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Modelling bond between corroded reinforcement and concrete
K.Lundgren
Department of Structural Engineering, Chalmers University of Technology, Gothenburg, Sweden

ABSTRACT: The bond mechanism between deformed bars and concrete is known to be influenced by a
number of parameters, such as the strength of the surrounding structure, yielding of the reinforcement, and
corrosion of the reinforcement. A new model of the bond mechanism was developed, where 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 reinforcement bar and the concrete. The volume increase due to co1rosion of the
reinforcement is modelled, together with the mechanical behaviour of the con-osive products. Finite element
analyses of cmrosion cracking tests, and pull-out tests with corroded and uncorroded reinforcement were carried out. Reasonably good agreement between test results and analyses was obtained. Cracking appeared at
about the same corrosion level as in experiments, and the decrease of bond due to splitting of the concrete
could be predicted.

1 INTRODUCTION

2 INTERFACE ELEMENTS

The bond between deformed bars and concrete is
known to be influenced by for example splitting
cracks and yielding of the reinforcement. A new
model was developed, which is specially suited for
detailed three-dimensional analyses. In this new
model, 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 reinforcement bar and the concrete. Thereby, the
influence of the smrounding structure is included, so
that the bond stress will decrease if the concrete
split, or the reinforcement starts yielding.
Corrosion of the reinforcement often determines
the durability of concrete structures. Since corrosion
of reinforcement causes a volume increase, splitting
stresses are induced in the concrete. Thus, there is a
strong interaction between corrosion of the reinforcement and the bond mechanism.
The bond model is here combined with the modelling of a cmrosion layer. With this way 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 corrosion and bond layer is presented
here, together with results from finite element analyses of pull-out tests and corrosion cracking tests.

The modelling method described in this paper 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,
interface elements are available which describe a
relation between the traction t and the relative displacement u in the interface. These interface elements are used at the surface between the reinforcement bars and the concrete. The variables t11 , ft, Un
and u1 are used for describing the stresses and deformation in the interface layer. The physical interpretation of t1 is the bond stress, t11 stands for the
normal splitting stress, lit is the slip, and u11 is the
relative normal deformation between the reinforcement and the concrete. The corrosion model and the
bond model can be viewed as two separate layers
around a reinforcement bar. 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 as:
U 11 = U11cor

l/t

(1)

+ ll11bo11d

= l/t/Jo111/'

l//COJ'

= 0

(2)

where the index car means for the corrosion layer,
and the index bond means for the bond layer. Equa-
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tions (1) and (2) are solved within the interface element, together with the condition for equilibrium.
For more information about the implementation, see
Lundgren (2000b ).
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For the hardening rule of the model, a hardening
parameter K is established.
(7)

3 BONDMODEL

The variables µ and c in the yield functions are assumed to be functions of 1c The model can also be
used for cyclic loading.

3.1 Presentation of the bond model
The model of the bond mechanism is presented in
greater detail by Lundgren & Gylltoft (2000), and by
Lundgren ( 1999). 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:
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where D 12 normally is negative, meaning that slip in
either direction will cause negative t,,, i.e. compressive forces directed outwards in the concrete. The
yield surface is defined by two yield functions, one
describing the friction F 1, assuming that the adhesion is negligible. The other yield function, F 2 , 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.

3.2 Chosen input.for the bond model
The input parameters were given as described in
Lundgren (2000b ). That is, the coefficient of friction, µ, was assumed to vary from 1.0 down to 0.4
during the hardening, and the parameter 17 was assumed to be constant for monotonic loading. The
stress in the inclined compressive struts, i.e. the
function c(K), was determined by the uniaxial compressive strength of the concrete, with a descending
part. The stiffness D 11 in equation (3) was assumed
to depend on the deformation u11 • The other stiffnesses, i.e. D 12 and D 22 , were assumed to be constant.

4 CORROSION MODEL

4.1 Volume increase of the corrosion products
The volume increase of the corrosion products compared 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 Figure 2. By assuming
that the volume of the rust (corresponding to the
grey area in Figure 2) is v times the volume of the
steel that has corroded (coITesponding to the striped
area in Figure 2), the distance a can be determined:

(4)
(5)
The yield surface is shown in Figure 1. For plastic loading along the yield function describing the
upper limit, F 2 , an associated flow rule is assumed.
For the yield function describing the friction, F 1, a
non-associated flow rule is assumed, for which the
plastic part of the deformations is
• Stress in the inclined
compressive struts

~

• Friction
Initial

cross~section

x: Corrosion penetration
v: Volume rust I volume steel

a: Free increase of the radius

u,,co,.: Real increase of the radius
t,,

Figure 2. Physical interpretation of the variables in the corrosion model.

Figure I. The yield surface of the bond model.
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a= -r + ~r 2 + (v-1) · (2rx-x 2 )

non-linear fracture mechanics, and four radial cracks
were assumed. For more details of how the concrete
was modelled, see the section 5 .1.
Andrade et al. ( 1993) carried out corrosion
cracking tests with reinforcement bars eccentrically
placed in concrete blocks. Due to this placei:nent, an
axisymmetric approximation was not possible. Instead two-dimensional models assuming plane
straid were used. The normal stress was applied in
the hole with deformation control.
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, Dn, is chosen large enough that the deform~
tion of the bond layer is also negligible. Thereby, 1t
can be concluded that the deformation at the hole
approximately equals the deformation in the c01Tosion layer, Uncor·
.
By combining the U11 car obtained when crackmg
occtmed in the analyses with the corrosion penetration at cracking from the experiments, a value of the
strain in the rust could be calculated, using equations (8) and (9). The chosen value of 2.0 for the
volume of the rust relative to the uncorroded steel
was then used. This strain in the rust corresponds
with the applied normal stress when cracking occurred in the analyses. The results are summarised in
Figure 3, where the nom1al stress 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 abou~ t~e
mechanical behaviour of the rust. The results md1cate that the rust does not have a linear elastic behaviour. Instead, it was assumed that the rust behaves like a granular material; i.e. its stiffness
increases with the stress level. This also coITesponds

(8)

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 Uncor,
corresponding to a strain in the rust:
8 cor

x+a

(9)

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.
Most often, a value of 2.0 has been used in analyses
of c01Tosion splitting; see Molina et al. (1993),
Noghabai (1998),
and
Coronelli
&
Gambarova (2000). The latter value was also chosen
here.

4.2 Jvlechanical behaviour of the rust
For the modelling of the corrosion layer, the mechanical behaviour of the corrosion products needs
to be lrnown. No information about this has been
found in the literature. Molina et al. (1993) 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 & Gerard (2000) used a scratching test
to investigate the mechanical properties of the c01Tosion products. They reached the conclusion that rust
is a cohesionless assemblage of incompressible
crystals.
To investigate the mechanical behaviour of rust,
corrosion cracking tests found in the literature were
studied. Ghandehari et al. (2000) have caiTied out
pull-out tests on corroded reinforcement bars in concrete cylinders. Al-Sulaimani et al. (1990) and
Cabrera & Ghoudoussi (1992) have carried out pullout tests on corroded reinforcement bars concentrically placed in concrete blocks. To investigate th.e
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. Ax.isymmetric finite element analyses of the test specunens
were carried out. For the tests of Ghandehari
et al. (2000) this corresponds to the geometry of the
test specimen, 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. The concrete
was modelled with a constitutive model based on

Ccor
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Figure 3. Normal stress versus strain in the rust evaluated from
a combination of experimental results and analyses, together
with the chosen input.
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to the findings of Petre-Lazar & Gerard (2000) 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:
f 11

= K cor · c carp

(10)

The parameters Kear and p were chosen to give
reasonable agreement with the results from the
analyses of the tests; see Figure 3, where the curve
for the chosen values of Kear 7.0 GPa and p 7.0
is plotted together with the analysis results. Further,
it was assumed that the rust was unloaded with the
stiffness achieved, as indicated in Figure 3.
5 COMPARISON WITH TESTS
5.1 Finite element analyses

ured at three heights, together with the applied load
and slip. Five tests were carried out, three in one direction and two in the other. These tests were used to
calibrate the bond model. Results from the analyses,
together with the finite element mesh used, are
shown in Figure 4. Due to the confinement of the
steel tube, pull-out failure was obtained, both in the
tests and in the analyses.
Pull-out tests carried out by Magnusson (2000)
and Balazs & Koch (1995) have also been analysed.
Magnusson had concrete cylinders with a diameter
of 300 mm and an embedment length of 40 mm;
Balazs and Koch had concrete specimens with a
quadratic cross-section 160· 160 mm and an embedment length of 80 mm. In both cases, the concrete
specimens were large enough to prevent splitting
failure; thus, pull-out failures were obtained. Results
from the analyses are compared with experiments in
Figure 5. As can be seen, a reasonably good agreement was obtained.

Tests of various kinds have been analysed with finite
element models. In all analyses, the concrete was
modelled with a constitutive model based on nonlinear fracture mechanics. In analyses using the
smeared crack concept, a rotating crack model based
on total strain was used; see TNO (1998). For the
axisymmetric models, four discrete radial cracks
were assumed.
From the various measured compressive
strengths, an equivalent compressive cylinder
strength,fcc, was evaluated. Other necessary material
data for the concrete were estimated according to the
expressions in CEB (1993) fromfcc· The constitutive
behaviour of the reinforcement steel was modelled
by the Von Mises yield criterion with associated
flow and isotropic hardening. The elastic modulus of
the reinforcement was assumed to be 200 GPa when
it had not been measured.
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5.2 Pull-out tests with uncorroded reil~forcement
Pull-out tests of various kinds with uncorroded reinforcement have been analysed with finite element
models. The tests have been selected to show various types of failure: pull-out failure, splitting failure,
pull-out failure after yielding of the reinforcement,
and rupture of the reinforcement bar. In all tests, the
reinforcement is of type K500 ~ 16, and the concrete
is of normal strength (the compressive cylinder
strength varies from 25 to 35 MPa).
5.2.1 Pull-out failure
In tests carried out by the author, see Lundgren (2000a), reinforcement bars were pulled out of
concrete cylinders surrounded by steel tubes. The
steel tubes had a diameter of 70 mm, a height of
100 mm, and a thickness of 1.0 mm. The embedment length of the reinforcement bars was 50 mm.
The tangential strains in the steel tubes were meas-

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain [%0]

Figure 4. Comparison between test results and results from the
analyses of the steel-encased pull-out tests.
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70
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-fr-B: FEA
50
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0
0
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Figure 5. Load versus slip in pull-out-tests with short embedment length. The experimental results are from B: Balazs &
Koch ( 1995) and M: Magnusson (2000).
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5.2.2 Sp!ittingfai!ure
Magnusson (2000) has also carried out pull-out
tests on eccentrically reinforced specimens with
varying stirrup configurations. The different stirrup
configurations (without stirrups, with two and with
four stirrups along the embedment length) led to
splitting failures at various levels. In the test specimen with four stirrups, the stirrups gave enough confinement to obtain a ductile failure after splitting. In
the analyses of these experiments, the stirrups were
modelled as embedded reinforcement, meaning that
complete interaction between the stirrups and the
concrete was assumed.
The results from the analyses are shown in Figure 6. It can be noted that even with the same embedment length, and when exactly the same input
parameters were given for the interface, different
load-slip curves were obtained depending on the
modelled structure, in this case the number of stirrups. Comparing with the measured response, the
agreement is good, especially when considering the
large scatter that is always obtained in pull-out tests.

length long enough to give yielding of the reinforcement. Two of these tests were analysed, where
the reinforcement was centrically placed in a concrete specimen of dimensions 400-400 mm. In one
of the experiments, with an embedment length of
220 mm, a pull-out failure after yielding of the reinforcement was obtained; and in the other one, with
an embedment length of 360 mm, rupture of the reinforcement bar occmTed. As can be seen in Figure 7
(when there is pull-out failure, there is a rather long
descending branch, but when there is rupture of the
reinforcement bar, the load falls straight down to
zero), the same results were obtained in the analyses.
In Figure 8, the bond-slip resulting from the analyses at various levels along the bar is shown. It can be
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5.2.3 Yielding of the reinforcement
Magnusson (2000) has also calTied out pull-out
tests where the reinforcement had an embedment
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Figure 7. Load versus slip in pull-out-tests with long embedment length. Experimental results from Magnusson (2000).
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seen that the bond stress decreased drastically when
the reinforcement reached the yield plateau. This is
because the normal stress decreased when the radius
of the reinforcement bar decreased. When the reinforcement began to harden again, a small bond capacity was obtained. This was possible since the decrease of the radius of the reinforcement was lower
when the reinforcement hardened, and thus, normal
stresses could be built up again.
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Figure 6. (a) Mesh used in analyses of eccentrically reinforced
pull-out-tests; grey marked elements indicate cracked elements
in the analysis without stirrups. (b), (c), and (d) Load versus
slip for the eccentrically reinforced pull-out-tests.

Figure 8. Bond stress versus slip at various integration points
along the bar in pull-out-tests with embedment length 360 mm.
The reinforcement elements that are marked grey reached
yielding.

251

5.3 Corrosion cracking tests
Andrade et al. (1993) have caITied out co1rnsion
cracking tests. These were analysed with threedimensional models, using the presented co1rnsion
and bond model in interface elements between the
reinforcement and the concrete. In the tests, the
specimens were 15 cm 15 cm· 38 cm. Here, sli~es ?f
them were analysed, assuming fixed boundanes 111
the third direction, corresponding to a plane strain
assumption. It was chosen to model the cracks with
discrete crack elements. One of the finite element
models is shown in Figure 9a. In Figure 9b, c, and d,
comparisons between measured crack widths and
crack widths obtained 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 penetration was obtained in the
tests by the use of Faraday's law. Later tests by
Alonso et al. (1998), where they measured the corrosion penetration also by the weight loss method,
indicated that the c01Tosion penetration was underestimated by Faraday's law. On this basis, larger
corrosion penetrations should have been applied in
the analyses, leading to improved agreement.
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et al. (2000) have been analysed. They used four different geometries: with cylinder diameters of 100
and 150 mm, and with rebar diameters of 9.5 and
20 mm. These were labelled CsRs, CsRl, ClRs, and
ClRl where C stands for the concrete cylinder diamet~r R for the rebar diameter, and s and 1 for
small ~nd large. The specimens were 50-mm slices,
and were subjected to accelerated constant current
corrosion for four 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 reinfor~ement in e~ch
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. In the analyses, the
corrosion was first applied as time steps. When the
corrosion penetration measured in the experiments
was reached the reinforcement bar was pulled out of
the concrete' cylinder. In the analyses, only the failure of ClRs was a pull-out failure, while all the other
three were splitting failures, both for the uncorroded
normalised
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Figure 9. (a) Deformed mesh in analysis of test II using the
bond and corrosion models in the interface elements between
the steel and the concrete. (b), (c) and (d) Comparisons between crack widths, measured and obtained in the analyses,
versus the corrosion penetration. Experimental results from
Andrade et al. (1993).
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Figure 10. Comparisons between normalised bond .strength,
measured and obtained in the analyses versus the time. Experimental results from Ghandehari et al. (2000).

pull-out and for the pull-out tests after corrosion. It
is not described by Ghandehari et al. (2000) which
type of failure occurred in the experiments. However, since the capacity of specimen ClRs was

5.4 Pull-out tests with corroded reinforcement
The pull-out tests on corroded reinforcement bars
in concrete cylinders carried out by Ghandehari
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initial yield surface
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bond stresses were zero before the pull-out force
was applied. Naturally, increasing c01Tosion level
led to increasing applied normal stresses. In the
analyses of the tests CsRs3 and CsRs4 (three respective for weeks of corrosion), the specimens were
cracked due to the corrosion only. While the specimen still had some capacity left to calTy no1111al
stresses, a small bond capacity could be obtained,
even though it is hardly visible in the graph for
CsRs4 (the bond capacity was only 0.6 MPa). In
Figure 11 b, the bond stress versus the slip from the
analyses with varying c01Tosion level applied are
compared. As can be seen, both the bond capacity
and the slip when the maximum is obtained are decreased for increasing corrosion level.
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6 CONCLUSIONS

20

A model describing bond between defo1med reinforcement bars and concrete was developed. Since
the model takes the three-dimensional splitting effect into account, the same input parameters will result in different load-slip curves depending on
whether the reinforcement starts yielding, and on the
geometry and strength of the slmounding structure.
Steel-encased pull-out tests, where the tangential
strain in the steel tubes had been measured, were
used to calibrate the model.
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 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 the developed model of the bond
mechanism. By combining these models, the effect
of corrosion on the bond strength can be analysed
for diverse structures, and the effect of varying
cover, stirrups, outer pressure, etc., can be investigated.
Comparing with the measured response from different experiments, the agreement is rather good.
The failure mode is the same as in experiments in all
of the analyses calTied out. The decrease of bond
due to splitting of the concrete, yielding of the reinforcement, or corrosion of the reinforcement, could
be predicted. Comparisons between analyses of corrosion cracking tests and test results found in literature indicate reasonable agreement. Fmihe1111ore,
analyses of pull-out tests with corroded reinforcement bars show that this way 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
analysed. In order to investigate the effect of corro-
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0

1.5

0.5

2

Slip[mm]
(b)
Figure 11. Results from the analyses oftest specimen CsRs.

slightly increased when the reinforcement had corroded, while for the others it was decreased, pull-out
failure of specimen ClRs and splitting 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 Figure 10, a comparison between the measured bond
strengths and those from the analyses is shown. The
cotTosion penetration when cracking penetrated the
cover is also marked. Only one minor difference
between the experimental and analytical results can
be noted: that the maximum capacity is not increased for small corrosion penetration in the analyses of the ClRs specimen, as it was in the tests. Else,
the agreement between the tests and the analyses is
good.
In Figure 11, some results from the analyses of
test specimen CsRs are shown. The analyses are
numbered according to how many weeks of corrosion the applied cotTosion level corresponds to, before the reinforcement bar was pulled out of the concrete. The bond stress is plotted versus the normal
stress in Figure 11 a. In analysis CsRsO, no co1rnsion
was applied. Therefore, both bond stresses and normal stresses were applied already from the beginning. In the other analyses, the applied colTosion led
to an increase in only the normal stress, while the
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sion in real structures, long-term effects such as
creep and shrinkage of the concrete must probably
be included in tM analyses, as pointed out by
Noghabai (1998). Furthermore, the corrosion attack
penetration has been given as a function of the time
as input in the analyses. In future research, it would
be most interesting to include this time-dependence
in the analysis so that various environments, concrete cover and cracking could influence the corrosion rate and volume increase. Thereby, it would be
possible to investigate a structure's lifetime and to
detem1ine the effect of various environments on, for
example, the structure's deformations and loadbearing capacity.
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