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Effect of corrosion on the bond between steel

and concrete: an overview

K. Lundgren

Chalmers University of Technology

The volume increase that takes place when reinforcement in concrete corrodes causes splitting stresses in the

concrete. Thereby, the bond between the reinforcement and the concrete is influenced. This effect has been studied

both experimentally and theoretically by many researchers. In the current paper, the effect of corrosion on the bond

between reinforcement and concrete is investigated and described in a systematic way. Literature studies of

experimental work are combined with finite element analyses of different cases. In this way, modelling is used as a

tool to give the basic understanding, and the results are compared with experiments. An overview of the effect

depending on the reinforcement type, existence of transverse reinforcement and confinement owing to concrete and

boundaries is given. This overview is intended to be of help in understanding the phenomena as well as in

assessment of existing structures.

Introduction

During recent years, much research concerning dur-

ability aspects of reinforced concrete has been done.

Lifetime design based on probabilistic approaches has

been developed; see e.g. Duracrete.1 A rather common

approach is to assume (on the safe side) that the lifetime

is ended when corrosion is initiated. However, if the

structural effects of corrosion are not checked in the life-

time design, initiation can only be allowed to occur with

a very small probability. This will in many cases lead to

unreasonably large concrete covers. To be able to use

covers of more practical size, it is often necessary to

include the structural effects of corrosion in the lifetime

design. Hence there is a need for models of how corro-

sion affects the structure. The most severe effect of re-

inforcement corrosion is the volume increase, which

causes splitting stresses in the concrete, and thus affects

the bond between the reinforcement and the concrete.

This has been studied by many researchers; for a state-of-

the-art report see reference 2. Results of Li and Zheng3

also show that the structural degradation of bond shows

more variation than degradation in stiffness and strength.

When starting to study bond between reinforcement

and concrete, it is easy to become confused. Different

bond mechanisms are often mixed with different failure

modes. The confusion may grow when the effect of

corrosion on bond is studied. General conclusions such

as how a certain degree of corrosion affects the bond to

a certain degree vary quite a lot, and it is difficult to

obtain an overview. It is well known that parameters

such as the surrounding structure and type of reinforce-

ment have a strong influence both on the bond behav-

iour for uncorroded structures, and on the effect of

corrosion on bond.

In the current paper, these influencing parameters are

organised in a systematic way, and an overview of how

corrosion affects the bond behaviour is given. Finite

element modelling is used as a tool to provide the basic

understanding. Furthermore, experiments from the lit-

erature are examined to check the validity of the over-

view. The intention is that the overview can be used

both as a tool for understanding and also when judging

how dangerous corrosion is, for example upon assess-

ment of existing structures.

Modelling

General

Modelling of the effect of corrosion on bond was

done by the author in Lundgren.4,5 It has also been

carried out by Berra et al.,6 who modelled different
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levels of confinement for ribbed bars. The main differ-

ence between these studies is that, while Berra and co-

workers modelled the geometry of the ribs, the present

author chose to model the bars with a smooth surface,

instead including the effect of the ribs in a frictional

model. This makes it possible easily to change the sur-

face properties, for instance from ribbed to smooth bars,

simply by changing the input of the frictional model.

The modelling method used is especially suited for

detailed three-dimensional finite element analyses,

using solid elements for both the concrete and the

reinforcement. Special interface elements were used at

the surface between the reinforcement bars and the

concrete to describe a relation between the traction and

the relative displacement in the interface. The interface

elements include a frictional bond model and a corro-

sion model, which can be viewed as two separate layers

around a reinforcement bar; see Fig. 1.

Bond

The bond mechanism is the interaction between re-

inforcement and concrete. It is considered to be a result

of three different mechanisms: chemical adhesion, fric-

tion and mechanical interlocking between the ribs of

the reinforcement bars and the concrete; see e.g. ACI.7

The mechanical interlocking can, however, be viewed

as friction, depending on the level at which the me-

chanism is considered. For ribbed bars, the inclined

forces resulting from the bearing action of the ribs

make it possible to continue to transfer forces between

the reinforcement and the concrete, after the chemical

adhesion is lost. The inclined stress is often divided

into a longitudinal component, denoted the bond stress,

and a radial component, denoted normal stress or split-

ting stress; see Fig. 2.

A frictional model for the bond between ribbed re-

inforcement and concrete was used; for details see

Lundgren.9 For analyses of smooth bars, adhesion was

added to the model. The reason is that for ribbed bars,

the adhesion contributes to only a small part of the

bond, while for smooth bars, the ability to develop

normal stresses during slip is much smaller. Thereby,

the bond capacity owing to friction is strongly reduced,

and thus the adhesion is no longer negligible; see also

Bolmsvik and Lundgren.10

The stresses are limited by two functions; see Fig. 3.

One function (F1) describes the friction, including the

adhesion. The other function (F2) describes the upper

limit, which is determined from the stress in the in-

clined struts in the concrete that results from the bond

action, limiting the compressive and tensile stresses. As

can be seen in Fig. 3, the maximum bond capacity that

can be obtained is roughly half the compressive stress

that can be carried in the inclined struts, that is,

roughly half the compressive strength of the concrete.

When the stresses are limited by the function describ-

ing the friction, normal stresses are generated. Thus,

the model used describes the basic mechanisms of bond

such as

(a) adhesion

(b) friction

(c) ability to cause normal stress at slip

(d ) upper limit determined by failure of the concrete

between the ribs.

By the use of this local model, and by modelling the

bar itself and the surrounding structure with solid ele-

ments, the global behaviour with different failure

modes is obtained as a result of the analyses. Examples

of such failure modes are pull-out failure, splitting fail-

ure and loss of bond owing to yielding of the reinforce-

ment. Another phenomenon which is obtained as a

result of the analyses is the Poisson effect at pre-stress

release.

Corrosion

The corrosion products occupy a larger volume than

the steel they were formed of, which leads to splitting

stresses acting on the concrete. Some authors also claim

Corrosion layer,
modelling the volume increase

Bond layer,
friction modelSteel

Fig. 1. The frictional bond model and corrosion model can

be viewed as two separate layers around a reinforcement bar

(b)

P

(a)

Fig. 2. Bond and splitting stresses between a deformed bar

and the surrounding concrete (Magnusson8): (a) stress on the

reinforcing bar; (b) stress on the concrete and its components

µ

Bond stress

�c

fa

F1
F2

Normal
stress

Fig. 3. The yield surface in the frictional bond model
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that the corrosion products form a weak layer, and

therefore reduce the friction. Cairns et al.,11 however,

carried out friction tests which indicated that corrosion

products do not reduce the friction characteristics.

The volume increase of the corrosion products com-

pared to the virgin steel was modelled in a corrosion

layer, as described by Lundgren.5 As the rust is not free

to expand, it is important to include the mechanical

behaviour of the rust itself. Following the results in

Lundgren,5 it was assumed that the rust behaves like a

granular material; that is, its stiffness increases with the

stress level. This behaviour is also confirmed in meas-

urements by Ouglova et al.12 Furthermore, for ribbed

bars, it was assumed that corrosion affects the friction

between the steel and the concrete. Rather large corro-

sion penetrations were assumed to be needed, however,

before the friction decreased; this corresponds to assum-

ing that only corrosion attacks of such magnitude that

they influence the size of the ribs will affect the friction.

Finite element models

To investigate different typical cases, axisymmetric

analyses were carried out. The geometry in these ana-

lyses is shown in Fig. 4. The reinforcement had a

diameter of 20 mm, while the cover was varying; see

Table 1. In analyses where transverse reinforcement

was present, 2 Ø6 were placed as shown in Fig. 4, with

a distance from the main reinforcement, a, as tabulated

in Table 1.

For every modelled geometry, several analyses were

carried out. Each analysis started by modelling the

corrosion process to varying corrosion levels by apply-

ing time steps. Thereafter, a deformation-controlled

pull-out force was applied.

In some of the analysed cases, meshes of varying

density were used; see examples in Figs 4(b) and (c).

The results in these analyses corresponded well; thus,

no mesh dependence was found.

The concrete was modelled with a constitutive model

based on non-linear fracture mechanics, using a rotat-

ing crack model based on total strain; see TNO.13

Axisymmetric models were used, assuming four radial

cracks. For the tension softening, the curve by Hor-

dijk et al. was chosen, as described in TNO.13 In com-

pression, an ideal plastic behaviour was used, assuming

a compressive strength of 40 MPa. Other necessary

material data for the concrete were estimated according

to the expressions in CEB.14 Thus, the Young’s modu-

lus used was 34.2 GPa, Poisson’s ratio 0.15, tensile

strength 3.0 MPa, and fracture energy 79.2 N/m. The

elastic modulus of the reinforcement was assumed to

be 200 GPa, and Poisson’s ratio was 0.3.

The input for the bond model for ribbed bars was as

described in Lundgren,9 and for smooth bars based on

the work in Bolmsvik and Lundgren.10 The input for

the corrosion model was as described in Lundgren.5 All

chosen parameters are tabulated in Table 1.

Effect of corrosion on the bond for ribbed

bars

Identification of important factors

To better understand the effect of corrosion on bond,

several cases have been distinguished. This requires

determination of the most important influencing fac-

tors. In the overview here, it was decided to include

three factors

(a) reinforcement type (ribbed or smooth)

(b) whether transverse reinforcement is present or not

(c) whether there are splitting cracks at uncorroded

(a) (b)

50

50

8030

25

25

10 a

b

Axis of
rotation

P

Concrete

Reinforcement

No contact
between

reinforcement
and concrete

Interface
elements

Interface
elements

(c)

Fig. 4(a) Dimensions and boundaries in the finite element analyses. Measurements in mm. (b) and (c) examples of meshes used;

one coarse and one dense mesh for the same geometry
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Table 1. Input in the analyses

Parameter Ribbed bars Smooth bars Comment

Geometry

b 40 and 80 mm 20 and 40 mm Concrete cover, see Fig. 4(a).

a 25 mm 15 mm Distance to transverse reinforcement, see Fig. 4(a).

Bond model

� 0.04 0.015 Dilation parameter; controls the ability to generate

normal stresses at slip.

fa 0

0·5
0

1

2

0 1

fa: MPa

Hardening parameter: mm

Adhesive strength (see Fig. 3); depends on the

hardening parameter which is approximately equal

to the slip.

�0

302010
0

1

0

Ribbed bars

Smooth bars

µ0( )�

Hardening parameter: mm

Coefficient of friction (see Fig. 3) for uncorroded

reinforcement; depends on the hardening

parameter which is approximately equal to the

slip.

c

1510
0

1

0 5
Hardening parameter: mm

c f/ cc( )� Maximum stress in the inclined compressive struts

(see Fig. 3); depends on the hardening parameter

which is approximately equal to the slip.

D11

0·050

100

0
�0·05 0·1

Normal deformation in interface: mm

D E11 c
1/ : m�

Stiffness in the elastic stiffness matrix describing

elastic normal stress: normal deformation stiffness.

D22 2.053 1011 N/m3 Stiffness in the elastic stiffness matrix describing

elastic bond-slip stiffness.

Corrosion model

v 2.0 Volume of the rust relative to the uncorroded steel.

Kcor 14.0 GPa Parameters describing the mechanical behaviour of

the rust.

p 7.0

�60

�40

�20

0
�0·5 �0·4 �0·3 �0·2 �0·1 0

Normal stress, MPa:σ

Strain: [ε �]

σ � Kcor
pε

(continued)
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pull-out or not, that is, whether splitting cracks

would occur for anchorage failure if the reinforce-

ment was uncorroded.

The choice of these factors can of course be discussed;

for example, there are several further influential para-

meters. Some of them are: type of corrosion (general/

pitting, owing to chlorides or carbonation, wet or dry

environment); amount of transverse reinforcement;

placement of bar; possible effect of support pressure;

and concrete strength. However, the three factors listed

above were chosen because they were considered to

have the greatest influence. Moreover, some of the

listed possible parameters (such as support pressure and

concrete strength) are indirectly included, as their main

influence is on whether there will be splitting cracks at

uncorroded pull-out or not. Another reason to use the

chosen influencing factors is that these factors are

rather clearly definable.

By use of the three factors above, an overview as

shown in Fig. 5 can be sketched. In the work described

here, this overview was at first established as a hypoth-

esis. By investigating each of the separate cases in

detail, it could be validated. In the following, each of

these different cases for ribbed bars is described in

more detail, with analyses and references describing

the behaviour. For ribbed bars, there are four cases

(a) with transverse reinforcement; cover cracks at un-

corroded pull-out

(b) with transverse reinforcement; cover does not crack

at uncorroded pull-out

Ribbed bars Smooth bars

Transverse
reinforcement

No transverse
reinforcement

Transverse
reinforcement

No transverse
reinforcement

Cover
cracks

Reinforcement
type

Transverse
reinforcement

At uncorroded
pull-out

No
cracks

Cover
cracks

No
cracks

Cover
cracks

No
cracks

Cover
cracks

No
cracks

Effect of
corrosion

Small bond
decrease
or appr.
equal

Bond
decrease
already
for low

corrosion

Small
bond

increase
until cover

cracks,
then appr.
equal or

slight
decrease

Bond
decrease

Large bond
increase

until cover
cracks,

then appr.
equal or

slight
increase

Small
bond

increase
until cover

cracks,
then

abrupt
decrease

of capacity
and

ductility

Large
bond

increase
until cover

cracks,
then

decrease
of both
capacity

and ductility

Bond stress versus slip:
Uncorroded
Corr., precracking
Corr., postcracking

Bond
increase

Maximum bond stress
versus corrosion level

(arrow indicates
cover cracking)

Fig. 5. Overview of effect of corrosion on bond

Table 1. (continued)

Parameter Ribbed bars Smooth bars Comment

k

0·10·080·040·02
x r/ [ ]�

k x r( / )[ ]�

0
0·2
0·4
0·6
0·8

1
1·2

0 0·06

1.0 Function describing the effect of corrosion on the

coefficient of friction; depends on corrosion

penetration divided with reinforcement radius.

Effect of corrosion on the bond between steel and concrete
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(c) without transverse reinforcement; cover cracks at

uncorroded pull-out

(d ) without transverse reinforcement; cover does not

crack at uncorroded pull-out.

With transverse reinforcement; cover cracks at

uncorroded pull-out

For ribbed bars with large diameters combined with

small concrete covers, the covers will crack at ancho-

rage failure when the reinforcement is uncorroded un-

less the boundaries provide restraint to prevent

cracking. This is a common situation, which is also

commonly combined with transverse reinforcement.

Analyses studying this situation were carried out

using axisymmetric models as described in the section

on finite element models. The concrete cover (b in Fig.

4(a)) was 40 mm; thus the cover to diameter ratio was

2.0. The results from these analyses are shown in Fig. 6.

For uncorroded pull-out, a splitting crack reached the

outer surface of the concrete when the bond stress was

around 14 MPa. This decreased the stiffness; however,

the bond stress could continue to increase until a maxi-

mum of 15.5 MPa was reached. The transverse reinfor-

cement kept the structure together, thus causing a ductile

behaviour. Corrosion alone cracked the cover at a corro-

sion penetration around 50 �m. Corrosion increased the

initial stiffness in the bond-slip behaviour; thus, the

more corrosion, the smaller the slip when the maximum

bond stress was reached. Regarding the bond capacity, a

small increase could be noticed for corrosion penetra-

tions smaller than the one cracking the cover, and a

small decrease for larger corrosion penetrations. These

changes in capacity were very small.

These results can be compared with what has been

measured in tests including transverse reinforcement

and cover cracking at uncorroded pull-out. Al-Sulai-

mani et al.15 made beam tests with stirrups confining

the main reinforcement. They measured a small in-

crease in bond capacity for corrosion penetrations

smaller than the one cracking the cover, and a small

decrease in bond capacity for larger corrosion penetra-

tions. Fang et al.16 measured almost constant bond

capacities in pull-out tests. Lee et al.17 conducted pull-

out tests and reported reductions in bond capacities for

very large corrosion levels. Coronelli18 combined trans-

verse reinforcement with specially arranged so-called

skin reinforcement, and measured increasing bond

strength with increasing corrosion level, even after cor-

rosion cracking. Shima19 reported pull-out tests with a

rather large loss of bond; however, in these tests the

transverse reinforcement was only arranged on one side

of the bar with a rather small cover on the other side.

To conclude, for the case with confining transverse

reinforcement and where the cover cracks at uncor-

roded pull-out, corrosion has only a minor effect on the

bond behaviour. As the cover cracks for pull-out al-

ready without corrosion, the transverse reinforcement is

keeping the structure together already for uncorroded

specimens. If the cover cracks owing to corrosion, this

does not have any major influence. For large corrosion

penetrations, a small decrease in bond capacity can be

seen, probably mainly because the ribs are being cor-

roded. This behaviour can be seen both in analyses and

in experimental results.

With transverse reinforcement; cover does not crack at

uncorroded pull-out

For large covers combined with small reinforcement

bars, the cover will not crack at anchorage failure of an

uncorroded bar. This can also be true for larger bars or

smaller covers, if the boundaries provide cracking re-

straint when, for example, there is support pressure

acting. Both of these cases can be combined with

transverse reinforcement.

No experiments have been found in the literature for

this combination, with enough confinement to avoid

cracking at uncorroded pull-out combined with trans-

verse reinforcement. The main reason for this is most

likely that, when transverse reinforcement has been ar-

ranged in tests, the cover used has been rather small to

be similar to existing structures. However, as mentioned

above, this is a possible combination, for example at

supports or if small bar diameters are used.

Analyses of this case were carried out with a con-

crete cover of 80 mm, giving a cover-to-diameter ratio

of 4.0. The results from these analyses are shown in

Fig. 7. For uncorroded pull-out, a maximum bond capa-

city close to half the compressive strength was reached,

x 0�

x 25�

x 50�
x 100�

Slip: mm
(a)

0
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B
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Corrosion cracking

M
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: M
P
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400200

Fig. 6. Results from analyses with ribbed bars, with

transverse reinforcement; cover cracks at uncorroded pull-

out. Cover 40 mm, bar diameter 20 mm: (a) bond stress

versus slip; (b) maximum bond stress versus corrosion

penetration
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i.e. around 20 MPa. Corrosion cracked the cover at a

corrosion penetration around 270 �m. Corrosion in-

creased the initial stiffness in the bond-slip behaviour;

thus, the more corrosion, the smaller the slip when the

maximum bond stress was reached. The maximum

bond capacity remained almost unaffected by the corro-

sion for corrosion penetrations smaller than the one

cracking the cover. For larger corrosion penetrations,

the capacity decreased to the same level as for the case

with transverse reinforcement but with a smaller cover,

that is, around 15 MPa. For further increase of the

corrosion, the bond capacity remained almost un-

affected. Also the initial stiffness decreased for larger

corrosion penetrations, compared with the maximum

stiffness which was obtained just before the cover was

cracked. As the transverse reinforcement kept the struc-

ture together, a ductile behaviour was obtained in all

analyses.

In conclusion, for the case with transverse reinforce-

ment and where the cover does not crack at uncorroded

pull-out, the effect of corrosion will be slightly differ-

ent depending on whether the corrosion penetration

will crack the cover or not. For corrosion penetrations

that do not cause cracking of the cover, the maximum

bond capacity will remain almost unaffected, or even

increase slightly. At the corrosion penetration that

causes cracking of the cover, the maximum bond capa-

city will decrease to a smaller level, which will de-

crease only slightly for larger corrosion penetrations.

This smaller level depends on the amount of transverse

reinforcement.

Without transverse reinforcement; cover cracks at

uncorroded pull-out

For small covers combined with large reinforcement

bars, the cover will crack at anchorage failure for

uncorroded bars. If no transverse reinforcement is pre-

sent, the bond capacity will be limited already for

uncorroded bars.

In axisymmetric models for this situation, the con-

crete cover was 40 mm, that is, similar to the corre-

sponding case with transverse reinforcement. The

results from these analyses are shown in Fig. 8. For

uncorroded pull-out, a splitting crack reached the outer

surface of the concrete when the bond stress was just

below 12 MPa. As there was no transverse reinforce-

ment keeping the structure together, this resulted in a

brittle failure. Corrosion alone cracked the cover at a

corrosion penetration around 40 �m. Corrosion in-

creased the initial stiffness in the bond-slip behaviour.

The maximum bond capacity remained almost un-

affected by corrosion for corrosion penetrations that

did not crack the cover; however, for larger corrosion

penetrations, the bond capacity decreased rapidly to

almost zero.

These findings can be compared with experimental

results on bond in corroded specimens without trans-

verse reinforcement, and where the cover cracks at

21·510·5
0

2

4

6

8

10

12

0

x 0�

x 25�

x 50�

x 100�

Slip: mm
(a)

B
on

d 
st

re
ss

: M
P

a

0

2

4

6

8

10

12

0

Corrosion cracking

M
ax

. b
on

d 
st

re
ss

: M
P

a

Corrosion penetration, :   m

(b)

x µ
20015010050

Fig. 8. Results from analyses with ribbed bars, without

transverse reinforcement; cover cracks at uncorroded pull-

out. Cover 40 mm, bar diameter 20 mm: (a) bond stress

versus slip; (b) maximum bond stress versus corrosion

penetration
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Fig. 7. Results from analyses with ribbed bars, with

transverse reinforcement; cover does not crack at uncorroded

pull-out. Cover 80 mm, bar diameter 20 mm: (a) bond stress

versus slip; (b) maximum bond stress versus corrosion

penetration
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uncorroded pull-out. Mangat and Elgarf20 tested bond

in beam tests according to RILEM’s recommendations.

They found a small bond increase until the corrosion

penetration reached a critical level; thereafter the bond

capacity decreased. Auyeung et al.21 report similar

findings from pull-out tests. Stanish et al.22 tested

beams and found decreasing bond capacity for increas-

ing corrosion levels. Ghandehari et al.,23 Lee et al.,17

Shima19 and Fang et al.16 all carried out pull-out tests

and reported that bond capacity decreased drastically

with the corrosion level.

To conclude, for the case without transverse rein-

forcement and where the cover cracks at uncorroded

pull-out, very limited corrosion will crack the cover.

Thereafter, corrosion will decrease the bond capacity in

a detrimental way. Similar findings can be found both

in analyses and in experiments.

Without transverse reinforcement; cover does not crack

at uncorroded pull-out

For large covers combined with small reinforcement

bars, the cover will not crack at uncorroded pull-out.

As discussed before, uncorroded pull-out might also

not lead to cracking of the cover even for larger bars or

smaller covers, if the boundaries provide cracking re-

straint when, for example, there is support pressure

acting. If designing without taking corrosion into ac-

count, no transverse reinforcement is needed in these

situations.

This case was analysed using a concrete cover of

80 mm, that is, similar to the corresponding case with

transverse reinforcement. The results from these ana-

lyses are shown in Fig. 9. In the analysis without corro-

sion, a pull-out failure was obtained with a maximum

bond capacity close to half the compressive strength,

that is, around 20 MPa. Corrosion cracked the cover at

a corrosion penetration around 215 �m. For corrosion

penetrations larger than that, the bond capacity de-

creased abruptly. For a corrosion penetration close to

that level, the maximum bond capacity remained al-

most the same, but the failure mode changed from pull-

out to splitting failure, thus resulting in a brittle failure

instead of the ductile behaviour obtained for smaller

corrosion penetrations; see Fig. 9(a) and compare the

curves for x ¼ 0 and x ¼ 200 �m. Corrosion increased

the initial stiffness in the bond-slip behaviour; thus, the

more corrosion, the smaller the slip when the maxi-

mum bond stress was reached.

Several experimental results exist where the cover

does not crack at uncorroded pull-out, and no trans-

verse reinforcement is supplied. Almusallam et al.24

made cantilever bond tests; in these tests the loss of

bond at the corrosion level which caused cracking of

the cover was very pronounced. For smaller corrosion

levels, the bond capacity was rather high, while it

became very low when corrosion had cracked the cover.

Pull-out tests by Al-Sulaimani et al.,15 Cabrera and

Ghoddoussi,25 Ghandehari et al.23 and Hussein et al.26

all show similar behaviour.

Thus, for the case without transverse reinforcement

and where the cover does not crack at uncorroded pull-

out, both the bond capacity and ductility will be de-

creased in a detrimental way when the corrosion cracks

the cover. For smaller corrosion penetrations, the bond

capacity remains almost unaffected or even increases

slightly. As the analyses presented here are axisym-

metric, they can be expected to be more sensitive to

cracking than is to be expected in real structures, as the

concrete surrounding the reinforcement there does not

crack in all directions at the same time. However,

similar findings were found also in cantilever bond

tests.

General comments

The behaviour for all different cases is summarised

in Fig. 5. The scales in the bond-slip curves are vary-

ing, to make all graphs clearly visible. The scales in

the maximum bond stress versus corrosion level graphs

are, however, intended to be the same, to enable com-

parisons. Naturally, this summary is a simplification;

for example, if the amount of transverse reinforcement

is small, the behaviour will become close to that of

specimens without transverse reinforcement. Also, of

course, the transverse reinforcement can corrode; how-

ever, in general, larger corrosion penetrations are

needed to change substantially the bearing capacity of
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the transverse reinforcement than to affect the bond of

the main reinforcement. Granting these limitations, the

summary in Fig. 5 is still believed to be of help in

understanding the mechanisms, and for assessment of

existing structures. One general observation for all

cases is that corrosion increases the initial stiffness.

The effect on the bond capacity varies more, depending

on the presence of transverse reinforcement and the

failure mode for uncorroded pull-out.

This variation of the effect on the bond capacity can

be seen in Fig. 10(a), where the maximum bond stress

from the various analyses with ribbed bars is plotted

versus corrosion penetration. As can be seen, transverse

reinforcement makes the bond much less sensitive to

corrosion. Bond versus slip at various corrosion levels

for the different analysed situations is shown in Figs

10(b)–(d). There, it can be seen that not only the bond

capacity, but also the ductility, decreases with corrosion

when no transverse reinforcement is present. In Fig. 11,

the crack opening versus corrosion penetration is

plotted from the various analyses. Only the part of the

analyses where corrosion occurred is included; that is,

the part where the pull-out force was applied is not

included. The crack opening is calculated from the

stress and strain in the grey-marked element in Fig. 11,

thus corresponding to the crack opening at the surface

of the concrete. The effect of transverse reinforcement

is especially interesting to note: it increased the corro-

sion level that cracked the cover to a very small degree,

but limited the crack width.

Effect of corrosion on the bond for

smooth bars

Also for smooth bars, it was chosen to distinguish

several cases. As shown in Fig. 5, the same factors as

for ribbed bars were chosen, that is, the existence of

transverse reinforcement and whether there are splitting

cracks at uncorroded pull-out or not. Again, these
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choices can be discussed. It should be noted that for

smooth bars, the cover generally does not crack at

anchorage failure of an uncorroded bar. Furthermore,

for smooth bars, there is a large difference between

top-cast and bottom-cast bars, as has been shown in

experiments of smooth corroded bars by Cairns et

al.11,27 This difference is more important for smooth

bars than for ribbed bars. The bond capacity for uncor-

roded smooth bars is lower for top-cast than for bot-

tom-cast bars. Furthermore, there is a difference in the

tendency to split the cover owing to corrosion. Cairns

et al.27 found that the top-cast bars could withstand a

higher corrosion level before cracking of the cover than

the bottom-cast bars. Thus, it could be debated whether

this is a more important factor for smooth bars than if

the cover cracks at uncorroded pull-out. Still, here it

was chosen to use the same factors as for ribbed bars.

The main reason for this choice was to facilitate com-

parison with ribbed bars.

It should be noted that even though the bond model

has been calibrated and used for smooth bars in Bolms-

vik and Lundgren,10 this model has not previously been

used together with the corrosion model for smooth

bars. Therefore, the experience of how these models

work together is far smaller for smooth bars than for

ribbed bars. Nevertheless, the results seem to be rea-

sonable when comparing with available test results.

Thus, even if the results cannot be trusted in detail to

the same extent as for ribbed bars, they give a good

indication of the expected behaviour in various situa-

tions.

In the following, each of the different cases with

smooth bars is described in more detail, with analyses

showing the behaviour. Generally, there are not as many

experimental results available for smooth bars as for

ribbed. For the cases where references have been found,

these are presented.

With transverse reinforcement; cover cracks at

uncorroded pull-out

As smooth bars generate far lower splitting stresses

than ribbed bars, it is not common for smooth bars that

the cover will crack if an uncorroded bar is pulled out.

For very small covers, this is possible; however, such

small covers are generally not used. To enable an over-

view, this case was nevertheless studied here, using

axisymmetric models with a concrete cover of only

20 mm, that is, with a cover-to-diameter ratio of 1.0.

The results from these analyses are shown in Fig. 12.

As adhesion was included in the analyses with smooth

bars, the bond-slip curves have an initial very steep

branch, where the bond stress is increased for very

small slip. In the analysis without corrosion, the bond

stress could be increased until about 1.75 MPa before

the yield line was reached. Thereafter, the stiffness

decreased; still, the bond stress could be increased until

about 4.8 MPa, when maximum was reached. At a slip

of about 0.7 mm, a splitting crack reached the outer

surface of the concrete. The transverse reinforcement

kept the structure together, thus causing a ductile be-

haviour.

Corrosion alone cracked the cover already at a corro-

sion penetration around 20 �m. However, owing to the

transverse reinforcement, the crack width was limited;

thus the cracks were about 0.1 mm wide first at a

corrosion penetration of around 450 �m. Corrosion in-

creased the initial stiffness in the bond-slip behaviour;

hence, the more corrosion, the smaller the slip when

the maximum bond stress was reached. The maximum

bond increased with increasing corrosion penetrations

to a level of about 13 MPa for a corrosion penetration

of about 150 �m. For larger corrosion penetrations, the

analyses became unstable when the maximum was

reached. For lower corrosion levels, the ductility de-

creased in comparison to the uncorroded case.

To conclude, for the case with smooth bars, trans-

verse reinforcement and where the cover cracks at

uncorroded pull-out, corrosion will increase the bond

capacity. No tests have been found in the literature with

smooth bars including transverse reinforcement and

cover cracking at uncorroded pull-out, most probably

since this is not a very common case.

With transverse reinforcement; cover does not crack at

uncorroded pull-out

As smooth bars do not generate any great splitting

stresses, the covers do not need to be so large to
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prevent cracking at a pull-out loading of an uncorroded

bar. The situation where the cover does not crack at

uncorroded pull-out is therefore a common situation in

real structures, which can be combined with transverse

reinforcement.

In analyses studying this situation, axisymmetric

models with a concrete cover of 40 mm were used; thus

the cover-to-diameter ratio was 2.0. The results from

these analyses are shown in Fig. 13. For uncorroded

pull-out, the maximum bond capacity is much lower

than for the corresponding situation with ribbed bars,

around 6 MPa compared to 20 MPa. Corrosion cracked

the cover at a corrosion penetration around 55 �m. The

maximum bond capacity increased quite a lot, to

around 15 MPa, for corrosion levels smaller than the

one cracking the cover; this is due to the positive effect

of the corrosion-induced pressure. For larger corrosion

levels, the bond capacity remained approximately con-

stant at this high level. Corrosion also increased the

initial stiffness in the bond-slip behaviour; however, it

slightly decreased the ductility.

These results can be compared with test results.

Cairns et al.27 carried out beam end eccentric pull-out

tests. In these tests, the cover was only 20 mm to

16 mm bars; still no cracking occurred at uncorroded

pull-out. For the top-cast bars, the bond strength in-

creased to the level of bottom-cast bars (i.e. roughly by

a factor of 2) already for small corrosion levels. For

higher corrosion levels, the bond capacity remained

about the same. For bottom-cast bars, the bond capacity

was almost unaffected by corrosion. Cairns et al.11 also

carried out concentric pull-out tests with transverse

reinforcement with larger covers. In these tests, they

measured an increase in bond strength for increasing

corrosion levels, and report as much as 7.5 times the

bond capacity of uncorroded specimens. Fang et al.16

made similar tests, and found that the bond strength

increased to 2–3 times the capacity of uncorroded

specimens already for rather low corrosion levels. This

higher capacity was maintained also for further increase

of the corrosion level.

In conclusion, for the case with smooth bars, trans-

verse reinforcement and where the cover does not crack

at uncorroded pull-out, corrosion will increase the bond

capacity, in some cases quite a lot.

Without transverse reinforcement; cover cracks at

uncorroded pull-out

For very small covers, the cover might crack at

uncorroded pull-out. If no transverse reinforcement is

present, the pull-out failure will become rather brittle

owing to the splitting failure.

This case was analysed using a concrete cover of

20 mm, that is, similar to the corresponding case with

transverse reinforcement. The results from these ana-

lyses are shown in Fig. 14. For uncorroded pull-out, a

splitting crack reached the outer surface of the concrete

when the bond stress reached its maximum around

4.2 MPa. As there was no transverse reinforcement

keeping the structure together, this resulted in a rather

brittle failure. Corrosion alone cracked the cover at a

corrosion penetration around 15 �m. Corrosion in-
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creased the initial stiffness in the bond-slip behaviour.

The maximum bond capacity increased slightly by cor-

rosion for corrosion penetrations that did not crack the

cover; however, for larger corrosion penetrations, the

bond capacity decreased to almost zero.

To conclude, for the case without transverse reinfor-

cement and where the cover cracks at uncorroded pull-

out, very limited corrosion will crack the cover. There-

after, corrosion will decrease the bond capacity.

No tests have been found in the literature with

smooth bars and cover cracking at uncorroded pull-out,

most probably because this is not a very common case.

Without transverse reinforcement; cover does not crack

at uncorroded pull-out

The situation where the cover does not crack at

uncorroded pull-out is a common situation in real

structures with smooth bars. Furthermore, it is also

rather common, especially in older structures, that there

is no transverse reinforcement.

This case was investigated in axisymmetric analyses

using a concrete cover of 40 mm, that is, similar to the

corresponding case with transverse reinforcement. The

results from these analyses are shown in Fig. 15. In the

analysis without corrosion, a pull-out failure was ob-

tained with a maximum bond capacity around 5.5 MPa.

Corrosion cracked the cover at a corrosion penetration

around 40 �m. At this corrosion penetration, the bond

strength increased to about 10 MPa. For corrosion pen-

etrations larger than that, the bond capacity decreased

abruptly, and as the failure mode changed from pull-out

to splitting failure, a brittle failure was obtained instead

of the ductile behaviour obtained for smaller corrosion

penetrations. Corrosion increased the initial stiffness in

the bond-slip behaviour; thus, the more corrosion, the

smaller the slip when the maximum bond stress was

reached.

These results can be compared to results by Fang et

al.,16 who made concentric pull-out tests without trans-

verse reinforcement. An initial increase in bond

strength at small corrosion levels changed into a de-

creasing capacity at larger corrosion levels. However,

in these tests, the bond capacity was not smaller than

for the uncorroded specimens even at corrosion levels

as high as 9%. Cairns et al.27 carried out eccentric

pull-out tests. Even though the scatter in these tests was

rather large, some tendencies could be seen. For the

top-cast bars, the bond strength increased to the level

of bottom-cast bars at a corrosion level around 50 �m.

At higher corrosion levels, the bond capacity decreased

gradually, both for top-cast and bottom-cast bars.

Thus, for the case with smooth bars, without trans-

verse reinforcement and where the cover does not crack

at uncorroded pull-out, the bond capacity and ductility

will be decreased when the corrosion cracks the cover.

For smaller corrosion penetrations, the bond capacity

increases. As the analyses presented here are axisym-

metric, they can be expected to be more sensitive to

cracking than is to be expected in real structures, as the

concrete surrounding the reinforcement there does not

crack in all directions at the same time.

General comments

The behaviour for all different cases is summarised

in Fig. 5. Generally, the bond capacity of smooth bars

is less than for ribbed bars; however, for corrosion

penetrations that do not crack the cover, the bond

capacity can be increased to almost the same level as

for ribbed bars.

The variation of the effect on the bond capacity can

be seen in Fig. 16(a), where the maximum bond stress

from the various analyses with smooth bars is plotted

versus corrosion penetration. Similarly to ribbed bars,

transverse reinforcement makes the bond much less

sensitive to corrosion. Bond versus slip at various cor-

rosion levels for the different analysed situations is

shown in Figs 16(b)–(d).

Differences in bond behaviour of ribbed

and smooth bars

In Figs 17(a) and (b), the failure surfaces at pull-out

failure for uncorroded ribbed and smooth bars obtained

in experiments are compared. As can be seen, at pull-

out failure of ribbed bars the failure takes place in the

concrete between the ribs, while for smooth bars the

failure takes place at the bar–concrete interface at pull-

out failure. The corresponding paths in the stress space
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of the model are shown in Fig. 17(c). As can be seen,

the maximum bond capacity at pull-out failure of a

ribbed bar is limited by the upper limit determined

from the stress in the inclined compressive struts that

result from the bond action. This corresponds to failure

of the concrete between the ribs. However, for smooth

bars, it is instead the limited ability of the bar to cause

normal stresses that limits the maximum bond capacity

at pull-out failure.

Hence, a change in properties for the reinforcement or

the concrete will not affect the load behaviour in the same

manner for smooth bars as for deformed bars. For exam-

ple, it is of great importance for the bond behaviour of

smooth bars how dense the concrete close to the bars is,

since this influences the ability of the bar to cause normal

pressure. Therefore, concrete with the same compressive

strength, but different mix proportions, might show dif-

ferent bond behaviour for smooth bars, and the concrete’s

degree of compacting is more important for the smooth

bars. This explains why there is a larger difference be-

tween top-cast and bottom-cast bars for smooth than for

ribbed bars. For ribbed bars, the compressive strength has

more influence on the bond capacity; in the case of pull-

out failure, the bond capacity is even directly related to

the compressive strength. This means that while the bond

strength for ribbed bars will increase with concrete

strength, this is not necessarily true for smooth bars.

Concerning the reinforcement, the roughness of the

surface of smooth bars is of great importance for the

bond behaviour. For ribbed bars, the detailing of the

ribs does not have any major influence on the bond

capacity; however, different detailing is likely to affect

the stiffness of the first part in a bond versus slip curve.

Another difference between bonds of ribbed and

smooth bars in concrete is the effect of an active con-

finement, for example a support pressure. For ribbed

bars, the presence of support pressure will increase the

bond capacity to the pull-out level. If there are splitting

cracks, without support pressure, the capacity would be

increased by a support pressure. However, if there is

not any splitting crack without support pressure, a sup-

port pressure will not influence the capacity; it will

remain the same. For smooth bars, support pressure will

increase the bond capacity regardless of whether there

would be splitting cracks without confinement or not.

Still, the capacity cannot be larger than the upper limit

determined by the stress in the compressive struts; but

that is a large increase compared to the pull-out failure

of a smooth bar without active confinement.

There are also similarities in the bond behaviour of

ribbed and smooth bars. As has been shown, the same

basic mechanisms are active, but they are of different

magnitude, and therefore different mechanisms will de-

termine the behaviour. One similarity is that both ribbed
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and smooth bars generate splitting stresses, although

ribbed bars generate more. Even so, splitting failure may

occur for both types, leading to loss of bond in a similar

manner. Another similarity is the loss of bond which is

obtained if yielding of the reinforcement is reached.

Concerning the effect of corrosion, it has basically

the same effect on both smooth and ribbed bars: due to

the volume increase, splitting stresses will appear. Ow-

ing to the differences in behaviour for ribbed and

smooth bars, however, this will affect the bond mechan-

ism in slightly different ways. The paths described in

the stress space by corrosion and thereafter subsequent

pull-out are shown in Fig. 17(c), still assuming that

pull-out failure is the limiting failure mode. For both

ribbed and smooth bars, the corrosion will cause an

initial increase in normal stresses, before any pull-out

force is applied. For ribbed bars, the bond capacity will

not be much affected, as it is still limited by the stress

in the inclined compressive struts. For smooth bars, on

the other hand, the bond capacity will increase, as the

increase in normal stresses will have a direct influence

on the bond stresses that can be carried by friction.

Conclusions

Studies of the mechanisms of bond and effect of

corrosion show that the same basic mechanisms are

active for both ribbed and smooth bars. However, the

basic mechanisms are of different magnitude, and

therefore different mechanisms determine the behav-

iour. Generally, the bond capacity of smooth bars is less

than for ribbed bars, mainly because the capacity of

smooth bars is limited by the limited ability of the bar

to generate normal stresses at slip. Therefore corrosion,

as long as it does not crack the cover, can increase the

bond capacity of smooth bars to about the level of

ribbed bars. For ribbed bars, corrosion might increase

the bond capacity, but only to a minor extent. High

corrosion levels will damage the bond, especially if

transverse reinforcement is not supplied.

An overview of the effect of corrosion on bond is

shown in Fig. 5. For both ribbed and smooth bars,

transverse reinforcement makes the bond behaviour

much less sensitive to corrosion. This is logical, as the

transverse reinforcement will limit the splitting cracks

that may arise due to the corrosion. Another general

observation is that corrosion increases the initial stiff-

ness for all cases. The effect on the bond capacity varies

more. In short, the following conclusions can be drawn.

(a) For ribbed bars with transverse reinforcement,

where the cover would crack for an uncorroded bar

loaded in pull-out: corrosion causes small bond

decrease, or does not influence the bond capacity.

(b) For ribbed bars with transverse reinforcement,

where the cover would not crack for an uncorroded

bar loaded in pull-out: corrosion causes small in-

crease in bond capacity until the cover cracks; for

larger corrosion levels the bond capacity decreases

or remains approximately equal.

(c) For ribbed bars without transverse reinforcement,

where the cover would crack for an uncorroded bar

loaded in pull-out: bond capacity decreases already

for low corrosion levels.

(d) For ribbed bars without transverse reinforcement,

where the cover would not crack for an uncorroded

bar loaded in pull-out: corrosion causes small in-

crease in bond capacity until the cover cracks; for

larger corrosion levels the bond capacity decreases

abruptly. Also the ductility decreases after cover

cracking.

(e) For smooth bars with transverse reinforcement,

where the cover would crack for an uncorroded bar

loaded in pull-out: corrosion causes small increase

of bond capacity.

( f ) For smooth bars with transverse reinforcement,

where the cover would not crack for an uncorroded

bar loaded in pull-out: corrosion increases the ca-

pacity until the cover cracks. This increase can be

substantial, especially for large covers. Larger cor-

rosion levels cause small bond increase or do not

further influence the bond capacity.

(g) For smooth bars without transverse reinforcement,

where the cover would crack for an uncorroded bar

Failure surface

Failure surface

(b)

Bond stress

Ribbed bar

Smooth bar

Normal stress

Uncorroded

Corroded

(c)

(a)

Fig. 17. Failure surface in the case of pull-out failure of (a) a

ribbed bar and (b) a smooth bar and (c) the corresponding

paths in stress space

Lundgren
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loaded in pull-out: corrosion decreases the bond

capacity.

(h) For smooth bars without transverse reinforcement,

where the cover would not crack for an uncorroded

bar loaded in pull-out: corrosion increases the capa-

city until the cover cracks, while larger corrosion

levels decrease the bond capacity and ductility.

These conclusions can be used to better understand the

mechanisms of bond and corrosion. Furthermore, they

will be useful as background information to give guide-

lines about assessment of existing structures. In planned

future research, this overview will be a base for further

studies, where the effects on bond owing to reinforce-

ment corrosion will be quantified for various cases.
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9. Lundgren K. Bond between ribbed bars and concrete. Part 1:

Modified model. Magazine of Concrete Research, 2005, 57, No.

7, 371–382.

10. Bolmsvik R. and Lundgren K. Modelling of bond between

three-wire strands and concrete. Magazine of Concrete Re-

search, 2006, 58, No. 3, 123–133.

11. Cairns J., Du Y. and Johnston M. Bond of plain bars affected

by corrosion. In Proceedings to Mark 60th Birthday of Prof. R.

Eligehausen (Fuchs W. and Reinhardt H.-W., (eds)). Verlag,

Stuttgart, Germany, 2002, pp. 129–136.

12. Ouglova A., Berthaud Y., François M. and Foct F. Mech-

anical properties of an iron oxide formed by corrosion in re-

inforced concrete structures. Corrosion Science, 2006, 48, No.

12, 3988–4000.

13. Netherlands Organisation for Applied Scientific Re-

search (TNO). DIANA Finite Element Analysis, User’s Manual

Release 8.1. TNO Building and Construction Research, Delft,

2002.
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