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Abstract

This paper presents an evaluation of the effectiveness and the benefits of using high-
performance concrete (HPC) containing corrosion inhibitors in the construction and repair of
concrete bridges. Numerical models for predicting the early-age and in-service performance of
HPC bridge structures are presented. The main parameters of these models, originally
conceived for normal concrete, are revised and adapted for use with HPC containing corrosion
inhibiting systems. The proposed models focus on the problems of early-age cracking, chloride
ingress into concrete and corrosion of the conventional reinforcing steel. A case study of
reinforced concrete (RC) barriers walls is used to illustrate the predictive capabilities of the
models and the benefits of using HPC in extending the service life of bridge structures. Cost-
effective mitigation measures for the prevention and control of cracking of HPC bridge structures
are also suggested.

Keywords: high-performance concrete, bridges, chlorides, reinforcement corrosion, inhibitors,
early-age cracking, in-service performance, service life.

1. Introduction

Concrete is the primary construction and repair material for many structural systems in Canada,
such as highway bridges, high-rise buildings, parking structures, and dams. However, many of
these structures, which have been exposed to aggressive environments, exhibit deterioration
problems and fail to fulfill their design service life requirements. The major cause of degradation
of reinforced concrete bridge structures in Canada and other countries is chloride-induced
corrosion of the reinforcing steel. This problem can impair not only the serviceability of bridge
structures but their safety as well. The cost of repair and rehabilitation of corrosion-damaged
structures in North America is in the billions of dollars.

Deterioration of concrete due to corrosion presents considerable economic and technical
challenges to bridge owners and engineers, specifically how to select the most appropriate
design, protection system and rehabilitation strategy that extend the service life and reduce the
life cycle cost of highway bridges. Different materials and protective systems have been used to
extend the service life of concrete bridges, including high-performance concrete (HPC),
corrosion inhibitors, epoxy coating, etc. The rehabilitation of concrete structures is a complex
problem. Their field performance is difficult to predict, owing to the complexities associated with
assessing material characteristics, environmental effects, damage initiation and accumulation,
structural strength, failure mechanisms, and their impact on serviceability and safety. Other
difficulties arise in detecting damage early in the life of the structure, and assessing the field
performance of repaired concrete structures.

The development of innovative decision support tools is required to help bridge owners assess
the condition and predict the performance of their structures. This will allow allocation of limited
funds to achieve better overall management of the structures ensuring safety and durability at
minimum life-cycle costs. To assist bridge owners and engineers in obtaining reliable information
on early-age and in-service performance of concrete bridge structures, cost-effective condition
assessment techniques and reliable models that predict early-age performance and durability of
reinforced concrete in aggressive environments need to be developed.

In this paper, the benefits and shortcomings of HPC for use in the construction and rehabilitation
of structures are summarized, along with proposed mitigative measures. The impact of



introducing corrosion inhibitors in concrete is discussed and numerical models that predict the
performance of HPC bridge structures are presented. The models proposed will focus on the
problems of early-age cracking, time-dependant chloride ingress into concrete, and onset of
corrosion of conventional reinforcing steel. The prediction of damage resulting from corrosion,
however, is outside the scope of the present paper. A case study of RC bridge barriers walls is
used to illustrate the predictive capabilities of the models and the benefits of using HPC in
extending the service life of bridge structures.

2. Performance of HPC Structures with Corrosion inhibitors

In the literature, there are several definitions of HPC. In this paper, HPC refers to a concrete mix
with a water-to-cementitious materials ratio (w/cm) of less than or equal to 0.4, with a
permeability that can be 1 or 2 orders of magnitude lower than the permeability of normal
concrete [1]. The main advantage of high-performance concrete lies in its great potential for
ensuring adequate durability of concrete structures in aggressive environments. As corrosion of
the steel reinforcement is a serious problem in most parts of the world, high-performance
concrete as the potential to offer a cost-effective solution. Provided that cracking is prevented,
the very low permeability of HPC can significantly delay the ingress of water and chlorides to the
reinforcement, resulting in a much longer time to corrosion initiation compared to normal
concrete [2]. Structures made of high-performance concrete may be designed to achieve higher
strength and stiffness and/or superior durability compared to normal-strength concrete
structures. The higher strength may allow the use of load-carrying and flexural members of
reduced cross sectional areas and/or longer spans, which can result in larger usable floor areas
in high-rise buildings and lighter superstructures in highway bridges.

2.1 Influence of cracking

Despite the considerable research done, the impact of cracking on the corrosion of reinforcing
steel remains a controversial issue [3]. On one hand, it is believed that cracks can reduce the
service life of RC structures by accelerating the onset of corrosion and by promoting the active
corrosion of the reinforcing steel through different mechanisms. It is recognized though that the
premature onset of corrosion due to cracking is localized. On the other hand, the literature
suggests that, since chlorides eventually penetrate the uncracked concrete after a few years and
cause more widespread corrosion, the difference between cracked and uncracked locations is
marginal. These conflicting viewpoints can be explained by the fact that the effect of cracking on
the durability of concrete structures is a complex function of their type, width, depth and
orientation. Studies have also shown that cracks with a width less than 0.3 mm have a marginal
influence on the corrosion of reinforcing steel [3]. However, with the use of HPC that is more
impermeable to water and chloride ingress than normal concrete, the difference in time-to-
corrosion between uncracked and cracked locations is expected to be more significant in HPC
structures.

High performance concrete can exhibit cracking at early ages, which has been observed in
different bridge structures in North America [4]. Early-age cracking in HPC bridges is therefore a
growing concern for their owners, as durability may be adversely affected. High-performance
concrete does not in itself assure the durability of bridge structures. The use of appropriate
construction techniques, to match the superior material properties inherent with this type of
concrete, is also essential to improve concrete durability.

For an effective prevention or reduction of shrinkage, new admixtures and/or aggregates can be
used in the preparation of HPC. They include: (i) shrinkage-reducing admixtures; (ii)



supplementary cementing materials (e.qg. fly-ash or slag), as partial cement replacement and/or
(i) saturated lightweight aggregate, as a partial sand replacement, in order to reduce internal
drying by releasing additional water to unhydrated cement particles. Shrinkage cracks can also
be reduced or prevented at the design level by minimizing the degree of restraint in the concrete
structure and thus reducing tensile stresses in concrete. Examples of mitigation measures
include: (i) enhanced curing, (ii) smaller spacing of construction joints, (iii) better distribution of
reinforcing steels, and/or (iv) reduced exposure to temperature extremes.

2.2 Role of corrosion inhibitors

Corrosion inhibitors are chemical admixtures that are added to the concrete to prevent or delay
corrosion of the embedded steel bars. They have been considered as one of the most user-
friendly and cost-effective solutions to the wide spread problem of corrosion in RC structures
and have been increasingly used in both new and existing reinforced concrete bridges during
the last fifteen years. Corrosion inhibitors can influence the anodic or cathodic reaction, or both.
Since both reactions must balance each other, a significant reduction in either one will result in a
reduction in the corrosion rate. There are three main types of corrosion inhibitors: anodic,
cathodic and organic. Anodic inhibitors act by forming an oxide film barrier on anodic surfaces of
the reinforcing steel, increasing the level of chlorides needed to initiate corrosion. The most
commonly used anodic inhibitor is calcium nitrite. Cathodic inhibitors form insoluble films on
cathodic surfaces of the reinforcing steel and act as barriers to the reduction of oxygen. Organic
inhibitors are adsorbed on the entire surfaces of the reinforcing bars and block both cathodic
and anodic reactions. For most of these inhibitors, there are still very limited information on their
long-term field performance [5].

2.3 Field performance monitoring and evaluation

The field performance of concrete structures can be evaluated by periodic visual inspections of
the concrete surface for early-age cracks, by the use of non-destructive evaluation (NDE)
techniques and by continuous remote monitoring with embedded sensors. In field research, it is
important to measure the key parameters at appropriate locations to allow a complete analysis
of the problem at hand with as few assumptions as possible. While many types of sensors are
available to measure the mechanical and thermal performance of concrete structures, sensors to
detect chloride content are still to be developed. Corrosion activity can be evaluated by on-site
NDE measurements of concrete electrical resistivity, electrochemical potential and rate of
corrosion of the reinforcing steel [6].

Data obtained from the field, along with laboratory data, can be used to feed numerical models
with realistic values of the governing parameters. Once calibrated with field and lab data,
numerical models can be used to predict the performance of the structure under different loading
and environmental conditions.

3. Numerical Models for Performance Prediction of HPC Structures

3.1 Modeling of early-age structural performance and cracking

A two-dimensional numerical model was developed to study the performance of HPC at early
age using the ABAQUS finite element software package [7]. The analysis was conducted in
three steps. The first step involved a thermal transient analysis to determine the temperature
distribution in the concrete structure over time due to environmental factors such as, solar



radiation, wind cooling, ambient temperature (measured) and the internal heat generated by
cement hydration. The governing equation is as follows:
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where Dr is the thermal diffusivity of concrete, q is the heat flux, T is temperature, t is time, and x
and y are the distances through the thickness and height of the structure, respectively.

The second step involved the calculation of the time-dependant strains for drying shrinkage (RH
measured) and autogenous shrinkage, as well as the measurement of traffic-induced vibration.
The final step was a transient stress analysis of the individual strains that were added, taking
into account the effect of time and temperature on the development (maturity) of strength and
material properties, and the effect of creep on stress relaxation. The effect of cracking was also
considered by updating the degree of restraint each time the tensile stress in concrete exceeded
the calculated tensile strength. The stress ¢ at time t caused by a strain & applied at time 7
was calculated by solving the following equation:

(t,1) = [ R(t,7) dex (1) 2)

where R(t,1) represents the stress produced at time t by a constant unit strain applied at time 1.

It is known, however, that current design codes do not completely address the behaviour of
concrete at early-age. Most existing models are based on either compressive test data or data
on mature concrete, leaving a degree of uncertainty about modeling the field performance and
cracking of concrete structures at early age. The above model can be used in a sensitivity
analysis to assess the effect of introducing an error in the calculation of various concrete
properties on total stress [8]. The main properties that should be tested are tensile strength,
modulus of elasticity, maturity, thermal effects, shrinkage and creep.

3.2 Modeling of chloride ingress in concrete

Considerable research has been done over the last two decades to gain a better understanding
of the mechanisms involved in the chloride-induced corrosion of reinforcing bars embedded in
concrete. While most of the fundamental research was carried out in laboratories, many
publications report field-simulated experiments and a limited number are based on actual field
data [9-10-11]. As laboratory conditions cannot easily reproduce all the interrelated
environmental conditions imposed on the structures, chloride ingress models should be based
on field measurements and observations.

In this paper, Fick’s second law of diffusion is used to model the chloride ingress into concrete.
This model is generally accepted [1] to predict the chloride contamination of concrete bridge
decks at different depths and times — corresponding to the initiation stage of the corrosion
process [12]. Assuming that the concentration of chlorides on the surface is constant and the
initial chloride content of the concrete mix is negligible, Crank’s solution to Fick’s 2" law of
diffusion yields [13]:
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where C(x,t) is the chloride concentration at a depth x and time ¢ (kg/m°); Cs is the chloride
concentration at the surface (kg/m?); erf is the statistical error function; x is the depth from the
surface (m); D is the diffusion coefficient (m?/year) and tis the time of exposure to surface
chlorides (years).

This equation would perfectly describe the diffusion of chlorides in a completely saturated
homogenous material having a constant diffusion coefficient and where no other chemical
reactions with chloride ions would occur. This is not the case in concrete structures. To predict
chloride ingress in concrete structures the following issues should be considered:

e concrete is a heterogeneous material that can include cracks and micro-cracks;

« chloride concentration at the surface is known to vary with time and with the washing effect
of rain;

» concrete surfaces of highway bridges are submitted to continual wetting and drying cycles;

< changing environmental conditions, such as temperature and humidity, affect the diffusion
coefficient [14];

* hydration of cement paste is a chemical process that continues after the structure is put in
service, especially for HPC with low w/cm. This chemical reaction has an influence on the
diffusion coefficient [15]; and

* interface between cement paste and aggregates influence chloride diffusion [15].

Despite all these issues, the diffusion-based model was found to be the most appropriate one to
describe a large number of chloride content profiles obtained from an extensive survey of
different concrete structures in the USA [16]. The coefficient of diffusion found by regression
analysis of the chloride profiles using equation (3) is referred to as the “apparent coefficient of
diffusion” (Dapp), Which includes the combined effects of the factors mentioned above. Similarly,
the surface chloride concentration (Cs) is also found by linear regression analysis.

3.2.1 Governing parameters and associated uncertainties

Concentration of chlorides at the surface — At some shallow depth, the chloride concentration
reaches a maximum value and is considered to be quasi-constant [14, 17] after an initial time.
This depth varies between 10 mm and 20 mm [18] depending on concrete quality and exposure
conditions, with a value usually taken as 13 mm (1/2”) [16]. The effective cover depth is taken as
the concrete cover depth less the depth of maximum chloride concentration. The chloride
ingress is therefore modeled as a Fickian process over the effective cover depth.

The near-surface maximum chloride content (referred to as the surface chloride concentration in
this paper) is known to be dependant on the severity of environment and type of exposure. For
the chloride surface concentration, Weyers [16] has proposed some values based on the
severity of the corrosive environment (Table 1). For the northeastern states of the USA, there
seems to be a reasonably good relationship between the mean annual snowfall (MAS), the
amount of deicing salts spread per kilometer of roads, and the surface chloride concentration
[16]. For data collected in the New York state, the MAS varied between 0.95 to 2.9 m with an
average of 1.95 m. For comparison, Table 2 gives the MAS for different cities in eastern
Canada.



The types of exposure is often divided into three groups: (i) structures submerged in seawater or
exposed to the seawater splash zone, (ii) structures above the seawater splash zone exposed to
sprayed or atmospherically carried salts, and (iii) structures exposed to deicing salts used during
winter seasons. The last category, which is the focus of our paper, can be further divided for
different bridge elements. For a given bridge, the exposure to chlorides will be more severe on
the deck, where the deicing salts are directly applied, than on the girders, piers and other
elements with vertical surfaces such as barrier walls. One of the very few papers reporting
measurements of surface chloride concentrations of a bridge deck and girders found that the Cg
values for girders vary approximately between 10-25% of those measured on the bridge deck
[19]. The bridge studied was in Minneapolis and exposed to a severe corrosive environment. For
bridge barrier walls, a reduction factor of 50% is suggested as a first estimate since these
elements are more directly submitted to traffic-induced spray of water and slush containing
deicing salts than girders. Compared with the deck surface, the vertical orientation of the barrier
surface increases washout of the surface chlorides thus supporting the use of a reduced value
of C..

Apparent chloride diffusion coefficient — Coefficients of chloride diffusion into concrete
measured in the laboratory have values that vary by more than one order of magnitude due to
the diversity of mixes tested and difference in ages and curing conditions of the samples. The
two variables recognized to have the most influence on the coefficient of diffusion were the
water-cement ratio and the presence of mineral admixtures [1,16,20]. Taking a subset of the
data found in the literature for w/cm < 0.40 and samples older than 1 month, an average value of
7.5 x10° m?/year with a coefficient of variation (COV) of 20% was found. This subset included
some concrete samples with mineral admixtures. Table 3 shows a comparison of the different
diffusion coefficients obtained with and without the addition of silica fume in the concrete mix.
Other supplementary cementing materials such as fly ash and slag may also be used in HPC to
help reducing the permeability of concrete and thus its chloride diffusion.

In a survey of bridges in 16 different states done by Weyers [16], field values of the apparent
coefficient of diffusion were calculated from chloride content profiles. Average values of 9.7, 8.3
and 7.1 x10° m?/year were reported for the Michigan, New York and Wisconsin states,
respectively. Coefficients of variation were respectively 143%, 30% and 60%, including different
types of concrete mixes. No specific sets of field data were found for a concrete with a low w/cm.
Weyers further concluded that the corrosivity of the environment and time of exposure seemed
to have a negligible effect on the apparent diffusion coefficient.

3.2.2 Modeling uncertainties in the chloride ingress model

Considering the limitation of the above deterministic model (Equation 3) to describe the complex
chloride ingress mechanism and the large scatter and variability of the field data, the concepts of
“apparent” chloride diffusion coefficient and “apparent’ surface chloride concentration are
employed to take into account some of the model uncertainty. To consider the inherent physical
uncertainty of the model parameters, they are modeled as random variables with an average
value, coefficient of variation (COV) and type of statistical distribution that are estimated from the
field data and literature. Such modeling will enable the inclusion, in the model and parameters,
of uncertainties, which will lead to more reliable prediction of the chloride concentration in
concrete compared to the conventional deterministic model. Prediction of the actual distribution
of chloride concentration at any given depth and time is obtained using Monte Carlo simulation.
This method involves the random selection of a set of the input parameters according to their
statistical distributions and calculation of the corresponding chloride concentration for specific
depths and times. By repeating the process a large number of times with different random sets



of input parameters, a sample of solutions is obtained [21]. The results give a statistical
distribution of chloride content as a function of time and depth. For the first estimation of chloride
content, without chloride profile data available for the structure, the ranges of initial values for Cs
and Dy, are selected from the relevant data published in the literature (e.g. Tables 1 and 3). As
chloride content profiles become available for the specific structure, the prediction model can be
updated and refined by combining initial parameter estimations and field data.

3.3 Modeling of corrosion initiation of steel reinforcement
To predict the time of corrosion initiation (t.,), the chloride concentration in equation (3) is set
equal to a chloride threshold value Cy, (kg/m®) at which corrosion initiation is expected to occur,

and the variable x (the depth from the surface) is set equal to the effective cover depth of the
reinforcing steel, d. (m). Equation (3) is rewritten as follows:
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3.3.1 Governing parameters and related uncertainties

Concrete cover — The concrete cover thickness is at best known from construction records or
estimated from NDE techniques (cover radar measurements). Even though cover thickness is
usually taken as a constant value, it varies from one location to another and this variation is
strongly related to the level of quality control during construction. In a detailed study [22] of the
now demolished Dickson Bridge in Montreal, the concrete cover thickness was directly
measured at numerous locations on the deck. The average cover depth was 36.6 mm with a
COV of 45%. The specified design cover depth was 25 mm. It is therefore proposed to use
values of coefficients of variation of 10%, 20%, and 30% (and beyond) for good, moderate, and
low level of construction quality control, respectively.

Chloride threshold — The chloride threshold level is the concentration of chlorides necessary to
break down the protective passive film on the reinforcing steel surface and initiate corrosion. As
for the parameters previously discussed, chloride thresholds proposed in the literature cover a
wide range of values. Glass and Buenfeld [23] discussed the different factors affecting the
threshold value and gave a summary of reference values. The frequency distribution of the field
chloride threshold values reported by Glass and Buenfeld are plotted in Fig. 1. The Rayleigh
distribution was found to better describe the variability of these chloride threshold values with
average value of 0.74% and a COV of 57%. The chloride threshold of 0.20% (of cement weight)
proposed by the AClI Committee 222 is at the conservative end of the range whereas the value
of 0.4% (of cement weight) used in Europe seems a more appropriate value [24].

The use of corrosion inhibitors, such as calcium nitrite, is recognised to have a retarding effect
on the time to corrosion initiation [25,26]. The concentration of chlorides needed to initiate
corrosion (chloride threshold) is increased as a function of the amount of calcium nitrite added.
Precise values for the increased chloride threshold still need to be determined for long-term field
exposure conditions. Indication of the level of protection (in terms of chloride concentration)
offered by calcium nitrite inhibitor is presented in Table 4.



3.3.2 Modeling uncertainties in the corrosion initiation model

Similar to the prediction of chloride ingress into concrete, the prediction model for time to
corrosion initiation is based on the Monte Carlo simulation method, which was described earlier.
The results obtained from the Monte Carlo simulation give the probability of corrosion initiation at
different points in time in the life of the structure. As for the prediction of chloride concentration,
ranges of initial values for Cs and D, are based on data published in the literature. The
variability of the concrete cover depth is associated with the level of construction quality control.
As field data are available for the specific structure, the prediction model can be updated and
refined by combining initial parameter estimations and field data.

4. Case Study — Performance of HPC Bridge Barrier Walls
4.1 Rehabilitation work

In 1996, the normal-strength concrete barrier walls of the Vachon bridge in Laval (Québec) were
rebuilt with high-performance concrete (HPC) due to extensive damage caused by corrosion,
after 20 years of exposure to de-icing salts (Fig. 2a). The bridge had 21 simply supported spans
of reinforced concrete slab on prestressed concrete girders. Ten 34-m spans of the barrier wall
containing different types of corrosion inhibitors were fully instrumented [27] to evaluate their
performance over a period of five years. The concrete used had a w/cm of 0.36, contained no
mineral admixtures, had slumps near 75 mm, and air contents ranging from 6.5% to 7.0%. The
complete mixture design is shown in Table 5. The corrosion inhibitors used were of all types:
anodic, cathodic and organic, and some were combined with cementitious rebar coating, or
surface-applied concrete coating or sealer [6]. Steel reinforcement consisted of eight 15-mm
longitudinal bars in the wall cross-section and 15-mm transverse bars spaced at 230 mm along
the wall length. Steel panel forms were used on the traffic-exposed face of the bridge barriers
and plywood panels at the back. The upper surface of the barrier wall was covered with wet
burlap until the forms were removed approximately 24 hours after the concrete was placed. The
compressive strength obtained from concrete cores after 6 months had an average value of 45
MPa (ranging from 38 to 55 MPa). After 4.5 years, the average compressive strength increased
by 30% due to continuous cement hydration up to 60 MPa (ranging from 50 to 69 MPa). As part
of the evaluation and monitoring of the new barrier walls, chloride content profiles of ten
sections, including a control one, were taken four times during the 5-year study.

4.2 Prediction of early-age cracking

An inspection of the barrier walls (36 hours after casting) revealed the presence of cracks
traversing the complete depth of the walls. No joints other than the expansion joints between
each 34 m long span were present to control cracking. Figure 2-b shows the uniform distribution
of transverse cracks along the span of the barrier wall only 7 months after rehabilitation. The
cracks had a width of 0.3 mm or less and average spacing of 0.8 m.

To study the roles and magnitude of the factors responsible for the observed cracking, the
model presented before and described in more details in [7], on the early-age performance of
HPC, was applied using the geometry and field data from the barrier walls. The computer
simulation indicated that three series of cracking occurred in the first 3 hours after setting of
concrete. Stress due to traffic vibration most likely played a role in the initial cracking at this early
age. The last series of cracks was estimated to occur at 1.1 days. At this time, thermal stress
was found to be the most important cause of cracking, followed by autogenous shrinkage.



Drying shrinkage was found to be negligible. The model estimated a final crack spacing of 1.1 m
(L/32) at 1.1 days. Comparison with field observations is good with a crack spacing of 0.8 m
measured at 1.5 days. The following conclusions were drawn from the analysis of cracking:

« Thermal stress, due to steep temperature gradients through the barrier wall, was the main
factor responsible for the early-age cracking. Possible reasons are: significant heat of
hydration due to the high cement content and very low w/cm of the mix; large thermal
gradients because the front and back panels of the forms had different thermal properties;
and thermal shock due to the premature removal of forms;

» Autogenous shrinkage of the low water-cement ratio (0.36) concrete seems to have
contributed significantly to cracking;

« Dynamic deck deflection and resulting strain due to traffic vibration may have contributed to
cracking at mid-span only, especially during the first hours after concrete setting when
concrete was still very prone to cracking;

« Drying shrinkage was found to be negligible in the barrier wall, because of the short period of
drying considered, the high density of the concrete, and the relatively large wall thickness.

In order to assess the effect of uncertainties in the calculation of different concrete properties on
the total stress at early age, a 2D finite element model of the bridge barrier wall over the existing
slab was run using actual field data. The sensitivity analysis indicated that the normalized stress
(total stress divided by corresponding tensile strength) is much more sensitive to errors in
predicting the modulus of elasticity and the tensile strength than to errors in predicting other
properties, namely thermal, shrinkage and creep strains, and maturity. Therefore, future work on
high-performance concrete at early-age (t < 7 days) should focus on modeling tensile strength,
and the modulus of elasticity under tensile loading.

4.3 Prediction of chloride ingress

The mean annual snowfall in Montreal (Table 2) falls into the range measured in the New York
state and, lacking more directly related data, the severity of the corrosive environment for a
bridge in Montreal can be estimated to be similar to the level indicated for New-York. Barrier
walls though, are not submitted to the same type of chloride exposure as bridge decks. An
estimated reduction of 50% of the proposed C; value of 7.36 (kg/m®) with a COV of 20% is taken
for the surface chloride concentration (Table 1).

For the concrete mix used in the barrier walls (Table 5), an average value for the apparent
coefficient of diffusion of 7.5 x10™° m?/year with a COV of 20% would be a reasonable first
estimate as discussed earlier. The first two columns of data in Table 6 summarize the input
parameters used for the numerical prediction model including the type of statistical distribution
used in the Monte Carlo simulation.

The prediction of chloride content variations with depth is shown in Figs. 3a, 3b and 3c. With
surface chloride concentration and diffusion coefficient values (and corresponding COV) taken
from the literature, it is observed that the resulting range of chloride contents overestimate the
chloride content of the barrier walls measured after 5 years (Fig. 3a).

The apparent coefficients of diffusion, surface chloride concentrations and depths of maximum
chloride content were calculated from the field chloride profiles. The average apparent
coefficient of diffusion is 25% lower than estimated from the literature data indicating that, after 5
years, the field performance of HPC in terms of chloride diffusivity is better than expected. The
low COV of 20% obtained for the test sections with and without corrosion inhibitors indicates that
the addition of corrosion inhibitors did not significantly affect the apparent coefficient of diffusion,
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as expected. The concentration of surface chlorides is also lower than first estimated with a
reduced COV. The variability of the depth of maximum chloride content is considered by using
the calculated mean and COV values instead of a fixed depth as in the first estimate.

A better match between the model prediction and the measured chloride profiles is obtained
when the surface chloride concentration and diffusion coefficient are taken from the field data
obtained at the Vachon bridge (Fig 3b). In that case though, the prediction relies on data taken
at only one point in time (since only the Year-5 profiles were considered). In this case study,
equal importance is given to data from literature and the field measurements obtained after five
years. The updated input parameters were obtained by combining literature-estimated data with
the parameters obtained from the field (Table 6). The range of chloride concentration prediction,
based on updated parameters, fits better the measured chloride profiles than the prediction
obtained with the initial parameter values, especially for larger cover depths (Fig. 3c). The model
prediction would be further improved by updating the input parameters with subsequent chloride
profile measurements.

The prediction of the chloride content of the barrier walls after 50 years is shown in Fig. 4. On
the vertical axis (right-hand side), different values of chloride threshold are indicated in % of
cement weight. At the depth of the reinforcing steel, the only chloride threshold that would be
exceeded after 50 years is the 0.2% value specified by ACI which is, as mentioned before, on
the conservative side.

4.4 Prediction of corrosion initiation

The concrete cover thickness of the barrier walls was measured at two locations for each
section. A minimum design thickness of 75 mm was specified; an average thickness of 90 mm
was measured with a COV of 16%. This variation corresponded to a good-to-moderate
construction quality control.

In uncracked concrete, the prediction of corrosion initiation is highly dependent on the chloride
threshold value used in the model (Fig. 5). For instance, at 30% probability of corrosion (i.e. 30%
of the reinforcing steel would have started to corrode), a chloride threshold value of 0.2% by
cement weight gives a time to corrosion initiation of 30 years (24 years for the first estimate). For
the same probability, a threshold level of 0.4% results in an estimated time to corrosion initiation
of 96 years (65 years for the first estimate), which is well beyond the design service life of barrier
walls. For the threshold levels measured in the field, the estimated time to corrosion initiation for
a 30% probability of corrosion is over a hundred years. The probability of corrosion initiation is
more conservative in the first case. The chloride threshold obtained from field data is described
by an average value and a coefficient of variation whereas chloride thresholds of 0.2% and 0.4%
are single deterministic values.

Presenting the time to corrosion initiation in terms of probability of corrosion better reflects the
fact that corrosion onset will not occur uniformly, or at the same time, on the reinforcing steel of
the entire structure. As observed by the variability of the field input parameters, local variations
due to external and internal factors are always present.

4.5 Evaluation of corrosion inhibitors based on corrosion rates
The performance of the different corrosion inhibitors used at the Vachon bridge was evaluated

with two non-destructive methods, the half-cell potential and the corrosion rate measurements.
Only the latter is discussed here. During reconstruction of the barriers, special reinforcing steel
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bars were installed at 25 mm from the concrete surface to allow an earlier assessment of the
performance of the corrosion inhibiting systems. Results of the corrosion rate measurements
taken on these rebars after five years are shown in Fig. 6. The five sections that only had
corrosion inhibitors as a protective system against corrosion showed the lowest corrosion rate (<
0.17 pA/cm?) with a chloride content that did not exceed 0.41% of cement weight. Higher
corrosion rates were measured for other systems, ranging from 0.27 to 0.41 pA/cm?. From this
set of measurements taken over 5 years, the corrosion inhibitors used alone seemed to perform
better than the other protective systems tested.

One of the corrosion inhibitors tested was calcium nitrite. Assuming that the lowest
recommended dosage was used, the associated chloride threshold would be 1.0% of cement
weight (Table 4). The corrosion rate was equivalent or less for three of the other corrosion
inhibitors tested. Estimating the corrosion onset of these four sections against a chloride
threshold value of 0.4% (of cement weight) would still be on the conservative side provided their
inhibitive properties remain as effective with time. The results of the numerical prediction clearly
show that if a chloride threshold value of 0.4% can safely be used in the presence of corrosion
inhibitors, the predicted service life of concrete structure is greatly extended (Fig. 5).

The corrosion rate at cracked and uncracked locations was measured for the main reinforcing
steel installed at the design cover depth of 75 mm. For the control section and the sections
containing corrosion inhibitors, corrosion rates were higher at cracked locations except for one
case where the corrosion rate was slightly lower (5%). The increase in corrosion rate was
between 20% and 80%, showing that 0.3 mm wide cracks can in fact affect the corrosion rate to
some extent. The monitoring of the corrosion rate with time at cracked and uncracked locations
will enable further confirmation of the effect of early-age cracking on the corrosion process. With
the predicted time to corrosion initiation being so high for a 30% probability of corrosion (i.e. 30
and 96 years for chloride thresholds of 0.2% and 0.4%, respectively), the extensive early-age
cracking observed at the bridge will most likely have a strong influence on the corrosion
resistance of the barrier walls. It is therefore clear that the effect of early-age cracking in HPC
structures will have to be considered in corrosion initiation models.

5. Conclusions

Through the use of numerical prediction models, the case study presented in this paper
confirmed the effectiveness and benefits of using HPC containing corrosion inhibitors for the
rehabilitation of corrosion-damaged bridge barrier walls. Provided appropriate construction
techniques are used to prevent early-age cracking, the estimated time to reach a certain
probability of corrosion was found to be quite long, which will lead to an extended service life of
the barrier walls. The low chloride permeability of HPC, combined with a more confident use of a
higher chloride threshold level due to the presence of inhibitors, contributed to this enhanced
resistance to chloride ingress and corrosion. The following conclusions are drawn from the use
and application of the numerical prediction models:

» The autogenous shrinkage of concrete with low water-cement ratio seems to contribute
significantly to cracking which could potentially affect the corrosion resistance of HPC
containing corrosion inhibitors;

» For a specific concrete structure, the variability in time and space of the governing
parameters involved in chloride diffusion and reinforcing steel corrosion cannot be ignored;
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The variability of the parameters that strongly influence the outcome of the diffusion model is
best accounted for by using an approach that takes uncertainties into consideration.
Numerical simulation is a practical and reliable technique to achieve this objective;

The input parameters, each described by an average value, a coefficient of variation and
statistical distribution can be best obtained from a combination of sources, such as: relevant
field data, literature data and expert opinion;

The presentation of the time to corrosion initiation in terms of probability of corrosion better
reflects the fact that the onset of corrosion will not occur uniformly, at the same time, on the
reinforcing steel for the entire bridge structure;

As field monitoring of concrete structures progresses, data on surface chloride
concentration, chloride profiles and corrosion rate measurements will become more readily
available. A larger database will then enable the selection of better estimates of input
parameters for the proposed models and refine the earlier predictions; and

The effect of early-age cracking in HPC structures will have to be considered in future
chloride ingress and corrosion prediction models.
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Tables

Table 1. Severity of corrosive environments for bridge decks (Weyers et al. 1994)

Severity level Mean Cs value  Range of C, values Regions
(kg/m®) (kg/m®)
Low 1.78 0-24 Kansas
Moderate 3.56 24-47 Florida
High 5.34 47-59 West Virginia, lowa
Severe 7.36 59-8.9 New York

Table 2. Mean annual snowfall for selected Eastern Canadian cities

Cities Mean annual snowfall (m)
St. John’s (NF) 3.59
Charlottetown 3.30
Halifax 2.71
Saint John (NB) 2.92
Sept-iles 4.26
Montreal 2.35
Toronto 1.31

Table 3. Diffusion coefficients of HPC with and without the addition of silica fume

w/cm OPC SF Sample age Diffusion coef. Reported by

(kg/m®)  (kg/m®) (months) (x10° m?/year)
0.40 420 - 54 5.4 Pedersen and
Arntsen [20]
0.40 389 31.1 54 1.3 Pedersen and
(8%) Arntsen [20]
0.32 522 - 6 5.5 Tang and
Nilsson [1]
0.32 492.5 29.5 6 1.2 Tang and
(6%) Nilsson [1]
0.32 466 56 6 0.7 Tang and
(12%) Nilsson [1]
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Table 4. Calcium nitrite protection against chloride-induced corrosion

(modified from El-Jazairi et al. [28])

Calcium Nitrite Content Chloride content at Corresponding chloride
(kg/m*, 30% solid) steel level (kg/m®) threshold (% cement wt.)
10 3.6 1.0*
15 5.9 1.7~
20 7.7 22*
25 8.9 25*
30 9.5 27*
* Based on case study mix
Table 5. Mixture design of barrier wall concrete
Constituents Quantity per m®
Crushed stone, 20 mm 361 kg
Crushed stone, 14 mm 361 kg
Crushed stone, 10 mm 309 kg
Sand 702 kg
Cement (ASTM Type 1) 450 kg
Water 160 kg
Water reducer 1125 ml
Air entrainer 315 ml
Superplasticizer 1500 ml
w/cm 0.36
Corrosion inhibitors Varied with
(for selected sections) products
Table 6. Model input parameters
Parameter Initial parameter Field data Updated
(from literature) (case study) parameter
Mean  COV (%) Mean COV Mean COv Statistical
(%) (%)  distribution
Cover depth (mm) 90.8 16 90.8 16 90.8 16 Normal
(measured) (measured)
Surface chlorides 3.68 20 2.77 13 3.21 15 Normal
(kg/m®)
Apparent diffusion 7.5e-5 20 5.6e-5 20 6.5e-5 20 Lognormal
coefficient (m?/s)
Depth of maximum 13 fixed 15.6 30 15.6 30 Lognormal

chloride content (mm)
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Figures
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Figure 1. Distribution of field chloride threshold level from the literature

Figure 2. Vachon bridge barrier walls: (a) severe corrosion damage prior to rehabilitation in
1996 and (b) early-age cracking after rehabilitation
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