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ABSTRACT: This paper presents a methodology to analyze the mechanical behavior and re-
maining load-carrying capacity of corroded reinforced concrete structures. The effect of corro-
sion is modeled as a change in geometry and properties, i.e. reduction of steel area, removal of
spalled concrete and modification of bond-slip properties. The methodology is tested on con-
crete beams affected by corrosion using finite element analysis and the results were compared
with experiments.

1 INTRODUCTION

There is a growing need for reliable methods to predict the load-carrying capacity and remain-
ing service life of deteriorated reinforced concrete structures as a decision basis for optimized
maintenance and repair strategies, Rodriguez et al. (1997), Huang and Yang (1997). In an ongo-
ing research project, load-carrying capacity of deteriorated reinforced concrete structures is
studied on the component level. The part of the project presented here is focused on deteriora-
tion (damage) due to the corrosion of reinforcement.

The corrosion process transforms steel into rust, leading to (a) area reduction of the rein-
forcement bars and (b) volume expansion that generates splitting stresses in the concrete, which
may crack and spall the concrete cover and affect the bond-slip between reinforcement and con-
crete. This has been studied by many researchers; for a state-of-the-art report see fib (2000).

While previous research has been mainly concerned with corrosion around a single rein-
forcement bar, see e.g. Almusallam et al. (1996) and Lundgren (2003), relatively little research
has been concentrated to the practically important problem of assessing the residual load-
carrying capacity of corroded concrete structures. The aim of this research is to develop a meth-
odology to quantify the load-carrying capacity of corroded reinforced concrete structures.

This paper presents a methodology to analyze the mechanical behavior and remaining load-
carrying capacity of corroded reinforced concrete structures. The effect of corrosion is modeled
as a change in geometry and properties, i.e. reduction of steel area, removal of spalled concrete
and modification of bond-slip properties. The modification of bond-slip properties is based on
previous research where a detailed 3D solid finite element model has been developed and used
to determine the 1D bond-slip response for corroded reinforcement, Lundgren (2003), Lundgren
(2004), Schlune (2006), Lundgren et al. (in progress).

2 METHODOLOGY - MODELING OF CORROSION DAMAGE

In the following, a methodology to analyze the mechanical behavior of corroded reinforced con-
crete structures is proposed. It is assumed that the effect of corrosion can be modeled as a
change in geometry and properties of the analysis model:

— Change of concrete geometry (removal of spalled concrete)



— Change of steel area (reduction of bar diameter due to the corrosion penetration)

— Modification of bond-slip properties

The methodology is intended to be general in the sense that it can be used for different ap-
proximation levels, e.g. full non-linear analyses with 3D solid models, intermediate analyses
with shell and frame models, to the simplest hand-calculations using beam models.

2.1 Change of concrete geometry

The corrosion process may crack and spall the concrete cover, which must be taken into ac-
count. The extent and depth of the spalled areas should be measured and documented. The ge-
ometry of analysis model should then be modified accordingly.

2.2 Change of steel area

The reduction of the effective steel area, or rebar diameter, is the most evident effect to take into
account, see Equation 1.

p=¢,—2x (1)

where ¢ is the remaining effective diameter of the rebar, ¢ is the original diameter, and x is
the corrosion (rust) penetration. The reduction of rebar diameter is most accurately obtained by
direct measurements. On a corroded structure, parts of the concrete cover have usually spalled
off, and the remaining bar diameter could be measured on the exposed bars after removal of the
rust layer. For less corroded structures where the cover has not yet spalled off, small parts of the
cover could be removed at non-critical locations, and afterwards repaired. An alternative to di-
rect measurement is to calculate an estimate of the corrosion penetration based on corrosion rate
and time of corrosion initiation Meria et al. (2007).

2.3 Change of bond-slip properties

The corrosion process affects the bond-slip between reinforcement and concrete. This could
lead to a brittle collapse of the structure, and hence the change in the bond-slip curve must be
accounted for.

Areas with spalled off concrete covers and the corrosion penetration of corroded bars should
be measured and documented in accordance with sections 2.1 and 2.2 above. In addition, crack
patterns that indicate splitting of the cover should be measured and documented. The bond-slip
properties of the analysis model should then be modified accordingly. The modification could
be based on the following proposed method, based on the research presented in Lundgren
(2003), Lundgren (2004), Schlune (2006), Lundgren et al. (in progress) and the 1D bond-slip
model of CEB (1993).

In locations where the concrete cover has totally spalled off, the bond strength should be set

to zero. In other areas where the cover still remains (but may be cracked), the bond-slip proper-
ties could be based on the following:
1. The bond strength 7, versus slip s curves and parameters of CEB (1993) are adopted for the
uncorroded case. To account for intermediate cases in between the extreme cases “confined”
(i.e. ductile pull-out failure) and “unconfined” (i.e. brittle failure due to cover cracking), the fol-
lowing interpolation formula is proposed Lundgren ef al. (in progress):

k.
T, =k T, T (1 — k) T nconf > k= max{ cd (2)
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Where k_,, is a factor dependent on the cover to bar diameter ratio ¢/d and k,, is a factor
that depends on the amount of effective transverse reinforcement As,/s, according to Figure 1.
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Figure 1. Interpolation factors

2. The effect of corrosion is taken into account by adjusting the CEB (1993) bond-slip curves as
follows:
a. The bond-slip curve of the corroded bar is obtained by shifting (moving) the curve for
the uncorrodded bar to the left by the distance

As = ax (3)

where a is assumed to be a constant and x is the corrosion penetration. This was sug-
gested by Schlune Schlune (2006), see also Lundgren et al. (2007), where the constant
a was found to be around 8.1 for the analyzed cases.

b. To account for the possible change in failure mode due to corrosion from pull-out to
splitting failure, the parameters for the bond-slip curve for the corroded case is ob-
tained by interpolation of the parameters of the uncorroded case. Every model pa-
rameter is interpolated, for example

2-max = kfmod ’ max,conf’ + (1 - kfmod ) ’ Tmax,unconf (4)

The factor kyu0q4, see Figure 2, depends on the ratio x/x.,, where x is the corrosion pene-
tration and x,, is the corrosion level that cracks the cover. The corrosion penetration that
causes cover cracking has been found by curve fitting to analysis results from the de-
tailed 3D model, see Lundgren (2003), as given by the following formula

0.8 1.5 0.5
(5]
40 d 16

where x., is the corrosion level that cracks the cover in um, f;. is the concrete compres-
sive strength in MPa, ¢ is the concrete cover in mm, and d is the reinforcement bar di-
ameter in mm. In regions where cover cracking has been observed on the structure, the
ratio x/x. should be set to one.
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Figure 2. Factor to take a change of failure mode into account for corroded reinforcement



This procedure can be applied to solid and structural analysis models where the bond-slip be-
tween the concrete and reinforcement is modeled by 1D bond-slip interface elements, such as in
the analyses in Chapter 5. For simpler structural analysis models where the bond-slip is not di-
rectly accounted for in the model, it is proposed that the above procedure can be applied to cal-
culation of required anchorage lengths Lundgren et al. (in progress) and subsequent checking of
the curtailment and laps of the corroded reinforcement.

3 EXPERIMENTAL SETUP FOR COMPARISON WITH FE ANALYSIS
3.1 Beam tests by Coronelli

Coronelli (1998) has tested bond-slip behavior of uncorroded and corroded reinforcement using
a four-point bending test on a beam with a hinge arrangement in the middle, see Figure 3, to
give a well defined force in the reinforcement bar. In addition, the bar was only bonded to the
concrete over a short length, to get a rather uniform bond stress. During the tests, the load, the
mid deflection of the beam and slip at the passive ends of the rebar were measured, see Figure 3.
Tests results were reported for 0%, 1.2%, 2.4% and 4.8% volume corrosion, corresponding to 0,
50, 100 and 150 um corrosion penetration on the tested @14 bar. For full details of tests see ref-
erence Coronelli (1998).
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Figure 3. Beam tested by Coronelli

3.2 Beam tests by Rodriguez et al.

Rodriguez et al. (1997) tested the influence of reinforcement corrosion on reinforced concrete
beams loaded in four-point bending. During the tests, the load and the mid deflection of the
beam were measured. Test results were reported for different beam dimensions and reinforce-
ment arrangements to produce different failure modes, and always for one uncorroded case and
one corroded case. The beams modeled here were affected by 490, 540 and 490 pum corrosion
penetration of the tensile reinforcement, compressive reinforcement and stirrups, respectively.

4 FINITE ELEMENT ANALYSIS
4.1 Beam tests by Coronelli

The beam tests by Coronelli (1998), see brief description in section 3.1 above, were modeled
and analyzed by the finite element method (FEM). The effect of reinforcement corrosion was
modeled as a change of rebar diameter and by modification of bond-slip properties according to
sections 2.2 and 2.3 above.

The beam was modeled in 2D, and due to symmetry; only half of the beam was modeled. The
dimensions, reinforcement, boundary conditions and loading arrangement are shown in Figure
4. In the tests, steel plates and roller bearings have been used at the supports. In the FE-model,
the steel plate was modeled as infinitely stiff by constraint equations, see left end of the beam in
Figure 4. The FE nodes along the plate were tied to the centre node, thus forcing the nodes to
remain in a straight line, but allowing for rotation. The center node was supported for displace-



ment in the y-direction. Also for modeling of the loading plates on the top of the beam, the
nodes were tied to remain in a straight line. At the symmetry line, see the right end of the beam
in the Figure, the special hinge arrangement in the test was modeled by a steel plate with one
node in the middle fixed in the x-direction. Also the reinforcement bar node was fixed in the x-

direction.
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Figure 4. 2D model of beam test by Coronelli

For the concrete, 4-node quadrilateral plane stress solid elements were used. The concrete
was modeled with a constitutive model based on non-linear fracture mechanics using a smeared
rotating crack model based on total strain; see DIANA (2006). The crack band width was as-
sumed to be equal to the element size. For the tension behavior of concrete, the curve by
Hordijk et al. was chosen, as described in DIANA (2006), Hordijk (1991). For concrete in com-
pression, a simple elastic ideal-plastic behavior was assumed. Material properties for the con-
crete and the reinforcement are described in Table 1.

Table 1 Material properties used in the analyses

Concrete Reinforcement
fcc fct GF Ec fy Ec
[MPa] [MPa] [N/m] [GPa] [MPa] [GPa]
36 2.77 73.5 31.37 430 200

The longitudinal reinforcement was modeled by 2-node truss elements. The effective diame-
ter of the bar was adjusted with respect to the corrosion penetration according to section 2.2
above. Interaction between the reinforcement and the concrete was modeled with an interface
element with a 1D bond-slip law as described in section 2.3 above. Figures 5 shows the result-
ing bond-slip curves for 150 pm corrosion penetrations. The stirrups were embedded in the 4-
node quadrilateral plane stress solid elements, corresponding to perfect bond between the stir-
rups and the surrounding concrete.

An incremental static analysis was performed using a Newton-Raphsson iterative scheme to
solve the non-linear equilibrium equations. In a phased analysis, first the self-weight load was
applied. Then, the external load was gradually applied as prescribed displacement at the loading

point.
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Figure 5. Bond-slip curve for uncorroded reinforcement obtained by interpolation of ’confined” and "un-
confined” cases (factor k£ =0.64), and for 150 pm corrosion penetration according to section 2.3
above.



4.2 Beam tests by Rodriguez et al.

One of the beams tested by Rodriguez et al. (1997), see brief description in section 3.2 above,
was modeled and analyzed by the finite element method (FEM). Both the tests with uncorroded
and corroded reinforcement were analyzed. The effect of reinforcement corrosion was modeled
as a change of rebar diameter and by modification of bond-slip properties according to sections
2.2 and 2.3 above.

The beam was modeled in 2D, and due to symmetry; only half of the beam was modeled. The
dimensions, reinforcement, boundary conditions and loading arrangement are shown in Figure
6. The steel plates and roller bearings at the supports and loading points were modeled by rigid
constraints in the same manner as described in section 4.1 above. At the symmetry line, see the
right end of the beam in the figure, all the nodes were fixed in the x-direction.
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Figure 6. 2D model of beam test by Rodriguez et al. (1997)

The concrete was modeled by 4-node quadrilateral plane stress solid elements with the same

type of material laws as described in section 4.1 above, using concrete material data according
to Table 2.

Table 2. Material properties used in the analyses

Concrete Reinforcement
Material Properties  f, Ty Ge E. fy E.

[MPa] [MPa]  [N/m] [GPa] [MPa] [GPa]
Uncorroded 49.9 3.62 924 34.97 575 200
Corroded 36.8 2.82 74.7 31.6 575 200

The reinforcement and the interaction between the reinforcement and concrete as well as the
effect of corrosion were modeled in the same way as described in section 2. Figure 7 shows the
resulting bond-slip curves for 0 and 490 um corrosion penetration. An incremental static analy-
sis was performed in the same manner as described in section 4.1 above.
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Figure 7. Bond-slip curve for uncorroded reinforcement obtained by interpolation of ”confined” and un-
confined” cases (factor k = 0.25), and for 490 um corrosion penetration according to section 2.3
above



5 RESULTS
5.1 Beam test by Coronelli

Figure 8 shows comparisons between computed and measured results for the Coronelli beams
with 0, 50, 100 and 150 um corrosion penetrations. All beams failed due to pull-out failure,
which agrees well with the experimental observations. The initial stiffness for the beams agrees
very well for all cases. Also the maximum load agrees fairly well for all cases, but differences
are visible in the post-peak behavior. Noticeable is also that the maximum load only goes down
from 75 kN for the uncorroded case to 65 kN for the case with 150 pm corrosion penetration.
Probably it would have been more interesting to test beams with higher amounts of corrosion.
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Figure 8. Comparison between computed and measured load-displacement curves for uncorroded and 50,
100 and 150 pum corrosion penetrations for Coronelli beams

5.2 Beam test by Rodriguez et al.

Figure 9 shows comparisons between computed and measured results for the Rodriguez beams

with 0 and 490 pm corrosion penetrations.
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Figure 9. Comparison between computed and measured load-displacement curves for Rodriguez beams.

Both beams failed due to yielding of reinforcement, which agrees well with the experimental
observations. The initial stiffness for the beams agrees well. Also the maximum load agrees
fairly well.

6 CONCLUSIONS

The paper has presented a methodology to analyze the mechanical behavior of corrosion-
damaged reinforced concrete structures. It is proposed that the mechanical effects of corrosion
can be modeled as change in geometry and properties, i.e. reduction of steel area, removal of
spalled concrete and modification of bond-slip properties.

The methodology was used in combination with non-linear fracture mechanics in finite ele-
ment analysis using the program DIANA. The results of the analyses were compared with avail-
able experimental results to verify the capability of the proposed method to predict the load-



carrying capacity of the corroded structural members. Based on the results of the analyses, the
following conclusions can be drawn:

1. The experimental setups for the Coronelli beams had too low corrosion penetrations
(2150 um) to give significant effect on the load-carrying capacity of the member.

2. For the Coronelli beams, the agreement between the analysis results and the experi-
ments for the presented cases is reasonable in terms of load-carrying capacity, i.e. maxi-
mum load, but differences occurred in the post-peak behavior.

3. For the Rodriguez beams, the agreement between the analysis results and the experi-
ments is reasonable.

Based on these conclusions, and the intention with the proposed methodology, future work
should concentrate on the following issues:

1. Application of the model to a larger range of experiments with beams with heavily cor-
roded reinforcement especially beams with curtailed and/or lapped reinforcement that
fail due to bond failure.

2. Settle model parameters with respect to predictive capability and safety aspects for ap-
plication in engineering practice for assessment of load-carrying capacity of corrosion-
damaged reinforced concrete structures.
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