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the reinforcing steel is at the minimum depth, all
sections have chlorides in excess of the amount that
induces corrosion, most sections have wide cracks,
there is active corrosion on all CRCP, and most
sections exhibit delaminations. Once again, more
than 200 route-mi of CRCP are involved and at least
four times that number of lane miles.

Cathodic protection is looked on as one possible
solution to the CRCP problem. Any such decision will
be influenced by the cost and effectiveness of the
system,
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Early Performance of Eight Experimental
Cathodic Protection Systems at the
Burlington Bay Skyway Test Site
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ABSTRACT

The initial phases of a research program to develop an effective cathodic pro-
tection system for use on bridge substructures are described. Four experimental
cathodic protection systems were installed on the columns of the Burlington Bay
Skyway Bridge in Burlington, Ontario, in 1982 and four more were added in 1983.
Seven were impressed-current systems and one was a galvanic system. Each system
covered approximately 40 m? of concrete surface. Several types of instru-
mentation were developed to monitor the effectiveness of the cathodic protec-
tion. All eight systems are being monitored, and the data collected through
July 1984 are presented. All the impressed-current systems were found to be
effective in stopping corrosion, but the components of some systems were not
sufficiently durable. Insufficient power was available from the galvanic system
for it to be practical. The future work required to develop a full-scale opera-
tional cathodic protection system for bridge substructures is discussed.

DESIGN AND CONSTRUCTION

Four experimental cathodic protection systems were
installed on the columns of the Burlington Bay Skyway
in Burlington, Ontario, in 1982 and four more were
added in 1983. The project is part of a research pro-
gram to develop a means of rehabilitating corrosion-
damaged bridge substructures. The specific objectives
of this project and the details of the test site were
described in two earlier papers (1,2). This paper
summarizes the important features of each system and
their performance up to July 1984.

With the exception of System 4, all the installations
were impressed-current systems. Each impressed-cur-
rent system was powered by an unfiltered full-wave
rectifier operating under constant current control.
A summary of the main features of each system is
given in Table 1 and a more complete description

follows.
Systems 1 to 4 were installed in the same con-
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TABLE 1 Summary of Important Features of Systems 1-8
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System Area
No. Primary Anode Secondary Annde G-y Type
1 Conductive polymer? None Shotcrete 38 1
2 Conductive polymer Conductive paint® None 38 I
3 Conductive polymer PAN carbon fiber (south and west faces), Shotcrete 38 I
pitch carbon fiber (north and east faces)
4 Zinc ribbon None Shotcrete 38 G
5 Conductive polymer mesh? None Shotcrete 45 I
6 Conductive polymer (north and west Conductive paint® Latex paint (east and west faces), 47 I
faces), graphite (south and east faces) none (north and south faces)
7 Conductive polymer precast (south and PAN carbon fiber mesh (east, south, and west Shotcrete 47 I
east faces), in situ (north and west faces), PAN carbon fiber woven with
faces) fiberglass (north face)
8 Platinized wire embedded in conductive Conductive paint® None (south face), latex paint (east 33 1
paste and west faces), latex paint +
tie coat (north face)
Note: I=impressed current; G = galvanic; PAN = polyacrylonitrile.

Icarbon fiber core,
Platinized niobium copper wire core.

dThc three conductive paints were of different compositions.
Copper wire core.

figuration: three panels high on the south column
face and two panels high on the remaining faces.
This was done to determine whether protection of the
third panel on the south face influenced corrosion
activity over the adjacent unprotected faces. A
"panel" refers to the area of one face between ad-
jacent rustication strips. The rustication strips,
which were at 1.22-m centers, are visible in Figure
1. Systems 5 to 8 were installed three panels high
on all four faces.

».ﬂ o

FIGURE 1 Systems 1, 2, and 3 under construction, August 1982:
System 1, right column; Systems 2 (upper) and 3 (lower), left
column.

Before the cathodic protection systems were in-
stalled, the areas of delaminated concrete were re-
moved and patched; all the surfaces were sandblasted
and any exposed metal form ties were coated with
€POXY .

An individual connection was made to each anode
so that they could be powered independently to in-
vestigate different anode spacings.

System 1
Precast conductive polymer anodes were placed verti-

cally on 450-mm centers as shown in Figure 1. The
conductive polymer consisted of a vinyl ester binder

with spherical carbon particles providing a speci-
fied resistivity of less than 10 ohm*cm. Two strands
of 30,000-filament carbon fiber were embedded in the
full length of each anode Lo increase conductivity.
The fiber was made from a polyacrylonitrile (PAN)
base. The anodes were cast by Ministry staff. The
entire system was covered with a conventional port-
land cement shotcrete overcoat, nominally 40 mm
thick.

System 2

The primary anodes were the same as those in System
1 except that a single strand of platinized niobium
copper core wire was embedded in the full length of
each anode. The anodes were placed horizontally on
the column, connected at the corners to form three
rings around the column at the level of the rustica-
tion strips. A secondary anode of water-based graph-
ite-pigmented conductive paint was placed on the
surface of the panels bordered by the anodes. The
paint had low resistivity and promising durability
characteristics, although it was not developed
specifically for use on exterior concrete surfaces.

System 3

System 3 utilized the same type of primary anodes as
those used in System 2. The anodes were placed ver-
tically with two anodes at the third points of the
long faces and one anode at the center of the short
faces as shown in Figure 1. A secondary anode of
carbon fiber was applied to form a network on the
concrete surfaces. The fiber on each face was con-
tinuous, but there was no connection between adjacent
faces. The south and west faces used a double strand
of the 30,000-filament PAN fiber used for System 1.
A 20,000-filament pitch-based fiber overbraided with
Dacron was used on the north and east faces. The
entire system was covered with 40 mm of conventional
portland cement shotcrete.

System 4

This was the only sacrificial anode, or galvanic,
system. Work elsewhere (3,p.135;4,p.63) had shown
that various configurations of zinc anodes could
provide adequate protection for steel reinforcement
in concrete. The anodes used were in the form of a
diamond-shaped (9 x 12-mm) =zinc ribbon with steel
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core by which connections to the anode could be
made. The anodes were placed vertically on 150-mm
centers. All the anodes on each face were connected
to a single feeder cable that was connected, through
a switch, to the reinforcement on the same face. The
entire system was given a shotcrete overcoat 40 mm
thick. Salt was added to the shotcrete to reduce its
resistivity and also to ensure that the potential of
the zinc remained active.

System 5

System 5 utilized a proprietary long-line conductive
polymer anode recently introduced to the marketplace.
It was used in combination with a shotcrete overcoat
40 mm thick. The anode was supplied in the form of
an expandable mesh as shown in Figure 2. The length
of anode on each face was 13.4, 10.7, 12.4, and 8.7
m/m? of concrete surface for the north, south,
east, and west faces, respectively.
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FIGURE 2 System 5, south face: expandable
anode mesh before shotcreting.

System 6

As in System 2, System 6 employed a conductive coat-
ing as a secondary anode. The coating consisted of
graphite in an acrylic solution. The primary anodes
on the north and west faces were polymer concrete;
graphite anodes were used on the other two faces.
The anodes were attached by mechanical anchors and
cemented to the column with poured-in-place conduc-
tive polymer to ensure a good electrical connection.
The polymer concrete anodes were precast by the
manufacturer and had a platinized wire core. The
paint was chosen for use on the basis that it had
demonstrated superior durability properties in an
ongoing NCHRP study. Its resistivity was higher than
that of the paint used in System 2.

The east and west faces were given two coats of
latex paint to investigate the effect of an overcoat
on the response of the system to changes in the
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FIGURE 3 System 6: south face (with
exposed conductive paint) and west face (with
a latex overcoat on the conductive paint).

moisture content of the environment. A view of the
completed installation is shown in Figure 3.

System 7

System 7 utilized the same type of 30,000-filament
PAN carbon fiber used in System 3. Three faces of
the column were covered with a mesh made up of fibers
on a 75-mm grid spacing as shown in Figure 4. The
north face employed a fiberglass mesh with carbon
fiber interwoven vertically on 25-mm centers. Precast
conductive polymer anodes were used on the south and
east faces. Platinized wire covered by poured-in-
place polymer concrete was used for the primary
anodes on the other two faces. The entire system was
covered with shotcrete.

System 8

System 8 was a proprietary system consisting of pri-
mary anodes of platinized wire embedded in a conduc-
tive paste and a secondary anode of a carbon-filled,
water-based acrylic paint. Single vertical anodes
were placed in the center of three of the column
faces and two vertical anodes were placed at the
third points of the west face as shown schematically
in Figure 5. A latex paint overcoat was applied to
the north, east, and west faces. A tie coat was also
used between the conductive paint and the overcoat
on the north face to improve the bond between the
two.

INSTRUMENTATION

After a review of the experience of others (5,6),
instrumentation consisting of macrocells, reference
cells, current pick-up probes, current distribution
probes, and electrical resistance probes was designed
and installed in Systems 1 to 4.
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FIGURE 4 System 7: primary and secondary
anodes on south and east faces before
shotereting.

The macrocell is a strong natural corrosion cell
in which current flow can be measured. The ability
of the cathodic protection to reverse the direction
of current flow (i.e., to stop corrosion) is one
indication of its effectiveness. A zinc-zinc sulfate
reference cell and a thermocouple were embedded ad-
jacent to each macrocell. The current pick-up probes
consisted of short pieces of rebar embedded at the

SYSTEM 8

Platinum Wire Primary Anodes
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level of the reinforcing steel at various points in
the structure. They were used to measure current
density. The current distribution probes consisted
of three current pick-up vrobes installed at the
same locations but at different depths from the con-
crete surface. They were used to measure the varia-
tion of current density with depth. The electrical
resistance probes were designed to give a quantita-
tive measurement of corrosion in terms of metal loss
per year.

The instrumentation and anode leads were termi-
nated in a single junction box for each system. All
the measurements were made at the junction box. De-
tails of the fabrication and installation of the
instrumentation and the method of making measurements
have been given elsewhere (1,2).

The instrumentation used in Systems 5 to 8 was
modified following 1 year's experience in monitoring
Systems 1 to 4. The changes were as follows:

1. The electrical resistance probes did not
function satisfactorily in Systems 1 to 4 and were
not used.

2., The current distribution probes in Systems 1
to 4 gave very consistent data. It was decided that
there was no reason to repeat the measurements in
Systems 5 to 8.

3. Fewer macrocells were constructed in order to
reduce installation costs.

4. In addition to the zinc-zinc sulfate reference
cells, molybdenum-molybdenum oxide, silver-silver
chloride, lead, and carbon cells were installed in
System 5. Silver-silver chloride and molybdenum-
molybdenum oxide cells were also installed in System
6 and Systems 7 and 8, respectively. In all cases,
the additional reference cells were installed ad-
jacent to the reinforcing steel but not adjacent to
the macrocells. The number and location of the var-
ious types of instrumentation for a typical system
are shown in Figure 5.

Throughout this study, the convention was to
attach the positive lead of the voltmeter to ground.

@ 1
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! } area patched
or to system installation
N
@ ifier| |Tarmijnal Box
EAST NORTH | WEST SOUTH
2940 mm 1570 mm : 2940 mm S 1570 mm
[e] CURRENT PICK-UP PROBE All faces — CONDUCTIVE COATING
MACROCELL East face — CONDUCTIVE COATING + OVERCOAT

E MOLYBDENUM REFERENCE CELL

—— 500 mm

West face — CONDUCTIVE COATING + OVERCOAT
North face — CONDUCTIVE COATING + TIE COAT + OVERCOAT
South face — CONDUCTIVE COATING ONLY

FIGURE 5 System 8: anode and instrumentation placement.
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By using this procedure, a positive meter reading
indicated that a probe (macrocell, pick-up, or di-
stribution) is anodic (i.e., corroding). Conversely,
negative readings indicate that a probe is cathodic
(i.e., noncorroding). Resistance measurements were
made with a Vibroground Model 263 meter. A Beckman
Model 3010 meter was used for current and voltage
readings and a Nicolet Model 3091 oscilloscope was
used to measure the reference cell potentials.

OPERATION

Systems 1 to 4 were activated in October 1982. E-log
I tests were conducted in order to determine the
current required for protection according to the
procedures given elsewhere (2;7,pp.287-332). The
tests yielded an average protection current value of
418 mA, with values ranging from 250 to 780 mA. For
purposes of comparison, the three impressed-current
systems (1, 2, and 3) were all set at a constant
current of 500 mA. This current level has been main-
tained (except when the systems have been inten-
tionally switched off) throughout the monitoring
period described in this paper. The sacrificial
anode system was activated by connecting the anodes
to the reinforcing steel of the column and had an
initial driving voltage of approximately 300 mV.

Systems 5 to 8 were powered in November 1983 to
maintain the same average current density (13 mA/m?
of concrete surface) as that of Systems 1 to 3. Be-
cause the areas of these systems were not the same,
as shown in Table 1, the current requirements also
differed.

All the systems were switched off periodically
for several days to several weeks and allowed to
depolarize in order to observe depolarization
characteristics. Different anode confiqurations were
investigated in several of the systems.

RESULTS OF MONITORING PROGRAM

A summary of data collected from Systems 1 to 4 and
Systems 5 to 8 during the October 1982 to July 1984
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monitoring period reported here is given in Tables 2
and 3, respectively. Current densities in each sys-
tem, in terms of concrete surface area, and the
proportion of current flowing to each column face or
anode region are shown. The average of the current
shifts experienced during all the operating periods
is given for the current pick-up probes and the
macrocell probes in each system in terms of current
density on the probe surface. High and low values of
anode-to-rebar resistance are also shown. These
results and other pertinent data are discussed in
more detail in the following sections.

Impressed-Current Systems

Voltage

One requirement for satisfactory performance of a
cathodic protection installation is that the protec-
tion current be maintained at an acceptable voltage
level. For the three impressed-current systems in-~
stalled in 1982, voltages were typically in the range
of 3 to 6 V. Voltage levels were seen to vary in
response to changes in temperature and humidity.

Systems 1 and 3, with shotcrete overcoats, were
generally stable and responded slowly to these
changes. They exhibited slightly higher voltages

during the winter months of 1983 and 1984, corre-
sponding to increases in anode-to-ground resistance.

System 2 showed rapid and extreme responses to
changes in temperature and humidity. Driving voltages
of 13 to 14 V were experienced during the summer
months in both 1983 and 1984, corresponding to pe-
riods of high anode-to-ground resistance in this
system. Both poor mechanical contact between anode
and paint and drying of the concrete surface below
the paint contributed to this increased resistance.
The system voltage dropped sharply in the fall of
1983, returning to the previous level of approxi-
mately 3 V, and remained there until the spring of
1984.

Voltage levels in Systems 5 to 8 during their
initial 9 months of operation typically ranged be-

TABLE 2 Systems 1 to 4: Summary of Current, Current Density, and Resistance Data, October

1982 to July 1984

Avg Current Shift During System

Portion of Operation (u A/cmz)
Current Current Anode-to-Ground
Anode or Density on Flowing to Macrocells Current Resistance (2)
Column Concrete Each Anode Pick-Up —_—
System Face (mA/m?) or Face (%) Winter Summer Probes High Low
| Overall 13.2 -3.4 =2.9 -2.5
North face 10.4 12 29 T:7
South face 14.3 26 34 15
East face 18.3 35 38 71
West face 13.9 27 46 20
2 Overall 13.2 -2.5 -0.6 -3.5
Top ring 35 30 4.2
Middle ring 45 28 3.9
Bottom ring 20 32 5.0
3 Overall 13.2 =3.7 2.2 -5.3
East face
Anode 1 11.9 6 54 28
Anode 2 ’ 18 26 23
North face 14.] 17 30 20
West face
Anode 1 } T 21 18 15
Anode 2 12 24 18
South face 14.7 26 22 14
4 Overall ) -0.4°% -0.2
North face 28 18 2.8
South face 18 11 1.3
East face 26 9 2.5
West face 28 10 3.7

a . .
Average of winter and summer readings.
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TABLE 3 Systems 5 to 8: Summary of Current, Current Density, and Resistance Data, November

1983 to July 1984

Avg Current Shift During System

Portion of Operation (uA/cm*)
Current Current Anode-to-Ground
Anode or Density on Flowing to Macrocells Current Resistance (Q)
Column Concrete Each Anode _ Pick-Up
System Face (mA/m?) or Face (%) Winter Summer Probes High Low
5 Overall 13.5 -5.9 -2.6 -3.2
North face 14.8 20 23 4.1
South face 15.8 21 24 3.5
East face 14.9 35 15 2.5
West face 10.1 24 22 3.0
6 Overall 13.3 -1.0 -3.0 -6.1
North face 14.1 19 19 4.6
South face 16.5 22 23 3.4
East face 12.9 31 21 35
West face 11.7 28 18 3.3
7 Overall 13.2 -3.3 -1.6 -3.4
North face 8.0 11 28 6.2
South face 18.1 24 18 3.9
East face 12.4 30 23 4.0
Wesl face 14.5 35 15 2.7
8 Overall 1851 4.8 -0,7 -5.2
North face} - 18 9.4 4.9
East face ' 28 7.4 3.9
South face 142 28 30 3.4
West face :
North 14 24 552
South 17 14 37

tween 2 and 6 V. In all four systems, higher voltages
were required during cold periods to maintain the
constant system currents. In contrast to System 2,
Systems 6 and 8, which also employed conductive
paint anodes, showed no significant increase in
voltage levels during hot dry periods.

Typical values of operating voltage for all eight
systems are shown in Figure 6. For systems in which
voltage levels during winter and summer differed
significantly, average voltages are shown for each
period, denoted in Figure 6 by W and S, respectively.

Macrocells

The initial application of cathodic protection cur-
rent was sufficient in all the impressed-current
systems to reverse current flow in the macrocells.
That is. under cathodic protecticn, the corroding
anode of the macrocell became a current-receiving
cathode.

Average macrocell current shifts are shown for

all eight systems in Tables 2 and 3. Where current
shifts seen in winter and summer differed signifi-
cantly, they are shown separately, denoted by W and
S.

Typical macrocell data are shown in Figure 7,
which is a plot of the current density on three of
the macrocell probes in System 2 as a function of
time during the 8 months following cell installation.
Probe 2 was located outside the protected area and
served as a control, remaining anodic through the
monitoring period. In contrast, Probes 1 and 5 were
cathodic during periods when current was applied but
shifted in the anodic direction when the power was
switched off.

Although the data shown in Figure 7 can be con-
sidered typical, some macrocells did not remain
cathodic at all times. This usually occurred during
periods of hot weather when the cells were more
active or was associated with obvious areas of
degradation of the anode in some of the systems.

There were also indications of long-term changes
in macrocell behavior, which may or may not be at-
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FIGURE 6 Typical operating voltages for Sysiems 1 to 8 (W and S denote
winter and summer periods of operation, respectively).
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FIGURE 7 System 2: current density on macrocell probes 1, 2, and 5, November 1982 to June 1983.

tributable to the application of cathodic protection.
The shift in current density between consecutive off
and on periods gradually decreased. Eventually some
macrocells remained cathodic even though other cells
in the same system became anodic during periods of
depolarization. This may indicate a decrease in the
required protection current with time or migration
of chloride ion away from the macrocell probe, which
reduces the intensity of the galvanic cell. However,
the control cells outside the limits of the cathodic
protection in Systems 1 to 4 also showed decreasing
current with time, although they continued to corrode
whether the power was on or off. This makes the data
more difficult to interpret and suggests that macro-
cells may be most useful as a monitoring tool shortly
after installation but become less reliable at later
stages.

Current Pick~Up Probes

The current density of 13 mA/m? applied to the con-
crete surface corresponds to an average of approxi-
mately 2.8 pA/cm? on the surface of the reinforcing
steel. This figure was calculated on the basis of all
the steel in the protected areas and includes two
layers of main reinforcement. Current densities in
all the impressed-current systems on probes embedded
at the level of the first layer of reinforcement
were typically in the range of -2 to -6 uA/cm? during
periods when power was applied. During periods when
the power was off, current flow to or from the pick-
up probes was essentially zero. In contrast to the
macrocell probes, there was no significant change
from one off period to another.

The pick-up probes were also used to measure the
uniformity of current flow within each system. Sys-
tem 1, with closely spaced primary anodes, and Sys-
tem 2, with a conductive paint secondary anode cover-
ing the surface, both showed an even distribution of
current. Probe current densities were in the range
of -1 to -4 pA/cm?. In System 1, current densities
decreased slightly as the distance from the supply
end of the anode increased. This effect was not seen
in System 2, indicating that the paint system pro-
vided superior current distribution. The magnitude
of current densities measured in System 3 was higher
than that seen in Systems 1 and 2, ranging from -4
to -8 pA/cm?. Highest densities occurred directly be-
neath primary anodes, decreasing between anodes and
reaching a minimum midway between anodes and column
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FIGURE 8 System 3: variation of probe current densities with
distance from primary anode.

edges as shown in Figure 8. These minimum levels
were comparable with values seen in Systems 1 and 2.

Current distribution in System 5 beneath the
surface anode mesh was uniform throughout the system
with an average current density on the pick-up probes
of -3.2 pA/cm?. Anodes on each face were initially
powered from both ends, with an insulated wire inter-
connecting the anode mesh at approximately every
fourth loop along the bottom of the mesh. This was
done in order to introduce a degree of redundancy
into the system and to ensure that later investiga-
tive coring of the concrete would not result in elec-
trical isolation of portions of the mesh. This ar-
rangement can be seen in Figure 2. It was found that
it was sufficient to power each mesh from one end
only because this caused no decrease in current den-
sities or increase in driving voltage.

In System 6 current densities were relatively
high, averaging -6.1 puA/cm?., There was considerable
variation over the system, with the highest densities
experienced in the vicinity of the anodes and on the
narrower north and south faces where the anodes were
spaced 2.0 m apart. Very low densities were seen at
the midpoints of the longer faces, which suggests
that for this material a primary anode spacing of
3.8 m is too large.

System 7 had a relatively even current distribu-
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tion over its surface. However, average surface cur-
rent density on the north column face, with its
fiberglass~carbon fiber anode, was approximately
one-half the average current density on the other
thice facéo (—0.0 ma/m’ aud =1i4.5 wma/m*>, respec—
tively). This corresponds to a higher anode-to-ground
resistance for this face.

Initially, the current distribution in System 8
was very uniform with an average current density on
the pick-up probes of ~5.2 uA/cm?. There was a def-
inite decrease in current densities experienced dur-
ing the May-July period of 1984 compared with those
of the preceding winter. This was particularly evi-
dent on the south and west faces corresponding to
visible evidence of anode deterioration on those
faces. As the conductive paint anode on the south
face was broken down, probes in the affected areas
no longer received current (this is discussed in
more detail in the section on durability).

Alternative anode spacings were investigated in
five of the systems. In System 1, alternate anodes
were powered, which resulted in a doubling of anode
spacing to 9200 mm. In System 3, onc primary anode
was used to power a maximum length of 4.0 m of carbon
fiber. These increased anode spacings resulted in
unacceptable decreases in system current densities.
In System 2 it was found that anode separation could
be doubled to 2.5 m without a significant decrease
in protection levels. System 7 was powered for a
short time by one anode per face rather than two.
This resulted in an extremely uneven distribution of
current over the system, which was unacceptable. The
positions of the anodes in System 8 were such that
spacings of 2.8 and 3.7 m could be investigated by
disconnecting appropriate anodes. The current density
on the probes was maintained for the 2.8-m spacing
but at 3.7 m, current densities on probes remote
from the anode dropped substantially, indicating
that the optimum anode spacing is in the range of
2.5 to 3.0 m,

Current Distribution Probes

The current distribution probes installed in Systems
1, 2, and 3 were designed to measure the variation
of current density with depth compared with the
current pick-up probes that were used to measure the
uniformity of current over the concrete surface. The

average results for the periocd October 1982 to April
1983 for all the probes embedded at 100, 180, and
250 mm in Systems 1, 2, and 3 are given in Figure 9.
Thus the probes at the 250-mm depth received 15
percent of the current reaching the probes at the
100-mm depth even though the deeper probe was at a
greater depth than the two layers of main reinforce-
ment. The measurements showed that even deeply em-
bedded steel received some beneficial effects from

cathodic protection.

Reference Cells

Both static and instant-off potentials measured by
the reference cells embedded in the seven impressed-
current systems varied widely from cell to cell,
although individual cells responded to current ap-
plication in a consistent manner. Therefore, the
voltage shift between static cell potential and
instant-off potential during system operation, rather
than the instant-off potential itself, was chosen
for comparison with published protection criteria.

A polarization shift between static and instant-
off potentials of =100 mV is one of a number of pro-
tection criteria described by Stratfull (7). For
Systems 1 to 3, during the initial 8 months of oper-
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FIGURE 9 Current distribution probes, Systems 1, 2, and 3:
average current received by probes at 100, 180, and 250 mm
below concrete surface.

ation, the applied current was more than sufficient
to satisfy this criterion. Average polarization of
the zinc-zinc sulfate cells in the three systems for
this period was =230 mV, with values ranging from
-187 mV to -301 mV. Polarization levels for the cells
in Systems 1 and 3 remained in this range until
deterioration of anode connections prevented current
flow to all protected areas; this is described in
more detail in the section on durability. System 2
experienced lower polarization shifts during hot
summer periods when the specified current density
could not be maintained because of increased circuit
resistance. Control cells installed outside the
protected areas in all three systems typically showed
a gradual cathodic shift in potential during the 18
months after installation, though the reason for
this is not clear.

Polarization shifts seen in Systems 5 to 8 during
the first winter months of operation were generally
slightly greater than those seen in Systems 1 to 3,
averaging =480 mV and ranging between =281 and -779
mV. A decrease in polarization was observed in most
of the cells as temperatures increased in the spring,
leading to an average polarization shift during the
Aprii-June period of =243 mV. In System 6 this de-
crease in polarization was particularly obvious in
cells midway between anodes on the long column faces,
where polarization shifts were less than =150 mV.
Polarization shifts measured by the cells in System
8 during this period were reduced drastically, aver=-
aging -164 mV compared with =472 mV during the winter
months. This was in part because the static potential
of cells in this system moved significantly in the
negative direction between winter and summer depo-
larization periods. This phenomenon was not observed
to the same degree in cells in the other systems and
the reasons for this difference have not been fully
explained.

Considerable variation was seen among the five
types of reference cells used. Zinc cells typically
exhibited a wide range of values from cell to cell,
with individual cells also varying significantly.
Zinc cells were placed close to molybdenum cells at
two locations. Although initially both pairs of
cells showed similar polarization levels, in the
summer months the molybdenum cells indicated a
drastically reduced polarization shift, whereas the
zinc cells changed little. The molybdenum cells used
often produced an erratic signal and became par-
ticularly unstable at temperatures below approxi-
mately 5°C. The silver-silver chloride cells also
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behaved in an erratic manner during periods of 1low
temperatures. Graphite and lead cells appeared rela-
tively stable and consistent over time, showing
little variation with temperature or moisture con-
ditions.

Galvanic System

Of the eight installations, the single sacrificial
anode system was the one most affected by environ-
mental temperature and humidity changes. Consider-
able fluctuation occurred on both a seasonal and
day-to-day basis. The sum of the currents flowing to
each face ranged from low values of 30 to 40 mA to
highs of 100 to 160 mA experienced during the hot
summer months of 1983 and 1984. These corresponded
to surface current densities in the range of 1 to 4
mA/m?, considerably less than those experienced in
the impressed-current systems. The maximum currents
were not sufficient to maintain reference cell
polarization shifts meeting the protection criteria
of =100 mV (7). During periods of low current flow,
the reference cells experienced polarization shifts
of only a few millivolts. None of the macrocells
consistently experienced reversal of anodic current
flow during system activation. Current densities on
the pick-up probes were low. The average current
densities on the macrocells and pick-up probes and
the proportion of current flowing to each column
face are shown in Table 2. The typical range of
anode-to-rebar resistances 1is also shown. These
resistances varied considerably but returned sea-
sonally to the same levels. Because the driving
voltage of a galvanic protection system is fixed,
there is no means of maintaining current levels when
circuit resistance increases. The driving voltages
of 350 to 400 mV measured offered adequate protection
to the steel only when circuit resistance was at a
minimum. As noted by Schell et al. (2) the current
output of the system was insufficient to meet present
protection criteria.

DURABILITY

Although all the impressed-current systems functioned
satisfactorily from the standpoint of cathodically
protecting the steel, some of the components dete-
riorated in service. The winter of 1983-1984 was
unusually severe. In addition to prolonged cold
spells, there were frequent snowfalls. Deicing salts
were routinely applied to the bridge deck with the
result that chloride-laden runoff often flowed over
the column surfaces below, as shown in Figure 10. As
a result, the components, especially those on the
south column faces, were exposed to numerous freeze-
thaw cycles, often in the presence of salt solution.

After 8 months of operation, large areas of shot-
crete on Systems 1 and 3 were delaminated. Unfortu-
nately, the shotcrete was not checked for delamina-
tion after construction, so the time of delamination
is uncertain. When a check was made again 1 year
later, the areas of delamination had increased sub-
stantially and were cracked extensively. After ap-
proximately 5,000 amp-hr of operation, both systems
exhibited a sudden increase in resistance between
the anodes and the column reinforcing steel such
that the maximum rectifier output of 15 V was no
longer sufficient to maintain the current required.
Systems 1 and 3 were switched off permanently in
April 1984. Figures in Table 2 are based on data
collected while the rectifier output remained at 500
mA.

The increased resistance was found to be the
result of breakdown of the connections between the
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FIGURE 10 Typical exposure conditions
of columns during the winter months
(System 6 shown).

lead wires and the polymer concrete anodes. Coring
revealed that corrosion had taken place where the
copper lead wire was soldered to a short platinized
wire protruding from the anode, even though the
connections had been sealed. This emphasizes the
need for carefully designed and well-insulated con-
nections. It may be desirable to keep these connec-
tions outside the concrete where possible or to
embed them within the anode (as was done for the
primary anodes in Systems 6 and 7).

System 2 lost large patches of paint during the
second winter. The paint peeled cleanly away from
the concrete and most of the loss occurred on the
south face, as shown in Figure 11. As in Systems 1
and 3, the primary anodes showed no damage. Deterio-
ration of the connections was visible and appeared
to account for the large increase in the resistance
between the middle anode ring and ground. By March
1984, this resistance was so high that current was
being distributed only by the top and bottom anode
rings. The data in Table 2 summarize the performance
of System 2 before March 1984.

There was no deterioration of the shotcrete in
System 4. A core taken through an anode after 400
amp-hr of operation showed no visible corrosion.

Shotcrete applied to Systems 5 and 7 was sounded
28 days after placement and before current applica-
tion to determine whether debonding of the shotcrete
had occurred. The only significant area of debonding
(approximately 0.8 m?) was found on System 5, whereas
System 7 had a few small scattered delaminations. The
sounding was repeated in May 1984 after 7 months of
activation. In both systems, a much greater area of
shotcrete was found to be debonded. Minor cracking
was seen in the vicinity of the rustication strips
and the column corners. Anodes in both systems con-
tinued to perform well.

In System 6 there was no evidence of deterioration
of either the conductive paint or the polymer and
graphite primary anodes after 9 months of operation.
There was some discoloration and minor cracking of
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FIGURE 11 System 2: deterioration of
conductive paint on south column face 15
months after application.

the latex overcoat in the vicinity of the primary
anodes.

Gradual deterioration of the conductive paint
anode in System 8 contributed to increased circuit
resistance and poor current distribution within the
protected area. After 9 months of operation, ap-
proximately 90 percent of the conductive paint ap-
plied to the south face had been lost. Moderate
peeling of both paint layers occurred where the
conductive paint was applied with an overcoat or an
overcoat and a tie coat. Deterioration of the con-
ductive paste applied over the platinum wire anodes
resulted in exposure of portions of the wire to the
environment at several locations. Data shown for
this system in Table 3 cover only the period of
operation from November 13883 to January 1984. During
the spring and summer of 1984, the percentage of
current flowing to the west and south faces of the
column, where damage is greater, dropped to 24 per-
cent (from 54 percent the previous winter). Current
density on these faces, which are continuous, was
reduced to 6.1 mA/m? from 14 mA/m2.

CONCLUSIONS AND FUTURE WORK

Work in this program to date has indicated that it
is possible to design cathodic protection systems
that are practical for substructure applications.
Current levels sufficient to provide protection to
the column rebar can be maintained by suitably de-
signed impressed-current systems. Data collected
from probes embedded in the test systems indicate
that an even distribution of current over the con-
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crete surface can be achieved. Typically, the systems
were able to maintaln low driving voltages.

Construction and monitoring of these systems have
identified several areas where development is re-
guirad _Mhara Jo. s nasd Caw smamanziskas boska o
identify suitable anode materials. Numerous materials
are being introduced to the marketplace that appear
promising, but no long-term performance data are
available. It is necessary to devise accelerated
tests that will simulate field conditions to allow
prediction of anode service life and failure mode.
Reference cells that are stable and reliable must be
identified or developed if potential controlled
rectifiers are to be practical and dependable for
field use. There is also a need to study the dur-
ability of alternative connection details and to
investigate the reasons for delamination of the
shotcrete overcoat in the impressed-current systems.
Studies in some of these areas have already been
initiated.

The next major project in this program is a
larger-scale demonstration project applying the most
promising of the systems identified so far to a
multicolumn bridge pier bent.
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