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This paper describes the mechanical effects of rust layer formed in reinforced mortar through accelerated tests
of corrosion. The morphological and physico-chemical properties (composition, structures) of the corrosion
system were characterized at different stages by using optical microscope and scanning electron microscope
coupled with energy dispersive spectroscopy. The corrosion pattern was mainly characterized by a rust layer
confined at the interface between the steel and the mortar. Expansion coefficient of rust products was
determined from the rust thickness and the Faraday's law.

Furthermore, in order to understand the mechanical effects of corrosion on the damage of mortar, displacement
field measurements were obtained by using digital image correlation. An analytical model (hollow cylinder

Rust subjected to inner and outer pressures) was used with a set of experimental data to deduce the time of cracking
and the order of magnitude of the mechanical properties of the rust layer.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction and objective

Corrosion of reinforcement bars is one of the major causes of the
premature degradation of reinforced concrete structures. Initially, due
to the alkalinity of the concrete pore solution (pH close to 13), steel
rebars in concrete are protected by the presence of an oxide protective
layer, called the passive layer, at the surface of the rebar. However, this
protection can be broken by the destruction of the passive layer by
aggressive ions (e.g. chlorides) or by an acidification of the environ-
ment in the vicinity of the rebar (e.g. carbonation) [1,2]. Under chloride
attack, the passive film is damaged locally and steel starts to dissolve in
these unprotected areas, so that a mix of general and (local) pitting
corrosion is induced. In the case of penetration of carbon dioxide, the
pH of the concrete pore solution close to the rebar decreases from 13 to
9 [3] causing general corrosion of steel. When steel rebars are
depassivated, porous oxide layers are formed at the steel/concrete
interface. When these products are solid, their volume is higher than
that of the original metal [4]. As this volume increases, a pressure is
induced around the embedded steel, and the concrete cover expands,
which can lead to concrete cracking, spalling or delamination.

Given the importance and the extent of the problem, the pheno-
menon has received a lot of attention from scientists and engineers
over the past decades. Experimental studies dedicated to the me-
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chanical consequences on concrete (or mortar) of corrosion products
growth have shown that cracking of the cover depends on several
factors such as: concrete mixture proportions, concrete cover thick-
ness, etc. [5]. Numerical modelling has also been developed ([6,7]).
The authors considered damage of concrete due to expansion of rust at
the rebar/concrete interface, leading to concrete cracking. Pressure
induced by rust around the concrete was modelled by a fictitious
thermal load applied to a thin interface representing the rust layer. In
this context, the knowledge of the mechanical behaviour of the rust
layer formed at the rebar/concrete interface is needed in order to have
agreement between experiments and computations.

As the mechanical properties and the composition of the rust layer
are not well known, some authors [6] considered that iron oxide is
mainly composed of water and simply used the moduli of water for
the rust layer. In this case, the bulk modulus K is equal to 2 GPa and the
Poisson's ratio, »=0.5. But they had to replace the Poisson's ratio value
by a value slightly lower than 0.5 to solve numerical simulation, so
that the Young's modulus E is small, but not zero (E=0.1 GPa).

Ouglova et al. [8] have measured the Young's modulus of iron
oxides from ultrasonic and mechanical measurements. These iron
oxides were dried and were in a powder state. These laboratory grown
oxides were similar to oxides obtained from 40-year old corroded
reinforced structures. These authors have shown that the Young's
modulus of these iron oxides was about 2 GPa and was dependent on
their degree of compaction and hydration. These results may justify the
values used in previous numerical simulations, but further studies
have to be carried out.
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Table 1
Mix proportions of mortar

kg/m?
Water 293
Cement 630
Siliceous—calcareous sand (0/4 mm) 1340
Water to cement ratio (W/C) 0.46
Cement to sand ratio (C/S) 0.47

The aim of this study was to analyse the mechanical effects of the
rust layer in reinforced mortar. Rust layer was induced by accelerated
corrosion tests by using the impressed current method. As shown in
[9], accelerated corrosion test by impressed current is confirmed to be
avalid method to study the corrosion process of steel in mortar, and its
effects on the damage of mortar cover.

The physico-chemical properties (composition, structures) of the
corrosion system were characterized at different stages by using optical
microscope (OM) and scanning electron microscope (SEM) coupled with
energy dispersive spectroscopy (EDS). X-ray diffraction (XRD) analyses
were performed to obtain information on the crystalline structure of
different phases constituting the corrosion products. Expansion coeffi-
cient (defined as the ratio of the volume of the corrosion products and
the volume of iron) was predicted by using a modelling approach
considering a three-phase material (steel/rust/mortar).

Furthermore, in order to understand the mechanical effect of cor-
rosion on the damage of mortar, displacement field measurements
were obtained by using digital correlation technique (Correli"MT in
[10,11]) developed at Laboratoire de Mécanique et Technologie (LMT).
An analytical model (hollow cylinder subjected to inner and outer
pressures) using experimental data allowed us to deduce the time of
cracking and the order of magnitude of the mechanical properties of
rust layer.

2. Experimental program
2.1. Specimen

The design of the studied mortar is shown in Table 1. The
composition of the mortar was: a water to cement ratio (W/C) equal
to 0.46 and a cement to sand ratio (C/S) equal to 0.47. The cement was
a Portland cement (European grade CEM I 52.5); its mineralogical
composition is given in Table 2. The aggregate in mortar was a
siliceous-calcareous sand (0/4 mm). To promote the corrosion, 3.5% of
NaCl by weight of cement was added to the mix. The studied mortar
had a 28-day average compressive strength of 39 MPa, a splitting
tensile strength of 3.3 MPa and a Young's modulus of 30 GPa [12].

The reinforcement was a plain carbon steel wire (FeE500 steel),
10 mm in diameter and 100 mm long. After being polished with
abrasive papers and rinsed with distilled water, the steel surface was
coated with an electric insulator, except for a length of 70 mm (with an
area of about 2200 mm?) so that only the unprotected zone may
corrode under accelerated tests. After mixing, the fresh mortar was
poured into a cylindrical plastic mould (60 mm in diameter and
100 mm high) where the reinforcement was previously placed along
its longitudinal axis (Fig. 1). So, the thickness of the cover of the
specimens amounted to 25 mm.

The specimens were then compacted for 60 s by using a vibrating
table. After demoulding and before the accelerated corrosion tests,

Table 2

Mineralogical composition of Portland cement

3s 28 C3A C4AF
61.9% 15.4% 8.8% 9.1%

Rebar & 10 mm

—

Epoxy coating

100 mm

Mortar & 60 mm

R

Fig. 1. Test specimen.

they were stored, at room temperature, in an alkaline solution (pH=13
with 1 g/L NaOH+4.65 g/L KOH) which contained NaCl salt (30 g/L).
The specimens were 6 months old at the beginning of the accelerated
corrosion tests.

2.2. Accelerated corrosion tests and tests program

The accelerated corrosion tests consisted in impressing an anodic
current to the rebar in order to enhance its corrosion. Fig. 2 presents
the experimental set up. A power supply (6 A, 60 V) was used to apply a
constant and direct current between the reinforcement and a counter-
electrode, made of carbon fibre mesh and immersed in solution.

A/ Set up for microstructural characterization
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Fig. 2. Scheme of the experimental set up.
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R;=30mm

Observed zone
(1.28 x 1.024 mm?)

Fig. 3. Observed zone for local measurements.

In this study, samples were subjected to current density of 100 pA/cm?. found in practice. A known resistance was placed in the outer electric
According to [4], this value allows a sufficiently short experiment, but circuit to measure the potential and then to check the magnitude of the
keeps the induced corrosion within the ‘natural’ values which can be current flowing in the system.

Fig. 4. OM photography of steel/mortar interface (steel diameter is 5 mm) for the sample E45. Different thicknesses for the rust layer are observed. S: steel, R: rust, M: mortar.
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Two types of tests were performed: the first one allowed the
characterization of the metal/mortar interface microstructure and the
second one was realized in order to determine the mechanical pro-
perties of the rust.

For the first set of tests (Fig. 2A), microstructural characterization
was realized at four different stages: at t=0 h (reference test labelled
EO, before the accelerated corrosion test), and at t=10 h, 45 h and 76 h
(tests labelled E10, E45 and E76, after the accelerated corrosion test at
10 h, 45 h and 76 h). After the accelerated corrosion tests, the
specimens were cut into slices in order to analyse the corrosion
pattern by microscopy in the inner reinforced mortar.

Concerning the second type of tests (Fig. 2B), the specimens were
cut into two parts before the accelerated corrosion tests. A half sample
was used to analyse the corrosion process by using inter-correlation
image technique ([10,11]) at the upper surface. The sample was
immersed partially in an aqueous solution representative of the
cementitious pore solution (pH=13 with 1 g/L NaOH+4.65 g/L KOH)
which contained NaCl salt (30 g/L). The upper surface of the specimen
was water free to allow the recording of the digital images of the
surface (Fig. 2B). Displacement and strain fields were measured con-
tinuously during 41 h.

2.3. Characterization of the corrosion system

After accelerated corrosion tests, samples were cut into slices and
then ground with silicon carbide abrasive papers from grades 120 to
1000 lubricated with ethanol. Polishing was performed using ethanol to
avoid modification of the rust layer during the sample preparation. An
optical microscope (Carl Zeiss) gave a global overview of the interface
between steel and mortar and allowed the thickness of the rust layer to
be determined around the rebar for each stage (EO, E10, E45 and E76).

By using SEM (Phillips L30) with EDS analyses, chemical composition
of the corrosion products was determined for two stages (E10 and E45).
Finally, corrosion products reduced into powder were characterized by
XRD for the stage t=76 h. XRD analyses were obtained on corrosion
sample powders with a Siemens D500 diffractometer for 26 range
between 5° and 90°. A cobalt anti-cathode was used (40 kV-30 mA).

2.4. Mechanical effect of rust layer
The mechanical effect of the rust layer on the mortar was analysed

by using a CCD camera (Fig. 2B). The CCD camera stored images every
5 min and the pictures were analysed by using the inter-correlation

E45

Fig. 5. Interface steel/mortar for samples EO, E10, E45 and E76 by OM. Left: Minimal thickness, right: maximal thickness. S: steel, R: rust, M: mortar, ML: mixed layer.
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image technique developed at LMT ([10,11]) to derive the displace-
ment field. The optical set up (CCD camera and x600 magnification
with long focus system) was used to observe a zone (1.28 x 1.024 mm?)
located at the steel/mortar interface (Fig. 3). The observed zone was a
small zone around the rebar, small enough to adapt to the resolution
of CCD camera and to the low values of the expected displacement
(micrometers). The image taken at the beginning of the test was
considered as the reference image. The analysis of displacement and
strain fields by Correli™™T ([10,11]) software provided information
about the growth of the interface during the test.

3. Characterization of the corrosion system
3.1. Analytical characterization of the metal/mortar interface

Observations under optical microscope of samples subjected to
accelerated corrosion tests allowed the characterization of the general
corrosion pattern (Figs. 4 and 5). Our observations showed that:

- Close to the metal, a brown layer has been observed. Its thickness
was heterogeneous around the rebar. For instance, for the sample
E45, the average thickness of this interface layer was about 30 pm,
with a minimum of 10 pm and a maximum of 50 pm.

- Surrounding this layer, a clearer layer was sometimes observed
(named mixed layer). Its microstructure was similar to the mortar
microstructure, but the brown colour let think to the presence of iron
oxides.

It can be noticed that the steel rebar was corroded before accelerated
tests because of the presence of NaCl in mortar. The average thickness of
the rust layer for EO was about 10 pm. The corrosion pattern (rust layer
confined at the interface) was similar before (EO) and after the
accelerated corrosion tests (E10, E45, E76). It is possible to conclude

A/ Thickness e, versus time for all samples (EO, E10, E45, E76)
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Fig. 6. Measurements of the thickness (in pm) of the rust layer against time (t in hours).
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Fig. 7. SEM photographies of steel/mortar interface for sample E45. A/ Zone with rust
layer and mixed layer. B/ Zone with rust layer, without mixed layer. C/ Rust layer with
the possibly trace of the original rebar diameter (in this case the rust expansion
coefficient given by n = 2% is estimated to be equal to about 1.5).

that the corrosion pattern was not modified by the technique of im-
pressed current. Furthermore, no pitting due to chloride was observed
so that we can consider a general corrosion process (Fig. 5).

Rust thickness was measured on samples subjected to corrosion
during 0, 10, 45 and 76 h. One slice was observed and several mea-
surements were made around the rebar to take into account the
heterogeneity of corrosion around the rebar. The corrosion pattern is
assumed to be the same along the rebar. Results (Fig. 6A) showed that
the thickness increased with the duration of the tests. Considering that
the steel rebar was corroded during the curing step due to the presence
of chlorides in mortar, the average change in thickness (AR;) during
accelerated tests was determined. The average thickness was defined
by ARs=e,-eo where e, was the thickness measured at the time t (t=0,
12,45, 76 h) and ey was the thickness measured before the accelerated
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test (t=0 h). The evolution of ARs with time is given in Fig. 6B. The
average thickness AR evolution (in micrometers) during accelerated
tests was about: ARs=0.58t with t the time in hours.

These analyses were completed by SEM-EDS images (Figs. 7 and 8):
Rust layer was always confined at the interface between the steel rebar
and the mortar and mixed layer was sometimes observed. A white
trace was observed in the rust layer (Fig. 7C), which had been
attributed to the original trace of the steel rebar in [9].

Distribution of O, Ca, Si and Fe elements was recorded in the rebar/
mortar interface of E45 sample (Fig. 8). Corrosion patterns were similar
for E10 sample. The layer close to the steel contained mainly iron and
oxygen (with low concentrations of calcium, but no siliceous). The
presence of iron and oxygen showed that it was the rust layer. Next, a
mixed layer had been identified, containing elements coming from the
rust layer (iron, oxygen), but also from the mortar (calcium, siliceous).
A very little amount of iron element was observed in the mortar far
from the observed layers.

Moreover, XRD analysis (Fig. 9) has been made on dried iron oxides.
The results revealed that the rust layer was mainly composed of iron
oxy-hydroxides (goethite and akaganeite) with also some magnetite.

Calcium element was sometimes observed by EDS in the corrosion
layer formed during accelerated tests. Similar observations had been
done under natural corrosion but it may be due to an acidification of the
solution near steel rebar inducing the dissolution of portlandite. This
acidification could induce an additional corrosion as mentioned by [5].

According to these observations, the following corrosion pattern
(Fig.10) was mainly characterized by: metallic substrate, rust layer, and
mortar. A mixed layer composed of rust and mortar was sometimes
identified. This pattern can be compared to the long term patterns
encountered on historical buildings [13]. Authors had found a first
layer called “dense product layer” next to the rebar, and a mixed layer
called “transformed medium”, containing elements coming from the
dense product layer and from concrete. Thus, the observed corrosion
pattern is similar with what is obtained under natural corrosion.

Fig. 8. Elements distribution by EDS for steel/mortar interface for sample E45: SEM, Fe (Iron), O (oxygen), Si (silicon) and Ca (calcium). S: steel, R: rust layer, ML: mixed layer, M: mortar.
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Fig. 9. XRD spectra of rust layer. Rust products composed of iron oxy-hydroxides (goethite and akaganeite) with some magnetite and exogenous elements (Quartz and Ferrite) coming

from rebar and mortar.
3.2. Determination of the experimental rust expansion coefficient

The rust expansion coefficient, n, between the volume of expansive
corrosion products and the volume of iron consumed in the corrosion
process is used in numerical model where pressure induced by the rust
layer is modelled by a fictitious thermal load [ 7]. Theoretical expansion
coefficients are usually considered. They are evaluated from the
molecular volumes of iron and corrosion products ([14,15]). But the
expansion coefficients of the corrosion products formed during
accelerated corrosion tests may be different from the theoretical
expansion coefficients because of the presence of mortar (confinement
of the rust layer). Furthermore the exactly composition of rust layer is
not well known, so that it is difficult to determine its molecular volume
or its density. For instance, the presence of water in rust products may
modify their density and so their expansion coefficient.

In order to estimate the ratio, n, a modelling approach was deve-
loped considering rust confined at the interface between steel and
mortar (Fig. 11). In this model, we supposed that the reinforcing bar of
initial radius Ry was embedded in cylindrical sample composed of
mortar with radius Rs. The radius R; was measured from the centre of
the bar to the nearest surface of mortar cover.

Assuming uniform corrosion on the bar surface, the radius loss of
the steel (or the attacked penetration depth) was defined as X. Then
the remaining radius of the bar R; was given by R, =Ry—X. The radius
loss X was evaluated by the Faraday's law according to:

— MFC A]COIT ) At

X Pre "1+ F (1)
with

MEe the atomic mass of Fe (56-107> kg/mol),

PFe the specific weight of Fe (7800 kg/m?),

n the valence of Fe (n=2 or 3),

F the Faraday's number (96500 °C/mol),

Jeorr the corrosion current density (100 pA/cm?=1 A/m?)

At the test period (s).

As iron oxy-hydroxides have been found in the corrosion product
layer, we can consider in the following that n is equal to 3. Furthermore,
the Faraday's law is supposed to be valid. That means thata 100% current
efficiency [4] is assumed i.e. all the current is spent in the dissolution of
iron and no other kind of spontaneous corrosion process is developing
during the test, as mentioned above by acidification of the solution.

Thus, for this study, X (in pm) is equal to:
X =0.089t (2)

with ¢t the time in hours.
The corresponding volume of the steel consumed/unit length (AV;)
of the bar is given by:

AV, = nR2 — nR2 =27 - X - Ry (3)

with X<Ro and (R0+R1)=2 Ro.

When rust is formed at the interface between steel rebar and
mortar, it is possible to determine the radius R, where R,=R;+ARs.
Assuming that there is no diffusion of rust in mortar (which was not
always the real case), the corresponding volume of accumulated rust
products (AV;) around the bar is given by:

AV, = yAVs 4)

with 7 the ratio between the rust volume and the original steel.
AV, is given by:

AV; = 7R3 — nR2=2r-Ry - ARs. (5)

with ARs<<Rg and (R0+R2)z2 Ro.

-

Original
Diameter

S - -

L 4 Y

Steel rebar Mortar

Rust layer

Fig. 10. Schematic section of a steel reinforcement corroded by the impressed current
method: metal, dense product layer and mortar.
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Fig. 11. Geometrical characteristics of the three domains (steel, rust layer, mortar). With
Ro: Initial radius of steel rebar. R;: Radius of steel rebar after corrosion, Ry =Ro+X with X
the radius loss. Ry: Ry=R;+AR;. R3: Radius of the specimen.

The ratio n was estimated from Egs. (2)-(5) according to:

7ARS
’1—7- (6)

Considering the average thickness ARs evolution, the ratio 1 was
estimated to be equal to 6.5. As the corrosion pattern is heterogeneous
around the rebar (the thickness AR ranged between 0.13t and 1.02t),
the ratio nranged between 1.5 and 11.4 for n=3 (Table 3). These values
depend on the assumptions made in the modelling, on the one hand
they may be overestimated because of the assumption of 100% current
efficiency and on the other hand they may be underestimated because
of the “dispersion” of some of the iron oxides into the mortar.

These experimental expansion coefficients were compared with
the theoretical values (Table 4) for known corrosion products. The
theoretical ratios n were evaluated from the molecular volume V), of
iron and corrosion products according to Vy=M/p with M the
molecular weight and p the specific weight given in [16]. The average
predicted value 7 is superior to the theoretical value 7 of the corrosion
products determined by XRD (goethite, akaganeite) but is coherent
with the theoretical value of rust composed of Fe(OH); and other
hydrated iron hydroxides (see Table 4 for Fe(OH)s, 3H,0).

The predicted expansion coefficient allowed determining the
density current before accelerated corrosion tests. Assuming a ratio n
equal to 6.5, we evaluated the radius loss considering the average
thickness of rust equal to 12.5 pm. The radius loss was equal to about
2 pm so that the density current was estimated to about 0.5 pA/cm? for
samples of 6 months old (around 5 pm/year). This value is in
accordance with values estimated in the archaeological analogues
studies [13] where average corrosion rates where estimated to be
around 5 pmy/year.

Table 3

Experimental ratio n = %ﬁ for n=3

AR n for n=3
1.02t 114
0.58t 6.5

0.13t 1.5

Table 4
Theoretical 7 ratio between the volume of expansive corrosion products (V;,s) and the
volume of iron consumed during the corrosion process (Vg.)

Density [16] Molecular Viust/Vee  Viust/Ve
(kg/m3) weight kg/mol [14,15]
Iron Fe 7800 0.056 / /
Hematite 1/2 Fe;03 5260 0.16 212 2.2
Magnetite 1/3 Fe304 5180 0.232 2.08 2
Goethite o-FeOOH 4260 0.089 291
Akageneite {3-FeOOH 3560 0.089 3.48
Lepidocrocite  y-FeOOH 4090 0.089 3.03
Fe(OH), 3.75
Fe(OH); 42
Fe(OH)s, 3H,0 6.40

3.3. Concluding remark

Microstructural observations by OM and SEM showed that the
corrosion pattern induced by impressed current was mainly char-
acterized by a rust layer confined at the interface between the steel and
the mortar. This layer was mainly composed of iron oxy-hydroxides
and its thickness AR varied linearly with time according to AR;=0.58¢t
with t the time in hours. Mixed layer was sometimes observed.

Furthermore, a modelling analysis showed that the volume of rust
products was about 6.5 times the volume of iron. The predicted ex-
pansion coefficient is in accordance with rust layer composed of iron
oxy-hydroxides and water.

This volume increase is the principal cause of the expansion and
ultimately the cover cracking. The aim of our mechanical measure-
ments was to verify this hypothesis.

4. Mechanical effects of rust layer

4.1. Experimental displacement field measurements at steel/mortar
interface

During the accelerated corrosion test, we observed crack initiation
around the steel rebar after about 15 h. Cracks propagated through the
mortar cover and open to the surface after 41 h. Furthermore, the inter-
correlation image technique allowed determining different stages
during the corrosion process.

Fig. 12 gives the radial displacement (along axis 1) after 1 and 3.5 h
for the zone observed with the CCD camera. As long as the corrosion
products filled the porous zone at steel/mortar interface no significant
pressure was created on mortar, and the displacement field was
continuous (the radial displacement was the same in steel and mortar
in Fig. 12A). After 3.5 h, the radial displacement was higher in mortar
(Fig. 12B) that means that the radial displacement was no longer
continuous across the interface. It means that a pressure was created
by the corrosion products that had filled the porosity of the interface
zone. Therefore, the time necessary for the rust to induce pressure on
the mortar in this test can be estimated to 3.5 h.

Furthermore the relative displacement that was determined
between two points (P; on the mortar and P, on the steel as shown
in Fig. 3 and in Fig. 12) is represented on Fig. 13. The distance between
the points P; and P, was about 94 pm. The radial displacement U(r=d
(P,-P1)=94 pm) along axis 1 was much more important than the one
along axis 2 close to zero. The radial displacement increased with time
up about 15 h and after 15 h it was constant (U(r)=1 pm/h). This time
corresponds to time to cracking, that means that cracking may modify
the corrosion effect. Before the time to cracking, the radial displace-
ment varies linearly with time according to:

U(r = d(P, — Py) = 94um) = 0.071¢ )

with t in hours and U(r=d(P,-P;)=94 pm) in micrometers.
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in steel
in mortar

-0.2

in steel
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0.4
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0.6

0.8

1

Fig. 12. Radial displacement after 1 h and 3.5 h obtained by using digital image
correlation (in pixel with 1 pixel=0.95 pm).

The observed zone may be not representative of the overall cor-
rosion process around the steel rebar because the rate of radial dis-
placement of the mortar can be variable of one at the other zone.
Nevertheless, the displacement field was homogeneous around the
rebar before cracking (Fig. 12). Moreover, the radial displacement given
by another test had the same order of magnitude (U(r)=0.064t). In the
following the radial displacement along axis 1 was assumed to be the
same around the rebar (U(r)=0.071t) and the orthoradial displacement
along axis 2 was neglected.

4.2. Analytical corrosion model

The data on the evolution of the thickness and on the displacement
of the mortar in the observed zone allowed calibrating the time to
cracking and the Young's modulus of rust in the reinforced mortar
using an analytical model (hollow cylinder subjected to pressures).

4.2.1. Modelling problem
In order to predict the mechanical behaviour of reinforced mortar
subjected to corrosion, it is important to model, in a realistic way, the
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Fig.13. U1 (um): Radial displacement along axis 1 and U2 (um): displacement along axis
2 versus time (h). Relationship between the displacement U1 and the time ¢ for time less
than 15 h.

Fig. 14. Model of the hollow cylinder subjected to inner pressure P; and outer pressure
Pe, with inner radius a and outer radius b.

behaviour of (i) mortar itself, (ii) steel rebar and also (iii) corroded steel
layer. In this study, the problem was modelled with reference to Fig. 14.
We considered a hollow cylinder composed of a solid phase subjected to
inner pressure P; and outer pressure P as described in [17]. The inner
radius was noted r=a and the outer radius was noted r=b. The solid
phase was a linear, homogeneous and isotropic material, characterized
by the Lamé constants. Furthermore, it was assumed that o, =0.

In the cylindrical coordinates system, the radial displacement U(r)
is given by:

U(r)=C1~r+% (8)

where r is the radius which varies between a and b and C; and C, are
two constants defined as:
_1-v @.p-bp.

=T F T eee ®

14y @B (- po)

G E a2 (10)

where v and E are the mechanical properties of the hollow cylinder
(Poisson's ratio and Young's modulus).

In the cylindrical coordinates system, the radial stress o, and the
orthoradial stress oy are given by:

ar=%(c1'(1+V)—C2'lr2V)
_a®-pi—b*-pe @b (pi—pe) (1)
b2 _ a2 2(b? — a?)
Gt:%(cl'(]+v)+c2'1r2 V)
_@-pi—b*-pe @b (pi—pe) (12)
2 _ a2 12(bZ — a2)
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In order to evaluate the mechanical effect generated by reinforce-
ment bar corrosion, this model was applied in two cases:

- The hollow cylinder was composed of mortar (cases A and B). This
hypothesis allowed us to determine the time to cracking t.. This
model was compared with analytical modelling proposed by
authors ([14,15,18-20]).

- The hollow cylinder was composed of the rust layer (cases Cand D).
This hypothesis allowed us to determine the Young's modulus of
rust.

For these two cases, two hypotheses have been made. Firstly, it was
supposed that the radius of the rebar and the thickness of the rust
were the same during the accelerated corrosion test (cases A and C).
Secondly, the evolution of the rebar radius and the thickness of the
rust have been taken into account (cases B and D). The first hypothesis
corresponds to hypothesis made in numerical modelling ([6,7]) and
the second hypothesis allows being more realistic.

4.2.2. Evaluation of cracking time

In order to predict the time to cracking t., the hollow cylinder was
assumed to be composed of mortar. The inner radius was noted r=a
and the outer radius was noted r=b. In this case, the tensile stress at
the radius r=a was estimated from Eq. (12) when the pressures P; and
P, are known. The outer pressure P, was supposed to be equal to the
atmospheric pressure (P.=0.1 MPa).

This model was applied in two cases A and B:

- Model A: The radius r=a was assumed to be constant during the
accelerated corrosion test. In this case the inner radius r=a was equal
to a=Rg+e; where Ry was the initial radius of steel rebar and e, was
the thickness of the rust layer supposed to be equal to 30 pum. This
value corresponded to the thickness of the rust at t=15 h (experi-
mental time to cracking) as shown in Fig. 6A.

Model B: The model was used with a=R;+AR; as defined in Fig. 11.
R{=Ro-X with X the radius loss given by the Faraday's law (with
n=3)and AR, was estimated from the OM observations (ARs=0.58t).
Thus, the effects of corrosion on upper surface of the mortar were
assumed to be similar to the ones in the inner reinforced mortar.

For the two models (A and B), the outer radius was equal to b=R3
and we supposed that there was no initial corrosion at t=0 (before the
accelerated corrosion test), i.e. Rp=5 mm.

For these two cases (A and B), the inner pressure P; was determined
from Egs. (7) to (8). Then, the orthoradial stress o, was deduced from
Eq. (12). This result showed that the inner pressure P; and the
orthoradial stress o vary linearly with time (Figs. 15 and 16) and are

1E+07 -
9E+06 {  ---©---- Inner pressure Pi- Case A
8F+06 4 —*— Inner pressure Pi- Case B
_ TE+06 —=a— QOuter pressure Pe
Q:; 6E+06 -
?_: SE+06 -
Z 4E+06 4
£ 3E+06 -
~ 2E+06
1E+06 -
0E+00 * . oy ‘
0 S 10 15 20 25 30

Time (m hours)

Fig. 15. Inner pressure P; versus time (for the two models A and B according to Egs. (7)
and (8)) and outer pressure P, versus time.
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Fig. 16. Tensile stress against time for the different model and prediction of the time to
cracking.

the same order of magnitude for the two models (model A and
model B). Thanks to these models the displacement U; at r=a with
Ui=U(r=a)>U(r=d(P,-P;)=94 um) and the orthoradial stress o; at
r=a were evaluated.

The results show that the radial stress o, can be neglected (0= 1072 o)
so that the stress field may be assumed to be unidirectional. Thus the
time to cracking t. may be deduced assuming that mortar is damaged
when the orthoradial stress oy is equal to the tensile strength of mortar
(3.3 MPa).

For the two models, the time to cracking t. was about 10 h. This
predicted time is in accordance with the experimental time (15 h) but is
lower because the model does not take into account the time necessary
to fill the mortar porosity during the accelerated corrosion test.

The time to cracking t. is the same for the two models (A and B) if
we take into account the initial corrosion due to the curing step with a
radius loss evaluated to 3 pm (Rp=5 mm-3 pm). Furthermore, the
predicted time to cracking is the same for e, equal to 0 pm or 60 pm for
the case A (Fig. 17). These results showed that the time to cracking t.
does not depend on the value of the thickness of rust layer e,.
Nevertheless, the predicted time to cracking is very sensitive to the
value of the radial displacement at the interface between rust and the
mortar (Fig. 17). This dependence may be due to the composition of
rust products, i.e. to their density.

To validate these results, time to cracking was determined with
models proposed by other authors.

Our modelling was first compared to the model proposed by
Piltner and Monteiro [18] in which the time to fill the porous zone is
not taken into account. In this model, the tensile stress at the corrosion
products-mortar interface r=Rq is given by:

0
gtzz.u.% (13)

where p is the shear modulus of mortar (u=12.5 GPa), pé is equal to
the displacement U(r=Ro) at the interface between the corrosion
products and the mortar with p a “coefficient of expansion” which
relates the penetration of corrosion 6 (X for us) to the expansion of the
corrosion products (see Fig. 18).

We supposed that Ry=R;+ARs and U(r=Ry) was given by the radial
displacement U(r=d(P,—P;)=94 pm) measured by the inter-correlation
image technique. The “coefficient of expansion” p was estimated to be
equal to 8-107”. Result of tensile stress is given in Fig. 16. With this
model, the predicted time to cracking is also 10 h and is in accordance
with our modelling.
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Fig. 17. Influence of the thickness of the rust layer e, and the radial displacement U(r) at
the interface r=a on the time to cracking (model A).

Other authors proposed analytical models which take into account
the time to fill the porous zone between steel and mortar. Our
experimental data have been applied to these models.

Morinaga ([19] given in [20]) proposed an empirical equation
based on field and laboratory data to predict the time from corrosion
initiation to corrosion cracking according to:

Ter = 0.602D(1 + 2C/D)’" Jicor (14)

where T is the time from corrosion initiation to corrosion cracking
(days), D is the steel bar diameter (mm), C is the clear mortar cover

Conciata Corrosion products
Original diameter
Boundary T’ P&=U(r)

Fig. 18. Model used by [18] to estimate the stresses developed during the corrosion of
reinforced concrete.

(mm) and i is the corrosion rate (107* g/cm?/day). With our
experimental data the predicted time is about 26.5 h.

Maaddawy and Soudki [20] proposed a model which accounts for
the time required for corrosion products to fill a porous zone around
the steel reinforcing bar before they start inducing expansive pressure
on the surrounding mortar. This model depends on the geometrical
and mechanical characteristics of the sample (diameter of rebar,
thickness of cylinder, Young's modulus and Poisson's ratio of mortar),
on the current density and on the thickness of the porous zone &o. The
thickness 5o of the porous zone is typically in the range of 10-20 pm.
With our experimental data, the time to cracking is estimated to 34 h
for 50=10 um and 68 h for 60=20 pm.

Liu and Weyers [14] or Bhargava et al. [15] proposed a model which
considers the critical amount of corrosion products needed to fill the
interconnected void space (60) around the reinforced bar and to
generate sufficient tensile stresses to crack the cover mortar. With our
data, the time to cracking was estimated to 56 h for akaganeite and
with 60=10 um [14].

These predicted times to cracking are higher than our predicted
value (10 h). Nevertheless, in our tests, it should be necessary to add the
time before the corrosion accelerated test (i.e. during the curing step).
So, for specimens of 6 months old and with a current density estimated
to 0.5 pA/cm? the “true” time to cracking should be evaluated to:

t'c = te + 365/2/200%24 = 10 + 22 = 32 hours. (15)

This predicted time t. is coherent with the models which take into
account the time to fill the porous zone between steel and mortar.

4.2.3. Estimation of mechanical properties of rust

The main difficulty in numerical modelling lies in the determina-
tion of the parameters of the interface, in term of Young's modulus
and Poisson's ratio to reproduce the development of corrosion. We
used the model of the hollow cylinder subjected to inner and outer
pressures to calibrate the Young's modulus of rust. In this case, we
supposed the hollow cylinder to be composed of the rust layer. In this
model, the Poisson's ratio was assumed to be 0.3 equal to the Poisson's
ratio of steel.

This model was applied in two cases:

- Model C: The radii r=a and r=b were the same during the accelerated
corrosion test. In this case, the inner radius r=a was supposed to be
equal to a=Rg where Rq is the initial radius of the steel rebar. The
outer radius r=b was supposed to be equal to b=Ry+e; where e, is the
thickness of the rust layer equal to e,=30 pm.
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Fig. 19. Young's modulus of rust layer against time for the two models C and D.
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- Model D: The model was used with a=R; as defined in Fig. 11. The
outer radius r=b was equal to b=R; +AR; to take into account the
evolution of the radii with time during accelerated corrosion test.

For the two models (C and D), we determined the constants C; and
C, from Eq. (7) to (8) assuming that U(r=a)=0 and U(r=b)=U; deduced
from models A or B. Then, the Young's modulus was deduced from Eq.
(11) assuming that the radial stress was equal to o,=-P; with the
pressure P; determined in the cases A or B.

The calibrated Young's modulus is given in Fig. 19. For the first case
(model C), it is constant and equal to 0.13 GPa. For the second case
(model D), the predicted Young's modulus is less and varies linearly
with time. It can be noticed that the calibrated value depends on the
Poisson's ratio of rust. For instance, the Young's modulus is equal to
0.14 (with model C) if the Poisson's ratio is equal to 0.2.

The result for the Young's modulus (Fig. 20) is the same whatever
the value of the radial displacement at the interface between the rust
and the mortar U(r), but the result depends on the initial value of the
thickness e, of the rust (or of the initial radius Ry). This result is
coherent with the dependence of the Young's modulus with time for
the model D. This dependence may be due to the compaction of the
layer under the effect of the confinement.

4.3. Concluding remark
Displacement field at the interface between steel and mortar was
determined by using digital image correlation. Our result showed that

the radial displacement at the interface rust/mortar is about U
(r)=0.07t.
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Fig. 20. Influence of the thickness of the rust layer e; and the radial displacement U(r) at
the interface r=a on the Young's modulus of the rust (model C).

This datum allowed predicting the time to cracking and the Young's
modulus of rust by using the analytical model of hollow cylinder
subjected to inner and outer pressures. Our modelling showed that the
predicted time to cracking does not depend on the thickness of the rust
layer but it depends on the displacement of the interface steel/mortar.
This model did not allow to take into account the time to fill the porous
zone. Concerning the Young's modulus, our results showed that the
calibrated value depends on the thickness of the rust layer e and then
on the geometrical characteristics of the mechanical modelling.

5. Conclusions

The aim of this study was to analyse the mechanical effects of
corrosion products on the cracking of mortar. Accelerated corrosion tests
by impressed current method were performed to determine the corrosion
pattern and the displacement field by using digital image correlation.

The results obtained showed that:

- Under accelerated tests rust layer was formed at the interface steel/
mortar. This phase was mainly composed of iron oxy-hydroxides
and its thickness AR; varied linearly with time.

- Under accelerated tests rust layer was formed at the interface steel/
mortar. This phase was mainly composed of iron oxy-hydroxides
and its thickness AR varied linearly with time.

- The radial displacement at the interface rust/mortar was evaluated
by using digital image correlation. It varied linearly with time for
times t inferior to about 15 h, i.e. before the time to cracking.

The analytical model of a hollow cylinder subjected to inner and
outer pressures allowed predicting the time to cracking and calibrat-
ing the Young's modulus of the rust layer from the value of the radial
displacement of the interface steel/mortar. The time to cracking
depends on the radial displacement value. With this model the time to
cracking was underestimated because this model did not to take into
account the time to fill the porous zone between steel and mortar.

This modelling allowed calibrating the Young's modulus too. Our
results showed that the calibrated Young's modulus of the rust layer
depends on the thickness of the rust and on the initial radius of the
reinforcement. Consequently the value of the Young's modulus used in
numerical modelling depends on the geometrical characteristics (radius
of the steel and thickness of the rust layer). For instance, in the case
where the reduction of the rebar diameter is taken into account in
numerical modelling, Young's modulus can't be considered as constant.

There is still a need for more experiment results to predict the
mechanical properties of rust in reinforced concrete structures without
calibration and to better understand the effect of the confinement of the
rust layer on the mechanical properties This implies numerous
experiments and a lot of different measurements (mechanical, geome-
trical, electrochemical...) on simple structures to analyse the develop-
ment of corrosion, its mechanical effects and the final products. It would
be interesting to have a better knowledge of the rust composition
(valence number of iron, density of rust) in order to predict the thickness
evolution of rust and the expansion coefficient.

Moreover, this study has to be extended to the case of natural
corrosion and it would be interesting to study the influence of the
mixed layer on the mechanical effects. More attention has to be paid to
the porous zone between steel and mortar to improve the time to
cracking too.
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