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Présentateur
Commentaires de présentation
Hello everyone,
I am happy to present you the « 3-year results on the corrosion of reinforced concrete specimens exposed to carbonation at natural ageing sites” as part of the French national PerfDuB project with the IREX fundings. 
I would like to thank my many co-authors as this work is not only time-consuming but also people-consuming!
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|- Background, main objective and questions

O French national PerfDuB project (2015-2022)
= Performantial-based approach
= + Corrosion approach

O Study the durability of metric reinforced concrete specimens exposed in natural ageing
sites
=  Fib Symposium, Antibes
= Special session 12: "On-going durability and corrosion studies on the metric specimens cast
as part as the PN PerfDuB and exposed to natural ageing sites"

O Questions
= ? Concrete mix performances: Portland and new binders
= ? Corrosion assessment: background for CEM | but what about the other binders,
particularly the ones with a lower carbon footprint
= ? Corrosion testing and interpretation for steel reinforcement that are in concrete made of
materials with a lower carbon footprint (validity of Rilem TC154 recommendations)
= ? Durability with time (corrosion monitoring) = long-term research
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Within the framework of the French national PerfDuB project, one of the objectives was to increase the durability of the concrete cover by using materials with a lower carbon footprint and testing them according to a performance-based approach.
In 2019, we emphasised that the corrosion resistance of the steel reinforcement in these new concrete compositions also needed to be demonstrated, so we cast centimetric and metric specimens.
This special session (12) deals with the ongoing durability and corrosion studies of the metric specimens cast as part of the PN PerfDuB project and exposed to natural ageing sites.
The questions are:
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..~ Metric reinforced concrete specimens

1 Reinforced concrete specimens (11 + 3) d Concrete mix
Concrete number_Binder_Addition_addition content_

binder content (kg/m3)_water-binder ratio

Cover 20 mm

S~ BO1 BO1-CEM |_280 _0.62
Ancrede | /"? B02 B02_CEM 1_V30_330_0.52
levage 1 1 0 TSAL
copdamars | TN ) B04 B04_CEM III/A_290_0.61
externe
= HA10 Fe500 o
2
— Rond lisse 8
Fe235 o
g B31 B31_CEM IlI/A_385 0.4
~ ‘ = B36 B36_CEM V/A_(S-V) 365 0.46
\\;\\\1 COVGI' 15 m (RL & |:|A) B37 B37_CEM V/A_(S-V)_370_0'45
Cover 10 mm ~
Cover 30 mm (T) B38 B38 CEM1_V8 390 0.5
[ Steel reinforcement B40 B40_CEM |_Qz30 370 0.47

= Smooth (RL)
= Corrugated (HA)
= Mesh (T)
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In the second part of my presentation, I will briefly outline the experimental programme, as some aspects have already been covered by previous speakers.
Here is the scheme and a picture of the metric reinforced concrete specimens with different concrete covers. We chose 11 concrete compositions from the 42 studied in PerfDuB. Three of the specimens contain sensors. The reinforcement is made of smooth and corrugated steel for concrete covers of 10 and 20 mm, and for the specimens with sensors, the reinforcement is made of smooth and corrugated steel for a 15 mm concrete cover, as well as a mesh reinforcement for a thicker 30 mm cover.
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Natural ageing sites for carbonation

O Exposure class XC4
O Since 2020

11 specimens 3 specimens with sensors
at CERIB ok at the Université Gustave Eiffel
in Epernon (EP) i in Champs-sur-Marne (CSM)
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With regard to natural ageing, we have selected two carbonation sites. As you can see on this slide, eleven metric reinforced concrete specimens are exposed at the CERIB facility in Epernon, and three specimens with embedded sensors are exposed at the University Gustave Eiffel in Champs-sur-Marne. The specimens have been there for four years now.
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Corrosion diagnosis (Non Destructive Techniques)
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Instant evaluation Continuous monitoring
with laboratory potentiostat using embedded sensors

U Potentiostat Vionic from Metrohm U Embedded sensors | |

. = ERE20 | |
U Electrochemical cell: 3 electrodes (WE, RefE and = MRE HY | — | . *
CE) | Wl —| I— - —| F
* AL B T == [
1 1 location per reinforcement (2 per faces) " HMP110 i : i | | L
0 Measurements: ( Weather station L : —i—-——i— — —i— |
= Half-Cell Potential in the site : | ] | | |
= Linear Polarisation Resistance : o NI | | |
= Half-Cell Potential | | "lf }" _: T

= Impedance spectroscopy | | ) .

= Half-Cell Potential ° g

(d Measurements every hour with the

[ Calculation of corrosion current density s eas . .
acquisition system (lbac, Aachen University)

(Randles circuit and Stern and Geary equation)

 Yearly basis
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In order to assess the corrosion diagnosis of these specimens, two methods were employed. 
Firstly, an instant evaluation was carried out using a transportable laboratory potentiostat on a yearly basis. The methodology for this can be seen on the left side of the slide. 
Secondly, continuous monitoring was carried out using embedded sensors and an acquisition system that recorded values every hour.
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O Visual observations after 4 years
= Corrosion products are not visible

= Vertical cracks were observed in reinforced
concrete specimens B02, B04 and B07.

= For example, in specimen B04, on the face
with a 10 mm cover, the length and width
of the vertical cracks along rebars RL and HA
were 50 cm and 0.1 mm respectively.
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Now I am going to present some results, starting with the visual observation. 
After 4 years, we observed visual degradations as you can see in the picture. 
Corrosion products were not visible in this carbonation exposure, but cracks were observed along the reinforcement.
For B04 specimen on the face with a 10mm concrete cover, crack length of 50 cm and crack opening of 0.1mm were detected. 
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IV- Electrochemical results

B31 and B0O5
= Lowest values: BO1, BO7,

(] Resistance values for
concrete cover 20 mm is
higher than for concrete
cover 10 mm (as expected)

1 Comparison of resistance
values with concrete mix

= Highest values: B38, B41,
and B36
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On the next slides I will present the electrochemical results. 
The resistance values obtained with impedance spectroscopy are presented in this graph for the 11 concrete compositions.  
For each specimen, four bars are plotted. The initial two bars are indicative of the face with a 10 mm cover, corresponding to the smooth or corrugated steels, respectively. The remaining two bars in the graph represent the results for the 20 mm cover.
As expected, the resistance values increased with the cover. 
We can observe that the lowest resistance was found for B01, B07 and B36. Instead, the highest values were obtained for B38, B41, B31 and B05. 
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On this slide, I have presented the potential and the corrosion current density results  for the 11 specimens with the same format as before. 
As expected, increasing the cover lead to less negative potentials and to lower corrosion current densities. 
If we try the rank the Jcorr values we can see that the lowest values were observed for B41, B38 and B31 in accordance with the highest resistance values of the previous slide. 
The highest Jcorr values (higher than 1A/cm²) corresponded to B02, B04, B07 and B01. 

This slide shows the potential and the corrosion current density results for the 11 specimens. The format is the same as before.
As expected, increasing the cover led to less negative potentials and to lower corrosion current densities.
If we try to put the Jcorr values in order, we can see that the lowest values were for B41, B38 and B31, which matches the highest resistance values from the previous slide.
The highest Jcorr values (more than 1µA/cm²) were found for B02, B04, B07 and B01, which is in line with what was seen visually.
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evolution of Jcorr with time and carbonation depth
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In this slide, I want to talk about the results of corrosion and carbonation together. The graph on the left shows how the corrosion current density of the reinforcement with a 10 mm cover changes over time. This is for the annual campaigns carried out in 2021 (orange), 2022 (grey) and 2024 (blue). In the right graph, the carbonation depth after 2.5 years for each concrete mix is shown in orange. We can see that there is a good agreement between high corrosion current density and high carbonation depth (B02, B04, B05 and B07) and visual degradations. 
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In this fifth part, I will show you some of the results from the ongoing monitoring. I will start with the multiring electrode sensor.
The graphs show the profiles of the resistance values with the concrete depth. 
We can see that weather influences the resistance values up to a 20 mm concrete depth. 
The third one is that for larger depths, the resistance values can allow us to follow the behaviour of the corrosion risk of the mesh reinforcement . 
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(since August 2021)

1 Evolution with time?
= Daily average measurements

= 2 repairs of the acquisition systemin 3
years

= No information yet on active corrosion
from the anodes

d Comparison of concrete mix
(reinforcement)

= Resistance BO1 < B04 < B31

= Voltage B0O4 < BO1 < B31
= Current B31<B01~B04
= B04 carbonation?
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I will carry on with the anode ladder sensor results. I'm not showing you the results for the anodes because we didn't find any proof of active corrosion after four years.
Here are the results of the reinforcement connection: 
From the resistance values it was possible to rank the three concrete compositions B01 is less resistant than B04 and B31. This ranking is in good agreement with the binder type (Portland or slag respectively) and the water to cement ratio (0.6 for B04 and 0.4 for B31). This means that B31 is the least likely to corrode and B01 is the most likely.
From voltage and corrosion results, we found some strange data for B04 specimen and a carbonatation depth analysis is on-going.  
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VI- Conclusions and outlook |_R’

et 'expérimentation en génie civil

(J Based on NDT, corrosion has already started on steel rebars in some mixes exposed at Epernon (B02,
B04, BO7 and B01) with the lower concrete cover of 10 mm. There are some cracks along the steel bars,
but no sign of rust.

[ Continuous corrosion monitoring is ongoing on the reinforced concrete specimens B01, B04 and B31 with
cover thicknesses of 15 and 30 mm in Champs-Sur-Marne. The MRE and AL sensors are providing
interesting comparative information on the mixes, which may help in assessing the corrosion behaviour
based on Portland or Slag cements. After four years, it is too early to estimate the time to anode
corrosion

U Discuss concrete cover performances together with corrosion resistance of the steel in different
exposure classes = Update database with time

1 Increase reliability of corrosion results obtained with a laboratory potentiostat (University Gustave Eiffel)
and on-site devices (Research Laboratory on Historical Monuments) and corrosion health monitoring

Q3 Study the durability on the long-term (10-20 years) =» DECISION scientific chair and DECADES scientific
interest group
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In conclusion to this experimental research:
The outlook of this research includes a discussion on 
Complementary results on on-site corrosion will be provided by on-site devices with the LRMH partner
This research absolutely needs results of the long-term and the DECISION scientific chair will allow us to continue this time-consuming work!
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I- Durabilité du béton armé

- Déterminer les cinétiques de la dégradation
en fonction des conditions climatiques

*» Quantifier la dégradation par expérimentation
sur sites naturels

II- Corrosion du béton armé

+ Diagnostiquer I'évolution de la corrosion
en fonction du temps

» Proposer des solutions de réparations pour
les constructions dégradées
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The DECISION scientific chair was launched in April  this year as a collaborative project, supported by different partners and patrons. It will allow us to continue this scientific research for further five years.
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