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Corrosion Inhibiting Systems for Durable Concrete Bridges —

Part 1: Five-year Field Performance Evaluation

Daniel Cusson', Shiyuan Qian”, Nathalie Chagnon®, and Bruce Baldock®

Abstract: The performance of nine commercially available corrosion-inhibiting systems for use in
reinforced concrete structures exposed to corrosive environments was assessed in the field on bridge
barrier walls and in accelerated electrochemical cells in the laboratory. The corrosion-inhibiting systems
included concrete admixtures, reinforcing steel coatings, and/or concrete surface coatings/sealers. The
results of this study are presented in two companion papers, in which the field evaluation and laboratory
investigation are reported. The field evaluation consisted of annual corrosion surveys of half-cell potential
and corrosion rate, as well as remote monitoring with embedded instrumentation for the measurement of
the environmental conditions. After five years of investigation, the system containing an inorganic-based
admixture performed better than others in reducing the risk of reinforcement corrosion in the barrier wall.
It was also found that the system using epoxy-coated reinforcement showed good early performance
during the first year, but after, the risk of corrosion increased relatively faster than in other systems,

possibly due to localized pitting corrosion developing in small defects or pores of the epoxy coating.
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INTRODUCTION

Many of North America’s bridges are in urgent need of substantial rehabilitation, nearly one of every three
bridges is rated structurally deficient or functionally obsolete (Smith and Virmani 2000). They estimated
the cost of repairing and replacing deteriorated concrete bridges to be over $20 billion in USA, and
increasing at $500 million per year. The main cause of deterioration of concrete bridge structures (e.g.
cracking, delamination and spalling of concrete) is the chloride-induced corrosion of steel reinforcing

bars, as illustrated in Figure 1.

Design solutions, in part, involve specifying the appropriate concrete mix constituents, coating of the
reinforcement, and/or sealing of the hardened concrete to slow down the rate of rebar corrosion in
concrete structures. Amongst different corrosion-protection systems, corrosion inhibitors are considered
one of the most cost-effective solutions. The mechanisms by which they protect the reinforcing steel from
corrosion are often complex and vary according to the type of inhibitors used. Some inhibitors retard
corrosion by reducing the rate of the cathodic and/or anodic reactions, while others inhibit corrosion by

reducing the concrete permeability to chloride ions.

Several corrosion inhibitors have been used for the last 20 years on new or rehabilitated concrete bridges
to extend their service lives. The most common ones are active inhibitors based on inorganic nitrites. In
recent years, active-passive inhibitors based on organic amines have gained popularity. Yet very little
information exists on the long-term field performance of concrete structures built or repaired with such
corrosion-inhibiting systems. The selection of appropriate corrosion inhibitors for specific field
applications remains a difficult task, since it can be seen from these studies that a given inhibitor may have
different performance depending on the experimental test conditions. Contradictory performance results
have sometime been obtained between laboratory studies and field observations (Elsener 2001; Chambers
et al. 2003). Documented test results from field investigations are then necessary to clarify the

performance of corrosion inhibitors and other corrosion-inhibiting systems for concrete structures.



This paper presents a five-year assessment of the field performance of nine corrosion-inhibiting systems

applied on a major highway bridge near Montreal, Canada. Field corrosion measurements, including half-
cell potential, linear polarization and concrete electrical resistivity were performed over the reinforcement
of the bridge barrier walls. Additional laboratory corrosion tests in electrochemical cells and on field-cast

concrete prisms were also carried out to support the field study; they are presented in a companion paper.

RESEARCH SIGNIFICANCE

The claimed effectiveness of most corrosion inhibiting products on the market is based on laboratory
testing or observations from periodic field inspections. The former has a narrow focus, while the latter
provides a limited understanding of the underlying physical performance. The main objectives of this
investigation were: (i) to evaluate the in-service performance of rehabilitated concrete structures subject to
the simultaneous effects of de-icing salt contamination, freeze-thaw (F/T) and wet-dry cycles; and (ii) to
understand the factors governing the performance of corrosion inhibiting systems in the field. The results
obtained in this study will enable bridge owners to make informed decisions when selecting corrosion

inhibiting systems, and provide manufacturers with information suitable for product improvement.

EXPERIMENTAL INVESTIGATION

Test Structure and Rehabilitation Work

In 1996, the Ministry of Transportation of Quebec undertook the rehabilitation of the Vachon bridge
located north of Montreal on Highway 13 across Mille-iles River (Figure 2). The overall rehabilitation
included the replacement of the barrier walls and patching of the concrete slab (later paved with asphalt).
This 6-lane wide, 714-m long bridge has twenty-one 34-m long single spans consisting of prestressed
concrete girders supporting a reinforced concrete slab. Ten consecutive spans of the east-side barrier wall

were selected as the test site for the application of proprietary corrosion inhibiting systems. The rebuilt



barrier wall presented many advantages over the slab as a test site: (a) similar initial conditions, (b) direct

exposure to chlorides, and (c) ease of access for instrumentation and corrosion surveys.

Eight spans of barrier wall were built using a standard concrete mix (Table 1) and conventional carbon-
steel reinforcement; each span included a different corrosion inhibiting system (Table 2) provided and
installed by its manufacturer. The concentration of each corrosion inhibitor in the concrete was the one
recommended by its manufacturer for bridge decks. For instance, the dosages of the corrosion-inhibiting
admixtures of Systems B, C, E, F, G and H were 10, 22, 5, 0.7, 10 and 15 L/m’ of concrete, respectively.
The total water content in the concrete, accounting for the liquid part of the corrosion-inhibiting
admixture, was maintained constant in all test spans of barrier wall. Two other test spans were built using
the same concrete but with no corrosion inhibitors: one span with carbon-steel reinforcement (identified as
Control Span), and the other span with epoxy-coated steel reinforcement (identified as Epoxy Span). As
schematically shown in Figure 3, the main reinforcement consisted of eight 15-mm longitudinal bars in
the cross-section, and 15-mm transverse bars spaced at 230 mm along the barrier wall length. The
concrete had a water-cement ratio of 0.36, an air content of 6.5% (+ 1.5%), a slump of 80 mm (+ 20 mm),
and a 28-day compressive strength of 45 MPa on average. Concreting took place in October 1996; no

special protection for curing was used by the contractor, and the forms were stripped one day after casting.

As shown in Figure 4, each corrosion-inhibiting system was applied over the 34-m length of its assigned
test span of barrier wall. Non-destructive corrosion testing was limited to the 15-m central portion of the
span to avoid measuring possible secondary effects from adjacent test spans, since the reinforcement was
continuous in the existing slab. Concrete cores for laboratory testing of strength, permeability and chloride
content were taken just outside this 15-m central portion; and embedded instrumentation for remote

monitoring was installed at mid-span.



Field Instrumentation and Data Logging System

Manganese dioxide (MnO,) reference electrodes (ERE 20, from Forces Institutes) were embedded in
concrete to monitor the corrosion potential of the reinforcement in the barrier wall. Their reference
potential was approximately 100 mV more positive with respect to copper sulfate electrodes (CSE). The
embedded MnO, electrodes were calibrated with external CSE during the annual corrosion surveys.
Capacitance-type relative humidity and temperature (RH/T) sensors (Humitter 50Y, from Vaisala) were
installed in the wall near the top and bottom of the cross-section; one additional sensor was installed
behind the barrier wall to measure the ambient environmental conditions at the bridge. Custom-made
temperature-compensated stainless steel strain gauges (SG) were embedded in the wall near the top and

bottom of the cross-section to measure the longitudinal strains in the rebuilt structure.

Five data acquisition systems were installed at the bridge. The 16-bit central processing unit (Datataker
DT-505, from Data Electronics) supported various types of sensors, on-line data manipulation and
statistical functions. Each system consisted of the following major components: (i) a 10-channel
acquisition unit with two 10-channel extension modules (impedance of 10 MQ), (ii) a cellular modem for
data transfer, (iii) an AC-DC transformer, (iv) a 12-volt battery in case of short-term power failures, and
(v) a metal enclosure with added interior insulation to reduce temperature extremes, as the heat produced

by the modem was relied upon to enhance the thermal protection needed during cold winter days.

All sensor wires were properly protected in concrete and carried out into junction boxes located behind the
barrier wall. The sensors were connected to the data loggers, which were firmly anchored in the back of
the concrete barrier at the junction of two consecutive test spans. As a result, the cable length between the
sensors and their respective loggers was constant and minimal, which reduced the noise level picked up by
the cables. The five data loggers were programmed to take hourly readings from the sensors and store in a
memory card their daily average, minimum and maximum values. The field data were periodically

transmitted to a workstation in the laboratory via cellular modems.



On-site Corrosion Measurements

On-site corrosion surveys of the barrier wall were performed annually during the month of June from
1997 to 2001, including measurements of half-cell potential, corrosion rate and concrete electrical
resistivity. These annual surveys were conducted under similar environmental conditions, including
ambient temperature (15-25°C) and concrete surface condition (i.e. free of visible moisture). A saturated
CSE and a multimeter were used to measure the half-cell potential following the ASTM C876 procedure.
The measurements were taken at 110, 345 and 550 mm from the top of the barrier wall, and horizontally at
300-mm intervals over the central 15-m portion of each test span. A Gecor 6 device (manufactured by
James Instruments) was used to measure the corrosion rate of steel in concrete by the polarization
resistance technique. This technique works by applying a small current to the reinforcing bar and
measuring the change in polarization potential (Broomfield et al. 1993). Gecor 6 has the ability to confine
the area of measurement by a sensor-controlled guard ring (Feliu et al. 1990). The same device (with
another sensor) was also used to determine the electrical resistivity of the concrete by measuring the “IR
drop” from a DC pulse applied between the sensor and reinforcement (Broomfield et al. 1993). In each

test span, measurements were taken on vertical and horizontal bars at cracked and uncracked locations.

For early detection of corrosion and early performance evaluation of the corrosion inhibiting systems, two
sets of rebar ladders were embedded in each test span during rehabilitation (Figures 3 and 4); except in the
control concrete, in which four sets of ladders were embedded. Half-cell potentials and corrosion rates
were taken over these ladders using the instruments and methods described above. Each ladder was made
of four 470-mm long horizontal bars (10-mm diameter) spaced at 125 mm center to center. The ladder
bars had varying concrete cover thicknesses ranging from 13 mm for the upper bar, and 25 mm, 38 mm

and 50 mm for the 3 other horizontal bars, respectively.



ANALYSIS OF FIELD RESULTS

Observation of Early-Age Cracking

A visual inspection of the barrier wall, carried out 1.5 days after casting, revealed closely spaced cracks
running completely through the walls, raising a concern for premature rebar corrosion due to accelerated
moisture and salt ingress and eventual spalling of the concrete cover. These vertical cracks had an average
spacing of 800 mm. No joints other than the control joints between each 34-m long span of barrier wall
were present to control crack spacing. Most cracks had a width of 0.2 mm or less, with a few having
openings of 0.3 mm. Figure 5 presents a photograph, taken 7 months after reconstruction, illustrating the
severe transverse cracking in the barrier wall. This type of cracking is common on such structures
according to a survey (TRB 1996) of 52 Departments of Transportation across North America, which
revealed that more than 100,000 bridges in the United States — about half of the bridges monitored by the

respondents — had developed transverse cracking of the deck shortly after reconstruction.

A study (Cusson and Repette 2000) was conducted to determine the underlying causes of this problem
using time-dependent numerical models and measured field data. It was concluded that the early-age
cracking was mainly due to uncontrolled thermal effects and autogenous shrinkage, typical of high-
strength concrete with high cement content and low water-cement ratio. The models confirmed that, after
a large amount of heat was released due to cement hydration, the rapid decrease of the concrete
temperature combined with early-age autogenous shrinkage resulted in a severe contraction of the barrier
wall. Stress-induced cracking resulted from contractions of the barrier wall restrained by the existing
concrete slab. In addition, large temperature gradients in the cross-section of the wall likely occurred at
early-age due to rapid ambient temperature fluctuations and the presence of unsymmetrical thermal
boundary conditions (i.e. plywood panels used at the back of the barrier wall and steel panels used at the
front). As a result, the contraction that occurred near the front face of the wall was internally restrained by

expansion near the back face, generating additional tensile stresses near the front face of the wall.



This early cracking was not related to the use of the corrosion inhibiting systems in the barrier wall, since
the same cracking pattern also occurred in other spans that were not protected by corrosion inhibiting
systems. However, this cracking probably has accelerated the ingress of moisture, chlorides and oxygen to

the reinforcement, resulting in more severe conditions than in uncracked concrete.

Remote Monitoring of Internal Environmental Conditions of the Concrete Barrier Wall

A rise in temperature can increase of the rate of corrosion. The moisture level in concrete also influences
reinforcement corrosion as it affects carbonation, chloride ingress, electrical resistivity, and oxygen level.
It is therefore important to have adequate information on the prevailing environmental conditions in the
concrete, thus providing better data for input into predictive models, improving their reliability. This
information also ensures adequate analysis of the parameters that govern the field performance of the

concrete systems, such as corrosion potential, electrical resistivity, strain, etc.

Figure 6 shows the typical concrete temperature data measured in the Control Span of the barrier wall.
Similar results from other test spans confirmed that the concrete temperature was similar from span to
span, indicating that the presence or type of corrosion inhibitors had no effect on the thermal properties of
the concrete. The concrete temperature typically varied from approximately —15°C in January to +35°C in
August. The temperature in the centre of the barrier was at least 5°C warmer than the ambient temperature

at any given time of the year. This was due to solar radiation and the heat capacity of the concrete.

The temperature data were also used to estimate the number of freeze-thaw cycles occurring during the
winter seasons. According to Neville (1996), capillary water in mature concrete freezes at about -5°C due
to chemicals in solution. The water in concrete will thaw at 0°C, provided that the duration of this
temperature is long enough (few hours). Based on these assumptions, the number of freeze-thaw cycles
occurring in the concrete barrier wall during each winter was determined (see Figure 6), totaling 23 F/T

cycles over 5 years. It is important to note that uncontrolled freeze-thaw cycles measured in the field



cannot be compared to controlled F/T cycles measured in the laboratory according to ASTM C666, as

there are significant differences in the range and rate of change in temperature and moisture.

The risk of reinforcement corrosion is directly related to the evaporable water content in concrete,
however, measurements of relative humidity are often taken in concrete structures by using RH sensors
due to their ease of use and relatively low cost (Broomfield 1996). When exposed to an environment of a
given RH and temperature, the moisture content in the concrete pores equilibrates with the ambient
humidity after some time. RH readings, however, do not represent the moisture content directly, as daily
and seasonal cycles of temperature can affect them. A compensation for temperature needs to be carried
out on the measured RH data in order to obtain an indication of the variation of water content in concrete.
The procedure provided by Pruckner and Gjorv (2001) was therefore used to normalize the measured RH

data for a constant temperature of 25°C.

In Fig. 6, the temperature-compensated RH in the Control Span of the barrier is shown to follow a
seasonal pattern with high RH measured in May-June and lower RH in December-January. This is typical
of this region with the months of May and June having frequent rainy periods and the months of
December and January being cold and dry. As expected, the concrete RH decreased over the years as a
result of continual cement hydration and drying. Although some differences in RH were observed between
the test spans (not shown here); the values at any given time were always above 70 % during the 5-year
monitoring period. According to ACI Committee 222, the risk of corrosion can be considered low in dry
concrete when RH is lower than 50% due to an impeded electrolytic process, or in fully saturated concrete
due to low oxygen concentration at the steel-concrete interface. In partially saturated concrete, however,
the risk of corrosion becomes higher since oxygen can easily diffuse through concrete to the
reinforcement, which will accelerate the corrosion process. As seen above, the measured RH values were

between 70% and 95% for the majority of the time. With the regular use of de-icing salts in winter, it is



confirmed that the environmental conditions at the bridge were favorable to rebar corrosion during the

field investigation.

Risk of Corrosion of the Main Reinforcement

Figure 7 presents five of the ten curves of half-cell potential of the reinforcement monitored continuously
by MnO, reference electrodes embedded at specific locations in the concrete barrier wall. The five other
curves (Spans D to H, not shown for brevity) are similar to the curve presented for the Control Span. In
general, all curves show a seasonal variation of the potential with the least negative values occurring
during the cold winter months (November—February) and the most negative values occurring in warmer
weather, as expected. The half-cell potential curves for the Epoxy Span and Span A stand above all other
curves. The apparent difference in potential of these two spans from the other test spans is due to the high
electrical resistance induced by the presence of the coating on the reinforcement. In this case, the current
flow had to go through the highly resistive path between the reinforcement and the MnO, reference
electrode, resulting in a shift of the half-cell potential towards less negative values. It is therefore
important in the analysis to consider the relative changes in half-cell potential over time rather than the
numerical values at a given time, as it is well known, very negative half-cell potential readings can arise
from factors other than corrosion (Elsener et al. 2003; Hansson et al. 2004). In this regard, the curves of
Spans A and B show the smallest overall decrease in potential over the years, which is a possible

indication of the beneficial effect of these corrosion-inhibiting systems in reducing the risk of corrosion.

Figure 8 shows the half-cell potentials measured over the main reinforcement, where each data point is an
average of over a hundred readings taken during a single annual survey. The half-cell potentials were
between —300 mV and —400 mV in 1997 (except in Epoxy Span) and shifted gradually over time towards
more negative values, in general. The Epoxy Span, which had an initial potential of -250 mV in 1997,
showed the sharpest change towards negative potential values over the years. The observed negative shifts

in half-cell potential may be due to a combination of the following factors: (i) the use of low-permeability

10



concrete resulting in oxygen depletion in the concrete and (ii) the presence of early-age cracks possibly

resulting in localized pitting corrosion of the reinforcement.

Figure 9 shows the cumulative distributions of half-cell potential obtained on the ten test spans for the
1997, 1999 and 2001 surveys. From 1997 to 2001, the half-cell potential shifted towards more negative
values, which is a clear indication of the increase in the risk of corrosion. By 2001, the potential had also
spread over a wider range of values. The Epoxy Span showed more positive potential values than in all
other spans in 1997. This is due to the high initial electrical resistance of epoxy coating on the
reinforcement. However, a substantial negative shift has occurred after 1997, which was possibly due to
the deterioration of the epoxy coating and/or the development of localized corrosion. In 2001, Span F
showed the most negative potential values followed by the Epoxy Span and Span E. The Control Span
showed average performance while Spans A and G, on the other hand, had the least negative potential

values, which is an indication of good performance.

Figure 10 shows the average corrosion rates measured over the main reinforcement under similar
environmental conditions at cracked and uncracked locations. Initially, some test spans showed relatively
high oxidation rates in 1997 and 1998, which were probably due to the formation of an oxide film on the
reinforcement. After 1998, low corrosion rates were found in all test spans as they reduced to values
below the threshold of 0.5 pA/cm?, proposed by Rodriguez et al. (1994) for the Gecor 6 device. This net
reduction was probably due to the beneficial effects of the corrosion-inhibiting systems and/or oxygen
depletion at the steel surface. In general, higher corrosion rates were found at cracked locations than at
uncracked locations over the five years, with an overall rate increase of 30% for the nine spans with
carbon-steel reinforcement. An overall increase of 260% was found for the Epoxy span, however, this was
the test span with the lowest corrosion rates at uncracked locations. In Span G, the equipment limitation

made it difficult to measure the corrosion rates (and resistivity) in the first three years due to the very low
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conductivity of the concrete surface (hydrophobic penetrating sealer). In 2001, however, the highest

corrosion rate of the group was measured on Span G at cracked locations.

Figure 11 presents the values of concrete electrical resistivity measured in the barrier wall from 1997 to
2001. In 1997, the measured values were relatively low (8-16 kQ cm) in most spans, probably due to the
high moisture content in the new concrete and the initially-moderate concrete permeability. The resistivity
values increased with time, in general, except in the Epoxy Span and the Control Span. In the Epoxy Span,
the decrease was probably due to the deterioration of the epoxy coating on the rebar leading to

development of corrosion where the epoxy coating was very thin or had been scratched during installation.

Corrosion of the Rebar Ladders

Figure 12 shows the half-cell potential measured on the special rebar ladders for each span. In all spans, it
can be seen that the half-cell potentials became more negative with time. In general, half-cell potentials
had the most significant change on the top bar (bar 1 with 13 mm cover, highest chloride content) and the
least change on the lower bars (bars 2, 3 and 4 with thicker covers), as expected. Of the ten test spans,

Spans G and H had the least negative half-cell potentials, especially on the top bars.

As shown in Figure 13, the corrosion rates were much higher on the top ladder bar (thinnest cover) than
on the second ladder bar in most spans, as expected. The corrosion rate on Span G was not measured in
the first three years due to the very low concrete conductivity. On Spans E and G, high corrosion rates
were measured at the ladders in 2001, coinciding with observations of horizontal cracks and rust stains
along the top ladder rebars. It should be noted that corrosion at these locations was probably initiated by
the premature shrinkage cracks found over the rebar ladders. A high corrosion rate was also measured on
Span B in 2001, however, no shrinkage cracks were observed at the ladder. In Spans D and H, the
corrosion rates were quite low on both the first and second bars of the ladders, showing the beneficial

effects of these specific corrosion-inhibiting systems.
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Strength, Permeability and Chloride Content

Table 3 presents the compressive strengths measured according to ASTM C39 on concrete cores taken
from the barrier wall in May 1997 (0.5 years after reconstruction) and June 2001 (4.5 years). As hydration
of cement proceeded, the overall compressive strength increased by 37 % in four years. The water vapor
permeability coefficients, measured according to ASTM E96 in Dec. 1996, May 1997 and June 2001
show a steady decrease in the permeability as a function of time, due to further hydration of cement. All
the coefficients of permeability measured in 1996 and 1997 can be considered representative of moderate
permeability, and all those measured in 2001 are indicative of very low permeability (<10x10™% m/s),
according to Neville (1996). The depth of carbonation was also measured on cores taken in June 2001
using a phenolphthalein solution and an optical microscope. No carbonation was found at the surface of
the barrier wall after 4.5 years. The results in Table 3 confirm that the corrosion inhibiting systems did not
have detrimental effects on the measured concrete properties (e.g. strength and permeability). The
concrete of Span E obtained the lowest coefficient of permeability of the group. The corrosion admixture

in this particular concrete was claimed by the manufacturer to reduce chloride ingress.

The total content of chlorides by weight of concrete was determined from cores taken from the barrier
wall according to ASTM C114. Figure 14 illustrates the chloride profiles measured in 1997, 1998, 2000
and 2001 for each span. As expected, the chloride ion contents increased over time and decreased with
concrete depth. At depths of 25-50 mm, the chloride contents in all spans were below the critical threshold
value of 0.1% by weight of concrete (Stoltzner et al. 1997) after the first two winters. By 2001, the
concretes in all spans had chloride contents exceeding this threshold value. At depths of 50-75 mm (actual
rebar level), the concretes in all test spans had chloride contents below the threshold value after 5 years,
suggesting that the risk of corrosion of the reinforcing steel was low at uncracked locations. However,
localized pitting corrosion was very likely to have developed at cracked locations due to the high chloride

contents readily available at the reinforcement depth. The concrete in Spans E and H indicated the two
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slowest penetrations of chloride ions of the group (Admixture E was claimed to reduce chloride ingress).
The corrosion-inhibiting system in Span G performed very well in the first year, at which time no
chlorides were found in the concrete. In the following years, however, the hydrophobic sealer of System G
did not show a clear improvement in reducing chloride ingress compared to the other systems with no
sealers. It is important to mention that the concrete sealer of System G was applied over the thin parging
of the barrier wall surface, which spalled off a year after installation due to severe weathering and

abrasion.

OVERALL PERFORMANCE OF INVESTIGATED CORROSION INHIBITING SYSTEMS

The evaluation of the performance of systems having different corrosion-inhibiting mechanisms installed
on a concrete structure is a challenging task. On one hand, there is no single test capable of determining
the overall performance of a system in the field and; on the other hand, different tests offer conditions of
varying severity and type, and therefore the performance of a particular system may vary according to the
tests used in such study. In order to provide a meaningful assessment of the overall performance of the
corrosion inhibiting systems, the performance of a given system during a particular test was evaluated

against the performance of the control system.

The assessment of corrosion of the main reinforcement indicated that the risks of corrosion in all test
spans were low but increased slowly (i.e. negative changes in half-cell potential and increasing corrosion
rates). The thick concrete cover over the reinforcement (75 mm), the low concrete permeability and the
relatively short duration of the study (5 years) are reasons why no major differences in performance
between the corrosion-inhibiting systems and the control system were observed. The epoxy-coating
system performed well in the first year with the least negative half-cell potential and a low corrosion rate.
It showed early signs of decreasing performance in the following years with the largest negative potential
change over 5 years combined with low but increasing corrosion rates, which were possibly due to

localized pitting corrosion developing in small defects or pores of the epoxy coating.
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The assessment of the corrosion of the rebar ladders installed in the barrier wall (cover thicknesses of 13,
25, 38 and 50 mm) allowed additional findings about the performance of the corrosion inhibiting systems.
One system, the inorganic admixture corrosion inhibitor on span H, consistently performed well and better
than the control system (least negative change in potential and lowest corrosion rates). It was also able to
keep the chloride levels low in the concrete cover. The systems B, E and G had the highest corrosion rates
measured on the ladder bars with the 13-mm cover; with horizontal cracks and rust stains observed over

the ladder bars for Systems E and G.

SUMMARY AND CONCLUSIONS

The field performance of ten 34-m spans of a reconstructed bridge barrier wall protected with nine
proprietary corrosion-inhibiting systems and one control system were evaluated for 5 years. The bridge
structure was exposed to the severe Canadian climate, including freeze-thaw and wet-dry cycles, and
deicing salt contamination. The field performance of the corrosion-inhibiting systems was evaluated based
on measurements of half-cell potential, corrosion rate, concrete electrical resistivity and chloride ion
content obtained for the test spans of the barrier wall. Visual inspections and corrosion rate measurements
revealed early corrosion on the main reinforcement (cover of 75 mm) at cracked locations, and on the
embedded rebar ladders, which had thin concrete cover thicknesses (from 13 to 50 mm). The major

conclusions of this field investigation can be summarized as follows:

e The risks of corrosion of the main reinforcement in all test spans were low but increased slowly, as
indicated by the negative change in half-cell potentials and the low but increasing corrosion rates. The
thick concrete cover, low concrete permeability and 5-year duration of the study explain the marginal

differences in performance measured between the corrosion-inhibiting systems and the control system.
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The risks of corrosion of the rebar ladders with reduced cover thicknesses of 13, 25, 38 and 50 mm
were higher than over the main reinforcement in all test spans, as indicated by more negative half-cell
potentials and higher corrosion rates, especially for the thin concrete covers of 13 and 25 mm.

System H, which is an inorganic concrete admixture, consistently provided good performance in all
the corrosion measurements taken over the embedded rebar ladders with thin concrete covers.

The epoxy-coating system, which performed very well in the first year, showed signs of decreasing
performance later on (i.e. largest negative change in potential and low but slightly increasing
corrosion rates). This may be due to pitting corrosion developing at damaged locations on the coating.
System G with the added concrete sealer was very effective during the first year in blocking the
chlorides from penetrating into the concrete to the reinforcement (no chlorides present at the surface).
After the first year, because it was applied on a weak parging that spalled off after the first winter, the
chloride content at any given depth in the concrete cover was not clearly lower than in the other test
spans.

Shrinkage-induced vertical cracks were observed in each span of barrier wall shortly after
reconstruction, with a regular spacing of 800 mm and a maximum width of 0.3 mm. As a result,
corrosion rates on the main reinforcement measured over the cracks were consistently higher than
those measured over uncracked locations, regardless of the corrosion-inhibiting systems used.
Corrosion-induced horizontal cracks were observed in two test spans over the embedded rebar ladders
where the concrete cover thickness was only 13 mm. The high corrosion rates measured at these
locations were due to the high chloride contents at the reinforcement, in turn due to the premature
shrinkage vertical cracking and higher rate of chloride diffusion.

The values of water permeability measured on concrete cores taken from the bridge barrier wall in all
test spans reduced to values lower than 10 x 10™'? m/s after 5 years, indicative of very low

permeability. As a result, the concrete electrical resistivity increased over time, which is beneficial for
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reducing the corrosion current in concrete. These changes are mainly attributed to continued cement
hydration, as indicated by an overall 37% increase in the concrete compressive strength over 5 years.
e The field performance of these corrosion-inhibiting systems will change in time, since five years is a

short period for such field study. Further monitoring is needed to corroborate these findings.
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Table 1. Concrete mix design for barrier wall under study

Constituent Quantity
Crushed stone, 20 mm 361 kg/m3
Crushed stone, 14 mm 361 kg/m’
Crushed stone, 10 mm 309 kg/m’

Sand 702 kg/m’
Cement, ASTM type 1 450 kg/m’
Water 160 kg/m’

Water reducer 1125 ml/m’

Air entrainer 315 ml/m’
Superplasticizer 1500 ml/m’
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Table 2. Generic description of the investigated corrosion-inhibiting systems

Code Generic description

name ¥

Control - Carbon-steel reinforcement

Epoxy - Epoxy-coated reinforcement

A - Rebar coating (water-based liquid blend, Portland cement and fine silica sand)

- Concrete coating (polymer-based liquid blend, Portland cement and inert aggregates)

B - Organic concrete admixture (alkanolamines)

- Rebar coating applied only on anchor bars from slab (water-based epoxy, Portland cement)

C - Organic/inorganic concrete admixture (amine derivatives, sodium nitrite)

D - Rebar coating (water-based epoxy, cementitious components)

E - Organic concrete admixture (amines and esters)

F - Organic concrete admixture (alkanolamines and amines, and their salts with

organic/inorganic acids)

G - Organic concrete admixture (alkanolamines, ethanolamine and phosphate)
- Rebar coating applied only on anchor bars from slab (water-based epoxy, Portland cement)

- Concrete sealer (water-repellent penetrating silane)

H - Inorganic concrete admixture (calcium nitrite)

+ The commercial names of these systems are not identified to maintain confidentiality of their suppliers.
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Table 3. Material properties measured on concrete cores taken from barrier wall

Code Compressive Coefficient of
name strength permeability
(MPa) (m/s x 10

May  June Dec. May June

1997 2001 1996 1997 2001

Control 41 59 22.8 17.2 7.0

Epoxy 43 n/a 22.6 154 7.1

A 43 64 21.3 13.9 6.7
B 46 68 13.5 12.8 5.6
C 38 50 10.1 10.7 4.6
D 39 54 12.7 12.3 6.7
E 45 69 15.1 11.5 43
F 45 60 16.5 15.9 8.7
G 50 68 14.3 14.9 6.2
H 55 60 18.3 14.1 7.3
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FIGURE CAPTIONS
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1. Central barrier wall of Vachon bridge after 20 years of service (Montreal, Canada)
2. Vachon bridge during rehabilitation in 1996

3. Cross-section of typical test span of barrier wall

4. Elevation of typical test span of barrier wall

5. Transverse cracking observed after reconstruction

6. Relative humidity and temperature measured in concrete of Control Span

7. Half-cell potential measured with embedded reference electrodes

8. Average half-cell potential obtained over main reinforcement

9. Cumulative distributions of half-cell potential measured over main reinforcement
10. Corrosion rate measured over main reinforcement at cracked and uncracked locations
11. Concrete electrical resistivity measured over main reinforcement

12. Half-cell potential measured over embedded rebar ladders

13. Corrosion rate measured over embedded rebar ladders

14. Total chloride ion content obtained on concrete cores taken from barrier wall
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Fig. 1. Central barrier wall of Vachon bridge after 20 years of service (Montreal, Canada)
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Fig. 2. Vachon bridge during rehabilitation in 1996
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Fig. 5. Transverse cracking observed after reconstruction
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