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ABSTRACT: Chloride-induced corrosion in existing reinforced concrete structures remains a
main issue for structural engineers. It is a challenge to predict the structural effects of the
deteriorations due to corrosion, such as formation of pits in the rebar, cracking of the concrete
cover and the loss of bond strength. Recent research on corrosion damage has mainly focused on
the following four aspects; inspection techniques and condition assessment, micro-modelling of
the corrosion process, empirical damage relations and macro-modelling of the behaviour of
corroded beams based on experimental data. Although the models in literature provide good
predictions in comparison with experiments, they are mostly based on the exact value of mass
loss that is quantified after extracting the bar from the beam. However, the mass loss is a quantity
that is not exactly known from on-site inspection. Therefore, the following paper proposes a novel
modelling framework that links visual inspection data to a 2D numerical model. The aim is to
study the efficiency of a 2D modelling approach in predicting the behaviour of corroded RC
beams by using damage relations that are based on visual inspection data. Simulating the
inspection-based study is based on the experimental data of a test program with reported crack
widths. The findings of the paper report on the accuracy of the inspection-based methodology
within a deterministic framework, the efficiency of the adopted damage relations as well as the
efficiency of updating a 2D beam model to predict the structural behaviour of corroded beams
based on crack width measurements.

1 INTRODUCTION

Deteriorating reinforced concrete structures due to chloride-induced corrosion are a major
concern for the construction industry nowadays. Different inspection tools are used to assess these
deteriorations. Firstly, visual inspection is performed. During the visual survey, location of rust
spots, concrete cover cracks and exposed reinforcement are determined. Moreover, crack widths
can be measured with a crack meter. Secondly, detailed inspection is performed in order to
quantify the severity of the corrosion damage. For this purpose, covermeters are used to locate
the reinforcement, determine the diameter of the bars and the cover depth. Furthermore,
Galvapulse can give both qualitative and quantitative inspection results as shown in Andrade et
al. (2001) where resistivity and the corrosion potential give an indication of the active zones of
corrosion while the corrosion rate can be transformed into section loss through Faraday’s law.
Yet, since the corrosion process in not constant in time and on-site conditions affect the these
measurements, care should be taken interpreting the results.

Inspection surveys provide a good understanding of the severity of the chloride-induced damage
according to which the structural component can be classified into different levels of corrosion as
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in Contecvet (2001). These classifications provide an important method for the assessment of the
condition of the structure; however, less is known about the remaining structural capacity of the
reinforced concrete (RC) component. Since numerical tools provide a good prediction of the
structural behaviour of concrete structures, incorporating the inspection-data into a numerical
structural model can assist in the prediction of the structural behaviour of RC structures with
chloride-induced corrosion damage. Therefore, this paper focuses on using information of
corrosion crack width as an input to predict the behaviour of RC beams by numerical modelling.

2 INTERPRETATION OF CORROSION INSPECTION DATA

The nature of the chloride-induced corrosion mechanism causes damage on the level of rebar,
concrete cover and the steel-concrete interface. First, local cross-section loss occurs due to the
formation of pits along the rebar. Secondly, the concrete cover cracks due to the expansive nature
of the corrosion products which eventually leads to spalling and the exposure of the corroded
rebar. Moreover, integrity between the concrete and the steel bar which is ensured by bond
mechanism is lost. By quantifying the different deteriorations, the effect of corrosion damage can
be determined which assists in the assessment of the structural capacity of the RC structural
component.

Condition assessment is based on using inspection data to determine the level of corrosion
damage. The Contecvet report classified four levels of corrosion based on six indicators:
carbonation depth, chloride level, corrosion crack width, rebar section loss, resistivity and
corrosion rate. It also suggests indices which assist with the assessment and the decisions
regarding the urgency of intervention. Other authors, such as Shimomura et al. (2011), provided
a different type of classification which is only based on qualitative visual inspection of the state
of the component. These classifications provide a good initial understanding of the state of the
structure however, to develop a numerical model, information of material and section properties
are needed. Because corrosion-induced concrete cracking is visible on the surface and measuring
the section loss of the corroded rebar is a challenge, several authors showed correlations between
crack width (w) and section loss (AA) or penetration depth (x) which can be applied in an
inspection-based numerical modelling framework ( Table 1).

Table 1. Different reported damage functions

Author Damage relationship
Torres-Acosta et al. (2007)  w=6,4(>)082 1) ro: initial rebar radius (mm)
° B3: factor depending on the
Rodriguez et al. (2006) w=0,05+B(x-1) (2) bar position
Khan et al. (2014) w=0,1916ZAA +0,164 3) @: rebar diameter (mm)
c

c: cover depth (mm)

3 THE EXPERIMENTAL PROGRAM BY A.TORRES-ACOSTA ET AL (2007)

In order to simulate the inspection-based approach, the data of an experimental program with
reported corrosion crack widths is used. This serves to validate the approach of using empirical
relations relating the inspected crack width to the mass loss. It is worth mentioning, that the
relation is based on accelerated corrosion experiments which can differ from what is encountered
under natural conditions. Therefore, the paper focuses on the modelling approach rather than on
generalizing the empirical relation from these experiments.
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3.1 Overview of test campaign and results

The experimental campaign by Torres-Acosta et al. (2007) studied the flexural behaviour of a
reinforced concrete beam with one tension rebar as a function of four different corrosion levels;
no corrosion 0%, low corrosion 5%, medium corrosion 10 % and high corrosion 15%. The beam
had dimensions of 1500x150x100 mm and were reinforced with a #3 rebar which corresponds to
a diameter of 9.5 mm and a cross-section area of 71 mm2. The cover depth was 2 cm. Twelve
beams were cast with the average concrete strength at 28 days being 27 MPa. Four of these beams
(B01, B02, B11 and B12) were non-corroded and acted as control beams while the remaining
eight beams were corroded to the different levels. In order to accelerate the corrosion process, the
author added 3% NacCl salt by weight of cement to the concrete mixture. A current density of 80
HA/cm? circulated from a steel plate glued to the side of the beam (cathode) to the steel rebar
(anode). After the corrosion process finished, the beams were subjected to a three-point bending
test which provided load deflection curves. The results of the experimental program are shown in
Table 2 where the percentage reduction is calculated relative to the average yield load of the three
control beams (11.40 kN).

Table 2. Results of corrosion damage measurements as reported by A.Torres-Acosta et al (2007)

Beam Radius Mass Maximum Maximum pit  Failure mode Yield Reduction
loss loss crack Width depth (mm) load in load (%)
(%) (%) (mm) (kN)

BO1 - - - - Yielding 11.00 -

BO2 - - - - Yielding 12.10 -

BO3 5.10 10.30 0.5 3.35 Yielding 7.50 34.21 %

B04 8.80 17.70 1.25 6.20 Yielding/Rupture  4.30 62.28 %

BO5 9.20 18.40 0.50 7.03 Yielding/Rupture  4.50 60.53 %

B06 6.00 12.00 3.00 2.54 Yielding 7.90 30.70 %

BO7 5.40 10.80 0.60 3.39 Yielding 7.50 34.21 %

B08 10.60 21.30 1.50 4.38 Yielding 7.10 371.72%

B09 9.70 19.50 1.50 3.84 Yielding 6.50 42.98 %

B10 16.10 32.20 1.70 7.40 Yielding/Rupture  3.10 72.81 %

B11 Broken during handling as reported in Torres-Acosta et al. (2007)

B12 - - - - Yielding 11.10 -

3.2 Interpretation of the experimental data

The classification of the beams is based on visual inspection data which is provided in the form
of the maximum crack width of the longitudinal crack which is assumed to be representative. The
classes are adapted from Contecvet (2001), see Table 3, where a limit of 1.5 mm is inserted
between the medium and high corrosion level. Moreover, beam B06 is omitted from the
classification and the modelling since it is reported to have developed an unusually wide crack
while the mass loss was still low. With the limited damage and material property data available,
it is not possible to explain the experimental results of beam BO6.

Table 3. Condition Assessment of the different beams according to the maximum crack width

Corrosion damage level Crack width (mm) Beams

No corrosion No cracking B01 B02 B11 B12
Low <03 None

Medium [0.3-1.5] B03 B04 B05 B0O7
High =>1.5 and/or major spalling B08 B09 B10

The empirical damage relation by Khan et al. (2014) incorporates the rebar diameter and the cover
depth as parameters influencing the crack formation, therefore it will be used as a relation to
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predict the mass loss based on crack width data of the experimental program (Figure 1). As shown
in Table 4, the error in prediction by using this relation is observed to be high for the case of B05

and B10. This can be attributed to the stochastic nature of the corrosion process and concrete
cracking.

—(Khan et al., 2014)
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Figure 1. Damage functions relating the crack width to the mass loss of the steel rebar.

Table 4. Error in prediction on rebar cross-section

Beam Maximum crack Measured section Predicted section  Error (%)
width (mm) loss (%) loss (%)

B03 0.50 10.30 5.20 5.60

B04 (deep pit) 1.25 17.70 16.80 1.00

BO5 (deep pit) 0.50 18.40 5.20 16.20
BO7 0.60 10.80 6.80 4.60

B08 1.50 21.30 20.70 0.70

B09 1.50 19.50 20.70 1.60

B10 (deep pit) 1.70 32.20 23.80 12.40

4 MODELLING OF CORROSION DAMAGE

The structural behaviour of the beams is modelled through a 2D longitudinal beam model
developed in DIANA 10.2. This type of model takes into account the steel cross-section, bond-
slip behaviour as well as the concrete properties which allows to apply reduction factors as a
function of the measured corrosion damage without the need of modelling the corrosion process
at the micro-scale (Michel et al. (2016)).

4.1 Model Description

The model is discretized by a mesh of size 10 mm using quadrilateral elements where the steel is
modelled as a bond-slip truss element with its centreline positioned at 24.75 cm from the bottom
of the beam to account for the cover depth. The concrete and steel material properties are
summarized in Table 5. The calculation of the concrete material properties is based on the
formulas of fib (2010) as a function of the compressive strength except for the compression
fracture energy ( G¢) which is calculated according to Nakamura et al. (1999) by G.=250G+ where
Gt is the tensile fracture energy.

However, the beams of the experimental program show higher deflection values to what is
expected from a rigid RC beam. This can be attributed to either pre-cracking during curing and/or
corrosion or local crushing and settlement of the beams at the supports or lack of rigidity of the
testing frame which resulted in an increase in the measured deflections. For the present paper, the
pre-cracking is assumed which affects the stiffness of the member and it is reflected by calibrating
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the cracked concrete properties as shown in Table 5 until the numerical results agree with the
results of the reference beams. The non-linear analysis in DIANA is based on a smeared total
strain rotating crack model. A displacement-based Newton-Raphson iteration procedure is used
with load steps of 0.1. Convergence is based on energy and force norms both of which is defined
as 0.01 and a maximum of 250 iterations is defined.

Table 5. Material properties and models used in DIANA 10.2

Concrete material properties Adapted properties Steel material properties

E. (GPa) 29.60 3.80 Es (GPa) 210.00

v 0.20 0.20 v 0.30

fem (MPa) 27.00 27.00 fy (MPa) 412.00

Ge (N/mm) 33.00 33.00 fu (MPa) 625.00

f: (MPa) 2.14 1.50 &u (%) 10.00

Gt (N/mm) 0.13 0.40 Plasticity model Von Mises
Tension softening Hordijk Bond-slip model fib 2010
Compression softening Parabolic

4.2 Damage functions

The corrosion damage is translated to the numerical model as reduction factors on the section and
material properties for both concrete and steel. For this reason, different formulas are used to
apply these reductions as a function of the rebar cross-section loss.

The steel section loss is estimated as the average section loss per corrosion level. Regarding the
beams that failed by rupture, the spherical pit model by Val et al. (1997) is used in addition to
applying the average section loss. The pit length (L) is taken the same as the pit width in the Val
et al. (1997) pit model. Finally, the altered yielding and ultimate tensile strengths (f) as well as
the ultimate strain (g,) of the steel are calculated as a function of the section loss (AA(%))
according to the formulas of Imperatore et al. (2017), equations (4) and (5). The value of a is
0.019 for the yield strength while it is 0.018 for the ultimate strength.

f=(1-adA)f (4) g, = 7005444 (5)

Cracking of the concrete cover is modelled by reducing the tensile strength of the concrete cover
according to the approach used by Coronelli et al. (2004). First, the compressive strength is
reduced according to equation (6) which considers the maximum strain reached by the concrete
(¢, = 0.2%) and the increase in strain due to crack formation which is calculated, according to
equation (7), as a function of the crack width ( w,,.), number of bars (n,,,s ) and initial width of
the beam section ( by). Finally, the tensile strength of the cracked cover is determined according
to equation (8).

feracked
cm

f, bg—bo _ NparsWer ked
fcracked _ __cm 6 € = — 7 feracked _
cm 1+0_1z_(1) ( ) 1 bo bo ( ) t

S, (8)
Bond deterioration is modelled by adopting a splitting bond failure mode (Figure 2) which reduces
the maximum bond strength and the maximum slip. For this paper, the pull-out failure of the bond
is modelled according to fib (2010) while, for the splitting bond failure, the damage model of Rao
(2014), equation (9) , is used to reduce the maximum bond strength. Then, this value is used to
calculate the slip value at which the maximum bond strength is reached. Furthermore, to adopt a
splitting bond failure, the slip value (s;) from the fib bond model is set equal to the slip value (s1).

{T = Tmax for AA < 2%
T = 1.5T,,AA™%C for AA > 2% ©)
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Figure 2. Pull-out bond failure of an uncorroded rebar (left), splitting bond failure of a corroded bar (right)
Van Steen et al. (2019).

5 RESULTS

The numerical modelling results are represented in Figure 3 which shows three shaded zones
representing the different corrosion levels. The area of each zone is the area between the
experimental curves of the beams that are classified to be of the same corrosion level.
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Figure 3. Experimental and numerical load deflection curves for different corrosion levels, from top to
bottom, no corrosion, medium corrosion and high corrosion.

Two approaches are used to calculate the rebar section loss for each corrosion level. In a first
approach, the section loss is calculated based on the gravimetric results while the second approach
estimates the section loss from the crack width according to equation (3). It has been observed
from the modelling that the bond reduction had no effect on the behaviour of the beam regarding
the stiffness or the yield load. It has also been noticed that the reduction in the tensile strength and
the tensile fracture energy of the concrete cover due to the corrosion crack is responsible for the
reduction in stiffness and further reduction in the yield load. The tensile fracture energy has been
calibrated until a good agreement with the experimental results is achieved.

5.1 Results based on destructive evaluation of rebar mass loss (real mass loss)

Table 6. Experimental and numerical results based on measured section loss

Corrosion  Average measured Average experimental Numerical Modelling

level residual section yield load prediction error
(mm?) (kN) (kN) (%)

Medium  63.40 7.50 7.60 1.30

High 56.45 6.80 6.00 11.70
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The results of this approach are summarized in Table 6. A good agreement is achieved between
the experimental and numerical results regarding the stiffness reductions of the corroded beams,
as shown in Figure 3. Regarding the yield capacity of the beams, a good agreement can also be
observed especially for the medium corrosion level where the modelling error is 1.30 %. The high
corrosion level, however, shows an error of 11.70 % .
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Figure 4. Load deflection curves of B04, B0O5 and B10.

Three beams are reported to show failure due to rupture at the location of the deepest pit.
Therefore, the pit is modelled as a separate reinforcement truss element of length L,i: and cross-
section corresponding to the section of spherical pit model. Because the location of the deepest
pit is not reported, two different positions are considered in the model: one at 750 mm and another
at 600 mm from the edge of the beam. Numerical results of beams B04 and B10 (Figure 4) show
a good agreement with the experimental behaviour regarding both the stiffness, failure mode and
load level. However, the experimental curve of BO5 shows a more ductile behaviour which is not
observed in the numerical result nor in the experimental data of beams B04 and B10. Finally, the
results show that the yield load is less reduced as the pit location is further away from the position
of maximum moment.

5.2 Results based on estimating the rebar mass loss by using crack width data

Table 7. Results of numerical modelling using crack width data

Corrosion  Average predicted Average experimental Numerical prediction Modelling
level residual section (mm?)  yield load (kN) based on crack width (kN) error (%)
Medium  66.50 7.50 8.10 8.00

High 56.00 6.80 5.80 14.70

As a second approach, after having a validated numerical model, the section loss is recalculated
by using the crack width and the relation of Khan et al. (2014). By using the new value of the
section loss, the reduction parameters (steel material properties and bond loss) while those that
are related to the crack width (concrete tensile strength and fracture energy) are kept the same as
in the previous section. It can be observed from the load-deflection curves in Figure 3 that a slight
difference in the trend occurs which is attributed to the error in prediction of the damage model.
The damage model predicts the mass loss of the medium corrosion level with an error of 4.8%
while the error in prediction for the high corrosion level is 0.8%. By comparing the experimental
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yield load to that of the numerical, it can be seen that an error of 4.8% and 0.8 % on the section

loss causes an increase of 6.70% and 3.00% in the modelling error for the medium and high
corrosion, respectively.

6 CONCLUSION

The presented research investigated the prediction of the structural capacity of corroded
reinforced concrete beams based on crack width data. Modelling the damage using reduction
factors for the material and section properties in a 2D longitudinal beam model is efficient in
reproducing the structural behaviour. Moreover, this modelling approach can be coupled with
empirical relations which relate the corrosion crack width to the section loss of the rebar or pit
locations. Although such approach has the advantage that structural capacity of the degraded RC
beams can be reliably estimated from inspection data, the applied empirical relations are
dependent on the RC component's layout and parameters of the corrosion process. Therefore, the
development of more universal, inspection-based damage relations and an inclusion of the
stochastic nature of the involved processes are vital in further research.
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