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Introduction

Recently, renewable energy has garnered interest as 
an effective approach for achieving carbon neutrality 
and improving energy self-sufficiency. To facilitate the 
widespread use of renewable energy, our company is 
developing, designing, and constructing facilities for 
biomass power generation, geothermal power generation, 
offshore wind power generation, and sewage-sludge solid-
fuel conversion. For offshore wind power generation, 
we designed and manufactured1) a jacket foundation 
(Fig. 1) for the offshore wind power generation system 
housed in New Energy and Industrial Technology 
Development Organization (NEDO), which commenced 

1 power generation in the Kitakyushu offing in 2013 and 
received our first order for the jacket foundation2) for a 
commercial offshore wind turbine in 2022. To complete 
the implementation of offshore wind power generation 
in Japan and to consider deeper waters and larger wind 
turbines, we are increasing our efforts accordingly.

Several types of offshore wind turbine substructures 
are available, such as jacket foundations, monopile 
foundations, and floating structures; however, they are 
installed in harsh offshore corrosive environments and 
have been used for long durations exceeding 20 years. 
Therefore, corrosion-protection methods are indispensable 
for steel materials. In the “Unified Explanation of 
Technical Standards for Offshore Wind Turbines”3) 
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High-build epoxy coating was considered for application to jacket foundations, 
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Test Method

2.1	 Marine Exposure Test Site
A marine exposure test was performed at a marine 

exposure test site located on the quay of Nippon Steel 

2

formulated by the Ministry of Economy, Trade, and 
Industry and the Ministry of Land, Infrastructure, 
Transport, and Tourism, the following is stated concerning 
the corrosion-protection method to be applied to steel 
materials: “it is desirable to determine the method with 
sufficient consideration of factors such as the installation 
environment of the structure, expected lifespan, required 
corrosion-protection performance, durability, economic 
efficiency, workability, as well as ease of maintenance, 
and appearance.” However, this explanation does 
not include clear corrosion-protection specifications. 
Therefore, an appropriate corrosion-protection design1), 2) 
must be established considering many factors.

Our company has manufactured many jacket structures 
for domestic ports. For the corrosion protection of 
these structures, we have applied either ultra-high-build 
epoxy coating4) or our proprietary seawater-resistant 
stainless-steel sheathing from the tidal zone to the splash 
and marine atmospheric zones4), 5). Although they are 
applicable to offshore wind turbine foundations, the 
design service life of the jacket for ports is 30 to 50 years 
or more, and the design service life of offshore wind 
turbines is approximately 25 years. Therefore, from the 

perspective of lifecycle cost, general-purpose corrosion-
protective coatings are preferable. Additionally, offshore 
wind turbine foundations must be painted yellow to 
prevent ship collisions6). Therefore, our leading candidate 
for the corrosion-protective coating of offshore wind 
turbine foundations is high-build epoxy coating4), which 
offers excellent economic efficiency, workability, and 
a high degree of freedom in coloring. Additionally, it 
complies with the marine high-build epoxy system4) 
stated in the “Corrosion Protection and Repair Manual for 
Port and Harbor Steel Structure” and with ISO12944-97), 
which is a standard for the corrosion-protective coating 
of offshore structures. The main difference between ultra-
high-build epoxy coating and high-build epoxy coating is 
the coating thickness; the ultra-high-build epoxy coating 
should be thicker than 1 mm (in the jacket structure 
for port facilities, the standard thickness is 2.5 mm), 
whereas the high-build epoxy coating should not exceed a 
thickness of 1 mm (several hundred micrometers).

Considering the application of high-build epoxy 
coating to offshore wind turbine foundations, we 
investigated the track records of high-build epoxy coating 
in a domestic marine environment. The results show 
almost no long-term achievement because coal-tar epoxy, 
which demonstrates excellent economic efficiency and 
corrosion-protection properties, was used extensively 
as a coating material for marine steel structures until 
approximately 2000. Currently, coal-tar epoxy is rarely 
used because it is suspected to be carcinogenic. Therefore, 
as an alternative to coal-tar epoxy coating, high-build 
epoxy-coated steel pipes, which have been subjected to 
in-house exposure tests since 1996, were recovered and 
evaluated for long-term corrosion-protection properties8).

This paper presents the evaluation results of pipes 
subjected to marine exposure tests and the approach 
used to apply high-build epoxy coating to offshore wind 
turbine foundations with a long service life.

Fig. 1  Jacket foundation for offshore wind turbine (Photograph)
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zinc-rich primer is indicated as IZ. To evaluate the 
delamination progress from the coating defects, we created 
artificial “X-cut” defects spanning from the steel surface 
at positions corresponding to the marine atmospheric 
zone (+2400 mm from the reference surface of sea-level 
height), tidal zone (+900 mm from the reference), and 
immersed zone (–800 mm from the reference). The bottom 
1,000 mm regions of the steel pipes were left uncoated, 
and aluminum alloy sacrificial anodes were attached for 
cathodic protection by simulating the immersed zone of 
the marine steel structure.

Fig. 2	 Marine exposure test site (Photograph)
	 (Left: overall view of test site; right: retrieved test pipes)

Fig. 3	 Coated steel pipe for exposure test

Tidal zone

Marine atmospheric zone

Immersed zone

Coating

Artificial defects

Aluminum 
alloy anode

DN300 steel pipe

Engineering Co., Ltd. in Wakamatsu Ward, Kitakyushu 
City, Fukuoka Prefecture.

The test site is located at the entrance of Dokai Bay 
and faces an anchorage for shipping large structures. 
Therefore, the environment is relatively calm with respect 
to waves and tidal currents. Views of the marine exposure 
test site are shown in Fig. 2.

2.2	 Preparation of coated steel pipes
Steel pipes (STPG300A, φ318.5 mm × 5,500 mm 

× 10.3 mmt) were subjected to surface preparation via 
blasting treatment and coated with a zinc-rich primer and 
high-build epoxy paint in the range shown in gray in Fig. 
3. The numerical values on the left side in Fig. 3 show the 
heights of the coated steel pipes when they were installed 
at the marine exposure test site; the low water level 
(L.W.L.) is the reference surface for the sea-level height, 
whereas H.W.L. indicates the mean high-water level.

Two types of zinc-rich primers were used for the 
corrosion-protective basecoat: organic and inorganic. As 
the high-build epoxy coating, a high-solid epoxy paint 
designed to minimize internal stress9)—developed jointly 
by our company and Nippon Steel Chemical Co. (then)—
was used as an alternative to coal-tar epoxy paint at that 
time. The coating was applied using an airless spray 
method. The specifications of the coated steel pipes are 
listed in Table 1. Because the coated steel pipes were 
the same except for the zinc-rich primers, the steel pipe 
coated with an organic zinc-rich primer is indicated as 
OZ, whereas the steel pipe coated with an inorganic 
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Results and Discussion

3.1	 Visual inspection
This section describes the appearance of the steel pipes 

after 24 years.
Figure 4 shows their appearance immediately after they 

were lifted from the quay and the “X-cut” artificial defects 

3

Table 1  Coating system of exposed steel pipes
Name and specification 

overview
OZ IZ

Organic zinc-rich primer + high-build epoxy Inorganic zinc-rich primer + high-build epoxy

Steel pipe STPG300A
(Ф318.5 x 5500 x 10.3mmt)

STPG300A
(Ф318.5 x 5500 x 10.3mmt)

Surface preparation Blasting treatment
(ISO 8501-1 Sa2.5)

Blasting treatment
(ISO 8501-1 Sa2.5)

Corrosion-protective 
basecoat

Organic zinc-rich primer
(target thickness: 20 μm)

Inorganic zinc-rich primer
(target thickness: 75 μm)

First coat High-solid epoxy
(target thickness: 200 μm)

High-solid epoxy
(target thickness: 200 μm)

Second coat High-solid epoxy
(target thickness: 200 μm)

High-solid epoxy
(target thickness: 200 μm)

Total coating thickness 420 μm
(Measured initial thickness: 411–703 μm)

475 μm
(Measured initial thickness: 468–629 μm)

2.3	 Marine Exposure Test
The coated test steel pipes were installed at the marine 

exposure test site in 1996.
After 1, 3.5, 5.5, and 19 years, the steel pipes were 

lifted, and their appearance, coating thickness, and 
adhesion were inspected. Subsequently, they were 
reinstalled. After 24 years, i.e., in 2020, they were 
recovered and the exposure test was completed. During 
installation and reinstallation after the lifting investigation, 
the surfaces imparted with “X-cut” artificial defects were 
directed offshore, and the orientation of the test steel 
pipes was maintained during the exposure test. When the 
offshore direction was defined as the 0 o’clock direction, 
and as viewed from above, the 3 o’clock direction, 6 
o’clock direction (land side), and 9 o’clock direction, the 
direction became 0 o’clock: east–southeast, 3 o’clock: 
south–southwest, 6 o’clock: west–northwest, and 9 
o’clock: north–northeast, respectively. Their appearance 
was observed by removing marine growth. The coating 
thickness was measured in four directions, i.e., 0, 3, 6, and 
9 o’clock, near the height of the artificial defects, as shown 
in Fig. 3. The adhesion of the coating was measured using 
the pull-off method in the vicinity of the artificial defects, 
and the coating defects caused by the measurement were 
repaired using underwater-curing epoxy resin.

after marine-growth removal. Incidentally, as shown in 
Fig. 3, the “X-cut” was observed at three locations: the 
marine atmospheric zone, tidal zone, and immersed zone. 
However, corrosion under the coating was observed at the 
upper section of the tidal zone of OZ (near L.W.L. +1800 
mm); therefore, Fig. 4 also includes the appearance in the 
vicinity of +1800 in Fig. 3 as “near H.W.L.”
[Marine atmospheric zone]

Although the gloss was lost owing to chalking (a 
phenomenon in which the surface layer of the coating 
deteriorates because of ultraviolet rays and becomes 
powdery), cracking, blistering, and delamination were not 
observed on the coating. The coating delamination from 
the “X-cut” portions remained relatively unchanged.

The lack of progress in delamination could be 
attributed to the vertical installation of the steel pipes, 
which resulted in a short wetting time during rainfall, 
the sacrificial corrosion protection effect of the zinc-
rich primer, and the stress-relaxation effect of the epoxy 
coating designed to minimize the internal stress9).

[Near H.W.L.]
In OZ, corrosion was observed under the coating over 

a 190 mm × 130 mm area in the 0 o’ clock direction. The 
coating thickness around the corroded area was 100–120 
μm. Notably, the coating thickness in this area was not 
measured in the 19th year of the investigation; however, 
the coating was pronounced. In the 19th and 24th years of 
investigation, because no traces of colliding objects, etc., 
were observed, we assumed that the barrier performance 
against corrosive species of the coating deteriorated in the 
area where the coating thickness reduced to less than 120 
μm, thus causing the steel under the coating to corrode. 
Cracking, blistering, or delamination was not observed on 



Long-term corrosion protection of offshore wind turbine foundations with high-build epoxy coating

Vol.15 (2024) Nippon Steel Engineering 21

the coating, except in areas where it had been corroded.
Meanwhile, corrosion was not observed in IZ; however, 

at the same height and direction as the corroded area in 
the OZ, the epoxy layer disappeared and the inorganic 
zinc-rich primer, which was the corrosion-protective 
basecoat, was exposed. Therefore, the thickness loss of 
the coating progressed significantly only in the 0 o’clock 
direction near the H.W.L.

This phenomenon can be explained as follows: This 
area was exposed to ultraviolet (UV) radiation for a long 
duration, similar to the marine atmospheric zone, and the 
deteriorated coating, which became powdery because of 
chalking, was washed away during high tides and heavy 
wave action. Consequently, the UV-shielding effect 
endowed by the partially deteriorated coating diminished.

We can infer that the basecoat of IZ (inorganic zinc, 
75 μm) offers better corrosion protection performance 
than that of OZ (organic zinc, 20 μm) because it did not 
corrode even when the epoxy layer disappeared in IZ. 
Nonetheless, we will determine the optimum corrosion 

Table 4  Appearance of coated steel pipes after 24 years of exposure (Photograph)
OZ (organic zinc + high-build epoxy) IZ (Inorganic zinc + high-build epoxy)

Before marine-
growth removal After marine-growth removal Before marine-

growth removal After marine-growth removal

Marine atmospheric zone
(near +2400)

(0 o’clock direction)

Near H.W.L.
(near +1800)

(0 o’clock direction)

Tidal zone
(near +900)

(0 o’clock direction)

Immersed zone
(near –800)

(0 o’clock direction)

protective basecoat and its thickness in the future. 
Additionally, coating systems for long-term service 
should be conservatively designed such that the corrosion-
protective basecoat is not exposed.
[Tidal zone]

Immediately after being lifted, barnacles occupied 
the coating surface. A calcareous material, which was 
a residue from the barnacles, adhered to the surface 
of the coating after the shell was removed; however, 
cracking, blistering, and delamination were not observed 
on the coating. The “X-cut” portions were protected 
effectively by the cathodic protection, and corrosion was 
not observed on the defective regions. Additionally, the 
delamination of the coating in the “X-cut” portions did 
not progress further.
[Immersed zone]

Immediately after lifting, marine growths, such as 
barnacles, oysters, and squirts, occupied the surface of 
the coating. A calcareous material, which was a residue 
from the barnacles and oysters, adhered to the surface 
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of the coating after the shell was removed; however, 
cracking, blistering, and delamination were not observed 
on the coating. Additionally, corrosion on the steel surface 
and blistering and delamination on the coating were not 
observed in the “X-cut” portions.

3.2	 Coating-thickness measurement
The coating thickness measured initially and after 1, 

3.5, 5.5, 19, and 24 years are shown in Tables 2 and 3, 
respectively. The dotted line in the graphs represents 
linear approximation. The thickness loss rates of 
the coatings obtained from the slopes of the linear-
approximation lines in each graph are listed in Table 4.
[Marine atmospheric zone]

The coating thickness decreased with time in all 
directions; however, the magnitude differed depending 
on the specific direction. The thickness-loss rate in the 0 
o’clock direction (east–southeast) was the highest, with 
OZ showing a decrease of approximately 320 μm in 24 
years (13.3 μm/year). By contrast, the thickness-loss 
rate in the 6 o’clock direction (west–northwest) was the 
lowest, with OZ showing a decrease of approximately 
70 μm in 24 years (3.1 μm/year). The difference in the 
thickness-loss rate by direction was attributed to the 
chalking in the 0 o’clock direction (east–southeast), 
which occurred readily owing to long-term exposure to 

direct sunlight, sunlight reflection from the sea surface, 
and direct exposure to wind and rain.
[Tidal zone]

Regardless of the direction, the coating-thickness loss 
was 20–50 μm in 24 years. The coating thickness was 
measured close to the center of the tidal zone, and the 
coating was occupied by marine growth such as barnacles 
when the coated pipes were recovered. However, 
depending on the season, the coating may have been 
exposed to sunlight at low tides during the day; therefore, 
the loss of coating thickness may be due to slight chalking.
[Immersed zone]

Although variations were observed in the measurement 
results, the coating thickness barely decreased. These 
variations could be a result of the coating thickness being 
measured while avoiding the residues from barnacles and 
oysters and because measurements at fixed points were 
not realizable.

These results show that coating degradation during 
service is primarily caused by chalking arising from 
ultraviolet radiation. Chalking tends to occur more easily 
on the south-facing surfaces of structures located in the 
upper intertidal zone to the marine atmospheric zone, and 
the rate of coating degradation can exceed 10 μm/year.

Table 2  Thickness loss of OZ as a function of exposure duration
OZ (organic zinc + high-build epoxy)

Direction
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3.3	 Adhesion measurement
As representative examples, the adhesion values and 

failure modes measured after 24 years are presented in 
Table 5. Regardless of the degree of thickness loss due 
to chalking, all values exceeded 2.0 MPa, which is the 
standard for sufficient adhesion. Glue/coating failure 
typically occurs in the failure mode, and the inherent 
adhesion of the coating (or the cohesive strength of the 
coating) can be assumed to be greater than the measured 
value. Therefore, all areas were considered to have 
retained good adhesion.

Table 3  Thickness loss of IZ over time
IZ (inorganic zinc + high-build epoxy)

Direction

Marine
atmospheric zone

Tidal zone

Immersed zone
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Table 4  Thickness-loss rate of the high-build epoxy coatings after 24 years (μm/year)
0 o’clock (east–southeast) 3 o’clock (south–southwest) 6 o’clock (west–northwest) 9 o’clock (north–northeast)

OZ IZ OZ IZ OZ IZ OZ IZ
Marine atmospheric 

zone 13.3 11.0 7.3 8.4 3.1 4.4 6.3 4.7

Tidal zone 1.3 1.8 2.0 1.7 1.0 1.5 0.9 1.8

Immersed zone 1.8 0.7 3.0 0.6 1.2 0.3 0.3 1.6

Table 5  Pull-off adhesion test results of high-build epoxy coatings after 24 years
OZ (organic zinc + high-build epoxy) IZ (inorganic zinc + high-build epoxy)

Adhesion※1

(MPa) Failure mode Adhesion※1

(MPa) Failure mode

Marine atmospheric 
zone

4.2 Glue/Coating failure 3.5 Glue/Coating failure
3.8 Glue/Coating failure 3.8 Glue/Coating failure

Tidal zone
4.2 Glue/Coating failure 6.0 Glue/Coating failure + Cohesive failure in epoxy layer
5.9 Glue/Coating failure 2.1 Glue/Coating failure

Immersed zone
>7.0 Glue/Coating failure + Cohesive failure in epoxy layer 6.4 Glue/Coating failure + Cohesive failure in epoxy layer
6.5 Glue/Coating failure + Cohesive failure in epoxy layer 3.5 Glue/Coating failure

※1) Initial adhesion is 5.1–6.1 MPa,  ※2) Initial adhesion is 5.1–5.6 MPa

Expected durability of high-build 
epoxy coating

During the long-term exposure test, corrosion under 
the coating was observed at one location near the 
H.W.L. The coating thickness around the corroded area 
decreased to 100–120 μm due to ultraviolet degradation 
(chalking). Therefore, we assume that the corrosion-
protection performance can be maintained if the residual 
coating thickness exceeds 120 μm in the coating systems 
investigated in this study. When epoxy coating is applied 
to the atmospheric zone, the coating design should account 
for the thickness loss of the coating due to chalking. 

4
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Long-term exposure test of 
coated steel pipes for offshore 
wind turbines

In our company, when introducing a new protective 

5

For example, if the same high-build epoxy coating 
described in this study is applied to offshore wind turbine 
foundations in accordance with the IM-A paint system 
(organic zinc: 75 μm + high-build epoxy coating: 480 μm) 
specified in “Corrosion Protection and Repair Manual for 
Port and Harbor Steel Structure4),” even if the thickness 
loss due to chalking reaches approximately 320 μm over 
24 years, approximately 160 μm of the epoxy layer would 
remain. Therefore, the corrosion-protection performance is 
expected to be maintained even after 24 years. 

However, while this exposure test revealed the thickness 
loss of the coating due to chalking acceleration near the 
H.W.L., the offshore environment where the wind turbines 
are installed can further accelerate the thickness loss of 
the coating owing to rough waves, strong winds, etc. 
Additionally, although the thickness-loss rate in this test is 
higher on the southern side exposed to direct sunlight, the 
thickness loss of the coating due to chalking in the offshore 
environment may progress even on sides other than the 
southern side owing to the sunlight reflected from the sea 
surface. Therefore, for the case of high-build epoxy coating 
designed to provide long-term durability, one should 
assume that the chalking of the epoxy layer will progress 
during service, which implies that countermeasures 
against chalking should be implemented to ensure that the 
coating thickness is not less than 120 μm. We speculate 
that durability exceeding the 24 years demonstrated in the 
exposure test can be achieved by implementing chalking 
countermeasures such as providing additional thickness to 
the epoxy layer and applying a weather-resistant topcoat4). 
When applied to offshore wind turbine foundations, the 
weather-resistant topcoat should be yellow.

In offshore applications, the coating may be damaged 
owing to accidental factors, such as the collision of drifting 
objects. Because the impact resistance is proportional 
to the coating thickness, a thicker coating is preferred to 
reduce the risk of damage caused by accidental factors.

coating system with no prior record of its use in 
infrastructures, we verify its reliability by conducting 
long-term in-situ exposure tests in addition to laboratory 
performance tests. For example, when polyethylene 
coating was applied to underground gas pipelines half a 
century ago, long-term underground tests were conducted 
on various protective coatings, and these tests are still 
performed even after 53 years10). Similarly, when ultra-
high-build epoxy coating was applied to the Kawasaki 
Artificial Island jackets on the Trans-Tokyo Bay Highway 
and when seawater-resistant stainless-steel sheathing was 
applied to the Haneda Airport D-Runway pier jackets, 
long-term marine exposure tests were conducted using 
steel pipe specimens treated with the same protective 
coating and sheathing as the actual structures, and follow-
up observations are ongoing5), 11). 

In the current study, upon applying high-build epoxy 
coating to offshore wind turbine foundations, 10 coated 
steel pipes with different specifications, various types of 
corrosion-protective basecoats, different barrier properties 
of epoxy paint, and various types and thicknesses of 
weather-resistant topcoats were prepared; additionally, 
long-term marine exposure tests were undertaken (Fig. 5). 
In the future, we will conduct follow-up studies and 
various laboratory performance tests on the test specimens 
and incorporate the findings into protective coating 
systems in actual projects. Moreover, we strive to offer 
more reliable corrosion-protection systems that excel in 
lifecycle cost performance.

Fig. 5	 Marine exposure test of steel pipes coated with high-build 
	 epoxy for offshore wind turbine foundations (Photograph)
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Conclusion

Upon considering the application of high-build epoxy 
coatings to offshore wind turbine foundations, we 
recovered high-build epoxy-coated steel pipes exposed to 
the ocean for 24 years and evaluated them. Our findings 
are as follows:

①	In the marine atmospheric zone to the upper tidal zone, 
where direct sunlight exposure is afforded, the 
thickness of the high-build epoxy coating decreased 
owing to ultraviolet degradation (chalking), with the 
thickness-loss rate possibly exceeding 10 μm/year.

②	Near the H.W.L., the thickness-loss rate of the coating 
was higher than that in the marine atmospheric zone 
because the chalked, powdery coating was washed 
away, thus reducing the barrier effect against 
ultraviolet rays.

③	Corrosion-protection properties were retained even 
after 24 years in areas where the residual coating 
thickness exceeded 120 μm.

④	When the residual coating thickness reduced to less 
than 120 μm, the barrier performance deteriorated and 
the steel became more susceptible to corrosion.

⑤	The coatings in the tidal and immersed zones did not 
develop blisters or delamination even under cathodic 
protection. 

⑥	By implementing chalking countermeasures, such as 
providing additional thickness to the epoxy layer and 
applying a weather-resistant topcoat, durability can be 
expected for more than 24 years.
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