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Abstract

The results of a comprehensive condition assessment of a decommissioned reinforced
concrete bridge, which included both a field survey and laboratory tests are presented.
The field survey included electro-chemical, chemical, physical and mechanical tests on
the bridge deck, which was exposed to a corrosive environment for about 35 years. The
experimental study focused on the investigation of the impact of concrete mix on corrosion
and subsequently on the bond strength of concrete structures. The data collected from the
field survey include measurements of concrete cover depth, chloride content, half-cell
potential, electrical resistivity, and level of carbonation. These data shows a considerable
level of variability in all parameters measured with coefficients of variation ranging from
34% for the concrete cover depth to 86% for the apparent chloride diffusion coefficient. A
Monte Carlo simulation was undertaken to generate the distributions of the chloride
content at the reinforcement level and corrosion initiation time for the deck. The
simulations generated results that were very close to the field data. Partial results of the
experimental study of the impact of corrosion on bond shows a quasi-linear decrease of
the residual bond capacity with the mass loss of reinforcing steel.

1. Introduction

Chloride-induced corrosion of reinforcing steel in concrete bridges, and parking in
marine structures is the dominant cause of severe distress resulting from aggressive
environments, deficiencies in materials, design, construction and maintenance, lack of
protection and problems caused by overloads. The corrosion-induced deterioration is
manifested as cracking, delamination, spalling of the concrete cover, loss of steel cross-
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sectional area with the associated corrosion products resulting in bond deterioration at
the steel-concrete interface. As a consequence, the serviceability, durability and safety
of the structure can diminish increasingly as corrosion proceeds due to the continuing
ingress of chlorides to the steel reinforcement. The cost of repairing or rehabilitating
these structures around the world can easily run into hundreds of billions of dollars. In
addition, several thousand functionally obsolete bridges need to be retrofitted or replaced
in North America alone.

Reliable performance prediction of deteriorated concrete structures and of new structures
exposed to aggressive environments is important to develop maintenance, and repair and
rehabilitation procedures to enhance their service lives and to reduce the overall life
cycle costs. A basic understanding of the corrosion mechanisms for reinforcing and
prestressing steel under various aggressive environments, the associated damage
manifestation and effective repair techniques are essential in designing new structures
for durability against corrosion by eliminating or at worst impeding steel corrosion.
Similarly the effectiveness of repair of damaged structures can be enhanced for
increasing service life and optimized repair costs and time.

The objective of a university-industry strategic research program consisted of:
¢ Assessment of causes and extent of corrosion in the deteriorated Dickson bridge
in Montreal.
¢ The use of probabilistic methods to generate the time-dependent performance
profile of the corrosion-damaged deck and comparison to field data
¢+ Experimental study of bond characteristics at the steel-concrete interface.

The concrete cover acts as a barrier to the ingress of aggressive agents such as
chlorides, carbon dioxide, moisture and oxygen because of its low permeability. The
high alkalinity (pH =13) provides excellent corrosion protection to the steel bar. The
main source of the corrosion initiating chloride is the deicing salts used for traction on
pavements during the winters in cold-climate countries. The depassivation of the
protective oxide layer on the steel bar can also result from sea water and its spray for
marine structures, and from carbonation of concrete which reduces the alkalinity (or pH)
of the concrete cover. The rate of corrosion distress is accelerated by errors in design,
choice of materials including cement, supplementary cementing materials (silica fume,
fly ash, and ground granulated blast furnace slag), lack of quality control and
construction (deficiencies in mixing, placing, consolidation, curing) resulting in a lower
and more permeable concrete cover. This situation can get worse due to a significant
loss of bond at the steel - concrete interface, accompanying the formation of corrosion
products and a possible change in the mode of failure of steel from a ductile to a brittle
fracture mode with extensive pitting corrosion.
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2. Performance of RC Structures in Corrosive Environments
Figure 1 shows a modified version of a two-stage service life model proposed by Tuutti
(1982), consisting of:
¢ Stage 1 consisting of chloride ingress and onset of corrosion over the “corrosion
initiation time” when steel suffers depassivation due to partial or extensive loss of
the protective cover. This stage of corrosion initiation can constitute the
serviceability limit state beyond which the corrosion rate and the associated
damage would increase significantly.
¢ Stage 2 consisting of corrosion propagation with on-going steel cross-sectional
area until a limiting damage state is reached. This involves progressive
delamination, spalling of the concrete cover and loss of bond at the steel-concrete
interface until finally failure occurs.
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Figure 1: Service life model of a concrete bridge deck exposed to chlorides

Corrosion of reinforcing steel normally does not influence its yield or ultimate tensile
strength. However, a reduction in the bar diameter leads to a lower resistance.
Moreover, pitting corrosion with the localized diameter reduction can result in brittle
failure of the bar. In general, corrosion of the reinforcing steel results in changes in the
lug deformation profile, thereby reducing the interlocking forces between the bar lugs
and the concrete. In addition, the corrosion products occupy a much larger volume
which causes longitudinal and transverse cracking, delamination and spalling of
concrete, thereby releasing the “hold” of the concrete on the steel bar. This in turn leads
to a loss in the bond strength at the steel-concrete interface.

Initiation and progression of reinforcing steel corrosion can lead to progressive

weakening of the structure due to damage accumulation over a period of time, or in
sudden catastrophic failures, such as the Berlin Congress Hall, a parking garage in

3/8



Minnesota, [Borgard et al. (1990)]. Therefore, the impact of corrosion damage on safety
and serviceability of concrete structures must be assessed carefully by due consideration
of all failure modes at the local, member and structural levels.

3. Condition Assessment of the Dickson Bridge Deck

The deterioration of aging concrete structures and the influence of the severe
environmental conditions, poor quality control in construction, and materials is
illustrated in the results obtained from a detailed condition survey carried out from 1997
to 1999 on the decommissioned Dickson Bridge (Amleh 2000; Lounis and Mirza 2001).
This bridge was exposed to a corrosive environment (deicing salts) for about 35 years.
The length and width of the superstructure are 366 m and 27 m, respectively. It consisted
of a 150 mm thick and heavily RC deck over continuous RC beams in the end sections
(North & South) and RC deck on steel plate girders in the central section (over the CN
railway tracks) of the bridge. The spans varied between 12 to 18 m and the RC beam
cross section was 1500 mm x 1200 mm. Several tests were made over a grid of 0.25m by
0.25m, on four randomly selected Sm by 6m deck patches. The results from the chemical,
chemical, physical and mechanical tests on the southern and central sections of the RC
deck are summarized herein.

The concrete cover to the top mat of reinforcing steel showed high variation throughout
the bridge deck, and was fitted by a normal distribution with a mean value of 35 mm,
and a coefficient of variation of 34%. Approximately 18% of the cover depth
measurements were less than the specified cover of 25mm, implying that corrosion could
have initiated much sooner than expected at these locations. The near-surface chloride
concentration was represented by a lognormal distribution with a mean value of 2.09
kg/m3 (0.58% by weight of cement), and a coefficient of variation of 31%. The
distribution of the apparent diffusion coefficient was also fitted by a lognormal
distribution with a mean value of 0.83 cm2/year (2.63x10°® cm?/s), and a coefficient of
variation of 86%. The chloride concentration at the steel level had a normal distribution
with a mean value of 1.45 kg/m3 (0.4% by weight of cement), and a coefficient of
variation of 55%.

This high variability of the material properties, concrete cover depth and chloride content
at the steel level is the result of the concrete heterogeneity and lack of quality control in
the construction process. This case study illustrates the considerable variability of the
parameters that govern the performance and service life of RC structures as opposed to
the variability of the parameters that govern the conventional design of RC structures.
This clearly suggests the need for the use of probabilistic predictive models that can take
into account the uncertainty of all parameters that govern the corrosion process and
service life for the purposes of evaluation of existing structures and design of new
structures.
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4. Simulation of Chloride Content and Time to Corrosion Initiation

The need to model the uncertainty in the parameters that govern the performance and
service life of RC structures was illustrated in the condition assessment of the Dickson
bridge deck and elsewhere (Lounis and Mirza 2001). The results of a Monte Carlo
simulation of the chloride content at the steel level after 39 years (time of inspection) are
shown in Figure 2. The distribution generated is quasi symmetrical with a mean value of
1.82 kg/nf (0.5% by weight of cement), and a coefficient of variation of 51%. The
simulation results are very close to the field data obtained in Section 3.
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Figure 2: Distribution of chloride content at steel level
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Figure 3: Distribution of corrosion initiation time
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Assuming a lognormal distribution for the threshold chloride content with a mean value
of 0.6 kg/m3 (Amleh 2000) and a coefficient of variation of 10% (Lounis and Mirza
2001), the distribution of the time to corrosion initiation, generated using a Monte Carlo
simulation. The results are shown in Figure 3, which illustrates a skewed distribution
with a mean value of 15 years, and a probability of corrosion of 91% after 39 years.
These results are close to the field data that yielded approximately 85% of the deck was
corroded (Amleh 2000).

5. Investigation of the Impact of Corrosion on Bond of RC Structures

One of the possible causes of deterioration of the Dickson Bridge deck was the loss of
bond resistance at the steel-concrete interface due to excessive corrosion of the
reinforcing steel. Therefore, it was important to undertake a laboratory study of the loss
of bond at the steel-concrete interface using specimens made from the same concrete as
used for the Dickson Bridge deck and to undertake controlled tension tests to establish
the loss of bond with increasing levels of corrosion.

A detailed experimental study of the impact of the concrete mix on corrosion, and loss of
bond was undertaken by Amleh (2000). The influence of six different concrete mixes
(two water-cement ratios and three different Canadian fly ashes and high aluminum
cement) on bond deterioration due to increasing levels of corrosion was studied using
192 pullout specimens. Another 30 tension specimens with a single No. 20 steel bar,
embedded in a 120 mm diameter cylindrical concrete specimen, one meter long, were
constructed using 3 concrete mixtures, in addition to the concrete mixture used for the
Dickson Bridge. The detailed results are reported elsewhere (Amleh 2000).

These specimens were subjected to accelerated corrosion by fully immersing the
specimens in tanks filled with 5% sodium chloride (NaCl), solution, and subjected to
voltage varying from 2 to 5 Volts. An expand wire mesh was installed at the tank base
and a bar was added to it to act as the cathode for all of the specimens in the tank, which
functioned as anodes, and corroded. Oxygen was supplied through an oxygen pump
placed into the corrosion tank. In addition, air was supplied through a rubber hose that
was placed and distributed all around the steel mesh to act as a water agitator for even
distribution of the oxygen. The electrolyte solution was changed on a weekly basis to
eliminate any change in the concentration of the NaCl and the pH of the solution.

Eight different levels of corrosion were determined based on the half-cell potential and
linear polarization resistance readings, and the width of the longitudinal cracks. These
levels of corrosion were confirmed by the mass loss of the reinforcing steel measured
after the test. As expected, a higher level of bond deterioration was noted with concrete
mixes with a higher water-cement ratio. Furthermore, the concrete with fly ash,
supplementary cementitious material, showed a better response and exhibited a lower
level of corrosion because of its lower permeability.
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The results of the tests incorporating the concrete mix used on the Dickson Bridge
showed that a low level of corrosion of the reinforcing steel (0-5% mass loss) caused no
reduction in the bond capacity at the steel-concrete interface. However, for higher levels
of corrosion (25%-30% mass loss), the bond capacity decreased by about 90%. This is
quite serious for the structural performance of a member with severely corroded steel
reinforcement. It should also be noted that the present design codes and design
procedures provide no guidance on the deterioration of bond at the steel-concrete
interface at higher level of corrosion.

An empirical equation for the bond strength of corroded RC specimens was developed
(Amleh and Mirza 1999). The variation of the relative bond strength of corroded specimen
(i.e. the ratio of bond strengths of corroded and uncorroded specimens) versus the mass loss
of the reinforcing steel is shown in Figure 4. It can be noted from this qualitative plot that
the bond between the concrete and the reinforcing steel decreases rapidly with increasing
levels of corrosion. These results agree well with the data of a study by Andrade et al.
(1990). This study suggested that a reduction of 10 to 25% in the bar section in the critical
sections of the structure will result in the end of its service life. On the other hand a
reduction of up to 5%, even with cracking and spalling, indicates an early stage of
deterioration with the remaining service life not as significantly influenced, provided that
adequate repairs are undertaken immediately.
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Figure 4: Relative bond stress (in %) vs. mass loss due to corrosion for Dickson
bridge mixture

/8



6. Conclusions

This paper presented some of the results of an extensive investigation of the performance
of corrosion-damaged reinforced concrete structures. The data collected from the field
survey shows a considerable level of variability in all parameters measured with very high
coefficients of variation. Such a high level of uncertainty requires the use of probabilistic
models for the prediction of the performance and service life of concrete structures exposed
to chlorides. The experimental study shows a quasi-linear decrease of the residual bond
capacity with the mass loss of reinforcing steel due to corrosion.
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