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FOREWORD

Cathodic protection (CP), the technology used to mitigate corrosion of metals embedded in concrete, is
the only rehabilitation technique that has been proven to stop corrosionin salt-contaminated bridge
decks regardless of the chloride content of the concrete. This technology is based on the principle of
gpplying an externd source of current to counteract the interna corrosion current produced in
reinforced concrete components. During CP, current flows from an auxiliary anode materia through
the dectrolyte (concrete) to the surface of the reinforcing sted.

Various materids in various configurations are used as auxiliary anodes for CP resulting in various types
of CP sysems. The sdlection of the anode materid and its configuration is paramount to the success of
the syssem. The primary objective of this 5-year sudy was to determine the effectiveness of various
materials and configurations when they are used as auxiliary anodes on highway structures during a
long-term evauation.

The findings of the Sudy summarize the protection provided by the systems evduated and estimate the
expected sarvice life for the anode materias in smilar environments. This report will be of interest to
engineersinvolved in bridge design, bridge performance evauation and prediction, and bridge
maintenance and rehabilitation.

T. Paul Teng, PE.
Director, Office of Infrastructure
Research and Devel opment

NOTICE

This document is disseminated under the sponsorship of the Department of Transportation in the
interest of information exchange. The United States Government assumes no liability for its contents or
use thereof. Thisreport does not congtitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers. Trade and

manufacturers names appear in this report only because they are considered essentid to the object of
the document.
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EXECUTIVE SUMMARY

Cathodic protection (CP) is a technology used to mitigate corrosion of metals embedded in concrete.
Based on extensive Government and private industry research, the Federa Highway Adminigtration
(FHWA) concluded that CP is the only rehabilitation technique that has been proven to stop corrosion
in salt-contaminated bridge decks regardiess of the chloride content of the concrete. This technology is
based on the principle of applying an externa source of current to counteract the interna corrosion
current produced in reinforced concrete components. During CP, current flows from an auxiliary
anode materid through the eectrolyte (concrete) to the surface of the reinforcing stedl.

Vaious materids in various configurations are used as auxiliary anodes for CP, resulting in various
types of CP systems. The selection of the anode materia and its configuration is critica to the success
of the sygem. The primary objective of this study was to determine the effectiveness of various
materias and configurations when used as auxiliary anodes on highway structures during along-term
evauation.

Twenty highway structures (19 bridges and one tunnel) protected by one or more CP system(s) were
included in this study. The structures were located in 11 States and one Canadian Province. These
structures were protected by atotal of 19 impressed-current and 5 galvanic CP systems. The following
types of systems were monitored for a period of 5 years:

1. | mpressed-current:
(b) Arc-sprayed zinc
(© Zinc gripes
(d) Titanium mesh
(e Titanium ribbon
@ Arc-sprayed titanium
()} Conductive coating
(h) Conductive polymer dotted
0] Conductive polymer mounded
0] Conductive coke asphalt

2. Gavanic cathodic protection systems:
a) Arc-sprayed zinc
b) Expanded zinc mesh
) Zinc foil with adhesive

Based on the age of the system, three to eight eva uations were planned for each Structure. Most of the
structures were selected by FHWA based on previous studies performed under the Strategic Highway
Research Program (SHRP). Additional structures were added to the program as they became known
to the research team. Structures that could not be properly evaluated were excluded from the study.

Vi



This study was funded under the continuation of the SHRP program.

Findings

A summary of the findings of this sudy is presented in tabular form below. Thefirst four columns
provide information on the systems evaduated in this sudy. The fifth column provides arating for the
protection provided by the systems (i.e., excdllent, good, fair, or poor). Based on the results of this
study and the experience of the authors, an estimate of expected service life for the anode materiasin
amilar environmentsis presented. In this summary, the protection provided by the system is based on
the actual operation of the systlem. On some structures, the systems were operated at insufficient output
current and this resulted in poor performance. If these system had been operated at higher output
currents, their performance would have been rated higher.

Tablel. Summary of findings

Anode Material & Environment | No. of | Ageof Protection Estimated
Configuration Systems | Systems Provided ServicelLife

(years) (years)

Impressed-current Cathodic Protection Systems

Arc-sprayed zinc Semi-marine & 2 2 Poor® 10to 15

deicing

Arc-sprayed zinc Marine 1 Excellent 7to12

Arc-sprayed zinc Deicing 1 Not determined® 10to 15

Titanium mesh Deicing 3 6to 12 Excellent >25

Titanium mesh Marine 1 Excellent >25

Titanium ribbon Deicing 1 Excellent 15t0 25

Arc-sprayed titanium Semi-marine & 1 Poor® Not determined®

deicing

Arc-sprayed titanium Marine 1 1 Poor Failed in 1 year

Conductive paint Deicing 2 4109 Good 5to 10

Conductive polymer dotted Deicing 1 12 Fair 5to 10

Conductive polymer Deicing 1 15 Poor 5to 10

mounded

Coke breeze Deicing 3 5t09 Excellent 10to 15

Galvanic Cathodic Protection Systems

Arc-sprayed zinc Marine Excellent 7to 10

Zinc foil with adhesive Deicing 1 Excellent 7to 10

Expanded zinc mesh & Marine 3 Good 15t0 20

bulk

viii




1 Systems operated at insufficient current output.
@ No instrumentation installed to allow determination.
® System operated intermittently to allow proper evaluation.

1.0. INTRODUCTION

Cathodic protection (CP) is atechnology used to mitigate corrosion of metals and has been used on
ships and pipelines for many decades. Thefirst use of this technology on abridge deck dates back to
1973.9 Based on extensive Government and private industry research, the Federa Highway
Adminigration (FHWA) concluded that CP isthe only rehabilitation technique that has been proven to
stop corrosion in salt-contaminated bridge decks regardiess of the chloride content of the concrete.®
Thistechnology is based on the principle of gpplying an externa source of current to counteract the
interna corrosion current produced in reinforced concrete components. During CP, current flows from
an auxiliary anode materid through the dectrolyte (concrete) to the surface of the reinforcing sted!.

Vaious materias in various configurations are used as auxiliary anodes for CP, resulting in various
types of CP systems. The selection of the anode materid and its configuration is critica to the success
of the sysem. The primary objective of this Sudy was to determine the effectiveness of various
materids and configurations when used as auxiliary anodes on highway structures during a long-term
evauation.

The secondary objective of this research was to identify the most gppropriate |aboratory and field test
method(s) for evauating and monitoring the performance of CP systems.

Twenty highway structures (19 bridges and one tunnel) protected by one or more CP system(s) were
included in this study. The structures were located in 11 States and one Canadian Province. These
structures were protected by atota of 19 impressed-current and 5 gavanic CP systems. The following
types of systems were monitored for a period of 5 years:

1. I mpressed-current:
@ Arc-sprayed zinc
(b) Zinc gripes

(© Titanium mesh

(d) Titanium ribbon

(e Arc-sprayed titanium

® Conductive coating

()] Conductive polymer dotted
(h) Conductive polymer mounded
0] Conductive coke asphalt

2. Gavanic cathodic protection systems:
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@ Arc-sprayed zinc
(b) Expanded zinc mesh
(© Zinc fall with adhesive

Based on the age of the system, three to eight eva uations were planned for each Structure. Most of the
structures were selected by FHWA based on previous studies performed under the Strategic Highway
Research Program (SHRP). Additional structures were added to the program as they became known
to the research team. Structures that could not be properly evauated were excluded from the study.
This study was funded under the continuation of the SHRP program. Because the last ingtdlment of
funds was not available to the project, two to sSix evauations were actualy performed. When possible,
two trips were scheduled in smilar seasons to dlow a comparison of data from smilar temperature and
moisture conditions. Only sections of highway structures protected by the CP system were evauated
on each structure.

During each evduation, visud and delamination surveys were performed when possible. The operating
condition of al system components was documented and polarization and/or depolarization testing was
performed. When present, current flow in null probes and current probes was measured. Rectifier
datafor al impressed-current systems was documented on arrival and at departure from the ste.
Cores were collected during select evauations to ascertain the chloride ion content in areas protected
by the CP system. On some structures, controls were established to alow comparison between
protected and unprotected areas. In such cases, the designated control areas were surveyed for
visually observable damage and the presence of delaminations.

The ability of CP technology to stop corrosion iswell established, so the focus of this effort was to
ascertain the effectiveness of each materid and configuration to serve as an anode for CP of reinforced
concrete bridge structures. In order to evauate the effectiveness of amaterid in a particular
configuration, the desgn and ingtalation of the system were reviewed first, when available, to ensure
that flaws had not predestined the system to fail. Next, monitoring and maintenance of the system,
when available, were reviewed to ensure that the system had been operated and maintained in a manner
in which the system could be effective in mitigating corrosion.

Although a sgnificant amount of data has been collected during this sudy, andysis of the data was
limited to ascertaining the long-term performance of the CP systems. In the interest of brevity, only the
data necessary to support the findings of the study are presented in the report. Data from test methods
to ascertain the condition of system components are not provided, and only conclusions drawn from the
data are discussed. Only when such data were considered to be informative or unique were they
included.



2.0. TEST METHODS

In this study, standard test methods and generaly accepted industry practices were used in eva uating
the long-term performance of the CP systems. Under certain circumstances, some of the test methods
and practices encountered problems with implementation and data interpretation. Although many of
these issues are known to many users, very little discusson isfound in literature. This chapter ligts dl
test methods and practices used in this study and the problems encountered in their use.

Test methods and practices common to both the impressed-current and galvanic CP systems are
discussed firdt. Thisisfollowed by adiscusson of methods used for impressed-current CP systems
and gdvanic CP systems.

2.1. Test Methods: Impressed-current and Galvanic Systems

The following test methods and practices common to both the impressed-current and galvanic CP
systems are described below.

2.1.1. Visual Survey

During each evauation, avisua survey of the section of the structure or component protected by the
CP system was performed. 1n some ingtances, avisud survey of control areas set up adjacent to the
protected area was also performed. All signs of corrosion-induced damage, concrete deterioration,
deterioration of anode material, and anomalies were documented. In some structures, access was
insufficient to conduct a visua survey of the entire cathodicaly protected area. In such structures, visua
survey was limited to accessble areas. Only the results of the visud survey that impact the long-term
performance of the system being evaluated are discussed in this report.

2.1.2. Delamination Survey

Sounding techniques using a hammer or achain were used to detect delaminations or disbondment of
the protected surface. In many instances, overlays were present and the hollow-sounding areas
detected could have resulted from corrosion-induced damage or dishondment of the overlay from the
origina concrete. When possible, cores were collected to differentiate between delamination and
disbondment. The results of the delamination survey are not discussed in the report if no hollow-
sounding areas were detected.



2.1.3. Electrical Continuity Testing

Three test methods that can be used to perform dectricad continuity testing. The most commonly used
technique isthe direct current (DC) method. The other two techniques are dternating current (AC)
measurement and the haf-cell technique.

In the DC method, resistance and the voltage difference between two embedded metals are measured.
When this technique was developed, there were concerns that the resistance measured could be
impacted by currents flowing between the embedded metas. To overcome the impact of these
currents, the method requires measurement of resstance in both directions. If no currents are involved
and the meter is exclusively measuring DC resstance, the resstance in both directions would be equd.
Under generdly accepted criteriafor the test method, it is required that the resistance measured in the
two directions not differ by more than 1 ohm and the voltage difference between the two points not
exceed 1 millivolt (mV). The maximum alowable vaue of the resistance measured in each direction is
dependent on where the measurement is made. When the DC technique is used directly on exposed
reinforcement, as is the practice during congruction of the CP system or condition evauation of the
dructure, the maximum alowable resstance in each direction is 1 ohm (some in the industry use a
criterion of 3 ohms). When the technique is used in an ingtaled CP system, and the wires connected to
the system grounds and the grounds of instruments such as the reference cells, current probes, null
probes are used for the resi stance measurement, the maximum alowable resstance in the each direction
is dependent on the run of the wires.

Although the basis for the evaluation criteriafor this technique is very sound, there are exceptions, such
as when this criterion fails to detect continuity. When currents generated by various sources such as
corrosion cdls or stray currents are present in the reinforcement system targeted for testing, the DC
technique fails to detect continuity. The presence of these currents results in the measurement of

res stance and voltage representative of the eectrica network associated with the current and the
resstance of the target embedded metals. This problem is most prevaent when electrica continuity
measurements using this technique are made in structures that are cathodically protected, are
experiencing very active corroson, have the presence of stray currents, or have some internal source of
current.

In this report, the primary concern is measuring eectrical continuity of eementsin cathodicaly protected
structures that have been de-energized. When a CP system is de-energized, the cathodically protected
reinforcement is depolarizing and trying to reach a able sate. In this condition, the DC techniqueis
very prone to impact by currents generated during the stabilizing of the sysem. Some systems dabilize
very quickly and DC dectricd continuity measurements produce vaid results within hours of the
system’s being de-energized, whereas some systems take more than 24 hoursto fully stabilize. Also,
after asystem is de-energized, corrosion cells may be initiated, depending on the corrosiveness of the
environment, resulting in corrosion currents’ flowing in the target dement. When anode materids such as
zinc are used for impressed-current



systems, if they are in contact with the stedl, dthough the system is de-energized, they will form a
gavanic couple with the stedl and produce currentsin the element that impact DC measurements.

At the gtart of this study, the DC technique was used exclusvely to detect continuity of system grounds
and the grounds of embedded instruments. As unexpected results were encountered, AC and haf-cdll
techniques were used in addition to the DC measurements to ascertain the presence or lack of
continuity.

In the AC technique, only one AC res stance measurement is made between the target e ements.
Similar to the DC technique, the maximum alowable AC resistance to sgnify the presence of continuity
is dependent on where it isused. As AC currents are cagpable of shorting through discontinuities when
an gppropriate capacitance is generated across the discontinuity, the AC res stance measurement may
incorrectly identify continuity when none exigts.

The half-cell technique is based on the concept that a reference cell will measure the same potentia (of
the same target area) even when different grounds are used, aslong as these grounds are dectrically
continuous. The technique requires that the potentid of the target area not differ by more than 1 mv
when various grounds are used to measure it in order for continuity to be present between the grounds
used inthetest. Thistechnique works only if the potentid of the target areais stable and not changing
with time.

2.1.4. The AC Resistance M easurements

The AC resistance measurements between anode and system ground were used to obtain circuit
resistance of the system and to detect the presence of shorts between the anode and the embedded
stedl protected by the CP system.

The AC resistance measurements between reference cells and their repective grounds were used to
identify mafunctioning reference cdlls. When the AC circuit resstance is very high, it may be indicative
of the failure of certain types of reference cells. High circuit resstance in conjunction with no response
by areference cdl to changesin CP current indicates a malfunctioning reference eectrode. High
resistance also makes the reference cell prone to noise pick-up and makes the measurement of
accurate potentid's somewhat difficult.

The Ontario Minigtry of Trangportation, which devel oped the voltage probe, recommends the use of
AC resstance measurement between the voltage probe and the system ground, as well as the voltage
probe and the anode, to determine its religbility.

2.1.5. Chloridelon Content Analysis

Core samples were collected from protected aress of the structures during one of the evaluations.
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Powdered concrete samples were collected from various depths in the cores and andyzed for total
chloride ion content in accordance with the standard test method prescribed by the American
Association of State Highway and Transportation Officials (AASHTO) T-260®, "Sampling and Testing
for Chloride lon in Concrete and Concrete Raw Materids." The results of the chloride ion content
andyss a the sted depth, when available, are presented in the text to provide some idea of the
corrogivity of the environment in which the cathodic protection system was operating.

2.2. Test Methods: |mpressed-current Systems

When the impressed-current systems were evauated, the as-found operating parameters were
documented first. These included measuring output voltage, output current, and back € ectro-magnetic
force (BEMF). In most rectifiers, meters are provided to measure the output voltage and the output
current. An externad meter was used to verify the accuracy of the metersin each rectifier. The output
Settings of each zone in each rectifier evauated were aso documented. This was followed by the
measurement of the instant-off potentias of al embedded reference cells and voltage probes present
and of currentsin current probes and null probes. After these measurements were recorded, the
system was de-energized.

Once the system was de-energized, dl anode, system ground, reference cell, reference cdll ground, null
probe, and current probe connections, as gppropriate, were removed from terminas connected to the
rectifier and the measuring insrument circuits. Subsequently, ectrica continuity testing and AC
resistance measurements were performed.  The connections were removed from the rectifier and the
indrumentation to ensure that the internd circuits of the rectifier and the instrumentation did not impact
the results of the tests.

Upon sufficient passage of time after the system was de-energized, static potentias of al embedded
reference cells and currentsin the current probes and null probes were measured.

After dl measurements were completed, the system was re-energized and rectifier operating
parameters were documented.  Adjustments to output current or other corrections were made, when
necessary, to some systems for which permission had been obtained.

In some systems, during certain evauations, one or more circuits were found to be powered off. In
such ingtances, al data to be collected while the system was de-energized were collected and, when
possible, the system was energized. Instead of measuring polarization decay, polarization development
was measured.

2.2.1. Instant-Off Potential M easur ement

There are severd methods for measuring instant-off potentials in impressed-current systems using
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embedded or externd reference cdls. Many rectifiers are equipped with instrumentation to measure
ingant-off potentials. In this study, dl ingtant-off potentids were measured using an externad meter and
one of the following two methods.

* Pesk-hold method
* Manud current interrupt method

When possible, the accuracy of the rectifier instrumentation in measuring ingtant-off potentias was
verified by comparing the measurements made using an externd multimeter with measurements obtained
with one of the methods listed above.

Before any measurements were made, an oscilloscope was used to identify the output waveform and
detect the presence of eectrica noisein the system. When necessary, the scope-null method was used
to verify the data obtained by the peak-hold method. When noise was detected, an attempt was made
to diminate it by the use of capacitors. Sometimes we were successful in diminating the noise. When
noise was detected and could not be eiminated, the manua interrupt technique was used. Also,
rectifiers with filtered outputs and no mechanism for interruption of the current required the use of the
manua method.

2.2.1.1. Pesk-Hold Method

In this technique, the ability of the multimeter to store the highest potentia measured by a reference cell
ina1-millisecond (ms) window isused. The highest potential measured by areference cell is expected
to occur when the current in the CP system momentarily goes to zero. In arectifier with unfiltered
output, the output current goes to zero when the AC cycle reverses polarity. In arectifier with afiltered
output, an interna current interrupter is used to interrupt the current for agiven period of time. The
pesk-hold function of the multimeter is used to measure the pesk potentid that signifies the instant-off
potentia of the reference cdll.

2.2.1.2. Manua Current Interrupt Method

In the manua method, the output current of the rectifier is interrupted manualy and the potentid
difference between the reference cell and the sted is measured 1 second after the power interruption
using amultimeter.

2.3. Test Methods. Galvanic Systems

The evauation of gdvanic systems was performed by measuring the CP current generated by the anode

and/or the polarization development and/or decay. The output current can be measured as a voltage
drop across aresstor connected between the anode and the system ground or as a current dengity of a
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rebar probe. Polarization devel opment and decay measurements are made using embedded reference
cells, rebar probes, and/or externd reference cdlls. The system must be equipped with aresistor or a
rebar probe for the current measurement to be made.

Many gdvanic systlems are equipped with rebar probes. Rebar probes contain a piece of reinforcing
sted with a known surface areathat is embedded in the concrete element to be protected. The rebar
probe is connected to embedded stedl viaafixed resstor. The resstor alows the measurement of
current received by the probe. When a switch or other mechanism isingtalled to alow the rebar probe
to be disconnected or connected to the structurd sted, it can be used for polarization development or
decay measurement. When arebar probe is used, the connection or disconnection of the rebar probe
to the structurd stedl does not impact the system operation. In Florida, where galvanic systems are
commonly used to protect marine bridge substructures, two rebar probes are often used adjacent to
one another. At any time, one probe is connected to the reinforcing stedl and the other isnot. During
evauation, the connected probe is used to perform depolarization (polarization decay) testing and the
other probeis used to perform polarization (polarization development) testing. When rebar probes are
not ingtalled, the system must be disrupted if polarization development or decay testing are done, and a
mechanism must be available to disrupt the system.



3.0. ZINC-BASED IMPRESSED-CURRENT CP SYSTEMS

3.1. Arc-sprayed Zinc

A totd of four arc-sprayed zinc-impressed-current CP systems were evauated. Two of these, the
Y aguina Bay Bridge and the Depoe Bay Bridge, were in asmilar environment and the other two, the
Queen Isabdlla Causeway and the Upper Sdt Creek Bridge, were in avery different environment.
Table 3-1 ligs pertinent information on the four CP systems.

Table3-1. Arc-Sprayed Zinc Impressed-current CP Systems

Year CP Area Average Chloride
Structure N_ame System Element(s) Protected Instrumentation Ageat Last lon Content at Steel
and L ocation Protected , Evaluation
Ingtalled (m?) Depth (ppm)*
Y aquina Bay 1996 Super- and 19,461 n?| 2 referencecellsper | 2 years NA
Bridge, substructure zone
Newport, OR elements
Queen Isabella 1997 Tiebeam & 127 n? |3 reference cells& 2| 13 months 317 at center
Causeway, footingsin null probes footing
South Padre bent
Island, TX
Depoe Bay 1996 Super- and 5600 n?|2 referencecells& 1| 2years NA
Bridge, substructure null probe per zone
Newport, OR elements
Upper Salt Creek 1988 Deck 302nt?| Potential wells 8years 278
Bridge,
Redding, CA

Note: Chloride ion content information was obtained from cores collected during this study.

NA - Not available
* parts per million

3.1.1. Yaquina Bay Bridge, Newport, Oregon

The higtoric Y aguina Bay Bridge was constructed in 1934 and carries northbound and southbound
traffic over Y aguina Bay in Newport, Oregon.

3.1.1.1. Structure Information

Theroadway is 8 meterswide and 994 m long. The substructure in each span comprises columns
supported by two arches running pardld to the bridge, one on each sde. The two ends of the arches
are supported by footers at each pier. Digphragm walls connect the two arches at aregular interval.
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In 1989, a corroson condition evauation of the structure revealed that the bridge deck wasin poor
condition and required extensive rehabilitation. Thirteen hundred square meters of delaminated
concrete were found. Corroson-induced damage was aso noted on the substructure eements.

3.1.1.2. CPInformation

Arc-sprayed zinc was applied to various superstructure and substructure elements. These included the
deck soffit, digphragm, columns, arches, and piers. Prior to the ingtdlation of the CP system, areas of
unsound and high-resigtivity concrete were removed and repaired with pneumaticaly applied mortar. A
very gringent qudity-control plan was enforced during the rehabilitation. All dements of the Structure
to receive CP were enclosed and the environment inside the enclosure was controlled. Control of
temperature and air quality was exercised to ensure good adhesion of arc-sprayed zinc to the concrete
surface.

The system contains 58 zones, 55 of which are monitored and controlled by 8 rectifierslocated on piers
4,6, and 9. Thefirst three zones have not been energized. Each of the 55 zones isinstrumented with a
graphite reference cdl and aslver-slver chloride reference cdll. Zones 4 and 8 have an additiona
graphite reference cdll, and zones 10 and 14 have an additiond slver-silver chloride reference cell.
Twelve null probes, 6 each, wereingtdled in zones 18 and 21. There is some confusion about the
location of one set of these null probes. Although, the rectifier label states that the null probes are
located in zone 16, the null probe wires are labeled zone 18 and the system ground of zone 18 is used
for the measurement. For the purpose of this report, it is assumed that the probes are located in zone
18. System ingalation was completed in 1996.

The rectifiers are equipped with remote monitoring units (RMUs). These units provide system-
operating parameter control and monitoring services, remotely or locally. Astheserectifiers are not
equipped with meters to directly read system-operating parameters, a portable computer must be
connected to the RMUs during field evauations.

3.1.1.3. Fidd Evduations

Evauations were performed on the following dates:

First evaluation September 26 and 27, 1996 <lyearold
Second evaluation September 17 and 18, 1997 ~1year old
Third evauation October 26 to 28, 1998 ~2yearsold

3.1.1.4. Findings

System Component Evauation



Electricd continuity between system grounds and reference cdl grounds, and between reference cell
grounds of the same zone were evauated. The results of the DC continuity testing indicate Sgnificant
lack of continuity, whereas more detailed andysis of AC continuity data suggests the presence of
continuity. When the DC and the AC data are andyzed together, only a couple of discontinuities are
observed out of the 400 measurements made in the three evaluations.

Theimpact of AC resistance on the performance of embedded reference cells has been atopic of
ggnificant discusson in theindustry. Task Force 29 Report - Guide Specifications for Cathodic
Protection of Concrete Bridge Decks?, prepared by the American Association of State Highway &
Transportation Officials-Association of General Contractors-American Road & Trangportation
Builders Association (AASHTO-AGC-ARTBA), requires that the AC resistance between reference
cdls and their grounds not exceed 10,000 ohms when embedded in concrete. As a significant number
of reference cdlswere ingdled on this Ste, asummary of AC resistance data for these cdllsis provided
intable 3-2.

Table3-2. The AC Resistance Between Reference Cdll and Reference Cell Ground

AC Resistance (ohms)
Reference No. of Sondard
Cell Type | Measurements |  Minimum Maximum Average andar
Deviation
Graphite 115 320 32,000 4912 2736
Siver-siver 115 740 76,000 9568 11,141
chloride

These data suggest that the average AC resistance was within the prescribed limits for proper reference
cdl operation. Of the 230 measurements, 7 for the graphite and 51 for the slver-silver chloride
reference cdll were in excess of 10,000 ohms. The impact of the higher resstance on the ability of the
reference cdlsto perform reliably could not be determined from data collected in this study. In generd,
the resstance of the reference dectrodes increased with time.

The current flow through the null probes was measured as a voltage drop across a 10-ohm resistor
provided in the RMU. It should be noted that the null probe did not have a separate ground and the
system ground was used for the purpose. During the first evaluation, zone 18 was not energized and
thus only the null probesin zone 21 were evauated. No null probes were tested in the second
evaduation. The datafor the null probesin zone 21 during the first evaluation shows the expected shift
in current when the CP system is powered off. Many of the probes exhibited reversal of current flow,
suggesting that the CP current was sufficient to shut off the macrocell current and provide a cathodic
current to the probes. During the third evauation, dl null probes had the same reading and did not
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exhibit any change with the power off. The reason for this behavior was not determined.

The AC resistance between the anodes and the system grounds measured for each zone varied from
0.18 t0 2.10 ohms, and averaged 0.49 ohms. These measurements are considered to be in the normal
range.

Severd zones during each trip were not powered up. It was learned that there was some problem in
powering up the zones after a depolarization test had been remotely conducted using the RMUs.

System Performance

Visud and delamination surveys were conducted in certain sections of two zones during the first
evauation. A snooper was required and one lane of the bridge had to be shut down. The closing of
the lane resulted in significant traffic backups and the research team was asked to avoid closing the lane
in future evaduaions. Thus, visud and ddamination surveys were not performed during the second and
third evaluations. A visud survey of the zinc surface indicated the formation of awhite product.
Andysis of the product by the Oregon Department of Trangportation (DOT) indicated that it comprised
zinc, chloride ions, and a smdl amount of sulfur. Some rust gaining was observed in one area where no
repairs were performed on cracks. No delaminations were noted in the areas tested.

Theingdlation of the first 15 zones was not completed at the time of the first evduation and thus these
zones could not be evauated. The firgt three zones were never energized. The remaining 12 zones
were ingtaled and energized by the second evauation. One zone during the second eva uation and six
zones during the third evaluation were observed to be powered off. It was later determined that some
problems had been experienced in setting the output currents to these zones using the RMUs.

The true root mean square (TRMS) value of al rectifier output current and voltages was measured
using an externd multimeter. With afew exceptions, dl zones were set to the same output current.
During the first evaluation, the measured output current averaged 0.54 amps (A), with a sandard
deviation of 0.08 A. Similarly, during the second eva uation, the measured output current averaged
0.52 A, with a standard deviation of 0.02 A. During the third evaluation, 5 of the 55 zones were
observed to be at a much higher current output than the remaining 50 zones. The measured output
current for the remaining 50 zones averaged 1.00 A, with a standard deviation of 0.21 A. The output
current for two of the five zones ranged from 10.00 to 11.00 A, and the other three zones were
measured at 1.79 A. A summary of current densitiesis provided in table 3-3 below:



Table 3-3. The Current Density of Concrete Surface Area During Each Evaluation

| No. of Current Density (mA/m?) of concrete surface area
Evalualion |\ easurements Minimum Maximum Average Standard
Deviation
First 39 0.93 2.55 1.36 0.35
Second 54 0.90 1.82 1.23 0.24
Third 49 1.38 37.09 4.19 7.68

The average current densities presented in table 3-3 are sgnificantly lower than the generdly
recommended range of 10.75 to 16.13 mA/n?. The output voltages were in the acoeptable range.

The BEMF and the instant-off potentials were measured using the soft interrupt provided in the rectifier.
A laptop computer was connected to the rectifier and a command was sent from the laptop computer
to the rectifier for current interruption. Upon receipt of the command, the rectifier momentarily
interrupted the output current. The peak-hold technique was used to measure the BEMF and the
instant-off potentials. Prior to use of the peak-hold technique, a portable oscilloscope was used to
verify the BEMF and ingtant-off measurementsin the first few zones during the firdt trip.

Twenty of the 39 BEMF measurements made during the first trip were less than 500 millivolts (mV)
and 4 of these were closeto zero. A low BEMF can imply ether insufficient CP current or a near
short, and azero BEMF can imply ashort. Eleven of the 20 zones with the low BEMF measurements
did not meet the 100-mV depolarization requirement in 24 hours. One of the zones exhibited negative
depolarization. No BEMF measurements were made during the second evduation. In the third
evauation, only two zones had BEMF less than 500 mV, one of which till did not meet the 100-mV
depolarization criteria. 1t should be noted that the output current during the third evaluation was
approximately double the output current during the first evaluation and may have resolved the low
BEMF measurements for zones experiencing insufficient current during the first evduation. Also, near
shorts in an impressed-zinc system may be diminated with time due to excessive consumption of zinc in
that area. At least one zone is probably experiencing anear short or a short.

Depolarization data do not exhibit expected behavior. Only in 11 zones did depolarization measured
by both reference dectrodes exceed the 100-mV criterion and increase with an increasein current. In
18 zones, the average depolarization exceeded 100 mV, but one or more reference cell(s) exhibited a
decrease in depolarization with an increase in current. There were 31 zones in which one or more
reference cdl(s) did not meet the 100-mV requirement in one or moretrips. Either the current density
was not sufficient and/or input/output (10) measurements contained errors from spikes that were
picked up during measurement.
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3.1.15. Conclusons

All components of the system were functioning normally. The current outputs of most zones needed to
be increased to obtain sufficient CP. If the system were continuoudy operated at these low current
dengties, then it would not be expected to provide complete protection and some corrosion-induced
damage would be expected in the future.

3.1.2. Queen Isabella Causeway, South Padre Idand, Texas

The Queen Isabdla Causeway bridge structure on Park Road (PR) 100 links South Padre Idand to the
mainland of Texas at Port I1sabel and spans the Laguna Madre.

3.1.2.1. Structure Information

The 4.0-km-long structure carries four lanes of traffic going east/west. It comprises 150 spans, 3
continuous sted! plates, and 147 smple prestressed concrete girder spans. The spans are supported by
150 bents that are numbered from 1 to 150 from west to east. Construction of this structure was
completed in 1973.

In 1997, a corrosion condition eva uation was conducted for the tie beams and footings located in bents
19 through 24. The footings exhibited cracks and spals, the mgority of which were located on the
south footings. Spalls were mosily located on the Sdes of the footings. Cracking was the predominant
mode of deterioration on thetie beams. The concrete cover depth ranged from 71 to 121 mm for the
tie beams and from 58 and 108 mm for the footings. A corrosion potentid survey of the members
reveded afew areas where the potentials were more negative than -350 mV copper sulfate eectrode
(CSE). These areas were typicaly found in the proximity of cracks or construction joints.

3.1.2.2. CPInformation

The tie beam and the three footings in bent 19 were protected with impressed-current arc-sprayed zinc.
The entire surface of the tie beam and the footings was sprayed with zinc, with the exception of the
bottom surface of the footings, covering approximately 127 n of concrete surface area. The
ingrumentation conssted of three slver-slver chloride reference cells and two null probes. Two
reference dectrodes were embedded in the footings and one reference e ectrode was embedded in the
tie beam. One null probe wasingdled in one of the footings and the other was ingaled in the tie beam.

Prior to the application of the anode, spalls and cracks were repaired and the concrete surface was
sandblasted. The system was energized on October 7, 1997.



3.1.2.3. FHdd Evauations

Data were collected during energization of the systlem and subsequently field evauations were
performed on the following dates.

Energization October 7, 1997

First evduation December 17 and 18, 1997 2 months old

Second evauation February 9to 11, 1998 4 months old
Third evauation April 1to 3, 1998 6 months old
Fourth evduation June 3t0 6, 1998 8 months old
Ffth evduation November 9to 12, 1998 13 months old

The energization of the system was performed by the contractor.
3.1.24. Findings
System Component Evduation

Data collected during energization indicate that al system components were responding well, with the
exception of reference cell 1. The other two reference cdlls exhibited increased polarization with an
increase in output current, and the null probes also experienced an increase in current flow with an
increase in output current. The flow of current reversed in the null probes as the cathodic current was

applied.

Electrica continuity testing was performed at the rectifier usng DC and AC techniques. Continuity
testing was performed during the depolarization test when the power to the system was off. It was
performed between the grounds of reference eectrodes in each zone and between the grounds of
reference dectrodes and the system ground of the subject zone. 1t should be noted that al
measurements were made at the rectifier, which was ingaled at one end of the bridge. The bent was
located a a sgnificant distance from the end of the bridge and the lengths of the wires connecting the
zone to the rectifier were in excess of aquarter of amile.

The reference cell ground of reference cdll 1 was found to be discontinuous and the reference cdll was
observed to be ungtable in dl five evduations. The null probes performed well and often exhibited
reversd in current flow when the cathodic current was terminated and/or exhibited reduction in current
flow when the system was powered down.

Accurate measurement of ingtant-off potentia was made difficult by the presence of eectrica noise or
current flow in the system. The peak-hold method could not be used to collect instant-off data.
Manud interrupt had to be used. Even during manud interrupt, an externd dectrica signa could be
observed on the oscilloscope. In two out of the five evaluations, accurate instant-off potentials could
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not be obtained.

The AC resistance between the reference eectrodes and the reference cdll grounds for dl three
electrodesin dl five evaluations was equal to or less than 10,000 ohms. The AC resistance between
the anode and the system ground averaged 5.16 ohms.

System Performance

On bent 19, which was protected with impressed-current zinc, an approximately 0.1-m-wide band of
whitish products was observed at the bottom of the side faces of the footings. This band of whitish
products indicates accelerated consumption of the sprayed zinc coating at the location.

The rectifier output voltage and BEMF were observed to be in the acceptable range, and the average
concrete current density for the three field evaluations ranged from 11.65 to 24.57 mA/n?. The
average was 15.15 mA/n?. Polarization decay for all operating embedded reference cells averaged
152 mV in 4 hours.

3.1.25. Conclusons

With the exception of one reference eectrode, al other system components were performing
adequatdly. Depolarization test results exceeded the 100-mV criterion for the two operating reference
cdls. The null probes indicated that the current supplied by the CP system was adequate to overcome
the corrosion current in the protected area. The band of whitish products at the bottom of the side
faces of the footers suggested that at high tide when this section of the footers was submerged, current
leaked from the anode to the bay water. Such current leaks result in accelerated consumption of the
anode in the affected aress.

3.1.3. Depoe Bay Bridge, Newport, Oregon

The Depoe Bay Bridge carries northbound and southbound traffic of Pecific Highway 101 over Depoe
Bay in Newport, Oregon.

3.1.3.1. Structure Information

The arch bridge was built in 1926 and was widened in 1939. The bridge has four lanes, with atota
length of 99 m and a 15.2-m-wide roadway.

3.1.3.2. CPInformation

In 1996, arc-sprayed zinc was ingtaled on the sdewalk soffit, sdewalk brackets and beams, deck
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soffit, longitudina deck girders, transverse deck beams, arch ribs, struts, and columns of the Depoe
Bay Bridge. Three rectifiers control 14 zonesfor atota protected area of 6032 n?. Sprayed zinc was
applied in zones 1 through 13, for an gpproximate total zinc-protected area of 5600 N7

Zones 1 through 13 are instrumented with a graphite reference cell and a silver-silver chloride reference
cdl. Every zoneisingrumented with anull probe.

Delaminated concrete was removed and repairs were performed using shotcrete before the CP system
wasingdled.

3.1.3.3. FHdd Evauations

Evauations were performed on the following dates:

Firg evauation September 28 and 29, 1996 <lyea old
Second evauation September 19 and 20, 1997 ~1yearsold
Third evduation October 27 and 28, 1998 ~2yearsold

3.1.34. Findings
System Component Evduation

Three fidd evduations have been conducted on this system. The last evauation was conducted after
the system had been in service for about 2 years. At thetime of the first evaluation, the arc-sprayed
zinc had been shorted to the reinforcing steel and was functioning sacrificidly because the rectifiers had
not been ingdled. The rectifiers were found to have been ingaled during the second evaluation, but
some measurements could not be obtained for cabinet 1 since it was not accessible. During the third
evauation, the zones controlled by cabinets 1 and 2, with the exception of zone 1, were found to be
de-energized.

Electrica continuity testing of the reference cell grounds to the system grounds and of the reference cdll
grounds to the reference cdll grounds indicated that the reference cdll grounds of both cdllsin zone 3
and the slver-slver chloride reference cell in zone 13 were discontinuous.

In generd, the AC resistance between the reference cell and its ground for the slver-slver chloride
reference cdlls were found to be much higher than the graphite reference cdlls. The AC resstance
between the slver-slver chloride reference cell of zone 4 and its ground was 92,000 ohms. The AC
resistance for the graphite reference eectrodes averaged 2873 ohms and the slver-silver chlorides
averaged 19,337 ohms, excluding the one measuring 92,000 ochms.

During the second evauation, null probe measurements could only be taken from cabinet 2, which
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controls zones 6 through 10. The null probe currents either reversed or went to zero upon
de-energization. Similar behavior was noted for zones 11 through 13 during the third evaluation. The
current flowing through the null probes for the zonesin cabinet 2 during the third evaluation was positive
when the system’ s power was off. The currents decreased when the system was powered up, but did
not reverse, indicating that the cathodic current was not sufficient to overcome corrosion currents.

Information from Oregon DOT indicated that some problems were being experienced in setting
operating parameters usng the RMUs. These monitoring units were smilar to the ones at Y aquina Bay
Bridge.

System Performance
The output voltage and BEMF measurements were in the acceptable range. The anode to system
ground AC resistance averaged 0.42 ohms during the first evauation and 0.52 ohms during the third
evauation.
The average current density for the operating zones was 1.21 mA/n? during the second evauaion and
1.46 mA/n? during the third evaluation. The average depolarization for zones 5, 6, and 11 did not
exceed 100 mV; al other zones exceeded 100 mV during the second evauation. During the third
evauation, depolarization did not exceed 100 mV in three of the four operationd zones.
3.1.35. Conclusons
With the exception of two discontinuities, all other components of the system were operationd. Dueto
problems with the RMUSs in setting the output parameters, the system was not operating continuoudy

and was not providing protection aswould be desired. Also, the operating current densities were not
aufficient to overcome the ongoing corrosion in the bridge eements.

3.2. Zinc Strip

3.2.1. Upper Salt Creek Bridge on Southbound I-5, Redding, California
The Upper Sdlt Creek Bridge carries southbound 1-5 in Redding, California
3.2.1.1. Structure Information

The bridgeis 11.4 m long and 3.6 m wide, with a deck surface area of 446 n?. Consgtruction of the
Upper Salt Creek Bridge was completed in 1966.
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3.2.1.2. CPInformation

A metdlized zinc CP system was ingtdled on the southern haf of the bridge deck (zone 1) on atotd
surface area of 223 n? in 1998.

The metdlized zinc systlem comprises agrid of 150-mm-wide and 0.61-mm-thick arc-sprayed zinc
srips at 300 mm on center. The zinc strips were sprayed on the prepared concrete deck surface. The
power connection to the zinc strips was achieved with brass pads ingtaled flush with the concrete
surface and in contact with the arc-sprayed zinc strips. A 110-mmi-thick asphalt concrete overlay was
then placed on the deck.

There were no embedded reference cells or rebar probes ingtalled in the system. However, potential
wells were ingdled on the bridge deck to facilitate potentid measurements using an externd reference
electrode. A congtant voltage rectifier was used to power the system.

3.2.1.3. Fidd Evduations

Evauations were performed on the following dates:

First evaluation October 31 to November 4, 1994 ~6yearsold
Second evauation November 26 and 27, 1996 ~8yearsold

3.2.1.4. Findings

System Component Evduation
No instrumentation was ingtdled in this sysem. A visud survey of the potentid wellsindicated that
water was collecting under the asphalt overlay and shorting the potentid wells with the zinc anode.
Thus, the wells could not be used to measure potentid of the embedded sted.

During the second eva uation, the system was found to be powered off. The power to the system was
turned on and rectifier data were collected.

System Performance

The concrete current density during the first evaluation was 2.2 mA/n? and the output voltage and
BEMF were in the acceptable range.

3.2.15. Conclusons

The performance of this system could not be judged based on the data available. The concept of
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ingalling potentia wells was a good one, but the wells were not isolated properly from the anode.
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4.0. TITANIUM-BASED IMPRESSED-CURRENT CP SYSTEMS

4.1. Titanium Mesh Anode

Five CP sysemsingaled on highway structures using titanium mesh as an auxiliary anode were

included in thisstudy. Three of the systems were ingtaled on bridge decks, one on the underside of a
roadway in atunne and one on bridge substructure eements. Table 4-1 ligts pertinent information on
these five CP systems.

Table4-1. Titanium Mesh Impressed-current CP Systems

StructureName | Year CP Element Area Instrumentation | Ageat Last | Average Chloridelon
and L ocation System | Protected | Protected Evaluation Content of Steel
Installed Depth (ppm)
Wawecus Hill 1992 Deck 1124 n? | 1reference cell & 7 years 875
Road Bridge, 1 null probe per
Norwich, CT zone
Brooklyn Battery 1992 Underside | 10332n?| 4referencecdls 6 years 4170 top mat
Tunnel, of roadway per zone 515 bottom mat
New York, NY slab
Columbia Road 1986 Deck 985n? | 3referencecells& | 12 years NA
Bridge, 4 current probes
Westlake, OH
6" Street Bridge, 1991 Deck 1515n? | 1referencecell 6 years 239
Sioux Falls, SD per zone
Queen Isabella 1997 Tiebeam & 127 n? | 3referencecells& | 13months | 1132 inthefooting
Causeway, South footingsin 1 null probe
Padre Island, TX bent

NA - not available.

Note: Chloride ion content information was obtained from cores collected during the study.

4.1.1. Wawecus Hill Road Bridge Over 1-395, Norwich, Connecticut

The Wawecus Hill Road Bridge carries eastbound and westbound traffic over 1-395 in Norwich,

Connecticui.

411.1. Structure Information

The bridge comprises four smple spans, with atotd length of 92.8 m. The bridge has a skew angle of
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approximately 57 degrees and atota width of 13.9 m (two 6-m-wide travel lanes and two 0.86-m-
wide sidewalks). Construction of the bridge was completed in 1958. In August 1990, a condition
evauation of the structure revealed that the bridge deck was in poor condition and required extensive
rehabilitation.

41.1.2. CPInformation

Deteriorated concrete was removed by hydro-demoalition and a monolithic low-dump dense concrete
pour was used to patch the deteriorated areas and place an overlay. The thickness of the concrete
placement varied from 40 mm to full depth. The titanium mesh anode was placed between the
hydro-demolished surface and the overlay. A plagtic Spacer mesh was used to isolate the titanium mesh
from the reinforcing sted exposed by hydro-demoalition.

The CP system was subdivided into four individua zones, each zone had one span. A tota deck
surface area of 1124 ¥ was protected by the CP system. In sections of the deck where additional
steel was required, epoxy-coated rebars were used. The epoxy-coated rebars were made continuous
to the black stedl. Each zone was instrumented with two Slver-slver chloride reference cdlls and two
null probes. The system was ingtdled and energized in 1992.

4.1.1.3. FHdd Evaduations

Evduations were performed on the following dates:

First evaluation July 6 and 7, 1995 ~3yearsold
Second evauation June 18, 1997 ~5yearsold
Third evauation July 29 and 30, 1999 ~7yearsold

4.1.1.4. Findings

System Component Evauation

The DC dectricd continuity test data for each evauation exhibited discontinuity. Electricd continuity
data obtained during the last two evauations using the AC and the haf-cdll potentid method suggest the
presence of dectrica continuity.

The AC resistance measurement between the reference cells and their respective grounds indicated that
onereference cdl in zone 1 had AC resistance in excess of 100,000 ohms throughout the study, and
the resstance of the other reference cdll in the same zone increased with time to Smilar levels. Such
high resistances can cause an error in potentia measurement due to pickup of eectrical noise. The AC
resstances for the remainder of the reference cells were within the AASHTO-prescribed limits, with the
exception of one reference cell in zone 4 and one in zone 3, which exhibited resstances in excess of
10,000 ohms at times.
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Three of the eight null probes were not functiona. One had a broken wire and two others had shorts.
The remaining null probes exhibited reversal of current flow when the system was powered down.

The readings taken from the rectifier meters were in good agreement with the external meter used to
vaidate them.

System Performance

No corrosion-induced deterioration was observed on the top or bottom surfaces of the deck. Hollow-
sounding areas were detected over less than 0.1 percent of the top deck surface. It is suspected that
the hollow-sounding areas resulted from disbondment of the overlay.

The average concrete current density for the three eva uations ranged from 8.61 to 12.06 mA/n?. With
the exception of zone 1, adl other zones were running at a current dendity lower than the generaly
recommended 10.75 mA/n?. The anode-to-sted AC resistance averaged 0.66 ohms for al zones and
the output voltage and BEMF were in the acceptable range.

In generd, the 100-mV polarization decay criterion was met for al zones. Some fluctuationsin
polarization decay for zones 1 and 3 were noted. Reference cdll 2 in zones 1 and 3 did not meet the
100-mV criterion in two of the three evauations. Depolarization measurements made with externa
reference cdlsin potential wells also exceeded 100 mV. The null probe data suggest that the system is
putting out sufficient current to reverse the macrocell in areas where the null probes are located.

4.1.1.5. Conclusions

With the exception of the three null probes, al other components were functioning properly. The
system was providing adequate protection for the reinforcement.

4.1.2. Brooklyn Battery Tunnd, New York, New York

The Brooklyn Battery Tunnel, built beginning in 1940 and completed in 1950, connects Battery Park in
lower Manhattan with the Red Hook section of Brooklyn.

4.1.2.1. Structure Information

The Brooklyn Battery Tunnel consists of two parald tubes that are 2780 m long between the entrance
and exit portas. Each tubeis 9.5 min diameter and is subdivided into three conduits by a roadway
dab and aceling dab. The lower conduit serves as afresh air duct, the middle conduit serves asthe
roadway, and the upper conduit serves as the exhaust duct. The roadway dab is 6.1 m wide and 360
mm thick. Thetop surface of the roadway dab is covered by 100 mm of asphat pavement.
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In 1990, a condition survey reveaed that the roadway dab wasin poor condition. Spalled concrete
exposing severely corroded rebars was observed.

4.1.2.2. CPInformation

Following a 1990 condition survey of the roadway dab, deteriorated asphalt on the top surface and
concrete on the top and bottom surfaces were repaired. All delaminated and unsound concrete from
the roadway dab was removed. At some locations, reinforcing sted bars on the bottom mat of the
sted experiencing significant loss of cross section were removed and replaced with epoxy-coated
rebar. The epoxy-coated rebar was tied to the existing sted reinforcement by welding.

In 1992, atitanium mesh anode was indaled on select rehabilitated sections of the soffit of the roadway
dab. A tota of 10,332 n of concrete surface area was protected by the CP system. The titanium
mesh anode was secured to the concrete surface with plagtic fasteners and encapsulated in a shotcrete
overlay. There were problems with the development of the bond between the shotcrete and the origind
concrete. Several unsuccessful attempts were made to improve the bond. Asalast resort, it was
decided that plagtic pinswould be ingtalled to hold the overlay in place. The CP system comprises 42
zones that are controlled by 14 rectifiers (7 rectifiersin each tube). Each rectifier is equipped with an
RMU. Each zone isingrumented with an embedded graphite reference cell and a current probe.

4.12.3. Fdd Evaduations

Evauations were performed on the following dates:

Firg evaluation July 17 and 18, 1995 ~3yearsold
Second evauation June 9 and 10, 1997 ~5yearsold
Third evauation September 23 to 25, 1998 ~6yearsold

4.1.24. Findings
System Component Evauation

Three fidd evduations have been conducted on this system. The last evauation was conducted after
the system had been in service for about 6 years. At the time of the first evauation, a contractor was
attempting to restore the mechanical bond of the disbonded overlay by anchoring it to the origina
concrete surface with plagtic fasteners. The sections of the soffit of the roadway dab, which were not
rehabilitated, were found to be in poor condition and widespread spaling with exposed and corroded
rebar was visble.

Access to the rectifiers was restricted due to other ongoing rehabilitation work in thetunnel. Inthefirdt,
second, and the third evaluations, access was available to three, Six, and nine rectifiers, respectively.
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The anode-to-system ground data indicated that there were no eectrical shorts between the anodes
and the system grounds. In the rectifiers evaluated, generally no continuity was detected between
system grounds and between reference cell grounds and thelr respective system ground using the DC
method, whereas, AC measurements suggested the presence of continuity. The DC continuity data
suggest that currents from some source are flowing in the roadway dab. Considering the amount of
corrosion damage that is observed in the areanot yet rehabilitated, it is suspected that corroson in
areas not recalving sufficient current is ongoing.

System Performance

The dgnificant lack of bonding between the overlay and the roadway dab, the locdized presence of
moisture in the roadway dab, and the possibility of freeze-thaw damage render the CP system
inefficient, ineffective, and/or non-functiona. Lack of bonding impairs the efficient and effective current
digtribution to al sted to be protected in the roadway. Current flow from the anode to the sted occurs
only in areas with sufficient bond. If moisture from the roadway dab findsits way between the overlay
and the roadway dab, it could enhance current distribution localy. However, unlessthe overlay were
watertight, it would be difficult for water to completely fill the cavity produced by the dishondment, as
the tunnelsareinclined. Thus, the CP system is providing protection only in areas of good bonding and
in isolated areas where moisture has completdly filled the cavities caused by disbondment. It isbelieved
that moisture is not present everywhere or dl thetime.

Measurement of rectifier output parameters indicates that a CP current is being impressed to each zone.
The average current density for each evaluation varied from 29.60 to 34.33 mA/n¥ of concrete surface
area. The current dendties impressed on the system are significantly higher than normaly encountered
for corroson mitigation. The output voltage and BEMF are in the acceptable range except for one
zone (the output voltage, current, and BEMF for this zone indicate that a short or anear short is
present). The average anode-to-system ground resistance was 0.30 ohms.

The results of the depolarization testing for dl evauations can be summarized as follows:

Table 4-2. Resultsof Depolarization Testing (in percent)

First Evaluation | Second Evaluation | Third Evaluation
> 100 mV 9 11 15
0to 100 mV 73 11 73
Negetive Depolarization 18 78 12

Depolarization test results indicate that the digtribution of CP current varies as a function of
environmental conditions, especidly the presence of moisture between the overlay and the origina
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concrete.
4.1.25. Conclusons

Conddering the higher leve of current densities being impressed on the roadway dab, the results of the
depolarization testing, and the DC continuity data, it was clear that the system was not performing
efficiently and effectively. The primary reason for the lack of performance was improper ingtalation of
the system. One cannot expect a CP system to perform when the mgjority of the overlay is disbonded.

4.1.3. Columbia Road Bridge, Westlake, Ohio
The Columbia Road Bridge is located on Columbia Road over 1-90 in Westlake, Ohio.
4.1.3.1. Structure Information

The bridge has four spans, with atota length of 83 m and a roadway width of 24 m. Thetotd deck
areais approximately 1970 n¥. The substructure consists of two reinforced concrete piers and two
reinforced concrete abutments. Construction of the Columbia Road Bridge was completed in 1974.

Before the CP system was ingtalled, the deck had delaminations over 1 percent of its surface area and
the average chloride ion content at the stedl depth was 178 ppm.

4.1.3.2. CPInformation

In 1986, a CP system utilizing a titanium mesh anode was ingtdled on the two southbound lanes. The
southbound lanes were divided into two independent zones, each 83 m long and 6 m wide. The deck
was overlaid with 64 mm of superplasticized dense concrete. The anode was not ingtdled on the
northbound lanes. These areas were overlaid, however, and were designated as the controls. Each
zone was ingrumented with two slver-siver chloride reference cdls, two rebar probes, and two
Corrosometer® probes.

4.1.3.3. FHdd Evduations

Evauations were performed on the following dates:

Firg evauation September 8 and 9, 1994 ~8yearsold
Second evauation March 25, 1997 ~ 11 yearsold
Third evauation April 22 and 23, 1998 ~ 12 yearsold

4.1.34. Findings



System Component Evduation

Electrica continuity data reflected good continuity of system groundsto reference cdl grounds and
system grounds to system grounds. The AC resistance data for one reference cdll during the first
evaluation was close to 100,000 ohms and two others exceeded 10,000 ohms. The AC resistance for
these three reference e ectrodes increased to above 100,000 ohms during the second eval uation and
remained a very high levels. Two of these three exceeded 500,000 ohms during the second
evauation.

The corrosion probes were observed to be functioning as intended with the exception of one that was
missing aressor since the first evauation and another probe that exhibited a broken wire during the
third evauation.

System Performance

The output voltage and BEMF values were in the acceptable range and the average anode-to-system
ground resistances varied from 0.30 to 0.34 ohms.

No corroson-induced deterioration of the deck surface of the protected area and the control areawas
observed during the first evauation. Only non-corrosion-induced spalls were observed in the protected
areaduring the first evaluation. Evduations before the start of this sudy had noted some bond failure
between the overlay and the origina deck concrete. However, corrosion-induced spals were found on
the deck soffit and, in generd, the soffit of the protected area exhibited more spalling than the control
areaduring al evduations. During the third evauation, delamination on the deck surface measuring
0.09 n? in the protected area.and 0.45 n? in the control areawas observed. It is not known whether
these delaminations were corroson-induced. Rust stains were visible on the unprotected sdewalks and
the median.

The average concrete current density varied from 8.04 to 13.08 mA/n? during the three evaluations.
Every reference cdll tested met the 100-mV criterion during each evaluation. All corrosion probes
tested exhibited reversal of current with system power up and power down. The corrosion probes
indaled in the control area exhibited high macrocdl current, indicating ongoing corrosion in the control
area.

4.1.35. Conclusons

All components of the system were functioning properly and the system was providing adequate
protection to the top mat stee. There were indications that corrosion was ongoing in the unprotected
section of the deck, and this section may experience corroson-induced damage in the future. The
corrosion-induced damage on the soffit of the protected areawas of concern. It was not known
whether this damage existed at the time of the ingtalation of the system and has remained congtant, or
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whether it has increased with time while the deck was cathodically protected. In this study, sufficiently
detailed information was not collected on the soffit damage to ascertain whether it increased with time.

4.1.4. Bridge over Big Sioux River, Sioux Falls, South Dakota

The Sixth Street Bridge is a four-lane structure over the Big Sioux River in Soux Fdls, Minnehaha
County, South Dakota.

414.1. Structure Information

The bridge has atotd length of 71 m and aroadway width of 15 m. Construction of the bridge was
completed in 1975.

A condition evauation of the bridge reveded that more than 10 percent of the deck surface areawas
delaminated and the average chloride ion content at the stedl depth exceeded 2600 ppm.

4.1.4.2. CPInformation

In 1991, a CP system utilizing a titanium mesh anode was ingtaled on the deck, the two sidewalks, and
the curb barriers that separate the sdewalks from the deck. The CP system was instdled to control
corrosion on 1515 ¥ of concrete surface area. This areawas divided into six zones with zones 1
through 4 located on the deck and zones 5 and 6 on the sdewalks and curb barriers. Each zone was
ingrumented with a slver-siver chloride reference cell. The deck was overlaid with 64 mm of low-
dump dense concrete, and athin overlay of pre-bagged fast-setting materid was ingtdled on the curb
and the curb barriers.

Before the CP system was ingtalled, delaminated concrete was removed, and repairs were performed
using A45 Class concrete.

4.14.3. Fed Evauations

Evduations were performed on the following dates:
Firg evauation September 16 and 17, 1994 ~ 2 yearsold
Second evauation July 29 to August 1, 1996 ~4yearsold
Third evduation May 15 and 16, 1998 ~6yeasold

4.14.4. Findings

System Component Evduation



Electricd continuity testing, AC res stance measurements, and unstable potentias identified one bad
reference cdl ground and one non-functiond reference eectrode. The reference cell ground was
corrected by shorting to another ground. All other components of the system were observed to be
performing normally.

System Performance

The system output voltage, BEMF, and anodes-to-system ground resistances were found to bein the
acceptable range. The average anode-to-system ground resistance varied from 0.53 to 0.65 ohms,

Before ingtdlation of the CP system, the chloride ion content in the concrete a the sted depth was
severd times higher than the threshold required to initiate corroson. During the 4-year span of the
evaluations, the system has been operating at current densities ranging from 8.93 to 9.90 mA/n?. At
these current dengties, all embedded reference cells (except one that was not operationa) met the 100-
mV depolarization criterion. The reference eectrode in zone 5 exhibited a depolarization value of 372
mV in the firgt evauation and depolarization vaues in excess of 400 mV in the remaining two
evauations. Such high depolarization is of concern, especidly at a current dengity of lessthan 10
mA/n?.

At the time of the last field evaduation, afew longitudina cracks were observed on the overlay surface
and minor cracking was evident on the sdewaks and deck underside. Hollow-sounding areas were
detected in dl evduationsin zone 5. System ingalation reports indicate that disbondment of the thin
overlay ingdled on the Sdewaks has been a problem from the time of the system ingdlation. In
conjunction with the high polarization vaues for zone 5, this suggests that disbondment of the overlay is
concentrating the current in that zone to sections with good bond, hence the high depolarization values.

4.1.45. Conclusons

All system components, with the exception of one reference eectrode, were functioning normally and
the system was providing adequate protection. The disbondment of the thin overlay was of concern. If
the amount of area disbonded increases with time, the effectiveness of the CP system will be reduced in
the subject zone.

4.1.5. Queen Isabella Causeway, South Padreldand, Texas

The Queen Isabella Causeway is a4.0-km+-long bridge structure on PR 100 that links South Padre
Idand to the mainland of Texas at Port Isabel and spans the Laguna Madre.

4.15.1. Structure Information
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The causeway carries four lanes of traffic going east/west. It comprises 150 spans, 3 continuous sted!
plates, and 147 smple prestressed concrete girder spans. The spans are supported by 150 bents that
are numbered from 1 to 150 from west to east. Construction of this structure was completed in 1973.
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In 1997, a corrosion condition eva uation was conducted for the tie beams and footings located in bents
19 through 24. The footings exhibited cracks and spalls, the mgority of which were located on south
footings. Spalls were mostly located on the sides of the footings. Cracking was the predominant mode
of deterioration on the tie beams. The concrete cover depth ranged from 71 to 121 mm for the tie
beams and from 58 and 108 mm for the footings. A corrosion potentid survey of the members
revealed afew areas where the potentials were more negative than -350 mV CSE. These areas were
typicaly found in the proximity of cracks or congtruction joints.

4.15.2. CPInformation

The tie beam and the three footings in bent 21 were protected with a titanium mesh anode. The
titanium mesh anode was ingdled on the entire surface of the tie beam and the footings with the
exception of the bottom surface of the footings. The titanium mesh anode was encapsulated in a
cementitious overlay. Thetotal surface area covered with the titanium mesh was approximately 127
m?. Theingrumentation consisted of three silver-silver chloride reference cdlls and two null probes.
Two reference el ectrodes were embedded in the footings and one reference el ectrode was embedded
in the tie beam. One null probe was ingdled in one of the footings and the other in the tie beam.

Spalls and cracks were repaired and the concrete surface was sandblasted prior to the application of
the anode. The indalation of the concrete overlay encapsulating the titanium mesh was done three
times. Thefirg two times the overlay was ingaled, the overlay and the mesh had to be removed. The
first gpplication involved trowe-gpplied Skatop® 123. This product isintended for patch repair rather
than overlay application. Two days after the gpplication of the system, the overlay exhibited very
severe cracking and was removed. The second gpplication involved trowel -applied Emaco® S88-CA
manufactured by Master Builders. Two days after the gpplication of the overlay, hammer sounding was
conducted to test for delaminations. Delaminated areas amounted to 25 percent of the concrete
overlay. Seven dayslater, the delaminated areas had increased to 75 percent and were prevaent in the
vertical and overhead orientations. The overlay was again removed. The main reason for the failure of
the second trial was inadequate surface preparation. The surface preparation for the third tria included
scabbling with hand-held milling machines in addition to sandblagting. The concrete overlay was
dry-mix shotcrete applied for the third and find gpplication of the overlay.

4.15.3. FHdd Evduations

CONCORR, Inc. personnd were present during the initid energization of the system; subsequent
evauations were performed on the following dates:

Energization October 7, 1997

Firs evaluation December 17 and 18, 1997  ~ 2 months old
Second evaluation February 9to 11, 1998 ~ 4 months old
Third evauation April 1to 3, 1998 ~ 6 months old
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Fourth evduation June 3to 6, 1998 ~ 8 months old
Fifth evduation November 9 to 12, 1998 ~ 13 months old

4.1.5.4. Findings
System Component Evauation

During energization of the system, al components, with the exception of the RMU, were functioning
properly. By thetime of the second evaluation, the RMU problem had been rectified. The DC
electrical continuity data erroneoudy indicated that there was alack of continuity. This was attributed
to the flow of corrosion currents in the reinforcing steel when the system was off. During the second
evauation, a0.14- n? hollow-sound area was identified. The hollow sound in this areawas atributed
to disbondment of the encapsulation.

System Performance
The average concrete current density for the three field evaluations ranged from 12.37 to 22.93 mA/n?.
Polarization decay for al embedded reference cellswas in excess of 100 mV and averaged 255 mV
for dl evduationsin 4 hours. The null probes exhibited a reduction in current to zero or reversal upon

system power off. The output voltages and BEMF measurements were in the acceptable range. The
AC redstance between the anode and the system ground averaged 4.5 ohms.

4.2. Titanium Ribbon Anode

Only one gtructure with atitanium ribbon anode indaled as an auxiliary anode was included in this
sudy. Pertinent information is provided in table 4-3:

Table4-3. Titanium Ribbon Impressed-current CP Systems

StructureName | Year CP Element Area Instrumentation Ageat Last Average
and L ocation System | Protected | Protected Evaluation Chloridelon
Installed Content of Steel
Depth (ppm)
Rte. 229 Bridge, 1989 Deck 2057 n? 1 Reference Cell 9years 1103
Southington, CT per zone

Note: Choride ion content information was obtained from cores collected during this study.

4.2.1. Route 229 Bridge Over 1-84, Southington, Connecticut
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The bridge on Route 229 over 1-84 (bridge number 1242) in Southington, Connecticut, was
constructed in 1960.

421.1. Structure Information

The bridge has five spans, with atota length of 125 m and a curb-to-curb roadway width of 16.5 m.
The bridge consgts of four lanes (two northbound and two southbound) and a 1.5-m-wide sidewalk on
each Sde.

In 1986, a comprehensive condition evauation of the bridge deck was conducted. Visud and
delamination survey resultsindicated that 10 percent of the deck surface area was patched, spaled, or
delaminated. The chloride ion content at the steel depth varied from 199 ppm to 3100 ppm and
goproximately 90 percent of the area surveyed using the haf-cdl potentid technique exhibited active
potentias (i.e., potentials more negative than -350 mV).

42.1.2. CPInformation

During the summer and fal of 1989, an impressed-current CP system utilizing 6.4-mm-wide titanium
ribbon as the anode materiad was ingalled. The anode ribbon was placed below the top mat
epoxy-coated reinforcing stedl at a spacing of 305 mm on center. The CP system was powered by a
single 10-circuit rectifier and protected 2057 ¥ of concrete surface divided into 10 zones. Each of the
10 zones was ingrumented with one slver-silver chloride reference cell. All reference cdlls were
cast-in-concrete cubes and these cubes were placed adjacent to the epoxy-coated rebar. Design
drawings specified chloride-contaminated concrete for the manufacture of these cubes. System
grounds were ingtaled on the top epoxy-coated reinforcing sted mat. Bond cables between the top
mat of reinforcing sted and the bottom mat of reinforcing sted were ingdled to ensure continuity
between the two mats.

Zones 1 through 5 have one common header wire and the ground for zone 6 was found to be
discontinuous soon after ingdlation of the system. To resolve this problem, dl system grounds were
shorted.

As part of the rehabilitation project, the concrete below the top mat reinforcement was removed, the
top mat of sted was replaced with epoxy-coated rebar, and the bridge deck was resurfaced with a
monolithic concrete pour. With the exception of some locations where full-depth (184-mm-deep)
repairs were required, the depth of the concrete repairs averaged 114 mm.

4.2.1.3. Fidd Evduations

Evauations were performed on the following dates:
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Firg evauation July 10 and 11, 1995 ~6yearsold
Second evauation June 17 and 18, 1997 ~8yearsold
Third evduation June 27, 1998 ~9yearsold
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4.2.1.4. Findings
System Component Evduation

The AC, DC, and potentid continuity test data do not show a clear pattern of continuity. The AC

resi stance measurements in some cases exceeded 50 ohms and, in many cases, exceeded 10 ohms.
Thelevd of discontinuity detected in this system was higher than normaly encountered. The potentias
measured by the reference cells did not indicate any lack of eectrical continuity and exhibited correct
movement of the sted potentid with the change in the system current. The use of epoxy-coated rebars
in the top mat probably complicated the detection of and the presence of continuity. All reference cdlls
were functioning as expected. The AC resistances between the reference cells and their respective
grounds were less than 10,000 ohmsfor al of the evaluations.

System Performance

Three field evauations were conducted and the sysem was in its ninth year of service a the time of the
mogt recent evauation. A smal amount of delamination was detected during the first and the last
evauations. Cores were collected from the delaminated areas and it was determined that the
ddaminations were aresult of falure of the bond between the overlay and the origind concrete.

The 100-mV polarization criterion was satisfied in 4 hours at dl locations in al evauations except for
zone 7 during the third evaluation. The stability of this reference cdll was suspect. The system was
operaing at an average current density ranging from 2.9 to 3.3 mA/n? from one evaluaion to another.
4.2.15. Conclusons

With the exception of one reference cell, dl other system components were functioning normaly. The
presence of epoxy-coated rebar in the top mat was making it difficult to interpret continuity data using
DC, AC, and hdf-cdl techniques.

4.3. Arc-sprayed Titanium
Two experimenta indalations of arc-gorayed titanium anode were included in this sudy. Both systems

were ingdled in only one of the zones in each of the two bridges. Pertinent information on each system
is provided in table 4-4:
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Table4-4. Arc-Sprayed Titanium Impressed-current CP Systems

StructureName | Year CP Element Area Instrumentation | Ageat Last | Average Chloridelon
and L ocation System | Protected | Protected Evaluation Content of Steel
Installed Depth (ppm)
Depoe Bay Bridge, 1996 Super- & 60327 |3referencecells& | 2years NA
Newport, OR Substructur 1 null probe
e Elements
Queen Isabella 1997 Tiebeam & 127t |3referencecells& | 13 months 598 inthe footing
Causeway, South footingsin 1 null probe
Padre Island, TX bent

NA - not available.

Note: Chloride ion content information was obtained from cores collected during the study.

4.3.1. Depoe Bay Bridge, Newport, Oregon

The Depoe Bay Bridge carries the northbound and southbound traffic of Pacific Highway 101 over
Depoe Bay in Newport, Oregon.

4.3.1.1. Structure Information

This arched bridge was built in 1926 and was widened in 1939. The bridge has four lanes, with atota
length of 99 m and a 15.2-m-wide roadway.

4.3.1.2. CPInformation

In 1996, arc-sprayed titanium was ingalled on the sidewalk soffit, sdewak brackets and beams, deck
soffit, longitudina deck girders, and transverse deck beams of the Depoe Bay Bridge. Arc-sprayed

titanium zinc was gpplied only in one zone (zone 14) to protect 451 n?. Arc-sprayed zinc was applied
in zones 1 through 13.

Zone 14 was insrumented with two graphite reference eectrodes, a silver-slver chloride reference
electrode, and anull probe. Delaminated concrete was removed and repairs were performed using
shotcrete before the CP system was ingtalled.

4.3.1.3. Fdd Evaduations

Evauations were performed on the following dates:

Firg evauation September 28 and 29, 1996

Oyearsold
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Second evaluation September 19 and 20, 1997 < 1year old
Third evauation October 27 and 28, 1998 > 1year old

4.3.1.4. Findings
System Component Evauation

Three fidld evauations have been conducted on this syslem. The last evaluation was conducted after
the system had been in service for about 2 years. At the time of the first evaluation, the rectifier
ingdlation had not been completed and the arc-sprayed titanium system was not operationd. It was
determined during the second eva uation that the rectifiers had been ingtdled.

Electrica continuity testing of the reference cell grounds to the system grounds and the reference cdll
grounds to the reference cell grounds indicated that the expected continuity was present. The AC
resistance between the anode and the system grounds was found to be in the reasonable range. The
AC resistance between the reference cells and their respective grounds averaged 1500 ohms for the
graphite and 19,000 ohmsfor the silver-glver chloride reference ectrode.

System Performance
Null probe currents went to zero when the system was powered off. All reference cdlls met the 100-
mV criterion during each evauation, and the system was operating at an average current dengity of 1.0
mA/n?. The system had not been operated continuoudly due to problems experienced in setting the
output parameters viathe RMU.
4.3.1.5. Conclusons
All syssem components were functioning properly. The effectiveness of the systlem was being
compromised due to interruption of the operation of the system.

4.3.2. Queen Isabella Causeway, South Padreldand, Texas

The Queen Isabella Causeway is a4.0-km long bridge structure on PR 100 that links South Padre
Idand to the mainland of Texas at Port Isabel and spans the Laguna Madre.

4.3.2.1. Structure Information
The dtructure carries four lanes of traffic going east/west. It comprises 150 spans, 3 continuous sted

plates, and 147 smple prestressed concrete girder spans. The spans are supported by 150 bents that
are numbered from 1 to 150 from west to east. Construction of this structure was completed in 1973.
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In 1997, a corrosion condition eva uation was conducted for the tie beams and footings located in bents
19 through 24. The footings exhibited cracks and spals, the mgority of which were located on the
south footings. Spalls were mosily located on the sdes of the footings. Cracking was the predominant
mode of deterioration on thetie beams. The concrete cover depth ranged from 71 to 121 mm for the
tie beams and from 58 to 108 mm for the footings. A corroson potentid survey of the members
revealed afew areas where the potentials were more negative than -350 mV CSE. These areas were
typicaly found in the proximity of cracks or congtruction joints.

4.3.2.2. CPInformation

The tie beam and the three footings in bent 20 were protected with arc-sprayed titanium. The arc-
Sprayed titanium anode was ingtdled on the entire surface of the tie beam and the footings, with the
exception of the bottom surface of the footings. The totd surface area covered with the titanium anode
was approximately 127 n?. The instrumentation consisted of three silver-silver chloride reference cells
and two null probes. Two reference eectrodes were embedded in the footings and one reference
electrode was embedded in the tie beam. One null probe was ingaled in one of the footings and the
other in the tie beam.

Before the anode was applied, spalls and cracks were repaired and the concrete surface was
sandblasted.

4.3.2.3. Fdd Evaduations

CONCORR, Inc., personnel were present during the initial energization of the system; subsequent
evauations were performed on the following dates.

Energization October 7, 1997

First evduation December 17 and 18, 1997  ~ 2 monthsold
Second evaluation February 9to 11, 1998 ~4 months old
Third evauation April 1to 3, 1998 ~ 6 months old
Fourth evauation June 310 6, 1998 ~8 months old
Fifth evauatiion November 9 to 12, 1998 ~ 13 months old

4.3.2.4. Findings

System Component Evauation
During energization of the system, al components, with the exception of the RMU, were functioning
properly. By thetime of the second evaluation, the RMU problem had been rectified. The DC

electrical continuity data erroneoudy indicated thet there was alack of continuity. This was attributed
to the flow of corrosion currents in the reinforcing sted when the system was off.
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System Performance

A visud survey of the condition of the arc-sprayed titanium was conducted during two evauations
(second and fifth). During the second evauation, sprayed titanium was observed to have disbonded at
the south end of the tie beam and at the Sdes of the footing. During the last eva uation, the condition of
the sprayed titanium had deteriorated significantly. Approximately one-third of the coating hed
disbonded, exposing the concrete surface. At the time of the survey, it was raining and water was
observed under the titanium coating.

The average concrete current density for the field evaluations ranged from 24.11 to 44.64 mA/n?. Of
the three reference el ectrodes, one never exceeded 100 mV, one exceeded 100 mV in each evauation,
and one varied from negative polarization to vauesin excess of 100 mV. Consdering the excessve
disbondment of the coating, it is expected that CP current is only being impressed in areas of good
bonding, hence the variation in the polarization of the three reference electrodes. Also, the current
denstiesimpressed on this system are significantly higher than those encountered in the protection of
stedl embedded in concrete. Lack of polarization of the stedl at such high current dendtiesisindicative
of ether non-uniform current distribution by the anode or current leskage into the ground through the

bay water.

4.3.25. Conclusons

The anode materid in this system had significantly deteriorated and the system was not considered to
be functiond.
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5.0. CONDUCTIVE COATING-BASED IMPRESSED-CURRENT CP SYSTEMS

Two conductive paint impressed-current systems were evaluated in this sudy. Both systems were
ingalled on bridge substructure e ements and both were located in Virginia. Pertinent information is
provided in table 5-1:

Table5-1. Conductive Coating-Based I mpressed-current CP Systems

StructureName | Year CP Element Area Instrumentation | Ageat Last | Average Chloridelon
and L ocation System | Protected | Protected Evaluation Content of Steel
Installed Depth (ppm)
Maury River 1991 & 14 piers & 1530 n? 2 referencecells 4years 281 in southbound
Bridges, 1992 pier caps per zone structure
Lexington, VA
James River Bridge, | 1987 93 7900n? | lreferencecell & | 9years 3
Richmond, VA hammerhead potential wells
pier caps

Note: Chloride ion content information was obtained from cores collected during this study.

5.1. Maury River Bridge, Lexington, Virginia

The Maury River Bridge on I-81 islocated in Rockbridge County in Lexington, Virginia

5.1.1. Structure Information

The bridge comprises one northbound and one southbound structure. Each structure carries two lanes
of traffic and is supported by seven piers. The length and width of each Structure are 215 mand 8.8 m,
respectively. Congtruction of the bridge was completed in 1967.

Significant corroson-induced delaminations (more than 14 percent) and spalls were encountered on the
piers of the two bridges during a survey conducted in 1991. The distress on the piers was due to
leskage of chloride-laden water through the joints.

5.1.2. CPInformation

The piers were cathodicaly protected with an impressed-current syssem. The CP systems on the
northbound and southbound structures were ingalled in November 1991, and July 1992, respectively.

The CP system utilized platinized wire as the primary anode and a conductive carbon-based coating as
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the secondary anode. For aesthetic purposes, atopcoat of white paint was applied to the black
conductive coating.

The CP systems on the two structures are controlled by two 7-circuit, full-wave, unfiltered rectifiers.
Each circuit controls one pier. Both rectifiers are located on the south end of the southbound structure,
Two embedded graphite reference cells were ingtaled in each pier for monitoring purposes.
Delaminated concrete was removed from the pier caps and repairs were performed using shotcrete.

5.1.3. FHdd Evauations

Evauations were performed on the following dates:

First evaluation March 2, 1995 ~3year old

Second evauation June 12 and 13, 1996 ~4yearsold
5.1.4. Findings

System Component Evduation

Electricd continuity testing using the DC technique detected continuity among dl expected e ements
with one exception: Cdl 2 on circuit 3 of the southbound rectifier had a discontinuous ground. The
anode-to-structure data indicated that there were no shorts between the anode and the structure sted!.

The AC resistance measurements between the anode and ground ranged from 13 to 89 chms,
sgnificantly higher than values reported earlier (1.65 to 2.30 ohms). The significant increasein AC
resistance with time may be due to anode degradation or alower moisture content at the concrete-paint
interface. 1t iswiddy accepted that AC resistance between conductive paint anode and system ground
is very dependent on the amount of moisture at the concrete-paint interface.

Instant-off potentia measurements made using the peak-hold method and the manud interrupt method
differed sgnificantly. Further evaluation of the system indicated the presence of AC noise circulating in
the system wiring even when the rectifier was powered off. The magnitude of the AC noise corrdated
well with the increase in AC resistance between the reference cells and their respective grounds. The
magnitude of the AC noise in some reference cells exceeded 600 mV. When AC noiseis present, the
manua method of measuring ingtant-off potentialsis preferred because the actud vaue of the potentia
(minus potentia drop) is measured after the system current has been interrupted. The actua vaue
reduces the impact of AC noise on the measurement.

The AC resistance between dl reference cdlls and their respective grounds was less than 10,000 ochms
during the first evaluation. No AC resistance data were collected in the second evauation.
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The current meter on the rectifier for the southbound structure was mafunctioning and did not provide
an accurate reading of the current.

System Performance
During both evauations, the current settings for the southbound structure were found to be much lower
than those for the northbound structure, even though the currents were adjusted to higher levels a the
end of each evaluaion. The current dengity in the as-found condition during each evauation varied as

follows

Table5-2. Current Dengty Variation

Current Density Range (mA/m?)
Structure
18 Evduation 2" Evauation
Northbound 1.0t0 3.0 1.0t0 3.0
Southbound 0.2t01.0 05t01.3

Each structure was instrumented with atotd of 14 reference cdls. All reference cells, except one
during thefirst evaluation and two during the second eva uation on the northbound structure, exceeded
100 mV during depolarization testing. On the southbound structure, three reference cells during the first
evauation exceeded 100 mV during depolarization testing and five did so during the second evaluation.
Depol arization measured by three reference cdlls in the northbound structure exceeded 300 mV during
both evaluaions. One of these cells measured a depolarization of 599 mV during one evaluation. Two
other reference cdlls from the northbound structure exceeded 300 mV in one of the two evauations.
Wheress, depolarization of only one reference cdll from the southbound structure during the second
evauation exceeded 200 mV.

During the first evauation, the exterior condition of the conductive paint and the overcoat was observed
to be generdly good, with the exception of some pedling, cracking, and bleeding of the black
conductive paint from cracksin the overcoat. Visua observations during the second evauation
reveded that larger areas of the paint experienced deterioration. Blistering and disbondment were aso
observed during the second evaluation and some of the blisters contained water.

5.1.5. Conclusons

The mgority of the piers on the northbound structure were receiving adequate protection, whereas the
majority of the piers on the southbound Structure were not receiving adequate protection. The
conductive paint anode was deteriorating with time and the efficacy of the system was expected to
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decrease with time.
5.2. Route-95 Over James River, Richmond, Virginia

The James River Bridge on 1-95 was completed in 1957.
5.2.1. Structure Information

The bridge has 51 spans, with atotal length of about 1.2 km and aroadway width of 24.4 m. There
are three lanes each in the northbound and southbound directions. The substructure consists of 100
reinforced concrete piers with hammerhead-style pier caps each having approximately 79 n of surface
area.

Before rehabilitation, 80 to 90 percent of the surface area of several hammerhead pier caps was
reported to be delaminated. Corrosion-induced deterioration was caused by saltwater run-off through
leaking deck joints.

5.2.2. CP Information

A conductive-paint CP system was ingtdled on 93 pier capsin 1987. The CP system utilized platinized
wire as the primary anode and a conductive carbon-based coating as the secondary anode. A topcoat
of gray acrylic paint was gpplied to cover the black conductive coating for aesthetics purposes.

As part of the CP system, 24 four-circuit constant-current rectifiers were ingtaled on the railing of the
northbound lane. Each rectifier provided power to four pier caps (except for rectifier #1, which
powered two pier caps, and rectifier #14, which powered three pier caps). For monitoring purposes,
each pier cgp had an embedded molybdenum-molybdenum oxide reference cell and a number of
potentid wells in the conductive coating that could be used for obtaining potential measurements with an
externd reference cell.

Before the ingdlation of the CP system, mgjor rehabilitation conssting of extensive concrete remova
and shotcrete repairs was performed.

5.2.3. Fedd Evduations
Evauations were performed on the following dates:

Firg evauation February 27 and March 15, 1995 ~8yearsold
Second evauation July 10 and 11, 1996 ~9yearsold

During the first evaluation, rectifier data were collected from 14 of the 24 rectifiers; amore detailed
evauation was performed only on piers protected by 4 rectifiers due to logistics and cost congtraints.
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During the second evauation, rectifier data were collected from 21 rectifiers and amore detailed
evauation was performed on piers protected by 10 rectifiers.

5.24. Findings

System Component Evauation

The rectifier meters, particularly the current output meters, were generaly found to be unreliable. The
DC dectricd continuity testing suggested that many of the reference cdll grounds were not continuous
with respect to their syslem grounds. The AC resistance between the reference cells and their
respective grounds for many reference cells exceeded 100,000 ohms, and AC noise on many of the
reference cells was excessive. The mgority of the embedded reference cells were considered to be
unreligble and were not usad in the first evaluation. During the second eval uation, depolarization testing
was performed with 38 embedded reference cdlls. Two reference cdls did not exhibit any changein
potentid with the system power off; two exhibited acceptable behavior; and the remaining reference
cdls exhibited polarization in the wrong direction.

A 1993 evaluation report® indicates that numerous rectifier circuit cards have been replaced due to
lightning sirikes on the rectifiers. The placement of the rectifiers on the bridge railings makes them
susceptible to lightning drikes.

The AC resistance between the anode and the system ground for many of the zones was much larger
than expected and varied from 2 to 14 ohms (for piers 1 through 14) during the first evaluation. The
AC resstance between the anode and the system ground increased with time for the same piers, with
the exception of one pier. During the second evauation, it varied from 5to 23 ohms. The AC
resistance for pier 12 decreased between the two evauations.

System Performance

The depolarization data collected from the embedded reference cells were not considered to be
reliable. Depolarization data were collected using externa reference cdlls from windows established in
the paint for that purpose. These data were only collected from windows in areas where the condition
of the anode was judged to be reasonably good. Depolarization in these areas met the 100-mV
criterion.

During the first evauation, 12 of the 81 zones were operating a or near the maximum output voltage
(30V) of the rectifier and, during the second evauation, 15 of the 81 zones tested were operating & or
near the rectifier maximum. During the second evauation, 35 of the 81 zones were operating in excess
of 20 V. These high voltages are indicators of high circuit resstance. The BEMF were dso very high
for most of the zones. During the first evaluation, only 2 of the 81 zonestested had aBEMF ina
generaly expected range of 0.5t0 3 V. During the second evauation, 15 of the 81 zones tested had a
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reasonable BEMF. Of these 15 zones, 2 zones were operating at an output voltage of lessthan 1V
and 5 were operating a maximum voltage with no current output. In many cases, BEMF voltages were
in excess of 10V, indicating very high anode polarization. Thisisaprecursor to deterioration of the
anode and damage to the concrete-paint interface.

The overdl condition of the conductive coating and the overcoat was fair to poor during the first
evauation and it worsened during the second evauation. Paint failure was evident on dmog dl piersin
the form of cracking, peeling, coating disbondment, bleeding of conductive paint through the overcod,
and bligtering.

The deteriorated condition of the paint in conjunction with the high output voltages and the high BEMFs
suggest that the paint is not effective in distributing the current evenly throughout the protected area and
the current is concentrated in areas where the anode is dill intact.

Based on the condition of the conductive-paint system, the owners decided to remove the syslem and
replace it with agavanic zinc sysem.

5.25. Conclusons

The system had reached the end of its useful servicelife. It should be noted that a significant amount of
concrete had been replaced before the ingtdlation of the conductive paint system.



6.0. CONDUCTIVE POLYMER-BASED IMPRESSED-CURRENT CP SYSTEMS

Two conductive polymer-based systems were included in this study. The system in West Virginia used
conductive polymer in dots cut on the deck, whereas the system in Minnesota used mounds of
conductive polymer placed on the deck surface under an overlay and in dots on the sdewak. The
systemin West Virginiais classfied as a dotted conductive polymer sysem. Although the systemin
Minnesota has both a mounded and dotted conductive polymer application, the mounded system is
ingtaled on alarger surface area of the bridge deck and the dotted system isingtadled on asmdler area
on the sdewdks. Also, no instrumentation was ingtdled in the dotted system in Minnesota to evauate
its effectiveness.

6.1. Slotted Conductive Polymer

Pertinent information on the dotted conductive polymer system is provided in table 6-1:

Table6-1. Slotted Conductive Polymer-Based | mpressed-current CP Systems

StructureName | Year CP Element Area Instrumentation | Ageat Last | Average Chloridelon
and L ocation System | Protected | Protected Evaluation Content of Steel
Installed Depth (ppm)
1-64 Bridge, 1985 Deck 26,128 nv 1 reference cell 12 years 397
Charleston, WV per zone

Note: Chloride ion content information was obtained from cores collected during this study.

6.1.1. 1-64 Bridge, Charleston, West Virginia

The 1-64 bridge carries eastbound and westbound traffic on Interstate 64 in Kanawha County,
Charleston, West Virginia

6.1.1.1. Structure Information

The bridge conssts of 4 travel lanes and 26 smple spans, with atota length of 1217 m. Congruction
of the bridge was completed in 1974.

In August 1982, a corrosion condition evauation of the structure determined the extent of the damage
due to reinforcement corrosion. A visua and delamination survey was performed on 9197 n¥ of deck
surface area. Approximately 1 percent of the tested deck areawas delaminated or spalled. All but
one of the 21 concrete cover measurements taken exceeded 51 mm. The chloride content at a 13-mm
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nomina depth was in excess of 1700 ppm and at a 63-mm nomina depth it was below the chloride
threshold limit (260 ppm).

6.1.1.2. CPInformation

Between 1984 and 1985, a non-overlay dotted anode system was ingtdled on the bridge deck. The
system congsted of platinized niobium wire primary anodes that were placed in dots longitudindly, and
carbon strand secondary anodes that were placed in dots transversely. The dots were 13 mm wide
and 19 mm deep. The transverse dots were spaced 0.30 m on center. After the anodes were placed,
the dots were filled with a conductive polymer grout. In 1992, ddaminations found on the deck were
repaired and severd components of the CP system were refurbished.

The CP system was ingtalled to control corrosion on 26,128 n¥ of concrete surface area, which was
divided into 46 zones controlled by 6 rectifiers. Each zone was insrumented with one silver-silver
chloride reference cdll. The system was equipped with an RMU that reportedly had not functioned as

expected.
6.1.1.3. Field Evauations
Evauations were performed on the following dates:

First evauation October 22 and 23, 1996 ~ 11 yearsold
Second evaluation October 8 to 10, 1997 ~12 yearsold

6.1.1.4. Findings
System Component Evauation

The last evaluation was conducted after the system had been operating for 12 years. Severa problems
that were found in the first evaluation had been corrected by the time of the second evauation. The
electronic boards that were missing in 10 zonesin the first evauation had been ingdled. 1n addition,
the five zones that were found to be receiving margind protection from the CP system in the firgt

eva uation were recelving adequate current and voltage output in the latest evauation. The problem
with the rectifier multiplier for measuring current output had aso been corrected.

Resistors were found to be connected between the reference cell and the reference cdll grounds. There
was an gpparent lack of eectrical continuity between reference cell grounds and system grounds,
particularly for the zones controlled by rectifiers 3 and 4. The gpparent lack of continuity does not
seem to impact potential measurement. Approximately 25 percent of the reference cells exceeded
10,000 ohms. No differencein performance could be identified between the reference cells that met
the AASHTO T-29“ limit criterion of 10,000 ohms and those that did not.
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System Performance

The current density for both evaluations varied from 2.5 to 11.5 mA/n? and averaged 5.95 mA/m2.
The rectifier output voltage and the BEMF were in the acceptable range. The 100-mV polarization
decay criterion was achieved at more than 90 percent of the locations. The polarization at afew
locations was excessvey high.

Although not extensve, some deterioration of the conductive polymer in the dots and the concrete
aong the edge of the dotswas noted. In some locations, the conductive polymer had failed and was
missing from the dots; in other areas, acid attack on the concrete at the edges of the dots was
observed. The observed damage was not sufficient to impact the performance of the system. 1t should
be noted that the system had been rehabilitated in 1992 and such deterioration had been addressed.

6.1.1.5. Conclusions

All syslem components were performing satisfactorily. Based on the results of the depolarization
testing, it may be concluded that the system was providing adequate protection. Although the system
was 12 years old, a significant rehabilitation of the system components was performed at the age of 7
years.

6.2. Mounded Conductive Polymer

Pertinent information on the mounded conductive polymer system is provided in table 6-2:

Table 6-2. Mounded Conductive Polymer Impressed-current CP Systems

StructureName | Year CP | Element Area Insrumentation | Ageat Last | Average Chloridelon
and L ocation System | Protected | Protected Evaluation Content of Steel
Installed Depth (ppm)
42 St over 1-35 1983 Deck g976n? | lreferencecel & 1| 15years NA
Minneapolis, MN or 2 corrosion
probes per zone

Note: Chloride ion content information was obtained from cores collected during this study.
NA - not available

6.2.1. 42nd Street Bridge over 1-35, South Minneapolis, Minnesota
The 42nd Street bridge over 1-35 W islocated in South Minnegpolis, Minnesota.

6.2.1.1. Structure Information
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It comprises four gpans and four travel lanes, with an overdl length of 61 m and awidth of 16 m.
Construction of the bridge was completed in 1964.

Before rehabilitation, a condition survey revealed approximately 37 n? of delaminated and spalled
concrete and corrosion potentials more negative than -400 mV CSE near the end gpproach joints.

6.2.1.2. CPInformation

When the concrete repairs were completed, two different types of syssems using rigid conductive
polymer anode materiad were ingtaled in 1983.

A rigid conductive polymer mound system was instaled on the deck. Platinized niobium copper wires
(PT) and high-purity carbon strands were used as the primary anodes. The PT wires were placed in
the transverse direction on the repaired deck at two locations on the end spans and at four locations on
the center spans. The carbon strands were placed in the longitudina direction a a 0.46-m spacing in
zones 1 and 2 and a 0.30-m spacing in zones 3 and 4. Subsequently, the rigid conductive polymer was
placed over the entire length of the primary anodesin the form of amound.

A dotted system was ingtalled on the Ssdewalks. The PT wires and carbon strands were placed in dots
cut in the Sdewak and then the dots were backfilled with rigid conductive polymer.

The primary anodes were placed in the same configuration as the mounded system, except that a
0.30-m spacing between the carbon strands was used in dl zones.

In each pan, the dotted and the mounded system were combined to form a zone. Each zone was
ingrumented with a slver-silver chloride reference cell and a current probe placed in the deck. One
additional current probe was ingtdled in each end span (zones 1 and 4) at the leve of the bottom mat
reinforcing sed.
6.2.1.3. Field Evauations
Evauations were performed on the following dates:

First evaluation September 19 and 20, 1994 ~ 11 yearsold

Second evaluation July 31, 1996 ~13yearsold

Third evauation May 11 and 12, 1998 ~15yearsold
6.2.1.4. Findings

System Component Evauation

Electrica continuity data and AC resistance data were in the acceptable range, with the exception of
the AC resstance between reference cells and their respective grounds. During the first evauation, AC
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resistance for two of the cells exceeded 10,000 ohms, with one of them measuring 100,000 ohms.
With each trip, the AC resistance of the reference cells kept increasing, and by the third evauation, al
reference cells had exceeded 10,000 ohms. There was no apparent impact of the high resistance on
the measurement of the potentias by these reference cells.

The rectifier meter for measuring output voltage and current was not functioning and was in need of
replacement.

System Performance

Three field evauations were conducted on this sysem. The last evauation was conducted after the
system had been in service for about 15 years. The average concrete current dengity obtained in the
three evaluations ranged from 2.26 to 2.91 mA/n?. The 100-mV polarization decay criterion was only
achieved in zone 1 in the firgt two evauations (after the system had been in service for 11 and 13 years,
respectively). During the lagt vigt, the rectifier was found to be powered down and afailed fuse was
found in zone 3. Also, two of the four instrumentation junction boxes were not accessible. Thus, only
zones 1 and 3 were evauated after the system was re-energized. Neither of these zones exhibited 100
mV of polarization in 4 hours. The BEMF for zones 3 and 4 was noted to be low during al three visits
and the BEMF for zones 1 and 2 was aso low during the lagt vigit. With the exception of one
corrosion probe (zone 4 top), al corrosion probes exhibited a change in the magnitude or areversa of
current through the probe upon system power off.

A 1.5-n? hollow-sounding area was detected in zone 4 during the last evaluation. The cause of this
was not determined. Hollow-sounding areas were aso detected on the sdewak. Signs of conductive
polymer failure in the dots and acid generation on the concrete adjacent to the dots were visble. The
system had been operated at current densities much lower than those generally encountered in the
mitigation of corroson in reinforced concrete Sructures. Increasing the current dengity on these
systems is expected to result in the generation of acid at the anode/concrete interface. The acids can
lead to deterioration of the concrete.

6.2.1.5. Conclusions

The reference cdls were drying up as indicated by the increase in resstance with time. The results of
the depolarization testing suggested that the system was not providing adequate protection at the low
current dengities at which they were being operated. It should be noted that the corrosivity of the
bridge deck was mild at the time of the ingtalation of the system.






7.0. COKE BREEZE-BASED IMPRESSED-CURRENT CP SYSTEMS

Two coke breeze-based sysems ingtdled in Canada and oneindaled in Cdiforniawere included in
thisstudy. The system in Cdiforniawas ingaled in only one zone with severd other systems. Pertinent
information on these systems is provided in table 7-1:

Table7-1. Conductive Coke Breeze-Based | mpressed-current CP Systems

StructureName | Year CP | Element Area Insrumentation | Ageat Last | Average Chloridelon
and L ocation System | Protected | Protected Evaluation Content of Steel
Installed Depth (ppm)
East Duffins Creek 1991 Deck 612 n? 3referencecells& 5years 1793
Bridge, 4 reference probes
Ontario, Canada
Schomberg River 1987 Deck 604 n? 3referencecells & 9years 4160
Bridge, 4 reference probes
Ontario, Canada
Upper Salt Creek 1988 Deck 223t Potential wells 8 years NA
Bridge,
Redding, CA

Note: Chloride ion content information was obtained from cores collected during this study.

NA - not available

7.1. East Duffins Creek Bridge on Highway 7, Pickering, Ontario, Canada

The East Duffins Creek Bridge carries two lanes of Highway 7 over East Duffins Creek in Pickering,

Ontario, Canada.

7.1.1. Structure Information

The bridge has atotal length of 56 m, atotal width of 13 m, and a deck surface area of 612 m2. Each
travel laneis 5.5 mwide, with a0.9-m sdewak. Congtruction of the East Duffins Creek Bridge was
completed in 1973.

Before the CP system was indaled, the deck had delaminations and patched areas over gpproximately
2 percent of itsareaand 17 percent of the deck areawas determined to have a high probability of
active corroson based on corrosion potential measurements. However, the average chlorideion
content at the leve of the reinforcing stedl was less than the minimum threshold leve required to initiate
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corrosion.
7.1.2. CP Information

In 1991, an impressed-current CP system, powered by a single-circuit rectifier, was ingtaled on the
travel lanes of the bridge deck. The anode system comprised a 40-mm-thick conductive coke breeze
asphdt layer and 16 Durco Type 1 Pancake anodes. The conductive layer was overlaid with 40-
mm-thick asphaltic concrete wearing surface. Three embedded graphite reference cells and four
graphite voltage probes were ingtaled for monitoring purposes.

Before the CP system was ingtdled, unsound concrete and patching material were removed and repairs
were performed using conventiona concrete.

7.1.3. Fidd Evauations

Evauations were performed on the following dates:

Firg evaluation May 11 and 12, 1995 ~4yearsold

Second evaluation October 29 and 30, 1996 ~5yearsold
7.1.4. Findings

System Component Evduation

All rebar probe grounds were found to be continuous to their respective system grounds. For proper
operation of the voltage probes, the Ministry of Trangportation of Ontario (MTO) believes that the
probe-to-system ground resistance should not exceed 30 ohms and the probe-to-anode resistance
should range from 10 to 15 ohms. Only one of the four voltage probes during the first evaluation met
both of the requirements. During the second evauation, none of the voltage probes met ether of the
requirements.

Anode-to-system ground resistance and the reference cell-to-reference cell ground resistance were in
the acceptable range.

System Performance

The lagt evaduation was conducted when the syslem was in its fifth year of operation. No visualy
observable damage was detected in ether evauation and the asphdt overlay appeared to be well
bonded to the concrete deck. The system was operated at an average concrete current density of 1.96
mA/n?.



Polarization decay data obtained during the first evauation indicated that complete decay did not occur
within 4 hours. Thus, during the second visit, a 20-hour potentia decay test was conducted. The
average polarization decay was 96 mV and 190 mV for the first and second eva uations, respectively.

The ingtant-off potentia for the voltage probes, with the exception of one during the first evaluation, did
not fall in the range (-0.80to -1.25 V) prescribed by MTO for proper operation. The remainder of the
potentials were more postive than -0.80 V. MTO congders potentials more positive than -0.80 V to
be indicative of insufficient protection.

Thetota chloride ion content at the rebar level was found to be 14 to 18 times greeter than the
minimum threshold leve required to initiate corroson. This CP system was considered to be
performing satisfactorily, athough the voltage probes cannot be relied upon for monitoring purposes.

7.15. Conclusions

With the exception of the voltage probes, the mgor components of the CP system were observed to be
functioning normdly. The voltage probes did not meet any of the requirements specified by MTO. The
results of the depolarization testing indicated that the system was providing adequate protection.

7.2. Schomberg River Bridge on Highway 27, Toronto, Ontario, Canada

The Schomberg River Bridge carries Highway 27 over the Schomberg River in Smcoe County,
Ontario, Canada.

7.2.1. Structure Information

The bridge is a semi-continuous reinforced concrete structure with atota length of 66 m, atota
roadway width of 9.1 m, and atotal deck surface areaof 604 n?. Thereis one northbound and one
southbound lane; each lane is 4.6 m wide, with a0.9-m sdewak. Congtruction of the bridge was
completed in 1966.

A corrosion condition evauation of the bridge deck was conducted in July 1985. The results showed
that 8 percent of the bridge deck was delaminated and approximately 19 percent of the deck area had
ahigh probability of active corrosion (based on criteria provided in ASTM C-876).© Thetota
chloride content was determined to be greater than 200 ppm by weight of concrete to a depth of 90
mm. Clear concrete cover over reinforcing sted varied from 35 mm to 60 mm.

7.2.2. CPInformation

In 1987, a conductive bituminous overlay CP system, powered by asingle-circuit rectifier, was ingaled
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on the bridge deck. The system consisted of iron pancake anodes (primary anodes) and a 40-mm-
thick modified coke breeze overlay (secondary anode). A 63-mmi-thick asphaltic riding surface placed
on the coke breeze overlay protected the anode system. Three embedded graphite reference cells and
four graphite voltage probes were incorporated in the system for monitoring purposes.

7.2.3. Fidd Evauations

Evauations were performed on the following dates:

First evaluation May 8 and 9, 1995 ~8yearsold
Second evaluation October 29 and 30, 1996 ~9yearsold
7.24. Findings

Electricd continuity between reference cdl grounds and system grounds and the absence of shorts
between the anode and system ground and the voltage probe and system ground were verified. The
AC resistance between the anode and the system ground, reference cdlls and reference cell grounds,
and voltage probes and system ground were in the acceptable range during the first evauation.

Res stance between two voltage probes and ther respective grounds exceeded the 30-ohms limit
during the second evauation. The AC resistance between dl voltage probes and the anode was
greater than 15 ohms.

System Performance

No visudly observable damage was detected in either evauation, and the asphalt overlay gppeared to
be well bonded to the concrete deck. The system operated a an average concrete current density of
1.84 mA/n¥. Polarization decay was well in excess of 100 mV in 4 hours. One of the four voltage
probes did not meet the MTO resistance criteriafor reliability and three of the four probes, including
the unrdliable one, had more posgitive potentials than alowed by the MTO guiddines. For proper
operation of the system, MTO guiddines require that the instant-off potentias of the voltage probes be
maintained between -0.80 and -1.25 V. Approximately 8 years after the CP systems had been
ingaled, the total chloride ion content at the rebar level was found to be 3 to 11 times greater than the
threshold level required to initiate corroson at the time of the first field evauation.

Although the voltage probe data were outside the range permitted in MTO guiddines, the polarization
data, system operation data, and visual condition of the system and the deck indicated that the CP
system was performing satisfactorily.

7.2.5. Conclusons

The system was performing satisfactorily and was providing adequate protection. The performance of
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the voltage probes was suspect, at best.

7.3. Upper Salt Creek Bridge on Southbound 1-5, Redding, California
The Upper Sdalt Creek Bridge carries southbound 1-5 in Redding, California
7.3.1. Structure Information

The bridgeis 11.4 m long and 3.6 m wide, with a deck surface area of 446 n?. Congtruction of the
Upper St Creek Bridge was completed in 1966.

7.3.2. CPInformation

A 38-mm-thick layer of Ashbury #99 type coke breeze was used at the primary anode and the power
connection to the coke breeze was achieved through type |1 high silicon cagt-iron plates ingtaled on the
deck. A 64-mm-thick concrete asphalt overlay was placed on the coke breeze to provide ariding
surface.

No embedded reference cells or rebar probes were indaled in the system. However, potentia wells
were ingaled on the bridge deck to facilitate potentia measurements using an externd reference
electrode. A congtant voltage rectifier was used to power the system.

7.3.3. Fidd Evduations

Evauations were performed on the following dates:

First evaluation October 31 to November 4, 1994 ~6yearsold

Second evauation November 26 and 27, 1996 ~8yearsold
7.3.4. Findings

System Component Evauation

No instrumentation was inddled in this sysem. Built-in voltage and current meters did not provide
accurate readings. During the second evauation, the system was found powered off . The power to
the system was turned on and rectifier data were collected and polarization development testing was
performed.

System Performance



The concrete current density during the two evauations varied from 1.4 to 2.3 mA/m2. The output
voltage and BEMF were in the acceptable range and the anode-to-system AC resistance averaged
0.41 ohms. During both evauations, the polarization development or decay exceeded 100 mV in dl
wells tested.

7.3.5. Conclusions

The system was providing adequate protection.



8.0. ZINC-BASED GALVANIC CP SYSTEMS

Zinc-based gdvanic systems have found gpplication on substructura eements of marine structures.
The State of FHorida has concluded that the only cost-effective method to protect marine substructures
isgavanic CP. Zinc anodeis used in severd different forms, such as arc-prayed zinc, zinc foil with an
adhesive, and expanded zinc sheetsin jackets or with compression panels. Of the different types of
zinc gpplications, the arc-gorayed zinc, zinc with adhesive, and expanded zinc with compression pands
were evauated in this study.

8.1. Arc-sprayed Zinc

Three arc-gprayed zinc systems were evauated in this study. Pertinent information on them is provided
intable 8-1:

Table8-1. Arc-Sprayed Zinc Galvanic CP Systems

StructureName | Year CP Element Area Instrumentation | Ageat Last | Average Chloridelon
and L ocation System | Protected | Protected Evaluation Content of Steel
Installed Depth (ppm)
Queen Isabella 1997 Tiebeam & 127 n? |3referencecells& 2| 13 months 457
Causeway, South footingsin null probes in north footing
Padre Island, TX bent
Howard Frankland | 1992 Deck soffit, | 11,148 n? | Rebar probes & 5years 488
Bridge, prestressed windows
TampaBay, FL beams, pile
caps, & piles
7 MileBridge, 1991 & Columns NA Rebar probes 7years& 2 3124
Marathon, FL 1996 months

Note: Chloride ion content information was obtained from cores collected during this study.
NA - not available

8.1.1. Queen Isabella Causeway, South Padreldand, Texas

The Queen Isabella Causeway is a4.0-km-long bridge structure on PR 100 that links South Pedre
Idand to the mainland of Texas at Port Isabel and spans the Laguna Madre.

8.1.1.1. Structure Information

The dructure carries four lanes of traffic going east/west. It comprises 150 spans, 3 continuous stedl
plates, and 147 smple prestressed concrete girder spans. The spans are supported by 150 bents that
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are numbered from 1 to 150 from west to east. Construction of this structure was completed in 1973.

In 1997, a corrosion condition eva uation was conducted for the tie beams and footings located in bents
19 through 24. The footings exhibited cracks and spals, the mgority of which were located on the
south footings. Spalls were mosily located on the Sdes of the footings. Cracking was the predominant
mode of deterioration on thetie beams. The concrete cover depth ranged from 71 to 121 mm for the
tie beams and from 58 to 108 mm for the footings. A corroson potentid survey of the members
revealed afew areas where the potentials were more negative than -350 mV CSE. These areas were
typicaly found in the proximity of cracks or congtruction joints.

8.1.1.2. CPInformation

A gavanic arc-sprayed zinc CP system was ingaled on bent 22. The entire surface of the tie beam
and the three footings, with the exception of the bottom surface of the footings, totaling approximately
127 ¥, were protected. The instrumentation consisted of three silver-silver chloride reference cells
and two null probes. Two reference eectrodes were embedded in the footings and one reference
electrode was embedded in the tie beam. One null probe was ingtaled in one of the footings and the
other in the tie beam.

The spdls and cracks were repaired and the concrete surface was sandblasted before the application
of the anode.

8.1.1.3. FHdd Evauations

CONCORR, Inc., personnel were present during the initial energization of the system; subsequent
evauations were performed on the following dates:

Energization October 7, 1997 ~0Oyearsold
Firs evaluation December 17 and 18, 1997  ~ 2 months old
Second evaluation February 9to 11, 1998 ~ 4 months old
Third evauation April 1to 3, 1998 ~ 6 months old
Fourth evauation June 3 to 6, 1998 ~ 8 months old
Fifth evduation November 9 to 12, 1998 ~13 monthsold

8.1.1.4. Findings
System Component Evduation
During energization of the system, the RMU system was naot functioning properly. By the time of the

second evauation, the RMU problems had been rectified. Electrica continuity was detected between
reference cdl grounds and system grounds. The AC resistance between the reference cells and their
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respective grounds was lower than 10,000 ohmsfor al cellsin dl evauations, with the exception of one
cdl in one evauation.

System Performance

The performance of a galvanic CP can be evauated by reviewing the current provided by the sacrificia
anode and the polarization of the sted. The current output of the arc-sprayed zinc anode varied from
1.9 mA/n? to 3.8 mA/n? during the five evauaions. Thisleve of current output for agavanic sysem
was considered to be acceptable.

Depolarization testing was performed using the three embedded reference cdls during four of the five
evauations. During the second eva uation, one reference cell exceeded the 100-mV criterion in 4 hours
and one came very close to the criterion (95 mV) in 4 hours. These two reference cdlls continued to
exhibit smilar behavior in the remaining three evaluaions. Both cells measured depolarizationsin
excess of 100 mV when alowed to depolarize up to 22 hours.

The third reference cdll did not indicate 100 mV of depolarization in 4 hours during the second
evauation and it exhibited abnormal behavior. Immediatdy after the interruption of the CP current, it
would measure potentids indicative of depolarization in excess of 100 mV. The measured potentid
would then become more negative with time and would result in lower levels of depolarization. This
behavior was exhibited in two of the four evaluaions. In the other two evauations, it exhibited normal
behavior and met the 100-mV requirement in 22 hours and 4 hours, respectively.

8.1.1.5. Conclusions

The results of the depolarization testing and the levels of output current indicated that the CP system
was providing adequate protection.

8.1.2. Howard Frankland Bridge on 1-275, Tampa, Florida

The Howard Frankland Bridge is part of 1-275 and spans the Tampa Bay.

8.1.2.1. Structure Information

This four-lane bridge congsts of 321 spans, with an overdl length of 4838 m. Congtruction of the
Howard Frankland Bridge was completed in 1960.

8.1.2.2. CPInformation

The sacrificid CP systemsingalled on the Howard Frankland Bridge included the application of
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arc-sprayed zinc to approximately 11,148 n? of concrete surface, the ingtallation of perforated
zZinc-sheet bulk anode systems on 67 piles, and the ingtdlation of bulk anodes on 20 bridge piers. The
scope of this sudy was limited to the arc-prayed zinc system; the other two systems were not
evaluated.

The arc-sprayed zinc was applied to surface areas of select piles, pile caps, prestressed beams, and the
soffit of the deck. The zinc gpplication employed multiple spray passes to achieve a coating thickness
of 15to 20 mm. The connection of the anode to the reinforcing stedl at al Sites, except for bent 293
and span 292, was achieved by direct contact of the reinforcing stedl at the areas where the rebar was
exposed.

The instrumentation for the arc-gprayed zinc system was ingtalled on select members and consisted of
embedded rebar probes and anode windows. Embedded rebar probes consisted of a number 4 rebar
segment with a surface area of 1290 mm? that can be connected or disconnected to the zinc coating.
This adlowed the measurement of current flow between the anode and the probes, and the performance
of polarization and depolarization testing. Square sections of zinc anode measuring 0.093 n (termed
“windows’) were isolated from the remainder of the arc-sorayed zinc anode. These windows were
connected directly to the structure in ajunction box, with provisons to alow disconnection and
connection back to the structure for testing purposes. Current flow generated by the anode in the
window could be measured by disconnecting the window and ingtaling a current meter in series with
the anode and the structure.

The test probes and the windows were ingtalled on three piles (above the perforated zinc sheetsin arc-
sprayed zinc protected areas), two prestressed beams, four pile caps, and on one section of the soffit of
the deck.

Before application of the arc-gprayed zinc, al delaminated concrete was removed. No concrete patch
repairs were performed. A light silica sand abrasive blast was used to remove any mill scae, rug, dirt,
or any other foreign materid from the surface to be coated. The zinc gpplication employed multiple
Spray passes to achieve a coating thickness of 0.38 to 0.51 mm. Connection of the anode to the
reinforcing sted at dl gtes, except for bent 293 and span 292, was achieved by direct contact of the
reinforcing sted a the areas where the rebar was exposed.

8.1.2.3. Fidd Evduations
Evauations were performed on the following dates:

Firg evaluaion March 24 and 25, 1995 ~3yearsold
Second evauation January 22 and 23, 1997 ~5yearsold

8.1.24. Findings



System Component Evduation

The AC resstance between the probes and system grounds indicated that the probes were not shorted
to the structurd sted and were functiona. Some of the connections to the zinc anode for
instrumentation were exhibiting Sgns of corrosion and loss of zinc adjacent to it.

System Performance

At dl test locations where probes were ingtaled, approximately half of the probes were maintained in
the “on” postion (i.e., connected to the CP system) and the other haf were maintained in the “of f”
position (i.e., disconnected from the system). At each location, probes that were powered on were
used to conduct a depolarization testing. Subsequent to the depolarization testing, when the system was
energized, the probes that were powered off were used to conduct polarization testing.

The current output density based on the current received by the probes averaged 5.93 and 4.72 mA/ny
per sted surface areafor the two evauations, respectively. During the second evauation, data from the
ingrumentation from one of the piles could not be collected. During the first evaluation, current in two
probes was flowing in the opposite direction from what was expected. Measurements from these two
probes were not included in the average. The current flow from the windows to the structural steel
averaged 27.87 and 4.38 mA/n? of anode surface areaiin the two evauaions, respectively.

The results of the polarization and depolarization testing performed with the probes averaged 155 mV
of potentid shift in 4 hours during the first evadluation. Five of the 22 measurements did not exceed 100
mV. Two measurements exhibited shifts in the wrong direction and were not included in the average.
During the second evauation, the potentid shift averaged 169 mV and 2 of the 21 measurements did
not exceed 100 mV.

8.1.2.5. Conclusons

Considering the current output by the system after 5 years of operation and the results of the
polarization/depol arization testing, it may be concluded that the system was providing adequate
protection.

8.1.3. Seven MileBridge, Florida Keys, Florida

The Seven Mile Bridge is part of U.S.1 in the HoridaKeys, Horida

8.1.3.1. Structure Information

The bridge has 266 bents, an overdl length of 10,931 m, and a deck width of 11 m that consists of
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two travel lanes. The substructure conssts of 91-cm-diameter columns, which terminate in drilled
shafts and struts between each column pair. There are two columns per bent, designated East and

West. The reinforcement consists of epoxy-coated rebar. Construction of the bridge was completed in
1979.
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8.1.3.2. CPInformation

There were two gpplications of arc-sprayed zinc on the columns of the Seven Mile Bridge. Thefirst
gpplication was madein 1991 on select columns. Additiona columns were protected in 1996. Before
application of zinc, delaminated concrete was removed and the surface that was to receive the arc-
sprayed zinc was sandblasted to produce an acceptable profile on the concrete surface and to remove
al epoxy coating from the reinforcing sted exposed in the excavated areas. No repairs were made in
areas where deteriorated concrete had been removed. After sandblasting and before the application of
the arc-sprayed zinc anode, the concrete surface was blown down with air to remove debris. The arc-
sprayed zinc was then applied to the concrete surface and the exposed reinforcing sted. The negative
connection of the sprayed zinc to the structure was achieved by spraying the zinc coating directly onto
the exposed rebar.

Nine columns, three sprayed in 1991 and six sprayed in 1996, were insrumented by CONCORR,
Inc., in 1996 during the first evaluation using the FHorida DOT design for embedded probes. Each of
these nine columns was instrumented with two embedded rebar probes. Each probe consisted of a
number 4 rebar segment with a surface area of 1290 mm?. The probes could be connected or
disconnected to the column stedl to perform polarization devel opment/decay testing.

8.1.3.3. Fidd Evduations
Evauations were performed on the following dates:
First evaluation February 28 and 29, 1996 ~5years/1 month old
Second evauation February 20, 1997 ~ 6 yeard1 year old
Third evduation May 22, 1998 ~ 7 years2 yearsold
8.1.3.4. Findings
System Component Evauation
The AC resistance measurements made between the anode and the embedded probes indicated that
the probes were not continuous to the anode. The resistance between the probes and the anode

increased an order of magnitude between the first evaluation and the second evauation and then leveled
off.

System Performance
Of the two probes installed on each column, one was labeled the top probe and the other the bottom

probe. During each evauation, depolarization and polarization were performed on the top and bottom
probes as follows:



Table8-2. Polarization Testing

First Evaluation Second Evaluation | Third Evaluation

Depolarization Testing Top Probe Bottom Probe Bottom Probe

Polarization Testing Bottom Probe Top Probe Top Probe

The probes ingtaled on the columns sprayed in 1991 exhibited significant variation in the 4-hour
polarization development and decay as afunction of time. Two out of five probes, three out of Sx
probes, and two out of six probes exhibited polarization/depolarization in excess of 100 mV in thefirg,
second, and third evauations, respectively. No single probe exhibited 100 mV of polarization or
depolarization in any of the three evauations.

For probesingtaled on columns sprayed in 1996, the 4-hour pol arization/depolarization testing was
amilarly variable. In the firgt, second, and third evauations, the number of probes exceeding 100 mV
were 6 out of 9, 7 out of 9, and 7 out of 11, respectively. Two probes consstently exhibited 100 mV
of polarization or depolarization in dl three evauations.

8.1.3.5. Conclusions

It should be noted that the probes that did not exceed 100 mV of polarization development or decay in

4 hours may have exceeded it in 24 hours, but this was not verified. Based on the data, it may be
concluded that the system was providing partid protection.

8.2. Zinc Foail with Adhesive
One dructure utilizing a zinc with adhesive anode was evauated in this study and its pertinent

information is provided in table 8-3:

Table8-3. Zinc With Adhesive Galvanic CP Systems

Structure Name | Year CP Element Area Instrumentation |Ageat Last | Average Chloridelon
and L ocation System Protected | Protected Evaluation Content of Sted
Installed Depth (ppm)
Martinsville, VA 1996 Pier caps 121m? |2 referencecellsper| 14 months NA
cap

NA - not available
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8.2.1. Route 58 Bridge over Leatherwood Creek, Henry County, Virginia
The Route 58 bridge over Leatherwood Creek islocated in Henry County near Martinsville, Virginia
8.2.1.1. Structure Information

The bridge conssts of four spans, with atota length of 77.3 m. There are two 4.6-m-wide travel lanes
carrying eastbound and westbound traffic. The substructure consists of three pier caps, each supported
by three circular piles. Piers 1, 2, and 3 are numbered from east to west. The pilesfor pier 1 are
located within the waterbed of the creek, while the pilesfor piers 2 and 3 are located adjacent to the
creek and near the western abutment wall, respectively. The bridge was constructed in 1963.

8.2.1.2. CPInformation

In December 1996, a zinc with adhesive anode gavanic CP system was ingaled on all three pier caps

of the structure. Each of the pier caps has a surface area of 40.4 n?. This anode consists of a sheet of
zinc foil with a pressure-sensitive adhesive. The zinc anode has athickness of 0.25 mm; it was ingtdled

on atotal pier cap surface areaof 121 n¥. Each of the three piersis instrumented with two silver-silver
chloride reference cells.

Before the anode was ingtalled, the concrete surface was thoroughly cleaned to achieve adequate
adhesion between the anode and the substrate.

Repairs were performed to the anode shortly after ingtdlation. Disbondment of the anode at the nose
of the three pierswas evident. The disbondment was due to water seeping through the expansion joints
on the deck. To solve the problem, the anode strips at the nose of the piers were rotated from a
horizonta to averticd orientation.

8.2.1.3. Hdd Evauations

The system was energized during the first evauation and evduations were performed on the following
dates:

Energization January 22, 1997

Firg evauation September 30 and October 1, 1997 ~ 8 monthsold

Second evauation January 14 and 15, 1998 ~1year old
Third evduation March 18 and 19, 1998 ~ 14 monthsold



8.2.1.4. Findings
System Component Evduation

The DC dectrica continuity testing performed before the energization of the system indicated thet all
reference cdll grounds were continuous to their repective system grounds and to each other. The AC
resistance of the reference cdlls to their respective grounds was measured in two of the three
evauations and was less than 10,000 ohms for dl reference cells. The AC resistance between the
anode and the system ground averaged 1.6 ohmsfor piers 1 and 3 and 4.6 onms for pier 2.

System Performance

The adhesive that bonds the anode to the concrete surface is extremely water-soluble and any water
intrusion between the zinc and the concrete surface results in dissolution of the adhesive and loss of
bond. Water lesks dong expangon joints resulted in failure of the anode at the ends of the pier caps
immediately after ingalation. The anode at the end of the piers was replaced and inddled verticdly to
reduce water intrusion between the zinc and the concrete surface. During system energization, air
pockets were visible on the anode surface. 1n these areas, the anode was probably not making contact
with the concrete surface. Visua survey during the first evaluation detected dishondment of the anode
on the ends of some of the pier caps and asmall section of anode (approximately 0.30 m long) had
peded off the concrete surface on the south end of pier 1. By the third evaluation, the damaged section
of the anode on the south end of pier 1 had increased to approximately 1.2 m.

The current output per pier ranged from 1.66 to 4.45 mA/n?. The average polarization decay in 4
hours for the first, second, and third evauations was 107, 102, and 92 mV, respectively. Intwo of the
three eva uations, 22-hour depolarization testing was performed and all reference cells exceeded 100
mV.

8.2.1.5. Conclusons

The anode was providing sufficient current to stop the ongoing corrosion on the pier cgps. The life of
the anode was dependent on the life of the adhesive and the consumption rate of the zinc.

8.3. Expanded Zinc Mesh and Bulk Anode

One expanded zinc mesh with a compression pand anode was evauated in this study; its pertinent
information is provided in Table 8-4:
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Table 8-4. Expanded and Bulk Anode Galvanic CP Systems

StructureNameand | Year CP | Element Area Instrumentation |Ageat Last| Average Chloridelon
L ocation System | Protected |Protected Evaluation [Content of Steel Depth
Installed (ppm)
Bryant Patton Bridges,| 1995 | Prestressed | 171 piles | Referencecells& 3years NA
St. George Island, FL piles current probesin
select piles

NA - not available

8.3.1. Bryant Patton Bridges, St. Georgeldand, Florida

The Bryant Patton Bridges link St. George Idand to the mainland of Horidaat East Point. These
bridges span dmost 1.6 km of the Appa achicola Bay in Franklin County.

8.3.1.1. Structure Information

The Bryant Patton Bridges consist of bridge number 490003 and bridge number 490004, which are
designated as bridges 3 and 4, respectively. Bridges 3 and 4 have 296 and 560 prestressed piles,
respectively. All piles are 0.51-m squares and were constructed with 20 prestressed tendons each.
The tendons are spiraly wrapped with number 5 gauge wire. The Bryant Peatton Bridges were
constructed in 1965.

In 1990, a corrosion condition evauation of the structure reveded that 160 piles were deficient. An
additiond 17 piles were found to be deficient in 1991. Deterioration of concrete due to corrosion of
the spira wire and the prestressed strands was the most significant problem. The damage was
concentrated in the splash zone.

8.3.1.2. CPInformation

The CP system wasingalled in 1995 to control corrosion on 171 prestressed piles (59 pilesin bridge 3
and 112 pilesin bridge 4). The upper section of each pile was protected with arc-sprayed zinc. A
total of 890 N of concrete surface area was sprayed with zinc. The splash zone was protected by
1.14-m-high expanded zinc anode sheets clamped onto the concrete surface by recycled wood-plastic
compression panels. The submerged zone was protected with 22.7-kg bulk zinc anodes.

Instrumentation was ingtaled on two piles of bridge 3 and four piles of bridge 4. Two pilesin each
bridge were wired to remote data-acquisition units that were not functiona. Cathodic protection was
not ingtaled on the other two remaining instrumented piles of bridge 4. These two piles (piles4 and 5
in bent 64) served as the control members. Instrumentation consisted of five slver-glver chloride
reference cells and five corrosion probesin each pile. Reference cells and corrosion probes were
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numbered 1 through 5 with increasing devation. Reference cell 1 was located gpproximately 213 mm
above the low-water mark and 213 mm below the bottom of the expanded zinc jacket; reference cell 5
was |ocated gpproximately 1.52 m above the firg reference cell and 150 mm above the top of the
expanded zinc jacket.

8.3.1.3. Fidd Evduations
Evauations were performed on the following dates:

Firg evauation January 21 and 22, 1997 ~2yearsold
Second evauation February 24 and 25, 1998 ~3yearsold

8.3.1.4. Findings
System Component Evduation

The AC resistance for four reference cdlls was in avery high range (150,000 to 800,000 ohms).
Whereas the AC resistance between the anodes and the system grounds was in the acceptable range
and averaged 1.6 ohms for the bulk anode and 26.0 ohms for the expanded zinc sheet anode.

System Performance

Current flow was measured from 40 non-instrumented piles (20 from each bridge) during each
evauation. Thetotd current flow (bulk anode and the expanded zinc anode) averaged 15.2 mA and
12.3 mA for the first and second evauations, respectively. If it is assumed that the effective concrete
surface area protected by both anodes is the surface area of the pile from the bulk anode eevation to
the top of the compression pandl, the average currents would be equated to 3.3 and 2.7 mA/n? of
concrete surface area, repectively. For the instrumented piles, the currents averaged 12.2 mA and
13.1 mA or 2.7 and 2.9 mA/n¥, respectively. The mgority of the current was provided by the bulk
anode. For the non-instrumented piles, an average of 70 to 90 percent for the instrumented piles and
72 to 79 percent of the total current was provided by the bulk anode. The average current received by
the current probes ranged from 17 mA/n¥ of sted surface area at the lowest elevation to 33 mA/n? of
ded surface area a the highest eevation when the system was energized.

The depolarization data were difficult to interpret due to interference from sted in the section of the pile
that was submerged and extremely polarized. When the bulk and the expanded sheet anodes were
disconnected, the stedl in the submerged section Started to depolarize and it interfered with the
measurement of the dtatic potentid using the embedded reference cells. Thisinterference was dso
dependent on the tide. Thus, data collected at different tide levels were different.
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9.0. CONCLUSIONS

9.1. Discussion

The primary objective of this study was to determine the effectiveness of various materias and
configurations when used as auxiliary anodes on highway structures through along-term evauation.
The effectiveness of amaterid is judged by its ability to provide the cathodic protection current, its
durability in the goplication environment, and its service life.

The capacity to provide the required CP current is controlled by the materid’ s ectrochemica
properties. When an anode delivers the CP current, it reacts to the current flow by changing its surface
potentid. The magnitude of the change in its potentid istermed “polarization.” The magnitude of the
polarization for the same leve of current ddlivery is different for different anodes. The polarization of
the anode governs a what current ddivery level harmful byproducts such as chlorine gas are generated,
which can result in the damage of concrete adjacent to the anode and/or the anode itself. Thus, every
anode has alimiting current density below which it must be operated to ensure that harmful byproducts
are not generated.

Durability of the materid isthe ability of the materid to wesather the gpplication environment. Many
anode materids deteriorate when exposed to certain environments, which compromises their ability to
deliver the CP current. Visud observation of the condition of the anodesin service, where possible,
provided information on the durability of the anode. The results of the anode-to-system ground

res stance measurements and the pol arization/depol arization testing provide ingght into the hedlth of the
anode when congdered in conjunction with the system current outputs.

Sarvice lifeisthe length of time the anode can provide the required CP current. The theoretica upper
limit for service life is based on the amp-hours that a given quantity of anode can provide. Knowing the
current output required during CP and the quantity of anode materia, one can caculate the theoretica
upper limit of servicelife. The theoretica upper limit is usudly not accomplished in the red world. For
metdlic anodes such as zinc, the calculation of theoreticd upper limit is accomplished by usng
Faraday's Law and the amount of zinc used as an anode. When anodes such as conductive paint are
used, the cdculation is alittle more complex. The quantity of anode materid in the paint (e.g., amount
of carbon in the paint) governs the theoretical upper limit of the service life. For impressed-current
anodes, many manufacturers provide this theoretica upper limit as the maximum life that can be
expected from the anode, and galvanic anodes are often rated by the total weight of the anode or the
thickness of the coating.

Other factors that can impact the service life of an anode materid include the generation of byproducts

that can impede the flow of CP currents and passivation of galvanic anodes. Although al factors
discussed above impact the service life of an anode materid, often one or more factors become the
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controlling factor(s) and they determine the performance of an anode materia in aparticular
configuration in a particular environmert.
9.2. Arc-sprayed Zinc Impressed-Current CP Systems

Four arc-sprayed zinc impressed-current CP systems were evaduated in this sudy. The age of the
system at the last eva uation varied from 13 monthsto 8 years. Three of the four systems were under
the age of 2 years. Two systemslocated in Oregon (Y agquina Bay Bridge and the Depoe Bay Bridge)
were in a semi-marine environment. The zinc systems ingtaled on the superdtructure and the
subgtructure elements were a a sgnificant height above the water level and were not directly exposed
to the bay water. They were exposed to chloridesin the air and some deicing salt used on the deck. In
Texas, the zinc system on the Queen I sabella Causeway was directly exposed to the bay water and
was located in the splash zone. The Cdifornia system was located on the deck under an asphat
overlay and was exposed to deicing sdts.

The Oregon systems were being operated at insufficient current densities (1 to 2 mA/n?) and were not
providing adequate protection. Also, the system in Depoe Bay may not have been functioning
continuoudy to provide the protection needed. 1n both systems, the current outputs could have been
increased to ensure adequate protection without impacting the system.

The Texas system was operating a an average current density of 15.15 mA/n? and was achieving
adequate polarization. The band of whitish product at the bottom of the side faces of the footings was
indicative of accelerated consumption of zinc anode in thisarea. 1t was suspected that when the tide
came up and that portion of the anode was submerged in water, current from the anode was leaking
into the bay water at a very large rate because the resstance of the bay water isvery low. The anode
in this section of the system was expected to be consumed much earlier than the rest of the system.

Unfortunately, system performance on Californial s Upper Salt Creek Bridge could not be evaluated
dueto lack of insrumentation. The system was putting out current & the rate of 2.2 mA/n?.

Although the theoretica consumption rate of zinc is very low, severd other factors may limit the service
life of arc-sprayed zinc. Theoreticdly, a0.50-mm-thick coating providing current at the rate of 10.75
mA/n? at a 70-percent level of efficiency would last approximately 22 years. Some researchers
predict that the corrosion products generated by the consumption of zinc may eventualy plug the pores
in concrete and result in very high circuit resistance that would impact the ability of the sysem to
provide effective protection. Also, due to the consumption of zinc over time, the bond between the zinc
and concrete may be reduced and lead to failure of the system. In systems such as the one in Queen
|sabella Causaway, wave action may abrade much of the zinc over time and reduce its overall service
life

Based on the performance of these arc-sprayed zinc systems to date, it is anticipated that these systems
will be able to provide adequate protection for approximately 10 to 15 years.
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9.3. Titanium-based Impressed-current CP Systems
9.3.1. Titanium Mesh Anode

Five CP systems utilizing the titanium mesh anode, ranging in age from 13 monthsto 12 years a the last
evauation, were included in this sudy. Four of the five sysems were located in high deicing sdt use
areas and one was located in a marine environment.  The titanium mesh system on the underside of the
roadway deck of the Brooklyn Battery Tunnel experienced bond failure between the shotcrete overlay
and the origind deck concrete from the time of ingalation. This system wasimproperly indaled and
degtined to fail. Thusits performance is not discussed here.

The four remaining systems were operating at current densities close to 10.75 mA/m2 and
depolarization exceeded 100 mV in dl operating reference cdlls except two in Wawecus Hill Road
Bridge. Two of these four structures were instrumented with null probes and one with current probes.
All operating null probes and current probes in the Wawecus Hill Road Bridge and the Columbia Road
Bridge exhibited reversal of current at power off and al null probes ingtaled on the Queen Isabella
Causaway ether exhibited reversal of current or zero current at power off. The results of the
depolarization testing and probe currents indicate that the titanium mesh anode systems were applying
aufficient current to provide adequate protection.

The theoreticd service life of the titanium mesh anode is claimed to be 50 years. Based on the
performance of the mesh anode in these four systems and the range of years that they have beenin
savice, it is estimated that reasonable service life of the titanium mesh anode is probably in excess of
25 years.

9.3.2. Titanium Ribbon Anode

One titanium ribbon anode system was evauated in this sudy. This structure was exposed to adeicing
sdt environment and the system had been operating for 9 years a the time of the last evauation.
Although the operating current density of the system was low (ranging from 2.9 to 3.3 mA/n¥),
depolarization measurements at al embedded reference cells exceeded 100 mV.

It should be noted that the reference cells were indtalled at the leve of the new top mat, which was
composed of epoxy-coated reinforcing stedl.

With the titanium ribbon anode, design considerations require proper spacing between the ribbon
anodes to ensure that the maximum anode current dengity is not exceeded when operating at 10.75 to
16.13 mA/n?. Because the system is operating at alow-output current density, there is no concern
with regard to exceeding the maximum anode current dengty.



9.3.3. Arc-Sprayed Titanium

Two experimental ingalations of arc-sprayed titanium anode were included in this sudy. Both systems
were indalled in only one of severd zonesin the two bridges. One system was ingdled on the
superstructure and substructure elements of Depoe Bay Bridge in Oregon; the other was ingalled on
the subgtructure elements of the Queen I sabella Causeway Bridge in Texas. The Depoe Bay Bridge
was in a semi-marine environment and the Queen Isabdlla Causaway was in a marine environment.
Both systems were gpproximately 1 year old a the time of the last evauation.

The Depoe Bay Bridge system had been operated intermittently at an average current density of 1.0
mA/n? for 1 year a the time of the last evaluation. Depolarization measurements a al reference cdlls
exceeded 100 mV in dl evaduations, and the current in the null probes went to zero when the system
was powered down. The effectiveness of this system was difficult to judge because it had not been
operated on a continuous basis.

The system ingtaled on the Queen Isabella Causaway was directly exposed to wave motion in the bay.
It had suffered significant anode damage in 13 months of operation. The system was operating at very
high current densities, varying from 24.11 to 44.64 mA/n?. Depolarization measurements a only one
of the three reference cells exceeded 100 mV. At one reference electrode, depolarization varied from
negative to postive (i.e., in the wrong direction to the connection) and at times exceeded 100 mV.
Based on the high current dengity in conjunction with the damege to the anode and lack of sufficient
depolarization, it may be concluded that the system had failed. The arc-prayed titanium anode is not
durable in the marine environmen.

9.4. Conductive Paint Impressed-current CP Systems

Two conductive paint impressed-current CP systems were evaluated. Both systems wereingtaled on
subgtructure elements (pier caps) exposed to deicing sdt-contaminated water runoff from legking joints.
The ages of the systems at the time of the last evauation was 4 and 9 years.

The four-year-old system was ingtalled on the northbound and southbound structures of the Maury
River Bridge in Lexington, Virginia The system had experienced an increase to unacceptable levels of
the circuit res stance between the anode and the system ground (13 ohms to 89 ohms) by the time of
thefirst evduation. At the time of the first evauation, the condition of the paint anode was generaly
good, athough some deterioration of the anode was observed. At the time of the second evauation, an
increase in the deterioration of the anode was noted. The northbound structure, which was operated at
ahigher current density (1.0 to 3.0 mA/n?) than the southbound structure (0.2 to 1.3 mA/n¥), fared
better in the depol arization testing.



Depolarization measurements at the mgority of the reference cdlls on the northbound structure exceeded
100 mV; the mgjority of the reference cells on the southbound structure did not exceed 100 mV.
Depolarization at afew reference cdls on the northbound structure was extremely high and ranged from
300 to 600 mV.

The older system indaled on the Route 1-95 bridge over the James River in Richmond, Virginia, had
dready darted to fall at the time of thefirst evaluaion. By the time of the second evauation, significant
failure of the conductive coating had occurred. Many zones were operating a a maximum output
voltage of 30 V. Replacement of the paint system began in 1999.

The durability of conductive paint is Sgnificantly lower than the theoreticd service life of 20 years
clamed for it. One of the two systems failed within 10 years and the other is expected to fail before
reaching 10 years of operation. The 5- to 10-year service life of the conductive paint systems observed
in this study is Similar to that reported by others® The conductive paints are water-based and can
deteriorate when exposed to water.

9.5. Conductive Polymer-based | mpressed-current CP Systems

One dotted and one mounded conductive polymer impressed-current CP system were included in this
sudy. These systems were rlatively older than most systems evaluated in this sudy. The dotted
system was 12 years old and the mounded system was 15 years old at the time of the last evaluation.

The dotted system ingtaled on the [-64 bridge in Charleston, West Virginia, needed rehabilitation at the
age of 7 years. At 11 and 12 years, some deterioration of the anode in the dots was noted. Acid attack
of the concrete at the edges of the dot was observed at afew locations and the anode had become
brittle and falled at other locations. The magnitude of the anode deterioration and acid attack on the dot
edges was not sufficient to impact the overdl performance of the system. The need for repairsat 7
years and further deterioration a 12 years suggest that the anode was not very durable. At the time of
the evauations, the current output densities were varying sgnificantly and ranged from 2.5t0 11.5
mA/n?. At these current densities, 90 percent of the depolarization measurements exceeded 100 mV.

The mounded conductive polymer system was the oldest system evauated in this study. This system
included the use of conductive polymer in mound form on the bridge deck and in dots on the Sdewalks.
Where the conductive polymer was exposed in the dots on the sidewalks, failure of the anode was
observed & many locations. The anode materid had become brittle and failed in the dots, and signs of
acid attack on the concrete at the edges of the dots were noted. The condition of the mounds could not
be determined because the mounds were covered by the overlay. This system had been operating a a
current density ranging from 2.26 to 2.91 mA/n?. Depolarization measurements at most reference cells
did not exceed 100 mV.



The conductive polymer anode is not very durable and exhibits very high potentids at low current
dengties, resulting in the generation of chlorine gas. Over time, the chlorine gas converts to an acid and
attacks the concrete in the vicinity of the anode. Also, the polymer becomes brittle and failsin dotsand
losesits bond to the concrete. The estimated service life for this anode materid is approximately 5to 10
years.

9.6. Coke Breeze-based | mpressed-current CP Systems

All three coke breeze systems were exposed to a deicing environment. Two of the three sysems were
located in Ontario in very smilar environmenta conditions; the third was located in Northern Cdifornia
The ages of these systems ranged from 5 to 9 years a the time of the last evauation.

In two of the three systems, dl depolarization measurements exceeded 100 mV; in the third, the average
depolarization at 20 hourswas 92 and 190 mV. These systems were operating at current dengties of
around 2 mA/ne.

In 5 to 9 years, the systems have not exhibited any sgns of deterioration of the anode materid. The
sarvice life of these sysemsis probably governed by the life of the riding surface. 1t is estimated that
these systems have a probable service life in the range of 10 to 15 years.

9.7. Zinc-based Galvanic CP Systems
9.7.1. Arc-Sprayed Zinc

Three systems using arc-sprayed zinc, varying in age from 13 monthsto 7 years at the time of the last
evaduation, were included in this study. One system was located on a structure in Texas and the other
two on structuresin Florida. All three systems were exposed to marine environments. Two of the three
systems were ingtalled to protect black reinforcing steel and one to protect epoxy-coated reinforcing
Sted.

The system indaled on the Queen Isabella Causeway in Texas was 13 months old at the time of the last
evauation. It was generating an average cathodic current ranging from 1.9 to 3.8 mA/n? to protect
black reinforcing sted The operating reference cdlls exhibited depolarization in excess of 100 mV in 22
hours during al evaudions.

The Howard Frankland Bridge in Tampa, Forida, was 5 years old at the time of the last evauation; the
system was gpplied to protect black reinforcing steel. The rebar probes were measuring on average CP
current in the range of 4.72 to 5.93 mA/n? of sted surface area. If we assume that the concrete-to-sted!
surface arearatio is 2, the average current densities on the probes would trandate to 2.36 to 2.87
mA/n?. Most depolarization test results exceeded 100 mV.
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The arc-sprayed zinc CP system was applied on the Seven Mile Bridge in the Florida Keys to protect
epoxy-coated rebars in the columns. The system was applied a two different times. The older
application was 7 years old and the newer gpplication was 2 years old at the time of the last evaluation.
In the older system, 33 to 50 percent of the depolarization test results exceeded 100 mV and, in the
newer system, approximately 66 percent of the results exceeded 100 mV.

Although the theoretica sarvice life of a0.25-mm-thick zinc coating operating a 4 mA/n? at 70 percent
efficiency is 30 years, no one expectsit to last that long. Severd factors will impact the ability of these
systems to provide CP. Over time, the zinc anode is expected to passvate and stop providing the CP.
Weathering of the zinc anode in the marine environment may aso contribute to a reduction in servicelife.
The consensus in the industry is that these systems may be expected to last gpproximately 7 to 10 years.

9.7.2. Zinc Foil with Adhesive Galvanic CP Systems

A sngle zinc foil with adhesve gavanic sysem was evauated from the time of energization to 14 months
of operation. This system was ingtaled on pier caps of the Route 58 bridge in Henry County, Virginia
The piers are exposed to deicing salt-contaminated water runoff from leeking joints. During the
evauation period, the system provided CP current ranging from 1.66 to 4.45 mA/n¥; the embedded
reference cdlls exhibited depolarization exceeding 100 mV in 22 hours.

The adhesive used to attach the zinc foil to the concrete surface iswater soluble. It acts as an dectrolyte
and contains ingredients to maintain the zinc in the active date. Over time, the adhesive is expected to
dry and limit the ability of the zinc to provide CP. Prdiminary estimates of service life range from 7 to
10 years. Another limiting factor is the ingress of moisture in sufficient quantities into the adhesive. In
the presence of moisture, the adhesive dissolves and losesiits ability to provide the bond. In the system
evauated in this study, the impact of moisture ingress into the adhesve was gpparent. Just after
ingtdlation of the system, pands exposed to water runoff failed and a new anode had to be ingaled. In
the 14 months of operation, fallurein additiona sections of the anode was observed.

9.7.3. Expanded Zinc Mesh and Bulk Anode

The prestressed piles of the Bryant Patton Bridges located at St. George Idand, Florida, were protected
by a combination of bulk zinc anode, expanded zinc mesh, and arc-sprayed zinc. The arc-Sprayed zinc
sections of the piles were not insrumented and could not be evauated. The only mechanism to evaluate
the other two anodes (bulk and expanded mesh) was to measure output current in 44 piles. The current
output by the combination of the bulk and the expanded anodes resulted in output concrete current
density ranging from approximately 2.5 to 3.5 mA/n?. The current output was in the range expected
from gavanic CP systems.



The combination of the bulk anode and the expanded zinc mesh anode was expected to have aservice
lifeof 15to 20 years. Thisservice life may be reduced by the passvation of the expanded zinc mesh
anodeif it isnot in contact with sufficient chloride-contaminated water.

9.8. Test Methods

The secondary objective of this research was to identify the most gppropriate |aboratory and field test
method(s) for evauating and monitoring the performance of CP systems.

Based on the success and problems encountered in this study, the following test methods were
recommended for evauation of impressed-current and gavanic sysems.

. Impressed-current Systems
! Visud and dedamination survey
! Rectifier data (output voltage, current, and BEMF)
! Polarization development or decay testing
! AC resstance measurements (anode to system ground)
! Current, null, or voltage probe readings

Electrica continuity testing and AC resistiance measurements between the reference cdlls and reference
cdl grounds need to be conducted to investigate observed abnormalities.

. Gdvanic System
! Visud and delamination survey
! System output current (viaresstors, rebar probes, etc.)

! Polarization devel opment or decay (via embedded reference cells, rebar probes,
externd reference cdls, etc.)

! AC resstance measurements (anode and system ground)

Electrica continuity testing and AC resistlance measurements between the reference cdlls and reference
cdl grounds need to be conducted to investigate observed abnormalities.
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9.9. Problems Encountered with Test Methods
9.9.1. Electrical Continuity Testing

None of the techniques used to determine electrica continuity isreliablein thefied. Each has some
drawbacks or limitations. The DC technique is most widely used, but fails to detect continuity in the
presence of currents flowing in the steel network. The AC resistance technique fails to detect
discontinuities when capacitance between the two elements being tested dlows the AC signd to short
through it, and the potentia technique requires the potentia of the element being measured to be stable
during testing. In the absence of a better technique, it is recommended that the DC technique be used.
If unexpected results are obtained, AC resistance and potentia technique should be used and data from
al three techniques should be analyzed to detect the presence or lack of continuity.

9.9.2. Ingtant-Off Potential M easurement

Both the peak-hold and the manua method of measuring instant-off potentials for the impressed-current
CP systems can produce erroneous results in the presence of noise and spikes generated during
interruption of output current. An oscilloscope must be used if the measurements obtained with the
peak-hold method and the manua method are accurate. If noiseis present, the scope null method may
be used to obtain more accurate instant-off potentials.

For gdvanic CP systems, the manua method is most appropriate.
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