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Jianxin Wu?, Jianyong Han?**, Yong Luo?, Hongzhu Song?,
Hai Li? and Xiaobin Dong*

'Shandong Electric Power Engineering Consulting Institute Corp., Ltd., Jinan, Shandong, China,
2School of Civil Engineering, Shandong Jianzhu University, Jinan, Shandong, China, *Key Laboratory
of Building Structural Retrofitting and Underground Space Engineering (Shandong Jianzhu
University), Ministry of Education, Jinan, Shandong, China, “Shandong Binhai Energy Co., Ltd.,
Weifang, Shandong, China

This study was conducted on an integrated wind-solar-storage-transmission
base project located in a saline-alkali tidal flat area. The brine formation
mechanism in saline-alkali tidal flats was revealed, and the chemical
composition of the brine was comprehensively characterized by on-site tests.
The mechanisms and causes of corrosion of PHC pipe piles under brine
exposure were revealed. Field tests of the surface morphology and thickness
changes for four types of anticorrosion coatings applied to PHC pipe piles
were conducted to determine the protective performance of each anticorrosion
coating. The results show that PHC pipe pile corrosion in the brine environment
of saline-alkali tidal flats is primarily driven by hydrogen ion erosion. After nearly
1 year of in situ corrosion testing, the surfaces of ZB, ZH, TD-D (double-sided
application), and LC exhibited oxidation and darkening in color, with coating
thickness reductions ranging from 0 to approximately 0.35 mm; however,
the coatings remained largely intact. For the TD-S specimens (single-sided
application), the coated surface darkened, whereas the uncoated surface
experienced severe corrosion, with a thickness reduction of approximately
1.8 mm, accompanied by mortar spalling and coarse aggregate exposure. All
four anticorrosive coatings demonstrated favorable protective performances. A
comprehensive evaluation model was employed to grade and score the coatings
based on three performance indicators, which revealed that the TD anticorrosive
coating exhibited the best overall performance. This study provides essential
scientific evidence and technical support for the durability design and protective
measures of concrete structures under aggressive environmental conditions.

KEYWORDS

saline-alkali tidal flats, salt-lake brine environment, PHC pipe piles, corrosion
mechanism, photovoltaic power generation, anticorrosive coatings

1 Introduction

In recent years, photovoltaic (PV) power generation, an important form of renewable
energy, has rapidly developed globally, becoming a key driver for energy transition
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Surface
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FIGURE 1
Corrosion condition of photovoltaic PHC pipe pile foundations.

and green low-carbon development. With the continuous expansion
of the scale of PV projects, the application of traditional PHC
pipe piles in PV foundations has become increasingly widespread,
particularly in coastal seawater environments (Wang et al., 2022).
In such environments, the primary factors contributing to pile
corrosion are chloride and sulfate ions. However, compared with
conventional seawater, brine contains much higher concentrations
of corrosive substances, such as chloride and sulfate ions.
These aggressive ions significantly accelerate the carbonation
of the concrete surface and the corrosion of the internal steel
reinforcement, resulting in a decline in the structural strength
and a substantial reduction in the durability of the pipe piles.
Moreover, the high permeability and electrical conductivity of
brine further exacerbate the electrochemical corrosion process,
rendering PHC pipe piles highly susceptible to cracking, spalling,
and even fracturing during long-term service (Tian H. et al., 2023),
as illustrated in Figure 1. Therefore, the corrosion of PHC pipe
piles in brine environments poses a serious threat to engineering
safety and significantly shortens their service life, necessitating
the implementation of effective protective measures (Wang et al.,
2024). Although heavy-duty anticorrosion systems developed
for traditional marine engineering applications can technically
address these issues, photovoltaic power generation projects differ
in their structure anticorrosion. PV power generation projects are
highly cost-sensitive, making such high-cost solutions impractical.
Consequently, it is necessary to develop low-cost, yet highly
durable, anticorrosion strategies for PHC pipe piles in brine-rich
environments.

Currently, studies on the corrosion behavior of reinforced
concrete have primarily focused on marine environmental
conditions, with systematic investigations conducted on corrosion
mechanisms, material degradation processes, and protective
measures. Qian et al. (2023a) investigated the corrosion behavior
of reinforced concrete beams exposed to a marine atmospheric

Frontiers in Earth Science

02

environment for 7 years and analyzed the chloride distribution,
carbonation, and corrosion products. The results indicated
two distinct chloride accumulation zones located near the
carbonation depth and at the boundary region, corresponding to
an increasing corrosion depth. Wang and Zhang (2018) simulated
harsh marine conditions through a combined “UV exposure +
cyclic immersion” accelerated test to study the aging behavior
of organic coatings. The experimental results revealed that,
under the combined effects of ultraviolet radiation and water
immersion, significant changes occurred in the coating thickness,
gloss, and surface morphology. Chen et al. (2022) examined the
structural performance of reinforced concrete columns in marine
environments and proposed material degradation and structural
strength reduction models based on the damage mechanisms
induced by reinforcement corrosion. This study also estimated the
service life of the corroded reinforced concrete columns under
various corrosive conditions.

The aforementioned studies focused primarily on the corrosion
and protection of reinforced concrete in marine environments.
However, brine environments differ significantly from typical
marine conditions. After bromine extraction, the brine exhibited
much higher concentrations of hydrogen, chloride, and sulfate
ions than conventional seawater. Zhao et al. (2018) investigated
the effect of ion erosion in brine environments on the HPC
strength and observed that the incorporation of mineral admixtures
significantly improved the corrosion resistance of concrete. Sulfate
ion erosion was identified as the main cause of concrete damage
and compressive strength reduction, whereas chloride ions helped
slow the progression of the sulfate attack. Tian H. et al. (2023)
studied the corrosion characteristics of reinforced concrete in
saline soil environments using electrochemical tests, chloride
concentration measurements, and damage assessments. The results
showed that the deterioration of reinforced concrete increased
nonlinearly over time. LiZ. et al. (2024) explored the influence
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of temperature and water-cement ratio on the corrosion of
reinforcements in high-salinity lake water environments. The
findings indicated that, although temperature and salinity had
limited effects on the corrosion potential, the initiation of
corrosion in saline lake water was much faster than that in
marine environments, with the corrosion rates accelerating as the
temperature and water-cement ratio increased. Currently, studies on
the performance of anticorrosive coatings largely rely on laboratory
simulation tests, whereas field-based studies remain limited. This
limitation may reduce the applicability of the test results in real-
world scenarios, particularly in complex natural environments,
where the long-term protective performance of coatings is difficult
to evaluate accurately.

Therefore, based on an integrated wind-solar-storage-
transmission base project in saline-alkali tidal flats, the corrosion
mechanism of PHC pipe pile foundations under brine exposure
was investigated. Four anticorrosive coating systems were selected
for comparison through the field testing of the surface morphology
and thickness variation. Furthermore, a comprehensive evaluation
of the durability and cost-effectiveness of the coatings was
conducted using an analytic hierarchy process (AHP), leading to

the recommendation of a high-cost anticorrosion solution.

2 Corrosion mechanism of PV PHC
pipe pile foundations in brine
environments

2.1 Brine composition analysis

Based on the typical technological process of halogen
production, the procedure can generally be divided into the
following key functional zones:

(1) Water Intake Zone: This area is responsible for introducing raw
brine or salt lake water. The water composition is complex,
with relatively low salinity but a wide range of corrosive agents,
making it a source of initial corrosion.

(2) Standard Brine Evaporation Zone: Comprising a series of

solar ponds and evaporation basins, this zone facilitates brine

concentration. The environment here is relatively stable in
terms of water fluctuation, but the gradually increasing salinity
leads to long-term corrosive effects.

(3) Concentration and Crystallization Zone: At this stage, the

brine approaches saturation or even undergoes crystallization.

Besides the extreme salt concentration, the formation of salt

crystals on concrete or reinforcement surfaces may induce

crystallization pressure and pore blockage, triggering stress
corrosion and the development of microcracks.

(4) Drainage Outlet Zone: This is the outlet for brine circulation

or discharge. Characterized by high flow velocity, strong

hydrodynamic impact, and frequent wet-dry cycles, this zone
also exhibits high salinity, elevated dissolved oxygen content,

and significant temperature fluctuations.

Field investigations (see Figure 1) indicate that the drainage
outlet zone is the most severely corroded area, where surface
concrete spalling and propagation of microcracks in PHC piles
are commonly observed. Therefore, this study selects the drainage
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outlet zone as the representative condition for corrosion testing
and performance evaluation of protective coatings, providing
guidance for optimizing protection strategies in high-risk corrosion
environments.

The brine in saline-alkali tidal flat areas is rich in various
salts. To analyze the salt components in the brine, ion
chromatography was employed to determine the concentrations
of major ions, such as Na¥, Ca*t, Mg2+, Cl°, and 8042'
(Wang, 2024) (see Table1). According to the Code for
Investigation of Geotechnical Engineering (GB 50021-2001)
(Ministry of Construction of the People’s Republic of China, 2002),
the environmental conditions of the site fall under the Type II
classification. The site investigation results indicated that brine
poses a strong corrosive threat to both the concrete structure and
the embedded reinforcement. The evaluation of the corrosiveness of
brine for construction materials is summarized in Table 1, and the
main salt contents and corresponding corrosion grades are shown
in Figure 2. The representative site conditions are shown in Figure 3.

The brine corrosion environment in saline-alkali tidal flats is
similar to that of marine environments but is characterized by
higher salinity and stronger corrosiveness. Based on the exposure
conditions of PHC pipe piles to brine environments, the brine
corrosion environment in saline-alkali tidal flats can be divided
into four zones: atmospheric zone, tidal zone, immersion zone, and
brine mud zone (Li Y. et al., 2024) (see Figure 4). The tidal zone
refers to the transitional area where, due to periodic water level
fluctuations, the surface of the test specimens is repeatedly exposed
to both air and liquid. According to field observations, the tidal
zone in the brine pond is primarily influenced by artificial water
level regulation and wind-induced disturbances, with a typical daily
fluctuation range of approximately 20-30 cm. To ensure that the
specimens are located within this zone, the top of the cylindrical
specimens were positioned above the highest tidal level, while the
square specimens were placed near the water surface. Based on the
actual operational water level records of the brine pond, the location
of the tidal range zone was reasonably determined, ensuring that
the zone can accurately reflect the corrosion characteristics under
alternating wetting and drying conditions. Each zone exhibits a
distinct corrosion mechanism. The characteristics of the corrosive
environment and corrosion in each zone are summarized in Table 2.

The atmospheric zone is located above the tidal zone. As the
brine evaporates, a large quantity of salt particles enters the air,
forming a salt spray. Simultaneously, water vapor condenses on the
surface of the PHC pipe piles, forming a water film in which salt
particles dissolve, creating a strong electrolyte solution. This solution
penetrates the interior of PHC piles through capillary action and
diffusion, resulting in salt-spray corrosion. In addition, acidic gases,
such as CO, and SO,, in the atmosphere can infiltrate concrete
through pores and react with alkaline components inside the PHC
pipe piles, leading to carbonation reactions (Qian et al., 2023b).

The tidal zone lies above and below the immersion and
atmospheric zones. In this region, PHC pipe piles undergo
alternating wetting and drying cycles. Chloride ions and other
salts on the concrete surface can penetrate piles through capillary
adsorption, diffusion, and permeation mechanisms (Zhang et al.,
2018). During high tide, the dry concrete surface comes into
contact with the brine and absorbs it through capillary action until
saturation is reached. During low tide, as moisture evaporates from
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TABLE 1 Evaluation of the corrosiveness of brine from a typical brine pond to construction materials.

Evaluation target Environment Corrosive Evaluation Measured Corrosion rating
type medium criteria concentration
SO,* (mg/L) (wet-dry Severe: >3000 9521-34720 Severe corrosion
1
Type I cycles)
C te Struct
oncrete structure Mgz’r (mg/L) Severe: >4000 5000-30747 Severe corrosion
A pH Value Severe: <4 1.85-7.07 —
. . Wet-dry cycles CI” (mg/L) Severe: >5000 4900-18000 Severe corrosion
Steel Reinforcement in
Reinforced Concrete . . B
Long-term immersion CI” (mg/L) Severe: >20,000 4900-18000 —
1x10" =——— 12
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FIGURE 2
Variations in major salt content in brine from a typical brine pond.

the concrete surface, the concentration of salts in the pore solution
increases, resulting in a chloride ion concentration gradient between
the surface and the interior. This drives the diffusion of salts from the
surface pore solution into the interior of the concrete (Qiao et al.,
2017), eventually reaching the reinforcing steel and initiating
electrochemical reactions that accelerate corrosion.

The immersion and brine mud zones are located below the
brine level, where the concentrations of chloride and sulfate ions
are high. However, owing to the limited availability of oxygen in
water, the corrosion rate of the reinforcing steel in these zones is
relatively slow.

2.2 Corrosion mechanism of PV PHC pipe
pile foundations
2.2.1 Chloride-induced corrosion mechanism

The pH of concrete is approximately 12.5. In such a strongly
alkaline environment, a dense passive film forms on the surface

Frontiers in Earth Science

of the embedded reinforcement (Wu et al.,, 2022), which is the
fundamental reason why the steel in reinforced concrete structures
does not corrode under normal conditions.

In a saline-alkali tidal flat environment, brine contains a high
concentration of chlorides, and the corrosion of PHC pipe piles
is driven by chloride ion intrusion and electrochemical reactions
(Tian Y. et al., 2023; Xu et al, 2024). Chloride ions penetrate
the interior of PHC piles through mechanisms, such as capillary
suction, diffusion, permeation, and electrochemical migration.
The typical diffusion coefficient of concrete ranges from 1 x
1072 m%s to 1 x 1071 m?/s, with penetration depths usually
between 10 mm and 50 mm. The chloride ions gradually accumulate
on the reinforcement surface. As the chloride ion concentration
increases, the local pH decreases. When the pH falls below 9.8, the
passive film on the steel surface begins to deteriorate, exposing the
reinforcement to the corrosive environment and leading to pitting
or localized corrosion. The corroded regions of the reinforcement
become anodic areas where oxidation reactions occur, whereas the
regions still protected by the passive film act as cathodic areas where
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FIGURE 3
Field measurement photograph of a typical brine pond.

reduction reactions occur, as shown in Equations 1-3:

anodic region: 2Fe — 2Fe®* + 4e” (1)
cathodic region: O, + 2H,0 +4e” — 40H" (2)
overall reaction: 2Fe + 2H,0 + O, — Fe(OH), (3)

The Fe?* ions generated in the anodic region react with CI~
to form water-soluble FeCl,, which subsequently diffuses into the
surrounding solution. There, it reacts with OH™ and O, to form
Fe(OH),, accompanied by the generation of H' ions. Throughout
this process, Cl” is not consumed and functions essentially as a
catalyst. Chloride ions not only participate in the formation of
corrosion cells, but also accelerate the electrochemical reaction rate
(Zuquan et al,, 2018). This phenomenon is commonly referred to as
anodic depolarization. The corresponding electrochemical reactions
are shown in Equations 4, 5:

Fe?* +2C1" +4H,0 — FeCl, - 4H,0 (4)

FeCl, - 4H,0 — Fe(OH), + 2CI™ + 2H" + 2H,0 (5)

Meanwhile, Fe(OH), can be further oxidized to form Fe(OH);
and Fe;0,.

2.2.2 Sulfate-induced corrosion mechanism

In brine environments, in addition to chloride ions, sulfate ions
significantly contribute to the corrosion of PHC pipe piles. When
external sulfate ions penetrate into the interior of the PHC pile, they
react with calcium hydroxide (Ca(OH),) and calcium aluminate
hydrate (4Ca0O-Al,05-19H,0) in the concrete, producing gypsum
(CaSO4-2H,0) and ettringite (3Ca0-Al,0;-3CaSO,-32H,0). As
the corrosion products—gypsum and ettringite—have much larger
volumes than the original reactants, expansive internal stresses
develop within the concrete, leading to cracking and a reduction in
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compressive strength (Zhang et al., 2024). The chemical reactions
are shown in Equations 6, 7:

Ca(OH), + Na,S0, - 10H,0 — CaSO, - 2H,0 + 2NaOH + 8H,0
(6)
4Ca0 - AL,O, - 19H,0 +3(CaSO, - 2H,0) + 8H,0 —
3Ca0 - Al, 0, - 3CaSO, - 32H,0 + Ca(OH),

(7)

2.2.3 Corrosion mechanism in acidic
environments

Bromine extraction in brine ponds generates numerous
hydrogen ions, significantly lowering the pH of the brine. Hydrogen
ions infiltrate the interior of the PHC pipe piles and react
with hydroxide ions (OH™), reducing the OH™ concentration
in the concrete, which lowers the pH and disrupts the alkaline
environment required to stabilize various cement hydration
products. When the pH drops below 10.4, these hydration products
begin to decompose or the hydrogen ions directly react with the
alkaline components of the hydration products. This leads to an
increase in the concrete porosity, thereby reducing the strength and
impermeability of the PHC pipe piles. Moreover, increased porosity
facilitates the ingress of other harmful ions (Madraszewski et al.,
2023; Youssari et al., 2023; Peng et al., 2022).

The investigations of the pH of brine and associated corrosion
mechanisms indicate that hydrogen-ion-induced corrosion is
predominant in the brine environments of saline-alkali tidal flats.
Thus, anticorrosive coatings are proposed for application on the
surface of PHC pipe piles to reduce the penetration rate of corrosive
ions, such as H* and CI, thereby achieving effective corrosion
protection.

3 Field corrosion tests
3.1 Anticorrosive coating materials

Based on the existing concrete anticorrosion technologies
and anticorrosion strategies used in similar brine environments
(Vera et al., 2013), four types of coatings were selected: ZB solvent-
free modified epoxy liquid coating, ZH acrylic anticorrosive coating,
TD high-performance anticorrosive coating, and LC polyurea
anticorrosive coating (see Table 3), considering factors, such as
energy conservation and environmental protection. Field exposure
tests were conducted on samples of these four coatings to establish
the relationship between coating performance and natural corrosion
conditions. Based on their anticorrosive performances in brine
environments, the ultimate goal is to propose a cost-effective
anticorrosion solution suitable for large-scale applications.

3.2 Experimental scheme

The drainage outlet of a brine pond was selected as the
experimental site. After bromine extraction, the pH of the brine
in this area was relatively low but gradually increased upon
exposure to air.
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FIGURE 4
Specimen arrangement scheme for saline-alkali tidal flat brine environment.

TABLE 2 Characteristics of brine environments and corrosion in saline-alkali tidal flats.

Brine environment zone

Atmospheric Zone

Environmental characteristics

Solar radiation; air filled with fine salt particles

Corrosion characteristics

Salt spray erosion, carbonation

Tidal Zone

Periodic immersion; abundant oxygen

Wet-dry cycling, freeze-thaw cycling, chloride/sulfate
attack, electrochemical corrosion

Immersion Zone

Presence of various corrosive agents; low oxygen

Biological corrosion, chloride/sulfate attack

Brine Mud Zone

Presence of anaerobic microorganisms

Anaerobic microbial corrosion

TABLE 3 Types and characteristics of anticorrosive coatings.

Name

Composition

Characteristics

ZB Solvent-Free Modified Epoxy Liquid Coating

Compounds formed by the reaction of reactive
solvents and epoxy resins

Wear-resistant, highly acid-resistant, weather-resistant,
non-toxic, aesthetically pleasing

ZH Acrylic Anticorrosive Coating

Composed of Component A and Component B

Corrosion-resistant, environmentally friendly, acid
and alkali resistant

TD High-Performance Anticorrosive Coating

Composed of epoxy resin, curing agent, and additives

Scratch-resistant, pitting-resistant, acid and alkali
resistant, stable performance

LC Polyurea Anticorrosive Coating

Compounds formed by the reaction of isocyanate and
amine compounds

Temperature-resistant, wear-resistant, non-toxic,
corrosion-resistant

Based on field investigation results (see Figure 1), it was found
that the corrosion severity of PHC pipe piles is significantly greater
in the tidal and immersion zones compared to the atmospheric and
brine mud zones. To enhance the relevance and representativeness
of the experiment, this study focused on conducting field exposure
tests specifically in the tidal and immersion zones.

Frontiers in Earth Science 06

In the field test, cylindrical specimens with diameters of
120 mm, 80 mm, and 150 mm were used for ZB solvent-free
modified epoxy coating, ZH acrylic anti-corrosion coating, and LC
polyurea coating, respectively. These were labeled as P2 and P1 in
the tidal and immersion zones. For the TD high-performance anti-
corrosion coating, square specimens with a side length of 100 mm
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FIGURE 5
Specimen of field test (LC polyurea anticorrosive coating).

were used, with central points labeled as P3 and P4, and similarly
placed in the tidal and immersion zones for testing. The specimen
layout is illustrated in Figure 4.

The variation in size is mainly due to the fact that all specimens
used in the experiment were provided by different anti-corrosion
material manufacturers, and differences in mold fabrication led
to slight inconsistencies in specimen dimensions. The square
specimens were mainly used for the TD high-performance anti-
corrosion coating, primarily to allow for separate investigation of
different exposure zones. However, due to the larger quantity of test
blocks and the inconvenience of storage, square specimens were not
used for other coating materials in this study.

Considering that, under the same natural exposure conditions,
the variation in corrosion resistance is mainly influenced by the type
of coating and construction technique, while the geometric size and
shape of the specimens have little effect on corrosion behavior. Thus,
the impact of the specimen dimension can be neglected as long as
other variables are properly controlled.

To ensure the consistency of the experimental results, the
same specimens were used for both the surface morphology and
thickness variation tests. The experimental schemes were primarily
differentiated based on the coating thickness with the aim of
observing the performance of coatings with varying thicknesses
under the same environmental conditions. Fifteen series of tests with
various anticorrosive coatings and coating schemes were performed,
as listed in Table 4.

3.3 Corrosion test methods

The durability and anticorrosive performance of the coatings
were evaluated by monitoring variations in the surface morphology
and thickness under brine exposure in saline-alkali tidal flat
environments during corrosion tests. The objective of the field
test was to analyze the extent of coating damage after brine
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immersion and provide a scientific basis for material selection and
the optimization of protective measures.

Surface morphology tests were conducted in accordance with
the physical performance standards for Film-forming Coatings
Specified In Film-forming Coatings For Concrete Structure
Protection JG/T 335-2011 (2011). Each coating was uniformly
applied to the surface of the concrete specimens and cured for 14 d
under the specified conditions. Upon completion of the curing, the
initial surface appearance of each specimen was recorded, including
the coating smoothness and color uniformity. The specimens were
then exposed to a brine environment, and every 120 d, the surface
conditions were observed and recorded, focusing on discoloration,
cracking, peeling, blistering, and other visual defects.

The thickness variation test was performed following the
Pipeline Anticorrosion Coating Test Method-Part 7: Thickness Test
SY/T 4113.7-2020 (2020). Each coating was applied to the specimen
surface in accordance with the specified application procedures
and cured for 14 d under the designated conditions. After curing,
a digital caliper was used to measure the initial thickness of the
coating. Two measurement locations were selected—one in the tidal
zone and the other in the immersion zone—and marked using a
permanent marker (see Figure 5). The specimens were then placed
in a brine exposure environment, according to the experimental
plan. Every 120 d, the coating thickness at the marked locations
was measured using the digital caliper to assess the thickness
variation over time.

4 Analysis of test results
4.1 Surface morphology analysis

Figures 6-10 show the specimens after different exposure
durations. For the ZB solvent-free modified epoxy liquid coating,
the surface color of specimens ZB1-ZB3 darkened, and the
gloss significantly diminished. In contrast, specimens ZB4-ZB6
maintained a normal surface color, as shown in Figure 6.

On day 246, for the ZH acrylic anticorrosive coating, specimens
ZH1-7ZH3 exhibited a noticeably dull and nonglossy surface.
Additionally, black corrosion marks were observed on the portion
embedded in the brine mud, as shown in Figure 7. This is primarily
because acrylic coatings are based on organic polymer matrices.
A dense cross-linking of acrylic coating is difficult to form,
seriously limiting its durability and anticorrosion behavior, which
was demonstrated by Faccini et al. (2021) and Ladosz et al. (2024).
Brine mud is a special type of soft soil characterized by high
cohesion and strong hydrophilicity. The colloidal fine particles in the
mud can easily penetrate the micro-pores on the coating surface.
Consequently, the acrylic anticorrosive coatings exhibited surface
darkening after immersion in the brine mud zone.

After 246 d of exposure, the TD high-performance anticorrosive
coating showed more severe surface degradation in specimens
TD1-2-D and TD1-2-S, characterized by pronounced darkening
and a complete loss of gloss, as illustrated in Figure 8. Similarly, the
LC polyurea anticorrosive coating exhibited a loss of surface gloss in
specimens LC1-2, as shown in Figure 9.

At the same observation point, the concrete surfaces without
any protective coating exhibited significantly more severe corrosion.
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FIGURE 6
Surface morphology changes of ZB solvent-free modified epoxy liquid coating. (a) Day 139. (b) Day 246.
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FIGURE 7
Surface morphology changes of ZH acrylic anti-corrosion coating. (a) Day 139. (b) Day 246.
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FIGURE 8
Surface morphology changes of TD high-performance anti-corrosion coating. (a) Day 1. (b) Day 246.
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FIGURE 10

Surface morphology changes of uncoated concrete. (a) Day 1. (b) Day 246.
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The coarse aggregates within the concrete were exposed, and the
surface exhibited darkening, a loss of gloss, and the development of
prominent cracks, as shown in Figure 10.

The test results demonstrate that anticorrosive coatings effectively
mitigate the corrosion of concrete in brine environments, significantly
enhancing the durability and service life of the structure.

4.2 Coating thickness analysis

The changes in the thicknesses of the four anticorrosive
coatings are shown in Figures 11-14. The test results indicated
an overall decreasing trend in the coating thickness in
both the tidal and immersion zones. Moreover, the coatings
experienced more severe degradation in the tidal zone than in the
immersion zone.

As illustrated in Figures 11-14, the ZB, ZH, TD1, and LC coatings
exhibited negligible changes in thickness during the initial 60 d
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of exposure. This was primarily attributed to the lower ambient
temperatures during this period, which slowed the chemical corrosion
processes. In addition, suspended operations at the test site during the
winter season resulted in higher pH values and weaker brine acidity,
thereby reducing its corrosive effect on the coatings. After 139 d, a
more significant decrease in the coating thickness was observed. This
can be attributed to rising temperatures, which accelerated chemical
reactions and the resumption of production at the test site, leading
to lower pH values and increased brine acidity, thereby intensifying
coating corrosion. The annual temperature variations at the test sites
are shown in Figure 15.

As shown in Figures 11-14, the reduction in coating thickness
for the ZB, ZH, TD-D, and LC specimens generally ranged from 0
to 0.35 mm. By contrast, the TD-S specimens exhibited significantly
more severe corrosion, with thickness reductions exceeding
1.8 mm. These results further demonstrate that anticorrosive
coatings provide effective protection for concrete in brine
environments.
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FIGURE 11
Thickness variation of ZB solvent-free modified epoxy liquid coating.
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Thickness variation of ZH acrylic anti-corrosion coating.
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Thickness variation of TD high-performance anti-corrosion coating.
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Thickness variation of LC polyurea anti-corrosion coating.
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5 Comprehensive evaluation of
anticorrosive coating schemes

This study adopted an AHP to assess the overall performance
of the four anticorrosive coatings to scientifically evaluate the
protective performance of different anticorrosive coatings on PHC
pipe piles in brine environments, and to compare and select
the optimal solution based on the comprehensive performance.
The AHP method proposed by American operations researcher
Thomas L. Saaty in the early 1970s (Saaty, 2013) has been
widely applied to multicriteria decision-making analyses. This
method decomposes complex problems into multiple components,
determines the relative importance of each factor through pairwise
comparisons, and combines both quantitative and qualitative
analyses to derive a comprehensive priority ranking (Tavana et al.,
2023; Pant et al., 2022; Panchal and Shrivastava, 2022).

The anticorrosive coatings were evaluated based on three
criteria:  surface thickness
and cost. The relative importance of each criterion in the

morphology change, variation,
overall decision-making process was determined accordingly.
The experimental results indicated that all four coatings
demonstrated good anticorrosive performance; therefore, cost
emerged as a particularly critical factor in the comprehensive
evaluation (see Table 5), with the average cost value taken as the
assessment metric.

Regarding the importance scale, considering that the coatings
showed only minor differences in anticorrosive performance but
significant differences in cost, the relative importance of cost over
thickness variation was set to 5 (strong preference), and that
over surface morphology changed to 6 (very strong preference).
Meanwhile, the thickness variation was considered to be slightly
more important than the surface morphology change, with a relative
importance of 2 (weak preference), as listed in Table 6. Based on
the above judgment matrix and using the eigenvalue method for the
calculation, the resulting weight coefficients for each criterion were
obtained as follows: surface morphology change 0.1033, thickness
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variation 0.1741, and cost 0.7225. To verify the consistency of the
judgment matrix, the maximum eigenvalue A\_max was calculated as
approximately 3.0293, yielding a consistency index (CI) of 0.0146.
Referring to the random index (RI) value of 0.58 for n = 3, the
consistency ratio (CR) was determined to be CR = CI/RI = 0.0252 <
0.1, indicating that the judgment matrix had good consistency, and
the assigned weights were reasonable and reliable.

As shown in Table 5, a 1-to-9 scale method was adopted for
scoring. The surface appearance was evaluated based on the degree
of visual degradation observed after natural exposure. A score of
nine was assigned to coatings with no visible changes, indicating
minimal degradation; a score of six corresponded to a darkened
surface, reflecting moderate deterioration; and a score of three
was assigned to coatings that darkened to black, indicating severe
degradation.

The thickness variation was scored using the inverse grading
principle, where a smaller reduction in thickness yielded a higher
score. A linear normalization method was applied, assigning a
score of nine to the minimum observed thickness loss and one to
the maximum thickness loss, with intermediate values interpolated
proportionally. The cost score was determined using the same
normalization principle as the thickness variation, where a lower
cost corresponded to a higher score.

The comprehensive scores of the anticorrosive coatings
arelisted in Table 7. The experimental results indicate that, excluding
the effects of improper application, measurement errors, and force
majeure factors, the ZB1 anticorrosive coating demonstrated the
best overall performance in this study and can be considered the
optimal anticorrosion solution for future applications to PHC pipe
piles in brine environments.

In this study, a comprehensive evaluation of the various
anticorrosive coatings was conducted using the Analytic Hierarchy
Process (AHP), leading to the identification of an efficient
corrosion protection strategy. The evaluation results are inherently
influenced by multiple factors, including the judgment matrix
and scoring criteria, which may introduce certain degrees
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TABLE 5 Durability performance and cost analysis of anticorrosive coating systems.

Specimen ID Coating scheme Surface morphology change = Thickness variation ~ Cost (CNY/m?)
ZB1 Solvent-free modified epoxy liquid coating Darkened 0.12~0.32 75
2300 pm
ZB2 Solvent-free modified epoxy liquid coating Darkened 0.11~0.15 95
=400 pm
ZB3 Solvent-free modified epoxy liquid coating Darkened 0.21~0.23 110
2500 um
ZB4 Solvent-free modified epoxy liquid coating Slightly darkened 0.10~0.20 95

2300 um + weather-resistant 80 um

ZB5 Solvent-free modified epoxy liquid coating Slightly darkened 0.21~0.26 120
>400 um + weather-resistant 80 um

ZB6 Solvent-free modified epoxy liquid coating Slightly darkened 0.23~0.27 130
>500 um + weather-resistant 80 pm

ZH1 Acrylic anticorrosive coating 800 pm Darkened to blackened 0.17~0.23 75
ZH2 Acrylic anticorrosive coating 1,000 um Darkened to blackened 0.11~0.32 85
ZH3 Acrylic anticorrosive coating 1,000 pm Darkened to blackened 0.25~0.27 95

(reinforced with fabric)

TD MP series high-performance primer Darkened to blackened 0.10~0.15 50~90
300 pm (double-sided)

LC1 Armored anticorrosive polyurea + LC-301 Darkened 0.18~0.28 150
topcoat

LC2 Sprayed polyurea LC-1138 + LC-301 Darkened 0.12~0.25 135
topcoat

TABLE 6 Scoring matrix of anticorrosive coatings under each criterion.

Specimen ID Surface morphology change Thickness variation Cost (CNY/m?)
ZB1 6 337 833
7B2 6 8.70 5.67
7B3 6 3.37 3.67
7B4 9 7.52 5.67
ZB5 9 2.48 2.33
7B6 9 1.85 1.00
ZH1 3 459 8.33
ZH2 3 3.83 7.00
ZH3 3 1.48 5.67
D 3 9.00 9.00
LC1 6 2.70 3.67
LC2 6 5.11 433
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TABLE 7 Comprehensive scoring results of anticorrosive coatings.

Rank ’ Coating type Composite score
1 ZB1 7.86
2 ZH1 7.33
3 TD 7.01
4 ZH2 6.51
5 ZH3 5.97
6 LC2 5.95
7 LC1 5.83
8 ZB2 5.79
9 ZB4 5.53

10 ZB3 5.12
11 ZB5 4.88
12 7B6 4.77

of error and subjectivity. Therefore, the outcomes presented
herein are intended solely for reference purposes based on
the available data and scoring framework and should not
be regarded as the sole basis for decision-making regarding
corrosion protection strategies in saline-alkali tidal flat and brine
environments.

6 Conclusion

To address the corrosion issues of PV PHC pipe pile
foundations in saline-alkali tidal flat brine environments, the
formation mechanisms and chemical composition of the brine
were analyzed. The mechanisms and causes of corrosion of
PHC pipe piles under brine exposure were comprehensively
investigated. Four anticorrosive coating schemes were selected
and evaluated using surface morphology and thickness variation
tests to assess their durability. A comprehensive performance
evaluation based on the AHP was conducted to determine cost-
effectiveness and propose efficient anticorrosion solutions. The
following conclusions were drawn:

1. The corrosion mechanisms of PHC pipe piles in brine
environments are similar to those in marine environments,
primarily involving chloride-, sulfate-, and acid-induced
corrosion. Owing to the high concentration of hydrogen ions
and the low pH of the brine, hydrogen ion erosion is the
dominant mechanism. Therefore, it is reccommended to apply
anticorrosive coatings to the concrete surface to reduce the
penetration of aggressive ions, such as H" and Cl~, thereby
effectively mitigating corrosion.

2. Surface morphology and thickness variation analyses revealed
that, after 325d of exposure, all the coatings experienced
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varying degrees of corrosion. The ZB, ZH, TD-D, and LC
coatings showed signs of oxidation, yellowing, and darkening,
with thickness reductions ranging approximately from 0 to
0.35mm, though the coatings remained generally intact.
By contrast, the TD-S specimens exhibited severe surface
corrosion with a thickness reduction of approximately 1.8 mm,
along with mortar spalling and coarse aggregate exposure.

3. A comprehensive evaluation model was used to assess the three
performance indicators of the coatings. The results showed
that, after 325 d of exposure, the TD high-performance coating
demonstrated the best overall performance.

. Anticorrosive coatings have proven to be an effective protective
strategy for PHC pipe piles in brine environments. The
following recommendations are proposed for the practical
application of such coatings: Perform surface inspections
every 6 months, focusing on cracks, peeling, or discoloration;
promptly repair damaged areas to prevent the penetration of
corrosive agents; and install corrosion sensors to monitor the
real-time corrosion status of PHC piles, providing a scientific
basis for maintenance decision-making.

5. The primary contribution of this study is the establishment of
a systematic selection framework for anticorrosive materials
tailored to high-salinity and high-humidity environments. By
expanding the evaluation dimensions of PHC pile foundation
materials, this study provides a quantifiable, comparable, and
scalable technical basis for corrosion protection design in
PV projects in saline-alkali regions. The findings not only
offer practical guidance for engineering applications, but also
serve as a methodological and empirical foundation for future
research on protective systems for infrastructure in extreme
environments.
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