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Abstract
The application of a mineral admixture or a combination of a mineral admixture with corrosion inhibitor are the methods used for the corrosion
protection for reinforced concrete bridges. The results of a 1.5-year study on evaluation of three concretes with fly ash, slag cement (SC), and
silica fume (SF) and one concrete with silica fume and a corrosion inhibitor (SFD) are presented. The specimens were built to simulate four
exposure conditions typical for concrete bridges located in the coastal region or inland where deicing salts are used. The exposure conditions
were horizontal, vertical, tidal, and immersed zones. The specimens were kept inside the laboratory and were exposed to weekly ponding cycles
of 6% sodium chloride solution by weight. In addition, cover depth measurements from 21 bridge decks and chloride data from 3 bridge decks
were used, together with laboratory data, in modeling the service lives of investigated corrosion protection methods.
The methods used to assess the condition of the specimens included chloride concentration measurements, corrosion potentials, and corrosion
rates (3LP). Additionally, visual observations were performed for identification of rust stains and cracking on concrete surfaces.
The results of chloride testing indicate that the amount of chlorides present at the bar level is more than sufficient to initiate corrosion. Chloride
and rapid permeability data demonstrate that for low permeable (LP) concretes there appears to be significant difference both in a rate of
chloride ingress and in the diffusion coefficients in comparison to the controls. Corrosion potentials agree with corrosion rates and suggest the
possibility of an active corrosion process development on control specimens during indoor exposure.
The structural cracks that were observed in some specimens appeared to have no influence on the corrosion development on the bars in the
vicinity of the these cracks. It was concluded that the silicone and duct tape protection was adequate. The cracking, other than structural,
appeared to be related to the reinforcing steel corrosion, except the cracks in the horizontal zone of the specimen with slag cement which were
probably caused by the subsidence cracking. The least number of cracks was observed on the SF and SFD specimens.
Modeling the time as a function of probability of the end of functional service life (EFSL) was presented. It has been shown that the
distributions of surface concentrations of chloride ions (CO) and diffusion constants (DC) are key elements in the model. Model predictions
show that the LP concretes provide much better level of protection against moisture and chlorides than the A4 concrete alone. Application of a
corrosion inhibitor causes an elevation of the chloride threshold resulting in an additional increase in time to EFSL.
Recommendations are to continue monitoring until cracking has occurred in all specimens to a greater extent to better estimate the service lives
of LP concretes than is presently known in the construction of concrete bridge components in Virginia. The specimens with LP concretes and
one control (continuous reinforcement in the legs) should be taken to the Hampton Road North Tunnel Island and placed in the brackish water to
a depth of the immersed zone at low tide for further exposure to chloride. The the other control (non-continuous reinforcement in the legs)
should remain in an outdoor exposure in Southwest Virginia like the Civil Engineering Materials Research Laboratory in Blacksburg, Virginia.
Also more field studies are needed to better estimate distributions of surface chloride concentration and diffusion coefficient of Virginia bridge
decks, and to confirm predicted times to EFSL for LP concretes.
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ABSTRACT

The application of a mineral admixture or a combination of a mineral admixture with corrosion
inhibitor are the methods used for the corrosion protection for reinforced concrete bridges. The
results of a 1.5-year study on evaluation of three concretes with fly ash, slag cement (SC), and
silica fume (SF) and one concrete with silica fume and a corrosion inhibitor (SFD) are presented.
The specimens were built to simulate four exposure conditions typical for concrete bridges
located in the coastal region or inland where deicing salts are used. The exposure conditions
were horizontal, vertical, tidal, and immersed zones. The specimens were kept inside the
laboratory and were exposed to weekly ponding cycles of 6% sodium chloride solution by
weight. In addition, cover depth measurements from 21 bridge decks and chloride data from 3
bridge decks were used, together with laboratory data, in modeling the service lives of
investigated corrosion protection methods.

The methods used to assess the condition of the specimens included chloride concentration
measurements, corrosion potentials, and corrosion rates (3LP). Additionally, visual observations
were performed for identification of rust stains and cracking on concrete surfaces.

The results of chloride testing indicate that the amount of chlorides present at the bar level is
more than sufficient to initiate corrosion. Chloride and rapid permeability data demonstrate that
for low permeable (LP) concretes there appears to be significant difference both in a rate of
chloride ingress and in the diffusion coefficients in comparison to the controls. Corrosion
potentials agree with corrosion rates and suggest the possibility of an active corrosion process
development on control specimens during indoor exposure.

The structural cracks that were observed in some specimens appeared to have no influence on the
corrosion development on the bars in the vicinity of the these cracks. It was concluded that the
silicone and duct tape protection was adequate. The cracking, other than structural, appeared to
be related to the reinforcing steel corrosion, except the cracks in the horizontal zone of the
specimen with slag cement which were probably caused by the subsidence cracking. The least
number of cracks was observed on the SF and SFD specimens.

Modeling the time as a function of probability of the end of functional service life (EFSL) was
presented. It has been shown that the distributions of surface concentrations of chloride ions (Co)
and diffusion constants (Dc) are key elements in the model. Model predictions show that the LP
concretes provide much better level of protection against moisture and chlorides than the A4
concrete alone. Application of a corrosion inhibitor causes an elevation of the chloride threshold
resulting in an additional increase in time to EFSL.

Recommendations are to continue monitoring until cracking has occurred in all specimens to a
greater extent to better estimate the service lives of LP concretes than is presently known in the
construction of concrete bridge components in Virginia. The specimens with LP concretes and
one control (continuous reinforcement in the legs) should be taken to the Hampton Road North
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Tunnel Island and placed in the brackish water to a depth of the immersed zone at low tide for
further exposure to chloride. The the other control (non-continuous reinforcement in the legs)
should remain in an outdoor exposure in Southwest Virginia like the Civil Engineering Materials
Research Laboratory in Blacksburg, Virginia. Also more field studies are needed to better
estimate distributions of surface chloride concentration and diffusion coefficient of Virginia
bridge decks, and to confirm predicted times to EFSL for LP concretes.
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INTRODUCTION

Presently, the extent of the rapid deterioration of reinforced concrete bridges from chloride ion
induced corrosion is well known. During the early recognition stages of the cause, process and
severity of the concrete bridge deterioration problem in the United States, a multitude of
corrosion abatement techniques were developed for existing and newly constructed bridges.
Epoxy-coated reinforcing steel (ECR) and corrosion inhibiting admixtures (CIA) are two
techniques developed to extend the service life of newly constructed concrete bridge
components. ECR, presently, is the most used corrosion protection method for concrete bridges
in the United States. CIA have been used for over 20 years but significantly less frequent than
ECR and in Virginia primarily in precast-prestressed members.

Until 1986 when Florida reported that the Long Key Bridge showed signs of corrosion only 6
years after construction, the corrosion protection effectiveness ofECR remained unquestioned.
Since the Florida reported findings, 12 field studies have been conducted on the corrosion
protection effectiveness of ECR. 1 Conclusions have been mixed, from satisfactory corrosion
protection performance to date for bridge decks to poor performance in substructures with
predictions that ECR will not provide long-term (50 years) of corrosion protection performance
for substructures or decks. 1 The reason for the mixed conclusions of the performance of ECR
include limited or inappropriate evaluation methods which always accompany a lack of
knowledge of the cause(s) of failure and subjectively defined failure criteria. From studies where
care and appropriate evaluation methods and failure criteria have been employed, the conclusions
are that ECR will not provide 50 years of corrosion free protection for steel in concrete bridge
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components.2
,3 More recent studies, including one in Virginia, support the earlier conclusions

that ECR will not provide long term corrosion protection performance.4
,5 As a result of these

recent findings on the limited effectiveness of ECR, more interest has been developed in the
effectiveness of low permeability (LP) concretes and CIA.

Thus, the Virginia Department of Transportation initiated an evaluation of ECR and alternative
corrosion protection systems for use in the construction of new concrete structures. Evaluation
of the corrosion protection effectiveness was assessed in both a simulated concrete pore water
solution and in concrete. The performance of ECR in 21 bridge decks and 3 bridge substructures
was also included. The protection systems evaluated are ECR (present and new coatings),
galvanized reinforcing steel, three commercial CIA, LP concretes, and two dual corrosion
protection systems (CIA and ECR in the simulated concrete pore water solution and CIA and LP
concrete). The field study bridges were 3, 8 year old substructures in a marine environment and
21 bridge decks ranging in age from 2 to 20 years in a deicer salt environment. This report
presents the results of the evaluation of exposure specimens made with LP concrete and CIA and
LP concrete.

PURPOSE & SCOPE

The purpose of this study was threefold:

1. To evaluate the short term laboratory corrosion protection performance ofLP concretes and
bare steel (BS).

2. To develop a methodology for predicting the field corrosion protection effectiveness ofLP
concrete based on short term laboratory testing.

3. To provide well characterized specimens for long term corrosion protection performance
evaluation ofLP concretes and BS.

The study was limited to present Virginia Department of Transportation mixture specifications of
a maximum water-to-cementitious material ratio (w/cm) of 0.45 and practices in the use of fly
ash (FA), slag cement (SC), and silica fume (SF) mineral admixtures.

METHODS & MATERIALS

Specimen Design

To assess the performance of the BS in LP concretes, four specimens with FA, SC, SF, and SF
with DCI-S CIA (SFD), and two control specimens, with neither mineral admixtures nor CIA,
were cast. The constant design parameters for these specimens were a 0.45 water to cementitious
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material ratio, slump, and air content. All specimens had 25 mm reinforcing cover depth and had
been exposed to a 6%, by weight, sodium chloride wetting solution. Each specimen, as shown in
Figure 1, was 1.72 m high, had horizontal dimensions of 1.12 m by 1.12 m, and was designed to
simulate four exposure conditions: wetted deck surface (horizontal zone), wetted vertical
surfaces of bridge members (vertical zone), tidal zone, and immersed zone. The immersed zone
covered an area from the bottom of specimens' legs to the height of 305 mm. The tidal zone was
305 mm to 610 mm from the bottom of specimens' legs. A vertical surface area above 610 mm
from the bottom of a specimen corresponded to the vertical zone, and the horizontal zone was the
top surface area of the specimen.

The specimens differed by the following parameters (see Table 1):

- configuration of the BS in specimen's legs:
• type I - BS electrically disconnected in both legs,
• type II - BS electrically connected in both legs (same bars for vertical, tidal, and

immersed zones),
• type 111- BS electrically disconnected in the right leg and BS electrically connected in

the left leg (same bars for vertical, tidal, and immersed zones)

- concrete type:
• Virginia Department of Transportation (A4) concrete - control specimens,
• A4 concrete with FA (removal of 15% portland cement and replacement with 20% FA by

weight) - FA specimen,
• A4 concrete with SC (40% portland cement replacement with SC by weight) - SC

speCImen,
• A4 concrete with SF (7% portland cement replacement with SF by weight) - SF

specimen, and
• A4 concrete with DCI-S CIA and SF (7% portland cement replacement with SF by

weight) - SFD specimen.

Specimens were cast in steel forms, which were carefully cleaned and oiled with a form release
agent before each concrete placement. Specimens were wet cured in the forms for seven days.
After removing the specimens from the forms, the specimens were wrapped with wet burlap and
covered with plastic for additional 21 days of wet curing. After 28 days of wet curing, specimens
were air-dried in the laboratory for a minimum of 30 days. During that time the specimens were
prepared for wet-dry cycles. All bar ends protruding from specimen legs in the lower part of the
legs (0.61 m from the bottom) were protected with plastic tubing, stoppers, and silicone rubber
against contact with wetting solution. Then plexiglass dikes were assembled on the specimen's
top surface so that the NaCI solution would wet the horizontal zone and uniformly wet the legs.
Each specimen was placed into a 0.71 m deep high-density polyethylene (HDPE) tank and
exposed to wet-dry cycles.

During specimens' removal from the steel forms, a few structural cracks developed on some
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specimens. Before exposure to sodium chloride solution, all structural cracks were filled with
silicone rubber and a duct tape was applied over the crack to minimize the influence of these
cracks to corrosion development.

Experimental Plan

Specimens were exposed indoors to wet-dry ponding.

Each cycle was one week in duration and was divided into two stages. In the first stage the
wetting solution was at high tide level (610 mm from the bottom of a specimen), thus the tidal
zone and the immersed zone areas were covered with NaCI solution, and the horizontal and
vertical zones of the specimen were allowed to air dry. In the second stage the wetting solution,
while at low tide level (water level at 305 mm from the bottom of a specimen), was pumped to
the top of a specimen, thus wetting specimen surfaces in the horizontal and vertical zones. At the
same time surfaces in the tidal zone were allowed to air dry. Horizontal, vertical, and tidal zones
were subjected to wetting for an average of3.5 days a week and to air drying also for an average
of3.5 days a week. Immersed zone was constantly submersed in the NaCI solution. The wetting
solution used in the study was 6% sodium chloride by weight.

After approximately 1.5 years of wet-dry cycles, the specimens were removed from the tanks and
moved outdoors for long term monitoring.

Evaluation Methods

Methods used to assess specimen performance included the rate of chloride ingress, rapid
chloride permeability, corrosion potential, and corrosion rate measurements. Additionally, visual
observations were performed for identification of rust stains and cracking on concrete surfaces.

Chloride ingress was monitored by collecting concrete powder samples at three depths: 13 mm,
25 mm, and 38 mm after 33 weeks, one year, and 1.5 years ofponding. In order not to
significantly damage specimens, samples collected at 33 weeks and 1 year, were obtained from
small concrete blocks, 300 mm by 300 mm by 130 mm, placed in the tidal and immersed zones.
These blocks were cast from the same batch of concrete as the test specimens, cured under the
same conditions, and placed into the HDPE tanks at the same time. After 1.5 years of ponding,
chloride samples were collected from all four exposure zones of the test specimens. In addition
to the chloride samples from the three above mentioned depths, a chloride sample from the depth
of 51 mm was collected in the horizontal zone.

Rapid concrete chloride permeability was tested for all concrete types after 28 days and 1 year of
moist curing.
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Corrosion potential measurements in the horizontal zone were taken on a monthly basis and were
recorded at 12 locations: 3 locations each of 4 tested bars. For vertical, tidal, and immersed
zones, corrosion potentials were recorded at 9 locations: 3 bars, 3 locations each, for each zone
and for each leg of the specimen. Total number of corrosion potential measurement locations
was 66: horizontal zone - 12, vertical zone left leg - 9, tidal zone left leg - 9, immersed zone left
leg - 9, vertical zone right leg - 9, tidal zone right leg - 9, immersed zone right leg - 9.

Corrosion rates were measured at three locations for each exposure zone and each leg, for a total
of 21 different locations per specimen. See Figure 2 for a measurement location plan for
horizontal zone and vertical, tidal, and immersed zones on the specimen's right leg.
Measurement locations on the specimen's left leg were the same as on the right leg.

Chlorides

Chloride content is considered to be a good indicator of the possibility of corrosion activity. It is
generally known that once the concentration of chloride ions reaches the corrosion threshold
level, the greater the chloride ion concentration, the greater the probability of active corrosion.
Table 2 provides guidelines for interpretation of chloride content measurements.6

Samples for chloride concentration were collected as pulverized concrete. The collection
apparatus used an impact drill with 29 mm diameter bit, 2.3 times the maximum aggregate size,
connected to a vacuum collection unit (7). The concrete powder was collected in the coffee
filter, which was then stored in a plastic container until chemical analysis - chloride ion
concentration determination was performed. A sample set was taken for each concrete type, and
for each exposure condition.

Because of high variability of chloride content close to the surface, powdered concrete samples
from the top 6 mm were discarded. Background chloride content measurements were performed
by sampling concrete cylinders that were made with the compressive strength cylinders.

Measurements of chloride content were performed in accordance with ASTM C 114 (8). A
titration method is used to determine the quantity of acid soluble chlorides in the concrete
digestion solution. A simple formula transfers the amount of milliliters of titration solution into
chloride ion concentration expressed in kg/m3 of concrete.

Rapid concrete chloride permeability

An ASTM C-1202 method has shown good correlation with chloride tests (12). That method,
often referred to as "rapid permeability", provides rapid indication of concrete resistance to the
penetration of chloride ions. The method relies on the results from a test in which electrical
current passes through a concrete sample during six-hour exposure (10). The interpretation is
that the larger the Coulomb number, or the charge transferred during the test, the greater the
permeability of the sample.
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Rapid concrete chloride permeability was tested at the Virginia Transportation Research Council
(VTRC), Charlottesville, VA. The rapid permeability was measured on cylinders of all concrete
types according to ASTM C-1202 (10).

Corrosion Potentials

Corrosion potentials non-destructively identify the probability of an active corrosion. The
method uses a copper-copper sulfate half-cell electrode (CSE) that is connected to the voltmeter
and then to the reinforcing steel. According to the standard test method ASTM C 876 the more
negative the voltmeter reading, the greater the probability of active corrosion (9). Table 3
presents the relationship of the potential readings versus probability of corrosion for bare
reinforcing steel. The locations for potential measurements are shown in Figure 2.

Corrosion Rates

The linear polarization technique is a non-destructive method for assessing the instantaneous
corrosion current density. Corrosion current density is directly proportional to the instantaneous
rate of metal loss. Often the corrosion current density is referred to as the corrosion rate. Several
devices, based on the linear polarization method, presently exist to determine the corrosion
current density of steel in concrete. One of the most common is the 3LP device. Corrosion
current density measurements are very susceptible to variable field conditions: concrete
temperature, moisture, and oxygen content. The manufacturer's interpretation of measured
corrosion current density, corrosion rate, is given in Table 4. The locations of 3LP measurements
are shown in Figure 2.

Materials

Reinforcing Steel

Bare reinforcing steel was used for fabrication of all tested specimens including controls. All
bare steel was #5 (D = 16 mm) bars, Grade 60, and came from one heat. Physical and chemical
properties of bare steel, based on mill certificates, are presented in Table 5.

Concrete

Concrete, designated as Virginia Department of Transportation A4, was used for all specimens.
The quantities of cement, admixtures, and aggregate used are presented in Table 6.

Type 1/11 cement was used for all concrete mixtures. Its density was 3.15 g/cm3 and was certified
to meet ASTM C-150-92, AASHO M-85-88, and Federal SS-C-1960 Specifications. Chemical
and physical test data is provided in Table 7.
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Coarse aggregate used for concrete mixes was #78 stone with unit weight of96.7. Its density
was 2.75 g/cm3 and absorption was measured to be 0.66%. Natural sand, with fineness modulus
(FM) of2.7, 2.66 g/cm3 density, and 0.84% absorption, was used as fine aggregate. Daravair-M
air entraining admixture was used for all mixtures. Water reducing admixture, WRDA-19, a
high range water reducer, was necessary to keep the water to cementitious material ratio constant
and to provide adequate workability during placing of the concrete.

Slump, air content, concrete temperature, and concrete density (unit weight) were recorded
before concrete placement. Results of these test and the actual w/cm ratios are presented in
Table 8. While placing concrete, several 100 by 200 mm cylinders were made for compressive
strength measurements, which were tested after 3, 7, 28, 56 days and 1 year of moist curing. The
compression test results are presented in Table 9.

RESULTS

Corrosion Potentials

The potential data collected in the horizontal zone are presented in Figures 3-8, for specimens
BS-l, BS-2, FA, SC, SF, and SFD, respectively. Data for the vertical zone are presented
separately for the left and right legs in Figures 9-20. The last four readings were taken after the
ponding was discontinued and the specimens were moved outdoors. Average values for
potentials recorded for the horizontal deck and the left and right legs of the specimens are
appended to the report. Overall the potentials are similar for the legs and the deck.

Immediately after the ponding was discontinued, half-cell potential measurements were taken in
the immersed and tidal zones on both legs of each specimen (see Figures 21-30).

Each curve, or bar, in Figures 3-30 represents an average of three readings taken from one
reinforcing steel bar.

Corrosion Rates

A relationship of corrosion rates (icorr) versus time for the control specimens with bare steel bars
is presented in Figures 31 and 32 for the horizontal zone, Figures 33-36 for the vertical zone,
Figures 37-40 for the tidal zone, and Figures 41-44 for the immersed zone. Readings collected
after 74 and 80 weeks of exposure were made while the specimens were still indoors and the
ponding was in progress. Readings after 83 weeks of exposure were made indoors immediately
after the ponding was discontinued. Readings at 97th week of exposure and later were taken after
the specimens were moved outdoors.
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Corrosion rate data for specimens with LP concrete is presented in Figures 45-48 for the
horizontal zone, Figures 49-56 for the vertical zone, Figures 57-64 for the tidal zone, and Figures
65-72 for the immersed zone. The first two sets of readings in the horizontal and vertical zones,
for all specimens, were collected while the specimens were still indoors and the ponding was in
progress. The third set of readings in the horizontal and vertical zones, and the first set of
readings in the tidal and immersed zones were collected indoors immediately after the ponding
was discontinued. The remaining readings were taken after the specimens were moved outdoors.

Chlorides

Chloride concentrations, for horizontal, vertical, tidal, and immersed zones, versus depth are
presented in Figures 73-80.

Rapid Concrete Chloride Permeability

The data from these measurements is presented in Table 10 and Figure 81.

Visual Observations

A crack survey was performed after approximately four months of outdoor exposure. Visually
observed cracks and rust stains, in the BS-1, BS-2, FA, SC, SF, and SFD specimens, are
presented in Figures 82-87, respectively.

DISCUSSION

Corrosion Potentials

Horizontal Zone

As seen in Figures 3 and 4, a shift towards more negative potentials (higher probability of
corrosion herein referred to as increased potential) was observed after about 33 weeks ofponding
for all bars in the horizontal zone of both control specimens, BS-1 and BS-2. It is also apparent
that the bar No.4, BS-1 specimen, has a higher potential for active corrosion, with the highest
measured potential of -326 mV after 80 weeks ofponding, than any other bar. Corrosion
potentials for all other bars of the two control specimens were lower. After a few weeks of
outdoor exposure the potential values decreased significantly, especially for all bars in the BS-1
specimen, and their average values after 105 and 106 weeks of exposure were -125 and -219 mV
for the BS-1 and BS-2 specimens, respectively. A possible explanation of the low measured
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potentials is the fact that the specimens have dried out and the possible active corrosion process
taking place has been reduced. Higher potentials at later ages likely indicate the moisture content
has increased and the corrosion process is increased.

As seen in Figures 5-8, indoor measurements of corrosion potentials for the FA, SC, SF, and
SFD specimens varied. Corrosion potentials observed on the FA specimen were in the uncertain
region of corrosion activity and were similar to the controls in the first 54 weeks of ponding, and
then, the potentials decreased and were slightly less negative than BS-l and considerably less
negative than BS-2, see Figure 5. Potentials recorded on the SC specimen were significantly
more negative than on any other specimen with mineral admixtures. SC potentials were even
more negative than the controls in the beginning of ponding, and similar to the controls at the end
of indoor exposure, see Figure 6. During the indoor exposure period SC potentials started from
the average of -314 mV, stayed in the uncertain region of corrosion activity, and decreased to the
average of -233 mV at the end of indoor exposure. Potentials decreased and then increased with
outdoor exposure. Both SF and SFD specimens had potentials indicating no corrosion activity,
since the values were less negative than -200 mY, see Figures 7 and 8. After the specimens were
moved outdoors, potentials decreased even further and then increased.

Vertical Zone

Potentials measured on the left and right legs in the vertical zone of control specimens BS-l and
BS-2 have gradually increased with time. Figure 9-12 indicate a high probability of corrosion in
both legs of both specimens at 190 weeks of age.

Potential data recorded in the vertical zone for the left and right legs of the FA, SC, SF, and SFD
specimens are presented in Figures 13-14, 15-16, 17-18, and 19-20, respectively. Potentials
measured on the FA specimen were very similar to the potentials in the control specimens, see
Figures 13 and 14. Potentials measured on both legs of the SC specimen were less negative than
the controls and in the uncertain region. Corrosion potentials on the SF specimen were in the
uncertain region and the region of 90% probability of no corrosion during the experiment
duration, see Figures 17 and 18. Corrosion potentials on the SFD specimen were, as on the SF
specimen, in the uncertain region and the region of 90% probability of no corrosion during the
experiment duration, see Figures 19 and 20.

Immersed and Tidal Zones

The potential readings in the immersed and tidal zones were collected three times. The first set
of readings was collected after the ponding was discontinued and two other ones, after the
specimens were moved outdoors. Figures 21 and 22 present potential data for the control
specimens, Figures 23 and 24 for the FA specimen, Figures 25 and 26 for the SC specimen,
Figures 27 and 28 for the SF specimen, and Figures 29 and 30 for the SFD specimen, in the
immersed and tidal zones, respectively.
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Potential data for the tidal zone presented in Figure 21 demonstrate no significant difference
between specimens BS-1 and BS-2 during the first set of readings. The last two readings,
however, show more negative potentials on the BS-2 specimen than on the BS-1 specimen,
indicating influence of macrocell corrosion. Similar behavior can be observed in the immersed
zone, see Figure 22. In this case, potential data demonstrate no significant difference between
the BS-1 and BS-2 specimens during the first two sets of readings. The last reading, however,
indicates macrocell action on the BS-2 specimen since potential values on both legs are more
negative than the potentials on the BS-1 specimen.

As shown in Figures 23 and 24, potential readings in the tidal and immersed zones of the FA
specimen indicate high probability of no active corrosion in the specimen with fly ash. Potentials
in the tidal and immersed zones of the SC specimen were more negative on the left leg than on
the right leg, indicating some macrocell activity, see Figures 25 and 26. However, the potentials
were not very negative, being in either the uncertain range or the range of high probability of no
corrosion. Potentials measured on the left and right legs of the SF specimen were similar to those
for the SC specimen, see Figures 27 and 28. Potentials recorded on both legs in the tidal and
immersed zones of the SFD specimen were similar to those for the SC and SF specimens, see
Figures 29 and 30.

Corrosion Rates

Corrosion rates in the horizontal zone, Figures 31 and 32, were similar for both control
specimens and were decreasing in time. In the vertical zone, Figures 33-36, corrosion rates
measured on specimen BS-1 were lower than the ones measured on specimen BS-2. As shown in
Figures 33 and 36 two bars had significantly higher corrosion rates than the other bars. Once the
specimens were moved outdoors, corrosion rates decreased. Corrosion rates in the tidal zone
also decreased once the specimens were moved outdoors. See Figures 37-40. Corrosion rates in
the immersed zone for the two control specimens were similar to corrosion rates in the tidal zone
and also decreased after moving the specimens outdoors, see Figures 41-42 and 43-44 for
specimens BS-1 and BS-2, respectively.

The corrosion rate results indicate that the control specimens were in an active region of
corrosion when they were kept indoors, since the corrosion rates were higher than 2 JlAlcm2 and
the corrosion rates measured outdoors were lower than indoors, see Figures 31-44. The data

· from the horizontal zone, Figures 31 and 32, agree with the potential data indicating lesser
corrosion activity when the specimens were kept outdoors than indoors. Also, in the vertical
zone the highest corrosion rates for the controls were observed in the right leg of BS-2 specimen,
the same place where the most negative potentials were found, see Figures 33-36. Macrocell
action is a probable explanation of differences in corrosion rates in the immersed and tidal zones
between the BS-1 specimen, legs reinforcement not connected, and the BS-2 specimen, legs
reinforcement connected, see Figures 37-44.

Corrosion rates in the horizontal zone, while the specimens were housed indoors, ranged from
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1.46 to 2.86 J.lA/cm2 for the FA specimen, from 3.01 to 6.32 J.lA/cm2 for the SC specimen, from
2.32 J.lA/cm2 to 3.32 J.lA/cm2 for the SF specimen, and from 0.88 to 2.52 J.lA/cm2 for the SFD
specimen, see Figures 45-48. Some corrosion activity that was observed while the specimens
were housed indoors, disappeared after the specimens were moved outdoors.

Corrosion rate readings in the vertical zone on left leg were similar to the readings on the right
leg for the FA, SC, SF, and SFD specimens, see Figures 49-56. Rates were slightly lower than
for the control concretes without mineral admixtures and slag. Corrosion rates in the tidal zone
show similar trend as in the vertical zone, see Figures 57 and 64. Likewise, corrosion rates in the
immersed zone show trends similar to that in the vertical and tidal zones, see Figures 68 and 72.

Chlorides

Chloride concentrations measured after 33 weeks ofponding are presented in Figure 73, for the
tidal zone, and in Figure 74, for the immersed zone. Chloride concentrations measured after one
year ofponding are presented in Figure 75 for the tidal zone, and in Figure 76 for the immersed
zone. Chloride concentrations measured after 1.5 years of ponding are presented in Figures 77
80, for the horizontal, vertical, tidal, and immersed zones, respectively. Chloride concentration
threshold of 0.71 kg/m3 of concrete (8) was reached at the bar depth, 25 mm, between 33 weeks
and 1 year ofponding for the control specimens in all exposure zones. However, none of the
specimens with low permeable concrete has exceeded the chloride threshold in the first year of
ponding. Between 1 and 1.5 years of ponding, the FA and SC specimens have exceeded the
chloride threshold, but only in the horizontal zone. After 1.5 years of ponding, chloride
concentrations in the remaining exposure zones, as well as for the SF and SFD specimens in all
exposure zones, were below the chloride threshold.

Once, the chloride ion concentrations were measured, diffusion constants were calculated for all
specimen types. The calculations were performed in accordance to Fick's Second Law of
diffusion, see Equation 1 (11).

where: C = chloride ion concentration,
Dc = diffusion coefficient,
t = time, and
x = depth.

(1)

The solution to the Equation 1 with a boundary condition of surface concentration, Co, being
dependent on square root of time is given by Equation 2 (11).
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(2)

where CCx, t)

erf
k

chloride ion concentration at depth x after time t [kg/m3 of concrete],
error function.
materials characteristics coefficient dependent on surface concentration
(Co = k IT)

Since the chloride concentrations were measured at three or four depths (only horizontal zone,
1.5 years of exposure) the "Least Squares Fit Concept", as described by Weyers et aI., was
employed to obtain the best fit of the diffusion coefficient (13). Calculated diffusion coefficients
corresponding to the minimum of the sum of squared errors, after 1.5 years of indoor exposure,
are presented in Table 11.

Rapid Concrete Chloride Permeability

Rapid permeability of the A4 concrete after 28 days and 1 year of wet curing averaged 3135 and
1877 Coulombs, with standard deviations of 579 and 509 Coulombs, and coefficients of
deviation of 0.185 and 0.271, respectively. Rapid permeability values for other specimens were
significantly lower than for the controls, and are expressed as number of standard deviations
below the average for the A4 concrete. After 28 days of wet curing, these numbers were 2.6, 2.5,
4.0, and 3.5 for the FA, SC, SF, and SFD specimens, respectively. After 1 year of wet curing
they were 3.0, 2.3, 2.5, and 2.1 for the FA, SC, SF, and SFD specimens, respectively.

Visual Observations

Control Specimens

Figures 82-87 present visually observed cracks and rust stains in the BS-l, BS-2, FA, SC, SF,
and SFD specimens, after approximately four months of outdoor exposure. As shown, most of
cracking had occurred in the horizontal and vertical zones and over the bars that were not
included in the corrosion condition assessment. For the BS-l specimen one crack in the
horizontal zone was found, see Figure 82. The crack with a rust spot was first observed after 54
weeks of exposure over the bar No. 4a, between points 4 and 8. Five smaller cracks were
observed in the vertical zone, four of which were on the left leg and one on the right leg, see
Figure 82. In the left leg, one crack was over the top mat reinforcing bar, two cracks over the bar
No. la and one crack over the bar No.1. In addition to the two cracks over the bar No. la,
relatively large rust stains were also observed. The crack in the right leg was observed in the
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upper right comer. It was the only crack progressing vertically and also the shortest crack of all
cracks found in the BS-1 specimen. As shown in Figure 83, several cracks were found in the
horizontal zone, as well as in the legs of the BS-2 specimen. The two cracks in the horizontal
zone were found over the side bars, 1a and 4a. The bar No. 1a also caused cracking in the right
leg, and the bar No. 4a in the left leg. These cracks appeared in the upper parts of the specimen's
legs. Two rust spots were found in the lower part of the specimen: one over the bar No.1 in the
tidal zone, the other one was on the boundary between the tidal and immersed zones, see Figure
83. In addition, two structural cracks were formed while the specimen was being removed from
the steel forms. These cracks progressed through the whole thickness of each leg. The structural
crack in the left leg occurred in the vicinity of the bar No. la, while the crack in the right leg
close to the bar from the bottom mat of the deck reinforcement.

Low Permeable Concretes

The FA specimen also had structural crack which occurred in the right leg close to the bar No. 1a
in the vertical zone. In addition several cracks were found in the horizontal and vertical zones,
see Figure 84. The cracks in the horizontal zone occurred over the bars No.1, No. 3a, No.4, and
one crack, perpendicular to the main reinforcement, progressing from the bar No.4. The crack
over the bar No.4, at the back side of the specimen, was first observed after 20 weeks of
ponding. Also during the indoor exposure, after 30 weeks of ponding, cracks visible in the left
and right legs were observed. The cracks in the left leg can be found in the vertical zone over the
bars No. 1a and No.1. The two cracks in the right leg are located above the structural crack over
the bars from the top and bottom mats of deck reinforcement. Cracks in the SC specimen
occurred only in the deck and left leg, see Figure 85. Cracking in the horizontal zone occurred
over almost every bar, except the bar No. la, and they were found in a very early stage of indoor
exposure. It is highly possible that all cracks found in the horizontal zone are the subsidence
cracks. There was one crack in the left leg. It occurred over the bar from the top mat of deck
reinforcement. In addition to cracking, a rust spot was found over the bar No.3 in the vertical
zone of the left leg, and it was first observed after 10 weeks ofponding. The SF specimen had
one structural crack in the right leg, close to the bar from the deck bottom mat, one crack in the
horizontal zone over the bar No.1, and one rust spot over the bar No. 3a in the vertical zone of
the left leg, see Figure 86. The SFD specimen had only two little cracks in the horizontal zone,
see Figure 87. One crack occurred over the bar No. 1a and progressed diagonally towards the
edge with the right leg. The other crack occurred between the bars No.1 and No.2 at the back of
the specimen, and was perpendicular to these bars.

Discussion Summary

The structural cracks observed in some specimens appeared to have no influence on the corrosion
development on the bars in the vicinity of the these cracks. Evidently the silicone rubber and
duct tape protection provided an adequate repair.
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Corrosion potentials observed in the horizontal zone of BS-1 and BS-2 specimens suggest the
possibility of an active corrosion process development during indoor exposure. This was
confirmed by the corrosion rate results which indicate that the control specimens were in an
active region of corrosion when they were kept indoors. Macrocell action is a probable
explanation of differences in corrosion rates in the immersed and tidal zones between the BS-1
specimen, legs reinforcement not connected, and the BS-2 specimen, legs reinforcement
connected. Potential and corrosion rate data for the LP concretes were inconclusive.

The results of chloride testing indicate that the amount of chlorides present at the bar level is
more than sufficient for corrosion to occur for the control specimens, however, it still is very low
for the specimens with low permeable concretes. Based on chloride data it appears that the
specimens with silica fume are the least prone to chloride ingress. Specimens with fly ash and
slag cement will allow for greater intrusion of chlorides, but still much less than the controls.
This is confirmed by comparing diffusion coefficients: they are more than 3 times lower for the
specimens made with concrete with mineral admixtures, as compared to the controls. Chloride
concentration data agree with the rapid permeability test results which also show a positive
influence of mineral admixtures on concrete chloride ion blocking abilities.

The cracking, other than structural, appeared to be related to the reinforcing steel corrosion. The
bars No. 1a and No. 4a in the horizontal zone were expected to corrode first since they were
exposed to more severe condition than any other bar. The chlorides diffused from the top, 25
mm of the cover depth in the horizontal zone, and from the side, 25 mm cover depth in the leg.
This behavior was especially observed in the control, BS-1 and BS-2, specimens. The largest
number of cracks and the highest severity was observed in the control specimens and the FA
specimen. It is believed that crack over the bar No.4, at the back side of the FA specimen, was
caused by the corrosion of the hook used for lifting the specimen. Nevertheless, the cracks in the
vertical zone are clearly related to the corrosion of the underlaying bars. The cracks in the
horizontal zone of the SC specimen were probably caused by the subsidence cracking, since no
corrosion products were visible, typical for cracks caused by corrosion. Obviously the crack in
the upper part of the left leg is corrosion related. The least affected specimens by corrosion were
the SF and SFD specimens with one and two cracks, respectively.

Low permeable concretes provide a much better level of protection against chloride intrusion
than the A4 concrete alone. Concretes with fly ash or slag cement may provide the same
protection as concrete with silica fume, as long as the concretes are allowed to cure for a longer
period of time without salt application. Application of a corrosion inhibitor causes the beneficial
elevation of the chloride threshold and in result an increase in time to EFSL.

SERVICE LIFE ESTIMATES

Service lives of A4 and LP concretes were determined from the results of the laboratory and field
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investigations. The laboratory study was described in previous chapters. The field investigation
consisted of sampling bridge decks for chloride concentration profiles and measuring cover
depths. Three 17-years-old structures in the state of Virginia, SN 1026, SN 1029, and SN 8003,
were selected for the purpose of the study. Additional 18 bridge decks throughout Virginia were
selected for cover depth measurements only.

Cover depths were measured on 21 bridge decks with an average close to 120 readings per deck.
A total of 2498 measurements were recorded. Concrete powder samples were collected from
twelve locations from each out of three bridge decks. At each location, a sample set consisting of
chloride samples from the following depths: 13 mm (6 to 19 mm), 25 mm (19 to 32 mm), 38 mm
(32 to 44 mm), and 51 mm (44 to 57 mm), was collected. Sample sets collected at six locations
on the SN 8003 bridge deck included two additional samples from depths of 64 mm (57 to 70
mm) and 76 mm (70 to 83 mm). The total number of concrete powder samples collected from
the three bridge decks was 156 (48, 48, and 60).

As with the laboratory specimens, powdered concrete samples from the top 6 mm were discarded
due to high variability of chloride content close to the surface. Also, chloride concentration
measured at the 13 mm depth are referred to as surface concentration.

Field concrete powder samples were analyzed for chloride concentrations in accordance with
ASTM C-114 (8). The average surface chloride concentrations was 4.46 kg/m3 with the standard
deviation of 2.36 kg/m3

• The results indicate that surface concentration was distributed
according to gamma function with parameters a = 3.56 and ~ = 1.25. Cumulative distribution
function (CDF) of the surface concentration is presented in Figure 88. The procedure used to
calculate field diffusion coefficients was similar to the one used for the laboratory data. The
difference was in the solution of the diffusion equation. It has been shown that the for the field
data, surface concentration is relatively constant at a depth of 13 mm (13). Thus, a boundary
condition with a surface concentration being constant applies, and Equation 3 was used for Dc
determinations.

where:

x
C(xt) = Co (1 -erf )]

, 2JD
c

f

Co = surface concentration

(3)

Diffusion coefficients were calculated for each location. For the three bridges and 12 locations
from each bridge, 35 values (one outlier was excluded) averaged for Dc = 38.4 mm2/year. It has
been observed that the diffusion coefficients were also distributed according to the gamma
function. The parameters a and ~ were 1.42 and 27.05, respectively. The CDF of the diffusion
coefficients is presented in Figure 89.

The presented methodology is based on data from the horizontal exposure zone, but the
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procedure is applicable to other exposure zones as well. Laboratory and field data were used to
determine time to corrosion initiation for all concrete types. Calculations were performed by an
interactive solution of Equation 3 and solving it for time, t. The following four parameters were
used to solve Equation 3: chloride concentration threshold, C(x, t), surface concentration, Co,
reinforcing steel cover depth, x, and diffusion coefficient, Dc.

A value of 0.89 kg/m3 of concrete was taken for all concrete types, except the SFD concrete, as a
chloride concentration threshold. Since the corrosion inhibitor elevates the threshold, a double
value of chloride concentration threshold, 1.78 kg/m3 of concrete, was used for the SFD concrete
for illustration purposes only. The manufacturer stated the threshold level for the DCI-S dosage
of 20 l/m3 of concrete used in the laboratory specimen is 5.9 kg chloride/m3 of concrete.

Surface concentration of 4.05, and 7.63 kg/m3 of concrete were used in the analysis. These
values were taken from the field surface concentration distribution, see Figure 88, and
correspond to 50 and 90% of the CDF, respectively.

It has been shown that about 12% of the reinforcement is capable of causing corrosion damage
requiring immediate repair or rehabilitation (11). Therefore, all calculations use 12% cover
depth, a cover depth for 12% of the reinforcing steel, rather than the mean value. Based on 2498
readings from 21 bridge decks in Virginia, cover depths were found to be normally distributed
with the mean of65 mm and standard deviation of9.1 mm. The average 12% cover depth was
equal to 54 mm.

Diffusion coefficients of laboratory specimens could not be used directly in the analysis because
laboratory exposure conditions were different from the field conditions. Since no field data is
available on LP concretes, a relationship between laboratory and field diffusion coefficients had
to be established. To properly simulate field conditions a modified diffusion coefficient, see
Equation 4, was used.

Dc (modified) = Dc (field) · Dc (lab specimen) / Dc(control) (4)

where: Dc (lab specimen)

Dc (control)

Dc (field)

diffusion coefficient of a considered concrete type (laboratory
specimen),
diffusion coefficient of a control specimen (Dc of the CTL 1
specimen was used for calculations), and
diffusion coefficient of a field structure.

Equation 4 shows that for the control specimen, Dc (modified) will always be equal to Dc (field) simply
because Dc (lab specimen) is the same as, or equal to, Dc (control)· Exact modeling of the field conditions
by the control specimen was intentional, especially that concrete bridge decks and laboratory
control specimens were made with the same specification concrete, A4 concrete. Note that
diffusion coefficients of laboratory specimens are fixed values, while Dc (field) has a distribution,
see Figure 89. Values of29.9 and 81.1 mm2/year corresponding to 50% (mean) and 90% of the
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field De population, respectively, were used in the analysis. For the A4 concrete, De (modified) was
equal to the field value, 29.9 mm2/year. For the FA, SC, SF, and SFD concretes, De (modified) was
6.1,7.7,3.9, and 11.3 mm2/year, respectively.

Figure 90 presents the corrosion initiation times, as a function of cover depth, for the A4
concrete. The interpretation is that the time to corrosion initiation for 12 % reinforcement and
the mean values of De and Co, at 54 mm depth, is 33 years. In other words, 50% of VA bridge
decks will reach chloride threshold in less than 33 years. One can also see that for a small
percentage of bridge decks, 10% [CDF(Co) > 90% and CDF(De) > 90%,] corrosion initiation will
occur in less than 7.5 years. Corrosion initiation times, as a function of cover depth, for the FA,
SC, SF, and SFD concretes are presented in Figures 91, 92, 93, and 94, respectively. It is
apparent that these concretes would provide much better corrosion protection. Even for both
CDF(De) and CDF(Co) of 90%, less than 10% of the bridge decks, at 54 mm depth, initiation
times increase from 7.5 years for the A4 concrete to 36, 29, 56, and 93 years for the FA, SC, SF,
and SFD concretes, respectively.

The end of functional service life (EFSL) is defined as the condition of a bridge element
requiring immediate repair or rehabilitation. In the presented analysis, time till EFSL was taken
as the corrosion initiation time plus seven years, which is a reasonable estimate for corrosion
development and resultant deterioration. All calculations were performed for the average 12%
cover depth of 54 mm. Since the surface concentration and the diffusion coefficient variables
have own distributions, probability considerations could be introduced into the analysis. For
example, a time equivalent to 10% probability ofEFSL for A4 concrete would be calculated with
values of De and Co corresponding to 90% (100% - 90% = 10%) of the respective CDFs. A
relationship between the time till EFSL and its probability for A4 concrete is presented in Figure
95. Another curve, designated as SHRP, also presented in Figure 95 is the curve from the SHRP
study on field performance of 120 Virginia bridge decks (13). The conclusion of the SHRP study
was that the time till EFSL for an average bridge deck in Virginia would be 36 years with a
standard deviation of 13 years. The modeled time to EFSL for the mean, 50% probability, bridge
deck with A4 concrete is 40 years, see Figure 95. The four years difference, 40 - 36, is very little,
especially that the SHRP study was done on bridges that were built when specifications required
w/c = 0.46 and 51 mm cover depth. Current Virginia specifications for the A4 concrete require
w/c = 0.45 and 64 mm cover. Thus, the model proves to be valid. Similar analysis was
performed on all other concretes and the prediction results are presented in Figure 96. The
beneficial use of mineral admixtures and SF with DCI-S corrosion inhibitor is evident even at
low probabilities ofEFSL.

The assumption that the distributions of Co and De are fairly representative of the whole
population of Virginia bridges is reasonable because the average service life for Virginia bridge
decks with bare steel is 36 years using a specification concrete with w/c of 0.46 and 51 mm cover
depth. Using the mean Co and De values and seven years from the corrosion initiation to spalling,
the average service life is about 40 years for a specification concrete with w/c of 0.45 and 64 mm
cover. Thus, the presented model is appropriate for service life determinations.
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The benefit of having Dc and Co distributions is that predictions can be made not only for the
average, but for any percentile of bridge decks.

As seen in Figure 95, lov,;' permeable concretes require much more time to EFSL than the A4
concrete. This behavior is attributed to pozzolanic reaction of mineral admixtures. Even though
the FA and SC concretes yield lower times to EFSL than the concrete with silica fume, one
should not overlook their excellent properties. The particles of fly ash and slag cement are about
100 times larger than the silica fume particles, thus the pozzolanic reaction of these materials is
much slower. This can be seen by comparing rapid permeability results at 28 days and 1 year,
see Figure 81. Laboratory study, as all laboratory studies, required accelerated tests and chloride
ingress was very fast. At early ages the FA and SC concretes were more vulnerable to chloride
attack than the SF concrete simply because the concrete matrix was not developed to the same
extent. It is believed that their performance would be better if chlorides were introduced at a
later time.

CONCLUSIONS

The addition of mineral admixtures and slag to A4 concrete can reduce the infiltration of chloride
ion and provide for structures with a much longer service life.

RECOMMENDATIONS

It is recommended that annual monitoring of the specimens be continued until more cracking has
occurred to better estimate the service life extension provided by mineral admixtures and mineral
admixture with corrosion inhibitor used in the construction of concrete bridge components in
Virginia. The specimens with low permeable concretes and one control specimen, BS-2, should
be taken to the Hampton Road north tunnel island and placed in the brackish water to a depth of
the immersed zone at low tide for further exposure to chloride ions. The BS-l specimen should
remain in an outdoor exposure in Southwest Virginia like the Civil Engineering Materials
Research Laboratory in Blacksburg, Virginia.

Even though the presented Dc and Co distributions provide good basis for service life analysis,
more field studies are needed to have a better representation of bridge conditions in Virginia.
Also, calculated times to EFSL for concretes with mineral admixtures need to be verified.
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Table 1. Specimen Configuration.

A4 Concrete I A4 Concrete with Admixtures (cement replacement) I
Specimen No Fly Slag Silica Silica Fume &

Legs' Admixtures Ash Cement Fume DCI-S Corr.
Reinforcement Inhibitor

Bare Steel Bare Steel Bare Steel Bare Steel Bare Steel

I I
Type

I BS-l

I I (Control 1)

I 1L--

--~--

TY)le
BS-2II

(Control 2)

L-

I
Type
III FA SC SF SFD

I
1



TABLE 2. Recommended Action for Chloride Content Measurements.

Chloride Concentration

< 0.59 kg/m3

0.59 - 1.19 kg/m3

> 1.19 kg/m3

Recommendation

leave intact

questionable area

remove concrete below bar level or replace entire section



TABLE 3. Interpretation of Potential Readings.

Voltmeter Reading

greater than -200 mV

from -200 mV to -350 mV

less than -350 mV

Interpretation

90% probability of no corrosion

uncertain

90% probability of active corrosion



TABLE 4. Data interpretation for the 3LP Device.

< 0.21 fJ.Ncm2

0.21 - 1.07 fJ.Ncm2

1.07 - 10.7 fJ.Ncm2

> 10.7 fJ.Ncm2

Interpretation

no damage expected

damage possible in 10-15 years

damage possible in 2-10 years

damage possible in less than 2 years



TABLE 5. Physical and Chemical Properties of Bare Steel.

Physical Properties: Chemical Properties:

Yield Point [MPa] 425 - 473 C [%] 0.38 - 0.43

Tensile Strength [MPa] 645 - 703 Mn[%] 0.83 - 1.00

% Elongation [200 mm] 10 P [%] 0.01

S [%] 0.03 - 0.05



TABLE 6. Concrete Mixture Proportions.

Specimen BS-l, BS-2 FA SC SF SFD

Ingredients [kg/m3 of concrete]

Cement 377 320 226 351 351

Fly Ash 75

Slag Cement 151

Silica Fume 26 26

#78 Coarse Aggregate 867 867 867 867 867

Fine Aggregate 864 825 854 856 848

Water 170 170 170 170 153

Corrosion Inhibitor [Urn3 of concrete]:

DCI-S 20

Admixtures [n11/1 00 kg of cement]:

HRWR: WRDA-19 1215,914 847 682 1063 1605

AEA: Daravair-M 72,69 78 70 69 87



TABLE 7. Cement Properties (as Provided by the Manufacturer).

Chemical Test Data Physical Test Data

SiOz 22.1 Fineness - Blaine 3760

Alz0 3 4.29 Fineness - Wagner 2212

Fe20 3 2.83 Autoclave Expansion 0.05

CaO 63.4 Initial Set (H:min.) 2:25

MgO 2.86 Final Set (H:min.) 3:35

S03 2.23 Vicat (min.) 95

Total Alkalies 0.62 Air Content (Mortar) 6.6

Insoluble Residue Compressive Strength [MPa]

Ignition Loss 1.1 1 day 15.0

C3S 51.3 3 day 27.4

C3A 6.58 7 day 35.5



TABLE 8. Fresh Concrete Properties.

Specimen Water/Cement Slump Air Temperature Density
Ratio [mm] [%] [C] [g/cm3

]

BS-1 0.46 191 6.2 25 2.34

BS-2 0.44 203 5.5 26 2.34

FA 0.44 203 3.1 27 2.41

SC 0.44 165 8.5 24 2.24

SF 0.44 178 5.7 23 2.32

SFD 0.45 64 4.5 29 2.36



TABLE 9. Compressive Strengths.

Specimen

BS-l

BS-2

FA

SC

SF

SFD

Average Compressive Strength (MPa)

3 days 7 days 28 days 56 days 1 year

39 48 58 62 72
35 40 48 54 63
28 36 48 58 68
18 29 42 44 52
31 39 54 53 63
28 42 62 61 73



TABLE 10. Rapid Concrete Chloride Permeability.

Specimen

BS-1

BS-2

FA

SC

SF

SFD

Water/Cement

Ratio

0.46

0.44

0.44

0.44

0.44

0.46

Permeability [Coulomb]

28 days 1 year

3049 1816

3120 2048

1653 332

1700 708

815 584

1130 814



TABLE 11. Diffusion Coefficients.

Specimen Diffusion Coefficient [mm2/year]

Horizontal Zone Vertical Zone Tidal Zone Immersed Zone

BS-l 138 135 85 112

BS-2 135 109 113 113

FA 28 10 16 16

SC 35 20 17 21

SF 18 24 21 18

SFD 19 25 17 18



Dimensions: mm

Horizontal Zone

Vertical Zone 1117

Tidal Zone ~!_3_05__

Immersed zone! 305
2-- _

FIGURE 1. Specimen Configuration.
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Potentials: Deck
85-1 Specimen (Legs not Connected)
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FIGURE 3. Corrosion Potentials in the Horizontal Zone, BS-I Specilnen (Controll).



Potentials: Deck
8S-2 Specimen (Legs Connected)
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FIGURE 4. Corrosion Potentials in the Horizontal Z011e, BS-2 Specinlen (Control 2).



Potentials: Deck
FA Specimen (L. Leg Connected)

300 ...,.---------------------------.

250

....... 200>
E

I.......
.~ 150
~c:
Q)
~o
a. 100

50

O--+-----+------+-------+-----+---+------+----+----~

o 50 100 150 200
Time of Exposure (Weeks)

I-B- Bar No. 1 -e- Bar No. 2~ Bar No. 3~ Bar No. 41

FIGURE 5. Corrosion Potentials in the Horizontal Zone, FA Specimen.



Potentials: Deck
SC Specimen (L. Leg Connected)
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FIGURE 6. Corrosion Potentials in the Horizontal Zone, SC Specimen.



Potentials: Deck
SF Specimen (L. Leg Connected)
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FIGURE 7. Con·osion Potentials in the Horizontal Zone, SF Sp~cimen.



Potentials: Deck
SFD Specimen (L. Leg Connected)
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FIGURE 8. Corrosion Potentials in the Horizontal Zone, SFD Specimen.



Potentials: Left Leg
85-1 Specimen (Legs not Connected)
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FIGURE 9. Corrosion Potentials in the Vertical Zone, Left Leg, BS-l Specimen (Controll).



Potentials: Right Leg
85-1 Specimen (Legs not Connected)
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FIGURE 10. Corrosion Potentials in the Vertical Zone, Right Leg, BS-I Specimen (Control 1).



Potentials: Left Leg
85-2 Specimen (Legs Connected)
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FIGURE 11. Corrosion Potentials in the Vertical Zone, Left Leg, BS-2 Specimen (Control 2).



Potentials: Right Leg
8S-2 Specimen (Legs Connected)
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FIGURE 12. Corrosion Potentials in the Vertical Zone, Right Leg, BS-2 Specimen (Control 2).



Potentials: Left Leg
FA Specimen (L. Leg Connected)
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FIGURE 13. Corrosion Potentials in the Vertical Zone, Left Leg, FA Specimen.



Potentials: Right Leg
FA Specimen (L. Leg Connected)
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FIGURE 14. Corrosion Potentials in the Vertical Zone, Right Leg, FA Specimen.



Potentials: Left Leg
SC Specimen (L. Leg Connected)
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FIGURE 15. Corrosion Potentials in the Vertical Zone, Left Leg, SC Specimen.



Potentials: Right Leg
SC Specimen (L. Leg Connected)
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FIGURE 16. Corrosion Potentials in the Vertical Zone, Right Leg, SC Specimen.



Potentials: Left Leg
SF Specimen (L. Leg Connected)
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FIGURE 17. Corrosion Potentials in the Vertical Zone, Left Leg, SF Specimen.



Potentials: Right Leg
SF Specimen (L. Leg Connected)
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FIGURE 18. Corrosion Potentials in the Vertical Zone, Right Leg, SF Specimen.



Potentials: Left Leg
SFD Specimen (L. Leg Connected)
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FIGURE 19. Corrosion Potentials in the Vertical Zone, Left Leg, SFD Specimen.



Potentials: Right Leg
SFD Specimen (L. Leg Connected)
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FIGURE 20. Corrosion Potentials in the Vertical Zone, Right Leg, SFD Specimen.



Control Specimens
Exposure: Tidal Zone
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FIGURE 21. Corrosion Potentials in the Tidal Zone, Left and Right Legs, BS-1 and BS-2
Specimens.



Control Specimens
Exposure: Immersed Zone
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FIGURE 22. Corrosion Potentials in the Immersed Zone, Left and Right Legs, BS-I and BS-2
Specimens.



Concrete with Fly Ash
Exposure: Tidal Zone
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FIGURE 23. Corrosion Potentials in the Tidal Zone, Left and Right Legs, FA Specimen.



Concrete with Fly Ash
Exposure: Immersed Zone
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FIGURE 24. Corrosion Potentials in the Immersed Zone, Left and Right Legs, FA Specimen.



Concrete with Slag Cement
Exposure: Tidal Zone

250 ~--

200
5'
E
~

.~ 150
+-'
c:
Q)

+oJ
o
0-
Q) 100
C>

~
Q)

~
50

o -4----

78 90
Exposure Time [weeks]

97

I~__S~~LL D SC_RL
L . . ._.. ~ ---- ----J

FIGURE 25. Corrosion Potentials in the Tidal Zone, Left and Right Legs, SC Specimen.



Concrete with Slag Cement
Exposure: Immersed Zone
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FIGURE 26. Corrosion Potentials in the Immersed Zone, Left and Right Legs, SC Specimen.



Concrete with Silica Fume
Exposure: Tidal Zone
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FIGURE 27. Corrosion Potentials in the Tidal Zone, Left and Right Legs, SF Specimen.



Concrete with Silica Fume
Exposure: Immersed Zone
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FIGURE 28. Corrosion Potentials in the Immersed Zone, Left and Right Legs, SF Specimen.



Concrete with Silica Fume and DCI-S
Exposure: Tidal Zone
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FIGURE 29. Corrosion Potentials in the Tidal Zone, Left and Right Legs, SFD Specimens.



Concrete with Silica Fume and DCI-S
Exposure: Immersed Zone
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FIGURE 30. Corrosion Potentials in the Immersed Zone, Left and Right Legs, SFD Specimens.



Control 1 [85-1]
Corrosion Rates: Horizontal Zone
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FIGURE 31. Corrosion Rates in the Horizontal Zone, BS-l Specimen.



Control 2 [85-2]
Corrosion Rates: Horizontal Zone
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FIGURE 32. Corrosion Rates in the Horizontal Zone, BS-2 Specimen.



Control 1 [88-1]
Vertical Zone, Left Leg
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FIGURE 33. Corrosion Rates in the Vertical Zone, Left Leg, BS-I Specimen.



Control 1 [85-1]
Vertical Zone, Right Leg
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FIGURE 34. Corrosion Rates in the Vertical Zone, Right Leg, BS-l Specimen.



Control 2 [88-2]
Vertical Zone, Left Leg
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FIGURE 35. Corrosion Rates in the Vertical Zone, Left Leg, BS-2 Specimen.



Control 2 [85-2]
Vertical Zone, Right Leg
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FIGURE 36. Corrosion Rates in the Vertical Zone, Right Leg, BS-2 Specimen.



Control 1 [85-1]
Tidal Zone, Left Leg
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FIGURE 37. Corrosion Rates in the Tidal Zone, Left Leg, BS-I Specimen.



Control 1 [85-1]
Tidal Zone, Ri9.ht Leg
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FIGURE 38. Corrosion Rates in the Tidal Zone, Right Leg, BS-I Specimen.



Control 2 [85-2]
Tidal Zone, Left Leg
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FIGURE 39. Corrosion Rates in the Tidal Zone, Left Leg, BS-2 Specimen.



Control 2 [85-2]
Tidal Zone, Right Leg
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FIGURE 40. Corrosion Rates in the Tidal Zone, Right Leg, BS-2 Specimen.



Control 1 [85-1]
Immersed Zone, Left Leg
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FIGURE 41. Corrosion Rates in the Immersed Zone, Left Leg, BS-I Specimen.



Control 1 [8S-1]
Immersed Zone, Right Leg
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FIGURE 42. Corrosion Rates in the Immersed Zone, Right Leg, BS-I Specimen.
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FIGURE 43. Corrosion Rates in the Immersed Zone, Left Leg, BS-2 Specimen.



Control 2 [85-2]
Immersed Zone, Right Leg
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FIGURE 44. Corrosion Rates in the Immersed Zone, Right Leg, BS-2 Specimen.



Fly Ash Concrete [FA]
Corrosion Rates: Horizontal Zone
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FIGURE 45. Corrosion Rates in the Horizontal Zone, FA Specimen.



Slag Cement Concrete [SCl
Corrosion Rates: Horizontal Zone
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FIGURE 46. Corrosion Rates in the Horizontal Zone, SC Specimen.



Silica Fume Concrete [SF]
Corrosion Rates: Horizontal Zone
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FIGURE 47. Corrosion Rates in the Horizontal Zone, SF Specimen.



Silica Fume & DCI-5 Concrete [SFDl
Corrosion Rates: Horizontal Zone
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FIGURE 48. Corrosion Rates in the Horizontal Zone, SFD Specimen.



Fly Ash .Concrete [FA]
Vertical Zone. Left Leg
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FIGURE 49. Corrosion Rates in the Vertical Zone, Left Leg, FA Specimen.



Slag Cement Concrete [SC]
Vertical Zone, Left Leg
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FIGURE 50. Corrosion Rates in the Vertical Zone, Left Leg, SC Specimen.



Silica Fume Concrete [SF]
Vertical Zone, Left Leg
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FIGURE 51. Corrosion Rates in the Vertical Zone, Left Leg, SF Specimen.



Silica Fume & DCI-S Concrete [SFD]
Vertical Zone. Left Leg
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FIGURE 52. Corrosion Rates in the Vertical Zone, Left Leg, SFD Specimen.



Fly Ash Concrete [FA]
Vertical Zone, Right Leg
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FIGURE 53. Corrosion Rates in the Vertical Zone, Right Leg, FA Specimen.



Slag Cement Concrete rSC~
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FIGURE 54. Corrosion Rates in the Vertical Zone, Right Leg, SC Specimen.



Silica Fume Concrete [SF]
Vertical Zone, Right Leg
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FIGURE 55. Corrosion Rates in the Vertical Zone, Right Leg, SF Specimen.



Silica Fume & DCI-8 Concrete [SFD]
Vertical Zone, Right Leg
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FIGURE 56. Corrosion Rates in the Vertical Zone, Right Leg, SFD Specimen.



Fly Ash Concrete [FA]
Tidal Zone, Left Leg
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FIGURE 57. Corrosion Rates in the Tidal Zone, Left Leg, FA Specimen.



Slag Cement Concrete [SCl
Tidal Zone, Left Leg
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FIGURE 58. Corrosion Rates in the Tidal Zone, Left Leg, SC Specimen.
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FIGURE 59. Corrosion Rates in the Tidal Zone, Left Leg, SF Specimen.
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Silica Fume & DCI-S Concrete [SFD]
Tidal Zone. Left Leg

4~-------------------------~----,

......
C'.~

E T
o I I:;c 3 +- ------------------------------------------------- -,-j
~ , !
~ I i
... I !0(i) ~

c
m .
() I I
~ 2 --l- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -1
C I
~ !
L.
'- I
::J T
U
c:
02 1en
g
o
U

Io -+.I-----t------.t----+---+I---t-----+---+---+I----+--+-I--+---+1---+-----4

60 80 100 120 140 160 180
Time of Exposure [weeks]

I

I --e- Bar No. 3 --e- Bar No. 2 --9- Bar No.1-+- ave.
i

FIGURE 60. Corrosion Rates in the Tidal Zone, Left Leg, SFD Specimen.



Fly Ash Concrete [FA]
Tidal Zone, Right Leg

200180

.......47
C'~

<
E
Q T
« I ":::J I

~ 3 -L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -!
.~ j
o .
c: -T
Q)

c I ~ I
E 2 T - - '. - - - - - - - - - - - - - - - - - - - - - - - - - -- - _. - - - _. - - - - - - - - - - - - - - - - -'
Q) I " I
~ 1 , .
() I '__ f

c: I . Jo . -~ . :
"en 1 t ---~ ------------------------------------------ --j

g I V- '~,",

<3 t \'1b~~__~~~~:=:::~~~~-ti'l
Io -+!---+----+------i---+I---+----+---I------+----+----t----+--------:

80 100 120 140 160
Time of Exposure [weeks]

I -f3- Bar No. 3 --e-- Bar No. 2 --9- Bar No.1-+- ave.
I

FIGURE 61. Corrosion Rates in the Tidal Zone, Right Leg, FA Specimen.



Slag Cement Concrete [SC]
Tidal Zone, Rig.ht Leg
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FIGURE 62. Corrosion Rates in the Tidal Zone, Right Leg, SC Specimen.



Silica Fume Concrete [SF]
Tidal Zone, Right Leg
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FIGURE 63. Corrosion Rates in the Tidal Zone, Right Leg, SF Specimen.



Silica Fume & DCI-S Concrete [SFO]
Tidal Zone, Right Leg
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FIGURE 64. Corrosion Rates in the Tidal Zone, Right Leg, SFD Specimen.



Fly Ash Concrete [FA]
Immersed Zone. Left Leg
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Slag Cement Concrete [SC]
Immersed Zone, Left Leg

3--r---------------------------..----,
......
('.!

<:
E -
~ I
~ .

2.! 0 I
.~ 2 t ---- ~"': ---------------------------------------------I

c I I
Q) I . ~

o 1
5i I \\ ///~.. I
'- I \,' /" '.

a ,\ --. .....
0g / "',.~ i

o ~

U :

200180

Io -+-I----+----+-----+--+---+--~---+----.......---+----+-I----+---+-----+---

60 80 100 120 140 160
Time of Exposure [weeks]

!
l --a-- Bar No. 3 -e- Bar No. 2 -J;;- Bar No. 1 --..- ave.
I

FIGURE 66. Corrosion Rates in the Immersed Zone, Left Leg, SC Specimen.



Silica Fume Concrete [SF)
Immersed Zone, Left Leg
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FIGURE 67. Corrosion Rates in the Imlnersed Zone, Left Leg, SF Specimen.



Silica Fume & DCI-5 Concrete [SFD]
Immersed Zone, Left Leg
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FIGURE 68. Corrosion Rates in the Immersed Zone, Left Leg, SFD Specimen.



Fly Ash Concrete [FA]
Immersed Zone, Right Leg
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FIGURE 69. Corrosion Rates in the Immersed Zone, Right Leg, FA Specimen.



Slag Cement Concrete [Sel
Immersed Zone, Right Leg
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FIGURE 70. Corrosion Rates in the Immersed Zone, Right Leg, SC Specimen.



Silica Fume Concrete [SF]
Immersed Zone, Right Leg
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FIGURE 71. Corrosion Rates in the Immersed Zone, Right Leg, SF Specimen.



Silica Fume & DCI-S Concrete [SFD]
Immersed Zone, Right Leg
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FIGURE 72. Corrosion Rates in the IInmersed Zone, Right Leg, SFD Specimen.



Chloride Concentrations
Tidal Zone - 33 weeks
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FIGURE 73. Chloride Concentrations at 33 Weeks, Tidal Zone.



..------------_.--------------------------------,

Chloride Concentrations
Immersed Zone - 33 weeks
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Chloride Concentrations
Tidal Zone - 1 year
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FIGURE 75. Chloride Concentrations at 1 Year, Tidal Zone.



Chloride Concentrations
Immersed Zone - 1 year
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FIGURE 76. Chloride Concentrations at 1 Year, Immersed Zone.



Chloride Concentrations
Horizontal Zone - 1.5 years
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FIGURE 77. Chloride Concentrations at 1.5 Year, Horizontal Zone.



Chloride Concentrations
Vertical Zone - 1.5 years
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FIGURE 78. Chloride Concentrations at 1.5 Year, Vertical Zone.



Chloride Concentrations
Tidal Zone - 1.5 years
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FIGURE 79. Chloride Concentrations at 1.5 Year, Tidal Zone.
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Chloride Concentrations
Immersed Zone - 1.5 years
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FIGURE 80. Chloride Concentrations at 1.5 Year, Immersed Zone.



Rapid Concrete Chloride Permeability
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days an~ @ 1 year.
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Distribution of Co - CDF
[Field Data from 3 VA Bridge Decks]
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FIGURE 88. Cumulative Distribution Function (CDF) of Surface Chloride
Concentration, Gamma Distribution, (a = 3.56, P= 1.25).



Distribution of Dc - CDF
[Field Data from 3 VA Bridge Decks]
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FIGURE 89. Cun1ulative Distribution Function (CDF) of Diffusion Coefficient,
Gamma Distribution, (n = 1.42, ~ = 27.1).



A4 Concrete
w/c = 0.45, CI threshold = 0.89 kg/m"3
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FIGURE 90. Predicted Time to Corrosion Initiation for A4 Concrete, w/c =
0.45, Chloride Threshold = 0.89 kg/m3
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FA Concrete (20/85)
w/c =0.45, CI threshold =0.89 kg/m"3

120 ~-~~~--............,.--~------.......--....~.,.....--~~......".....--~~---..

~ ·················1······························:···············f···············I···············································,···············f···············1
n) 100 - '-'-"-4"'-- ,--, -t--'~-:; -------r-:;i 80.: :::::::::::::::1:::::::::··::::: ..:::::::::::::t:::::::::::::::":::::::::::::::f::::::::::::::: :::::::::::::::: :::::::::::::::r:::::::::::::I::::::::::::::-i
'2
c
o

'ei)
g
o
U
o...,
Q)

E
~

o j !.. ! !.. r I L ..!
30 40 50 60

12% Cover Depth [mm]
70 80

~ mean (Dc=6.1. Co=4.05) --a- 90% (Dc=16.6, Co=7.63)

FIGURE 91. Predicted Tinle to Corrosion Initiation for FA Concrete (20/85),
w/cm = 0.45, Chloride Threshold = 0.89 kg/m3
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SC Concrete (40/60)
w/c =0,45, CI threshold =0.89 kg/m"3
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FIGURE 92. Predicted Tin1e to Corrosion Initiation for SC Concrete (40/60),
w/cm = 0.45, Chloride Threshold =0.89 kg/m3
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SF Concrete (7/93)
w/c =0.45, CI threshold =0.89 kg/m"3
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FIGURE 93. Predicted Time to Corrosion Initiation for SF Concrete (7/93),
w/cnl = 0.45, Chloride Threshold = 0.89 kg/m3
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SFD Concrete (7/93) with DCI-S
w/c =0.45, CI threshold =1.78 kg/m"3
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FIGURE 94. Predicted Time to Corrosion Initiation for SFD Concrete (7/93),
w/cm = 0.45, Chloride Threshold = 1.78 kg/m3
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-a- A-4

SHRP (based on field performance of 120
bridge decks - see SHRP-S-668)

(specification) w/c =0.46,
(specification) cover depth = 51 mm
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Probability of EFSL

Probability of EFSL versus Time
(for 12 % cover depth)
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A-4 (12 % cover depth based on 2498
readings from 21 VA bridge decks):

, , w/c = 0.45,
cover depth =65 mm,
On-1 = 9.1 mm
12% cover depth, x(12%

) = 54 mm
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FIGURE 95. Probability of End of Functional Service Life for A4 Concrete:
Comparison Between Field Performance (SHRP) and Predictions
from Field Data (A-4).



Probability of EFSL versus Time
(for 12 ok cover depth)
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FIGURE 96. Probability of End of Functional Service Life for LP Concretes
versus A4 Concrete: Predictions from Laboratory and Field Data.



APPENDIX

Average Corrosion Potentials for the Deck and Left and Right Legs of Specimens





Average Potentials
88-1 (A4 Concrete, Legs not Connected)
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Figure AI. Average Potentials for BS-I Specimen



Average Potentials
85-2 (A4 Concrete, Legs Connected)
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Figure A2. Average Potentials for BS-2 Specimen



Average Potentials
85-3 (Fly Ash, L. Leg Connected)
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Figure A3. Average Potentials for BS-3 Specimen



Average Potentials
BS-4 (Slag, L. Leg Connected)
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Figure A4. Average Potentials for BS-4 Specimen



Average Potentials
85-5 (Silica Fume, L. Leg Connected)
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Figure A5. Average Potentials for BS-5 Specimen



Average Potentials
85-7 (5.F. &DCI-5, L. Leg Connected)
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Figure A6. Average Potentials for BS-7 Specimen


