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High costs of maintenance in complex (marine) 
environment:
Key issues: logistic governs the costs and marine conditions 
governs the feasibility (storms)

- Increase quality control during manufacturing (traceability) >> 
NDT (intrusive for manufacturing process) or SHM (intrusive 
but used during operation too) >> added value to be quantify

- Optimize maintenance by selected the good maintenance time 
and action (preventive) >> added value of SHM

• Part 1 – Why
monitoring?

Overall maintenance cost

NDT only     SHM only SHM only SHM only     NDT+SHM Strategy 

R&D
(reliability, optimization, risk oriented)SHM

with short life-time SHM
with long life-time 
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High costs of maintenance in complex (marine) 
environment:
Key issues: logistic governs the costs and marine conditions 
governs the feasibility (storms)

- Increase quality control during manufacturing (traceability) >> 
NDT (intrusive for manufacturing process) or SHM (intrusive 
but used during operation too) >> added value to be quantify

- Optimize maintenance by selected the good maintenance time 
and action (preventive) >> added value of SHM

- Get a feedback for the next design (reported depreciation)

• Part 1 – Why
monitoring?

Quantify the added value of SHM (COST action 1402):
- Compute the benefit // NDT based maintenance

- Include all the costs: sensor, implementation, data processing 
(soft and hardware), maintenance (non infinite lifetime)
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Source: EWSM 2014 - Nantes

Concrete: large uncertainties:

” lab-tests in the loop”
Concrete: multi-physics 

effects
=> patents

• Part 1 – Why
monitoring?

Implementation
Tests in sea

Overall maintenance cost 

SHM only       NDT+SHM 

Strategy  

R&D 
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• Part 2  – Needs for a better
design/maintenance

Concrete in the sea

Cyclic and dynamic loading
Fatigue (not usual for RC 

concrete design)

Effect of chlorides
on pH

Damage

Garcez et al. 2012

Cracks
Corrosion Technology Laboratory. NASA. 

Loreto et al., SPIE, 2011
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• Part 3 – technologies 
and the needs

Feedback from O&G

1973 :  the first offshore platform in Concret (DORIS) >>     Ekofisk

1997 : the biggest (DORIS) >> Hibernia

BUT

▻ financial context (O&G <> MRE) >> over-sizing in O&G

▻ Only a few feedback:

few dozen in various sites // 8000 steel structures

▻ New challenges: mooring and anchoring systems: still an issue 

dynamic and cyclic loading on the anchoring system
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• Part 4 – technologies 
and the needs

SHM is technology specific

Source Neopolia
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• Part 3 – technologies 
and the needs

1. GROUTING

Source Neopolia
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• Part 3 – technologies 
and the needs

Context – The grouted connection of OWTs 

Grout-filled space between the two steel components of the 

pile and sleeve of Offshore Wind Turbines (OWTs) 
 

 Installation procedure and grout injection 
 

https://www.youtube.com/watch?v=LAExHrHZTfk 

 

 

OWT with a monopile substructure and 

detail of a grouted joint  (DNV, 2014) 

OWT with a tripod / jacket substructure and detail of 

a grouted joint (Schaumann et al., 2013) 

GROUTING

Significant sliding damages of grouted connections have
been reported in 2009-2010
➢ 600 of the 988 monopile OWTs in the North Sea
➢ Cylindrical with shear keys + conical design recommended (DNVOS- J101 (2014), DNV-OS-C502 (2012), 

DNVGL-ST-0126 (2016))

60% !!
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• Part 3 – technologies 
and the needs

GROUTING
ITN OCEANET (UN, U Hannovre, Franhaufer, Whölfel)

+ SHM-OWT-Grout (UN, IFSTTAR, Keops, Charier)

IRM Offshore 
and
Marine 
Engineers

ACERO et al., OMAE, 2017

Shear 
keys

Instrumentation: Fiber Bragg Grating sensors 

Design & application: 
 

- Bare fibers bonded on the 

steel surface of the sleeve in 

the shear key area  

- 9 FBGs for strain 

measurement  

- 3 FBGs for temperature 

compensation 

- Application method: glued with 

a cyanoacrylate glue + 

polyurethane lack (humidity 

and mechanical protection) 

 

 

PLUG 

PLUG 

FBG1.1 

FBG1.2 

FBG1.3 

FBG1.4 

FBG1.5 

FBG1.6 

FBG2.1 

FBG2.2 
FBG2.3 

FBG2.4 

FBG2.5 

FBG2.6 
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• Part 3 – technologies 
and the needs

GROUTING
Data analysis and damage detection – conclusions 

Monitoring of the appearance of nonlinearities and selection of a 

Damage Indicator DI 

)(
1

,,

N

j

healthyjdamagedj HHDI

with Hj being the peak amplitude 

of the subharmonic j, and N the 

total number of subharmonics 

 Total change of subharmonics 

in the normalized ESD spectrum 

I II III 

 Cyclic creep curve 

Anticipated detection

External detection
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• Part 3 – technologies 
and the needs

2. Concrete Slab

Source Neopolia
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Part 3 – technologies and 
the needs

Damage and Chloride Ingress

Chloride Ingress: chloride content at the rebar

	

Accelerated hybrid testsTests on site (monitoring)

Time-scale factor: BN [Tran

Bastidas, Schoefs 2016]

A Bayesian Network Framework for Identifying Model Parameters from Accelerated Tests 13 

account for convection effects. However, in practice, it is of 

interest to evaluate chloride content at deeper points near 

the rebar. 

The exposure times considered in this study were not 

sufficient to allow significant chloride content to reach the 

cover depth. Therefore, we select a second depth (x=31.5 

mm) to compare the 5% and 95% percentiles of chloride 

content and real data (Figure 16). Similar trend as x=10.5 

mm is observed for x=31.5 mm after iterations where 

predictions of 95% percentiles are closer to real data.It is 

also worth noticing that all of accelerated data is fall in the 

range of 5% and 95% percentage. This behaviour can be 

explained by the fact that at depth x=31.5 mm, there is no 

more effect of convection zone and the chloride ingress 

model is more appropriate to estimate chloride 

concentrations. Note that in both cases (x=10.5 mm and 

x=31.5 mm), the predicted 5% percentile remains almost 

the same after update. This is due to the effect of short 

distribution tails at 5% percentile where the updating 

process has no significant change (Figure 17). On the 

contrary, the updating of the right distribution tail is 

significant which is of first importance for reliability 

assessment. Moreover, it is seen that at x=31.5 mm we are 

able to capture the dissymmetrical distribution shape that 

has been observed (Bonnet et al. 2009). Therefore, it can be 

concluded that this approach is useful for identifying the 

age factor from real data. The identification would be 

improved if more experimental data is provided. 

 

6. CONCLUSIONS AND PERSPECTIVES 

 

Chloride ions are critical agents leading to reinforcement 

corrosion of RC structures. Related parameters for 

modelling this process are necessary for studying reliability 

of structures and planning inspection schedules. Frequently, 

these parameters are estimated from inspection data 

obtained from on-site measurements after decades. 

Inspection campaigns therefore, require significant time to 

obtain a sufficient amount of data for condition assessment 

and reliability analysis. Therefore, this study accounts for 

data from normal and accelerated tests for characterising 

and modelling the penetration of chloride ions into 

concrete. This data could provide useful information for 

parameter identification from BN updating. 

 Chloride ingress models should consider the time-

dependency of the chloride diffusion coefficient by 

introducing an age factor. Results from sensitivity analysis 

indicated that this factor has significant influence on the 

estimation of model parameters. For specific concrete 

characteristics and exposure conditions (a given age factor), 

the inspection schemes should consider specific inspection 

times describing adequately the evolution of chloride 

diffusion coefficient with time. Combining information 

coming from these inspection times improves the 

identification of parameters. It is also worth noticing that 

considering the age factor as a random variable in BN 

increases uncertainty and adds errors for the identification.  

This study proposed a BN framework to improve the 

identification of parameter in chloride ingress models. The 

procedure estimates a priori information about age factor 

 
Figure 16 5% and 95 percentiles of chloride 

content at depth x=31.5mm 

 

 
Figure 17 Probability density and distribution tails 

with 5% and 95% percentiles at: (a) x=10.5mm and 

(b) x=31.5mm 

 

Potential: initiation 
of corrosion

Reduce 
uncertainty in 
model prediction
And in initiation 
of corrosion
Ccrit

1. Tablets manufacturing & characterization

2. Device Construction 

3. Geometry, Cumulative measurements & 
Durability

4. Mortar mixing selection

Outline

Chlordetect. Université de Nantes
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Damage and Chloride Ingress

 
 

a) Experimental and fitted distributions of 

resistivity at 28 days  

 
 

b) ROC curves for the detection of  

30g/l of NaCl at 28 days. 

 
 

Resistivity (Ω.m) 
 

D
en

si
ty

 

 

Resistivity (Ω.m) Cl =0 g/L 

GeV 

Résistivity (Ω.m) Cl =30g/L 

GeV 

δ 

Chloride

threshold

detection
0

0,2

0,4

0,6

0,8

1

1,2

0 30 60 90 120

P
r
o

b
a

b
il

it
y
 o

f 
d

e
te

c
ti

o
n

Chloride content (g/L)  in the mixing water

PoD 28 days

PoD 85 days

Data

Chapit r e 3. Premièr e campagne de mesures 41

 

Figure 3.6 — Fabricat ion des deux premières poutres à l’IUT de St Nazaire le 27 février.

Sel 0 g/ l 120 g/ l

J+ 1 781 781

J+ 2 591 706

J+ 3 591 706

J+ 6 493 706

J+ 7 493 706

J+ 9 273 706

J+ 10 329 706

J+ 17 219 706

J+ 24 77 405

Tableau 3.2 — Nombre de points de mesure ut ilisables pour les poutres gâchées à l’eau douce et

à l’eau du robinet

62 5.1. M at ér iel et mét hodes

 

Figure 5.1 — Poutres et moules lors de la fabricat ion IUT de St Nazaire le 1er juillet 2012.

la barret te (figure 5.1 5.2). Après le câblage, nous mettons en ?uvre un test pour nous

assurer du bon fonct ionnement du capteur. Après avoir étanché les élect rodes, un sondage

est effectué dans l’eau et aussit ôt un second dans l’air. Le but de ces manipulat ions est de

vérifier que l’eau ne s’infilt re pas entre le joint et la barret te. L ’infi lt rat ion de l’eau à cet

endroit crée un chemin pour le courant élect rique qui fausse les résultats. Une fois assuré

de l’étanchéit é de la barret te, un test en aveugle dans l’eau est effectué, afin d’at tester le

bon fonct ionnement de l’ensemble.

 

Figur e 5.2 — Les trois étapes de la fabricat ion du capteur.

5.1.2 L e prot ocole d’ int er rogat ion

Pour cet te campagne, nous ut iliserons seulement un protocole Wenner, nous écartons

le protocole dipôle-dipôle à la suite des tests qui sont détaillés au chapit re 4. Le Wenner

ut iliśe ici a un écartement minimum (a) de 5 cm entre chaque élect rode (voir sect ion 4).

Chapit r e 3. Premièr e campagne de mesures 43

 

Figure 3.8 — Vue de la surface du béton en contact avec la barret te de 9 élect rodes 40 jours

après sa fabricat ion.

 

Figure 3.9 — Les deux paires de poutres coulées les 27 février et 12 mars dans la salle climat ique

de l’IUT de St Nazaire.
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Damage and Chloride Ingress

Reduce time of onshore and maritime opérations
(prefabrication of systems)
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Damage and Chloride Ingress
3D monitoring of stresses (patent Sentilel)

Patent Sentinel
Université de Nantes

16
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Concrete slabs / Harbours

Source Neopolia
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Existing video on youtube: 

https://www.youtube.com/watch?v=h9u6l0aT9Ys

220 views (6 months)

Loire River

Offshore 

Wind 

Turbines

Approved by competitiveness 
centres

Project imareco2

COST Action TU1402 – Quantifying the Value of Structural 
Health Monitoring 

Part 3 – technologies and 
the needs

SLIDE 18

https://www.youtube.com/watch?v=h9u6l0aT9Ys
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Chlorides

(Res-UN ®)
Strains (FOS)

Part 3 – technologies and 
the needs

Stresses
3D monitoring of stresses

Loire River

St Nazaire Bridge

19
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Investing in our common future

Durable Transport Infrastructures in the Atlantic Area Network

LNEC 
EP 
REFER 

VIGO Univ. 

Xunta Galiza 

PV 

LCPC 

NANTES U  

La Rochele U 

CG17 
Bordeaux U 

TCD 
NRA 

QUB 

Part 4 – Models and Methods State of the Art

SLIDE 20
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Investing in our common future

DuratiNet Technical Guide – Web

And   

Part 4 – Models and Methods State of the Art

SLIDE 21

http://www.durati.netmust.eu/
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NDT

depth
Surface

• Part 3 – technologies 
and the needs

Concrete slabs / Harbours
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reduces the 
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Added value od SHM

With SHM

/m of beam

- 18%

Wet shotcrete
5 cm

• Part 3 – technologies 
and the needs

Concrete slabs / Harbours

SLIDE 23
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Conclusion
A lot of progresses since the early 90’s:
- Understanding of physical and mechanisms
- Stochastic modelling of chloride ingress
- Monitoring

Resilient challenges
- Fatigue
- Redundant monitoring for chloride ingress + corrosion threshold> SmartCore and 

Regional Project in Nantes
- Spatial variability (PhD defense in january 2021)
- Biofouling of concrete (reef effect)
- Effect of climate change (https://www.researchgate.net/project/Climate-change-effects-and-adaptation-of-civil-infrastructure-and-buildings)

More information
- https://www.researchgate.net/project/DURATINET
- https://www.researchgate.net/project/Universite-de-Nantes-in-EC-COST-Action-TU1402-Quantifying-Value-of-SHM
- https://www.researchgate.net/project/Structural-Health-Monitoring-of-Coastal-and-Offshore-Structures
- https://www.researchgate.net/project/Probabilistic-modeling-of-degradation-processes
- https://www.researchgate.net/project/Behavior-inspection-monitoring-and-maintenance-of-structures-

special-focus-on-structures-in-marine-environnent24

https://www.researchgate.net/project/DURATINET
https://www.researchgate.net/project/Universite-de-Nantes-in-EC-COST-Action-TU1402-Quantifying-Value-of-SHM
https://www.researchgate.net/project/Structural-Health-Monitoring-of-Coastal-and-Offshore-Structures
https://www.researchgate.net/project/Probabilistic-modeling-of-degradation-processes
https://www.researchgate.net/project/Behavior-inspection-monitoring-and-maintenance-of-structures-

