3) that demonstrate strong adhesion to concrete exposed
to marine environments and also exhibit outstanding waterproof performance by effectively
blocking moisture and water penetration.

Table 2. Performance comparisons of cementitious and bituminous coatings [28—43].

Exposure Environment

Type Materials or Test Method Test Results Refs.
3 . 0,
Cement mixed with Corrosion resistance test Water absoorphon rate: 14.57%
olydimethylsiloxane (3.5 wt% NaCl) (3.77% lower than [431
POty y ’ ? ’ the control)
Calcium sulfoaluminate . Water absorption rate: 6.10%
cement Water absorption test (after 72 h of immersion) [44]
Cementitious Phosphate aluminate Chloride penetration Penetration depth: 33.24 mm [45]
Coatings cement (10% NaCl) (erosion period of 120 days)
Cement mixed Artificial accelerated uv reﬂectancsz
with styrene acrylate weather resistance tests decrease: 11.7% 461
(after 400 h of weathering)
. . s Tensile strength:
Styrene acrylic Water impermeability (2.23 + 0.10) MPa [47]

cement-based coating

measurements

(after water immersion)
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Table 2. Cont.

Exposure Environment

Type Materials or Test Method Test Results Refs.
I . Absorption rate: 29.6% decrease
Polyacrylic acid (PA) cement Water absorption test (720 min of water immersion) [48]
Cement mortar reinforced . . Bonding strength: 4.90 MPa
with epoxy resin Coating adhesion test. (16.67% higher than the control) (4]
TiO,-mixed sulfoaluminate Water repellency test results: 0.04
cement composite coating Water repellency test (33.33% higher than the control) (501
Bitumen Rubber Emulsion Marine environment Carbonation depth: 5.5 mm [51]
(BRE) (Northern Persian Gulf) (88 months of marine exposure)
Chloride permeability Chloride diffusion: 88~100 ppm
Asphalt Polyurethane (5% MgCl,) (30 days exposure) [52]

Mixture of Water-Based
Asphalt and Adhesion in Peel Test Average peel strength: 5~10 Psi [53]
Polyurethane Dispersion

Demonstrates quick drying
Drying time test characteristics and [54]
excellent durability

Multi-Coating with Asphalt
Emulsion

Bitum.inous Bitumen Dispersion Mixed Stable (30 days at room
Coatings with Hydroxylated Evaluation of the stability y [55]
: Temperature)
Polybutadiene
Bitumen Modified with Hich-temperature Melting temperature: 122.27 °C
HDPE (High-Density fx Osufe et (binder modified with [56]
Polyethylene) P 2% HDPE)
Compressive strength:
Blown Asphalt Modified Chemical resistance test (2.5%  Decreased by 51.11% at a rate of (57]
with Polypropylene Ester H,SO4 solution) 12.77 kg/cm? /week
(1.83 kg/cm?/day).
Emulsified Modified . Weight loss rate: up to 2.72%.
Bitumen (EMB) Accelerated weathering test (7 days exposure) [58]

Corrosive substances present
in the marine environment

Cementitious Coatings

Concrete Substrates

Reinforcement

Figure 3. Schematic representation of cementitious coatings that are applied to reinforced concrete to
mitigate aggressive ion penetration in marine environments.

Previous studies have primarily focused on coatings based on calcium sulfoaluminate
cement, phosphate aluminate cement, and polymer-modified Portland cement, evaluating
their physical properties, resistance to chloride ion penetration, and microstructural charac-
teristics [44,45,49]. As a result, cementitious coatings have shown excellent resistance to
chloride ion penetration, with a decrease in chloride ion concentration observed on the
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coating surface. Moreover, various studies have been conducted to improve the ultraviolet
(UV) aging resistance, artificial accelerated weather resistance, and corrosion resistance
of cementitious coatings for application to concrete structures in marine environments.
Cement-based coatings containing styrene acrylate have exhibited excellent artificial accel-
erated weather resistance [46], while those blended with polydimethylsiloxane have shown
a 99.3% efficiency in preventing deterioration [43]. In addition, polyacrylic acid (PA)-based
cement coatings have been reported to significantly enhance durability under acidic, alka-
line, and various environmental conditions [48]. This is because the high density and fewer
microdefects in cementitious coatings allow them to remain compact and undamaged even
after UV aging and saltwater immersion tests. Furthermore, incorporating TiO; at ratios
of 0.4-0.6% into cementitious coatings improved workability and mechanical properties,
increasing bond strength by 59% [50]. This result is attributed to the formation of an
optimized network structure during the cement hydration process in the presence of these
additives. In conclusion, owing to their excellent interfacial tensile strength, cementitious
coatings play a crucial role in preventing corrosion of concrete structures exposed to marine
environments and effectively enhancing their durability.

Bituminous coatings are known as coatings based on asphalt or bitumen, and when
applied to concrete, they are reported to exhibit excellent resistance against sulfuric acid and
sodium chloride, low water absorption and chloride permeability, and outstanding thermal
insulation performance [52,58]. Researchers have employed various modification methods
to enhance the performance of bituminous coatings. For instance, mixing polyurethane
dispersion, polybutadiene hydroxide, asphalt emulsion, or high-density polyethylene
(HDPE) into bitumen coatings has been shown to improve elongation, waterproofing,
and mechanical properties [53-56]. In particular, after coating mortar with blown asphalt
modified by polypropylene ester and immersing it in 3% NaCl and 2.5% H;SOj, solutions,
the weight percentage change of the coated samples was reduced by up to 81.25% compared
to the uncoated samples [57]. This indicates that, in corrosion tests simulating marine
environments, bituminous coatings effectively protected the mortar by reducing weight
loss. Moreover, in a study aimed at improving the long-term performance of concrete
exposed to marine environments, bitumen rubber emulsion (BRE) was used as a surface
coating, and the results showed that BRE inhibited chloride ion diffusion and reduced the
carbonation area of the concrete [51]. Hence, bituminous coatings also can be considered as
an effective protective coating in marine and corrosive environments, offering low water
absorption and excellent resistance to acids and salts.

2.2. Emerging Materials and Performance Comparisons

While existing coating materials provide effective protection in many applications,
ongoing research has led to the development of advanced, innovative coating materials
that address current limitations and deliver superior performance in marine environ-
ments. In this Section, we specifically investigate nanotechnology-enhanced coatings,
hybrid and multi-layer coatings, as well as bio-based and eco-friendly coatings [59-82].
The results demonstrating the performance of the coating material are summarized in
Table 3 [59,64-67,69-72,74,75,77-82].
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Table 3. Emerging coating materials and their performance [59,64-67,69-72,74,75,77-82].
Type Materials Substrate Performance Verification Refs.
Nano ZrP-based Composite Mortar The tribological test value [59]
Polymer Functional Coating decreased from 0.82 to 0.35
Nano-5i0; Modified Nano—S102 1nc1:‘eased the
. Concrete lifespan of coatings by up [64]
Polymer Coatings N
to 78%
Nanotechnology
Enhanced HydI‘OphObiC
Coatings Photo-Polymerizable Concrete The viscosity is 11-20 mPa-s [65]
Organic-Inorganic (suitable for use)
Nano-Structured
Nanocomposite coating
Silane/Clay Nanocomposites Concrete reduced chloride content by [66]
92% and 69%
Synthetic Resin Emulsion- Improve; alkalinity, U.V
. Concrete degradation, and heat in [67]
based Multilayer
concrete
Multi-1 d Remai hydrophobi
Hybrid and Superhydrophobic Concrete e@mfi:;sg%gpeé 115 da 2) R
Multi-Layer perycTop : ’ 24
Coatings Multi-component Coatings Wear-resistant, robust, and
(TICN/ZrO, / TiOs / Al,Os /MOS,) Concrete corrosion- anq thermal [70-72]
cycling-resistant
Chlorinated Rubber Coating degradation occurs
(CR) Concrete between 300 °C and 600 °C [74]
Bionic Superhydrophobic Water contact angle:- 156 + 3°,
. Mortar water absorption: [75]
Coating for Concrete o -
86% reduction
Interfacial adhesion: 0.62-1.45
Biological (C. gigas) Coating Concrete MPa (450 days [77]
marine exposure)
Biological Cool Concrete Salt ion concentration in (78]
Barnacles Coating concrete decreased after 5 years
Bio-Based and Crustaceans and Biofilm Concrete Redqu the chloride d1ffus1f))n [79]
. coefficient (De) by up to 20%
Eco-Friendly
Coatings Surface with GGBS microcrack
Calcareous Settling Organisms Mortar length is 5 times smaller [80]
than general mortar
Capillary absorption of
. . concrete with 10.4% coating is
Oyster-based bio-coating Concrete 1.95 times higher than with [81]
75.2% coating
Bacterial Biofilm coating Bacterial biofilms significantly
(Pseudoalteromonas Mortar reduce concrete permeability [82]

and Paracoccus marcusii)

and improve durability

2.2.1. Nanotechnology-Enhanced Coatings

Nanotechnology-based coatings have been reported to exhibit stable reactivity in

both low-temperature and moderate-temperature environments, maintaining their per-

formance even after severe aging [65]. Consequently, there is growing interest in using

these coatings as surface treatments to enhance the carbonation resistance and durability of
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marine-exposed concrete. To that end, researchers have studied various nanotechnology-
enhanced coatings under aggressive environmental conditions, including hydrophobic
photo-polymerizable organic-inorganic nano-structured coatings (HEP), graphene ox-
ide/polyaniline (GO /PANI) nanocomposites, tannic acid, and d-limonene—each demon-
strating excellent corrosion resistance and minimal loss of adhesion [60,62,63]. Notably,
polymers modified with nano-5iO, have been shown to extend the average service life of
coatings by up to 78% [64]. In addition, functional nano-coatings significantly improve
the durability of marine concrete due to the superior dispersion stability of nanocompos-
ites [59,61]. Overall, these findings indicate that the presence of nanoparticles reduces
micro-defects and increases coating density, thereby preventing spalling in marine-exposed
concrete and enhancing the protective performance of the substrate.

2.2.2. Hybrid and Multi-Layer Coatings

Researchers have investigated the feasibility of using multiple coating layers to im-
prove the durability of concrete in harsh environments, including those found in marine
settings. Studies on two-layer and three-layer systems [67,69] show that multi-layer coat-
ings effectively prevent corrosion in bridges, ships, and other structures exposed to marine
conditions (see Figure 4).

First-layer
(ex. Silane)

Concrete Structures Exposed to Marine Environments

Figure 4. Schematic representation of the penetration barrier formed by multi-layer coatings applied
to marine concrete structures exposed to marine environments.

Notably, three-layer coatings can form an engineering barrier resistant to corrosion,
radiation, and damage from thermal cycles [70-72]. As a result, multi-layer coatings
exhibit high wear resistance and mechanical robustness. In one study, the application
of modified polyethylene powder in a multi-layer system effectively blocked chloride
penetration in chlorine-rich environments, while also providing strong resistance against
humidity and temperature fluctuations [68]. Other researchers have evaluated four-layer
and five-layer coatings under marine conditions. For instance, refs. [73,74] investigated
multi-layer coatings designed to protect steel and concrete in offshore wind farms, marine
buildings, and ocean bridges, which are regularly exposed to water and chemicals. Their
findings indicate that four-layer coatings take longer than three-layer coatings to reach a
50% corrosion rate—one to two years in actual marine exposure. Furthermore, five-layer
coatings demonstrated excellent thermal stability and durability even under extreme marine
conditions. Overall, these results confirm that multi-layer coatings enhance the barrier
performance of concrete surfaces by more effectively blocking moisture and chemicals,
thereby improving resistance to chemical attacks in marine environments.
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2.2.3. Bio-Based and Eco-Friendly Coatings

Applying waterproof coating technologies to enhance the durability of concrete in
marine environments is essential. High-performance waterproof coatings made from
renewable, eco-friendly bio-materials are gaining prominence as a key research area for
sustainable development, ensuring the stability of concrete in these harsh conditions. Vari-
ous studies have examined bio-bitumen coatings and eco-friendly biofilm coatings derived
from crustaceans under marine conditions [77-81]. Bio-based superhydrophobic coatings
can reduce the water absorption rate of concrete by up to 86%, and the coated mortar
maintains its hydrophobic stability even after 120 h of exposure to seawater [75]. This
superior performance is attributed to the fine microstructure of the bio-coating. Moreover,
incorporating esterified lignin (OEL) into bio-materials significantly improves coating
flexibility, with an increase in peel strength observed even after aging [76]. It has also been
confirmed that bacterial biofilms exposed to sterilized seawater effectively reduce the ion
permeability of mortar, likely due to the fibrous and colloidal substances contained in the
film [82]. These findings demonstrate that bio-based, eco-friendly coatings can substantially
enhance concrete protection in marine environments by reducing moisture absorption and
limiting the penetration of chlorides and salt ions.

2.3. Performance Comparisons Between Surface Coatings

The general performance was evaluated previously, and a performance comparison
will be conducted in this Section. Polymeric coatings (e.g., epoxy, polyurethane, polyurea)
typically offer excellent adhesion, low permeability, and high chemical resistance, making
them well suited to harsh marine conditions; however, they often require rigorous sur-
face preparation, may carry higher initial costs, and can emit volatile organic compounds
(VOCs). Cementitious coatings, by contrast, match concrete’s thermal expansion character-
istics more closely, which reduces cracking risks, and they are relatively easy to apply using
conventional methods. Still, their lower elasticity makes them susceptible to cracks when
subjected to repeated loading or temperature fluctuations, and they often require thicker
layers for optimal performance. Nano-based coatings incorporate nanoparticles to enhance
properties like impermeability, abrasion resistance, and, in some cases, self-healing func-
tionality, but these advanced features can come with higher production costs, limited field
data, and demanding application conditions. Finally, bio-based coatings rely on renewable
materials, offering a sustainable and environmentally friendly alternative that may incor-
porate self-healing mechanisms via microorganisms; however, their long-term durability in
highly saline, fluctuating marine environments remains under investigation. Balancing fac-
tors such as mechanical performance, cost, application complexity, environmental impact,
and service life is crucial when deciding among these coating options.

In addition, each type of coating—polymer-based, cementitious/bituminous,
nanotechnology-enhanced, hybrid multi-layer, and bio-based—has distinct advantages
and limitations when exposed to environmental stressors such as UV radiation, tempera-
ture fluctuations, moisture ingress, and chloride attack. While polymer-based and hybrid
systems generally provide robust barrier properties and strong adhesion, they may require
specialized formulations (e.g., UV stabilizers) or multiple layers to maintain performance
in harsh conditions. Cementitious and bituminous coatings are cost-effective and straight-
forward to apply; however, they can be more prone to cracking or embrittlement under
severe freeze—thaw cycles or prolonged UV exposure. Nanotechnology-enhanced coatings
show considerable promise in improving durability and reducing permeability, though
comprehensive long-term field data remain limited. Finally, bio-based eco-friendly coatings
address growing sustainability needs, but achieving performance comparable to conven-
tional systems in extreme environments often requires further formulation refinements.
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Balancing protection, environmental impact, cost, and maintenance considerations is there-
fore essential when selecting and specifying coatings for concrete structures—particularly
in marine or highly aggressive settings.

3. Inspection Methods for Marine Concrete Structures

In this Section, we discuss both existing and emerging non-destructive testing (NDT)
technologies for inspecting and monitoring concrete structures exposed to marine en-
vironments. In Section 3.1, we review conventional NDT methods for marine-exposed
concrete—such as ultrasonic pulse velocity (UPV), rebound hammer testing, and GPR—and
evaluate their performance and limitations. Section 3.2 explores the latest NDT technologies,
including AE, fiber-optic sensors, drone and UAV-based remote sensing, and Al-based anal-
ysis. In Section 3.3, we focus on the monitoring and repair of underwater marine concrete
structures, highlighting real-world examples of ongoing maintenance and illustrating how
these techniques enhance deterioration assessment and maintenance efficiency. Overall,
this discussion offers a comprehensive approach to managing the long-term performance
of marine concrete structures and predicting their deterioration.

3.1. Conventional Non-Destructive Testing Methods to Examine Marine Concrete Structures

NDT methods allow for the detection of defects and the evaluation of structural
integrity without causing physical damage to the structure, providing relatively reliable
data even under harsh marine conditions. Table 4 shows a systematic overview of the main
objectives, advantages, and limitations of these established technologies, comparing their
characteristics and potential applications [83-103]. It covers visual inspections, rebound
hammer tests, UPV, impact echo, GPR, infrared thermography, and half-cell potential
measurements, enabling a quick understanding of each method’s scope and constraints. In
addition, Figure 5 provides a visual depiction of the principles and application methods for
these inspection technologies.

Transducer

(b) Rebound Hammer Test (c) Impact Echo (d) Ultrasonic Pulse Velocity

I
Concrete

(e) Ground penetrating Radar (f) Infrared Thermography (g) Half-Cell Potential Measurement

Figure 5. Conventional non-destructive inspection techniques for concrete structures: (a) Visual
inspection; (b) Rebound hammer test; (c¢) Impact echo; (d) Ultrasonic Pulse Velocity; (e) Ground

penetrating radar; (f) Infrared thermography; (g) Half-cell potential measurement.
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Table 4. Comparisons of non-destructive inspection techniques for concrete structures [83-103].

Inspection Technique Primary Objective Advantages Limitations Refs.
Visual Inspection Identify e.arly signs of Costjeffectlve, Unable to detect [83-85]
deterioration simple internal defects
Sensitive to
Rebound Hammer Test Indirect eyaluatlon of Portable, quick env1r0nmen’Fal factors [86,87]
compressive strength assessment (e.g., moisture,
chlorides)
Diagnose location and Enables quantitative Sensrcllve to amblent
Impact Echo . . . noise, requires [88]
size of internal defects defect evaluation . )
skilled operation
Ultrasonic Pulse Detect voids, cracks, and Non-invasive . Affected by
. . i . environmental factors, [89-93]
Velocity (UPV) inhomogeneities internal assessment . o
requires calibration
Ground Penetrating Detect rebar corrosion, Rapid inspection of Cpmplex 51gnal
. interpretation, [94-98]
Radar (GPR) delamination large areas ) .
requires expertise
Detect defects based on Non-contact. rapid Sensitive to external
Infrared Thermography surface temperature v rap conditions (e.g., [99-101]
oo evaluation . .
distribution sunlight, wind)
Half-Cell Potential Assess rebar Effective for early Sensitive to chloride
concentration, [102,103]

Measurement

corrosion state corrosion diagnosis

moisture levels

Loreto et al. [83] demonstrated early deterioration regions through visual inspection
and gathered data for further evaluation. Pushpakumara and Thusitha [84] proposed a
standardization for surface deterioration phenomena in underwater concrete structures,
emphasizing that stains and bleeding marks are major indicators of structural problems. In
aging wharf structures in Nigeria’s Niger Delta region, researchers used BPVC codes to
locate deteriorated areas and employed both visual inspection and various non-destructive
testing methods to analyze the degree of rebar corrosion and its primary causes [85].
Celerinos et al. [86] compared rebound hammer readings with compressive strength tests
on concrete specimens exposed to different environmental conditions (splash zones) and
reported low accuracy for the rebound hammer. Law et al. [87] used Schmidt hammer
and UPYV tests on alkali-activated concrete (AAC) exposed to marine environments for
two years and correlated material properties with field performance by integrating these
tests with microstructural analysis techniques, such as FT-IR, NMR, and TGA.

At the Nantes—Saint-Nazaire port in France, a 15-year-old reinforced concrete structure
in a tidal zone was evaluated by measuring porosity, chloride ion concentration, and
moisture saturation, which informed durability assessments and maintenance plans. In
particular, the dynamic modulus of elasticity was correlated with physical defects to
assess the structure’s condition [88]. A study aimed at diagnosing rebar corrosion in
chloride and oxidative environments used UPV to distinguish cross-sectional reduction
caused by chlorides from surface corrosion caused by oxidation. By leveraging ultrasonic
guided waves in surface-sensing and center-sensing modes, researchers identified fitting
due to signal attenuation under chloride exposure and delamination via increased signal
amplitude in oxidative conditions [89].

In the roughly 22-year-old breakwater superstructure at the Port of Malaga in Spain,
reduced ultrasonic velocity measurements confirmed delamination and rebar corrosion [90].
Researchers inspecting a 25-year-old jetty in Indonesia employed both UPV and core drilling
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to evaluate damage and compressive strength in key members (slab, beam, pile cap).
The average ultrasonic velocity was 1772 m/s, offering valuable durability insights [91].
Another study in a 20-year-old cooling water canal at an Indonesian power plant used
UPV to assess marine exposure damage; the measured velocity ranged from about 2400 to
2900 m/s, enabling quantitative evaluations of crack depth and chloride penetration [92].

Recently, UPV was combined with deep learning (DNN) to detect coating delam-
ination in coated marine concrete. By analyzing the phase and frequency of reflected
waves using a trained DNN model, researchers achieved a 100% detection accuracy for
delaminated coatings [93]. In the case of the Jimei River Dam in Guangdong, China, GPR
effectively identified cracks and settlement in the concrete waterproofing panels, as well as
scouring in the underlying soil [97]. At Italy’s Hydrogeosite Laboratory, GPR was used
to provide high-resolution evaluations of submerged archaeological structures, detecting
discontinuities and density variations in multi-layer components [98]. However, high
salinity and moisture content can affect GPR signal interpretation, highlighting the need
for advanced correction techniques.

When assessing rebar corrosion, the corrosion of uncoated rebar increased thermal in-
sulation, thereby inhibiting surface temperature rise, whereas the corrosion of epoxy-coated
rebar caused cracking and delamination of the coating layer, raising thermal conductiv-
ity [100]. Infrared thermography based on these observations successfully detected heat
distribution differences caused by coating debonding and facilitated early diagnosis of
structural damage due to internal corrosion [101]. A study on M25 concrete using ac-
celerated corrosion testing and potential measurements found that potential differences
gradually increased as corrosion progressed [102]. Another investigation on concrete
beams with water-binder ratios (w/b) of 0.3-0.6 compared corrosion potentials under
static and fatigue loads. Samples subjected to fatigue loads exhibited more negative
potentials—indicating higher corrosion tendencies—than those under static loads, with
more pronounced corrosion and strength loss at higher w/b [103]. In conclusion, each
non-destructive testing method for evaluating concrete in marine environments has its own
strengths and limitations. Therefore, future research should focus on combining multiple
techniques, applying precise corrections for environmental factors, and incorporating the
latest signal-processing technologies.

3.2. New and Emerging Inspection Technologies for Marine Concrete Structures

Advancements in real-time monitoring technologies have dramatically transformed
the way structures are inspected. AE technology enables early detection of microcracks
and corrosion, while fiber-optic sensors (FOS) provide a durable solution for real-time
measurement of strain, temperature, and vibration. Drone- and LiDAR-based remote
sensing allows for rapid assessment of hard-to-reach structures, and Al and machine learn-
ing process large datasets to predict damage patterns. Wireless sensor networks (WSN)
remotely monitor chloride concentrations and humidity, while digital image correlation
(DIC) precisely measures surface deformation and cracks without direct contact. These
technologies enhance the efficiency of inspecting and maintaining marine structures, con-
tributing to their long-term performance management (see Figure 6). Table 5 summarizes
key information on NDT methods used to monitor marine concrete structures [104-126].
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Figure 6. Advanced non-destructive monitoring and inspection techniques for marine concrete
structures: (a) Acoustic emission for crack detection; (b) Fiber optic sensors for structural health moni-
toring; (c) UAV-based remote sensing inspections; (d) Machine learning and Al for structural damage
assessment; (e) Wireless sensor networks for real-time monitoring; (f) Digital image correlation for
surface deformation analysis.

Table 5. Advanced monitoring technologies for marine concrete structures [104-126].

Inspection Technique Key Features Case Studies Ref.
Acoustic Emission Detects high-frequency waves Successfully monitored damage
(AE) from microcracks and corrosion; progression in RC piles, providing [104-106]
real-time monitoring detailed analysis of a 40-year-old bridge
. . Monitors deformation, .. . .. .
Fiber Optic Sensors temperature, and vibration with Apphcathns 1nc1ud'e sa.hruty de.tect'lon [107-112]
(FOS) . - - and real-time chloride ion monitoring
high sensitivity and durability
Remote Sensine and Monitors hard-to-reach areas Case studies demonstrated successful
UAV-Based Ins %C tons with LiDAR, thermal imaging, damage detection in harbors and [113-118]
p and Al-based analysis underwater structures
Predicts deterioration trends Techniques like Al-based ultrasound
Data Analysis and analyzes damage patterns  analysis and hybrid regression models ~ [119-121]
using advanced algorithms showed high precision
. Real-time monitoring of Systems like CoCoMo and RFID-based
Wireless Sensor chloride concentration, taes provide accurate and [122,123]
Networks (WSN) humidity, and strain; 88 provic . !
energy-efficient monitoring
remote access
Dicital Image Non-contact method for precise =~ Combined DIC with other methods to
Corrila tion ([%I Q) analysis of surface deformation = evaluate marine concrete performance  [124-126]

and crack propagation and corrosion mechanisms

Recent advancements in underwater concrete structure maintenance and monitoring
technologies have led to significant improvements in both efficiency and accuracy. AE
technology has shown high practicality by enabling early detection of damage, effectively
tracking crack formation and corrosion in large-scale RC piles and aging bridges. Studies
that combine AE data with physical and chemical evaluations have successfully analyzed
the causes of damage—such as cracking, rebar corrosion, and CFRP debonding—but also
highlighted challenges related to data interpretation expertise and ambient noise [104-106].
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FOS demonstrate robust durability, providing long-term monitoring of key parameters
like chloride concentration and operating reliably in marine conditions. Sensors with high
selectivity for salt detection and alkaline environments have been particularly useful in
accurately analyzing corrosion. However, high initial installation costs still limit their
applicability to large-scale structures [107-112]. Drones and unmanned robots (UAVs
and ROVs) enable structural assessments without direct human access, delivering cost
savings and improved safety. Combined with Al-based data analysis, these systems rapidly
detect cracks, delamination, and exposed rebar. Although UAVs excel at collecting large
datasets in expansive structures such as ports, they are sensitive to weather conditions. On
the other hand, ROVs can perform thorough underwater evaluations using ultrasound
and rebound hammer tests, offering advantages in safety and efficiency [113-118]. Data
analysis, machine learning (ML), and artificial intelligence (Al) technologies play a pivotal
role in damage pattern prediction and maintenance strategy optimization. Al models
leveraging ultrasonic data have classified corrosion caused by chloride ingress with greater
accuracy than conventional methods, and YOLO-based models significantly improved
damage detection by enhancing the resolution of image data. While these technologies
facilitate detailed damage localization and deterioration rate predictions, challenges remain
regarding complex model configurations and high computational costs [119-121]. Wire-
less sensor networks (WSN) contribute to enhanced maintenance efficiency by providing
real-time detection of chloride penetration and strain levels. In particular, RFID-based
sensor tags offer self-powered systems and extended communication ranges, making them
suitable for marine structures; however, signal interference and network stability require
further development before widespread adoption [122,123]. Digital image correlation
(DIC) has become a critical tool for durability assessments, delivering precise analyses of
crack propagation and stress distribution. Research combining DIC with X-ray CT has
quantified stress expansion from corrosion, aiding in a clearer understanding of crack and
corrosion mechanisms. Although these technologies enable durability assessments across
diverse environments, their high equipment costs and lengthy data processing times hinder
broader commercialization [124-126]. Overall, these technologies play an important role in
damage detection and maintenance strategy optimization for marine concrete structures.
Nevertheless, overcoming the limitations of each method, standardizing data interpretation,
and improving cost-effectiveness are essential next steps. In the future, autonomous Al-
and ML-driven solutions, eco-friendly and economical monitoring systems, and long-term
performance validation are expected to become central to marine structure management.

3.3. Additional Repair Technologies for Marine Concrete Structures

This Section reviews various advanced technologies that have been applied to the
monitoring and repair of real-world marine concrete structures. Developed to maintain
performance and restore damage in underwater environments, these technologies are com-
prehensively summarized in Table 6, which outlines key examples, performance indicators,
and experimental verification methods [116,127-132].

Epoxy coating technology, utilizing a Bisphenol-A-based coating, enhances bonding
strength (1.26-3.21 MPa) and surface protection (coating thickness of 27-635 um). Its
performance has been validated through ASTM C1583 [133] pull-off tests, SEM analyses,
and both laboratory and real-world marine conditions [127]. Wall-climbing robots can
detect cracks and perform 3D restoration on structures such as bridge piers. Tested on
3682 underwater and above-water images, they achieved a detection accuracy of 0.867 and
a processing speed of 21.76 FPS [128]. A small underwater robot equipped with a tool-
exchange system demonstrated efficient repair via remote operation, with a positional error
of up to 5° and a speed of 0.4 m/s validated through simulations and lab experiments [129].
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Table 6. Repair and monitoring technologies for underwater concrete structures [116,127-132].

Repair Technology Case Studies Performance Metrics Validation Method Refs
Underwater concrete repair
. . using three method.s: Roller Bond strength: ASTM C1583 pull-off test,
Epoxy Coating with ~ (D1), Gun-type device (D2), .
. . 1.26-3.21 MPa, SEM analysis, Real Sea [127]
BPA Resins Two-handed device (D3) . .
Thickness: 27-635 pm and lab experiments
under tap water, seawater,
and real sea conditions
Underwater crack detection Detection accuracy: Tested on 3682 images
Wall-climbing Robot and 3D reconstruction in y: from underwater and air ~ [128]
. . 0.867, 21.76 FPS .
bridge piers environments
Utilized in un.derwater . . Simulation using ANSYS,
Compact concrete repair for tool Orientation error: Laboratory experiments
Underwater Robotic  switching using ROV; tested within 5°, arory exp [129]
. . . with underwater
Tool Changer System  in a controlled engineering Speed: <0.4m/s :
. . docking system
pool with four light sources
subsea inspection, . . . . Tested in tank
Aquanaut maintenance, and repair Manipulation precision: . . .
. o environments, simulation
Transformable operations; demonstrated at +5°, Long-range trials. and [130]
Subsea Vehicle 3000 m depth without tether AUV cruising ! o
real-world conditions
or surface vessel
Monitoring and damage Detection accuracy: rlsgg%c_iilge ;f;flllf;g;\’fl(’;?d
YOLOX-DG Robotic detection of underwater o A ySiems,
. . . mAP 0.5: 78%, mAP cross-validation, and [116]
Detection System concrete structures in Gouqi . . o . .
Island harbor. East China Sea 0.5:0.95: 58.5% comparison with YOLOvV5
! and Faster-RCNN
D.etec.hon of cracks in PCCP Accuracy: 97%, Tested on 4900 labeled
CNN-Based Crack  pipelines under underwater . o . . )
. " . Precision: 96.1%, Recall: images, 2000 iterations, [131]
Detection Method conditions using o o . . .
. .. 98%, F-measure: 97.04% confusion matrix analysis
high-precision robots
Concrete maintenance tasks Tested on marine concrete
Underwater Robotic such as subsea crack sealing, Depth rating: up to structures using
debris clearing, and valve 11,000 m, Payload: up to commercial ROVs and [132]

Manipulator Systems

operation on marine
concrete structures

500 kg, Precision: £5 cm

simulations; validation
with ISO subsea standards

The transformable underwater vehicle “Aquanaut” can perform inspections and
maintenance at depths of up to 3000 m with £5° operating precision, having undergone
both laboratory and field testing [130]. Likewise, a robotic detection system called YOLOX-
DG recorded 78% detection accuracy (mAP@0.5) and 58.5% (mAP@0.5:0.95) on underwater
structures at Gouqi Island Port. Its performance was assessed in field tests and compared
with YOLOVS5 and Faster-RCNN [116]. A CNN-based crack detection technology accurately
identified cracks in underwater PCCP pipes with 97% accuracy and 98% recall, verified
using 4900 labeled images, 2000 iterative experiments, and confusion matrix analysis [131].
Finally, an underwater robot manipulator supporting depths of up to 11,000 m and a
payload of 500 kg achieved +5 cm operating precision for tasks like crack sealing and
debris removal, validated according to ISO standards [132].

While the technologies discussed in this Section demonstrate high reliability, some
have yet to establish long-term performance verification in extreme marine environments
and face commercialization barriers due to high costs. To further strengthen their reliabil-
ity and practical viability, standardized evaluation systems and long-term performance
assessments are needed.
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3.4. Comparison of Conventional and Emerging Inspection Methods and Repair Strategies for
Marine Concrete Structures

Conventional NDT methods, such as visual inspection, ultrasonic pulse velocity,
rebound hammer testing, and half-cell potential measurements, remain popular for exam-
ining marine concrete structures due to their accessibility, lower costs, and straightforward
data interpretation. However, they often focus on surface-level assessments and can be
subjective, relying heavily on inspector expertise and environmental conditions. In contrast,
newer inspection technologies—including ground-penetrating radar, infrared thermogra-
phy, digital image correlation, and sensor-based monitoring—offer enhanced detection of
subsurface anomalies, real-time data collection, and high-resolution results, albeit at higher
capital costs and with greater training requirements. Once issues are identified, a variety of
repair technologies can be employed to address both immediate damage and long-term
durability. Techniques such as electrochemical treatments (e.g., cathodic protection), surface
coatings, crack injection, patch repairs, and structural reinforcements using fiber-reinforced
polymers can arrest ongoing corrosion, minimize chloride ingress, and extend the service
life of marine concrete. However, these approaches can be expensive, call for specialized
skills, and must be carefully adapted to the harsh and variable conditions typical of marine
environments. Ultimately, selecting the optimal combination of inspection and repair strate-
gies should consider project-specific factors—such as budget, environmental constraints,
and long-term performance goals—to ensure both immediate efficacy and long-lasting
structural integrity.

4. Limitations and Future Studies

Although considerable progress has been made in developing protective surface
coatings and non-destructive inspection methods for concrete structures in marine environ-
ments, several key limitations and research gaps continue to warrant attention. Addressing
these challenges will be crucial for ensuring the longevity and reliability of critical infras-
tructure such as ports, bridges, offshore platforms, and coastal defense systems.

Despite laboratory and short-term field experiments demonstrating the effectiveness
of novel coatings (e.g., nanotechnology-enhanced, multi-layer, and bio-based systems)
and inspection technologies, long-term performance data remain limited. Marine envi-
ronments are inherently multifaceted, featuring cyclic loading, wet-dry cycles, salt spray,
wave action, freeze-thaw cycles, and varying temperature gradients. Prolonged exposure
to such conditions may degrade materials at rates or via mechanisms not fully captured
by accelerated laboratory tests. Future research should thus prioritize extended field
monitoring—potentially lasting five to ten years or more—in diverse marine locations.
Additionally, comprehensive, standardized test protocols that simulate multiple marine
stressors simultaneously (e.g., chloride—sulfate interaction, mechanical abrasion, and mi-
crobial activity) will help validate or refine current findings on coating durability and
structural integrity.

State-of-the-art sensor technologies—such as FOS, AE systems, and WSNs—have
significantly advanced real-time monitoring of concrete structures. However, their integra-
tion with protective coatings remains underexplored. Coatings can alter sensor readings
by changing surface reflectivity, affecting temperature distribution, or influencing local
humidity. Conversely, sensing technologies can optimize coating selection by detecting
early signs of localized deterioration or coating delamination. Research that focuses on
the synergy between next-generation coatings and embedded or surface-mounted sensors
could substantially improve both protective and diagnostic capabilities, leading to a more
holistic approach to structural health management.
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Innovative coatings—especially those incorporating specialized nanomaterials, multi-
ple layers, or biological components—often have higher production costs and require more
complex application procedures. In parallel, emerging inspection methods (e.g., Al-guided
drones, high-resolution LiDAR systems) necessitate expensive equipment and specialized
training. These cost and operational challenges can impede large-scale adoption in publicly
funded infrastructure projects with tight budgets. Future research should therefore explore
cost-effective manufacturing methods, streamlined application protocols, and targeted re-
pair or monitoring strategies designed to minimize resource usage. Collaboration between
industry and research institutions can further facilitate the transition of these technologies
from laboratory settings to real-world construction and maintenance scenarios.

The absence of unified standards and guidelines specific to marine-exposed concrete
coatings and cutting-edge inspection methods poses a significant challenge. Although
many globally recognized standards (e.g., ASTM, ISO) are available for generic coatings and
testing procedures, they may not adequately address the unique chemical and mechanical
demands of marine environments. Furthermore, new inspection methods—particularly
those involving Al or machine learning—require standardized training datasets and valida-
tion protocols to ensure reliable interpretation. Collaborative efforts between researchers,
standards organizations, and industry stakeholders are needed to develop specialized
protocols for marine coating application, inspection-data interpretation, and maintenance
decision-making.

In summary, the design and implementation of surface protection strategies and ad-
vanced monitoring techniques have significantly improved our ability to safeguard concrete
structures against the harsh conditions of marine environments. Nevertheless, persistent
challenges—including long-term performance validation, cost-effectiveness, integration
of multiple technologies, and the need for standardized evaluation—must be addressed.
By tackling these limitations through interdisciplinary research and broader collaboration
among academia, industry, and regulatory bodies, the field can move toward more robust,
eco-friendly, and cost-efficient solutions that ensure the safety and sustainability of marine
concrete infrastructure well into the future.

5. Conclusions

This review highlights that advancements in protective surface coatings and non-
destructive inspection (NDI) technologies are critical for extending the service life and
durability of marine concrete structures. The following key conclusions can be drawn:

1.  Recent progress in polymer-based systems, hybrid coatings, and nanotechnology-
enhanced materials has significantly improved resistance to chloride ingress, sulfate
exposure, and moisture penetration. Enhanced application techniques and rigorous
quality control further bolster their effectiveness and longevity, making coatings a
vital strategy for mitigating environmental stressors.

2. Conventional NDI methods—such as ground-penetrating radar, infrared thermog-
raphy, acoustic emission monitoring, and electrochemical sensors—reliably provide
non-invasive assessments of structural integrity. These technologies facilitate early
damage detection, monitor corrosion processes, and offer valuable insights into coat-
ing performance.

3. The fusion of advanced protective coatings with real-time monitoring systems holds
considerable potential for improving structural durability. Emerging research on
embedding sensors within coatings may lead to optimized protection and diagnostic
capabilities, enabling a holistic approach to infrastructure health management.

4. Concrete deterioration in marine environments entails substantial economic costs
associated with repair, maintenance, and service disruptions. Eco-friendly options, in-
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cluding bio-based and nanotechnology-enhanced coatings, present viable, sustainable
solutions aligned with modern environmental standards while reducing long-term expenses.

5. Although laboratory studies and short-term field tests show promising results, long-
term performance data across diverse real-world conditions remain limited. The lack
of unified standards specific to marine applications, coupled with high initial costs
and complex implementation procedures, hampers widespread adoption.

6. To address these gaps, future work should emphasize both advanced experimental
investigations and refined numerical simulations. Large-scale field trials, coupled
with accelerated aging experiments and sophisticated computational models, can
provide deeper insights into the long-term behavior of protective coatings. Addi-
tionally, implementing machine learning or artificial intelligence frameworks could
help predict coating performance and degradation processes, guiding more effective
maintenance strategies.

In summary, this review underscores the transformative potential of next-generation
protective coatings and inspection technologies to resolve the durability challenges of
marine concrete structures. By expanding research efforts to include both cutting-edge
experimental methods and robust numerical models, the field can ultimately ensure the
sustainability, safety, and resilience of vital coastal and offshore infrastructure.
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