N
N

N

HAL

open science

French national project &apos;PERFDUB& apos; on
performance-based approach: interest of old structures
analysis for the definition of durability indicators criteria
Michaél Dierkens, Bruno Godart, Jonathan Mai-Nhu, Patrick Rougeau, Lionel
Linger, Francois Cussigh

» To cite this version:

Michagl Dierkens, Bruno Godart, Jonathan Mai-Nhu, Patrick Rougeau, Lionel Linger, et al.. French
national project &apos;PERFDUB&apos; on performance-based approach : interest of old structures
analysis for the definition of durability indicators criteria. 16th fib Symposium, Concrete Innovations
in Materials, Design and Structures, May 2019, CRACOVIE, Poland. 8 p. hal-02545736

HAL Id: hal-02545736
https://hal.science/hal-02545736v1
Submitted on 17 Apr 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02545736v1
https://hal.archives-ouvertes.fr

FRENCH NATIONAL PROJECT “PERFDUB” ON PERFORMANCE-BASED
APPROACH: INTEREST OF OLD STRUCTURES ANALYSIS FOR THE
DEFINITION OF DURABILITY INDICATORS CRITERIA

Michael Dierken§ Bruno Godaf Jonathan Mai-Nhl Patrick Rougedy Lionel Lingef and
Francois Cussigh

! Cerema, Lyon, France

2 Paris-Est University, IFSTTAR, Marne La ValléeaRce
% Cerib, Epernon, France

# VINCI Construction Grands Projets, Rueil, France

® VINCI Construction France, Nanterre, France

Corresponding author email: michael.dierkens@cerfema

Abstract

The French National Project PERFDUB aims at setfipg methodology for justifying durability of
concrete structures within a performance-based oagpt The final objective is to make the
performance-based specification operational anden@mmmmonly used by bringing together the
current knowledge and feedback, to fill remainirgpg This methodology relies on physical and
chemical material properties which are called rdiggy the environmental conditions of the concrete
structure. A major part of work in PERFDUB is tdfide durability criteria based on laboratory tests
(durability indicators or accelerated ageing teistglyinction of exposure classes and expectedrtifet
This article deals, on the one hand, with the aglgpf durability test results obtained from cores
drilled out of ancient civil engineering concretgustures (built between 1912 and nowadays)
compared with corrosion state of reinforcement. tm other hand, modelling works are presented
dealing with carbonation, chloride ingress and asion rate (since design service life is presently
considered to be defined by the time before appearaf first cracks induced by steel corrosion)e Th
proposed durability criteria are taking into acdobath approaches, in order to benefit from all the
available feedback on old structures and crosskctesuilts obtained from theoretical modelling work.
The aim is to ensure a soft transition betweenectirpractices and design based on performance-
based approach. This study is closely related ik woprogress on Exposure Resistance Class (ERC)
at European level.

Keywords: Performance-based approach, Durability indicators.

1. Introduction

The PERFDUB research project aims at defining dnoadlogy at the French national level to justify
the durability of concretes (and concrete strugutierough a performance-based approach, including
the so-called "absolute" and "comparative" methbdshe “absolute” way the durability properties of
the candidate concrete are compared to threshdices/aln the “comparative” one the durability
properties of a candidate concrete are compartse of the reference concrete.

The objective of PERFDUB project is to aggregatevidledge and return of experience, to fill
gaps, in a framework bringing together all the staitders concerned so that the performance-based
approach becomes operational and commonly usedumstraction sites, which is not yet the case
today. The application of the performance-basedagmbh to durability is already authorized by the
European standard EN 206 (and its national compieME EN 206 / CN) and a first methodology is
given in the new guideline n°65 of the CCTG (gehtehnical clauses for public contracts).

Durability testing is the foundation of the perf@mnece-based approach to concrete durability. The
objective of this ongoing national project is tdest for each exposure class of concrete defined i



standard NF EN 206 / CN, one or more durabilityigatbrs associated with sound and reliable tests
that make it possible to compare and / or evaldlte capacity of concrete to resist a given
deterioration.

The main task of the working group 2 of this nadilbproject, that is presented in this paper, is to
deal with existing structures and to determinepifessent and initial values of the durability indara
of the concretes as well as the condition of tihectire in order to define or validate the thredlol
that would ensure the structure durability.

2. General methodology

One of the challenges of the project is to esthldidramework for using durability tests in a comte
of assessing the durability of existing structuridse performance-based approach must indeed lead to
the use of durable concretes resistant to the agigres for which they have been specified. Durgbili
tests help ensuring this before and during constmucThese tests also make it possible to evaluate
the durability of the concretes of the structureservice. This is a major challenge for Owners who
need to know the condition of their structures amdicipate their deterioration to optimize their
maintenance planning. Durability tests, carried asitpart of diagnostics in combination with other
techniques, are essential tools for the evaluaiwh prediction of the aging of structures in sexyic
they are complementary to lifetime control paramget@chloride penetration profile, carbonation
depth, degree of steel corrosion, etc...) which niagessible to follow the evolution of any poteitia
pathology affecting the structures over time, amdegenerally the aging of the structures.

To achieve this objective, works are in progresthenfield of PERFDUB in order to obtain four
sets of data and tools:

- the durability properties of current concrete coyimy with deemed-to-satisfy provisions, in

the field of PERFDUB project a large data (41 cetey base is in progress,

- statistical data on the in-situ variability of dbilety indicators in order to define mean and

fractile values as for the compressive strength,

- durability models including migration, depassivatand corrosion mechanisms,

and the evolution of the durability indicators @increte structures in their environment (due
to the aging of concrete and external aggressions).

As part of the present study, five structures veslected from a panel of about ten pre-identified
ones. These five structures already have data cebitity measurements (water porosity, chloride
diffusion, gas permeability, carbonation, etc.)aiseéd during their construction phase or during
service phase monitoring. They are supplemented bixth case study consisting on test elements
named BHP 2000 casted for a previous researchgbqmgeformed about 20 years ago.

Depending on the diagnostic elements available #ed context of aggressiveness of the
structure, the durability indicators (water porgsithloride diffusion coefficient, gas permeability
coefficient, etc.) will be measured at the currimie, in the laboratory, based on samples takehen
field.

An in-depth analysis of the evolution of the duliépindicators will be established. In particular,
it will make it possible to check the relevancytlogé thresholds currently proposed for each indicato
and environmental class. The main interest of thdysof these ancient structures is to be able to
consider these thresholds with the hindsight oétim

3. Presentations of the main investigated structures

3.1. Bridge over the Bruche

The bridge of the RD 2420 on the Bruche at La Beoguocated in the Vosges mountains. It has two
spans (length: 12 m and 26 m, width: 11.5 m), amusists of a reinforced concrete slab resting on
abutments and a masonry pier. It was rebuilt in719%e exposure class chosen for the structure is
XC4. Given the low exposure to de-icing salts, @xder runoff from cornices, as well as moderate
frost, classes XF1 / XD3 can also be selected.



3.2. TCD Wharf on the Scorff

The TCD wharf, built in the years 1964 and 1965ysed for arming ships. The deck consists in a
reinforced concrete slab 42 cm thick, free of etiffig beams; it rests on vertical and oblique steel
piles by means of reinforced concrete coronatiadbeThe wharf is located in a marine environment
(XS3). The intrados of the deck is exposed to spvélien the tidal coefficient is high, it can be
exposed to splashing as well.

3.3. Vasco de Gama Bridge over the Tagus

The Vasco de Gama bridge (Portugal) is an excegitistructure (17.2 km long) for which a 120-year
design lifespan was required as an essential iontesf the specifications laid down during its
construction from 1995 to 1998. Due to its geogiegdhlocation in the estuary of the Tagus, the
durability of concrete subjected to the aggressiegine environment was a major concern during the
design of this bridge; the corrosion of reinforcetiaduced by the penetration of chlorides being on
of the main causes of possible degradation ideuntifi

The results obtained are related to two formulascrete precast segments located at the base of
the central viaduct piers, and concrete columnsftiee south viaduct. These data are supplemented
by the chloride profiles (free and total) measurethe tidal range of these two structures (expmsur
class XS3).

3.4. Rion-Antirion Bridge

Built between 1999 and 2004, the Rion-Antirion Beds the world's longest multi-span cable stayed
bridge, with a continuous deck of 2.252 m and @&@0® m of approach viaducts, in addition to the
access roads. It is located in Greece, in the @ulforinth and is exposed to marine environmene Th
service life required in the specifications is Jars. Two concrete samples are studied (from the
same mix design): one coming from a durability teall that was built at the base of pier (P2) of an
access viaduct to minimize sampling on the striecfwall exposed to spray and splash), and the other
coming from pier M2 in the tidal zone.

3.5. Bridge over the Rance

Built between 1987 and 1991, the ChateaubriandgBriover the Rance consists in an arch bridge
with a composite deck of 15 spans. Its total length24 m. It is located in a marine exposure. The
results obtained are related to piers concerndutidial area and sprays (XS3).

3.6. BHP2000 test elements

The test elements are trapezoidal concrete prignitkiiess equal to 400 mm at the base for 200 mm
at the top) of height 0.95 m, length 1 m and hawnlgeel (800 x 200 mm) to ensure their stability.
These elements are reinforced for about half af tdume, so as to leave a part available for core
drilling. These elements are located in three Bffié sites: Paris region (XC4), La Rochelle (XS3) a
Maurienne (XF4).

4. Modelling works

The durability criteria which will be proposed b¥RFDUB National Project will take into account
all the available feedback on old structures andss:check results obtained from theoretical
modelling work. Modelling is used in order to assdssign service life which is presently defined as
the time before appearance of first cracks indungdteel corrosion. Therefore, modelling should
address corrosion initiation phase (carbonationhtwride ingress) and part of corrosion propagation
phase. First phase is described on the badib afodel-code 2010 (bulletin 34 and bulletin 76) with
some adjustments and through a semi-probabilippiccach.

These adaptations for chloride ingress modelliegdascribed here-after:

- Second Fick’s law is used to determine free ché&wigrofiles, which are considered to be in

direct relation with the time when propagation ofrosion can start,



- Within the European standard EN 206, the initiakfchloride content is considered nyl=C
0 as long as the initial total chloride contentueals lower than the threshold mentioned in
the same standard,

- Chloride content at the convection zone depih G determined by means of an enriching
coefficient E, also called condensation index, &obto the free chloride content in water
saturated porosity &[weight-%/binder]:

Cs,Ax = E * Cgat (1)
C.ais calculated as follows:
C 2
Csat = @ l\j[r;v ( )

where G is the chloride concentration of seawater [@/lls the concrete water porosity, and
My, is the binder content [kgfi
- A mean value R should be used for the apparent diffusion coeffitiDicy oObtained by a
rapid migration test for an exposure period to edrthe 2nd Fick's law analytical solution;
D, is defined as the integral okBy over the exposure duration.

E can be estimated from in-situ data but we aigetérmining all the input modelling data from
short-term laboratory tests. [Nagaski and al., 20&Borted that E is at least equal to 4 after &8ry
exposure in seawater. From the BHP2000 Projecttsedti varies from 1.4 to 6.9 after a 10-year
exposure and is very dependent on material conmposif good correlation has been found with
concrete water porosity:
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Figure 1. Correlation between concrete water ptrasid condensation index E

More research is still needed on this field becallsthe concrete mixes studied within BHP2000
project were designed with very low porosity agagteg and it is likely that the above correlation
would depend on aggregates water absorption value.

Modelling works about carbonation and corrosionpaigation are still on-going and are not
presented in this article.

5. First lessons from experimental results

In this chapter are presented some examples oysEsabr conclusions that can be deduced from the
PERFDUB National Project. They highlight the latgpology of results which can be inferred from
such a large experimental program.

5.1. Temporal evolution of durability indicators

Evolution of durability indicators over time is @&\ parameter for the performance of predictive
models. Such laws of evolution can be inferred fribra characterisation of durability indicator
performed in various ages in some of the structureslved in PERDUB. The particular case of



chloride migration coefficient is presented belddvsimilar approach is being developed for other
durability indicators.

Measurements of chloride migration coefficient héeen performed in two structures at various
ages: Rion-Antirion (CEM III/A 42.5, wall test) andasco de Gama bridges (composition 1: CEM |
42.5 and fly ash; composition 2: CEM IV with flylgs Those results are exposed in Fig. 2. In each
case, a law of evolution is proposed to fit theegikpental measurements.
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Figure 2. Chloride migration coefficient measuretseand modelling versus time for three concretes

(Rion-Antirion: t < 120 months: Reyw () = 1.1 10%t%%!% t > 120 monthsDgey = 3.5 10 m¥/s.
Vasco de Gama 1: t < 48 monthsidi () = 2 10%.e%%?""; t > 48 months: Rey = 1.6 10 m?/s.
Vasco de Gama 2: t < 60 monthsidi () = 2.10"%.e%%%! t > 60 months: Rcy = 3.0 10" m2/s)

It can be observed two very different shapes inctirges of evolution. By comparison with Vasco
de Gama bridge, the curve of Rion-Antirion bridgesents lower values at the beginning, lower
decreasing rate and higher long term values.

Those results show that the evolution g&pover time is probably highly dependent on the reatu
of the binder and its reactivity (Rion-Antirionagl; Vasco de Gama: fly ash).

For Rion-Antirion bridge, chloride ingress modefjiaccording to chapter 4 (with a condensation
factor value adjusted according to real profiles)ds to free chloride profiles which can be conmpare
to real ones, after 2 and 5 years for durabilityl \ifa spray and splash zone) and after 114 and 209
months for M3 pier (in tidal zone).
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Figure 3 a) Durability wall chloride profiles b)3vpier chloride profiles

It appears clearly in the case of M3 pier that agdactor is underestimated because it has been
deduced from laboratory non-steady chloride migratests (refer to Figure 2). Modelling is giving
data that are on the safe side but we are sthingca laboratory detailed method to capture iew f
months a relevant value of concrete mix ageingfact



5.2. Istotal chloride profile a relevant criterion for corrosion probability evaluation?

Analyses of chloride penetration, coupled with gtsthemical detection of corrosion probability,
have enabled to highlight some limitations linkedtte use of the total chloride concept.

The example shown here is based on the investigaperformed on the Bridge Chateaubriand
over the Rance (25 years old), whose P12 pierimited to marine exposure (XC4, XS3) due to the
tidal zone and salt sprays. Generally, in this tgypexposure, carbonation is very weak and corrosio
of reinforcements is mainly linked to chlorides.

Electromagnetic detections in the tidal zone shbat ta significant proportion of horizontal
reinforcements presents a too weak cover value v@fipect to the XS3 exposure requirements
(average cover value: 35 mm; minimal cover valuenim; 90% of cover values are included in the
interval [23mm; 40mm]). Total chloride penetratiprofiles show (Fig. 4a) that chloride content
clearly exceeds the threshold commonly admittedurado reinforcement (0.40%/cement or
0.071%/concrete; but other values can be takenoimsideration: see Angst et al 2009). The
comparison of total chloride content and cover @alshows that 100% of horizontal reinforcements
are likely to be depassivated (Fig. 4b).
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Figure 4. a) Total chloride penetration, b) Prdiporof reinforcement likely to be depassivated.

Electrochemical measurements were performed ohdheontal reinforcements of the tidal zone.
They show an altitudinal variation of the electrectical potential (Fig. 5a), due to the effect a# th
tidal zone, but gradient values remain weak (< 1@V (Fig. 5b). None anodic area has been
identified, despite the high probability of corrmsi assumed by the chloride profiles and cover
measurements.
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Figure 5. Electrochemical potential measurementsca) values b) gradients.

Those results highlight that total chloride contientot a sufficient approach for characterizatibn
the risk of corrosion. As a part of chlorides rembaounded through cement matrix, the quantity of
chlorides actually available to induce corrosioausmd the reinforcement are significantly lower and
depending on the nature of the binder. A more Beta@ipproach, based on the distinction between free
chloride (i.e. chlorides available in the pore wgaend bounded chloride (i.e. chlorides insolulble i
water) seems to be more relevant for overall diitalissessment.



5.3. Shape of chloride penetration profiles

Examination of large panel of compositions of cetershowed that the shape of the chloride
penetration profile is highly dependent on theitgic quality of concrete.

The measurements exposed here below (Fig. 6) has lgathered from the BHP2000
experimentation. The “La Rochelle” site correspotmlgoncrete structures exposed in the sea tidal
zone. The “Maurienne” site corresponds to a spedly exposure due to the use of de-icing salt in
mountain area.
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Figure 6. Chloride penetration profiles a) La Rdighsite, b) Maurienne site. (Baroghel-Bouny et 2013)

It can be observed that all ordinary concrete mrieaesimilar bell curve, with a maximum value
clearly distant from the facing and clearly ideetif This distance and the enriching coefficient E
clearly depends on the composition of concrete ($epter 4). Conversely, all high performance
concretes present a decreasing curve with stepp alod maximum value in the facing.

5.4. Atool for the determination of conformity thresholds for the durability indicators

Structures whose concretes are around 50 yearsreldparticularly interesting because lifetime
indicators (depth of carbonation and chloride petien) are easy to measure and can be in an
intermediate level in regard to the overall expedife time of the structure. So those structunes a
useful for modelling. Some examples of typical tessare presented below.

Table 1. Chloride migration coefficient measurersearid modelling versus time (m: meanstandard
deviation; Pw: water porosity; Kg: gas permeabilidycyv: apparent chloride migration coefficient; Res:
electrical resistivity)

Structure | Con- First Cover Durability indicators Lifetime indicator
investigated | crete statement of| (first layer)
Age occurrence
(years) | of corrosion
Bridge over| 70 Before 1988 m=40mm | Pw=14.2 % Carbonation depth: 25
the Bruche Only on| g=11mm | Kg=2000 10®m? mm
(XC4) reinfor- Drem = 4.0 102 m2.s* | Free chloride content
cement with near average cover =
few cover 0,025% /concrete
TCD Wharf 51 Probably m=39mm | Pw=12.8% Total chloride
on the Scorff after 2003. | g =11 mm | Kg =89 10 m2 penetration depth: 30
(XS3) Drem = 4.1 10%m2.st | mm
Res = 159).m (criterion: total chloride
content> 0,40%
/cement)
Bridge over| 25 No corrosion m =54 mm Pw=15.6 % Carbonation depth: 2.6
the Rance Kg = 415 10" m2 mm
(Pier P11) Drem = 29.6 102 m2.s-| Total chloride depth <
(XC4 - XS3) ! 10 mm
Res = 38).m




In the case of the Wharf, corrosion can be indunethe weak values of covers (in relation to the
highly aggressive exposure) or/and by the poorl lefreesistance to chloride attack. Indeed, even if
the value of RQcy is a medium level value (4.1 'ﬂ)mz.s'l) close to the threshold value specified in the
guideline n° 65 of the CCTG (< 3.5 ¥omz.s", for XS3 exposure and a duration of use of 100s)ea
it can be considered that this value has beenlglaaproved due to the ageing factor (see chapter
5.1). If this value had been measured at the agectgin time (51 years before), it would have been
significantly higher.

6. Conclusions

The French National Project PERFDUB appears to tenmapressive and sound approach to improve
the taking into account of durability and awarergs®emaining issue for a reliable implementatién o
concrete performance-based approach. Some keynkedsave already become apparent about
corrosion induced by chloride penetration.

Of course, at it is more and more commonly accefgdnternational scientific community,
propagation stages must be considered in additibrinitiation period for overall durability
assessment. The ageing factor is definitively esem$al input to ensure the forecast of the residua
lifetime of reinforced concrete with a reasonablergm of safety from tests performed with cores
extracted at a given age. Another major pointésrtbed to take into account the free chloride ednte
instead of the total chloride content, to avoid timelerestimating of the true residual lifetime dgri
diagnostics and the unnecessary linked additioosisc Another one is that many factors amongst
ageing factor and g\, such as the enriching coefficient E for deterriomaof surface Chloride
concentration, the global shape of the chlorideepration curve... are highly dependent on the
formulation of concrete, which need to be takendnsideration to improve the accuracy of inputs for
modelling purpose.

Numerous data obtained from the French NationgeBr&?ERFDUB are still being under analyse.
The diversity of the investigated structures aralléige panel of tests should ensure an improvement
of the definition of thresholds for durability irmditors to be used to state about the conformity of
concretes in conjunction with implemented covernsi@s Recommendations based on feedback will
ensure the transcription in contractual term ofpgedormance-based approach.
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