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Disclaimer  

While every effort has been made to ensure the accuracy of the contents of this report, OPIN and the 

authors accepts no liability whatsoever to any third party for any loss or damage arising from any 

interpretation or use of the information contained in this report, or reliance on any views expressed 

therein. Specific brands/products mentioned in the report are given as examples and do not imply any 

kind of endorsement by OPIN or the authors. 
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Abbreviations  

AFGC Association Française de Génie Civil (French) 

ANR Agence Nationale de la Recherche (French) 

ASR Alkali-Silica Reaction 

BFS Blast Furnace Slag 

CASH Calcium Alumina Silicate Hydrate 

CIG Collaborative Innovation Group 

FOS Fiber Optic Sensors 

FRP Fiber Reinforced Polymer 

GBFS Granulated Blast Furnace Slag 

LC3 Limestone Calcined Clay Cement 

LCA Life Cycle Analysis 

LCCA Life Cycle Cost Analysis 

MCI Migrating Corrosion Inhibitors 

MK Metakaolin 

NASH Sodium Alumina Silicate Hydrate 

NDT Non-Destructive Testing 

OPIN Ocean Power Innovation Network 

OWF Offshore Wind Farm 

PC Portland Cement 

RC Reinforced Concrete 

SHC Self-Healing Concrete 

SHM Structural Health Monitoring 
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1 Introduction  

An increasing number of offshore renewable energy devices using concrete material are currently 

being developed and installed, for instance substructures for floating offshore wind turbines (XCF by 

MAREAL, Hywind Tampen by Equinor, SATH by SAITEC, Damping Pool by BW IDEOL, etc.). Concrete 

structures present the advantages of competitive manufacturing, operation and maintenance costs, 

high durability and a strong local content. They are particularly suitable for serial production. 

However, concrete structures are usually reinforced with steel rebars that are prone to corrosion, in 

particular in offshore environment. The reinforced concrete structures can be protected against 

corrosion by cathodic protection (sacrificial anodes, impressed current), increased concrete cover, 

specific coatings, etc. These protective measures lead to additional costs, increased material 

quantities and potential environmental impacts. 

Within the Ocean Power Innovation Network (OPIN)1, a Collaborative Innovation Group (CIG) has been 

set up to explore opportunities (alternative rebar materials, specific concrete formulations, etc.) to 

reduce the cost of corrosion and increase the lifetime of reinforced concrete structures in offshore 

renewables applications.  

The main objective of this CIG was to identify one or several future R&D collaboration opportunities 

within the CIG members (all or a subset) and start preparing the basis for associated grant applications. 

A state-of-the-art report has been prepared to support this final goal, collecting inputs from all CIG 

members on the activities identified in Table 1. 

The present report is not a comprehensive, international state-of-the-art study. The aim was to share 

knowledge, information and ideas amongst the CIG members. This information was collected by 

means of written contributions, online workshops, surveys, etc. All CIG members were invited to 

provide content for all activities relevant to their competencies. 

Table 1: CIG activities 

# Activity Co-chair 

1 
Chloride propagation and corrosion mechanisms within the concrete material in 

sea environment 
UN (SB) 

2 

State-of-the-art on corrosion protection current practices in more mature 

sectors (O&G, ports, bottom fixed offshore wind, etc.) and associated challenges 

for reinforced concrete structures 

Elsyca 

3 Identification of biofouling impact on corrosion resistance of reinforced concrete UN (FS) 

4 

Overview of existing inspection and monitoring methods (in particular Non- 

Destructive Testing and Structural Health Monitoring) that could be suitable to 

monitor concrete degradation; with benefits, drawbacks and remaining 

challenges 

ENGIE Laborelec 

                                                           

1 Ocean Power Innovation Network (OPIN), www.nweurope.eu/opin 
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5 

Identification of alternative materials for concrete reinforcement (FRP, stainless 

steel, etc.). Identify the state of the art, maturity level, ongoing R&D projects, 

and remaining challenges 

UGE 

6 

Identification of alternative concrete formulations (aggregate, slag, additive, 

etc.). Identify the state of the art, maturity level, ongoing R&D projects, and 

remaining challenges 

UN (SB) 

7 

Overview of rules and standards (DNVGL, LR, BV, Eurocode, etc.) applicable for 

the corrosion management of concrete rebars, with comparison of their 

requirements and developments required 

Bureau Veritas 

8 

Building a framework for a future research and demonstration project. Identify 

available public funding opportunities (European, national, regional). Identify 

required competencies and build a preliminary consortium. Build a Work 

Package structure and start tasks definition. Define a macro planning (Gantt 

chart) for the project 

WEAMEC 

 

2 CIG organisation  

Table 2: CIG organisation 

CIG name Corrosion in reinforced concrete structures used for offshore renewables 

Duration 5 months, from October 2021 to February 2022 

Lead Laura-Mae Macadré, WEAMEC / Centrale Nantes 

Members ¶ Arnaud Gerthoffert, Bureau Veritas (France) 

¶ Marwa Darraz, Bureau Veritas (France) 

¶ Kim Nielsen, Development v. Kim Nielsen (Denmark) 

¶ Christophe Baeté, Elsyca (Belgium) 

¶ Jan Wielant, ENGIE Laborelec (Belgium) 

¶ Sokratis Iliopoulos, ENGIE Laborelec (Belgium) 

¶ Francisco J. Presuel-Moreno, Florida Atlantic University (USA) 

¶ Jean-Philippe Touzanne, MAREAL (France) 

¶ Paolo Biagini, MAREAL (France) 

¶ Pascal Heisel, Phiconseil (France) 

¶ Jeroen Tacq, Sirris (Belgium) 

¶ Laurent Gaillet, Université Gustave Eiffel (France) 

¶ Sylvain Chataigner, Université Gustave Eiffel (France) 

¶ Géraldine Villain, Université Gustave Eiffel (France) 

¶ Stéphanie Bonnet, Nantes Université (France) 

¶ Yann Lecieux, Nantes Université (France) 

¶ Franck Schoefs, Nantes Université (France) 

¶ Magda Torres Luque, Capacités SAS (France) 

¶ Erik Friis-Madsen, Wave Dragon (Denmark) 
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Online 
meetings 

15/07/21 ς Preparatory meeting 

¶ draft Action Plan 

27/09/21 ς Meeting #1 

¶ Kick off meeting 

21/10/21 ς Meeting #2 

¶ CIG update 

¶ Presentation from S. Bonnet (Univ. Nantes) on the DEMCOM project 

01/12/21 ς Meeting #3 

¶ CIG update 

24/01/22 ς Meeting #4 

¶ CIG update 

¶ Presentation from F. Presuel-Moreno (Florida Atlantic University) on 
Durability and Corrosion Propagation of Carbon Steel Rebars Embedded 
in Concrete 

22/02/22 ς Meeting #5 

¶ CIG report presentation 

¶ Future opportunities 

¶ Wrap up 
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3 Needs and expectations  

3.1 Motivation and context 

Only few publications are available regarding the specific application of concrete structures for 

offshore renewables, in particular floating ones, and even less addressing corrosion issues. A non-

exhaustive list is available in section 3.6, covering both publications and deliverables, in particular 

from European collaborative projects such as FLOATGEN, LIFES50+, FLAGSHIP, COREWIND, etc. for 

floating offshore wind turbines. 

The CIG group members have therefore decided to conduct a survey on corrosion protection current 

practices and improvement paths for offshore reinforced concrete structures. The aggregated results 

of this study are analysed below to identify future R&D paths to reduce corrosion costs for offshore 

renewables. 

The CIG group jointly built the survey, compiling questions suggested by the CIG members on various 

topics such as corrosion protection current practices, inspection, monitoring, rules and standards, etc. 

For most of the questions, a list of pre-defined answer was prepared by the CIG group to facilitate the 

survey completion. These pre-defined answers are directly included in the charts presented in the 

next section. Respondents also had the opportunity to enter customized answers through dedicated 

open fields. These inputs are also listed in the next section. 

Most of the questions were not mandatory, therefore the number of answers varies from one 

question to another. For most of the questions, participants could select multiple answers, therefore 

the total number of answers to a question can exceed the number of respondents. 

The survey was then disseminated to the offshore renewables community in December 2021 through 

various networks and channels: OPIN, WEAMEC, ETIP Ocean, Offshore-Energy.biz, ORE Catapult, etc. 

Twenty answers were received during the period of December 2021 - January 2022. Care should be 

taken with the interpretation of the results in the next section, considering the limited sample size. 
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3.2 Respondents profile 

Twenty answers were received during the period of December 2021 - January 2022, from a mix of 

industry and academics representatives. Respondents come from Europe and beyond, as illustrated 

on Figure 1 and Figure 2. 

 
Figure 1 

 
Figure 2 

 

 
Figure 3 

As illustrated in Figure 3, most of the 20 respondents are involved with fixed and floating offshore 

ǿƛƴŘ ǎǘǊǳŎǘǳǊŜǎΣ ōǳǘ ŀƭǎƻ ƘŀǊōƻǊ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜǎ ŀƴŘ ǿŀǾŜ ŜƴŜǊƎȅ ŎƻƴǾŜǊǘƻǊǎΦ !ǎ ǇŀǊǘ ƻŦ ǘƘŜ άƻǘƘŜǊέ 

option (i.e. free text typed an open field), respondents are also involved with the following offshore 

concrete structures: 

1. aquaculture farms 

2. combined wind and wave floating offshore platform 

3. ocean current energy converter 

4. all concrete structures in marine environment: wharf, bridge, dykes etc.... 

5. bridge foundations and columns 

6. reinforced concrete floating structure 
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Figure 4 

10 respondents out of 19 indicated the identified causes of premature corrosion of reinforced 

concrete structures, with an even distribution between the pre-defined options listed in Figure 4 and 

some additional input below: 

¶ In-service decay of concrete 

¶ inadequate cover thickness, carbonisation, use of chlorides in the concrete 

¶ Chloride ingress leading to rebar corrosion 

9 respondents out of 19 indicated that they are not confronted with premature corrosion of reinforced 

concrete structures. 

3.3 Corrosion protection current practices 

 

Figure 5 

Out of 19 answers to question 5 (Figure 5), 13 respondents indicated that the concrete composition 

has been optimised for the application as a corrosion prevention method. !ǎ ǇŀǊǘ ƻŦ ǘƘŜ άƻǘƘŜǊέ 

option, respondents also suggested: 

¶ Cathodic protection seems to lose some amount of popularity over time 

¶ Sufficient concrete cover 
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Figure 6 

Out of 8 answers, the main reason identified in Figure 6 for not applying corrosion prevention methods 

is the perception that cost-benefit is too low. Other reasons identified by the respondents are: 

¶ Early in design but aiming for only fiber reinforcement, possibly with steel fibers. Only fibers as 

reinforcement and should be protected / corrosion resistant. 

¶ rebars are deeply embedded in concrete structure 

¶ the concept is under development 

¶ study of old harbour RC structure 

3.4 Inspection and monitoring 

 
Figure 7 

 
Figure 8 

Out of 12, 8 respondents indicated that the full concrete structure was inspected on a regular basis 

(Figure 7). Regarding the frequency (Figure 8), the 16 answers collected range from 6 months to 10 

years. Respondents from the industry seems to inspect the structure every one or two years in general. 

For a couple of them still at the design stage, the inspection frequency is not defined yet. As part of 

ǘƘŜ άƻǘƘŜǊέ ƻǇǘƛƻƴΣ ǊŜǎǇƻƴŘŜƴǘǎ ǎǳƎƎŜǎǘŜŘΥ 

¶ for research topic each 6 months 

¶ 10 years 

¶ The top side more regularly than the bottom side. But overall, there is a lack of guidelines. 

Note - this is not true for bridges, where guidelines exist. 

¶ at the moment experimental device (prototype) immersed for few months 
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¶ this will be decided once the design is further developed 

¶ not built yet = not inspected 

¶ I don't know the frequency, it is for research purposes 

¶ don't know 

 

Figure 9 

Regarding chloride content detection and monitoring, 8 respondents out of 14, mainly from the 

industry, indicated that it is not applicable. Others respondents, mainly academics, identified several 

methods illustrated in Figure 9, with Wenner resistivimeter and coupled methods having the highest 

ǊŀƴƪƛƴƎΦ !ǎ ǇŀǊǘ ƻŦ ǘƘŜ άƻǘƘŜǊέ ŀƴŘ άŎƻǳǇƭŜŘ ƳŜǘƘƻŘǎέ ƻǇǘƛƻƴǎΣ ǊŜǎǇƻƴŘŜƴǘǎ ǎǳƎƎŜǎǘŜŘΥ 

- New sensors (Smartcore and 2RProbe2) developed in University of Nantes 

- ERT+capacitive method+US 

If "destructive evaluation" was selected, respondents were asked to specify: 

1. how the concrete powder is obtained (directly grinded on the structures or from a core in a lab) 

2. what is the depth investigated 

3. which kind of chloride content (or profiles) is determined (Water soluble or total chloride 

content) 

4. do you use the RILEM protocol? 

 

¶ Directly grinded and from core. Depth leave out first 5 mm, then every 15mm or so (e.g. 12.5, 

..., 37.5...) - we take 3 points to fit Fick's law. Both contents are found as they are sent for labs. 

Overall RILEM has created the guidance anyway. In Ireland the Special Inspection manual for 

bridges is the closest to such a guidance that we can get. 

¶ Core - 8 cm - total chloride ς Yes 

¶ 1) from cores in lab, 2) depending on expectation, 3) both water soluble and total Cl content , 

4) yes 

                                                           

2 see SIMAR project 

https://www.pole-mer-bretagne-atlantique.com/en/maritime-ports-infrastructure-and-transport/project/2655
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Figure 10 

As illustrated in Figure 10, most of the respondents indicated a preference for visual inspection (11 

out of 17). Other methods such as half-cell, ultrasonic testing and galvanostatic pulse were selected 

but to a more limited extent. The respondents to this survey did not select pulsed eddy current at all. 

!ǎ ǇŀǊǘ ƻŦ ǘƘŜ άƻǘƘŜǊέ ƻǇǘƛon, a respondent suggested: 

¶ experiments of accelerated aging on test blocks of armed concrete, post mortem studies at the 

end of the immersion period of the experimental device (destructive); 

 

Figure 11 

Regarding structural health and/or environmental monitoring (Figure 11), almost half of the 

respondents (6 out of 13) indicated a positive answer, with more details on the monitoring approach: 

¶ Resistivity + Humidity and Temperature or Capacity. 

¶ Temperature, Chloride content, pH close to the rebar, Sensor network 

¶ It is in progress (new research programs) and it should be developed further. Concrete 

ǇǊƻǇŜǊǘƛŜǎΥ ŘŜƎǊŜŜ ƻŦ ǎŀǘǳǊŀǘƛƻƴ ŀƴŘ ǇƻǊƻǎƛǘȅΣ ŎƘƭƻǊƛŘŜ ŎƻƴǘŜƴǘΧ 
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¶ Mooring and applied loads monitored in real time. Hydrostatic and hydrodynamic loads 

assessed via numerical modelling referenced to measured loads. 

¶ Was part of the annual Inspection reported to Integrity team 

¶ Not built yet = but plan is to have a minimum need for monitoring. 

The other 60% expressed some concerns mainly about the monitoring implementation, but also about 

technology availability and cost, with the following comments: 

¶ There is inadequate evidence base an example for this to be more popular. And this is the right 

time. 

 

Figure 12 

Figure 12 clearly highlights the need for better inspection/monitoring guidelines, methodologies and 

more reliable/durable sensors; identified by the 17 respondents to this question. !ǎ ǇŀǊǘ ƻŦ ǘƘŜ άƻǘƘŜǊέ 

option, respondents suggested: 

¶ Need for more demonstration and examples 

¶ New developments should be validated by different cases, concrete mixes, env. conditions... 

 

Regarding the use of calibration 
blocks (Figure 13), a quarter of 
the 16 respondents use 
unreinforced or reinforced 
concrete blocks, a quarter do 
not use them and half do not 
think it is applicable to their 
project. 

 
 

Figure 13 
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3.5 Rules and standards 

 
Figure 14 

The respondents indicated using mainly Eurocode and DNV standards, followed closely by ISO 

standards (Figure 14). Other inputs were collected: 

¶ EN 206-1, Rilem Recommandations. 

¶ Norsok; Bureau Veritas 

¶ Company documentation 

 
Figure 15 

As illustrated in (Figure 15), 6 respondents out of 19 are participating in technical committees such as 

ISO, ACI or: 

¶ BS EN1992 (via BSI) 

¶ AMPP (NACE) 
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¶ Eurostruct in EU engages with guidelines and recommendations and can be interesting 

especially around SHM 

 

Figure 16 

Most of the respondents identified missing points in the existing standards (Figure 16), with the 

following explanations: 

- SHM - choice, use, implementation and interpretation 

- The standards do not explicit how to use on site inspections with the data collected. 

- Degradation modes and failure cases, design constraints 

- Ultra high cycle fatigue on WECs hard to implement. 

- Effect of biocolonisation of corrosion processes 

- Relationship between structural conditions, corrosion potential and current demand are not 

sufficient specified 

- Take into account the tension resistance of the concrete. Like it is done in French Regulations 

for water retaining tanks for example. This is related to the economical point of view. 

- Flexure in tubular sections where the inside of the tube must be watertight. Watertightness is 

related to corrosion as corrosion of reinforcement means cracks that means watertightness 

problem. Regulations consider slabs or walls, that means that the rectangular section is partly 

in compression and partly in tension. In case of a tube, the wall or the slab is fully in 

compression or in tension and different regulations must apply. 

Finally, the last question waǎ ά17) What recognized publications could be used in order to draw a 

future technical database for standardisation/best practices?έ 

¶ Tacq, J., Coolegem, G., Schoefs, F., Gonzalez, V., Gonzales, S., Gaillet, L., Chataigner, S., 

Pakrashi, V., O'Boyle, L., Baeté, C., Wielant, J. and Devaney, T., 2021. Corrosion Monitoring CIG 

Report. 

¶ M, Ghosh B, Schoefs F and Pakrashi V. (2018). Image-based Damage Assessment for 

Underwater Inspections: A Primer ς From Theory to Implementation. Taylor and Francis, ISBN 

9781138031869 - CAT# K30666 

¶ ULTIR repository: https://ultir.github.io/ 
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¶ Quirk L, Matos J, Murphy J and Pakrashi V. (2018). Visual Inspection and Bridge Management. 

Journal of Structure and Infrastructure Engineering, 14(3), 320-332. [adaptation of this here 

could be interesting] 

¶ New standard are under construction about cementitious materials with low carbon impact. 

This new standard will replace the EN 206-1 by adding new binders. 

¶ French Water Tank Regulations. Recommandations for Fiber Reinforced Concrete. 

3.6 Publications 

(2021) Charles Adrien LOUIS, Simon GAUTHIER (BLévolution), Analyse bibliographique des bilans 

carbones de l'éolien flottant, www.eos.debatpublic.fr 

(2020) Baita, Eugenio & Cordal, David & Filgueira, Almudena & Morato Casademunt, Alexandre & 

Lamas, M.I. & Alvarez, J. & Carral, Luis & Castro-Santos, Laura. An Economic Analysis of An Innovative 

Floating Offshore Wind Platform Built with Concrete: The SATH® Platform. Applied Sciences. 10. 3678. 

10.3390/app10113678. 

(2019) Hans Chr. Sørensen, Kim Nielsen, Erik Friis-Madsen, Bendt Aarup, Jens Peter Kofoed, Christian 

Munk Jensen, Concrete for Wave Power, EUDP 2018 - 64018-0600 

FLOATGEN, floatgen.eu/en/deliverables 

LIFES50+, lifes50plus.eu/results/ 

FLAGSHIP, www.flagshiproject.eu/documentation/ 

COREWIND, corewind.eu/publications/ 

 

 

 

  

https://floatgen.eu/en/deliverables
https://lifes50plus.eu/results/
http://www.flagshiproject.eu/documentation/
http://corewind.eu/publications/
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4 Chloride propagation a nd corrosion mechanisms within the 

concrete material in sea environment  

4.1 State-of-the-art 

Corrosion of steel reinforcement due to chloride ingress is one of the major causes of degradation of 

Reinforced Concrete (RC) structures. According to Tuutti diagram in Figure 17 [Tuutti 1982], the 

corrosion can be divided into two stages: corrosion initiation and corrosion propagation. The corrosion 

initiation corresponds to the process of chloride ingress into concrete until the chloride concentration 

has reached the steel rebar and exceeds a threshold value. Then steel is de-passivated and the 

corrosion propagates into the reinforcement.  

 

Figure 17: Diagram inspired from Tuutti diagram [Tuutti 1982] 

The service life is defined as the period of penetration of chloride into the concrete cover until the 

chloride content exceeds a threshold value at the position of the reinforced steel bar. Indeed, at the 

end of that period, maintenance operations are required: most current maintenance operations 

consist in removing the chloride contaminated concrete and replacing it by a new one [BSEN1504-9 

2008], thus inducing additional costs mainly caused by concrete production and offshore operations 

in the case of Marine Renewable Energy. There is thus a balance to ensure both long service life and 

minimum costs. In a broader perspective, we can also consider that there should also be a balance for 

environmental impacts because cement concrete is an important contributor to climate change 

[WBCSD IEA 2009]. Consequently, it is important to improve service life predictions, but also to 

determine influent parameters and to evaluate levels of potential risk in order to provide 

recommendations for longer service life to engineering designers when designing concrete structure 

exposed to chloride. 
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Before modelling the transport of seawater in concrete, a thorough identification should be 

conducted, covering all the phenomena that can occur when this water containing different ionic and 

organic species is in contact with the embedding concrete. 

4.1.1 Physical and chemical Interactions between sea water and concrete 

A significant part of this section comes from the following reference: [Touil 2021] 

The exposure of concrete to the marine environment influences concrete material through various 

physical, chemical, mechanical and biological processes, which lead to modification of the concrete 

microstructure.  

Indeed, the attack of cement matrices by seawater combines different types of chemical aggression 

ǎǳŎƘ ŀǎ ŘƛǎǎƻƭǾŜŘ ǎŀƭǘǎΣ ƻȄȅƎŜƴΣ ŎŀǊōƻƴ ŘƛƻȄƛŘŜ ŀƴŘ ǎǳƭǇƘŀǘŜǎΣ ŜǘŎΧ ώaŜƘǘŀ нллсΣ /ƘŜƴƎ нлнлϐΦ Lǘ ƛǎ 

well documented that chloride ion is the largest chemical composition of seawater and it is the main 

aggressiveness ions that cause concrete deterioration particularly by corrosion in case of 

reinforcement concrete structure [Mehta 2006]. However, the main physical effect of chloride ions is 

a reduction in porosity [Al Kailani 2015, Cherif 2020] and transport properties due to the pore filling 

effect of newly formed calcium chloro-aluminate, or Friedel Salt, when chloride ions react with the 

aluminate phase [Tang 2015]. Additionally, these changes in microstructure will in turn modify the 

multispecies diffusivity through cement-based materials [Cherif 2020]. 

Other ions present in the seawater can influence the chlorides penetration either by changing the 

chemistry and/or porosity or even by causing scaling [De Weerdt 2015]. In this context, the sulphates 

ions contributed by magnesium sulphate (MgSO4) react with the cement matrix by the formation of 

gypsum and additional ettringite [De Weerdt 2015], which produces high volume expansion and lead 

to cracking [Zhang 2020, Yeon Ting 2021]. So initially, the microstructure is densified with increasing 

compressive strength, but subsequently the accumulation of expansion products cause strength 

reduction due to calcium silicate hydrate gel (C-S-H) deprivation [Yeon Ting 2021, Cohen 1991, Li 

2020]. 

Despite its weak concentration in the seawater, the magnesium ion can react with the calcium 

hydroxide (Ca(OH)2) in concrete, and lowers the alkalinity of pore solution and eventually destabilizes 

C-S-H gel [Bernard 2017 ς Yi 2020]. In a marine environment, concrete is also exposed to carbonation 

which can originate from carbon dioxide (CO2) present in the sea water or from the air [De Weerdt 

2014]. in this case, carbonation of concrete leads to the consumption of portlandite (Ca(OH)2) and 

transformation of C-S-H to calcite and amorphous silica [Sadati 2016], accompanied by the drop of 

alkalinity causing local dissolution of material and surface disintegration of concrete [Sadati 2016, Al-

Rabiah 1990].  

The synergistic effects of ions in seawater have been studied by some researchers [Cheng 2020, Yi 

2020]. It has been reported that the level of the deterioration mechanism may worsen with composite 

ions, resulting in an increase in porosity due to the formation of more micro-cracks in the pore 

structure, and resulting in the dissolution of the portlandite and decalcification of the C-S-H [Cheng 

2020, Yi 2020]. More details on the conceptual illustration of phase changes in concrete induced by 

seawater are reported by [Jakobsen 2016]. An illustration of the main physical and chemical attacks 

of the concrete in the marine environment is presented in Figure 18 [Yi 2020]. 
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Figure 18: Main physical and chemical attacks of concrete exposed to marine environment [Yi 2020] 

Further, depending on the exposure of the concrete structures, the deterioration mechanism severity 

is conventionally categorised into exposure zones [EN-206 2013] such as atmospheric, tidal and 

submerged zones (Figure 18). In the case of the atmospheric zone, the structure is exposed to salt 

weathering [Yi 2020], which the transport within the concrete is affected by other factors such as 

relative humidity and temperatures [Santhanam 2016]. Hence, such a mechanism leading to wetting 

and drying cycles results in physical degradation of the structure due to the salt crystallisation [Mehta 

2006]. Concrete exposed to the tidal and/or splash zone is usually regarded as being in the worst 

deterioration condition of all the exposure categories [Yeon Ting 2021, Santhanam 2016]. The 

mechanical action of waves can lead to physical deterioration such as abrasion, cavitation and erosion 

with progressive loss of mass, and humidification-ŘǊȅƛƴƎ ŎȅŎƭŜǎ Ŏŀƴ ƭŜŀŘ ǘƻ ǎŀƭǘ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴΦ !ƭǎƻΣ ƛǘΩǎ 

reported that high relative humidity coupled with increased temperatures can accelerate damage due 

to various deterioration processes and also aggravate ongoing ones [Santhanam 2016]. In addition, 

physical degradation of the structure due to freeze/thaw cycles can occur but in cold regions [Gjøry 

2009, Mehta 2006]. Regarding concrete fully immersed in the sea, there is no effect of physical attack 

but concrete deterioration is commonly related to chemical deterioration processes such as sulphate 

attack or leaching and due to chloride-induced corrosion [Mehta 2006, Santhanam 2016].  

Furthermore, concrete structures are prone to biodeterioration mainly by marine biological activity 

such as barnacles, molluscs, and different types of algae [.ƧŜƎƻǾƛŏ 2015, Chlayon 2020]. Thus far, the 

literature with regard to the effect of marine organisms on concrete is experimentally indicated that 

porous concrete creates a favourable environment for aquatic organisms. Thus, it is reported that 

usually microorganisms presence and growth cover the concrete surface by known a biofilm formation 

[Chlayon 2018].  Biofilm may change surface with condition exposure such as humidity, and 
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temperature. These changes may increase the rate of deterioration, or reduce it [Coombes 2013]. 

Moreover, it is proposed that algal presence and growth within the matrix under immersed and tidal 

conditions must weaken the cement matrix with small cavities initiating cracks [Javaherdashti 2009], 

accelerating material loss and concrete surface degradation [Hughes 2013]. Otherwise, barnacle and 

oyster crusts that inhabit the concrete surface, have been found to act as natural protective surface 

coatings (bioprotection) especially for chloride attack and seemed not to cause surface micro-

cracking. [Yi 2020, Chlayon 2020]. 

Considering the complexity of the deterioration mechanism in marine environments, the 

interdependence and synergy between individual deterioration mechanisms should be taken into 

account. Obviously, the characterisation of a marine exposure structure for investigative purposes is 

an important step for durability toward understanding the deterioration of concrete structures 

exposed to such environments. 

4.1.2 Modelling chloride propagation into concrete 

A significant part of this section comes from the following references: [Senga-Kiesse 2020] and [Bonnet 

2022] 

Various approaches were developed to model the chloride ingress through cement based materials. 

The main difference between models concern the fact that they considered concrete exposed in 

saturated and/or unsaturated conditions. For saturated conditions, the diffusion process obeying the 

CƛŎƪΩǎ ǎŜŎƻƴŘ ƭŀǿ ƛǎ ƎŜƴŜǊŀƭƭȅ ǎǳŦŦƛŎƛŜƴǘ ǘƻ ƳƻŘŜƭ ǘƘŜ ŎƘƭƻǊƛŘŜ ƛƴƎǊŜǎǎ ώSamson 1999]. Likewise, the 

time-dependence of the apparent diffusion coefficient is considered as well as the chloride 

concentration of the exposed surface [Maage 1996, Audenaert 2010] by using empirical laws to 

establish time dependency functions. 

For models accounting for unsaturated conditions, some studies have modeled chloride transport by 

taking into account both diffusion and convection [Ababneh 2003, Anna 1993, Baroghel-Bouny 2011, 

Meijers 2005, hΩbŜƛƭƭ Lǉōŀƭ 2009, Samson 2005]. These models used semi-empirical laws found by 

fitting experimental data to get the moisture diffusivity and the chloride diffusion coefficient. These 

models can be mono-species (only chloride is considered) or multi-species (ions contained in the pore 

solution are also considered). They are considered as sophisticated models because they take into 

account some physical or chemical phenomena occurring into concrete such as chemical binding, 

electrical double layer, activity of pore solution. However, models suitable for unsaturated conditions 

require many input parameters that are not currently measured for concrete design because they are 

expensive or time-demanding to collect and they are not required by the standards [EN206-1 2004, 

EN1992-1-1 2005]. Moreover, reinforced concrete material in marine environment can generally be 

considered as saturated. Indeed, when casted on site, concrete is initially saturated and persistently 

exposed to high Relative Humidity (RH) that, for instance, stands superior to 80% on the French 

Atlantic coast [Othmen  2018].  

In the case of maritime structures it is thus obvious to consider the chloride displacement into 

concrete by a diffusion equation as it was done by some studies to analyze chloride profiles obtained 

from reinforced concrete structures in unsaturated conditions [Othmen 2018, Chalee 2009, Tadayon 

2016, Valipour 2013, Real 2018, Pradelle 2016]. From an engineer point of view, the FickΩs second law 
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is simple and the orders of magnitude of diffusion coefficient (or chloride profile), which we can obtain 

with this law, are correct and acceptable. In addition, numerical implementation of this law is not time 

consuming in order to conduct statistical investigation.  

4.1.2.1 Solution of the FickΩs second law 

The diffusion of chloride in concrete can be regarded as a diffusion process which some of the chloride 

ions becomes immobilized as diffusion proceeds: diffusion may take place within the pores of concrete 

solid material which can absorb (physically or chemically) some of the diffusing substance: the rate of 

reaction depends on the rate of supply of chloride by diffusion inducing a problem of chemical kinetics. 

When diffusion is accompanied by physic-chemical absorption, the usual equation for diffusion in one 

dimension is described by equation 2 which takes into account the bound chloride content by adding 

a sink term (Crank 1975). 
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where J is the flow of chloride ions free to diffuse (kg of free chloride /area of concrete* time unit°, x 

the space coordinate measured normal to the section. 
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By introducing the chloride binding capacity fb CC µµ /'  in equation 3 and an apparent diffusion 

coefficient adiffD (m²/s) which is a material property, the equation 4 is obtained for describing the 

conservation of free chloride ions into concrete. 
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This equation could be solved with some important hypothesis to get the equation 5: 

hypothesis 1: the material is homogeneous and isotropic with an apparent diffusion coefficient non 

spatial dependant within its thickness, as it is supposed in concrete. Moreover the diffusion coefficient 

does not depend on the concentration of diffusing substance (dilute solutions). It is the case for 

chloride content in sea water. 

hypothesis 2: the apparent diffusion coefficient and surface chloride content are not time dependant. 

hypothesis 3: the media is one dimensional semi-infinite and remains saturated. 
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hypothesis 4: the concentration of immobilized chloride is directly proportional to the concentration 

of free chloride with a linear isotherm to get a chloride binding capacity constant ( kcc fb =µµ /'
). This 

allows getting an apparent diffusion coefficient non dependant from free chloride content as obtained 

with Freundlich or Langmuir isotherms. 

This model is resumed in Figure 19: 

 

Figure 19: Representation of chloride diffusion model: (1) model output, (2) intermediary model, (3) input parameters 
[Senga_Kiesse 2021]. 

 

4.1.2.2 FIB modelling 

References: Fib Model Code (2015 ς bulletins 34 and 76) 

Lǘ ǘŀƪŜǎ ƛƴǘƻ ŀŎŎƻǳƴǘ ǘƘŜ ŘŜǇǘƘ ƻŦ ǘƘŜ ǿŀǘŜǊ ǳƴǎŀǘǳǊŀǘŜŘ ȊƻƴŜ ɲȄΥ  

 

   

 

      with:  

      C0 : initial Cl content in the concrete (kg/kg of cement or binder) 

      ɲȄ Υ ŘŜǇǘƘ ƻŦ ǘƘŜ ǿŀǘŜǊ ǳƴǎŀǘǳǊŀǘŜŘ ȊƻƴŜ ƻǊ ϦŎƻƴǾŜŎǘƛƻƴ ȊƻƴŜϦ όƳύ 

      CǎΣɲȄ : Cl content ŀǘ ǘƘŜ ŘŜǇǘƘ ɲȄ όƪƎκƪƎ ƻŦ ŎŜƳŜƴǘ ƻǊ ōƛƴŘŜǊύ 
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Figure 20: Near-ǎǳǊŦŀŎŜ ŘŜǾƛŀǘƛƻƴ ƻŦ ŎƘƭƻǊƛŘŜ ǇǊƻŦƛƭŜǎ ŦǊƻƳ CƛŎƪΩǎ ƭŀǿ ƻŦ ŘƛŦŦǳǎƛƻƴ ƛƴ ǘƘŜ ŎƻƴǾŜŎǘƛƻƴ ȊƻƴŜ 

 

Dapp depends on time, as expressed below:  

 

 

Dapp(t0) : diffusion coefficient measured at t0 (m2/s) 

      t0 : reference time, 28 days 

      h  Υ ŀƎŜƛƴƎ ŦŀŎǘƻǊ ό-) 

      ke: factor of temperature dependance (-) from Arrhenius law 

 

   

      Treal : Ambient temperature (K) 

      A value of 4800 K is generally considered for Ea/R 

 

Two approaches are commonly used:  

¶ Approach A: Dapp(t0) and h  are determined from inverse analysis from measured Cl profiles 

from existing structure and/or laboratory diffusion tests, 
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¶ Approach B: Dapp(t0) is determined by a rapid chloride migration test (RCM). However, field 

data from real structures are needed to determine  hat least for one time t. 

Ҧ ¦ƴŦƻǊǘǳƴŀǘŜƭȅΣ ŀǇǇǊƻŀŎƘŜǎ ! ŀƴŘ . Ŏŀƴ ƭŜŀŘ ǘƻ ǎƻƳŜǿƘŀǘ ŘƛŦŦŜǊŜƴǘ for h !  

±ŀƭǳŜǎ ƻŦ ǘƘŜ ŀƎŜƛƴƎ ŦŀŎǘƻǊ ʰ ŀƴŘ ɲȄΣ CǎΣɲȄ and their statistical distributions are given in the FIB bulletin 

n° 76 for new reinforced concrete structures. 

4.1.3 Steel depassivation 

A significant part of this section comes from the following references: [Soive 2021] and [Bonnet 2018] 

4.1.3.1 Protective layer composition 

Understanding the chemical deterioration mechanisms of the protective layer requires knowledge of 

its nature and its geometry. An electro-chemical balance between the interstitial solution and the 

reinforcement is ǎŜǘ ǳǇΣ ǘƘŜ ǊŜƛƴŦƻǊŎŜƳŜƴǘ ōŜƛƴƎ άǇǊƻǘŜŎǘŜŘέ by a protective layer and the alkalinity 

of the pore solution inside the concrete. In fact, this balance is an instable equilibrium ǎƛƴŎŜ άƘŜŀƭǘƘȅέ 

steel is not present in natural conditions. Thus, corrosion of steel rebar is a slow process that cause 

the iron to oxidize and steel to have a protective layer of oxides and hydroxides on its external part. 

However, this process can be accelerated dramatically leading to protective layer breakdown. 

Multiple studies [Sanchez 2007, Poursaee 2010, Ghods 2013] have addressed the nature of the passive 

layer for a steel immersed in a solution. The simplified Pourbaix diagram [Pourbaix 1963] at 25°C 

shows that two iron oxides in the passive layer are more stable when iron is in contact with water: 

ƘŜƳŀǘƛǘŜ ŀƴŘ ƳŀƎƴŜǘƛǘŜ όʰ-Fe2O3 and Fe3O4, respectively). Other iron oxides can be observed, 

ƛƴŎƭǳŘƛƴƎ ƘȅŘǊŀǘŜŘ ƻȄƛŘŜǎ ǎǳŎƘ ŀǎ ƎƻŜǘƘƛǘŜΣ ƭŜǇƛŘƻŎǊƻŎƛǘŜ ŀƴŘ ƳŀƎƘŜƳƛǘŜ όʰ-FeOOH, FeOOH and 

Fe2O3, respectively) [Poursaee 2010]. These tests were carried out by Raman spectrometer and X-ray 

diffraction (XRD) [Poursaee 2010] [Ghods 2013]. The different oxides/hydroxides present in the 

passive layer and observed experimentally are given in Table 3. 

Table 3: Passive layer products observed experimentally by different techniques 

Oxydes / hydroxides Références 

Magnétite Fe3O4, hématite h  - Fe2O3,  

Lépidocrocite  ɹ  - FeOOH, goethite h - FeOOH 
[Pan 2011, Ghods 2013] 

Magnétite Fe3O4, maghémite ɹ  - Fe2O3, 

hématite h  - Fe2O3 
[Poursaee 2007, 2010] 

Magnétite Fe3O4, maghémite ɹ  - Fe2O3, 

goethite h  - FeOOH 
[Sanchez 2007] 

 

From a geometrical point of view, the protective layer is considered as a two-layered structure: an 

inner layer mainly composed of iron(II) oxides and an external layer mainly composed of iron(III) 
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oxides [Ghods 2011, 2012 Sanchez 2006, 2007, Sanchez-Moreno 2009, Joiret 2002, Gunay 2013] (see 

Figure 21). 

 

Figure 21: Reinforced concrete exposed to seawater and schematic protective layer on steel reinforcement as a two-layered 
structure [Soive 2021]. 

Suda et al [Suda 1993], Noda et al [Noda 1990] and Pan et al [Pan 2011] identify experimentally that 

the outer layer of the passive layer in contact with the interstitial solution is porous and consists of 

lepidocrocite and goethite or maghemite. The inner layer in contact with the Fe substrate layer is 

denser than the outer layer and consists of magnetite and hematite. 

 

Figure 22: Passive layer components (Pan et al 2011) 
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