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Modelling the effect of corrosion on bond in
reinforced concrete

Karin Lundgren™

Chalmers University of Technology

Corrosion of reinforcement leads to a volume increase; thus, splitting stresses are induced in the concrete. Thereby,
the bond mechanism between the reinforcement and the concrete is influenced. In order to model the splitting
stresses of the corrosion, the mechanical behaviour of the corrosion products must be known. Analyses of corrosion
cracking tests led to the assumption that the corrosion products behave like a granular material; i.e. their stiffness
increases with the stress level. This mechanical behaviour, and the volume of the rust relative to the uncorroded
steel, were given as input for a corrosion layer. This layer was used, together with a model developed earlier for
the bond mechanism, in finite element analyses of corrosion cracking tests and pull-out tests with corroded
reinforcement. Reasonably good agreement between test results and analyses was obtained. The results show that
this method of modelling can predict the decrease of bond when splitting of the concrete occurs, due to the

combined action of corrosion and the bond mechanism.

Introduction

Corrosion of the reinforcement often determines the
durability of concrete structures. Since corrosion of
reinforcement causes a volume increase, splitting stres-
ses are induced in the concrete. Corrosion is also
known to influence the friction between the reinforce-
ment bar and the concrete. These two effects lead to a
very strong interaction between corrosion of the re-
inforcement and the bond mechanism. Furthermore, the
bond mechanism between deformed bars and concrete
is influenced by a number of other parameters, such as
the strength of the surrounding structure, the occur-
rence of splitting cracks and yielding of the reinforce-
ment. Most of the work done concerning how corrosion
affects the bond mechanism is experimental. On the
basis of test results, empirical formulae that describe
what influence corrosion has on the bond strength have
been formulated, see FIB.! However, this approach is
most highly dependent upon details such as concrete
cover, amount of stirrups, etc. A more general model of
how the bond mechanism is affected by corrosion of
the steel has not been found in the literature.
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In earlier work by the author,” a general model of
the bond mechanism was developed. In this bond mod-
el, the splitting stresses of the bond action are included,
and the bond stress depends not only on the slip, but
also on the radial deformation between the reinforce-
ment bar and the concrete. Thereby, the loss of bond at
splitting failure or if the reinforcement is yielding can
be simulated. This bond model is here combined with
the modelling of a corrosion layer. With this method of
modelling, one set of input parameters is given for the
interface between the steel and the concrete. Depending
on the applied corrosion level, and on the confinement
of the modelled surrounding structure, various bond-
slip curves result. The modelling of the combined cor-
rosion and bond layer is presented here, together with
results from finite element analyses of corrosion crack-
ing tests and pull-out tests of corroded bars.

Interface elements

The modelling method described in this article is
specially suited for detailed three-dimensional finite
element analyses, where both the concrete and the
reinforcement are modelled with solid elements. The
finite element program DIANA was used. There, inter-
face elements are available which describe a relation
between the traction t and the relative displacement u
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in the interface. These interface elements are used at
the surface between the reinforcement bars and the
concrete. The physical interpretations of the variables
ta, b, ty and u, are shown in Fig. 1. The corrosion
model and the bond model can be viewed as two
separate layers around a reinforcement bar. However, to
reduce the number of nodes required to model a struc-
ture, they are integrated in one interface element. Due
to equilibrium between the two layers, the traction t is
the same in the bond and in the corrosion layer. The
deformations are related by

Uy = Upcor T Unbond ®

U = Upbonds Uscor = 0 )

where the index cor means for the corrosion layer, and
the index bond means for the bond layer. Equations (1)
and (2) are solved within the interface element, to-
gether with the condition for equilibrium. For more
information about the implementation, see Lundgren.3

Bond model

Presentation of the bond model

The model of the bond mechanism is presented in
greater detail by Lundgren and Gylltoﬁ‘,2 and by
Lundgren.4 Here, a brief summary of the model is
given. The bond model is a frictional model, using
elasto-plastic theory to describe the relations between
the stresses and the deformations. The relation between
the tractions t and the relative displacements u is in the
elastic range

ty Dll —Iutbandl D12 Unbond
| = Uthond 3)
0 D;

Urbond

= t, = normal stress
~ ] t,= bond stress

_ J U, = relative normal displacement In the layer
uy = slip

Fig. 1. Physical interpretation of the variables t,, t,, u, and
H
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where Dy, normally is negative, meaning that slip in
either direction will cause negative ¢,, i.e. compressive
forces directed outwards in the concrete. The yield sur-
face is defined by two yield functions, one describing
the friction Fj, assuming that the adhesion is negli-
gible. The other yield function, F3, describes the upper
limit at a pull-out failure. It is determined from the
stress in the inclined compressive struts that results
from the bond action.

Fy=|t|+ut,=0 4
Fa=£2+f+c t,=0 5)

The yield surface is shown in Fig. 2. For plastic loading
along the yield function describing the upper limit, F,
an associated flow rule is assumed. For the yield func-
tion describing the friction, F|, a non-associated flow
rule is assumed, for which the plastic part of the defor-
mations is

awr=a228 G- “‘ﬂ"i't, +9t,=0. (6)

ot U tbond

For the hardening rule of the model, a hardening

parameter x is established.

dic = \[duly? + dub, 2 ™

The variables u and ¢ in the yield functions are as-
sumed to be functions of x. The model can also be
used for cyclic loading.

The model was validated against pull-out tests with
various geometry and with both monotonic and cyclic
loading; see Lundgren and Gylltoft.2 Furthermore, it
was used in three-dimensional finite element analyses
of different anchorage situations: lapped reinforcement
splices, anchorage in beam-ends with varying support
conditions, and anchorage at end regions of simply
supported beams; see Lundgren and Magnusson.” It
was concluded that the model could describe the behav-
iour well, and reasonably good agreement was found
between the analyses and the test results.

@ Stress in the inclined
compressive struts

@ Friction

Fig. 2. The yield surface of the bond model
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Chosen input for the bond model

In Lundgren and Gylltoft,2 the bond model was cali-
brated for normal-strength concrete and reinforcement
of type K500 ¢ 16. The calibration was slightly mod-
ified here. In all the earlier analyses, slip between the
reinforcement and the concrete appeared almost at
once, and the normal stresses were almost solely due to
the bond mechanism. When modelling the corrosion
process, large normal stresses were applied to the bond
layer, in some cases without any slip at all. As a
consequence, parameters that previously had only min-
or effects on the behaviour became important. Two
parameters were modified: the stiffness D;; and the
function ¢(x). The other input parameters were given as
described in Lundgren and Gylltoft.2 That is, the coef-
ficient of friction, u, was assumed to vary from 1-0
down to 0-4 during the hardening, and the parameter 7
was assumed to be constant for monotonic loading.

In the previous work, the stiffness D;; in equation
(3) was assumed to be constant. Here, it was decided to
let D;; depend on the deformation u,psng. This can
physically be compared with the fact that normal pres-
sure is obtainable only when there is contact between
the two materials. If that rule were strictly followed,
and penetration were not allowed, the stiffness Dy,
would be zero for positive values of the normal defor-
mation, and infinite when the normal deformation was
zero. Such a definition of the stiffness would most
likely lead to numerical problems. To reduce the pro-
blems, a maximum value of D;; was chosen for u#,sns
smaller than zero, and D); was decreased for positive
Unbong down to a minimum value, as shown in Fig. 3(a).

The hardening of the yield function F3, i.e. the func-
tion c(k), was also modified. This function describes
how the limiting stress in the inclined compressive
struts varies with the hardening parameter x. It was
previously chosen to be the same as the uniaxial com-
pression curve of the concrete, including a hardening
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part. However, since the chosen hardening parameter k
is almost equivalent to the slip — see equation (7) — the
cap will limit the normal stresses to the initial value of
c as long as no slip occurs. For a load case with only
corrosion of a reinforcement bar, without any slip ap-
plied, splitting of the concrete can thus be prevented
since the normal stresses are limited. This does not
correspond to physical reality. Therefore, the function
¢(x) was changed so that only the descending part of
the compressive stresses was taken into account, as
shown in Fig. 3(b).

The analyses carried out by Lundgren and Gylltoﬂ2
were re-run with this new calibration, and only minor
effects on the results were found; see Lundgren.3

Corrosion model

Volume increase of the corrosion products

The volume increase of the corrosion products com-
pared with the virgin steel was modelled in a corrosion
layer. The volume of the rust relative to the uncorroded
steel was given as input. Furthermore, the corrosion
penetration x was given as a function of the time. The
corrosion was then modelled by taking time steps.

The physical interpretations of the variables of the
model are presented in Fig. 4. By assuming that the
volume of the rust (corresponding to the grey area in
Fig. 4) is v times the volume of the steel that has
corroded (corresponding to the striped area in Fig. 4),
the distance a can be determined

a=—-r++rr+w-1.-Q2rc—x? ®)

This is the free increase of the radius; i.e. if the radius
is increased that much, the normal stresses will be zero.
The real increase of the radius is #ne.r, corresponding
to a strain in the rust

— In earller work

memee |0 this work

0-8
0-6 -
;]
5
0.4 -
0-2
0 T T —
0 5 10 15

K. mm

(b)

Fig. 3. (a) The stiffness,; and (b) the function c(x), in earlier work and as used in this article
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Corrosion penetration: x

Volume rust/volume steei: v
Free increase of the radius: a
Real increase of the radius: uco

Initial cross-section

Rust

Uncorroded steel
X+a

Fig. 4. Physical interpretation of the variables in the corro-
sion model

Upcor — A

Ecor = m‘ ©)

From this strain in the rust, the normal stresses in the
layer are determined; see the next section.

The volume of the rust relative to the uncorroded
steel, v, is an important parameter in the model. This
value depends on which corrosion product forms.
Values from 2-2 to 6-4 are given in the literature; see
Table 1. Most often, a value of 2:0 has been used in
analyses of corrosion splitting; see Molina et al.,
Noghabai,8 and Coronelli and Gambarova.” The latter
value was also chosen here.

Mechanical behaviour of the rust

For the modelling of the corrosion layer, the mech-
anical behaviour of the corrosion products needs to be
known. No information about this has been found in
the literature. Molina ef al.” assume that the rust is
elastic but state that ‘the properties of the rust should
be replaced by others which are more realistic if a way
can be found to obtain them’. Petre-Lazar and Gerard'®
used a scratching test to investigate the mechanical
properties of the corrosion products. They reached the
conclusion that rust is a cohesionless assemblage of
incompressible crystals.

To investigate the mechanical behaviour of rust, cor-
rosion cracking tests found in the literature were stud-
ied. In all of these, corrosion was induced by an

TabI% 1. The volume of the rust relative to the uncorroded
steel

Corrosion product Volume increase
FC; 04 22
Fe(OH), 3-8
Fe(OH)3 42
Fe(OH)s3, 3H,0 6-4
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impressed current. Ghandehari et al.'! have carried out
pull-out tests on corroded reinforcement bars in con-
crete cylinders. Al-Sulaimani et al."”? and Cabrera and
Ghoudoussi'® have carried out pull-out tests on cor-
roded reinforcement bars concentrically placed in con-
crete blocks. To investigate the mechanical behaviour
of rust, the first part of their experiments was studied,
i.e. when the reinforcement corroded until the specimen
was cracked. The corrosion penetration was measured
by the weight loss method; from these measurements
the corrosion penetration at cracking can be estimated.
Axisymmetric finite element analyses of the test speci-
mens were carried out. For the tests of Ghandehari et
al.' this corresponds to the geometry of the test speci-
men, and for the others it was accepted as a reasonable
approximation. Only the concrete was then modelled,
and a normal stress was applied at the hole in the
centre of the cylinder; see Fig. 5(a). The concrete was
modelled with a constitutive model based on non-linear
fracture mechanics, and four radial cracks were as-
sumed. For more details of how the concrete was mod-
elled, see the section ‘Finite element analyses’ in
‘Comparison with tests’. The results from some of the
analyses are shown in Fig. 5(b), where the deformation
at the hole of the concrete cylinder is plotted versus the
applied normal stress.

Andrade et al."* carried out corrosion cracking tests
with reinforcement bars eccentrically placed in con-
crete blocks. Due to this placement, an axisymmetric
approximation was not possible. Instead, two-dimen-
sional models assuming plane strain were used; see one
example in Fig. 6. The normal stress was applied in the
hole both with deformation control and with load con-
trol. In reality, there would be deformation control if
the corrosion products behave very stiffly; else the
deformation around the hole would differ slightly. The
different ways to apply the load gave approximately
the same results. It was chosen to use the results from
the deformation-controlled analyses, with the normal
stress as the one applied where the crack appeared. In
Table 2, the main results from all analyses are tabu-
lated.

Since the Young’s modulus is much larger for the
steel than for the concrete, it can be assumed that
the deformation of the reinforcement bar is negligible.
The stiffness in the normal direction of the bond layer,
Dy, is chosen large enough that the deformation of the
bond layer is also negligible. Thereby, it can be con-
cluded that the deformation of the concrete cylinder
approximately equals the deformation in the corrosion
layer, t,cop-

By combining the obtained u,.,, with the corrosion
penetration at cracking from the experiments, a value
of the strain in the rust can be calculated, using equa-
tion (8) and equation (9), with the chosen value of 2-0
for the volume of the rust relative to the uncorroded
steel. The results from the tests and analyses are sum-
marised in Table 2, and in Fig. 7 the normal stress
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Fig. 5. (a) Axisymmetric finite element analyses of a concrete cylinder, with a normal stress applied at the hole in the centre of
the cylinder; (b) results from such analyses: the normal stress versus the deformation at the hole of the concrete cylinder

Fig. 6. Two-dimensional model of test II of Andrade et al. "
for estimation of the mechanical behaviour of the corrosion
products

versus the strain in the rust is plotted. Although it must
be noted that parameters known to have an influence
on cracking — such as the applied current — varied for
the tests analysed, this can give some information about

Table 2. Evaluation of normal stress and strain in the rust

Ecar
05 04 —q~3 —q-2 "0,'1 4]
4]
Unloading
-5
Andrade —10
Ghandehari 8
) F-15 =
Al-Sulaimani &
Cabrera | _20
== Chosen input
- —25
- -30

Fig. 7. Normal stress versus strain in the rust evaluated from
a combination of experimental results and analyses, together
with the chosen input

the mechanical behaviour of the rust. The results indi-
cate that the rust does not have a linear elastic behav-
iour. Instead, it was assumed that the rust behaves like
a granular material; i.e. its stiffness increases with the

Reference Test Concrete Rebar x at cracking, Uncor at cracking, t, at cracking, E£cor at cracking,
No. cover diameter from exp. from analyses from analyses | from equations (8)
(mm) (mm) (pm) (mm) (MPa) and (9)
Ghandehari et al. "' CsRs 45 95 159 00105 -222 —0-458
CsRI 40 20 72 0-0075 -9-80 —0-446
I CIRI 65 20 92 0-0125 —-143 —0-429
Cabrera and Ghoddoussi opc 69 12 68 0-016 -25-8 —-0-378
" pfa 69 12 192 0-016 —25-8 —0-450
Al-Sulaimani et al. 70 10 115 0-015 —24'5 —0-428
68 14 102 0-0133 -17:3 —0-430
65 20 93 0-0115 —11-8 —0-435
Andrade ef al. I 20 16 179 0-0028 -737 —0421
11 20 16 144 0-0028 -7-50 —0-402
111 30 16 213 0-0045 -10-08 —0-394
v 20 16 17-4 0-0028 -7-50 —0-419
Magazine of Concrete Research, 2002, 54, No. 3 169
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stress level. This also corresponds to the findings of
Petre-Lazar and Gerard'® that rust is a cohesionless
assemblage of incompressible crystals. It was assumed
that the mechanical behaviour of the rust at loading
could be described with the equation

ty = Kcor : sfo, (10)

The parameters K., and p were chosen to give
reasonable agreement with the results from the analyses
of the tests; see Fig. 7, where the curve for the chosen
values of K., =7-0 GPa and p =7-0 is plotted to-
gether with the analysis results. Further, it was assumed
that the rust was unloaded with the stiffness achieved,
as indicated in Fig. 7.

Discussion of the corrosion model

The effect of the corrosion is modelled here only as
a volume increase of the corrosion products compared
with the virgin steel. In the literature, it is often
claimed that corrosion of reinforcement bars also de-
creases the friction between the reinforcement and the
concrete, see for example FIB.! However, in all tests of
the bond mechanism of corroded reinforcement found
in the literature, only the bond stress and the slip have
been measured. The normal stress in the bond mechan-
ism, or the effect of the normal stress, have not been
measured. Therefore, how the friction coefficient be-
tween the reinforcement and the concrete is affected by
corrosion of the bar is difficult to evaluate. For de-
formed bars, it seems likely that the friction will re-
main approximately the same as long as the corrosion
does not remove large parts of the ribs. Here, it was
thus decided not to take this influence into account. For
large corrosion penetrations, or for smooth bars, this
decision probably needs to be reconsidered.

The lack of information about the mechanical behav-
iour of the corrosion products is of course annoying. To
use a combination of test results and analyses as done
in this paper might be one approach. However, as
pointed out by Petre-Lazar and Gerard,"® it may be
possible for the rust to fill up the pores close to the
reinforcement bars before starting to apply stresses in
the structure. With the present method, this will be
included in the mechanical behaviour of the corrosion
products. Hence their behaviour will be influenced by
properties of the concrete, such as the porosity. This
can be reasonable, since the properties of the concrete
may influence what type of corrosion product is
formed, and thereby its mechanical behaviour. On the
other hand, if it is believed that the same corrosion
products will form, their behaviour should not be af-
fected by the properties of the concrete. However, as
the mechanical behaviour of the corrosion products was
not been obtained in another way, the present method
was chosen.
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Comparison with tests

Finite element analyses

Tests of various kinds with corroding reinforcement
have been analysed with finite element models. In all
analyses, the concrete was modelled with a constitutive
model based on non-linear fracture mechanics. In ana-
lyses using the smeared crack concept, a rotating crack
model based on total strain was used; see TNO." For
the axisymmetric models, four discrete radial cracks
were assumed.

From the various measured compressive strengths, an
equivalent compressive cylinder strength, f., was eval-
uated. Other necessary material data for the concrete
were estimated according to the expressions in CEB'®
from f.. The constitutive behaviour of the reinforce-
ment steel was modelled by the Von Mises yield criter-
ion with associated flow and isotropic hardening. The
elastic modulus of the reinforcement was assumed to
be 200 GPa.

Corrosion cracking tests

Andrade et al.'* have carried out corrosion cracking
tests, briefly described in the section ‘Mechanical be-
haviour of the corrosive products’. These were analysed
with three-dimensional models, using the presented
corrosion and bond model in interface elements be-
tween the reinforcement and the concrete. In the tests,
the specimens were 15cm X 15 cm X 38 cm. Here,
slices of them were analysed, assuming fixed bound-
aries in the third direction, corresponding to a plane
strain assumption. At first, analyses using a smeared
crack model were carried out. However, it was noted
that after cracking, tensile stresses of about twice the
tensile strength of the concrete were obtained, even
though a rotating crack model was used. This stress
locking has been explained by Rots."’ Although differ-
ent meshes were tried, this phenomenon could not be
avoided. Furthermore, while the different meshes re-
sulted in cracking at about the same levels, the crack
opening differed quite a lot between the analyses.

Therefore, it was chosen to model the cracks with
discrete crack elements instead. Then, only the tests
with the reinforcement bar placed in a symmetry line
were modelled, since the crack pattern was easier to
predict for that case. One of the finite element models
is shown in Fig. 8(a). In Figs 8(b)—(d), comparisons
between measured crack widths and crack widths ob-
tained in the analyses are shown. As can be seen, the
crack openings in the analyses are somewhat too small.
One reason for this might be that the corrosion penetra-
tion was obtained in the tests by the use of Faraday’s
law. Later tests by Alonso et al.ls; where they meas-
ured the corrosion penetration also by the weight loss
method, indicated that the corrosion penetration was
underestimated by Faraday’s law. On this basis, the
results from the experiments should be moved towards
larger corrosion penetration, i.e. to the right in Fig. 8,
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Fig. 8. (a) Deformed mesh in analysis of test I using the bond and corrosion models in the interface elements between the steel
and the concrete; (b)—(d) comparisons between crack widths, measured and obtained in the analyses, versus the corrosion

penetration. Experimental results from Andrade et al.

thus leading to improved agreement. Another reason
can be that the factor 2:0 used for the volume of the
rust relative to the uncorroded steel is too small, see
Table 1.

Pull-out tests

The pull-out tests on corroded reinforcement bars in
concrete cylinders carried out by Ghandehari et all!
have been analysed. They used four different geome-
tries: with cylinder diameters of 100 and 150 mm, and
with rebar diameters of 9-5 and 20 mm. These were
labelled CsRs, CsRI, CIRs and CIRI, where C stands
for the concrete cylinder diameter, R for the rebar
diameter, and s and / for small and large. The speci-
mens were 50 mm slices, and were subjected to accel-
erated constant current corrosion for 4 weeks. The
rebar in each slice was tested in pull-out to investigate
the bond strength after 0, 1, 2, 3 and 4 weeks of
corrosion. The corrosion penetration was evaluated
both by using Faraday’s law from the applied current,
and by measuring the weight loss for the reinforcement
in each slice. Here, the measured corrosion penetration
(evaluated from the weight loss) was used as input.

Axisymmetric finite element analyses were carried
out, with the specially developed interface elements
describing the corrosion of the reinforcement bar and
the bond mechanism. The finite element mesh used for
the analyses of specimen CsRs is shown in Fig. 9. In
the analyses, the corrosion was first applied as time

Magazine of Concrete Research, 2002, 54, No. 3
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Fig. 9. The finite mesh used for the analyses of specimen
CsRs

steps. When the corrosion penetration measured in the
experiments was reached, the reinforcement bar was
pulled out of the concrete cylinder. In order to get
stable solutions if cracking occurred only for the corro-
sion attack, the deformations of both the upper and the
lower nodes of the concrete cylinder were tied as shown
in Fig. 9. In the analyses, only the failure of CIRs was
a pull-out failure, while all the other three were split-
ting failures, both for the uncorroded pull-out and for
the pull-out tests after corrosion. It is not described by
Ghandehari et al."" which type of failure occurred in
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the experiments. However, since the capacity of speci-
men CIRs was slightly increased when the reinforce-
ment had corroded, while for the others it was
decreased, pull-out failure of specimen CI/Rs and split-
ting failure of the others was most likely the case also
for the tests.

From each of the pull-out analyses, the maximum
load was compared with the maximum load obtained
when the reinforcement was uncorroded. In Fig. 10, a
comparison between the measured bond strengths and
those from the analyses is shown. The corrosion pene-
tration when cracking penetrated the cover is also
marked. Only one minor difference between the experi-
mental and analytical results can be noted: that the
maximum capacity is not increased for small corrosion
penetration in the analyses of the C/Rs specimen, as it
was in the tests. Otherwise, the agreement between the
tests and the analyses is good.

Conclusions

The mechanical behaviour of rust was studied by a
combination of analyses with test results found in the
literature. This led to the assumption that rust behaves
like a granular material, i.e. its stiffness increases with

Normalised bond strength

08 -

06 ~

04 1

Normalised bond strength

024 C1Rs

the stress level. This mechanical behaviour, and the
volume increase of the corrosive products compared
with the virgin steel, were modelled in a corrosion
layer. The corrosion layer was combined with a pre-
viously developed model of the bond mechanism. This
bond model includes the splitting stresses of the bond
action, and is sensitive to the strength of the surround-
ing structure. By combining these models, the effect of
corrosion on the bond strength can be analysed for
diverse structures, and the effect of varying cover, stir-
rups, outer pressure, etc., can be investigated.

Comparisons between analyses of corrosion cracking
tests and test results found in literature indicate reason-
able agreement. Furthermore, pull-out tests with cor-
roded reinforcement bars were analysed. The results
show that this method of modelling can predict the
decrease of bond when splitting of the concrete occurs,
due to the combined action of corrosion and the bond
mechanism.

Here, tests with accelerated corrosion have been ana-
lysed. In order to investigate the effect of corrosion in
real structures, long-term effects such as creep and
shrinkage of the concrete must probably be included in
the analyses, as pointed out by Noghabai.8 Further-
more, the corrosion attack penetration has been given
as a function of the time as input in the analyses. In
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Fig. 10. Comparisons between normalised bond strength, measured and obtained in the ana[ysfls versus the time. The vertical
lines indicate when cracking penetrated the cover. Experimental results from Ghandehari et al.
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future research, it would be most interesting to include
this time-dependence in the analysis so that various
environments, concrete cover and cracking could influ-
ence the corrosion rate and volume increase. Thereby,
it would be possible to investigate a structure’s lifetime
and to determine the effect of various environments
on, for example, the structure’s deformations and load-
bearing capacity.
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