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Abstract. Cracking of reinforced concrete can occur in certain environments due to rebar corrosion.
The oxide layer growing around the bars introduces a pressure which may be enough to lead to the
fracture of concrete. To study such an effect, the results of accelerated corrosion tests and finite ele-
ment simulations are combined in this work. In previous works, a numerical model for the expansive
layer, called expansive joint element, was programmed by the authors to reproduce the effect of the
oxide over the concrete. In that model, the expansion of the oxide layer in stress free conditions is
simulated as an uniform expansion perpendicular to the steel surface. The cracking of concrete is
simulated by means of finite elements with an embedded adaptable cohesive crack that follow the
standard cohesive model. In the present work, further accelerated tests with imposed constant cur-
rent have been carried out on the same type of specimens tested in previous works (with an embedded
steel tube), while measuring, among other things, the main-crack mouth opening. Then, the tests have
been numerically simulated using the expansive joint element and the tube as the corroding electrode
(rather than a bar). As a result of the comparison of numerical and experimental results, both for
the crack mouth opening and the crack pattern, new insight is gained into the behavior of the oxide
layer. In particular, quantitative assessment of the oxide expansion relation is deduced from the ex-
periments, and a narrower interval for the shear stiffness of the oxide layer is obtained, which could
not be achieved using bars as the corroding element, because in that case the numerical results were
insensitive to the shear stiffness of the oxide layer within many orders of magnitude.

1 INTRODUCTION In the present work, the cracking of concrete
produced by rebar corrosion is studied combin-
ing the results of accelerated corrosion tests and

finite element simulations.

Cracking of reinforced concrete structures
can occur in certain environments as a conse-
quence of the corrosion of the rebars. The ox-

ide layer growing around the bar exerts a pres-
sure on the surrounding concrete which may be
enough to crack the concrete cover [1].

To reproduce the mechanical action of the
oxide on the concrete, a numerical so-called
expansive joint element was developed by the
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authors in which the formation of the oxide is
simulated as an uniform expansion proportional
to the corrosion depth which is assumed to be
given at any specified time [2].

For the cracking of concrete, finite elements
are used with an embedded adaptable cohesive
crack as described in [3]]. The embedded crack
follows a simple 3D extension of the standard
cohesive model introduced by Hillerborg [4] .

The parameters that characterize the crack-
ing of concrete are experimentally determined
in three point bending tests and brazilian tests,
following the method described in [5]].

In previous works, the model was applied
to a simple specimen, consisting in a concrete
prism cast around a smooth steel bar. Para-
metric simulations allowed to find bounds for
the parameters of the expansive joint element,
which are not directly accessible to experiment
[2, 6.

In parallel, accelerated corrosion tests were
carried out under current intensity control us-
ing concrete prisms of the same dimensions as
those used in the simulations, but with a cast-
in steel tube instead of a steel bar. The exper-
imental crack pattern was revealed under ultra-
violet light of cross-sectional slices of the cor-
roded specimens impregnated with resin con-
taining fluorescein. The experimental crack pat-
tern was found to agree well with the numerical
predictions [7]].

For the present work, further accelerated
tests with imposed constant current have been
carried out on the same type of specimens tested
in previous work (with an embedded steel tube),
while measuring, among other things, the main-
crack mouth opening. Then, the tests have been
numerically simulated using the expansive joint
element and the tube as the corroding electrode
(rather than a bar). As a result of the compari-
son of numerical and experimental results, both
for the crack mouth opening and the crack pat-
tern, new insight is gained into the behavior of
the oxide layer.

The paper briefly describes the numerical
model and its underlying parameters and out-
lines the experimental procedure. Then the re-

sults are summarized and the implications of the
comparative parametric analysis are discussed.

2 OUTLINE OF THE NUMERICAL AND
EXPERIMENTAL PROCEDURES

As already pointed out, the cracking of the
concrete surrounding a corroding rebar is stud-
ied in this work combining the results of accel-
erated corrosion tests and finite element simula-
tions. In this section, we give a short account of
the essential features of both numerical simula-
tions and tests.

The finite element simulations rest on two
basic models: the cracking model, which is as-
sumed to follow a cohesive crack behavior, and
the oxide layer model, which is implemented
as a layer of interface elements with zero initial
thickness which expand as the corrosion depth
increases.

2.1 About concrete cracking

The cracking behavior of concrete can be
characterized in independent tests in which its
fracture properties are determined by well es-
tablished procedures [5,[8]. Likewise, a rela-
tively large experience exists about the numeri-
cal modeling of concrete cracking. The authors
use a relatively simple implementation consist-
ing of constant strain elements with an embed-
ded cohesive crack with limited adaptability [3]].

The cohesive crack is the simplest 3D ex-
tension of the standard cohesive crack proposed
by Hillerborg and co-workers in 1976 [4]. It is
fully characterized by a single scalar softening
function, the one for pure Mode I crack growth,
and the extension consists in assuming that the
forces are central, i.e., that the cohesive traction
vector on one crack face is proportional to the
relative displacement vector of the two crack
faces.

A generic softening function is displayed in
Figure (1| in which the initial linear approxima-
tion is also shown. The initial linear approxi-
mation of the softening curve and a bilinear fit
to the full curve can be obtained in closed form
from a combination of diagonal splitting tests
and stable bending tests on notched beams sub-
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jected to three-point bending [5].

The limited adaptability of the crack is actu-
ally a numerical expedient to avoid crack lock-
ing while keeping the formulation strictly lo-
cal. It consists in allowing the crack to rotate
to adapt itself to the local stress fields while the
crack opening is smaller than a certain threshold
wyn, Which, by default, is taken to be 0.2G g1/ f;,
in which Gr; and f; are defined in Figure

g

softening curve

Je

Figure 1: Softening curve of concrete and linear approxi-
mation. The area under the linear curve G'r; is, approxi-
mately, half of the the fracture energy G, the area under
the full softening curve.

2.2 The expansive joint model

Contrary to cracking behavior, the mechani-
cal behavior of the oxide layer cannot be inde-
pendently measured, and its basic mechanical
properties have to be inferred from the results
of the accelerated corrosion tests. To reproduce
the effect of the expansion of the oxide at the
surface of corroding steel, a so-called expansive
joint element was devised that simulates the me-
chanical action of the oxide layer on its neigh-
borhood. It is a four-node element with zero
initial thickness that reproduces the growth of
the oxide as a normal expansion.

During the corrosion process, there is a part
of steel that is transformed into oxide, the cor-
rosion depth x (Fig. [2)), but there is also a volu-
metric expansion, due to the specific volume of
the oxide being greater than the specific volume

of the steel. However, in order to simplify the
calculations, the expansive joint element only
includes the volumetric expansion Sz of the ox-
ide and the steel section remains constant, as
shown in Fig. [2] and the composite behavior is
found by a series-coupling model.

expansive
oxide | |joint elem.

Bx: volumetric expansion

Xx: corrosion depth

Initial
steel
section

Figure 2: Expansive joint element to reproduce the vol-
umetric expansion of the oxide in finite element simula-
tions [2]].

The free volumetric expansion is assumed to
depend linearly on the corrosion depth and on
an expansion factor (3, which is defined by the
ratio of the specific volumes of the oxide vy

and the steel v as
Vox

g = —-1 ey

Vst

For a free expansion of the oxide, without
any other mechanical actions, the traction vec-
tor t of the element is assumed to be zero. How-
ever, when there is a mechanical displacement
w apart from the free expansion, the traction
vector is calculated as

t="Fk,(w-n—fgz)n+ kfw—(w-nn] (2)

where n is the normal direction to the element
and k,, and k; are, respectively, the normal and
shear stiffnesses of the expansive joint element.

The composite stiffnesses k,, and k; are cal-
culated to maintain mechanical equivalence of
the real and the simulated systems, based on the
properties of the steel, the real oxide and the ex-
pansion factor ( using a series coupling model.

From a simple analysis, it turns out that
the stiffnesses are inversely proportional to the
thickness of the oxide layer and, thus, also to
the corrosion depth, i.e.,

1 1
k, < —, kfoc— (3)
x x
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which means that, as one might expect, the stiff-
ness of the corrosion layer is infinite when its
thickness is zero.

To avoid numerical instabilities during the
calculations for very small values of corrosion
depth, a cut-off is stablished for a certain corro-
sion depth z(, assuming that the stiffnesses are
constant for corrosion depths smaller than x,
as shown in Fig.[3]

kn,
S analytical curve
ol — numerical curve
kn B
Zo T

Figure 3: Analytical and numerical curves of the normal
stiffness of the expansive joint element. A cut-off of the
stiffness is set to avoid numerical instabilities during the
computations.

Thus, the numerical law for the normal stiff-
ness is written as

KD if v <z

ky, = Ty .
" kg—o ifz >z
x

“4)

and likewise for the shear stiffness.

The model incorporates a debonding ability
to allow easy relative movement of the steel
and the concrete in shear and tension, which
is necessary to achieve proper localization of
the cracks. This is accomplished by taking a
shear stiffness substantially less than the normal
stress (k; < k,,) and by strong directionality of
the normal stiffness, implemented through a di-
rectionality factor 7, which is equal to one for
compression and much less than one for ten-
sion, 1.e.,

ifw-n— (xr <0

1
77_{m<<1 ifwon—pr>0 O

with the joint equation (2) replaced by
t =nk,(W-n— Sz)n+ kfw— (w-n)n] (6)

2.3 Experimental procedures

Accelerated corrosion tests have been car-
ried out on concrete prisms cast around a steel
tube which is corroded at constant current in-
tensity. The samples in this study are concrete
prisms with a cross-sectional section of 100 mm
width and 90 mm height, with a steel tube in-
side simulating a rebar of 20 mm diameter and
a cover equal to the diameter of the rebar. The
thickness of the tube is 1 mm. A sketch of the
geometry of the samples is shown in Fig.

Figure 4: Geometry of the samples, with a =90 mm, b =
100 mm, D =20 mm

During the tests, the samples are submerged
in water to provide electrical contact between
the working- and the counter-electrodes.

In the experiments, a constant density cur-
rent of 400 pA/cm? is applied to the rebar for
3 days. A corrosion depth of 35 microns has
been estimated according to the Faraday’s law
as described in [9]].

During the tests, the relative displacement w’
between the two faces parallel to the main crack
is measured with a longitudinal extensometer,
as indicated in Fig. [5 at the middle section of
the sample.

After corrosion, the samples are cut into
slices and impregnated under vacuum with resin
containing fluorescein to study the cracking
along the bar. Previous to the impregnation,
the surface of the slices is grounded, then the
slices are dried in an oven until constant weight,
next they are kept in vacuum atmosphere for 24
hours to empty the pores of concrete and finally
they are impregnated with the resin. That pro-
cedure is described in detail in [/7]].
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Figure 5: Relative displacement w’ between the two faces
parallel to the main crack, which is measured with an
extensometer at points A and B during the tests and
recorded in the simulations and which slightly differs
from the opening width of the main crack w.

Complementary tests consisting on three
point bending tests and diagonal splitting
(Brazilian) tests have been carried out follow-
ing the method described in [3]] to determine the
fracture parameters of concrete.

2.4 Numerical simulations

In the simulations, the geometry with the
tube is reproduced, but also simulations with a
bar are carried out to compare with the results
obtained in previous studies, and a total radial
expansion of 10 microns is applied in 100 steps,
to focus only on the earliest state of cracking.

The concrete is modeled with elements with
embedded adaptable crack, the oxide with ex-
pansive joint elements and the steel with en-
hanced strain quadrilateral elements.

A minimum number of 3 elements in the
thickness of the tube and 16 elements per quar-
ter of circumference was found to be adequate
to capture the bending of the tube wall. The
mesh is automatically generated using Gmsh
program [10].

The properties of the materials in the simu-
lations have been chosen similar to those in the
experiments and they are shown in Table[I]

Standard values have been assumed for the
steel, but, in the case of the concrete, a lin-
ear curve fitted to the initial part of softening,

as shown in Fig. |1} has been used to speed-up
the calculations. That curve has a fracture en-
ergy Gy that is approximately half of the ac-
tual fracture energy G'r of the softening curve
of concrete, but it properly reproduces the frac-
ture of concrete at early stages of cracking.

Table 1: Mechanical properties of steel and concrete,
where F is the elasticity modulus, v is the Poisson co-
efficient, o is the adaption factor of the crack, f; is the
tensile strength and G g is the fracture energy in the lin-
ear softening curve.

Steel Concrete
FE (GPa) 200 30
v 0.3 0.2
o - 0.2
fi (MPa) - 3.0
Gr1 (N/mm) - 0.05

For the oxide layer, the parameters were ini-
tially assumed based on the literature, with a
bulk stiffness similar to that of water [11]], and
the cut off selected to keep the computations
stable [0]; they are shown in Table[2] The para-
metric study for a corroding steel bar showed
that a wide range of values for the tangent stiff-
ness produced nearly indistinguishable values
of the crack pattern and maximum crack width.
However, the results of the present tests indi-
cate that the shear stiffness of the oxide layer
k: need to be reconsidered when the corroding
electrode is thin-walled tube. Also, the effec-
tive expansion factor 3 turned out to be larger
than previously considered as shown in the next
section.

Table 2: Reference values for this study, where k:g is the
cut-off normal stiffness in compression, k? is the cut-off
shear stiffness, 7, is the directionality factor to reduce the
normal stiffness in tension and [ is the expansion factor.

oxide
k;g (MPa/mm) | 7.0-10°
k:? (MPa/mm) | 7.0-10~

2o (mm) 1.0-1073
U 1.0- 10_11
3 1.0
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3 RESULTS AND DISCUSSION
3.1 Experimental crack pattern

After corrosion, all the samples are cut into
slices and impregnated under vacuum with resin
containing fluorescein as described in section
[2.3] The experimental pattern of a slice of a
sample corroded with a density current of 400
palem? for 3 days is shown in Fig. [6]

The crack pattern is analyzed combining two
views of the same sample: In the first view, in
which the slice is illuminated with natural light
(top part of the figure), the main crack and the
root of some secondary cracks are detected. In
the second view, in which the slice is illumi-
nated with UV ligth (bottom part of the fig-
ure), the thinner cracks are observable, while
the main crack seems to be full of black iron
oxide and not to have taken so much resin in-
side.

3.2 Main crack opening: [ fitting

The relative displacement w’ between the
faces parallel to the main crack is measured in
the experiments as indicated in Fig. [3] at the
middle section of the sample and it is also cal-
culated in simulations with a bar and a tube as
rebars, using the parameters indicated in Tables
[Mand 2] The results are shown in Fig.[7] The
curves of the simulations with a tube reproduce
the shape of the experimental curve better than
the simulations with a bar, as expected. How-
ever, in both cases, the results are lower than the
experimental ones, although the model properly
reproduced the crack pattern of samples with a
bar with those parameters [2}/6]].

Thus, new simulations have been computed
only for the case of a tube, varying the expan-
sion factor (3 to scale the curves, as seen in
Fig. B finding out that the curve for § = 2 is
the one that better fits the experimental results.

3.3 Crack pattern: £, fitting

The simulations of the samples with a bar
and with a tube have been computed again us-
ing the value of 3 determined in section [3.2]but
maintaining the values of stiffness shown in Ta-
ble

Figure 6: Experimental crack pattern in a sample with an
estimated corrosion depth of 35 microns, observed under

natural light (top) and under UV light (bottom).
0.1

—4a— test1
—¥— test2
- -®--simulation bar
- -©--simulation tube /

~

0.04 / -

w' (mm)

0 0.002 0.004 0.006 0.008 0.01
X (mm)

Figure 7: Relative displacement w’ in the tests and in the
simulations with a bar and a tube as rebars for §=1.
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Figure 8: Relative displacement w’ in the tests and in the
simulations with a tube varying the expansion factor 3.

The crack width in millimeters and the pos-
itive maximum principal stresses in MPa are
shown in Fig. [9] for the bar (top) and the tube
(bottom).

It is found out that although the model prop-
erly reproduces the crack pattern in the case of
a bar (Fig. [O}top) and the relative displacement
w’ in both cases, the pattern in the sample with a
tube (bottom of the same figure) differs from the
experimental pattern (Fig.[6): only a main crack
at the cover and an opposite secondary crack
predominate, while all other relevant secondary
cracks are closed as these two cracks grow dur-
ing the calculations, whereas in the simulations
with the bar several relevant secondary cracks
distributed around the bar appear. This effect
seems to be due to the stiffness of the tube be-
ing much less than that of the bar. As a conse-
quence, while for the stiffer bar the crack pat-
tern results were insensitive to the shear stiff-
ness k; of the oxide layer over many orders of
magnitude, it appears that k; has a much greater
effect on the cracking in the case of the tube.

Then, new simulations have been computed
in order to delimit the values of k; which repro-
duce the real cracking observed in the experi-
ments, covering a range from 7-10~'4 MPa/mm
(virtual zero) to 7-10° MPa/mm (equal to k).

crack: t =100
0 0.098 0 3
N

crack: t =100
0 0.0987 0 3

body: t =100

Figure 9: Simulated crack pattern for a corrosion depth
of 10 microns, an expansion factor 3 =2 and the stiffness
parameters shown in Table[2]in a concrete sample with a
bar (top) and with a tube (bottom) as rebars.

For values of k; lower than 700 MPa/mm,
only the main crack and an opposite crack ap-
pear, obtaining a crack pattern very similar to
the pattern shown in Fig. Qfbottom. There
is a range of values between 1000 and 2000
MPa/mm for which the crack pattern resembles
those found in the experiments. But for val-
ues higher than 7000 MPa/mm, although the
number of secondary cracks increase, they are
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clamped at the root and there are points of stress
lock-in, as it was disclosed in [2] revealing the
necessity of reducing the shear stiffness.

In Fig. the crack patterns for k; 1000,
2000 and 7000 MPa/mm are shown. For a shear
stiffness equal to 1000 MPa/mm (top), there is a
secondary crack that predominates, apart from
the main crack, but there are two more sec-
ondary cracks still remaining. For a shear stiff-
ness of 2000 MPa/mm (middle), the crack op-
posite to the main crack has a smaller length and
there are other six secondary cracks around the
tube, all of them with similar length, resembling
the experimental pattern observed in Fig. [

The pattern obtained for 7000 MPa/mm ap-
parently is very similar to that obtained for 2000
MPa/mm, except for a greater number of sec-
ondary cracks. However, if only the cracks
with a width greater than 0.005 mm are plot-
ted, more differences are observed. In Fig. |'1;1'|,
a detail of the cracking around the rebar is
shown. In all the cases there are only three or
four cracks wider than 0.005mm, so the cracks
that do not appear are microcracks with open-
ing width near to zero. But only in the case of
7000 MPa/mm (right) there is a jump between
the tube and some of the cracks, what means
that those cracks are clamped at the root due to
an excessive shear stiffness k; of the expansive
joint element.

It must be pointed out that the corrosion
depth in the simulations is lower than the cor-
rosion depth estimated in the experiments, what
might explain a difference in the length of the
cracks. However, a greater corrosion depth
is not simulated because, at this stage of the
study, a linear softening curve is being used for
the cracking of concrete, which properly repro-
duces the fracture of concrete for early stages of
cracking only.

Finally, in Fig. [I2] the relative displacement
w’ is represented versus the corrosion depth for
all the values of shear stiffness of this study,
showing that the curves of relative displacement
obtained in the simulations using the new values
of k; are in agreement with the experimental re-
sults.

crack: t =100 body: t = 100
0 0.0916 0 3
m |

crack: t = 100 body: t = 100
0 0.0875 0 3
| [

crack: t =100
0 0.0861 0 3

body: t =100

Figure 10: Crack pattern in a concrete prism with a steel
tube, for a corrosion depth of 10 microns and k; 1000
(top), 2000 (middle) and 7000 (bottom) MPa/mm.
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0.005 0.0916  0.005 0.0875  0.005 0.0861
| | |
1000 MPa/mm 2000 MPa/mm 7000 MPa/mm

Figure 11: Detail of the cracking around the rebar in a
concrete sample with a steel tube and a corrosion depth of
10 microns for a shear stiffness of 1000 (left), 2000 (mid-
dle) and 7000 (right) MPa/mm. Only the cracks wider
than 0.005 mm are shown.

test1

test2

—o--- kt 7e-14 MPa/mm

—a--- kt 7e+01 MPa/mm

0.08 | okt 7e+02 MPa/mm

! ---x---- kt 1e+03 MPa/mm

----+--- kt 2e+03 MPa/mm

- - a- -kt 7e+03 MPa/mm

- - V- - kt 7e+04 MPa/mm
->- -kt 7e+06 MPa/mm

w' (mm)

0.04

0.02

0 0.002 0.004 0.006 0.008 0.01
X (mm)

Figure 12: Maximum crack width versus the corrosion
depth in concrete prisms with a steel tube depending on
the shear stiffness k; of the expansive joint element.

4 CONCLUSIONS

Accelerated corrosion tests have been car-
ried out on concrete prisms with a steel tube
inside as a rebar to study the cracking of con-
crete due to rebar corrosion. During the tests,
the main crack mouth opening is measured, and,
after corrosion, the samples are cut into slices
and impregnated under vacuum with resin con-
taining fluorescein to improve the detection of
cracks.

Then, two views of every slice are combined
to study the experimental crack pattern: under
natural light, a main crack is observed at the

concrete cover, but also some secondary cracks
and microcracks are detected when illuminating
the slice under UV light.

A model called expansive joint element pro-
grammed by the authors to simulate the ef-
fect of the volumetric expansion of the oxide,
combined with finite elements with embedded
adaptable cohesive crack has been proved to
reproduce the cracking of real samples both
for the crack pattern and the quantitative crack
opening.

The combination of the tests and the numeri-
cal simulation leads to a quantitative assessment
of the oxide expansion relation —factor (3 in
Fig.[2land Eq. (2.2).

The simulations show that the crack pattern
for a corroding tube is much more sensitive
to the parameters of the expansive joint model
than for a bar, presumably because of the re-
duced stiffness of the tube with respect to the
bar.

In particular, the order of magnitude of the
shear stiffness k; of the oxide layer can be es-
timated from the tests with a corroding tube,
while the results for a bar were insensitive to
k; over various orders of magnitude.
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