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Abstract

This paper aims to present both experimental amaenigal studies of the corrosion induced cracking
pattern evolution of a reinforced concrete samplgexted to accelerated corrosion. The sample was a
concrete beam (1000x250x100 Mymreinforced with two rebars (20 mm diameter; 25 wower). The
beam was not mechanically loaded. The corrosiongz®was applied on 500 mm rebar length on the
central part. Rebars were intentiostatically coedsing a current density of 100pA/cm? of steed i
chloride pond and for a thirty days period. Electr@mical tests (rest potentials, linear polarizatio
resistance and impedance spectroscopy) and vissfadtion were performed in order to characterize
the rebar state (sound or corroded). Width evatutd the main longitudinal cover crack was
measured thanks to ball-extensometer. A numericalating of the corroded RC beam has also been
realized. The model allows taking into account mfest important mechanisms such as the specific
behaviour related to rust products. The proposedl/sbncrete interface model has been recently
developed by the authors and is based on damagdeames. The experimental and numerical results
are in good agreement and confirm the mean cradkvinduced by the iron oxide swelling. These
results are very promising and indicate that thiesdeh could become a practical tool for civil
engineers dealing with in-site repair and mainteeassues.

Keywords: reinforced concrete, corrosion, corrosion modeléiggctrochemical characterization

1 Introduction

Stakeholders reported that corrosion could be densd as the main contributing factor
of the performance degradation of existing reinddrc concrete (RC) structures.
Reinforcement corrosion leads to two important @ffethe swelling of the iron oxides and
the reduction of the rebar cross-section coupleth wi decrease of its ductility. As a
consequence of the first effect, tensile stresppea on the rebar surrounding and concrete
cover cracking may occur. In the cases of standmitlengineering building, first concrete
cover cracks appear as soon as the corrosion plegmmems developed enough. Therefore, it
is of primary importance to provide to stakeholdarsl civil engineers powerful tools for
predicting the development of the rebar corrosiime aim of this paper is to present both
experimental and numerical studies of the crackiatgern evolution of a RC beam subjected
to accelerated corrosion. This study contributesvédidate a steel/concrete interface
constitutive model by comparison with experimeméslults, not only from a qualitative point
of view but also from a quantitative one. To redlcis objective, this paper is outlined as
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follows. In section 2, the experimental progranexposed. Especially, the RC sample and the
accelerated corrosion technique are introduced.séction 3, both mechanical and
electrochemical results are exposed and discussesgction 4, a numerical modeling of the
experiment is proposed. The results are preserttachgge patterns as well as a coarse
estimation of the main crack opening) and discussed

2 Experimental program

This section aims to introduce the experimentalgmam that has been established and
followed in order to carry out the present results.

2.1 Reinforced concrete beam description

The test specimen is a 1000 mm long RC beam wBB0a100 mm rectangular cross section
reinforced longitudinally with two 20 mm diamet¢eal deformed rebars. The concrete cover
thickness is 25 mm. A schematic representatiorhefreinforcement concrete specimen is
given in figure 1. The beam was not mechanicaladed. The cement type used is standard
CEMI 52.5 PMES CP2 NF with a weight density equaB40 kg.nT. The sand as well as the
aggregates type is Berniere 0/4 and 6.3/20 remadetiThe related weight densities are
739.45 kg.nit and 1072.14 kg.ih Water has been added to the mixture with a welghsity
equal to 184.22 kg.th
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Figure 1. Geometry of the RC beam — (dimensiomanm).

2.2 Accelerated corrosion tests

The accelerated corrosion tests deal with pladiegcentral part (500 mm) of the RC beam in
a PVC tank containing an alkaline salted solutibig.(C* NaOH + 4.65 g.I! KOH + 30 g.L*
NaCl), and polarizing the two rebars anodicallyngsa counter electrode to enhance its
corrosion. The counter electrode made of a Titanuetinum mesh (500 mm long, 250 mm
wide) was placed at the bottom of the beam. A posugiply delivered a constant current
density of 100 pA.cffi of steel between the rebars (connected to thdiymsiole) and the
counter electrode (connected to the negative p®le.duration of the accelerated corrosion
was thirty days (700 cumulated hours). Voltagerenirand electrolyte level (100 mm height)
were checked daily. This experimental set up adkijoten the one proposed by Cateal.[1]
and Nguyen [2], leads to localise the corrosiorcess on the lower half part of the surface of
the rebars (the bottom part of the rebars locatdrbnt of the counter electrode). A schematic
representation of the accelerated corrosion tesegp is depicted in figure 2.
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Figure 2. Scheme of the accelerated corrosion sétgcorroded area is located in the centre
of the beam.

According to the Faraday's equation, the dissoir@dis equal to 96 pm:

_ Mt
Ar = p2F 1)
where Ar is the theoretical steel cross section reductiopy K the iron molar weight 55.85
102 kg.mol%), o the iron weight density (7,800 1@g.m®), J the prescribed current density
(A.m2), z the valence number (equal to E)the Faraday’s number (96,500 Asaandt the
time (s).

2.3 Crack opening measurements

Crack opening measurements were performed usingPfander” extensometer (ball-
extensometer). First of all, six pins were stucktloa studied face of the beam (see fig. 3).
Pins are oriented by pair on a chosen generatireg Tihe initial length between two pins of
the same pair is set to about 10 cm. To limit ahi{t=t;)) measurement uncertainties, each
“absolute” value of spacing is in fact the resitilthe subtraction of the effective pins spacing
and the measurement of an 10 cm invar gauge. Tteeatice between the absolute spacing at
a given time (& tp) and the initial absolute spacing characterizesakpansion along the
generatrix. The energy released into the glue ssiraed to be equal to zero. Therefore, the
measured expansions are assumed to be due oritye toohcrete deformation process and
crack opening. Figure 3 gives a picture of the potwation. The different possibilities of
measurements are presented in figure 4.

451 10 cm Pos. 1,7 Pos. 2,/ Pos. 3,
e N e )
Figure 3. Picture of the sensors. Figure 4. Posstaf the measurements.

2.4 Electrochemical characterizations

The electrochemical system was composed of thesgretles: the working electrode was the
steel rebars, the reference electrode was a KQiraatl calomel electrode (SCE)
(E°nHey=242 mV) and the counter electrode was a titanilatfum-based grid. The
electrolyte was salted water. The electrochemiasurements performed on the beam with
a portable potentiostat PARSTAT PAR2263, were ledaton two different zones
corresponding to rebars in the non corroded ardarathe corroded area. The rest potential,
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Ecorr (mV), was determined from the potential versune curve, after ten minutes (the
potential having reached its equilibrium). The imi@ece technique (frequency range from
100 kHz to 39 mHz) was used to determine both thecrete cover and the electrolyte
resistanceRe (Ohm), from the Nyquist diagram. Thg value was taken as the real part of the
impedance corresponding to the lowest point ofithaginary part of the impedance. From
the linear polarization technique [3,4) {0 mV around the rest potential using a sweep rate
of 2.5 mV.min%), the slope of the current versus voltage curveRd+ Ry)), was determined
and the polarization resistance of the steel reBar(Ohm), was then calculated. The
corrosion current density, lcorr (WA/cm?2), (takimgto account the ohmic drop and the
polarised surface), was finally calculated basetherStearn and Geary [5] equation (2):

5 )

Icorr -5 a
RS

with B a constant (26 mV)R, (ohm) the polarization resistance aBdcm?) the polarized
steel surface corresponding to the electrochemalatesign (126 cmz in this case).

3 Experimental results

In this section, the crack pattern and crack opentogether with the corrosion
characterizations are presented and discussed.

3.1 Crack pattern results

Due to the swelling related to the corrosion praslucracks starting from the steel/concrete
interface and propagating towards the concretercappeared. Both crack pattern and crack
opening were followed. The experimental resultsatezl to the quantitative cracking
measurement are exposed in figures 5 and 6. Imefiuthe evolution of the crack opening
versus the time is plotted. It can be mentioned #hailinear relation linking the crack
opening to the time seems to appear. Moreoveheaéemnd of the accelerated test, the average
crack opening related to the main longitudinal kriscequal to 139.10m. In figure 6, strain
measurements related to positions 4 to 7 have beported. One can notice that the
amplitude of the variations is very weak. From éx@erimental evidence, one can conclude
that the swelling due to the corrosion productssdoat affect significantly the longitudinal
direction. In other words, one can assess that dlame strain hypothesis is totally
corroborated for a 2D calculation considering tress section of the beam.
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Figure 5. Crack opening versus time related feigure 6. Strain evolution related to sensors
sensors 1, 2 and 3. 4-7.
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3.2 Electrochemical results

The experimental results related to the rebar smroactivity were reported in Table 1.
Firstly, the potential values indicated that therasion probability of the rebar "R-in" was
higher than the one of the rebar "R-out" becauseemegative. Secondly, the presence of
chloride ions in the concrete was demonstratechbymuch lower resistance of rebar "R-in"
compared to rebar "R-out". Finally, concerning tioerosion current densities, the almost 18
MA.cm? value for rebar "R-in" corresponding to a higkidleof corrosion compared to the
0.14 pA.cn? value for the rebar "R-out" corresponding to gligible - weak corrosion level
(based on RILEM studies [6]) were conclusive in tharacterization of two different rebar
corrosion activities. All these results demonstidtee efficiency of the accelerated corrosion
test.

Table 1 : Rebar corrosion activity characterizagion

Corrosion
Inverse of current
Potential, Eor Slope Resistance density, ko
Location of the rebar (mV, SCE) (ohm) Re (ohm) (nA/cm?)
In the corroded area "R-in" -0.622 217 205 17.96
Outside the corroded area "
out" -0.421 6,823 5,300 0.14

In order to confirm the non destructive electrocleamresults, the RC beam was seen. The
corroded rebar and the non corroded rebar canlylbarobserved in figures 7.1 and 7.2
respectively.

Figure 7.1 Corroded rebar. Figure 7.2 Non corraebar.

4 Numerical analysis

In this section, a numerical analysis of the reiodol concrete beam is presented. Firstly, the
finite element (FE) modeling is described and sdbgnthe main results are shown and
discussed.

4.1 Finite element modeling

The numerical analysis has been performed in oiestudy the predictive power of the
constitutive models developed at French Public Wakboratory (LCPC) [7-11]. Especially,
a steel/concrete interface constitutive model hesnlrecently developed and allows a fine
description of local failure mechanisms due to tleerosion phenomenon. The reinforced
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concrete specimen previously described has beemdfas being suitable for testing new
models and constitutive laws. The aim of the nuoasimulation is to estimate satisfyingly
the crack opening and to predict the cracking pattdhe FE analysis lies in a two-
dimensional model of the RC beam cross section. tOude high transversal length (with
respect to the other ones), the plane strain $tgpethesis has been considered. This is
consistent with experimental longitudinal strain asirement of the beam, as previously
underlined. 25,142 three-node triangular finitenedats have been used for meshing the
domain occupied by the concrete. The FE mesh tktatéhe constitutive concrete is shown
in figure 8. It can be noticed that the mesh ikeafine, leading to a quite high computational
cost. This choice has been made since an accueatkirey pattern is desired. If preliminary
or non-detailed analyses had to be carried out,oarser mesh could be used. The
steel/concrete interface has been taken into atdnumeshing it by mean of zero-thickness
elements.

Figure 8. FE mesh used (only the part related toiete).

In accordance with the experimental conditions, Yeetical displacements related to the
bottom line have been set up to zero. In ordervimdaunwanted rigid modes, the right-
bottom point has been built-in. In the present wtudue to some random materials
characteristics introduced over the concrete doptdinmodeling does not take advantage of
the symmetry of the specimen. The concrete modsl irsthe analysis has been proposed by
Richardet al. [7] and has been implemented in the non commeFRdalkoftware Cast3M,
supported by the Structural Mechanics Divisionle Erench Atomic Research Center [12].
Cast3M is an open-source FE software and is devtdefioth research and industrial
applications. The concrete model used is based amade mechanics. Therefore, a
continuous description of the media is ensured.elbeless, the microcracking effects are
taken into account thanks to a scalar damage Vayriednging from 0 (virgin materials) to 1
(broken materials). This variable makes the elasto@lulus continuously vary between its
initial value and 0. The proposed model is knownldeing able to tackle cyclic problems,
involving an important contribution of hysteretitfeets. Moreover, the so-called unilateral
effect is taken into account partially, due to fvalar nature of the damage variable (see [7]
for further explanations). The material parametease been identified with respect to the
experimental measurements performed on concretenspes and are exposed in the table 2.

Table 2. Measured concrete properties.

Young's modulus Poisson’'s ratio  Compressive sttengiensile strength (splitting
test)

36,500 MPa 0.21 44.7 MPa 3.3 MPa

Especially, a compression test has been performeal @pncrete specimen. Both strains and
stresses were monitored during the experiment @eroto obtain the stress-strain curve. A
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comparison between the experimental measurementshamerical results, at the Gauss’
point level, is shown in figure 9.
-45

-40
-35
-30
-25
-20

-15

Axial stress (MPa)

-10

0 . 1.5_ _
Axial strain X 10-3

Figure 9. Experimental and calculated stress-straime

In order to take into account the concrete hetareryg the tensile stress has been sampled
over the concrete domain (the mean value and tredatd deviation have been identified
with respect to the experimental measurementsprder to minimize the mesh-dependency
effects, the well know non local approach has bessed. The corresponding characteristic
length has been set up to 13 mm, what correspan@&ttimes the maximum aggregate size.
The steel/concrete interface model has been des@lby Richarcet al. [8]. Nevertheless,
due to the fact that no mechanical loading is aersed, all the possibilities offered by the
model are not used (especially, the cyclic part Hred steel-concrete bond loss). Internal
pressure due to rust products from the corrosiocgss is modelled by prescribing a radial
displacement at the steel/concrete interface. iBhlse only loading applied to the RC beam.
The steel rebars have been assumed to behavealgsirhe cross section reduction has not
been taken into account since no mechanical loadiognsidered.

4.2 Numerical results

In this section, the numerical results obtainedri®an of the model proposed by Richatd
al. [8] are shown and discussed. The numerical darpagern is exposed in figure 10. The
only loading is swelling due to the presence ofragion products. Therefore, the damage
pattern that has been obtained is standard. Thyrdimetry between both damage patterns
around the two steel reinforcement bars is dudnéocbncrete tensile strength sampled over
the FE mesh to take into account its heterogensityigure 11, a zoom in the bottom-left
corner is presented.

D
0.000 0.250 0.500 0.750 1.00

Figure 10. Numerical damage pattern. Figure 11nZoothe region of
interest (bottom-left corner).
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This qualitative numerical result can be comparcethé experimental crack path. Figures 12
and 13 depict the experimental crack path in thmgitadinal direction and from the cross
section point of view respectively. These two pietuare focused on the left side of the beam.
First, one can observe a main longitudinal cradks Track has been satisfyingly captured by
the numerical analysis. Second, from a cross sedtimoint of view, two cracks starting close
the steel and propagating toward the concrete cappeared (cf. figure 13). The numerical
damage pattern shows one more crack (cf. figureTlti} difference can be explained by the
fact that the computations have been carried outdmgidering a unique sample of the limit
tensile stress distribution. Moreover, the concrtting showed that some granulates were
very close to the steel/concrete interface whatidetn highly influence the crack path.
Therefore, it might have been interesting to sanvalgous tensile stress distributions and
then, to average the results in order to get a meamerical response. This kind of analysis
was not carried out because of the important coatimnal time required. Smaller aggregates
could also have been used. This choice has notrbade because it is not very representative
of in-site conditions.

Figure 12. Experimental crack path along the Figure 13. Experimental crack path in the
axial direction. Cross section.

From a more quantitative point of view, a coardg@esdion of the main crack opening was
realized. Due to the continuous nature of the dtiste models used, an accurate
determination of the crack openings could not befopmed. Recently, non intrusive
approaches have been developed in order to maksbfgsa crack opening estimation
combined with the use of continuum damage mechdrmased models [11-13]. Especially,
one of the simplest approaches lie in carrying @EE computation and performing the
difference between the nodal displacements inélgens of interest. The regions of interest
are usually located where the damage variableosedio 1. If this condition is assumed to be
fulfilled, displacements can occur but no stresls vg created. Therefore, the displacements
can be interpreted as crack openings, if the cobexfects are assumed not to be of primary
importance (pure mode | occurs). The latter apgroaas used in this study. The region of
interest that was chosen is depicted in figure BY. averaging the relative nodal
displacements computed on the left boundary ofréiggon of interest, one obtained a crack
opening equal to 126.f0m, what is in accordance with the measured val3®.00° m).
These results lead to conclude that the proposestitative models can be turned to handle
practical engineering problems, allowing a fineckrdescription.

5 Conclusions and outlooks

In this paper, the results coming from both expenrtal and numerical investigations of
corrosion-induced concrete cracking of a RC beaxre lmeen exposed. First, the specimen
was subjected to an accelerated corrosion pronesier to initiate concrete cover cracking.
Both crack path and opening were followed versoeetiSecond, a numerical modeling RC
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specimen has been proposed. The numerical modeéisgd on the FE method takes into
account the constitutive models developed at LCRt©. numerical results were compared to
the experimental ones and a satisfying agreememeaapd not only qualitatively but also
guantitatively. These results seem very promisimgj show that they can be turned to tackle
engineering problems.
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