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The influence of corrosion on bond properties between concrete
and reinforcement in concrete structures

Anna Ouglova, Yves Berthaud, Francois Foct, Marc Francois, Frédéric Ragueneau, Ilie Petre-Lazar

Abstract The rebar corrosion in reinforced concrete
is one of the most extensive pathologies affecting the
performance of concrete structures. Chloride-induced
rebar corrosion damage results mainly from the use of
de-icing salts in cold climates and/or exposure to
marine environments. Carbonation damage is a fur-
ther important degradation mechanism. The internal
consequences of corrosion are the modification of the
steel behavior and degradation of the steel-concrete
bond. This work is devoted to the influence of the
controlled corrosion on the adherence between steel
and concrete. A new geometry of specimen has been
designed to: (i) avoid the lateral confining stresses that
appear during the classical pullout tests and (ii) permit
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to impose a known confinement for the study of its
influence on the behavior of the interface. Five
specimens with different levels of corrosion have
been tested in this contribution. Reinforcing bars
embedded in concrete were submitted to accelerated
corrosion using an external current source. The
magnitude of corrosion was measured using both
Faraday’s law and the weight loss method. The level
of corrosion varied from 0% to 0.76%. The geometry
of the specimens allowed us to take series of digital
pictures during the tests, which were analyzed using a
digital image correlation, the procedure named COR-
RELI"™MT. The results of pullout tests proposed in this
contribution indicate that: (i) levels of corrosion that
are less than 0.4% of weight loss improves the bond
stress and (ii) levels of corrosion resulting in more
than 0.4% of weight loss lead to a reduction of the
bond stress value.

Résumé La corrosion des armatures du beton arme
est une des pathologies qui alterent les performances
des structures. La corrosion peut étre provoquee par
les sels de deverglacage dans les zones soumises au
gel et/ou aux embruns marins. La carbonatation
constitue une autre source de degradation. Les
consequences de cette corrosion sont la modification
u ‘acier et la degradation de
du comportement de 1
Uinterface acier beton. Ce travail est consacre d
I’analyse de l'influence de la corrosion controlee sur
I’adherence acier beton. Une nouvelle eprouvette a
ete’ imaginee afin (i) d’eliminer les contraintes



laterales (de confinement) qui apparaissent dans les
essais classiques d’arrachement et (ii) de pouvoir
imposer ce confinement (par un systeme non decrit
dans ce papier) pour ’etude de son influence sur le
comportement de l'interface. Cing eprouvettes avec
differents taux de corrosion ont ete testees dans ce
travail. Les aciers ont ete’ soumis d une corrosion
accéleree par imposition d’un courant électrique. Le
taux de corrosion a ete' mesurée d la fois par pesee et
en utilisant la loi de Faraday. Le taux de corrosion
utilise¢’ dans cette etude varie de 0 a 0,76%. La
geometrie de 1’eprouvette autorise la prise de cliches
par une camera CCD ; les analyses des images ont
ete faites avec le logiciel CORRELI™”. Les résultats
de ces nouveaux essais d’arrachement montrent que :
(i) un taux de corrosion inferieur a 0,4% ameliore les
proprietes de l'interface acier beton, (ii) un taux de
corrosion superieur da cette valeur degrade cette
interface.

Keywords Corrosion - Concrete interface -
Experiment - Identification

1 Introduction

The corrosion of reinforcements is one of the main
causes of internal damage and of the ruining of
reinforced concrete structures. The repair and reha-
bilitation of constructions affected by corrosion
require considerable resources [1-3]. The conse-
quence of corrosion appears as a reduction in the
section of steel bar, a loss of bonding at a steel-
concrete interface, a cracking of the concrete, and
can, thus, cause a loss of mechanical capacity of the
corroded structure.

Although considerable research has been con-
ducted on the bond behavior of specimens with
different levels of corrosion, little has been done to
improve the representativeness of the mechanical
tests with regard to the actual bond behavior [4].
The objective of this study, therefore, is to propose
a new geometry of specimen that eliminates lateral
stresses manifesting in the concentric pullout test
and to assess the distribution of displacement and
deformation fields during the test by using a digital
image correlation technique. This new geometry
that eliminates the lateral confinement also allows
to impose very simply a known lateral pressure on

the interface. It is presently used to study the effect
of confinement on the behavior of the interface in
the presence of corrosion on a flat bar or on ribbed
bars.

Previous studies showed that the levels of corro-
sion increasing bond stress are still a matter of
controversy. These levels vary from 1% to 4% of
corrosion and depend on the conditions of the tests [1,
5-7]. However, all studies confirm that a further
increase of the corrosion level decreases the bond
stress quickly, which becomes insignificant for levels
ranging between 3% and 16% (again with important
scattering). This study provides additional informa-
tion concerning the critical threshold of the corrosion
level, which induces the decrease of bond stress.

Digital image correlation also provides other
information about the displacement mode, bond
stress, or of crack openings.

2 Experimental program
2.1 Specimen

Various tests have been proposed to assess bond
characteristics in reinforced concrete structures. The
selection of a proper specimen is still a matter of
controversy and, until now, all popular used tests
cannot represent fully the actual bond behavior.

For instance, in the specified concentric pullout
test (ASTM C234 [8, 9]), a bar is embedded in a
prismatic concrete block and the force required to
pull the bar out is measured. In this test, the
measurement of the displacement between steel and
concrete is carried out by a classical linear variable
differential transformer (LVDT) [10-14]. Due to
shrinkage, the concrete produces confinement around
the rebar. Moreover, confining actions at the support
of the testing machine introduce lateral stresses,
which artificially increase the bond strength.

Other experimental investigations are the double
tension test performed on ties [15-18] or the bond
beam test [19-22] conducted on specimens of
significant dimensions.

In order to improve the tests mentioned above,
another pullout test (called the LMT test) has been
designed in this investigation on a specimen with
three bars embedded in a concrete plate. The
geometry of the specimen and the experimental setup



have been designed in order to eliminate the lateral
stresses manifesting in the concentric pullout test.
This test assesses the evaluation of displacement and
deformation fields during the test by using a digital
image correlation technique.

2.1.1 Design of the specimen geometry

The specimens, as well as the test arrangement, have
been designed by taking into account the dimensions
of an Instron testing machine. The chosen geometry
is presented in Fig. I. These windows are made
during the molding process. Their presence allows
the steel concrete interface to be observed by a CCD
camera. As Teflon has been put around the central bar
outside the zone corresponding to the window, the
length concerned by the interface is only 12 cm. The

Fig. 1 Geometry of the
LMT specimen

pullout load was applied through the free end of the
central bar of the specimen. The two other bars were
loaded in the opposite direction with respect to two
bearings able to roll on a fixed beam, perpendicular to
the loading direction, in order to avoid any lateral
stress and parasite flexural actions.

The behavior of the specimen with three bars
(LMT test) has been simulated using a 2D finite-
element code Castem in plane stress conditions. The
mesh is presented in Fig. 2a. The bond was consid-
ered as perfect in this study as a first attempt to
understand the interest of the present geometry. The
non-linear part of the load displacement curve given
by the computation is due to the non-linear behavior
of concrete [11]. This non-linear behavior (due to the
damage process) is initiated along the interface.

A simulation of the concentric pullout test was
carried out in order to compare the evolution of
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lateral confining stress with the one of the proposed
test. The simulation of the concentric pullout test was
performed using a 2D finite-element code in axi-
symmetric conditions. The diameter of the bar is
2 cm, the length of the bar embedded in concrete is
12 cm, and the bond is perfect.

The models used to simulate the rupture of the
reinforced concrete structure by a finite-element
model are detailed hereafter:

— Intrinsic steel behavior. The constitutive equa-
tions retained for steel are elastic—perfectly
plastic. The mechanical characteristics are the
following: (i) Young’s modulus of reinforcement
Es =200 GPa, (ii) v = 0.3. The plasticity crite-
rion has never been reached.

— Concrete behavior. The mechanical characteris-
tics that have been deduced from various
mechanical tests [23, 24,25] are the following:
(i) Young’s modulus of concrete Ec = 30 GPa,
(i) compressive strength of concrete fc = -
30 MPa, (iii) tensile strength of concrete ft = 2.2
MPa. Mazars’s model is chosen to describe the
behavior of concrete as a non-linear model
including a single damage variable [11].

Bond stress is calculated as the average normal
stress between the reinforcing bar and the surround-
ing concrete along the embedded (and not coated)
portion of the bar. The evolution of the average bond
stress and concrete damage during the tests are
presented in Fig. 3. Concerning the pullout test and
the LMT test, the numerical simulation predicts the
bond failure for the maximum mean bond stress to be

equal to 3 MPa and 7 MPa (0% of corrosion),
respectively.

In the case of the concentric pullout test with a
smooth bar, the obtained ultimate bond stress corre-
sponds well to those reported in [12]. Note that the
LMT test leads to a decrease of the maximum
average bond stress, which is a half as much as that of
the concentric pullout test. This effect is only due to
the difference in the state of stress around the bars.
The decrease of the average bond stress is due to the
damage of concrete inside the specimen and not to
the degradation of the interface, which is not realistic.

Figure 4 shows the evolution of the lateral stresses
along the bar (the interface is 0.12-m long for the two
specimens). We can observe that the plane stress
conditions on the LMT specimen diminish “parasite”
stresses that usually appear usually during the
concentric pullout tests (Fig. 4). We can consider
that, in practice, these normal stresses are negligible
for the LMT test.

2.1.2 Materials and mixture proportions

A sand of Beaucaire (semi-crushed, silico-calcareous
with a of granulometry 0.4 mm), a cement of
Beaucaire CEM1 52.5 N, and distilled water were
used. The concrete mix contained 3.7 kg of sand,
1.7 kg of cement, and 0.8 kg of water. The w/c ratio
was 0.46. A steel A56 was chosen for smooth rebars
because it is representative of common steel used for
reinforcements. In order to reduce the influence of the
roughness, the central bar was mechanically polished,
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Fig. 4 Evolution of the lateral stress (MPa) during the
concentric pullout test and the LMT test

degreased with acetone, and treated by a chemical
attack with Parcodinel20 before being embedded in
concrete. Each end of the embedded part of the bar
was coated with Teflon to give an effective surface
area of 48 cm? in concrete. This mix is the mix we
use at LMT, together with CEA, for all of the
researches on corrosion. The order of magnitude of
the mechanical properties range from —40 MPa up to
—30 MPa for the compressive stress, from 2 MPa to
3 MPa for the tensile stress, and the Young modulus
is always around 30 GPa [23, 24].

After the pouring of the concrete mix, an external
vibrator was applied on the outer surface of the mold.
At the end of casting, polyethylene sheets were used
to cover the samples for the next 24 h. The samples
were demolded after 24 h and then cured over a week
in a drying oven at 50°C with a relative humidity of
90% to accelerate its maturation.

2.2 Current-induced corrosion process

The known methods to accelerate corrosion are the
following: (i) acceleration by a cyclic test with fog;
(ii) acceleration by cycles wetting and drying, (iii)
acceleration by electric current: an intense electrical
current is applied between the reinforcement (anode)
and the counter-electrode (cathode). The last method

seems to be the one most often adopted to this study
because it is the fastest method and it gives,
moreover, a homogeneous corrosion on the surface
of reinforcement but retains the induced corrosion
level within the “natural” values that can be found in
practice [1, 5, 7]. It is well known that accelerated
corrosion does not give a correct representation of
what happens in real cases (natural corrosion). The
goal of the study is to examine the effects of the
accelerated corrosion on the behavior of steel and of
the interface so as to be capable of computing: (i) the
time to inception of cracking due to corrosion and (ii)
the carrying capacity of corroded structures using
accelerated corrosion. Once the methodology is
proved to be efficient, real cases will be studied.

Figure 5 shows the setup for the accelerated tests,
which is composed of a current supply, an Ohm
meter, an electric resistance, and a counter-electrode
(cathode). The cathode is made of carbon fiber fabric
(an excellent conductor which does not corrode and is
practically not dissociated by the action of the electric
field). A wet sponge provided the electrical contact
between the specimen and the counter-electrode. To
prevent the corrosion of the outer surface of the
central bar embedded in the concrete, a Teflon
coating was applied to these parts. The current
density (500 pA/cm?) is applied through the coun-
ter-electrode located alternatively above or beneath
the central bar of the specimen.

v) [a

[<—— The power supply

steel bar
(Anode)

wet sponge

carbon fiber fabric
(Cathode)

Fig. 5 Schematic representation of the electrochemical system



The magnitude of corrosion was measured after
mechanical testing using the loss of thickness of the
steel, which can be easily converted to the level of
corrosion (%). The measurement of the loss of steel
thickness rather than the level of corrosion was
chosen because it is an intrinsic data source for the
steel surface and does not depend on bar geometry.
An attempt was made to induce corrosion up to 0.7%
(loss of thickness >40 pm), but the concrete cracked
for this corrosion level. Faraday’s law and the weight
loss method are used to calculate the loss of thickness
of steel of the bar, as well corrosion levels.

2.2.1 Using Faraday’s law to measure the loss of
thickness provoked by corrosion

The loss of thickness is related to the electrical
current. The current /., corresponds to the following
chemical reaction:

Fe = > Fen 4 +ne—
The weight of lost material is:

Moyt
 nF

(1)

The assumption is made that the section reduction
is insignificant in comparison with the thickness, the
lost thickness ey (m) is obtained by considering
the density of iron p = 7.8 g/cm?:

M Lot
p.nF

(2)

where M = 55.85 g/mol, I.,=0.5 mA/cm?, and
F = 96,500 C-mol™".

Assuming that the formed oxide is y-FeOOH, the
estimated loss of thickness is obtained considering
that, for each mole of iron oxidize, 3 moles of
electrons are given out.

€corr =

2.2.2 Measurement of weight loss

The central bars were extracted from specimens after
mechanical tests. The mass of bars with oxides (7o)
on the surface was measured with a scale of micro-
gram accuracy. Then, the oxides were removed by a
chemical dissolution [24, 27] and the bars were
weighed again (mgee;). The mass of oxides formed on
surface is equal to:

Moxide = (mlotal - msteel) + mgp (3)

where mg, is the mass of oxides diffused into the
concrete during the accelerated corrosion test. This mass
cannot be measured or simply estimated. It has been
decided to estimate the quantity both using image
analysis and diffusion equations of the ions under the
electrical field. This has been done for the 96-h specimen
and the obtained ratio mop/(Ma—seel) has been kept
constant for the other points. It has been shown
previously that several iron compounds can be found
in the corroded concrete structures (Fe304, y-Fe203,
and o-FeOOH) [2]. Assuming that the oxides formed
during the accelerated corrosion test are FeOOH, so,
taking into account the molecular mass of FeOOH
(M yxige = 88.85 g/mol) and the iron (Mg, = 55.85 g/
mol), the mass of the bars before the accelerated

corrosion test can be determined as follows:
o Moxide MFe
Mg = ——

Moxide

(4)

The lost thickness is obtained by the following
equation:

Mpe
0-SFe

Ccorr — (5)
where Sk, = 96 cm? is the area attacked by corrosion
and r is the density of the iron. The confidence
interval was estimated taking into account the
variation of Sg. = 0.01 cm” and p + 0.01 g/em®.

2.3 New LMT test

These tests were carried out using an Instron testing
machine under monotonic quasi-static load. The
specially designed loading arrangement was fixed to
the base of the machine. The setup of these tests is
presented in Fig. 6. The contact between the two
parallel bars of the specimen with the machine were
obtained by the connections of a ball-joint type to
avoid any parasitic effect (bending of the specimen).
The pullout load was applied through the free end of
the central bar of the specimen. The bond displace-
ment response between the concrete and the central
bar was measured using two LVDT, which were
placed on the top and the bottom of the specimen
(Fig. 6). The tensile loading was monitored by a load
cell placed above the free end of the central bar. So,



Fig. 6 Setup of the pullout
test
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the load and the displacement were acquired using a
data logger and the load and displacement readings
were recorded at preset intervals.

A 10.5-bit CCD camera (1,024 x 1,024 pixels) was
used to record pictures in the studied zone during the test.
The series of pictures taken during the tests were analyzed
using a digital image correlation, the procedure COR-
RELI™™T [26]. This procedure is implemented in
Matlab™. The applied technique is based upon a
multi-scale approach, which allows the determination
of the displacement and deformation fields.

The aim of this method is to look for the maximum
correlation between the small zones extracted from
the “deformed” and reference images.

Firstly, to determine the average displacement, an
inscribed region of interest (ROI) centered on the
reference image should be chosen (see Fig. 7). The
same ROl is considered in the deformed image. If we

Fig. 7 Principle of digital
correlation

(@]

suppose that the local transformation between the two
configurations is a simple translation, we have to
determine the two components (in-plane displace-
ment) x and y. Let us suppose the signal in the second
configuration to be g(¢, ¥), which is a copy shifted by
f(¢ — x, Y —y) of the original signal f(&, ). The
unknown displacements x and y are found as the
maximum of the cross-correlation product h.

h(x, y) = (86f)(x, y)
+00 +00
=[] st
A first correlation is performed to determine the
average displacement. This displacement vector is
expressed by an integer number of pixels and is

obtained as the maximum of the cross-correlation
function evaluated for each pixel of the ROI. This

f(E—x, ¥ —y)didy




first prediction enables us to determine the maximum
number of pixels that belong to both images. The ROI
in the deformed image is now centered at a point
corresponding to the displaced center of the ROI in
the reference image.

Secondly, the analysis of a displacement field
is obtained for different positions of the zone of
interest (ZOI). The ZOI (black dashed square) is a
sub-image of the ROI. A first correlation is
carried out and a first value of the in-plane
displacement correction is obtained. The analysis
is then performed for each ZOI independently
using a multi-scale correlation algorithm. More
details of this approach are presented in [26]. Of
course, this technique is only applicable to our
specimen because of the geometry (plate) and
assuming that no out-of-plane displacement
occurs. The classical parameters used are:
1,024 x 1,024 pixel images with a 12-bit signal,
32 x 32 pixels ZOI. The technique (in particular,
the computations in the Fourier space and the
various signal processing ingredients) allow the
determination of 3/100 pixel displacement, which
means a value of 10™* as the minimum strain
detectable by the optical set-up.

3 Test results and discussion

The test results were analyzed to obtain information
on the following parameters: (i) comparison of
theoretical and loss weight approaches; (ii) bond
behavior with respect to corrosion level; (iii)
evolution of the displacement and deformation
fields.

The test results of the digital image correlation
indicate that the multi-scale approach can be suc-
cessfully used to provide information about the
evolution of the displacement and deformation fields
in the specimen during mechanical testing.

3.1 Comparison of the theoretical and measured
weight loss

As mentioned above, the corrosion mass loss can be
computed using the amount of electrical energy sent
through the bar (Eq. 1). In this approach, it is
assumed that corrosion starts as soon as the electrical

energy is applied. But in the concrete reinforcing
structures, it is necessary to take into account that a
certain amount of energy is needed to initiate the
corrosion [1].

The results of the thickness loss and corrosion
levels obtained using the weight loss approach are
presented in Table 1. It should be noted that the level
of corrosion does not exceed 0.76% because of the
cracking of concrete up to 0.7%. So, the specimen
corroded during 96 h was fully cracked before
testing.

A comparison of the theoretical and weight loss
approaches is given in Fig. 8. It shows a reasonable
agreement between the results of the weight loss
method and those found by the Faraday’s law (and
the n = 3 value).

3.2 Effect of corrosion on the displacement and
ultimate bond stress

The average bond stress—displacement curves for five
levels of corrosion are plotted in Fig. 9. Firstly, the
value of the average bond stress of the non-corroded
specimen is equal to 0.5 MPa. It has been shown
previously that this value is about 1 MPa in the case
of the axial pullout test with different conditions of
steel—concrete interface and when the smooth bar is
well polished [12]. Recently, we found 1.1-1.3-MPa
values for this pullout test and similar conditions
(both in geometry and concrete composition) [23]. If
we consider the ratio between the two mean values
that is given by the numerical analysis to be equal to
2, we can conclude that this 0.5-MPa bond stress is
acceptable.

Then, it can be seen that the stress—displacement
curve for the specimen with a non-corroded bar
shows a linear relationship up to 0.4 MPa. Thereafter,
the stress—displacement curve exhibits a significantly
increased displacement without any changes in the
stress.

Secondly, Fig. 9 shows that the maximal average
bond stress increases with a corrosion level of less
than 0.36% (ecorr = 10.45 pm). It has been observed
by some researchers that the surface of the bar
becomes rougher by the products of corrosion for
small levels of corrosion, which increases friction
between the bar and the surrounding concrete. Also,
the pressure provoked by the growth of oxides in the



Table 1 Results of the
thickness loss and corrosion
levels obtained using the
chemical dissolution of
oxides

steel-concrete interface tends to increase the reac-
tionary confinement and the mechanical interlocking
of concrete around the bar [4]. The specimens with
0.2% and 0.35% levels of corrosion have a linear
behavior between the mean bond stress (i.e., load)
and displacement up to almost the ultimate bond
stress.

When the level of corrosion reaches 0.4% (e =
20.36 um),
decreases quickly to become negligible. This is due
to the presence of a thick enough layer of corrosion
products at the steel-concrete interface, as well as the

Duration of accelerated corrosion (hours) 8 48 56 96
Myoal (8) 1,166.66 1,167.04 1,168.54 1,169.92
Miteer (8) 1,165.42 1,164.88 1,166.12 1,165.37
Moxide (&) 1.245 2.16 2.425 4.55
Weight of Fe corroded (g) 0.78 1.358 1.52 2.86
Ccorr (M) 10.45 18.132 20.357 38.195
Level of corrosion (%) 0.2 0.36 0.4 0.76
0.8
. —_—0%
0.7 - —5-- 02%
—o— 0,36 %
061 ---04%
051 — = 0,76%
0.4 1 6T NS e __..
L4
0.3 1 P
4
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’
ot
1 e e
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debonding of this interface in the case of the
specimen of 0.76% of corrosion. Considerable dis-
placement occurred at the ultimate load stage and a
change of the bond stiffness is observed.

It was concluded that two stages were observed: (i)
increase of the maximal average bond stress up to
0.4% of corrosion and (ii) decrease of this stress after
0.4% of corrosion. A comparison of these results with
those obtained using the concentric pullout test [5] in
the case of slightly corroded specimens shows that
the critical threshold of increase of the maximal
average bond stress decreases from 1-4% to 0.4%

40 —<o—Faraday's law
® Weight loss method
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Fig. 8 Thickness loss e.o (Lm) v.s. time for theoretical and
experimental approaches

Displacement, um

Fig. 9 Effect of corrosion on bond stress (MPa)—displacement
behavior (displacement given by LVDT1—Fig. 6)

(LMT test). It is probably due to the reduction of
lateral parasite stresses in the LMT test, which
usually occurs in the concentric pullout test.

3.3 Visualization of the displacement and
deformation fields by using analysis of
images

The purpose of the digital image correlation is to
study the localization of the bond failure at the steel—
concrete interface during the mechanical testing.
Series of pictures were taken during the LMT test.
Then, these digital pictures were analyzed using the
CORRELI"™T procedure [27].

For the uncorroded bar, the ROI is given in
Fig. 10a (the width of the bar is 2 cm). A sequence of
11 pictures was taken during this test. Figure 10a, b
give the iso-values of axial displacement, called UX
(in the direction of the applied load) between two
stages (0.3 MPa and 0.45 MPa mean stress). It
appears to be possible to observe the stage corre-
sponding to the inception of bond failure. The iso-
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Fig. 10 Results of the digital image correlation in the case of a specimen with an uncorroded bar

values of Fig. 10c around the bar exhibit a discon-
tinuity of displacement along the interface (i.e., for
the portion of the bar close to the applied load). Thus,
there is a relative displacement of the reinforcement
in the concrete and this is for an average bond stress
(0.45 MPa) lower than the maximum value
(0.5 MPa). The same iso-values of displacement
between the initial state (the reference image) and
the state of Fig. 10b (0.3 Mpa) are continuous, so,
there is still an adherence between the reinforcement
and the concrete.

Concerning the specimen with 0.2% of corrosion,
the same distribution of iso-values of displacement
and deformation were observed for that in the case of
the specimen with the non-corroded bar. However,
the average bond stress (0.29 MPa) of the relative
displacement of the reinforcement is almost 40%
lower than the maximum value (0.75 MPa) found
during the LMT test. It seems that the increase in the
level of corrosion introduces a cracking at the steel—
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concrete interface early in the test. It can be said that
the movement of the corroded layer of the reinforce-
ment with increasing load as well as the pressure
caused by expansive corrosion product dominates the
micro-cracking at the steel-concrete interface and
leads to an increase of the maximum average bond
stress with respect to some Coulomb’s mechanism.

Two specimens with 0.36% and 0.4% of corrosion
show a similar distribution of iso-values of displace-
ment and deformation during the tests. So, only the
behavior of the specimen with 0.36% of corrosion is
discussed hereafter.

Figure 11 gives a reference image of the specimen
with 0.36% of corrosion. In this test, the magnitude of
the chosen zone was twice as much as the one of the
specimen with 0% corrosion. The distribution of iso-
values of displacement UX and the iso-values of
deformation EYY (computed with a virtual (or
optical) gauge length equal to the length of the
ZOIl, ie., 64 pixels in this case) show two
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Fig. 11 Results of digital image correlation in the case of a specimen with 0.36% of corrosion

competitive modes of crack opening (Fig. 11c). It
seems that the increase of the level of corrosion
products up to 0.36% at the steel-concrete interface
leads clearly to the opening of cracks in the
perpendicular direction to that of loading (it is visible
with respect to intense strain normal to the interface).
This can be explained by the influence of cohesion
between particles of oxides as well as by the angle of
friction that is often observed during compression
tests on sand (or such cohesive and granular mate-
rials). The beginning of the relative displacement of
the reinforcement arises while bond stress is around
0.125 MPa for the specimen with 0.36% corrosion
and 0.08 MPa for that with 0.4% are less than the
peak values recorded during the test. In the case of
the specimen with 0.76% of corrosion, the first image
compared with the reference image illustrates the
bond failure.

These measurements helped us to precisely iden-
tify the inception of cracking of the interface by
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simply detecting the transition between the homoge-
neous response and the localized response (in the
sense of interface opening and/or sliding). Of course,
the observed zone is limited by the CCD resolution
and the small displacements or deformation to be
measured. Any how, we can assert that the “local”
bond stress to be used is lower than that correspond-
ing to the macroscopical transition between the linear
and non-linear regimes.

4 Conclusions

Based on the results reported in this paper and the
observations made during the experimental investi-
gation, the following conclusions can be offered:

— The levels of corrosion of five specimens have
been defined with good agreement by using both
Faraday’s law and weight loss method.



The results of LMT tests show that the bond stress
is significantly affected by the corrosion level.
The slight corrosion levels of up to 0.4% increase
the values of the average bond stress and bond
stiffness.

‘When the corrosion level exceeds 0.4%, the bond
stress and bond stiffness decrease considerably.
When the level of corrosion is equal to 0.76% and
the cracking of concrete takes place, the bond is
not completely destroyed.

The digital image correlation provides informa-
tion about the inception of bond failure (in the
zone observed by the CCD). It indicates that the
increase of corrosion level introduces a significant
decrease of the onset of bond failure. The average
bond stress corresponding to the beginning of the
relative displacement of the reinforcement in the
concrete is less than the maximum stress recorded
during the test.

The increase of corrosion levels greater than
0.36% lead clearly to “interface opening” normal
to the interface.
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