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The information contained in this report was compiled exclusively for the use
of the Michigan Department of Transportation. Recommendations contained
herein are based upon the research data obteined and the expertise of the re-
searchers, and are not necessarily to be construed as Department policy. No
material contained herein is to be reproduced--wholly or in part—without the
expressed permission of the Engineer of Materials and Technology.



ACKNOWLEDGEMENTS

The authors would like to express their appreciation for the extensive
technical assistance that has gone into these research projects over the years
and directly or indirectly into this research report. While space and memory
will not allow a complete listing of everyone who has contributed in some
fashion, the following deserve more than a passing mention for their efforts:

Manuel Chiunti, Kurt Bancroft, Ronald Dexter, Joe Dexter, Larry
Pearson, Chris Thomas, Nick Lefke, John Lay, Carl Smith, Dick Morehouse,
Peg Cantreli, Kathy Trentham, Jens Simonsen, Parker Fairey, Steve
Shaughnessy, Ronald Houska, LaVerne Lass, Hayward Howard, Leo DeFrain
and Frank Spica.



ACTION PLAN

1. Materials and Technology Division

A. Distribute copies of the report with a cover letter to the Maintenance
Division, the Districts, and the FHWA. The cover letter should
indicate the major findings of this work (i.e. a copy of the Executive
Summary along with the following text would be suitable). While
galvanized reinforcement appeared to have better corrosion
performance than uncoated reinforcement in cored specimens from
the experimental decks, no major differences were seen in actual
deck performance (i.e. the percentage of observed spalls and
delaminations). Future use of galvanized reinforcement would not
appear to be justified based on its greater expense (over epoxy
coating) and its lack of superior performance at the deck level (over
uncoated reinforcement). While there has been a considerable
amount of recent controversy regarding the quality of epoxy coatings
used on steel reinforcement, major problems were not detected on
the three bridge decks built in 1978 that were part of the original
project or the nine newer structures that were examined as part of
a project extension. At the present time, epoxy coating appears to
represent the most cost effective means of protecting steel
reinforcement in concrete from levels of corrosion that may damage
the concrete.

2. Engineering Operations Committee

A. No action necessary upon approval of this report.



EXECUTIVE SUMMARY/ABSTRACT

As northern states initiated bare pavement policies in the late 1950s and
early 1960s, the greater deicing salt exposure became an increasing
maintenance problem for bridge decks. Chloride intrusion into the concrete
resulted in corrosion of the reinforcement that, in turn, eventually resulted in
pot holes on the bridge decks, which required repairs much sooner than would
previously have been necessary.

The increased use of deicing salt, the cause of the problem, could not be
simply eliminated. The bare pavements created improved safety and had
economic benefits that must be retained. With this in mind, solutions were
sought that could improve the corrosion performance of the reinforcement.

Research in the 1960s suggested that galvanizing might be the answer and
additional research in the early 1970s suggested that epoxy coating might be
an even better solution. Michigan initiated two research projects to investigate
the field performance of these proposed alternatives.

Michigan research project 68 F-103 compared the performance of
uncoated and galvanized reinforcement in adjacent spans of five different
bridge decks built in 1972. Thirty six simulated bridge deck slabs (3’ x 4’ x 7-
1/2") were also used to evaluate the effects of increased clear cover and
concrete mix design on both salt penetration and the performance of uncoated
and galvanized reinforcement.

Michigan research project 73 F-131 compared the performance of
uncoated, galvanized, and epoxy coated reinforcement in the adjacent spans
of three separate bridge decks built in 1976 and 38 simulated bridge deck
slabs (3’ x 4 x 7-1/2"). The slabs also compared the effects of using
galvanizing in the top mat only or both mats, as well as differing degrees of
surface preparation of the reinforcement prior to epoxy coating for three
different epoxy coatings.

The performance of the actual bridge decks is detailed in this report. The
performance of the simulated bridge deck slabs has been reported in Michigan
Department of Transportation (MDOT) Research Report R-1320.

While the galvanized reinforcement in research project 68 F-103
demonstrated better corrosion performance compared to uncoated
reinforcement at the reinforcement level under similar conditions (i.e. depth
of clear cover, salt concentration, and presence/absence of cracking), no major
differences were found in the performance of the decks as measured by the
percent of deck area having either spalls or delaminations.



For research project 73 F-131, reinforcement corrosion performance at the
reinforcement level and under similar conditions (i.e. depth of clear cover, salt
concentration, and presence of cracking) is best for the epoxy coated and
worst for the uncoated, with the galvanized being intermediate. These
15-year-old (i.e. age in 1991 when last surveys were performed) bridge decks
have not, however, been exposed long enough for spalling or delaminations
to occur. Consequently, there is still some question as to how significant
differences in actual deck performance might eventually be.

Cores taken from younger bridge decks with epoxy-coated reinforcement
suggest that there are no major problems with these newer epoxy coatings, but
the coatings appear to show better corrosion performance at the
reinforcement level for those decks that used epoxy-coated reinforcement in
both top and bottom mats. Prior to 1980 epoxy coated reinforcement, when
used, was required in only the top mat. These decks are also too young,
however, to determine if these differences will result in significant differences
in actual deck performance (i.e. spalls and delaminations).

Half-cell data from both projects suggest that such information is very
limited in predicting location and extent of corrosion in bridge decks when
only one set of readings is used, but can be more useful if multiple readings
‘over time are available.

INTRODUCTION AND BACKGROUND

When a concrete bridge deck was constructed prior to the late 1950s, it
was expected to last a minimum of 30 to 50 years before even minor
maintenance was needed. Expectations changed dramatically during the 1960s
as concrete bridge decks began to deteriorate at an ever more alarming rate.
Major maintenance was needed on some bridge decks in as little as four years.

Many theories for the accelerated deterioration were investigated. The list
includes such things as delayed concrete delivery during placement, adverse
weather conditions, and structural vibrations during the finishing and curing
periods. Early cracking may be caused by restraint to volume change due to
curing shrinkage, drying, and temperature changes, or to stringer flexure. In
addition, precise control of the depth of concrete cover over the reinforcement
is difficult. A plane-of-weakness roughly parallel to the surface was believed
to form in the deck at the level of the top reinforcement as a result of
entrapment of rising bleed water from the mix. Transverse vertical cracks
often formed directly over the transverse reinforcement shortly after deck
construction allowing early infiltration of water and deicing salts. Bar
expansion due to corrosion and freeze/thaw action in these cracks then
contributed to the failure along the plane-of-weakness parallel to the surface
and just above the top layer of reinforcement.



It gradually became apparent, however, that the major culprit was
corrosion of the reinforcement steel, which in turn appeared to be accelerating
because of the increased use of chloride deicing salts with the advent of the
winter bare pavements policies introduced in many states during the late 1950s
and early 1960s. While salt was apparently the major contributor to deck
deterioration, the salt could not simply be eliminated to alleviate the problem.
Deicing salt contributed to significant economic and safety benefits that could
not be discarded. The solution would have to incorporate measures that could
reduce the corrosion damage to the reinforcement by either reducing the
amount of salt penetrating to the reinforcement or using reinforcement
materials that would not be as susceptible to corrosion.

Concrete is normally a relatively safe environment for reinforcing steel.
The steel forms a "passive" oxide layer in the highly alkaline concrete
environment that provides a barrier to further corrosion. The addition of
chloride ions begins to change this situation as the chlorides reach a certain
concentration level and combine with the reinforcement, water, and oxygen.
The volume of oxide produced during such corrosion is several times larger
than the metal that forms it. The expansion in turn produces pressures in the
concrete that exceed the tensile strength of the concrete. The expansive
pressure of the oxide can reach 1200 psi or more, which surpasses the tensile
strength at which concrete cracks (approximately 600 psi). Once the concrete
is cracked, corrosion can accelerate even further as more of the ingredients
necessary for corrosion penetrate the deck. As horizontal cracks from
adjacent bars grow together, delaminations are created that eventually turn
into the potholes that necessitate deck repair.

During the 1960s several different sources were indicating that galvanized
bridge deck reinforcement might be a considerable improvement over
uncoated reinforcement. The American Hot Dip Galvanizers Association was
circulating information regarding a Bermuda structure that had both uncoated
and galvanized reinforcement. The International Lead Zinc Research
Organization sponsored research at the University of California at Berkeley
that showed galvanized reinforcement to last twice as long (i.e. time to "deck”
cracking) as uncoated reinforcement under identical conditions.

The favorable information regarding galvanized reinforcement prompted
Michigan to initiate Research Project 68 F-103, which has evaluated the
comparative performance of galvanized and uncoated reinforcement.
Uncoated and galvanized reinforcement were placed in adjacent spans of five
separate bridge decks. Thirty six simulated bridge deck slabs (3’x 4’ x 7-1/2")
were also built to evaluate the effects of increased clear cover depth and mix
design (i.e. cement content and water/cement ratio). The performance of the
simulated bridge deck slabs has been separately reported in MDOT Research
Report R-1320.



During the early 1970s, the National Bureau of Standards under contract
with the Federal Highway Administration (FHWA) examined 40 non-metallic
coatings for their potential use with bridge deck reinforcing steel. Four
coatings were identified as suitable candidates. These coatings, being
electrically non-conducting as well as a barrier, provided a greater promise of
protection than galvanizing. While zinc, like steel, corrodes and produces
oxides that are larger than the parent metal and might eventually result in
corrosion expansion problems, the epoxy coatings might eliminate corrosion
completely. '

The favorable potential of the epoxy coatings prompted Michigan to
initiate Research Project 73 F-131, which has evaluated the comparative
performance of uncoated, galvanized, and epoxy-coated (the three coatings
suitable for commercial coating) reinforcement placed in the adjacent spans
of three different bridge decks. Thirty eight simulated bridge deck slabs (3’
x 4 x 7-1/2") were also constructed to compare the performance of these
different materials, as well as differing degrees of surface preparation prior to
epoxy coating. The performance of the simulated bridge deck slabs has been
separately reported in MDOT Research Report R-1320.

The early findings of this (i.e. research project 68 F-103 and 73 F-131) and
similar research efforts have resulted in policy changes that have probably
reduced corrosion damage in newer structures (see Appendix A). However,
over 3,800 structures remain on Michigan’s trunklines with unprotected steel
reinforcement, and the replacement or rehabilitation of these structures will
be expensive. Many years will be required to eliminate the most critical, most
susceptible ones from our highway system.

Economic figures supplied by the FHWA show that rehabilitation of our
national bridge population cost the American public over 1.2 billion dollars
during the 1990 fiscal year. Although these numbers include other repair
categories, the portion that relates to rehabilitation of concrete damaged due
to rebar corrosion is a significant part of this total figure. Conservative
estimates show that as a country we are spending less than 50 percent of what
is needed to keep our transportation system at status quo. To reduce the
number of obsolete or load restricted bridges, and to improve the condition
of our bridges, would require spending about five billion dollars per year.
Therefore, research that can shed light on the causes of bridge deck
deterioration and propose life extending solutions is both desirable and
necessary if we are to satisfactorily maintain our state’s and nation’s highways
on the limited budget currently available for this purpose.



SCOPE
Galvanized (68 F-103)

Five bridge decks were constructed in 1972 with galvanized and uncoated
reinforcement in adjacent spans to allow direct comparison of the
performance of these two materials in a real-world environment. For this
project galvanized reinforcement was only used in the top mat for the
galvanized spans. Typically these structures were constructed with uncoated
reinforcement in one half of the bridge deck spans and galvanized
reinforcement in the top mat of the remainder.

Epoxy Coated (73 F-131)

Three bridge decks were constructed in 1976 with uncoated, galvanized,
and epoxy coated reinforcement in adjacent spans to allow direct comparison
of these materials in a real-world environment. For this project galvanized
reinforcement was used in both the top and bottom mats. For the epoxy test
sections, coated reinforcement was used in both the top and bottom mats.
Typically all three structures have four spans: one with uncoated
reinforcement, one with galvanized reinforcement, and the remaining two with
a different epoxy-coated reinforcement in each span.

Project Extension

Given the relatively recent controversy regarding epoxy coated
reinforcement, nine newer bridge decks with epoxy coated reinforcement (built
between 1977 and 1982), which were not part of the original research
proposals, were also examined. Five of these structures had epoxy coated
reinforcement in the top mat only, while the remaining four used epoxy coated
reinforcement in both mats.

OBJECTIVES
Galvanized (68 F-103)

1.) To determine the feasibility of using galvanized reinforcement in
Michigan bridge deck construction.

2.) To evaluate the performance of galvanized reinforcement in full-scale
experimental bridge decks.

Epoxy Coated (73 F-131)

1.) To determine the feasibility of using epoxy coated reinforcement in
Michigan bridge deck construction.



2) To evaluate the performance of epoxy coated reinforcement in
full-scale experimental bridge decks.

Projccf Extension

To evaluate the performance of newer, production run epoxy coatings in
full-scale bridge decks.

PROCEDURE
Galvanized (68 F-103)

Galvanized steel reinforcement was placed in the top mat for roughly half
the deck spans of five separate structures (Figures 1-5). All structures were
otherwise built as per the MDOT’s Standard Specifications for Construction
in effect at the time of construction. The five structures selected are all
located in heavily traveled urban areas where heavier salt usage was expected
to allow performance differences to show up soconer than might otherwise be
the case.

Initial measurements were made of the thickness of the galvanizing on the
steel reinforcement and the depth of clear concrete cover over the bars in the
decks.

Periodic examination of the individual decks, usually performed annually,
included visual examination, half-cell measurements, and delamination testing,
Cores were also taken on several occasions from each deck to determine the
condition of the reinforcement.

Regular inspections were made from 1972 until 1986. Staff reductions
within the department made it difficult to continue this data collection,
however, an additional inspection was made in 1991,

Visual examination involved surveying for cracking, spalled areas, and
bituminous patches. These areas were recorded on a deck map, which was
color coded for each years’ inspection.

Copper-copper sulfate reference electrodes were used to take half-cell
measurements. These readings were typically taken during the summer or
early fall of each year. Half-cell readings were taken at five-foot intervals
starting at roughly one foot from both the joint and the curb and moving in
the direction of traffic flow and perpendicular to the curb, creating a grid
pattern across the deck. Since the bridges for this project were in the Detroit
Metropolitan area and subject to heavy traffic, measurements were only taken
in the lane closest to the curb.
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Delamination detection was performed with the aid of a mechanical device
developed by MDOT. This device uses a hammer and a frequency sensor to
sound out hollow areas. Anytime this device shows an indication of a hollow
area, it activates a paint spotter that marks the edges of the hollow area. As
an added precaution, these areas were then checked by a technician using
either a hammer or chain drag. The outline of the delaminated area was then
marked with spray paint and recorded.

Six cores were removed from the Grand River structure in 1985, 40 cores
were removed from the experimental structures in 1988, and 41 were removed
from these structures again in 1991. Salt levels at the reinforcement level
were determined for all cores and the condition of the reinforcement was
examined and rated. :

The 1988 cores were split into two groups. The first 20 cores were taken
at random sites, one from each span of each structure. The other 20 cores
were taken from areas that showed consistently high half-cell readings.

Generally, the 1991 cores were taken two per span. For all decks the
cores were taken either from areas that had shown consistently high half-cell
readings or over existing cracks.

Epaxy Coated (73 F-131)

Three bridge decks were constructed with uncoated, galvanized, and epoxy
coated reinforcement in adjacent spans (Figures 6-8).  Galvanized
reinforcement- was used in both the top and bottom mats for the galvanizing
test spans. For the epoxy test sections, coated reinforcement was used in both
the top and bottom mats. All three structures have four spans: one used
uncoated reinforcement, one used galvanized reinforcement, and the
remaining two used a different epoxy-coated reinforcement in each span. All
three structures were otherwise constructed according to the MDOT’s
Standard Specifications for Construction in effect at the time.

Periodic examination of these three structures followed essentially the
same procedures used for 68 F-103 with only a few exceptions. Since epoxy
coating acts as an electrical barrier, half-cell measurements could not be taken
on the epoxy test spans.

Twelve cores were removed from these structures in 1988, and 19 cores
were removed in 1991, Salt levels at the reinforcement level were determined
for all cores and the condition of the reinforcement was examined and rated.

The 1988 cores were taken at random sites, one from each span of each
structure.
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Generally, the 1991 cores were taken two per span. For all decks the
cores were taken either from areas that had shown consistently high half-cell
readings or over existing cracks.

While these three structures are located over heavily traveled roadways,
they carry low traffic volume rural roads. The low traffic volume allowed half
cell measurements to be made on the full width of the structure. The low
traffic volumes also introduce the potential for another problem--that roadway
salt thrown up from below may allow salt penetration on the bottom portion
of the deck to exceed that penetrating from above. If this occurred, the
standard anode and cathode patterns of the bridge deck could be reversed
making the bottom mat the most corrosive. With this possibility in mind, the
underside of these decks was also examined visually for any evidence of
cracking and spalling that might be indicative of corrosion of the bottom mats.

Project Extension .

Nine additional structures, built between 1977 and 1982, were examined
to help determine how our newer epoxy coatings were doing. Cores were
taken on these structures to help evaluate the performance of the younger,
production-run epoxy coatings used in these structures. Since Michigan’s
specifications changed in 1980, structures (other than experimental) built prior
to this time have epoxy-coated reinforcement only in the top mat. Those
structures built after 1980 have epoxy-coated reinforcement in both top and
bottom mats. ‘

RESULTS AND DISCUSSION

Some previous results have been reported (References 1, 2, 3, and 14) for
both projects. These are summarized here, as necessary, to allow complete
examination of the results without referring to a number of different reports.

Results have been measured in a number of ways, each of which has
helped to determine the relative performance of the different test -spans.
Visual observations included noting and recording cracking, spalls, and obvious
patches. Delamination detection helped determine additional damage before
it became visually obvious. Half-cell measurements helped suggest areas
where corrosion might be more active and just how extensive these areas
might be. Cores allowed determination of chloride contents (i.e. total/acid
soluble chlorides) at the reinforcement level as well as a first-hand look at
how the different reinforcements were actually performing within the deck.

Half-cell potential values are used in the evaluation of these structures
even though there are a number of limitations in their use. Half-cell
potentials are, at best, only an instantaneous measure of corrosion activity.
Therefore, they can, at most, give a very rough idea of the cumulative
corrosion occurring since corrosion can shift with respect to both position and
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intensity with time. Typically, corrosion is most active at one location for one
set of readings and most active at another location for the next set of readings.
The relative shift of half-cell potential values and the probable underlying
corrosion is illustrated in Appendix B where the half-cell potential maps and
cumulative frequency distribution plots of several spans of one bridge deck are
given for 13 sets of readings taken between 1972 and 1991. While it would be
nice to be able to show all of the half-cell potential maps and cumulative
frequency distribution plots, this is not feasible for the over 1,500 pages that
this would represent for these two projects.

A computer program was written for helping to make equipotential plots
and cumulative frequency distribution plots for the half-cell values (satisfies
the information requirements of ASTM C 876; Half Cell Potentials of
Uncoated Reinforcing Steel in Concrete). The program, as used in MS-DOS
Fortran, has been listed in MDOT Research Report R-1320, Appendix A.
Sample input and output cases are given in the text that follows (see Figures
15 and 16).

Half-cell potential values are compared for uncoated and galvanized
reinforcement using the standard groupings of potential values listed in ASTM
C 876 categorizing regions of 90 percent probability of no corrosion (>-.20 V),
corrosion uncertain (<-20 but >-35 V), and 90 percent probability of
corrosion (<-.35 V). This comparison would, in general, not be appropriate
since pure zinc has a half cell potential roughly 500 mV more negative than
steel for roughly equivalent circumstances. This great a difference, however,
has not been seen for these two projects. Half-cell potentials for the two
materials have been running fairly close in magnitude. There are several
possible reasons for this, the most likely being that the galvanizing had a very
slight or non-existent' pure zinc layer, and the half-cell values for the
galvanized reinforcement reflect the combined potentials of both iron and zinc
in the alloy portions of the galvanizing.

The deck maps showing cracking, delamination, spalling, and patching
history for the duration of these projects are presented in Appendix C. While
these may provide more detail than the average reader would find interesting,
they are a valuable reference source for those with sufficient curiosity.

Galvanized (68 F-103)
Im'tial Details

Coating thicknesses for the galvanized reinforcement were checked prior
to construction of the experimental decks. The material specifications used
on this project required galvanizing in accordance with ASTM A 123, with the
exception that the weight of coating average no less than 1-1/2 oz/sq ft and
with no individual measurement less than 1 oz/sq ft. Test results showed an
average coating of 3 oz/sq ft, well above the 1-1/2 oz/sq ft specified minimum.
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Figures 1-5 detail the configurations of the experimental bridge decks as
well as the concrete cover depths over the experimental reinforcements.

Concrete mixes used on each of the decks are detailed in Table 1.

During construction of the Schaefer Road structure, an error in the plans
was discovered that required the addition of reinforcing steel to the negative
moment area of the deck. Since additional galvanized reinforcement was not
readily available, uncoated reinforcement was substituted. Close attention was
paid to this area during the condition surveys.

Individual Structure Assessment

Each structure is discussed individually since performance differences
would be expected to be most readily detectible for a given structure.
Differences between the environment of individual bridges will, in general, be
greater than the differences between individual spans of the same structure.
Spans 1 and 4 and Spans 2 and 3 on any given structure are most directly
comparable, given the location of the cantilevered expansion joints and the
fact that some of the concrete spalling relates to problems with these joints.

Grand River Avenue

This structure may be viewed in the pictures in Figure 9. Primary data for
this structure are contained in Figure 1 and Tables 2 and 3.

The half-cell potential data suggest that both galvanized and uncoated
reinforcement had higher corrosion activity the first year than occurred the
next few years, and that the galvanized reinforcement may have been
corroding more than the uncoated reinforcement the first year. After several
years of exposure, the uncoated reinforcement has slightly more negative
half-cell potentials than the galvanized reinforcement, however the differences
are not very great. Corrosion activity appears to have increased gradually with
time for both the galvanized and the uncoated reinforcement spans. From
1981 onward there does not appear to be any relevant portion of either the
galvanized or uncoated reinforcement spans that would be regarded as being
definitely free from corrosion.

Data from the cores suggest that the galvanized reinforcement is holding
up better at comparable salt concentrations when no cracking is present, but
can corrode significantly when deck cracks (and salt) are present.

This structure has the highest traffic volumes of all of the structures
comparing uncoated and galvanized reinforcement and has roughly the worst
ratings for spalls and delaminations. The galvanized and uncoated
reinforcement spans have roughly comparable ratings for spalls and
delaminations, however.
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Figure 10 Rating of Reinforcement Removed from Experimental Deck Cores.

Reinforcement specimens were ranked on a scale from 1 to 6 according to how
extensively they were corroded, A rating of 1 indicates no visible corrosion. A
rating of 2 indicates very minor corrosion on the deformations. A rating of 3
indicates that some of the corrosion is also on the flat surfaces of the
reinforcement. A rating of 4 indicates more extensive corrosion but with a
significant portion of the reinforcement still left uncorroded. A rating of 5
indicates extensive corrosion of almost all of the reinforcement surface but with
no major loss of cross section. A rating of 6 indicates extensive corrosion with

losses of cross section.

Photographic examples for all the reinforcements follow with their appropriate
rating. For some materials not all ratings will be represented since not all ratings
were present in the core specimens.

Galvanized Reinforcement——Rating 1

Galvanized Reinforcement——Rating 2
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Galvanized Reinforcement—-Rating 9

Figure 10 Continued--Galvanized Reinforcement with Ratings of 3,
4, and 5.
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Epoxy GCoated Reinforcement—-Rating 1

Epoxy Coated Reinforcement——Rating 2

Epoxy Goated Reinforcement—-Rating

Figure 10 Continued-~-Epoxy Reinforcement with Ratings of 1, 2, and
3@



coated Reinforcement—-I

Jncoated Reinforcement—-Rating 3

Figure 10 Continued--Uncoated Reinforcement with Ratings of 1, 2,
and 3.



ncoated Reinforcement—-Rating

Figure 10 Continued=--Uncoated Reinforcement with Ratings of 4, 5,
and 6.



Hubbell Avenue

This structure may be viewed in the pictures in Figure 11. Primary data
for this structure are contained in Figure 2 and Tables 4 and 5.

Half-cell potentials for this structure suggest virtually no corrosion for
either the galvanized or uncoated reinforcement spans at the time of the first
set of readings (January 1973) and for several years thereafter. (The cold
temperatures probably present at the time of the first set of readings were
most likely responsible for the lack of any relative magnitude of potential
values.) Half-cell values suggest that corrosion starts and progresses gradually
for all spans. The uncoated reinforcement, with the exception of several
years, shows a slightly greater average decrease in half-cell potential values
over time. '

The core data suggest that both the galvanized and uncoated
reinforcement can corrode relatively badly when cracks are present. The
uncoated reinforcement, however, corrodes to a greater extent when other
variables (i.e. salt concentration, depth of cover, etc) are equalized.

This structure has only a small traffic volume compared to the other
structures in the study. Spalls and delaminations are essentially equal for
spans 2 and 3 (galvanized and uncoated reinforcement respectively) where
clear cover distances are roughly the same for both spans. Spalls and
delaminations cover almost three times as much area on span 4 (uncoated
reinforcement) as on span 1 (galvanized reinforcement) but the clear cover
depth is greater on span 1 by roughly 3/8" on average and 1/2 to 1" on
individual cores taken at crack locations.

Schaefer Road

This structure may be viewed in the pictures in Figure 12. Primary data
for this structure are contained in Figure 3 and Tables 6 and 7.

The half-cell potential data for this structure suggest that initial corrosion
activity is relatively low and gradually builds up over time for both the
galvanized and uncoated reinforcement spans. Corrosion activity for both the
galvanized and uncoated reinforcement spans appear to reach a peak between
1979 and 1981, then subside and start building up again. At the final reading
in 1991, corrosion activity appears to be of only moderate intensity. Half-cell
potential values are, in general, slightly more negative for the uncoated
reinforcement spans.

The core data indicate that the galvanized reinforcement is holding up
better than the uncoated reinforcement for roughly comparable environments.
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A. Lboking Nbrtha—Spans 1 and 2 (Galvanized
Reinforcement--Top Mat Only) in Foreground.

B. Looking North—--Part of span 3 éha Span 4
{Uncoated Reinforcement) in Foreground.

Figure 12 S14 of 82123--S8chaefer Road over I-96 (Jeffries
Freeway). Pictures Taken in 1991.
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This structure has a relatively high traffic volume compared to the other
structures in this project. Spalls and delaminations cover slightly more area
on the uncoated reinforcement spans, although the differences are not great
(roughly one percent). These differences may be, at least, partly due to the
slightly greater depth of clear cover; on average, over the galvanized spans.

The area of the span with galvanized reinforcement that had some
uncoated reinforcement added to the top mat during construction did not
show any worse performance than the remainder of the span.

Meyers Road

This structure may be viewed in the pictures in Figure 13. Primary data
for this structure are contained in Figure 4 and Tables 8 and 9.

Half-cell potential data suggest corrosion activity was high for both the
galvanized and uncoated reinforcement spans initially. This activity appears
to have subsided for the next several years, gradually built up intensity, then
subsided once more, and built up intensity again for the final set of readings.
Half cell potentials are, on average, slightly more negative for the uncoated
reinforcement spans.

The core data indicate that for roughly comparable ‘conditions, the
galvanized reinforcement is performing better than the wuncoated
reinforcement for both cracked and uncracked concrete.

This structure has the smallest amount of traffic compared to the other
structures in this project. Spalls and delaminations cover essentially equal
areas for both the galvanized and the uncoated reinforcement spans.

Wyoming Avenue

This structure may be viewed in the pictures in Figure 14. Primary data
for this structure are contained in Figure 5 and Tables 10 and 11.

The half cell potential data suggest that the galvanized reinforcement
spans had more initial corrosion activity than the uncoated reinforcement
spans. The activity subsided for a year or two for both types of reinforcement
and then started increasing again. Half-cell potentials see-saw in-value several
times for both the galvanized and the uncoated reinforcement spans. For this
structure the half-cell potentials are, in general, more negative for the
galvanized spans.

The core data indicate that the galvanized reinforcement is, in general,
holding up better than the uncoated reinforcement.
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A, Looking South--Part of 8pan 4 and Span 3
(Uncoated Reinforcement) in Foreground and
Spans 2 and 1 (Galvanized Reinforcement-
=Top Mat Only) in Background.

Figure 13 817 of 82123--Meyers Avenue over I-96 (Jeffries
Freeway). Pictures Taken in 1991.
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RESERRCH PROJECT 73F-131--EPOXY RESIN COATED REINFORCED CONCRETE BRIDGE

DECKS STRUCTURE S13 OF 81103--CURTIS ROAD OVER I 75 EA
ST OF ANN ARBOR SPAN 1--UNCOATED REINFOR
CEMENT SPAN 4--GALVANIZED REINFORCEMENT

1 SOUTH BOUND10/24/8410 5
.32.34.31.31.28
.19.25.24.25.22
.20.27.19.24.18
.28.30.24.23.19
.22.26.24.23.22
.24.42729.21.22
.24.28.25.24.21
.23.35.25.22.20
.24.40.01.13.22
.29.38.09.15.19
~Z

Figure 15 Sample Computer Input Giving Deck Information and Half Cell Values
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This structure has a relatively large amount of traffic compared to the
other structures in this project. Spalls and delaminations cover slightly more
surface area on the galvanized than on the uncoated reinforcement
spans although the differences are not great. Clear cover depths over the
galvanized reinforcement are, on average, between those over the uncoated
reinforcement.

Combined Structure Assessment

~Several noteworthy points are evident from the individual structure
assessment.

The first point of interest is the large variation-in the half-cell values from
one year to another and from one span to another. This effect is further
demonstrated in the half-cell potential maps and cumulative frequency plots
in Appendix B. Also the half-cell potentials above core locations do not
correlate well with the extent of corrosion on the reinforcement taken from
the core. Both of these problems are most likely related to the fact that half
cell potentials, at best, are an instantaneous measure of corrosion; one set of
readings cannot tell the whole story when sites of corrosion and corrosion
intensity of any given site can shift with time. Overall, the half cell potential
has probably been given more credit than it deserves as a technique for
locating corrosion.

Based on the extensive shifting of half-cell values, it would not seem wise
to use a one time reading of these values as a criterion for either

locating or determining the extent of concrete removal during repairs as some
sources have recently recommended.

The second point of interest is the relative lack of difference in actual
bridge deck deterioration associated with the type of reinforcement used. The
galvanized reinforcement did appear to perform better, at the reinforcement
level, when other variables. (i.e. depth of clear cover, salt content, presence or
absence of cracking, etc) were constant. The most important test criterion,
overall deck performance (i.e. spalls and delaminations), did not show a
significant difference.

An additional item of interest is-the relative ‘lack of corrosion for some
reinforcement in cored specimens even though the chloride levels are much
higher than the published corrosion threshold level of roughly 1 ib/eu yd.
Several factors probably contribute to this effect. One is simply that the
threshold level is just that. Corrosion may occur at this concentration level,
but is not guaranteed to do so everywhere this level exists. Another factor is
that the other ingredients necessary for corrosion (i.e. moisture and air) may
not be readily available. The relative lack of corrosion that occurs for the
specimens in uncracked concrete with relatively high salt concentrations
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(i.e. up to 5-7 Ibjcu yd) suggests as much. In almost all cases where the
concrete is cracked relatively high corrosion rates go along with high salt
concentrations.

Another item of interest is the significantly lower salt concentrations for
the cores that were taken at "random" locations. These cores were, in general,
taken at locations well removed from deck cracking, whereas the other cores
were specifically taken at cracks or areas of high half-cell potentials, which
were, typically, adjacent to existing cracks. There is at least some suggestion
in these data that the concrete on these structures would keep the
salt/moisture concentrations to a suitable level for a much longer time if
cracking did not exist to help the salt/moisture penetrate to the reinforcement
level. This idea is further reinforced by the fact that the delaminations on all
of these structures were located adjacent to pre-existing cracks.

Extrapolation of these data, given the lack of delaminations away from
preexisting cracks, suggests that concrete bridge deck life might be greatly
extended by either the elimination of deck cracking or periodic remedial
repair of the deck cracks. Whether or not this life extension would be
profitable would depend on the amount of cracking present and the expense
necessary to either eliminate or repair the cracking,

Also of significance is the relatively good performance of the uncoated
reinforcement spans "of these structures after roughly 20 years. This
demonstrates that with appropriate depth of clear cover (roughly 3" for these
decks) and reduced water/cement ratio (roughly .44 for these decks), even
uncoated reinforcement can perform satisfactorily in Michigan’s deicing salt
environments for a substantial length of time. Based on the results of MDOT
Research Report R-1320, one would expect roughly a four-fold increase in
deck life for these particular decks over the decks of the late 1950s and early
1960s that were only lasting five to six years. Doubling the depth of clear
cover roughly doubles the time that it takes chlorides to reach the
reinforcement. Reducing the water/cement ratio from roughly .45-.50 to .44
also increases the time that chlorides take to reach a certain level. Combining
these two factors, one would expect these experimental decks to hold up
satisfactorily for the length of time that they have.

One last item requiring additional mention is the apparent equal
performance, at the deck level (i.e. spalls and delaminations), of the uncoated
and galvanized reinforcement. While galvanizing sacrificially protects the
metal that it coats, it does this by corroding itself. Further, the corrosion
products of galvanizing, typically, occupy more volume than the zinc that is
replaced. Some of these corrosion products can be soluble when the concrete
pH is still high (i.e. greater than roughly 12.5) and may be able to migrate
through the concrete pore structure. Others can form an insoluble layer that
is also an electrical barrier that can make further corrosion at a particular site
less likely. Once the zinc in a given area is lost, the iron underneath can start
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to corrode, however. While a number of things can happen when zinc
corrodes, in the final analysis it would appear that sufficient oxide is being
formed to result in the same delaminations that occur with uncoated
reinforcement and on roughly the same time schedule.

While this analysis appears valid for the structures involved in this project,
some additional factors may come into play on other structures. For these
structures, the water/cement ratio (i.e. roughly .44) is probably indicative- of
a relatively impermeable concrete that might not allow the corrosion products
to migrate through the concrete. More permeable concretes, which
unfortunately would probably not be compatible with the freeze/thaw
requirements of our Michigan climate, might allow migration of some
corrosion products without significant build-up of internal pressures.
Galvanizing might work in more porous concrete mixes in warmer climates
(i.e. like the bermuda example given earlier that helped to start the
experimentation with galvanized reinforcement) where salt is still a problem,
but freeze/thaw durability requirements are not.

These structures also had clear cover of from roughly three to four inches.
With the depth of the reinforcement and the relative lack of porosity in the
concrete of these decks, chloride levels at many sites removed from cracking
are just finally starting to exceed threshold levels. In these areas, galvanizing
may prove to be more valuable given its ability to withstand higher chloride
levels and lower pH’s than uncoated reinforcement before it starts to corrode.
At crack locations where the crack goes all the way to the reinforcement, the
zinc coating does not have as much of an advantage since the chloride and pH
levels will change much more rapidly eliminating much of the time advantage
that may be present for galvanizing at locations distant from the cracks.

Epoxy Coated (73 F-131)
Initial Details

Specifications for the coating thickness of the galvanized reinforcement
were the same as for Research Project 68 F-103, with the same result. Zinc
coating thickness was roughly twice as thick as required. The material
specification for the epoxy coatmg thickness required 7 mils + 2 mils with no
exclusion for individual spccunen While average thicknesses fell within this
range, some individual specimens fell below this requlrement (See Figures 6-8
for. zinc and epoxy coating information).

Figures 6-8 also detail the configurations of these experimental bridge
decks, as well as the concrete cover depths over the experimental
reinforcements.

Concrete mixes used on each of these decks are also detailed, to the

extent possible, in Table 1.’

- 60 -



Structure Assessment

Each structure is discussed individually, since performance differences
would be expected to be most readily detectible for a given structure.
Differences between the environment of individual bridges will, in general, be
greater than the differences between individual spans of the same structure.
For these structures size differences between the spans, as well as the
presence of cantilevered expansion joints on some spans, complicate
comparisons between spans, however.

Half-cell readings could not be taken for any of the spans with epoxy
coated reinforcement due to the electrical barrier created by the epoxy
coating.

Curtis Road

Primary data for this structure are contzined in Figure 6 and Tables 12
and 13.

TABLE 12 SUMMARTY OF HALF-CELL READINGS FOR CURTIS ROAD

Half-cell values suggest that the galvanized span, compared to the
uncoated reinforcement span, may have had higher corrosion activity the first
year, followed by less corrosion activity the second year, and then higher
corrosion activity for subsequent years. Relatively pure zinc in the outermost
layers of the galvanizing, however, could also produce the observed differences
in half-cell values.

Reinforcement condition at crack locations with relatively high salt content
was worst for the uncoated reinforcement and best for the epoxy coated
reinforcement with the palvanized reinforcement being intermediate (see
Table 13).
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Spalls and delaminations were negligible for this structure.
Napier Road

Primary data for this structure are contained in Figure 7 and Tables 14
and 15.

Half-cell values suggest that the uncoated reinforcement span, compared to
the galvanized span, may have had higher corrosion activity the first several
years but less corrosion activity for the remaining six years for which
measurements were made,

Reinforcement condition at crack locations with intermediate salt content
was worst for the uncoated reinforcement and best for the epoxy coated
reinforcement, with the galvanized reinforcement being intermediate. The salt
content around the epoxy coated reinforcement was much lower, however,
than around the other reinforcements.

Spalls and delaminations were negligible for this structure.

— — ———

TABLE 14 SUMMARY OF HALF-CELL REATHNGS FOR NAPIER ROAD

Hall-cell data are
expressed as the percent
of the total span data
tha falls within the

- indicated rangs of
wvalues, Thense ranges,

<-20 but >-35 -
<OMTOsioN unceTisin
<-35 - 9 percent
chance of corrosion

Post Road

Primary data for this structure are contained in Figure 8 and Tables 16
and 17.
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TABLE 16 SUMMARY OF HALF-CELL READINGS FOR POST ROAD

Half-cell values suggest that the uncoated reinforcement span, compared
to the galvanized span, may have had less corrosion activity for all of the years
that measurements were taken except for the second year when corrosion
activity may have been roughly the same.

Reinforcement condition at crack locations that had relatively low salt
content was best for the uncoated, galvanized reinforcement, and the 3M
epoxy coated reinforcement (i.e. these cracks did not extend to the
reinforcement) and worst for the Cook’s epoxy coated reinforcement. The
uncoated reinforcement had a much greater depth of cover and lower salt
content of its surrounding concrete than the other test materials, which would
help to explain its superior performance for this structure. The Cook’s epoxy
also performed worse than the other epoxy coatings in our simulated bridge
deck slabs (MDOT Research Report R-1320).

Spalls and delaminations were negligible for this structure.
Combined Structure Assessment

The relative performance of the reinforcement alternatives used in these
decks suggests that the epoxy coating, with possibly the exception of the
Cook’s epoxy, is superior to both the galvanized and uncoated reinforcement
at locations were cracks have accelerated the increase of the chloride content
of surrounding concrete. While the core data suggest that the longer term
performance of the spans with epoxy-coated reinforcement will, in general, be
superior, this is not fully guaranteed.
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General observation of the epoxy coated reinforcement removed in the
experimental cores revealed that the epoxy does not adhere well to the
reinforcement. While the concrete was still moist, exposed sections of the
epoxy coatings could be removed quit easily from the bars (i.e. a fingernail
was usually sufficient). If this type of performance is prevalent in the epoxy
coated reinforcement in these decks, holidays in the coatings once found by
deicing salts might allow corrosion to progress along the reinforcement under
the coating more easily than can occur for uncoated reinforcement.

When even the uncoated reinforcement spans are not showing any
‘significant deterioration at the deck level, it is difficult to make guesses about
how well the various alternatives will perform. For the structures used in the
F-103 project, (i.e. uncoated vs. epoxy coated reinforcement) superior
performance at the reinforcement level did not equate with superior
performance at the deck level; spalls and delaminations are essentially equal
for these experimental spans and the same or worse is possible for this
project.

Further examination of these decks would be necessary over the next five
or so years to determine what will finally happen. While these decks might
not be directly indicative of our newer decks, which now use "new and
improved" epoxy coatings, continued observation would be of interest in terms
of having a handle on how our other decks using these older coatings may end
up performing. Since these are some of our oldest decks with epoxy coated
reinforcement, they might function as a barometer to help predict what will
happen on our other decks using older epoxy coatings.

While there was some concern initially that there might be a reversal of
the usual anode/cathode macrocell pattern for the decks in this project, this
does not appear to be the case. A reversal might have occurred if less salt
reached the top of the deck than was thrown up and absorbed on the bottom
of the deck. These bridge decks are, typically, on low traveled roads over a
heavily traveled roadway, making anode/cathode reversal a valid concern when
the cover over the top mat (from above) is almost twice the cover of the
bottom mat (from below). The underside of all inspected decks, however,
showed no evidence of unusual cracking or spalling that could be attributed
to corrosion of the bottom mat of reinforcing steel.

Project Extension

For the nine additional structures, built between 1977 and 1982, there is
insufficient data to justify discussing the structures individually. They are
instead discussed in two groups--those with epoxy-coated reinforcement in the
top mat only and those with epoxy-coated reinforcement in both top and
bottom mats.
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Data for the five "new" bridges with epoxy coated reinforcement in the top
mat only are given in Table 18. The core data for these structures indicate
that there has been some rusting of the reinforcement of these decks. The
extent of rusting appears to be related, in general, to the level of chloride in
the concrete and whether or not a crack is present. Two decks with chloride
levels below 1.4 and 2.6 Ibs/cu yd, respectively, and no cracks at the core sites
had no core specimens with reinforcement corrosion.

Data for the four "newer" bridges with epoxy-coated reinforcement in both
the top and bottom mats are given in Table 19. The core data for these
structures indicate that there has been very little rusting, even though chloride
levels are, in some cases, as high or higher than those for the structures with
epoxy-coated reinforcement in the top mat only and cracks extend to the
reinforcement level.

The epoxy-coated reinforcement froim the decks with coated reinforcement
in both the top and bottom mats appears to be performing better than the
epoxy coated reinforcement with coated reinforcement in only the top mat.
There are several possible factors at work.

The reinforcement in the decks with coated reinforcement in only the top
mat may be experiencing greater corrosion because of the larger available
surface of the uncoated reinforcement in the bottom mat, which may function
as a relatively large cathode to accelerate corrosion in the top mat anodes.
This is the most likely, but not necessarily the only, factor at work.

The decks with coated reinforcement in both top and bottom mats are, on
the average, about five years younger and simply may not have had the time
necessary to corrode as much. Alternately, there may be differences in the
quality of the epoxy coatings or epoxy-to-reinforcement bond in the different
decks. - :

ECONOMICS

A comparison of the material costs for each of the three types of
reinforcement reveals that uncoated reinforcement costs approximately $0.58
per pound, galvanized reinforcement $1.20 - $1.80 per pound, and epoxy
coated reinforcement $0.65 - $0.70 per pound. Thus, reinforcement costs for
an average 10,000 sq ft bridge deck, containing 72,000 Ibs of reinforcement,
would be $41,760 for uncoated reinforcement, $90,000 - $129,600 for
galvanized reinforcement, and $46,800 - $50,400 for epoxy coated
reinforcement.
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The initial cost difference between uncoated and epoxy coated
reinforcement is $0.07 - $0.12 per pound, or $5,040 - $8,640 for a 10,000 sq
ft bridge deck. If the life of the structure can be extended by only a few years,
the life-cycle cost of using epoxy coated reinforcement will actually be less
than that of using uncoated reinforcement.

Among the options evaluated in these projects, the economics favor the
use of epoxy coating. For the small cost differential between uncoated
reinforcement and epoxy-coated reinforcement, the epoxy coating will
probably more than pay back its initial investment. The same cannot, however
be said for galvanizing. Based on the very similar performance of galvanized
and uncoated reinforcement in overall deck performance to date, the use of
galvanized reinforcement would probably not be economically justified when
there is any significant cost differential between galvanized and uncoated
reinforcement.

CONCLUSIONS

The objectives of the 68 F-103 and 73 F-131 research projects were to
compare the long-term performance of galvanized and epoxy coated
reinforcing steel with uncoated reinforcement, as well as the effect increased
concrete cover and concrete mix design might have on the life of reinforced
concrete bridge decks. Only the long-term performance on the reinforcement
alternative is discussed in this report. Information regarding the effects of
concrete cover and concrete mix design are discussed in MDOT Research
Report R-1320.

Half-cell data from both projects suggest that such information is very
limited in predicting location and extent of corrosion in bridge decks when
only one set of readings is used, but'may be more useful if- multiple readings
over time are available.

Galvanized (68 F-103)

Galvanizing offers superior corrosion protection of the reinforcement
compared to uncoated reinforcement at similar levels of chloride penetration
and circumstances (i.e. presence or absence of cracking). While galvanizing
will apparently help the reinforcement in the top mat retain full cross-section
for a longer period of time, this performance advantage is of questionable
value when deck performance is not improved.

Galvanizing did not appear to improve the overall performance of the
experimental decks. Spalling and delaminations covered essentially identical
surface areas on both uncoated reinforcement and galvanized reinforcement
spans for all experimental structures.
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Given the current cost differentials and the extent of- performance
advantages offered by galvanized reinforcement, galvanizing of concrete
reinforcement does not appear to be cost effective.

Epoxy Coated (73 F-131)

Epoxy coating appears to offer superior corrosion protection of the
reinforcement when compared to galvanized and uncoated reinforcement
under similar exposure conditions.

Galvanized reinforcement did not appear to corrode as much when
compared to uncoated reinforcement under similar exposure conditions.

No spalls or delaminations were present on these experimental structures,
so no firm conclusions can be drawn regarding how well the different test
alternatives will perform in this important performance area.

Project Extension

Differences between the corrosion performance of the epoxy coated
reinforcement in these decks suggest that there is superior performance under
similar conditions when both top and bottom mats are epoxy coated. Since
no spalls or delaminations were present on any of these structures no firm
conclusions can be drawn regarding how much coated or uncoated bottom
mats may eventually influence this important performance area.

RECOMMENDATIONS

The current MDOT Guidelines and Procedures, which recommend the use
of epoxy coated reinforcement in both the top and bottom mat of reinforcing
steel, probably represents the most cost-effective corrosion protection of steel
reinforcement currently available. For the present time the use of these
guidelines, as written, should continue in combination with three-inch clear
cover.

Galvanized concrete reinforcement is not recommended for use in
Michigan’s highway structures.

The performance of epoxy-coated reinforcement as well as possible
alternative corrosion protection methods (i.e. modifications to the
reinforcement--different coatings or reinforcement materials and modifications
to the concrete that affect its porosity, shrinkage, or resistance to cracking)
should continue to be evaluated. Continued examination of alternatives will
help to ensure that the Michigan Department of Transportation implements
the most cost-effective corrosion protection methods available.
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The following list details some of the changes that were made to the
Michigan Department of Transportation Bridge Design Manual between 1975
and the present that relate to measures taken to help prevent early
deterioration of reinforced concrete.

1) December 1975 - Increase clear cover over the top mat of
reinforcement to three inches. Introduction of the use of epoxy coated
reinforcement into the top mat of all bridge decks.

2.) April 1980 - Use of epoxy coated reinforcement in the traffic facing
side of the traffic barrier.

3.) October 1980 - Use of epoxy coated reinforcement in the top and
bottom mats of all bridge decks.

4.) December 1980 - Use of epoxy coated reinforcement for all super-
structure reinforcing steel. '

5.) November 1980 - Use of latex overlays on all new bridge decks.

6.) March 1983 - Use of latex overlays on new bridge decks, but only in
heavily travelled metropolitan areas.

7.) January 1984 - Epoxy coated reinforcement required in prestressed I
beams.

8.) February 1984 - Only reinforcement extending into the deck will be
epoxy coated for prestressed I beams.

9.) June 1984 - Depressed highways will use epoxy coated reinforcement
in the face mat of abutments and retaining walls and all pier steel above the
footing.
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Sample half cell plots and cumulative frequency distributions are given in
the following pages for northbound span 2 (gaivanized - top mat only) and
northbound span 3 (uncoated reinforcement) of Grand River Avenue over
I-96. Comparing the half cell values on a given span over time one will see
shifts with respect to magnitude of half cell values and shifts of location of
peak half cell values. These spans represent relatively typical cases; more
extreme examples could have been used. While the combined trends of all of
the readings probably conform fairly well with the cumulative corrosion in the
deck, any one set of readings is much less likely to.
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Appendix B (Continued) Page 05
Grand River Avenue--North Bound Span 2 (Galvanized--top mat only} Cumulative Frequency Distribution
Data Taken 09/26/73
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Half Cell Equipotential Plot

pan 2 (Galvanized--top mat only)
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Appendix B {Continued}
Grand River Avenue--North Bound Span
Data Taken D6/19/74
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Appendix B (Continued) ‘ Page 09
Grand River Avenue--North Bound Span 2 (Galvanized--top mat only) Cumulative Frequency Distribution
Data Taken 06/18/75
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Page 10

Half Cell Equipotential Plot

Grand River Avenue--North Bound Span 2 (Galvanized--top mat only)

Appendix B {Continued}
Data Taken 09/22/76
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Appendix B {Continued) Page 11
Grand River Avenue—-North Bound Span 2 (Galvanized--top mat only) Cumulative Frequency Distribution
Data Taken 08/22/76
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Appendix B {Continued}

Grand River Avenue--North Bound Span 2 (Galvanized--top mat only)

Data Taken 08/09/78
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Appendix B (Cantinued) ) Page 13
Grand River Avenue--North Bound Span 2 (Galvanized--top mat only) Cumulat ive Frequency Distribution
Data Taken 08/09/78
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Appendix B {Continued) ' Page 14
Grand River Avenue--North Bound Span 2 (Galvanized--top mat only) Half Ce}l Equipotential Plot
Data Taken 10/19/79
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Appendix B (Continued) : Page 15
Grand River Avenue--North Bound Span 2 {Galvanized--top mat only) Cumulative Frequency Distribution
Data Taken 10/19/79
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Appendix B {Continued} Page 17
Grand River Avenue--North Bound Span 2 (Ga]vanIzed—-top mat only) Cumulative Frequency Distribution
Data Taken 08/28/80
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Appendix B {Continued) Page 18
Grand River Avenue--North Bound Span 2 {Galvanized--top mat only) Half Cell Equipotential Plot
Data Taken 09/22/81
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Appendix B (Continued} Page 19
Grand River Avenue--North Bound Span 2 {Gaivanized--top mat only) Cumulative Frequency Distribution
Data Taken 09/22/81
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Grand River Avenue--North Bound Span 2 (Galvanized--top mat only)

Appendix B ({Continued)
Data Taken 10/28/82
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Appendix B (Continued)
Grand River Avenue--North Bound Span 2 (Galvanized--top mat
Data Taken 10/28/82

STATISTICAL DATA & HALF CELL FREQUENCT DISTRIBUTION
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Half Cell Equipotential Plot

Grand River Avenue--North Bound Span 2 (Galvanized--top mat only)

Appendix B (Continued}
Data Taken 10/10/84
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Appendix B (Continued)
Grand River Avenue--North Bound Span 2 (Galvanized--top mat only)

Data Taken 10/10/84
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Half Cell Equipotential Plot

Grand River Avenue--North Bound Span 2 {Galvanized--top mat only)

Appendix B {Continued)
Data Taken 09/05/86
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Appendix B (Continued} Page 25

Grand River Avenue--North Bound Span 2 {Galvanized--top mat only)} Cumulative Frequency Distributi
Data Taken 08/05/86 Y 4 y Histribution
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Appendix B {Continued} . Page 26
Grand River Avenue--North Bound Span 2 (Galvanized--top mat only) Half Cell Equipotential Plot
Data Taken 07/10/91 :
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Appendix B {Continued) Page 27
Grand River Avenue--North Bound Span 2 (Gaivanized--top mat only} Cumulative Freguency Distribution
Data Taken 07/10/91
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Appendix B {Continued) . Page 28
Grand River Avenue--North Bound Span 3 {Uncoated Reinforcement) Half Cell Equipotential Plot
Data Taken 09/12/72
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Appendix B {Continued) Page 29

Grand River Avenue--North Bound Span 3 (Uncoated Reinforc t) - 1 i i
Data Take 00yearaz ement ) Cumulative Frequency Distribution

LTI T L L T T Y A TR T T AT e EE #2 P AN P WA BE 4D ed -'?  ew LIRNT RFT IN YON TR TR Y BT S 0 OF BF e T PN Es an am [=]
7 =}
g v I
I
v 1
1
4 »
“
s )
(")
e H E
= 1
E e
= 13
Lo
=
g T O OOV SOV IO IR .
g - g
= -y
L]
-
- g
_- -
™~
o
tl -y
% W oae me f te e ee e b be ee ke e e e L I I BT B | BT T T | U .
= - g
-
=
=] -
E
Y
m -h ~
E
-h
e &
=
- VU VRSV SVUVVVEVEURTTE I | UV I .
‘i‘ 5 -5 2
E -
E -
-l [
o - g
[T -
g -
w O OV PSPV (VU SV £ STV SR .
ot B 8
ey,
‘NE -
=3
[=] -
gg
gz
S¥n ot &
2'— -
]
¢l—s
—_ - p—~—
VT TR VE VRN DR VU DT RS .
=2
Ly =
v - g
= - &
o Wl
w - » E
A g
* i
[ - =
=
g - g
[ ae e aa R R R R R T T T T T I VT T T e T T TR P PR T TR, - &
ﬁ - (=)
vy -y
g
o
(=] -
. .
Wy
g . "
(=] oy
-
z 3 -
- E Y [PV pR VPTG RTINSV P
=
L]
2 o
o = “
E o= =
(%)
a 4 - CH
g
& “
&
- ﬂ -h
- SR SRV VRNV SOV (ORI - SRR (TR .
Lt s Q2
sﬂ) S - [
¥R E
828 E “
E°s 2
= -
- -l
g 2
L
- 3 [%) -
[-N-R"%] It
F g -h
BEE B vl vvmmmnnnand mn i wf e | e o
i sl—l w -
g== £ -
i [*8)
gz 2 “
u.zﬁ E
- .
csa ; 3
Su.E > -
w (=)
M .
gt SR D RUNUUIE EVUTRRYSRRRUTUNS SRR SRR SR 2
-
. = [=] =] o=
B5d g 8 g g 2 B 8 = g

e W FEY T O O o Ld 3 e bt o L) — T A=)



Page 30

HOI133S “IWANIWIY3JXd 4O ONI hWOWd 1334

T

Half Cell Equipotential Plot
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Grand River Avenue--North Bound Span 3 (Uncoated Reinforcement )

Appendix B (Continued)
Data Taken 09/26/73

£ 2ZE ~1 = 62 RN 82" 52" A S e i1
: et : - T, : RN \ RN : :
u " N i N RN
\-M_-...rl.. . JI...."_ R o — e, . \ m.....-nu_
: H 1 ¢ d : N H
T . 3 M H N
: : : N F -
o ¥e ¥e £€ mm.z o) ppemtl z¢ A
i v L\u fu-...\\ :”. : .__ H
H : s
H M |
LoomH, H
M \\\: \ :
: : : At P : Pl \ :
e 1e” 1e- £ gp-A g £ I
£L/92/60 NIIVL VIV £ NvdS 30 53NV ESQQ, HLHON ¥0J SIABND TWILNILOJINDI
Ty SE° Q0E” sZ° - VA ANIMTIBOINITY QILVOIHA-—+ B € SNVAS INIWIONOINIAN OIZINVATYI-——2 9 T SWWdS
3 N 1 r T0GHAS {96 1) AvmIddd SATAJIAC HIAD IANIAY MIAIM QHS—-€2128 40 9IS JuNLNULS

3931 INWA TILNILO4INDI

" §303G 390JY8 31IWOHOD Q3JHOJNIIN TIIAS QIZINVATYO--E0T-3489 1DIr0NS HOUVIASTH

[AR-—0-3.-]

Lxox

1
3
3
El



Appendix B (Continued} Page 31
Grand River Avenue--North Bound Span 3 {Uncoated Reinforcement) Cumulative Frequency Distribution
Data Taken 09/26/73
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Appendix B {Continued)
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Appendix B (Continued) Page 33
Grand River Avenue--Korth Bound Span 3 (Uncoated Reinforcement) Cumu tative Frequency Distribution
" Data Taken D6/19/74
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Appendix B {Continued)
Data Taken 06/18/75
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Appendix B (Continued) : Page 35
Grand River Avenue--North Bound Span 3 {Uncoated Reinforcement) Cumulative Frequency Distribution
Data Taken D6/18/75
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Appendix B {Continued}

Grand River Avenue--North Bound Span 3 (Uncoated Reinforcement)

Data Taken 08/22/76
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Appendix B ({Continued} Page 37
Grand River Avenue--Horth Bound Span 3 (Uncoated Reinforcement) Cumulative Fregquency Distribution
Data Taken 08/22/76 :
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Appendix B (Continued)
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Appendix B {Continued) ’ Page 39
Grand River Avenue--North Bound Span 3 (Uncoated Reinforcement) Cumulative Frequency Distribution
Bata Taken 08/09/78
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Appendix B {Continued) Page 41
Grand River Avenue--North Bound Span 3 (Uncoated Reinforcement) Cumuiative Frequency Distribution
Data Taken 10/19/79
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Page 42

Haif Cell Equipotential Plot

pan 3 (Uncoated Reinforcement)

Grand River Avenue--North Bound $

Appendix B (Continued)
Data Taken (8/2B/80
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Appendix B {Continued) Page 43
Grand River Avenue--North Bound Span 3 (Uncoated Reinforcement) Cumulative Frequency Distribution
Data Taken 08/28/80
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Half Cell Equipotential Plot

Grand River Avenue--North Bound Span 3 {Uncoated Reinforcement)

Appendix B {Continued)
Data Taken 08/22/B1
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Appendix B {Continued} Page 45
Grand River Avenue--North Bound Span 3 {Uncoated Reinforcement) Cumulative Frequency Distribution

Data Taken 09/22/81
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Page 46

Half Cell Equipotential Plot

}

Grand River Avenue--North Bound Span 3 (Uncoated Reinforcement

Appendix B {Continued)
Data Taken 10/28/82
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Appendix B (Continued) ‘ Page 47
Grand River Avenue--North Bound Span 3 (Uncoated Reinforcement) Cumulative Frequency Distribution
Data Taken 10/28/82
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Appendix B {Continued)
Data Taken 10/10/84
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Appendix B {Continued} Page 49
Grand River Avenue--North Bound Span 3 {Uncoated Reinforcement) Cumulat ive Fregquency Distribution
Data Taken 10/10/84 '
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Page 50

Half Cell Equipotential Plot

pan 3 {Uncoated Reinforcement)

Appendix B {Cont inued}
.- Grand River Avenue--North Bound §

Data Taken 09/05/86
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Appendix B ({Continued) ' Page 51
Grand River Avenue--Korth Bound Span 3 {Uncoated Reinforcement) ‘Cumulative Frequency Distribution
Data Taken 09/05/86
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Appendix B (Continued) Page 53

Grand River Avenue--North Bound Span 3 (Uncoated Reinforcement) Cumuiative Frequency Distribution
Data Taken 07/10/91
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APPENDIX C



Drawings of all of the experimental bridge decks with dated indications of
deck cracking, spalls, and delaminations are presented in the following pages.
Lines represent cracks, open circles represent delaminations, and shaded
circles represent spalls.
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