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Abstract

1t is well known that the presence of cracks in reinforced
concrete structures in aggressive environments accelerates
rebar corrosion. The influence of real cracks in concrete
structures on the penetration of chlorides and the resulting
service life is being investigated in this study. Investigations
are carried out at the Magnel Laboratory for Concrete
Research of Ghent University in Belgium within a bilateral
agreement with Politehnica University of Timisoara, Roma-
nia. Non-steady state migration tests are realized according
to NT BUILD 492 using an electrical field and real cracks
in order to determine the chloride profile. Samples with
different crack patterns obtained by drilling from a rein-
forced concrete slab exposed to a simulated accidental
failure of the central support and subsequent vertical load-
ing until collapse have been used in the study in order to
provide a more realistic image of the geometry of the
cracks. The crack widths are measured using the optical
microscope. The chloride penetration depth is measured
with a colorimetric method on each specimen and the non-
steady state diffusion coefficients are determined. For
evaluating the parameters which have the most influence on
chloride migration on the samples used in this experiment,
a two-level factorial experiment is designed and carried
out. The results obtained provide a better understanding of
the diffusion process when dealing with concrete structures
with real cracks.

INTRODUCTION

Even though significant studies were performed in recent
years for predicting the durability of concrete structures,
chloride induced corrosion in reinforced concrete structures
remains one of the major challenges. Due to the fact that
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Kljuéne redi

* realna prslina

* penetracija hlorida

* §irina prsline

* ispitivanje nestacionarne penetracije
 eksperimentalno odredivanje faktorijala

Izvod

Dobro je poznato da prisustvo prslina kod konstrukcija
armiranog betona u agresivnim sredinama ubrzava koro-
ziju armature. Istrazivanja obuhvataju uticaj realnih prsli-
na u betonskim konstrukcijama na penetraciju hlorida i
rezultujuci radni vek. Istrazivanja su izvedena u Magnel
laboratoriji za istrazivanje betona na Univerzitetu Gant u
Belgiji, u okviru bilateralnog sporazuma sa Politehnickim
Univerzitetom u Temisvaru, Rumunija. Ispitivanja neravno-
merne penetracije izvedena su prema NT BUILD 492
primenom elektricnog polja i realnih prslina radi odrediva-
nja profila sadrzaja hlorida. U studiji su upotrebljeni
uzorci sa razlicitim konfiguracijama prslina dobijeni buse-
njem slaba armiranog betona koji je bio izlozen simulira-
nom lomu centralnog nosaca i naknadnim vertikalnim opte-
rec¢ivanjem sve do kolapsa, radi postizanja realisticnije
geometrije prslina. Sirine prslina su izmerene optickim
mikroskopom. Dubina penetracije hlorida je izmerena kolo-
rimetrijskom metodom na svakom uzorku, a takode su utvr-
deni i koeficijenti nestacionarne difuzije. Radi procene
parametara sa najvecim uticajem na prodiranje hlorida u
koriséenim epruvetama u eksperimentu, osmisljen je i izve-
den eksperiment odredivanja faktorijala u dva nivoa. Dobi-
Jeni rezultati pruzaju bolje razumevanje procesa difuzije
kod betonskih konstrukcija sa realnim prslinama.

most reinforced concrete structures are cracked either due
to extreme loading, aggressive environment or poor work-
manship during execution, it is very important to have a
better understanding of chloride diffusivity in the cracked
concrete.
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Researchers use a variety of programs to create cracks in
undamaged concrete. Based on the crack preparation
method, the reported experimental studies can be divided
into two groups: destructive and non-destructive methods.
The methods from the first category adopt different
mechanical loading techniques to prepare cracks, such as:
the wedge splitting test /1-2/, three or four-point bending
test /3/, Brazilian splitting test /4-5/, and expansive core
method /6/. Non-destructive methods used to generate
cracks in concrete include studies based on the positioning
and removal of thin copper sheets before final setting of
concrete /7-8/, or inducing a crack by saw-cutting concrete
cylinders longitudinally, /9/.

Real cracks in concrete have a complex 3D geometry
and their influence on transport and degradation mecha-
nisms is not straightforward, therefore very limited investi-
gation of the influence of chloride diffusion on samples
with real cracks has been conducted, /10/.

Due to the fact that it is difficult to evaluate the crack
effect on chloride diffusion characteristics, many applica-
tions using probabilistic approaches have been generally
limited to the sound concrete without considering the crack
effect. Still, some researchers developed parametric studies
of service life in cracked concrete in order to determine the
time to durability failure (time to corrosion). Kwon et al.
/11/ have considered the cover depth and time-exposure
parameter as design factors with varying values. Full para-
metric studies of the influence of crack width, roughness
and the interval of drying-wetting cycles on the chloride
profiles at the cracked zone are developed by Ye et al. /12/.

In the present work, a parametric study on the influence
of cracks and the existence of rebars in reinforced concrete
structures with real cracks subjected to chloride ingress is
presented.

EXPERIMENTAL PROGRAMME

Details of specimen

Four kinds of samples have been used in this research:
samples without cracks and without rebars (S) (a); samples
with cracks and without rebars (SC) (b); samples without
cracks and with rebars (SR) (c) samples with cracks and
with rebars (SCR) (d), as it can be observed in Fig. 1, where
a representative sample from each group is presented.

In order to obtain samples with real cracks, cylinders
with 100 mm diameter and 50 mm thickness are drilled
from a RC slab 140 mm thick and 1800 mm wide with the
total length of 14.30 m. This slab is exposed to an artificial
failure of the central support and subsequent vertical load-
ing which generated cracking and finally its collapse. As
noticed, the cracks go all the way to the specimens and that
is why the crack depth is not being considered in this
research.

A concrete class C30/37 with a maximum size of 14 mm
of the coarse aggregate is used in order to manufacture the
slab. The test set-up and the results for the experimental
large-scale test are described in detail in /13-14/.

For the investigation of chloride diffusion parameters, in
this study, concrete samples having the average crack width
of 0.2 mm are used.
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Figure 1. Drilled sample categories.
Slika 1. Primeri izbuSenih epruveta

Testing method

A non-steady state migration test is performed on the
obtained concrete samples, according to NT BUILD 492,
/15/. Before testing, the samples are placed in a vacuum
container for vacuum treatment for three hours to a pressure
in the range of 10-50 mbar; afterwards with the vacuum
pump still running, the container was filled with saturated
Ca(OH), solution so as to immerse all specimens which
was maintained for a further hour before allowing air to re-
enter the container. The specimens are kept in the solution
for 18 + 2 hours.

Afterwards, the samples are placed in the reservoir and
an external electrical potential of 30 and 35 V is applied on
the samples for 24 h, forcing the chloride ions from the
10% NacCl solution to migrate into the specimens.

Penetration depth

After the test, the samples were split and sprayed with
0.01N AgNOs solution and using the colorimetric method,
/16/, the chloride penetration profile is determined. The
mean penetration profiles on sample categories SC, SR and
SCR are determined after cutting the sample perpendicular
to the crack path and by measuring the chloride front on
each of them. A schematic representation of the procedure
is presented in Fig. 2 for sample type SC.

Based on the chloride penetration depth, the chloride
migration coefficient (D) can be calculated according to

Eq.(1):

:ﬂ.m (1)
nssm ZFE t
where
g=Y=2
L
a=2 | R | 1-25 ()
zFE CO
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Cq— chloride concentration at which the colour changes
(= 0.07N);

Co — chloride concentration in the catholyte solution (= 2N)
erf”! — inverse of error function

F — Faraday constant (= 9.648 x 10* J/V-Mol))

L — thickness of the specimens (m)

R — gas constant (= 8.314 J/(K-Mol))

x4 — chloride penetration depth (m)

t — test duration (sec)

T — average value of the initial and final temperatures in the
anolyte solution (K)

U — applied voltage (V)

z — absolute value of ionic valence (= 1 for chloride).

Cl-
cut surface ‘ crack width

Figure 2. Sample preparation for measuring the chloride front.
Slika 2. Priprema epruvete za merenje fronta hlorida

Figure 3 shows the effect of crack width and rebar posi-
tion on the diffusion coefficient. It can be easily seen that
the migration coefficient increases with the existence of
cracks; when increasing the crack width from 0 (sample S)
to 0.2 mm (sample SC), the migration coefficient increases
from 5.96x107'2 to 8.87x107'2 m%/s. Also it can be observed
that the existence of rebars “blocks” chloride diffusion, the
migration coefficient decreases to 8.41x107'2 m?/s. It seems
that the lowest value: 7.91x107'2m?/s is registered for
samples containing both rebars and cracks. A possible
explanation could be the fact that chlorides penetrate along
the crack relatively fast up to the top of the crack (crack tip)
/17/, but their further propagation is “stopped” by the
existence of rebars.

10 q
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4 4
2 4
0/ T T T (/

Samples SC  Samples SR Samples SCR

Dpgsm (10°12m2/s)

Samples S

Figure 3. Comparison of diffusion coefficients according to
sample type.
Slika 3. Poredenje koeficijenata difuzije prema tipu epruvete

It is important to mention that the values of diffusion
coefficients used in this study are mean values.
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EXPERIMENTAL INVESTIGATION OF CHLORIDE
DIFFUSIVITY IN NON-STEADY STATE MIGRATION

Parametric study of chloride diffusion

Through the above presented experimental programme,
it can be observed that the presence of cracks and rebars has
an important influence on chloride ingress in cracked samples.

For the parametric study of chloride diffusion a two-level
factorial experiment without randomization is designed and
carried out in order to determine which of the following
parameters: existence of cracks (crack width 1) and exist-
ence of rebars (rebar no RN) used in the experimental pro-
gramme has the most influence on chloride ingress in cracked
samples subjected to the non-steady state migration test.

The values of the considered parameters, both coded and
physical, for each sample together with measured values of
the objective function — chloride penetration depth
(Dist_Xy) — are presented in Table 1.

Table 1. Experimental matrix.
Tabela 1. Shema eksperimenta

o Levels of influencing factors Measured values
=
gl = crack width 1 | x2 =rebar No RN y=Xa
=4
coded (mm) coded - (mm)
1 -1 0 -1 0 17.33
2 1 0.2 -1 0 2248
3 -1 0 1 1 21.21
4 1 0.2 1 1 19.2
RESULT AND DISCUSSION

A standardized Pareto chart is presented in Fig. 4, which
allows the hierarchy of both main effects and interaction
effect on the response function.

AB

A:Crack width_|

B:Rebar No :l

PR R | 1 1 1 P

0 2 4 6 8 10
Standardized effect

Figure 4. Standardized Pareto chart.
Slika 4. Standardizovana Pareto karta

As it can be observed, the interaction effect of crack
width and rebar existence on chloride ingress is the most
significant, followed by the existence of cracks. The effect
of the rebar presence is not statistically significant on the
chloride penetration depth Xy, having a magnitude compara-
ble with the experimental error determined by performing 3
replicas in one experimental point.

It is generally recognized that the existence of cracks
provide fast transport routes for chloride. However, crack
width can be considered to be one of the most controverted
parameters that can influence chloride ingress.
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Even though there are different codes prescribing an
allowable crack width ranging from 0.05 to 0.3 mm /18-20/,
the influence of crack width on concrete properties is still
under debate. Gérard & Marchand /21/ show that the steady
state migration coefficients of concrete with different crack
widths are one order of magnitude higher than for
uncracked concrete. While some researchers /22/ suggest
the dependence between chloride profiles and crack width,
Rodriguez et al. /23/ suggests that chloride diffusion in
concrete is independent of the crack width since cracks act
as free concrete surfaces and greatly promote chloride
ingress, and Marsavina et al. /24/ concludes that the influ-
ence of crack on chloride penetration is still not clear and
requires further research.

In normal conditions, the cover concrete layer forms a
passive film on the surface of the embedded steel surface
preventing corrosion. However, under chloride attack, this
protective film is disrupted or destroyed, resulting in the
corrosion of the rebar. The time period until depassivation
is referred to as initiation phase. The existence of cracks
accelerates chloride penetration even through fine cracks,
inducing corrosion initiation.

According to Subramaniam /25/, when a crack in
concrete intersects the steel reinforcing bar, it allows easy
ingress of chloride ions, oxygen and water to the steel
surface, which results in a faster initiation of corrosion.

It is important to mention that the rebar position in the
samples taken in consideration was neglected.

The Eq.(3) of the fitted model is presented:

X,;=20.055+0.785/+0.15RN —1.79/IRN 3)
Using the model achieved, the response surface of the

dependent variable for the influencing factors is represented
in Fig. 5.
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Figure 5. Response surface for chloride profile.
Slika 5. Povrsina odziva za profil hlorida

CONCLUSIONS

The effects hierarchy and the achieved experimental
model show that even if the increase of crack width has led
to the enlargement of the chloride penetration depth, it
seems that the combined effect of both crack width and
rebar existence determined the decrease of this objective
function. In that case, the rebar presence retained the diffu-
sion process.
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The conclusion of this study is based on results of exper-
imental data and on considered parameters. It is possible
that the accuracy of these results would be higher if more
experimental results would be available.
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