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Abstract

The design of concrete structures is usually madenbans of a performance approach
based on strength tests carried out following igstionditions agreed by convention. A
similar approach should also be followed in theeca$ durability design regarding
reinforcement corrosion. This type of consideratemables the definition of a four level
methodology for design against reinforcement caoron parallel with that followed for
strength design. Levels from | to IV are proposapievel | would be the prescriptive
method already given in present codes based omielbdo-satisfy” rules, b] level I is that
where still not quantification of the time to reaahimit state is explicit but the minimum
life time is assured through performance based,teftevel Il would be the level in which
the calculation of aggressive ingress through nwolaving explicit the time is made and d]
level IV includes the verification that the resista of the cover thickness against the
penetration of aggressive substances is higher thanenvironmental action effect
including probabilistic treatments.

For level Il and Il the measurement of the eleeatriresistivity results a very suitable
proposal due to this parameter can be measurednionadestructive test and serves to
quality control. It is not only a performance tfistvel Il] but it can be included in models
of both the initiation and propagation periods. & time to corrosion onset, the electrical
resistivity represents the porosity and its conmiggtand therefore can be used to model
transport processes. It also results very suitédnlemeasuring concrete aging and then
accounting for the reduction of the diffusion comént with time. Concerning the
propagation period, the electrical resistivity I1$ imdication of the moisture content of
concrete and therefore, it has a certain relatipnaith the corrosion cement. A model is
proposed in which the resistivity is introducedhe square root of time law.

1. I ntroduction

Regarding concrete durability Codes and Standardemeral contain provisions related to: aj
the concrete materials: cement, water, steel argteggte types, concrete mix proportions,
mechanical strength, b] the limit of dangerous taries, such as chlorides or sulphates, c]
limitations to the crack width transversal to thenforcement and d] the recommended cover
thicknesses in function of exposure classes. Howeéhere is an increasing demand to incorporate
into the current standards more advanced concelfatted to concrete durability, due the need to
better foresee and prevent distresses, in pantidutacorrosion of the reinforcement.
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In this respect, Tuutti's proposal [1] on the da&iom of service life by dividing it into the
initiation period, { and propagation period,, thas marked an important milestone. Numerous
further attempts trying to quantify bothaind  [2-4] have been published. These models based in
Fick's Second Law are now very popular in the difiencommunity. However, in spite of the
possible potential higher accuracy of the modelsengomplex than the based in Fick's Law, design
engineers show reluctance to use this kind of nsodetl even less prone to introduce them into
national Codes or Standards.

Several proposals exist based in modelling the am@sms of attack [1-5] or in the so called
“performance” concepts [3] or in the use of “dufidypiindicators” [6-7]. Nevertheless, their
effective incorporation into the standards seerhdaslow and a worldwide controversy exists on
which is the best approach, due to the lack of ghowadition and experience of these new
proposals. This situation demands the calibratibthe new proposals and the need to make
coherent the new models with long term experieticdemands as well not to decide at present
which of the proposals is better but to considepassibilities until the calibration could be ampl
enough.

The consideration of the several approaches tobdityadesign is the basis to propose a
“multilevel” methodology, which could classify theamd enable benchmarking in order to select in
the future those being the better predictors dftsehaviour. The methodology described in present
paper, classify the approaches in four levels asguthat the concrete's resistance (durability) has
to be greater than the effect of environmentabastisustained by the structure. The levels selected
differ in the type of relation considered to exgréise concrete's resistance (durability). Present
Codes for calculating concrete's resistance to\isre taken as examples.

2. Proposed Multilevel M ethodology

In addition to the deemed to satisfy rules conthimepresent standards, the most popular
manner to design for certain durability is the nithg based in the assumption that the penetration
of aggressive substances is controlled by diffusidhis approach can be mainly applied to
reinforcement corrosion but results less applicableother types of attack as alkali-aggregate
reaction, AAR, or sulphate attack where the reacttep may be more controlling than the
diffusion one.

Apart from the use of concrete mix or the moderrdet® there have to be considered the
use of the testing of parameters that could intyeelated to the durability but that cannot be
introduced in models. This can be the case in &3¢ @f water or air permeability that was thought
to represent the concrete resistance against aijgesibstances, or capillary suction. In the chse
penetration of sulphates or the AAR, there areta&different tests that are proposed to classify
the resistance of the concrete. All of them coutgitike a group of parametric testing that are als
named “performance based tests”. This concept addsoméng the performance [7] attracts the
interest of designers as, in general, the test@aecelerated and in many occasions are cheap and
can be used to rank concrete qualities. A typigaingle is the Rapid chloride permeability test
proposed by Whiting in the 80’s [8-10].

It has been recently introduced the importancenefdo called “probabilitic approach” for
durability design. The main offer comes after teyelopment of the European project Duracrete
[11-14], were several examples were made on thdoreement corrosion. The main differential
fact of the probabilistic approach is the use afistical distributions that, unfortunately, at gzat
are not enough good to assure that this approaubris accurate than the other ones.

Taking into account this panorama the proposal onsider 4 levels [15] for durability
design as is shown in Table 1.
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TABLE 1: METHODOLOGY OF FOUR LEVELS FOR DURABILITY DESIGN

Design Level Calculation Method of Durability

I Deemed-to-satisfy-rules: concrete compaosition

1] Performance based tests

11 Analytical or numerical Models

v Probabilistic treatments

One important remark is that levels | and Il areetiimplicit procedures and levels iii and
IV have explicit the time calculation. This differtgation helps to separate the use of “performance
or durability Indicators” as concrete propertiesost values are used to delimitate concrete
gualities fitting in an implicit service life of 56r 100 years. However the use of models in which
the property is incorporated in an expression inctvithe time is explicitly introduced in such a
manner that the threshold values of the propentgsavith the time life.

If this proposal of classification in different kel¢ is adopted, what will be necessary in the
future is that all the results are coherent. Thendi®en of coherence regarding durability is nat a
easy task because different concrete mixes canitdadsimilar durability and therefore it might
happen that the application of the different lev@lsthe same structure can lead into different
suggestions of concrete mixes. Therefore, it hasetoecognized that, in spite the long experience
in testing durability, the proposition of a setlebels all of them giving reliable and comparative
results cannot be found immediately.

3. Use of Resistivity for Levels|l and 111

Responding to the interest of finding performanaeameters or durability indicators that
being suitable for quality control could also belagable for modelling for predicting service life,
the electrical resistivity of concrete appears a&srg promising selection [15-16]. It can be used a
performance indicator in a similar manner thanrtfezhanical strength and it can be introduced in a
square root law in order to adapt its values tcctieulation of service life.

The electrical resistivityd, units Qm], inverse of conductivity, is the property of the
material that reflects the ability to transportoddieal charge. This is a volumetric measurement of
the electrical resistance JJRwhich by Ohm's Law is expressed as the ratigalfage and current
applied [R = V/I]. The potential difference or the currentpéipd by means of two electrodes is
carried through aqueous phase of concrete poreoriethy the electrical carriers [ions], so, the
electrical resistivity of water saturated concristean indirect measurement of the concrete pore
connectivity. Archie discovered in study developed 942 [17], that it is possible to formulate the
resistivity of a porous medium by the equation (&herep, is the resistivity of aqueous phase
concrete, the constaatdependents on the composition of the material, rarrépresents all the
parameters relating to the structure the poreh@fnaterial. The variable means the saturated
volumetric fraction of water [in water-saturatedhcrete, @ = total porosity]. It means that as higher
is the saturated volumetric fraction of water, lovgethe electrical resistivity.

p=alp, g™ 1)

The electrical resistivity then provides indicasoan the pore connectivity and therefore, on the
concrete resistance to penetration of liquid orgdsstances, and so resistivity is a parameterhwhic
accounts for the main key properties related tofoecement durability.

3.1. Resistivity and diffusivity

The ability of resistivity to quantify diffusivitys based irone of the Einstein laws
which relates the movement of electrical chargethéoconductivity of the medium [16],
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where D= effective or steady-state diffusion coefficieltcoz is a factor, which is
dependent to the external aggressive concentrgbign,is the resistivity [in this case of
concrete saturated of water] amdhe conductivity [inverse of resistivity].

In consequence, ifKcozis established, the diffusion coefficient of thdoclde ion
or carbonation in concrete can be calculated pmogithat there is not interaction between
aggressive and the cement solid phases, becausbtdired @ does not take into account
the binding [that is why usually is named as “etfifex’].

However, the chloride and carbonation binding lwalse taken into account. This is
made in the proposed model by means of introdueimgew factor, [ co= reaction or
binding factor]. This reaction factor is a “retartef the penetration of aggressive. The
expressiompesT ci,co2iS as well named “apparent resistivitgapd, as written in equation:

D = kCI,COZ — kCI,COZ (2)
" p es'rCI ,CO2 p app

The “binding factor” [r] represents the number iofigs the effective resistivitgesis
apparently increased. It can be calculated from ¢oenparison between diffusion
coefficients in steady [{p and non-steady state conditions,JDWhen doing the relation
between Rand Qs however it has to be considered thaidreferred to the concentration in
the pore solution and that,fs referred to the aggressive concentration inntlass of the
concrete.

3.2. Resigtivity and Corrosion Rate

Thanks to the relationship betwepnand the saturation degree of concrete, it is
possible to apply the resistivity for interpretatiof the value of the corrosion ratg.y. The
degree of saturation of concrete will be reflegtethe taken electrical resistivity of concrete
under any exposure condition [which is nanpeg and the availability of oxygen at the
reinforcement.

Some studies [15] established the direct relatipnbbtween the resistivity and the
intensity of corrosion and can be expressed betuation(3), where ko is a constant with
a value of 3x104pA/cm2¢k-cm. The intensity of corrosion is related tgvby means the
Faraday’s law.

|y = oo ®3)

ef
The same equation can be used for other statée abtrosion or progation stage [19,20].
3.3.  Aging factor

As the resistivity evolves with time as has beemtmeed and shown in figure 1
[24], and “aging” factor should be considered. Taetor should be applied longer than 10
years as the continuation of hydration or changdsded by the environment may not last
longer.

This factor cannot be the same that that identifeedthe diffusion coefficient [19-
21] and therefore if n is the aging factor of th&udion coefficient and q that of the
resistivity it has been found that q=0,8n. The espntation of the
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Figure 1. Decrease of resistivity with time arttdrfg of equation (5)

4. Service Life Model Based on Concr ete Resistivity

The service life of reinforcements, is usually modelled by assuming two periods:time
to initiation of corrosion;tand its propagation,.tThus, = t + t,. The calculation of the duration of
t is usually undertaken by considering that the eggjve penetrates through concrete cover by
diffusion [1] and therefore, Ficks law’'s is usedcaculate a Diffusion coefficient able to predict
the concentration of the aggressive at a certapthgdeat several periods of time. The model
proposed based in the measuring of electricaltreisysmakes use of this parameter as the main
one determining both &nd  periods. This is due the comprehensive charadténeoresistivity
regarding concrete microstructure. Thus, the etadtresistivity of water saturated concrete is an
indirect measurement of the concrete pore conrigctiv

The model proposed is based on the measuring dfiekd resistivity for its use as the main
parameter for determining both dnd p periods. In order to predict the corrosion ongeisi
necessary to have an equation in which the re#istould be the rate determining parameter in
function of the time. Considering the despassivatitstant as a limit state][tit is assumes the
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simplest equation “square root of time”, for estiimg the penetration of the aggressive front and
time %= Vcoac* Vt. The factor of relation V represents the easeetwcity of penetration, M coz,
then, = XZ/VCoz, Cl-

In the case of considering the propagation of oro[{], taking into account the loss in
rebar diameter, or pit depth,JRas the limit corrosion attack,, the service lifiestructure can be
written by the expression:

2
=t +t) = X+ 5 (7)
Vcoz,a Vv

corr

41 Calculation of the Initiation Period

How to relate \ coz to the resistivity?. This can be made through asotbf
Einstein equations when explaining the random vadllan ion in an electrolyte [8],i x
\[D.f] which indicates that ¥co=[D and therefore equal to [[kCI,CO2 /[es*rCI,CO2].
Rearranging this expression it results for thaatidn period the equation (8).

. Xi2 [P app _ Xi2 [P es Ui con ®)
I 20K coz 20K, coz

4.2. Calculation of the Propagation Period

As mentioned before, the resistivity value is dejem to the water saturated
conditions at each moment of an exposed structarerder to calculate the,tit can be
assumed a certain year averaged concrete moisbatent in each exposure class and in
function of it, year averagepks values can be attributed to each one for certaposure
conditions [considering both moisture and tempeedtu

_ F)x [pef

t, h

[9]

corr

The per value could being estimated on the tineffom the concrete resistivity measured
under saturated conditiopdd, at 28 days of life, by means an expression wiédes into
account the aging factor reflected by a power egporior each type of cemend]] and
considering an environment fact@j fvhich represents the concrete moisture conditiat,

is per: f[t,0£].
The final expression is written as :
szesrCI,COZ + Px Pt

b=t bt =— .
Cl,CO, corr

[10]

4.3  Production of concrete for a specified apparent resistivity

It remains to describe how the concrete producer amsign a mix to fulfil the
service life specification. This can be done by sidering Archie’s law [18] linking
resistivity and porosity. From the specified rasist the paste porosity can be obtained and
through Power’s relation on porosity and w/c raties feasible to prepare a mix with the
needed effective resistivity at 28 days, providing consideration of the type of cement and
its retarder factor.
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The concrete producer should verify by testingrdeching of the specified resistivity while
the cement producer should give the retarder faxfteach cement.

5. Conclusions

Resistivity is a comprehensive indication of cotemnicrostructure and as such it can be
used as a Durability Indicator or introduced in toeresponding simple models having explicit the
time.

The use of resistivity as the NDT parameter fordbheability specification of reinforcement
can be made: a] by establishing certain charatitenslues to be achieved in standardized
conditions as performance requirement or durabititlicator or b] by calculating concrete cover
thicknesses according to exposure aggressivelydgihraertain equations as a manner of a model.
Being a non destructive measurement it resultsrysti for routing on-site quality control.

References

[1] Tuutti, K. — Corrosion of steel in concrete”, SwadiCement and Concrete Institute, [CBI] no.
4-82, Stockholm [1982] 486.

[2] CEB - Bulletin 162 — Durable concrete structures

[3] L. Masters — Prediction of service life of buildingaterials and components — Materials and
Structures 19, n0.114 [1986] 417-422.

[4] Andrade, C., Alonso, C., Arteaga, A. & Tanner, RPO@ “Methodology based on the
electrical resistivity for the calculation of remmtement service life” 5th Canmet/ACI Int.
Conference on Durability of concrete — Supplemgniaapers volume. Barcelona, Spain.
pp.899-915.

[5] C. Andrade, C. Alonso — A simplified application ¢arbonation and chloride penetration
rates of the performance concept — Inst. ECSN Sgimpoon European Concrete Standards
in Practice — Copenhagen — May [1997].

[6] Baroghel-Bouny, V. 2002, “Which toolkit for duraityl evaluation as regards chloride ingress
into concrete? Part Il: Development of a perforneaapproach based on durability indicators
and monitoring parameters”. Proceedings of tffel®ernational Workshop “Testing and
modelling chloride ingress into concrete” Madrica8p C. Andrade and J. Kropp editors.

[7] J. Kropp.- Relations between transport charattesi and Durability. Chapter 5. RILEM
Report no.5. Performance criteria for concrete bilitg. Edit. J. Kropp and H.K. Hilsdorf.
Published by E&FN SPON. 1995.

[8] Whiting, D. 1981, “Rapid determination of thdaride permeability of concrete” — Federal
Highway Administration — Report FHWA/RD-81/119.

[9] “Rapid Determination of the Chloride Permeability@oncrete, “AASHTO Designation T-
277-89, American Association of State Highway anm@angportation Officials, AASHTO
Standard Specifications-Part Il Tests, Washingib@,. [1990].

[10] “Electrical Indication of Concrete’s Ability to Re$ Chloride lon Penetration”, ASTM
Designation C1202-91, American Society For Testanmgl Materials, ASTM Standards
Volume 04.02, Philadelphia, Pennsylvania [1992].

[11] Melchers R.E. - Structural reliability, analysisdgprediction. Ellis Horwood Ltd. Jhon Wiley
& Sons.

[12] JCSS, Probabilistic assessment of existing structur&sl. By D. Diamantidis, RILEM
publications.

[13] DuraCrete [1998] Probabilistic Performance baserdhlllity design of concrete structures
Brite EuRam Project 95 — 1347.

79



[14]

[15]

[16]
[17]

[18]

[19]

[20]
[21]

[22]

[23]

[24]

Types of Models of Service Life of Reiforcement: The Case of the Resistivity

Duracrete: General guidelines for durability des@gnal redesign. The European Union — Brite
EuRam lll, Proyect N° BE95-1347, Probabilistic Berfance based Durability Design on
concrete Structures, Report N° T7-01-1 [1999].

Andrade, C. & Gonzélez, J.A. 1988, ‘Relation betweencrete resistivity and corrosion rate
of the reinforcements in carbonated mortar madé wéveral cement types’, Cement and
Concrete Res. Vol. 18, pp. 687-698.

C. Andrade “Calculation of chloride diffusion caefénts in concrete from ionic migration
measurements”, Cement and Concrete Res., 23/4241993].

Archie, G.E. [1942], “The electrical resistivitydoas an aid in determining some reservoir
characteristics” AIME Trans. 146, 54.

Castellote, M., Andrade C. & Alonso, C. [2002] “Btardization, to a reference of 25° C, of
the electrical resistivity values measured at agmperature for mortars and concrete in
saturated conditions”. ACI Mater J 99 [2], pp.11281

C. Andrade, C. Alonso, J.A. Gonzalez, J. RodriguRemaining Service Life of corroding
structures Proceeding of IABSE Symposium on Durability ofustures, Lisbonne [1989]
359-364.

C. Alonso, C. Andrade, J. Rodriguez, J.M. DiEactors controlling cracking of concrete
affected by reinforcement corrosidviaterials and Structures, vol. 31 [1998] 435-441.

P.S. Mangat, B.T. Molloy, Predicting of long terrhlaride concentration in concrete, Mat.
Struct. 27 [1994] 338-346.

Maage, M., Helland, S., Poulsen, E., VenneslandC@rlsen, J.E.: ‘Service Life Prediction of
Existing Concrete Structures Exposed to Marine Bnvnent’ in: ACI Materials Journal, vol.
93, no. 6 [November-December], [1996] pp. 602-608.

J. Gulikers, A Critical review of mathematical mbithg of chloride ingress into concrete and
the derivation of input data. Proceedings of the BRI International Workshop on
“Performance based evaluation and indicators facie durability” Madrid-Spain [2006], pp
165-176.

Andrade C., d’Andréa R., Castillo A., Castellote Whe use of electrical resistivity as ndt
method for specification the durability of reinfert concrete NDTCE’09, Non-Destructive
Testing in Civil Engineering, Nantes, France, JB@# — July 3rd, 2009

80



