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Abstract: Corrosion in the marine environment is a complex and expensive form of damage. It is
commonly studied by the deployment of coupons that reflect the marine corrosion a structure will
experience, thus allowing design and maintenance prevention strategies to be developed accordingly.
This study stems from the lack of information in the literature regarding the profiling of corrosion
with respect to marine depth in the North Sea where important wind farm developments have been
undertaken. To address such issue a field experiment has been designed and carried out in the vicinity
of the Westermost Rough Windfarm in the North Sea. The field experiment consists of deploying steel
S355 coupons below the tidal area and capturing the effects of corrosion, the mass loss from which
the corrosion rate is derived and the chemical products that makes up the rust with water depth.
The study involves proper planning and logistics to ensure that the field experiment survives the
rough conditions of the North Sea for a duration of 111 days. A high corrosion rate of 0.83 mm/year
has been observed in this experiment. This paper goes into the details of the deployment blueprint
employed and the analyses of the coupons to provide a conclusive observation and modelling of
corrosion with respect to water depth under free or open sea water corrosion condition.
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1. Introduction

Marine corrosion is a complex process, especially for steel structures. There are various interactions
between the metal matrix and the marine environment which alter the corrosion. This interaction is
affected by several factors such as the temperature, dissolved oxygen, pH and salinity being flagged as
the most important ones.

The temperature of the oceans has changed significantly over the years due to global warming
and its effect in such a complex environment requires tracking and comparison. The metals used
for structural purposes for ships, offshore wind turbines (OWT), and oil and gas platforms have
evolved substantially in terms of the strength of the materials. Their corrosion resistance needs to be
assessed accordingly.

The OWT will undoubtedly suffer from corrosion if left unprotected [1]. The designers have
borne this in mind and have been careful in the strategy for the corroding piles by including different
corrosion protections especially in the immersed sections and splash zones of the monopile where in
general it is considered to be highly influenced by corrosion [2–7].

If left unprotected, the structures are very likely to suffer from a myriad of corrosion mechanisms.
Often, OWT tend to be compared to oil and gas platforms. Despite some similarities and standards
being inspired from the oil and gas practices, there are some fundamental differences, particularly in
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the scope of accessibility and economics. The OWTs are all unmanned structures with highly restricted
access [8]. Therefore, the maintenance strategy is more complicated and the evolution of corrosion in
the structures can be rather difficult to gauge. Important paint failures have been observed on OWTs
after only two years in service [9]. The costs of repair are generally elevated costing about 1000 Euro per
m2, which is about 50 times more than the initial coating cost. Those costs pile up and cause a hike in
the levelised cost of energy (LCOE) [10]. The economic perspective is important and worth mentioning.
An offshore wind farm will take 15 to 20 years to break even whereas an oil and gas platform will take
up to seven years [11,12]. Expensive maintenance is, therefore, by no means a financial strain on the oil
and gas platforms but takes a very different interpretation in the OWT portfolio.

The major problem with respect to corrosion took the industry by surprise [13]. It was expected to
be non-existent and the design standards took a relaxed approach on this aspect [14]. It is related to
the corrosion of the inner section of the monopiles [14]. To make more sense, it is crucial to understand
the design of the monopiles and the connection of the various sections, like the transition piece (TP),
platforms and decks.

The monopile is a steel pile driven into the seabed that surpasses the sea surface by one to two
metres. The transition piece (TP) is slotted on to the top of this free section with an overlap of about six
metres. Brackets are used inside the monopile to orient the TP. The empty spaces left are then filled in
with high strength grout that bond the two sections together. There are two other platforms that are
then connected. The first one being the service platform located between the monopile and the TP and
the airtight deck or platform that seals and secludes the upper section of the turbine from the lower
one. The airtight platform usually has an opening which allows the J-tube to go through and exit the
monopile in the seabed region through another opening at this section of the monopile [15].

There have been reports of a considerable amount of grout failure in European wind energy
projects. In addition to changing the load patterns and increased fatigue damage, there have been
seawater leakages that have initiated corrosion sites. It should be highlighted that corrosion at those
regions were unexpected [15].

The fully sealed compartments have not been achieved and these have been revealed in the
most severe form upon routine inspection. A survey was set up in one of the wind farms and it was
observed that only 8% of the wind farms were corrosion free closed compartment. Of which, 70%
had water exchanges with oxygen levels being above 15% and the remaining showed intermediate
levels of oxygen transport. The seals and the airtight platform leakages were the main sites of oxygen
ingress [15].

The water exchange has resulted in an internal environment that promotes corrosion and is highly
dependent on the tides. Water levels rise and fall with the tide inside the column as they do outside [13],
which creates wetted and immersed areas.

Corrosion in an OWT has been observed at different locations and it has to be specified that there
are various corrosion mechanisms existing. Different regions affected by corrosion can be broken down
as listed below and further illustrated in thriving shown in Figure 1a,b [16–18]:

• Atmospheric zone
• Splash zone
• Submerged zone
• Mud zone

In a sealed structure, the dissolved oxygen is rapidly absorbed and the medium becomes anaerobic
causing hydrogen sulphide to be released as a product of the new corrosion mechanism. Within a
closed environment it is expected that this form of corrosion would be limited as the internal conditions
would not continue to support the chemical reaction [15].
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Studies have been done in various parts of the world to capture the effects of marine corrosion 
on carbon steel. These variations have been observed by several authors but there seems to be absence 
of this effect with respect to the depth especially in the North Sea and for carbon steel. This study 
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capable of supporting multiple experiments simultaneously was designed and experimented; in this 
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After 111 days of exposure further analyses have been done after cleaning the corrosion coupon. 
The first analysis being visual inspection and the mass loss and corrosion rates. From the corrosion 
product further information on corrosion rate with respect to depth can be deduced from the Energy 
Dissipative Spectra (EDS) analyser connected to the Scanning Electron Microscope (SEM). To 
characterise the chemical structure of the rust, the X-ray Diffraction method (XRD) has been used. It 
is to be noted that in the scope of this study biofouling and erosion have not been monitored. 
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considered to exist in three categories namely harbour or port, shallow and deep water. The port or 
harbour has a different environment with particularly high levels of pollutants. Accelerated low 
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Figure 1. (a) different corrosion levels inside the monopole. (b) corroded regions inside monopiles [13].

In reality though, partial oxygenation affects corrosion by promoting a more acidic environment
and recently pits have been discovered [15]. Corrosion discovered for an OWT was of the following
nature [13]:

• Mud zone: Differential aeration, microbial-induced corrosion (MIC) and hydrogen induced stress
cracking (HISC)

• Waterline: pitting corrosion due to differential aeration
• Stagnant water causing important environmental discrepancies
• Weld defects causing corrosion fatigue and stress corrosion cracking (SCC)
• Acidification if sacrificial anodes are installed
• Accumulation of gases such as H2S, H2 and CH4

Studies have been done in various parts of the world to capture the effects of marine corrosion on
carbon steel. These variations have been observed by several authors but there seems to be absence
of this effect with respect to the depth especially in the North Sea and for carbon steel. This study
looks at the corrosion loss of carbon steel S355 used in the industry. A novel mooring approach
capable of supporting multiple experiments simultaneously was designed and experimented; in this
case a corrosion experiment with a marine growth (the colonisation of hard surfaces such as those
provided by wind turbine substructures by marine organisms) experiment. The latter of which
would not be discussed further beyond the description of shared structural elements. For example,
the frames inside which corrosion coupons were mounted also functioned as a sampling structure
for marine growth. The frames were made of either plastic (PVC) or S355 steel coated with interzone
954 anti-corrosion coating.

After 111 days of exposure further analyses have been done after cleaning the corrosion coupon.
The first analysis being visual inspection and the mass loss and corrosion rates. From the corrosion
product further information on corrosion rate with respect to depth can be deduced from the Energy
Dissipative Spectra (EDS) analyser connected to the Scanning Electron Microscope (SEM). To characterise
the chemical structure of the rust, the X-ray Diffraction method (XRD) has been used. It is to be noted
that in the scope of this study biofouling and erosion have not been monitored.

2. Field Experiment Design and Deployment

Marine corrosion is complex and to understand the corrosion interaction as realistically between
the metal and the environment, a field experiment has to be done. Marine field experiments can be
considered to exist in three categories namely harbour or port, shallow and deep water. The port or
harbour has a different environment with particularly high levels of pollutants. Accelerated low water
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corrosion (ALWC) is usually experienced in those waters which is an aggressive form of microbial
influenced corrosion (MIC) that may occur on steel in estuarine and marine structures [19,20]. ALWC
has been observed to be enhanced with dissolved inorganic nitrogen (DIN) [21]. In general, coupons
are suspended from fixed structure or the piles are removed after a number of years of service to
capture the corrosion rate. The piles are able to capture the different regions (atmospheric, tidal,
immersed, mudline and below the mudline) corrosion levels. This provides a full profiling which also
provides the opportunity to characterise the corrosion mechanisms [22,23].

Deep water corrosion experiments are more challenging to perform. They require robust
equipment that will sustain the high pressures [24]. As the offshore oil and gas exploration is moving
further offshore, understanding the interaction between the environment and the metal at this depth
is important. Coupons have been placed at depth of more than 1000 m for corrosion analysis [25].
Experiments have been done at a number of locations with varying results. Those experiments were
done using a submerged buoy which is attached to coupons across different depths. An anchor is used
as mooring and it is worth noting that this arrangement is used only in the immersed region [24].

For shallow water, coupons are often suspended from fixed structures like offshore oil and
gas platforms, OWTs or offshore meteorological masts. The question for shallow waters is how to
test for corrosion in an unexploited site. There have been many experiments done but none in the
literature takes a detailed approach in profiling corrosion loss with depth in the past decade from
the literature [26,27]. This will require a new design to accommodate the experiment to profile the
corrosion rate and loss with depth and is explained below.

The entire experiment in shallow water of maximum water depth of 30 m consisted of five arrays,
each comprising four coupons suspended inside a frame. The whole set-up was moored to the seabed
by 250 kg gravity anchors made from two 125 kg webbed tubes tied together as shown in Figure 2a.
In adverse weather conditions, the North Sea can be rough, with wave heights (from crests to troughs)
of >10 m. The force generated by those waves was immense and would carry or displace large
objects on the surface without any difficulty. Whilst completely avoiding large waves would not be
achievable given the vertical depth profile of the mooring system, it was decided that a subsurface buoy,
submerged below the minimum tidal height, would mitigate the effects in most weather conditions.
As an air-filled buoy would suffer from compression effects caused by water pressure as the tide rises
and falls, which could cause the buoy to become negatively buoyant and sink to the seabed at high
tide, a foam-filled buoy was selected. A buoy which provided 90 kg buoyancy force was selected. It is
of note that in using such an arrangement, the data could not be collected from the splash zone.
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Between the topmost frame (closest to the sea surface) and the submerged buoy and the bottommost
frame and the anchor a device known as a line spacer was added. This device maintained the spread
of the ropes, preventing them from twisting or compressing the array under tension.

The attachment of the plates to the frames varied depending on whether the frames were plastic or
steel. For the steel frames, at each corner, a triangular bracket with a through hole of 10 mm diameter
was drilled. The plates were connected to these attachment points using marine cable ties, which had a
breaking strength of >150 kg. For the plastic frames, cable ties tightened around each corner formed
the attachment points for the plates. The assembly of the plates and coupons are shown in Figure 1b.

Coupons

Carbon steel of S355 grade was used. Some experiments were carried in the past using coupons
and the one most relevant in the literature was done in the North Sea for OWT corrosion monitoring
having dimensions of 400 × 90 × 6 mm3 [1]. The same dimensions were used for this study. Four holes
had been drilled into the coupon during manufacturing for attachment to the frame. It was kept
to a minimal size as this region would have to be excluded in the study. The exposure time for the
experiment covered 111 days.

Coupons were prepared to meet the ASTM G1 standards and were colour marked and numbered
accordingly to depth. The depths chosen for deployment are shown in Table 1. The marine tape in
the corners was used, as reference in case 3D cloud coordinate analysis would be done as shown in
Figure 3. There was a potential problem that could arise from it. The water could flow beneath the layer
of the tapes and introduce a limited amount of oxygen resulting in differential oxygen concentration
causing crevice corrosion. As such, each of the spots where the tapes were applied were also glued
on with extra strong marine glue, commonly used to patch holes in hulls of boats. The plates were
colour coded based on which array they were to be deployed in, the plates code named as red, grey,
black, blue and green. The front of each plate was denoted one to four strips of tape based on their
relative position in their array (as shown in Figure 3): plate 1 (one strip at the top), plate 2 (two strips
at the top), plate 3 (two strips at the top and one strip at the bottom), plate 4 (two strips at the top and
two strips at the bottom). The corners of each plate were protected with a layer of tape to preserve a
reference point for gauging the height of corrosion.

Table 1. Plate number with depth.

Plate Number Height [m] (Distance from Seabed)

1 16
2 10.5
3 5.5
4 1
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The mass of each plate was measured by a digital scale to an accuracy of 0.1 g. The results are
displayed in the Appendix A.
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2.1. Assembly

The assembly can be summarised in the charts shown in Figure 4a,b.
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2.2. Deployment and Recovery

Five arrays were deployed northwest of Westermost Rough Windfarm as shown in Figure 5.
Array 1 was deployed several weeks ahead of arrays 2–4 to test the deployment method.
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farm and Bridllington Harbour.

During deployment, a crane was used to lift the anchors over the stern of the vessel (Figure 6a).
The frames were each lowered into the water (Figure 6b), starting with that closest to the anchor,
followed by the mooring buoy (Figure 6c). Once the array was in the water the vessel was moved
ahead to allow the array to straighten with the mooring buoy at the back. Finally, the surface marker
buoy was dropped into the water and the anchors were released.
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The marker buoy remained on the surface to warn local vessel traffic of the hazard beneath the
surface and for recovery at a later stage. It was planned that during recovery, the recovery line would
be pulled aboard and connected to a winch. The anchor would then be winched up to the vessel,
allowing the subsurface buoy to float to the surface along with the frames. However, the strength of
the mooring ropes proved to be insufficient during the extreme weather and strong winds. Two of
the arrays were recovered (Blue and Black) after the ropes failed and the moorings broke away from
the anchor. The remaining arrays could not be re-located, but it can be assumed that they suffered a
similar fate. For the arrays that were recovered, the steel frames had been damaged, but the corrosion
coupons were still in place.

There is no way to determine when the mooring ropes failed, and the arrays broke away from the
anchors. It was therefore assumed that the length of exposure, for the purposes of the analysis, would be
from the deployment date to the collection date, which amounted to 111 days. In addition, the results
would be displayed with respect to the depth (which is assumed as the exact depth of deployment
and orientation cannot be fully traced due to the breaking effect), discussed more thoroughly from
the observations, and compared to other experiments or industry standards mainly focussing on the
seabed and submerged regions corrosion rate.

Since the profiling of the depth is unknown, the results section has been presented as a methodology
to treat the corrosion data. The corrosion data obtained is then tested against other experiments
from the literature in the discussion section to observe if there is a trend that can be established.
The data reflects the depth profile of the marine corrosion as initially designed before the failure of the
mooring ropes.

3. Results

After collection, the coupons were dried and photographed. Some of the residual material that
had fallen off from each coupon was placed in a test tube for further chemical analysis.

The plates were cleaned according to the ASTM G1 standard where 1000 mL HCl, 20 g antimony
trioxide (Sb2O3), 50 g stannous chloride (SnCl2) were used and shown in Figure 7a,b [28].
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3.1. Visual Inspection

The plates cleaned revealed high levels of corrosion and in some cases pitting corrosion was
present shown in Figure 8a. In addition, the variation of the pits with respect to pit depth was noticeable
and fell mainly in the small and shallow category to no visible pits represented in Figure 8b. An isolated
case of crevice corrosion was found under the tape as shown in Figure 8c. At this stage, there were few
broad pits, which tended to be formed by the mechanism of pit coalescence represented in Figure 9.
Smaller pits were also present and when viewed under the magnifying glass provided a clear case that
the new pits initiated on the plates were present and not noticeable with the naked eye. There seemed
to be more than one could count just signifying that in 111 days, the presence of corrosion cannot be
neglected or underestimated and localised corrosion is readily obvious.
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Figure 9. Pit coalescence highlighted in green and micro pits highlighted in blue.

Substantial variation was also observed between plates where the topological surfaces varied.
More pitted regions accounted for a rougher surface compared to less pitted surface. It was also seen
that in some cases on the same plate, some regions had important levels of pits whereas others did not,
implying the nature of the pitting corrosion is highly localised on the plate for carbon steel.

It was estimated for instance in the 3-black case that the number of pits on the front side was more
than that on its back side. This difference is hard to explain due to a variety of factors that have affected
the experiment. This observation has to be re-tested though to come out of the hypothetical shell to
a scientific explanation with appropriate instrumentation such as the water velocity, the corrosion
current and the biological and chemical influences of the water combined together in the complex
sea water without the failure of the ropes and the depth preserved. The surface was more rugged as
shown by Figure 9 when pitting corrosion seemed to be the dominating form of corrosion.
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3.2. Mass Loss and Corrosion Rate

The mass loss and corrosion rate are extremely important parameters those are generally used for
design and monitoring of marine structures. They are assumed to be solely under the influence of
uniform corrosion. This would give an insight of the harshness of the environment on the metal.

The raw data can be seen in Table A1 in the Appendix A section.
The mass loss was derived from the following equation:

mass loss = original mass− final mass after acid cleaning (1)

The units measured were in grams.
Corrosion loss was derived from the mass loss and related to the density:

Density =
Mass loss
Volume

(2)

The volume was that of a cuboid:

Volume = Area X thickness loss (3)

The thickness loss could be calculated as:

thickness loss =
Mass loss

Area X Density
(4)

The mass loss in 1-Black is more than 1-Blue by some margin as shown in Figure 10.
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Figure 10. Mass loss (wt. %) of coupons due to corrosion, (before and after cleaning).

The number of days of exposure represented the thickness loss assumed to be uniform and from
that principle the corrosion rate per year could be found:

corrosion rate
[

mm
year

]
=

thickness loss
Number of exposure days

X 365.25 . (5)

Figure 11 show the results in terms of corrosion rate as a result of the mass loss.



Energies 2020, 13, 2518 10 of 19

Energies 2020, 13, x FOR PEER REVIEW 9 of 19 

 

Corrosion loss was derived from the mass loss and related to the density: Density = Mass lossVolume  (2) 

The volume was that of a cuboid: Volume = Area X thickness loss (3) 

The thickness loss could be calculated as: thickness loss = Mass lossArea X Density (4) 

The mass loss in 1-Black is more than 1-Blue by some margin as shown in Figure 10.  

 
Figure 10. Mass loss (wt. %) of coupons due to corrosion, (before and after cleaning). 

The number of days of exposure represented the thickness loss assumed to be uniform and from 
that principle the corrosion rate per year could be found: corrosion rate mmyear = thickness lossNumber of exposure days  X 365.25 . (5) 

Figure 11 show the results in terms of corrosion rate as a result of the mass loss. 

 
Figure 11. Variation of corrosion as a function of colour coded plate. 

3.3. Chemical Analysis and Implications 

This section was carried out as it could provide a deduction on the type of corrosion experienced 
by the metal. This required an analysis of the substrate through scanning electron microscope and 

Figure 11. Variation of corrosion as a function of colour coded plate.

3.3. Chemical Analysis and Implications

This section was carried out as it could provide a deduction on the type of corrosion experienced
by the metal. This required an analysis of the substrate through scanning electron microscope and
the energy dispersive X-ray and the X-ray diffraction technique which will show how the elements
combine together to form the rust product.

3.3.1. SEM and EDS

To be able to comprehend the variation, an assessment of the chemical products had been done
which could be used to reflect the environmental conditions the plates were subjected to. The results
for the EDS and the spectra can be found in Table A2 in Appendix B

The scanning electron microscopy (SEM) provides a view of the microstructure of the rust and the
Energy Dispersive X-Ray Spectroscopy (EDS) provides the elements present in that specific region.
Rust clusters were placed on the adhesive support that was later placed in SEM as demonstrated in
Figures 12 and 13.

Energies 2020, 13, x FOR PEER REVIEW 10 of 19 

 

the energy dispersive X-ray and the X-ray diffraction technique which will show how the elements 
combine together to form the rust product. 

3.3.1. SEM and EDS 

To be able to comprehend the variation, an assessment of the chemical products had been done 
which could be used to reflect the environmental conditions the plates were subjected to. The results 
for the EDS and the spectra can be found in Table A2 in Appendix B 

The scanning electron microscopy (SEM) provides a view of the microstructure of the rust and 
the Energy Dispersive X-Ray Spectroscopy (EDS) provides the elements present in that specific 
region. Rust clusters were placed on the adhesive support that was later placed in SEM as 
demonstrated in Figures 12 and 13. 

  
(a) (b) 

Figure 12. (a) Rust sample on sample holders, (b) Sample in vacuum chamber for SEM analysis. 

(a) 

  

(b) 

  

Figure 12. (a) Rust sample on sample holders, (b) Sample in vacuum chamber for SEM analysis.

The results from the remaining clusters showed this similar behaviour and therefore it was
concluded that iron and oxygen were the dominating products with important variations in the %
composition of other elements.
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3.3.2. XRD

The chemical products formed due to corrosion were determined using the XRD technique.
The rust formed was iron oxide-hydroxide. The equipment is shown in Figure 14.

This suggested that the corrosion product was actually oxygen rich. No form of anaerobic
corrosion was found due to the absence of sulphide-based products. Low sulphide content was
observed in the plates after corrosion test from EDS analysis (Table 2).

XRD analysis of corrosion products can also give substantial information on the environmental
condition of the sea compared to Pourbaix diagram of carbon steel. The product obtained falls in the
passivation region of the Pourbaix diagram which can also explain the high region of pitting present.
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Table 2. Elemental composition (wt%) of corrosion product collected from colour coded plates.

Colour Coded Plate %N %S %Cl %Fe Depth [m]

2 blue 0.00 0.79 2.90 46.86 10.5
2 black 0.00 0.34 1.86 52.55 10.5
4 blue 6.50 0.89 2.29 39.19 1
3 black 0.00 0.48 1.60 50.34 5.5
1 blue 0.00 1.09 2.53 38.67 16

4. Discussion

As a result of the trend of the mass loss with respect to depth and checking if the snapping of the
rope had a major influence on the experiment with respect to depth, an investigative work was carried
out with two objectives to charter out:

• The trend in corrosion with respect to depth
• The corrosion rate magnitude

A first point was covered mainly from a literature review. One article was isolated focussing on
the immersed and sea bed corrosion and having the same arrangement as this study [29]. Comparing
it would be challenging as the location and depth were dissimilar. Therefore, the depth and corrosion
rate were normalised using the maximum normalisation method and plotted as shown in Figure 15
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It can be clearly seen that the general trends for both of them seem to have a trend dipping
from the first data point to the third and then from the third to forth going upwards. This trend is
synonymous of the quadratic function. The percentage error was found between the two curves is
shown in Figure 16.Energies 2020, 13, x FOR PEER REVIEW 13 of 19 
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Figure 16. Variation of errors between reference 13 and field experiment corrosion rates with respect to
normalised depth.

Despite the normalisation employed, the values were different. This could be explained because
of the experiment in the literature happening at deep water from 500 to 5180 m in the Indian Ocean
having a tropical climate and with a very different seawater environment and marine colonisers,
whereas the experiment carried out the present study was done in temperate shallow water of the
North Sea. It is interesting that similar that this trend does exist and would have to be tested with
more results from different sites and depths to simulate and check this observation.

A trend though clear, and it could be suggested from the analysis that the array was in the water
long enough to reflect that depth influence with respect to seawater.

To the corrosion rate against the depth, a quadratic equation was fitted to develop a mathematical
correlation as shown in Figure 17.
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Upon interpolation, the splash zone corrosion rate can be found to be more than 1 mm/yr when
placed at 20 m.

The graph was normalised in terms of the depth where the maximum normalisation method had
been employed represented in Figure 18:

Corrosion rate[mm/yr] = 1.0754(ND)2
− 1.2133(ND) + 0.9281 . (6)

where CR = corrosion rate, ND = normalised depth:

ND =
depth

maximum depth
(7)

The second analysis is to check the corrosion rate according to the standards based on the corrosion
rate for corrosion allowance.

The flowing table based on the DNV J101 standard indicate the level of corrosion rate used for
design purposes [30].Energies 2020, 13, x FOR PEER REVIEW 14 of 19 
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Figure 18. Normalised corrosion depth vs corrosion rates.

The values shown in Table 3 were low when compared to the actual experiment results. From the
literature, high corrosion rates were reported from 0.9 and 1.4 mm/year in Alaska and the Gulf of
Mexico respectively [31]. An observation on corrosion pits showed the multiplying effect of pit growth
with regard to dissolved inorganic nitrogen (DIN) [32]. A good observation regarding the 4-Blue plate
which is the closest to the seabed indicate the impact of Nitrogen on the corrosion rates shown in
Figure 19.

Table 3. Standard corrosion rates for different sections.

Environmental Zone Corrosion Rate [mm/yr]

Buried in soil 0.06–0.10
Submerged zone 0.10–0.20

Intermediate Zone 0.05–0.25
Splash Zone 0.20–0.40

Atmospheric Zone 0.050–0.075

A comparison was carried out based from the data from various researchers from more than
40 sites. The corrosion rate observed in the North Sea from the experiment in the 111 days is the
highest observed from Table 4.
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Figure 19. Variation of nitrogen content (%) (in the rust samples colour coded plates) as a function of
sea depth).

Some pertinent questions on those corrosion rates provided by the standards would have to be
asked. The first one would be when and where were those values obtained from? Which depth or
relative sea water depth were the coupons deployed? How long has the exposure been keeping in
mind that corrosion is a non-linear process? What were the impacts of the (sulphate reducing bacteria)
SRB and other corrosion mechanism? Which grade of steel was it subjected to? Which environment
zone and how the annual temperature has changed since the experiment? Has there been any changes
to the location over the years with respect to fish farms or other sources of pollutants?

Table 4. Corrosion rates from other research.

Immersed Conditions

Location Country Exposure Period
[Years] Corrosion Rate [mm/year] Reference

Townsville Australia 2.0 0.240 [25]
Taylor Beach Australia 2.0 0.205 [25]

Williamstown Australia 1.5 0.233 [25]
Queenscliff Australia 2.0 0.225 [25]
Queenscliff Australia 1.2 0.458 [25]

Hobart Australia 2.0 0.230 [25]
Hobart Australia 3.0 0.233 [25]

Port Arthur Australia 2.1 0.190 [25]
Boston USA 18.0 0.064 [25]
Norfolk USA 15.0 0.098 [25]

Key West USA 22.0 0.075 [25]
Coco Solo USA 24.0 0.135 [25]
San Diego USA 18.0 0.100 [25]
Alameda USA 21.0 0.075 [25]

Puget Sound USA 9.0 0.086 [25]
Pearl Harbor USA 2.0 0.360 [25]
Buzzard Bay USA 5.0 0.020 [25]

LA Costa Island USA 10.0 0.000 [25]
Kure Beach USA 5.0 0.000 [25]

Harbor Island USA 5.0 0.240 [25]
Tokyo Bay Japan 11.0 0.136 [25]

Yokohama Port Japan 11.0 0.182 [25]
Trondheim Norway 26.0 0.092 [25]
Trondheim Norway 24.0 0.054 [25]
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Table 4. Cont.

Immersed Conditions

Location Country Exposure Period
[Years] Corrosion Rate [mm/year] Reference

Port Adelaide Australia 52.0 0.031 [25]
Harbor Island USA 5.0 0.250 [25]

Newcastle UK 89.0 0.007 [25]
Thames Estuary UK 8.0 0.071 [25]

North Sea UK 7.2 0.154 [25]
Moreton Bay Australia 2.0 0.230 [25]

Newcastle Harbour Australia 2.2 0.123 [25]
Taylor Beach Australia 2.2 0.136 [25]

Coffs Harbour Australia 2.0 0.150 [25]
Campeche Mexico 0.280 [23]
New Jersey USA 0.5 0.213 [27]

1.0 0.322 [27]
3.0 0.107 [27]
5.0 0.100 [27]

North Carolina USA 0.5 0.165 [27]
1.0 0.213 [27]
3.0 0.214 [27]
5.0 0.224 [27]

Florida USA 0.5 0.146 [27]
1.0 0.119 [27]
3.0 0.124 [27]
5.0 0.075 [27]

Texas USA 0.5 0.120 [27]
1.0 0.105 [27]
3.0 0.099 [27]
5.0 0.137 [27]

California USA 0.5 0.550 [27]
1.0 0.121 [27]
2.9 0.173 [27]
5.0 0.207 [27]

Hawai USA 0.5 0.240 [27]
1.0 0.536 [27]
3.2 0.204 [27]
5.0 0.097 [27]

Talara Peru 0.5 0.196 [27]
1.0 0.147 [27]
3.1 0.129 [27]
5.0 0.136 [27]

Sakata Harbor Japan 0.5 0.089 [27]
1.0 0.171 [27]
3.1 0.068 [27]
5.0 0.094 [27]

Genoa Italy 0.5 0.194 [27]
1.0 0.214 [27]
3.1 0.224 [27]
5.0 0.115 [27]

Sjaelland Denmark 0.5 0.106 [27]
1.0 0.122 [27]
3.1 0.091 [27]
5.0 0.100 [27]

Due to complexity of marine corrosion, should the wind farm developers be required to test
the environment in corrosion terms to optimise their corrosion allowance and corrosion protection
strategies rather than getting the data from the standard? This study denotes such a variation and it is
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good to keep in mind the dynamic nature of the oceans and the commercial activities like fish farming
and the consequences of those parameters corrosion. This can tend to have wider consequences for
instance in terms of corrosion fatigue and the SN curve that was derived from artificial seawater.
This might be a gross understatement the fatigue life under real conditions especially if the corrosion
rate is as high as observed.

5. Conclusions

The field experiment results can be summarised as:

• A new deployment method has been developed to characterise free corrosion (natural corrosion)
to profile the corrosion rate with respect to depth for steel S355, a study that has not been carried
out as yet according to the literature.

• The main advantage of using this system is that it reflects the variabilities in the immersed zones
without requiring other structures to suspend it to and that water depth does have an influence
on the corrosion rate.

• High levels of corrosion rate had been observed that is way above prescribed standards with the
highest being at the closest point to the seabed being 0.83 mm/yr. This result though is very similar
to the lowest astronomical tide being 0.80 mm/yr. This gave a quadratic function of corrosion rate
with respect to tidal depth.

• The highest corrosion rates observed were four times higher than the ones prescribed by the DNV
J101-Standards and considerably higher than the field experiments results from 43 other sites.

• Further investigation on the reason behind the trend in corrosion has been done by carrying out
the EDS method on the rust particles. Nitrogen at the seabed might have been the reason for the
higher corrosion rates.

• After 111 days, the main mechanism of corrosion is still aerobic but traces of sulphur indicate that
anaerobic corrosion will happen.

• There were only two arrays recovered out of five and to boost confidence in the results similar
experiments will have to be done.

• It is important that the array be strengthened especially for the connection of the lower frame
and the anchors by using high strength marine chains rather than ropes to survive the harsh
environment of the North Sea.
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Appendix A

Table A1. Raw and processed data from mass loss.

Mass/g Mass Loss/g Mass Loss/g

Label Un-Corroded After without Cleaning After with Cleaning Before-After without Before—After with

1 black 1661.4 1597.6 1588 63.8 73.4
3 black 1666.9 1615.2 1602.4 51.7 64.5

1 blue 1629.9 1582.2 1574.4 47.7 55.5
2 blue 1647.7 1609.1 1599.1 38.6 48.6
4 blue 1661 1594.3 1585.6 66.7 75.4

http://www.rems-cdt.ac.uk/
http://www.rems-cdt.ac.uk/
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Appendix B

Table A2. Percentage weight from EDS.

2 Blue Percentage Weight

Statistics N Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe

Max 0 2.54 0.44 1.22 2.34 0.28 1.33 4.21 0.43 1.2 0 2.17 1.08 0.54 57.14
Min 0 0.66 0.18 0.24 0.22 0.11 0.45 2.21 0.07 0.07 0 0.11 0.14 0.21 36.55

Average 0 1.4 0.31 0.71 1.09 0 0.79 2.9 0.3 0.46 0 0 0 0 46.86

1 black

Statistics N Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe

Max 0 1.39 0.49 0.62 1.12 0 0.57 3.22 0.22 0.32 0 0.28 0.2 0 61.06
Min 0 0.43 0.19 0.3 0.44 0 0.17 0.88 0.07 0.09 0 0.28 0.2 0 40.56

Average 0 0.8 0.33 0.43 0.7 0 0.34 1.86 0.13 0.22 0 0 0 0 52.55

4 blue

Statistics N Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe

Max 6.5 2.52 0.81 3.23 5.58 0.63 1.23 3.22 1.08 1.51 0.18 0.67 0.72 0.35 55.83
Min 4.4 1.02 0.12 0.21 0.28 0.06 0.31 1.35 0.07 0.13 0.18 0.15 0.72 0.35 4.58

Average 5.3 1.51 0.52 1.45 2.27 0.21 0.89 2.29 0.55 0.65 0 0 0 0 39.19

3 black

Statistics N Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe

Max 0 0.94 0.38 1.63 2.78 0.05 0.66 2.36 0.34 0.23 0.11 0 0 0.5 64.67
Min 0 0.16 0.37 0.1 0.23 0.05 0.25 0.64 0.12 0.07 0.11 0 0 0.5 40.69

Average 0 0.53 0 0.71 1.2 0 0.48 1.6 0.22 0 0 0 0 0 50.34

1 blue

Statistics N Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe

Max 0 2.8 1.48 4.31 11.29 0.23 2.04 4.26 1.46 3.2 0.33 0 0.93 0.41 67.36
Min 0 0.54 0.26 0.49 0.46 0.04 0.31 1.34 0.19 2.34 0.33 0 0.28 0.41 14.3

Average 0 1.3 0 1.75 4.77 0 1.09 2.53 0.68 0 0 0 0 0 38.67
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