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Abstract

Oregon’s coastal highway includes over 120 bridges, most of which are reinforced concrete bridges. Twelve are historic struc-
tures. Over 40,000 m? of bridge surface has been repaired and is protected from further corrosion damage using thermal-sprayed
zinc anodes in impressed current and galvanic cathodic protection (CP) systems. In addition, thermal-sprayed titanium, thermal-
sprayed Al-12Zn-0.2In, and zinc-hydrogel anodes are being evaluated in demonstration projects on coastal bridges. Thermal-
sprayed zinc anodes are estimated to have a service life exceeding 25 yr but exhibit increasing anode polarization with
electrochemical age. Humectants such as lithium nitrate and lithium bromide can reduce anode polarization and extend anode
service life. Catalyzed thermal-sprayed titanium anodes develop no significant anode polarization and exhibit stable long-term
performance. Zinc-hydrogel galvanic anodes produce a stable protection current with no evidence of aging effects. One of the more
powerful and economical tools available for assessing potential corrosion problems in a structure and for characterizing the cor-
rosivity of bridge microclimates is chloride profiling. Current Oregon DOT specifications call for the use of stainless steel reinforcing
bar in deck, beams, and precast prestressed girders, and of microsilica concrete in all future coastal bridge construction. Stainless
steel bar adds a 10% premium to total project cost compared to black iron bar but is expected to reduce cumulative costs by 50%
over the 120+ yr bridge life. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Bridges located in coastal environments and in colder
climates where they are exposed to repeated applications
of deicing salts suffer many of the same corrosion
problems. Salt contamination of concrete causes corro-
sion of the embedded steel reinforcement. This leads to
cracking of the concrete from the expansive forces of the
corrosion product. Bridges must eventually be repaired,
rehabilitated, or replaced when this occurs.

A 1993 report to the Federal government stated that
44% of the more than 500,000 bridges in the US were
either structurally deficient or should be posted for
weight restrictions [1]. Costs for bridge maintenance,
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rehabilitation, and replacement due to corrosion dam-
age are a necessary but nonproductive use of Depart-
ment of Transportation (DOT) resources. Safety
concerns, disruptions in service, and economic impacts
of catastrophic bridge failures are further liabilities for
bridge owners and users. Better construction and
rehabilitation practices that mitigate these costs and
liabilities require understanding the causes of corro-
sion-related bridge failures, and the complex interplay
between the physical, chemical, and mechanical prop-
erties of concrete and steel reinforcing bar. Technology
is needed to prevent further corrosion damage to ex-
isting bridges and to yield a 120+ yr bridge service life
in new construction. The present paper summarizes
joint research by the Albany Research Center, US
Department of Energy, and the Oregon DOT to ad-
dress these issues for reinforced concrete bridges, with
the primary focus on planar anodes for bridge cathodic
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protection (CP) systems, bridge construction practices
and evaluation methodology, and stainless steel appli-
cations in new bridge construction.

2. Cathodic protection of historic bridges

The Oregon coast is graced by 12 irreplaceable steel-
reinforced concrete bridges designed and built by re-
spected bridge Engineer Conde B. McCullough in the
1930s. In addition, the Oregon DOT maintains more
than 120 coastal bridges, most of which are reinforced
concrete structures over 15 m (50 ft) in length. A 1984
report by Oregon DOT [2] raised concerns about the
ongoing deterioration of these bridges, rising mainte-
nance and repair costs, and the need to protect Oregon’s
large investment in coastal bridges. The worst concerns
of the report were realized in 1988 with replacement of
the historic 900 m (3011 ft) Alsea Bay Bridge at a cost of
about $45,000,000 US (1988 dollars).

Cathodic protection is one of the most effective
techniques for controlling corrosion damage in existing
reinforced concrete bridges [3]. More than 500 bridges in
North America are currently protected by CP systems
[4]. Current distribution to the reinforcing bar is a crit-
ical factor in the design and effectiveness of these sys-
tems. The California Department of Transportation
(CALTRANS) pioneered the use of planar consumable
thermal-sprayed zinc anodes for optimum current dis-
tribution in a CP system installed on the Richmond-San
Rafael Bridge (California, USA) in 1983 [5]. Since 1988,
the Oregon DOT has installed impressed current ther-
mal-sprayed zinc anode CP systems on five bridges:
Cape Creek, Yaquina Bay, Depoe Bay, Big Creek, and
Cape Perpetua. Total installed capacity of these systems
exceeds 40,000 m? (420,000 ft*), with an average cost
for the systems of $151.50 US/m> ($14.09 US/ft?)
(1997 dollars). Fifty percent of this cost is for installa-
tion of the thermal-sprayed zinc anode, the remainder
for bridge rehabilitation [6]. Oregon DOT currently
plans installation of thermal-sprayed zinc anode CP
systems on the Rogue River, Ben Jones, and Cummins
Creek bridges.

In addition to thermal-sprayed zinc anodes, a dem-
onstration project for non-consumable thermal-sprayed
titanium anodes is being conducted on the Depoe Bay
Bridge [7,8]. Other demonstration projects include
thermal-sprayed Al-12Zn-0.2In and zinc-hydrogel an-
odes on the Cape Perpetua Bridge [9,10].

Field and laboratory research has been conducted to
identify characteristics of electrochemically aged planar
anodes that could affect their long-term performance in
bridge CP systems. Of particular interest were anode
bond strength, durability, and polarization, and the
impact of coastal environments on these properties.

Demonstration projects are being conducted to assess
the suitability of planar anodes for large-scale CP sys-
tems.

3. Field and laboratory anode aging studies

Laboratory anode electrochemical aging studies
used cast concrete slabs measuring 23 x 33 x 5 cm®
(9 x 13 x 2 in.%) and contained expanded steel mesh
for the cathode at a cover depth of 3.2 cm (1.25 in.) to
simulate bridge structural elements. The concrete mix
approximated that used in Oregon’s coastal bridges in
the 1930s and had a water—cement (w/c) ratio of 0.48.
Sodium chloride was added to the concrete at a con-
centration of 3 kg NaCl/m? (5 b NaCl/yd®) of con-
crete to approximate the present salt content in older
bridges at the level of the reinforcing bar. The slabs
were cured 28 days in a moist room and air dried
about one month. The top face of each slab was
lightly sandblasted to remove laitance and yield a
medium sandpaper texture with some aggregate ex-
posed.

Anodes were applied to the slab top face either by the
twin-wire arc-spray (thermal-spray) process or, in the
case of zinc-hydrogel, by affixing the conductive adhe-
sive back of the zinc foil to the concrete and pressing the
anode into the concrete with a hard roller. In each case,
the nominal anode to cathode area ratio was 1:1. Twin-
wire arc-spray parameters are included in Table 1 for
several anode materials [11]. The 3.2 and 4.7 mm (1/8
and 3/16 in.) diameter wires are available in solid and
cored versions to increase the variety of materials that
can be sprayed. Thermal-sprayed anodes for laboratory
studies were prepared using robotic control, an XY
spray pattern, and multiple spray passes to build up an
anode of uniform thickness.

Anode electrochemical age is the cumulative charge
that crosses the anode—concrete interface (as the result
of the anode reaction) per unit area. The anode aging
rate is directly proportional to the anode current den-
sity. Laboratory impressed current CP (ICCP) aging
studies were conducted at accelerated rates, compared to
the current density (2.2 mA/m? (0.2 mA/ft*)) Oregon
DOT uses on coastal bridges, to determine performance
characteristics that develop with anode aging and to
identify worst-case problems. Galvanic CP (GCP)
studies were conducted at a rate determined by a shunt
resistor that limited the voltage between the anode and
steel cathode to 5 mV or less. Laboratory aging studies
were conducted in low and high humidity enclosures
operated at 45% relative humidity (RH) and 29°C
(85°F), and 80% RH and 27°C (80°F), respectively.
Slabs were wetted daily with deionized water to simulate
coastal wetting by rain, fog, and dew.
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Table 1

Twin-wire arc-spray parameters for metals used as anodes in reinforced concrete bridge cathodic protection systems in coastal environments®

Wire diameter (mm (in.)) Current (A)

Voltage (Vg)

Spray rate (kg/h) Deposition efficiency (%0)

Zinc wire

3.2 (1/8) 350 27
3.2 (1/8) 450 27
4.8 (3/16) 350 27
4.8 (3/16) 450 27
Al and Al-12Zn—0.2In wire

3.2 (1/8) 350 32
3.2 (1/8) 450 32
4.8 (3/16) 350 32
4.8 (3/16) 450 32

Titanium wire

3.2 (1/8) 300 36-40

37.6 58.0
46.2 53.6
51.2 64.8
61.2 67.4
10.3 66.3
13.0 62.0
15.9 68.9
17.3 77.1
Not measured 66.0

% Atomizing gas, air (air or nitrogen for Ti); atomizing gas pressure, 0.62-0.79 MPa (90-110 psi); spray orientation, normal to surface at 15-23 cm

(6-9 in.) distance; multiple spray passes to build up anode thickness.

Anode performance in the field and laboratory
studies was characterized by techniques related to the
practical aspects of anode operation. Anode polariza-
tion was characterized by the ICCP system circuit re-
sistance, 1.€., the voltage between anode and reinforcing
bar divided by current density. Concentration polar-
ization of the anode and electrolyte (concrete) resis-
tance, including resistance from minerals formed at the
anode—concrete interface from anode dissolution prod-
ucts, were the major sources of system circuit resistance.
Anode activation polarization, which is typically on the
order of several tenths of a volt [12], is a relatively small
source of circuit resistance.

Anode bond strength measurements related changes
in anode—concrete interface chemistry to the mechanical
durability of the anode. Anode resistivity measurements
tracked composition changes within the anode. Inter-
facial pH measurements related anode reaction products
to mineral stability fields in potential-pH diagrams and
to acidification of the interface. Anode—concrete inter-
face cross-sections, examined by analytical scanning
electron microscopy (ASEM) and X-ray diffraction
(XRD), were used to quantify interface chemistry and
the distribution of anode reaction products in the ce-
ment paste.

Results from the field and laboratory studies guide
Oregon DOT’s use of planar anodes in current and fu-
ture coastal CP applications. Recommendations and
results include anode installation specifications, anode
consumption rates, modifications to anode operation,
models for anode performance, and estimates of anode
service life.

3.1. Thermal-sprayed planar zinc anodes

Thermal-sprayed planar zinc anodes for ICCP have
been installed on five Oregon coastal bridges. Field and

laboratory anodes were applied to lightly sand blasted
concrete using the twin-wire arc-spray process and 3.2
mm (1/8 in.) diameter zinc wire [13-17]. Zinc thermal-
spray parameters are given in Table 1. The zinc anode
was 250-500 pm (10-20 mil) thick.

The zinc anode is a consumable anode and the anode
reaction is:

Zn + 2H,0 — Zn(OH), + 2H" + 2¢~ (1)

Acidification of the anode-concrete interface occurs
with aging as a result of Reaction 1. Under drying
conditions dehydration of the zinc hydroxide may take
place:

Zn(OH), — ZnO + H,O (2)
At the reinforcing bar, the cathode reaction is:
0, +2H,0 +4e~ — 40H" (3)

In laboratory studies, anodes were aged up to 2 yr at a
15-fold accelerated rate of 32.2 mA/m? (3 mA/ft’) to a
maximum charge of 1850 kC/m?, equivalent to about
27 yr service at Oregon DOT bridge ICCP conditions.

Microanalysis showed the zinc anode had a porous
structure comprised of moderately well-bonded thin zinc
“splats”. Anode resistivity ranged from 21 pQ cm (un-
aged) to 43 pQ cm (aged 1640 kC/m?). Anode bond
strength ranged from 4.0 (unaged) to 0.12 MPa (aged
1640 kC/m?). Anode color was silver-gray.

Bond strength of periodically wetted thermal-sprayed
zinc anodes varied with electrochemical age, Fig. 1. The
initial bond to the concrete was mechanical involving the
penetration of zinc into the concrete surface roughness.
The initial bond strength decrease was associated with
the rapid consumption of zinc embedded in surface
roughness. Following this, the bond strength increased,
because of continued curing of the concrete slabs [18] and
secondary mineralization of zinc dissolution products at
the anode—concrete interface. With longer aging, the
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Fig. 1. Bond strength of periodically wetted thermal-sprayed zinc
anodes on concrete in ICCP service as a function of electrochemical
age in laboratory studies.

bond strength decreased due to the formation of a weak
zinc mineral layer at the anode—concrete interface. Based
on Fig. 1, the anode service life (ending when the bond
strength reached zero) was estimated to be more than 25
yr (1 yr =69.4 kC/m?) at the Oregon DOT coastal
bridge CP current density, 2.2 mA/m? (0.2 mA/ft?).
Preheating of the concrete prior to anode application can
boost the initial bond strength but does not materially
improve the long-term anode bond strength. The bond
strength decreased more rapidly when the anode was not
periodically wetted. The long-term decrease in bond
strength was accompanied by a decrease in anode—con-
crete interfacial pH from 12 to 7.

Circuit resistance remained low for laboratory aging
up to about 400 kC/m?, equivalent to about 6 yr ICCP
service [13,14,17]. For longer aging, the circuit resistance
(and anode polarization) increased substantially due to
the formation of the same zinc mineral layer at the an-
ode—concrete interface that caused bond strength to
decrease. Circuit resistance was also particularly de-
pendent upon patterns of anode wetting and drying.

Similar results were obtained in a field study of four
thermal-sprayed zinc anode bands (zones) on the Rich-
mond-San Rafael Bridge (California, USA) [15,17].
Zinc anode band 1 was 3.6 m above the water and ex-
posed to precipitation and spray from waves; anode
band 4 was 7.6 m above the water and sheltered by the
deck. Circuit resistance of both bands increased with
electrochemical age, Fig. 2, and varied seasonally with
higher resistance during the dry months over the 10 yr of
operation. During these dry months, circuit resistance
was substantially higher for band 4, showing the effects
of sheltering and distance from the water. However, the
band 4 resistance approached that of band 1when both
were well wetted by precipitation owing to improved
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Fig. 2. Circuit resistance for thermal-spayed zinc anodes in bands
land 4 on the Richmond-San Rafael Bridge (CA) for 10 yr of ICCP
service.

ionic conductivity in the mineral layer at the anode-
concrete interface.

An SEM photomicrograph of the anode-concrete
interface taken from the laboratory study after electro-
chemical aging of 1080 kC/m? is shown in Fig. 3 along
with K, X-ray maps for Zn, Ca, and Cl. These figures
show that: (1) the zinc anode is soluble, forming a layer
of zinc minerals at the anode-concrete interface, with
some dissolution of these minerals and migration of zinc
ions into the concrete; (2) Ca is depleted from a reaction
zone adjacent to the interface owing to acidification and
to replacement by the smaller zinc ions in the cement
paste; and (3) Cl ions migrate to and concentrate at the
anode, leading to the formation of zinc hydroxychloride
minerals at the interface.

3.2. Alternative planar anode materials

Alternative planar anode materials to the thermal-
sprayed zinc anode were considered as a means for re-
ducing ICCP circuit resistance in long-term service, in-
creasing galvanic current output, and improving anode
service life [19-21].

3.2.1. Zinc-hydrogel anode

The zinc-hydrogel anode was applied in a field trial to
a 57 m? (614 ft) GCP zone on the Cape Perpetua
Viaduct. Laboratory studies were also conducted using
cast concrete slabs to determine anode performance
during long-term ICCP and GCP aging [9,10]. The zinc-
hydrogel anode is a 0.25 mm (0.010 in.) thick zinc foil,
backed with a conductive, pressure-sensitive adhesive.
The adhesive is a hygroscopic acrylate polymer 0.75 mm
(0.030 in.) thick containing sulfonic acid. It is charged
with lithium chloride to form the electrolyte. Zinc-
hydrogel comes in rolls 25 cm (10 in.) wide with a
removable plastic film backing to protect the adhesive.
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(@

Fig. 3. SEM photomicrograph and X-ray maps of zinc anode cross-section showing anode-concrete interface after ICCP service for 1080 kC/m? in
laboratory studies: (a) back-scattered electron SEM photomicrograph; (b) zinc X-ray map; (c) calcium X-ray map; (d) chlorine X-ray map.

Concrete preparation was the same as for thermal-
sprayed zinc anode installations. The backing was
peeled from the zinc foil exposing the adhesive and the
foil pressed onto the concrete. With the anode applied to
the concrete, the zinc was rolled with a wood or hard
rubber roller to further press the adhesive into the
concrete surface. The edges of the anode were sealed
with silicone rubber (or polyurethane) caulking to pre-
vent external water from reaching the adhesive and
causing it to swell. The hydrogel anode color was bright
silver. However, after completing a field installation, the
hydrogel anode can be painted to blend with the sur-
roundings.

The zinc-hydrogel anode is a consumable anode and
the anode reaction was the same as for zinc anodes,
Reaction 1. The weak sulfonic acid in the adhesive
buffers the production of hydrogen ions, resulting in
little change in pH at the adhesive—concrete interface.
Since the adhesive is hygroscopic, conditions that could
lead to dehydration of zinc hydroxide produced by the
anode reaction are unlikely.

In laboratory studies, ICCP anodes were aged up to
2yr at a 15-fold accelerated rate of 32.2 mA/m?
(3 mA/ft’) to a maximum charge of 1300 kC/m?,
equivalent to about 19 yr service at Oregon DOT bridge
ICCP conditions. The bond strength of the zinc-hydro-
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Fig. 4. Current output from galvanic zinc-hydrogel, and thermal-
sprayed zinc and Al-12Zn-0.2In anodes on the Cape Perpetua Half-
Viaduct (OR).

gel ranged from 0.12 MPa (unaged) to 0.01 (aged
1300 kC/m?). While the bond strength was not initially
high and decreased with age, the anode did not disbond
from the concrete at any time during aging. Circuit re-
sistance varied little with aging except when the adhesive
became dry; and then it rose substantially. Analytical
SEM showed that the adhesive served as a substantial
sink for zinc reaction products produced by Reaction 1.

GCP anodes aged 530 days in the laboratory and 580
days on the Cape Perpetua Viaduct gave similar results.
Current output from the field trial is shown in Fig. 4.
The zinc-hydrogel anode current output was a steady
3.6 mA/m? (0.3 mA/ft?), adequate to protect reinforc-
ing bar at Oregon DOT coastal bridge CP conditions. In
the laboratory, current output fell when the adhesive
became dry, a condition that did not occur in the field
trial. Zinc-hydrogel current output was much more
stable with time than the output from a thermal-spray
zinc anode on a neighboring 57 m? (614 ft*) GCP zone
on the Cape Perpetua Viaduct, Fig. 4.

3.2.2. Thermal-sprayed Al-12Zn—0.2In anode

The thermal-sprayed Al-12Zn-0.2In anode was used
on a 57 m? (614 ft*) GCP zone of the Cape Perpetua
Viaduct. Laboratory studies were also conducted using
cast concrete slabs to determine anode performance
during long-term ICCP and GCP aging [9,10]. Anodes
were applied to lightly sand blasted concrete using the
twin-wire arc-spray process and 3.2 mm (1/8 in.) diam-
eter cored aluminum wire. The cored aluminum wire
contained a mechanically mixed Zn-In powder that
yielded the Al-12Zn-0.2In composition on melting. Al-
12Zn-0.2In thermal-spray parameters are essentially the
same as for Al wire and are given in Table 1. Anode
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thickness was 180 pm (7 mil) for the laboratory study
and 400 pm (15 mil) for the field trial. Analyses showed
the “as-received”” Al-12Zn-0.2In cored wire used in this
study and the resulting anode contained 0.08% copper.
Presently available wire contains less than 0.01% copper.

The Al-12Zn-0.2In anode is a consumable anode
resulting in both zinc and aluminum loss during ca-
thodic protection. The indium is added to the alloy to
prevent passivation of the Al in the high pH concrete
environment. The anode reactions are the dissolution
reaction for zinc, Reaction 1, plus the aluminum reac-
tion:

2A1 + 3H,0 — ALO; + 6H' + 6e~ (4)

In addition, since concrete has a fairly high pH, Al,O3
may dissolve to form aluminate ions:

ALO; + H,0 — 2A10; + 2H* (5)

However, acidification of the anode-concrete interface
by Reactions 1 and 4 would mitigate against Reaction 5.
Dehydration of the zinc hydroxide, Reaction 2, may
also occur.

In laboratory studies, ICCP anodes were aged up to 1
yr at 5-, 10-, and 15-fold accelerated rates. For example,
at a 5-fold accelerated rate or 10.7 mA/m? (1 mA/ft?),
anodes were aged to a maximum charge of 263 kC/m?,
equivalent to about 3.8 yr service at Oregon DOT bridge
ICCP conditions. Anode performance decreased with
increase in anode current density. Anodes operated at
the higher current densities (10- and 15-fold) disbonded
after a charge of 140 kC/m?, equivalent to 2.0 yr service.
Bond strength decreased with electrochemical age and
the decrease was more rapid for higher anode current
densities. The bond strength at a 5-fold accelerated rate
ranged from 3.6 (unaged) to 0.8 MPa (aged 175 kC/m?).

Analytical SEM analysis showed that zinc dissolution
products migrated into the cement paste, as was ob-
served for thermal-sprayed zinc anodes. However, alu-
minum dissolution products did not migrate, but rather
Al,O; formed within the anode at the dissolution site.
Since Al,O; has a larger volume than the Al consumed,
the resulting expansive forces that develop with in-
creasing electrochemical age caused cracks to form be-
tween individual splats and grains. These forces, plus
self-corrosion observed at the anode surface, caused
grains to pop out of the anode surface.

GCP anodes aged 530 days in the laboratory and 580
days on the Cape Perpetua Viaduct gave similar results.
Current output from the field trial is shown in Fig. 4.
The anode current output decreased with time and was
strongly dependent on moisture in the structure. At 580
days in the field, the Al-12Zn-0.2In anode current
output was 2.1 mA/m>(0.2 mA/ft*), adequate to pro-
tect reinforcing bar at Oregon DOT coastal bridge CP
conditions. The Al-12Zn-0.2In anode produced less
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current than either the zinc-hydrogel or the thermal-
sprayed zinc anode, Fig. 4.

3.2.3. Catalyzed thermal-sprayed titanium anode

A cobalt-catalyzed, non-consumable, thermal-
sprayed titanium anode was applied to one ICCP zone
on the Depoe Bay Bridge (Oregon, USA) in a demon-
stration project as an alternative to the thermal-sprayed
zinc anode. The cost for installing the catalyzed titanium
anode was 18 percent more than that for installing a zinc
anode. Laboratory studies were also conducted to de-
termine long-term performance and aging characteris-
tics of the anode [7,8].

Titanium was applied to lightly sand blasted concrete
using the twin-wire arc-spray process and 3.2 mm (1/8
in.) diameter, annealed grade 1 titanium wire. Labora-
tory anodes were applied to cast concrete slabs. Tita-
nium thermal-spray parameters are given in Table 1.
The titanium anode was 100-150 pm (4-6 mil) thick.

The titanium anode was catalyzed using a cobalt ni-
trate-amine complex in pH 3.47 aqueous solution. The
solution contained 60 g Co/L, with Co(Il) present as
the nitrate and Co(IIl) present as an amine complex.
The Co(III)/Co(II) ratio was 0.25. The catalyst was
brush applied at a coverage of 0.344 L/m?
(0.0087 gal/ft*) with the anode polarized anodically at a
current density of 11-29 mA/m? (1.0-2.7 mA/ft*) dur-
ing application. Polarization of the anode continued for
one month to form the active catalyst, Co;0y4, a spinel
with Co(Il) in the tetrahedral interstices and Co(III) in
the octahedral interstices. Co;0, is a p-type semicon-
ductor and a highly active catalyst for surface reactions
involving oxygen.

The catalyzed anode reaction was the production of
oxygen from water. On the Oregon coast, water is de-
livered to the anode in the form of dew, fog, rain, and
humid air. Water is essential for successful operation of
the anode. In the high pH concrete, the anode reaction
initially is:
40H™ — O, +2H,0 +4e” (6)

However, acidification of the anode—concrete interface
by consumption of hydroxyl ions eventually will change
the anode reaction to:

2H,0 — O, +4H" 4 4e” (7)

ICCP anodes were aged 2 yr in the laboratory at a 10-
fold accelerated rate of 21.4 mA/m? (2 mA/ft?) to a
charge of 1520 kC/m?, equivalent to about 23 yr service
at Oregon DOT bridge ICCP conditions.
Microanalysis showed the titanium anode had a po-
rous, heterogeneous structure and composition strongly
affected by reactions during formation between the
molten titanium, the atomizing gas, and air. Cooling
rates ranged from 10 to 150 K/s, well below those that

would lead to amorphous crystal structures from rapid
solidification. On average the anode contained 88 wt%
Ti, present as o-Ti containing interstitial nitrogen, -
TiO, and possibly TiN. Nitrogen atomization produced
coatings with more uniform chemistry, less internal
cracking, and lower resistivity than air atomization.
Anode resistivity ranged from 2110 pQ cm (unaged) to
8400 pQ cm (aged 1520 kC/m?). Anode bond strength
ranged from 1.17 (unaged) to 0.29 MPa (aged
1520 kC/m?). Anode color was gold-brown.

The catalyzed anode was insensitive to changes in
relative humidity and had a stable circuit resistance for
RH from 30% to 100%, Fig. 5. This indicates sufficient
water was delivered to the anode from the environment
at even low RH to maintain the anode reaction. Oper-
ating voltage as a function of electrochemical age was
flat for the equivalent of 23 yr (1520 kC/m?) service at
Oregon DOT conditions, with no indication that the
anode would not perform similarly for longer periods.
Anode—concrete interfacial pH decreased from 11 to 7
with aging. Anode bond strength and durability de-
creased during aging as the result of acidification of the
anode—concrete interface. However, no anode spalling
or disbondment was observed anytime during the
experiments. Field measurements after 2 yr anode oper-
ation (46 kC/m?) gave similar potential-current oper-
ating results. No decrease in anode—concrete interfacial
pH or bond strength was observed in the field.

The anode—concrete interface from the laboratory
samples, after electrochemical aging 1520 kC/m?, was
examined by SEM and with K, X-ray maps for Ti, Ca,
and Co. These analyses showed that: (1) the titanium
anode was insoluble; (2) Ca was depleted from a reac-
tion zone adjacent to the interface as the result of aci-
dification; and (3) the Co catalyst was not depleted by
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leaching from the concrete and was, in fact, present
throughout the reaction zone. No evidence of the Ca
depleted reaction zone was observed in a core sample
removed from the Depoe Bay Bridge after 2 yr service
(146 kC/m?). Either it was too soon to see the effects of
acidification or acidification of the anode—concrete in-
terface was mitigated by other processes at the lower
current density used by Oregon DOT.

3.3. Anode chemical treatments — humectants

Moisture substantially reduces the circuit resistance
of thermal-sprayed planar zinc anode CP systems [15—
17]. This reduction is associated with increasing con-
ductivity of the electrolyte (concrete) and reducing
anode concentration polarization. Humectants, salts
that attract water, are one way of increasing moisture
content at the anode—concrete interface. Screening
studies identified two promising humectants, LiBr and
LiNO; [22]. In the laboratory, these humectants were
applied to unaged and previously aged thermal-sprayed
zinc anodes on concrete slabs. In the field, they were
applied to two thermal-sprayed zinc anode ICCP zones
on the Yaquina Bay Bridge (Oregon, USA), with adja-
cent zones used as controls [23,24].

A saturated LiBr solution at 25°C is 16.7 M LiBr and
is in equilibrium with air at 8% RH; for LiNO; these
values are 13.0 M LiNO; and 45% RH [24]. However,
when saturated solutions of humectants at the anode—
concrete interface contact air at a higher RH, they ab-
sorb moisture from the environment to form a more
dilute solution. This is the basis for the use of humec-
tants. For example, LiBr exposed to 50% RH will ab-
sorb water until a solution of 9.0 M LiBr is formed; at
80% RH, a 4.0 M LiBr solution is formed. This raises
the moisture content of the interface substantially. In
doing so, it lowers local concrete resistivity (raises ionic
conductivity) and improves the dispersion of zinc anode
reaction products into the concrete. Furthermore, water
consumed in anode Reaction 1 will be replenished by
water absorbed from the environment. LiBr is the more
powerful humectant at low RH, but both humectants
should strongly attract moisture to the anode—concrete
interface at the RH values typically found on the Ore-
gon coast. The net effect should be to lower CP circuit
resistance and lengthen zinc anode life.

In the laboratory, the effect of humectants on both
new and previously aged zinc anodes was examined.
Stock solutions of humectant contained 300 g humec-
tant/L, i.e., 3.45 M LiBr and 4.35 M LiNO;, and 10 ml/
L of commercial surfactant to improve anode wetting.
The humectants were brush applied (laboratory) or
sprayed (field) on the thermal-sprayed zinc anodes at a
rate of 86 g/m? (8.0 g/ft?). Controls in the laboratory
were treated only with the surfactant; controls in the

field were two untreated thermal-sprayed zinc anode
ICCP zones (Zones 10 and 14) adjacent to the treated
zones (Zones 11 and 13).

The laboratory anodes were electrochemically aged in
low and high humidity enclosures. ICCP experiments
were aged to 400-600 kC/m?, equivalent to 5.8 to 8.9 yr
service at the rate used by Oregon DOT on coastal
bridges. GCP experiments were conducted for about
2 yr.

The effect of humectants on the circuit resistance of
anodes previously aged in ICCP studies is summarized
in Fig. 6. The thick solid curve is the circuit resistance
for untreated zinc anodes aged the equivalent of over 20
yr in 80% RH. Additional anodes were previously aged
equivalent to times up to 20 yr, then treated with
humectant and aged the equivalent of 5.8 to 8.9 more
years. The circuit resistance of these anodes is plotted in
Fig. 6 as the total electrochemical age, i.e., the sum of
the previously aged period plus the additional 5.8 to 8.9
yr aging with humectant. The circuit resistance is re-
duced by 75% or more with the use of humectants at
80% RH. At 45% RH, the resistance was climbing but
still below the curve for untreated anodes at 80% RH.
LiNO; outperformed (lower circuit resistance) LiBr at
both RH levels. Investigations are needed to determine
whether this is due to oxidation and loss of bromide ion
at the elevated anode potentials sometimes observed in
these experiments.

SEM photomicrographs and K, X-ray maps of
humectant-treated zinc anodes, ICCP electrochemically
aged the equivalent of 6.1 yr, showed greater dispersion
of zinc into the concrete at the anode—concrete interface
than would have occurred for untreated anodes. The X-
ray maps showed Br concentrated in the zinc minerals
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Fig. 6. Circuit resistance of pre-aged humectant-treated zinc anodes in
ICCP service as a function of total electrochemical age in laboratory
studies at 45% and 80% RH.
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formed at the interface by aging. This suggests that LiBr
(and perhaps LiNO;) may be resistant to leaching from
the anode by precipitation washing.

GCP current output results are shown in Fig. 7 for
unaged zinc anodes in the laboratory at 80% RH. Initial
current output was high for the humectant-treated an-
odes and the control. Current output declined and lev-
eled out after electrochemical aging the equivalent of
0.5-1 yr. Output from the LiNOjs-treated zinc anode was
less than from the control. The LiBr-treated zinc anode
output was well above the control and leveled out to a
value close to 2mA /m?, the level Oregon DOT uses in
coastal bridge ICCP systems.

The ICCP circuit resistance for humectant treated
zones on the Yaquina Bay Bridge and that of the two
adjacent control zones is shown in Fig. 8. All of the

10.0

s 80 % RH
~

<

z 80

£ 6.0

=

<

S 40}

=

e

E 20} LiBr
2 | Control

5 0.0 TLiNO3 .

5 0.0 0.5 1.0 1.5 2.0 2.5

Electrochemical age, y
(1y=69.4 kC/m?)

Fig. 7. Current output of galvanic humectant-treated zinc anodes in
laboratory studies at 80% RH.
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Fig. 8. Circuit resistance of controls and humectant-treated zinc anode
zones in ICCP service on the Yaquina Bay Bridge (OR).

zones are over land in the approach structure to the bay
crossing. Zone 10 is furthest from the bay (about 131 m
[430 ft]) and Zone 14 is closest (about 73 m [240 ft]). The
humectant-treated zones are physically between these
two control zones at 94 m [310 ft] (LiNO3) and 113 m
[370 ft] (LiBr). The four zones are sheltered by the
bridge deck. The higher circuit resistance of Zone 10
suggests it is the drier of the two control zones. The
position of the zones relative to the bay suggests circuit
resistance varies inversely with distance to the bay and
that, in the absence of humectant, the circuit resistance
of the Zones 11 and 13 would lie between Zones 10 and
14. Instead, humectant application substantially reduced
the circuit resistance of Zones 11 and 13 compared to
the controls.

Chloride profiles were measured in each of the four
zones on the Yaquina Bay Bridge using the Oregon
DOT powder sampling technique to characterize con-
crete quality and zone microclimate. This was done us-
ing Fick’s second law of diffusion to compute mean
surface chloride concentration, C,, and effective chloride
diffusion coefficient, D, from the chloride profiles. Fick’s
law parameters for the zones are given in Table 2. Dif-
fusion coefficients were similar for each zone, indicating
similar concrete quality. Surface chloride concentra-
tions, which are determined by factors including zone
microclimate (sheltering, salt deposition, dew formation,
precipitation washing), decreased with distance from the
bay. The driest and furthest zone from the bay, Zone 10,
had the lowest value. Values increased closer to the bay
where deposition from salt spray increased. However, in
zone 14, precipitation washing from wind blown pre-
cipitation may also have become important and the
surface chloride concentration is somewhat less than for
Zone 13.

4. Bridge corrosion failures and evaluation methodology

Forensic analysis of failed coastal bridges was con-
ducted to identify the critical factors leading to failures
[25,26]. The most effective methodologies for identify-
ing reinforcing bar corrosion problems in bridges were
determined. Changes in construction practice that
would prevent similar problems in new structures were
identified. The results of these analyses also recog-
nize that many advances in cement and concrete
quality, and design and construction practices have
occurred over the years since the failed bridges were
constructed.

4.1. Rocky Point Viaduct (Oregon, USA)

The Rocky Point Viaduct (1954-1994), a five-span,
114 m (373 ft) long, reinforced concrete deck girder
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Table 2

Fick’s law parameters obtained by least-squares fit of chloride profile data from 40 to 60 yr old reinforced concrete bridges in coastal environments

Structure Position on Fick’s law parameters®

structure Land face (or side) Ocean face (or side)

C, (kg Cl/m?) D x 108 (cm?/s) C, (kg Cl/m?) D x 108 (cm?/s)

Yaquina Bay Bridge:
Zone 10 beam (131 m to bay) Middle — - 1.67 0.595
Zone 11 beam (113 m to bay) Middle - - 3.34 0.490
Zone 13 beam (94 m to bay) Middle - - 6.63 0.458
Zone 14 beam (73 m to bay) Middle - - 5.41 0.456
Rocky Point Viaduct:
Beam Al, patch concrete Low 9.62 3.14 15.00 3.25
Beam A2, original concrete High 9.58 1.24 5.26 0.948
Brush Creek Bridge:
Beam A2 Low 8.83 0.828 11.72 1.71
Beam A3 Low 7.05 2.44 13.14 1.53
Beam A2 High 6.29 0.799 14.76 1.38
Beam A3 High 6.91 0.799 10.08 1.90
Deck, A2 Underside - - 9.92 0.880
Deck, A3 Underside - - 7.21 0.407
Diaphragm, A2 Middle 13.43 1.08 15.41 1.56
Diaphragm, A3 Middle 9.77 1.07 17.04 0.921

2To convert from kg Cl/m? to Ib Cl/yd® divide by 0.5932.

bridge for US Route 101 on the southern Oregon coast,
was replaced in 1994 due to severe structural damage
resulting from corrosion-related reinforcing bar section
loss and concrete deterioration. The Viaduct was located
in one of the most corrosive microclimates on the Ore-
gon coast on an exposed headland 25 m (80 ft) from the
ocean at an elevation of 35 m (115 ft).

First evidence of corrosion damage to the concrete
was reported in 1967 only 13 yr after the Viaduct was
constructed. A major repair of the Viaduct was con-
ducted in 1969. The repair included removing all con-
crete from around reinforcing bar in the bottom of the
beams and replacing it with cast patch concrete. During
this repair a number of additional actions were taken to
halt further corrosion damage. These included: a coal
tar epoxy seal between the patch and original concrete
as a barrier to chloride migration into the patch con-
crete; a coal tar epoxy coating on selected reinforcing
bar; an inorganic zinc coating on selected reinforcing
bar; and a linseed oil coating over the beam to seal the
concrete from further chloride intrusion. None of these
additional actions were effective and it was necessary to
replace the Viaduct after only 40 yr service.

One 14 m (47 ft) beam from the Viaduct was preserved
for detailed evaluation of failure causes to provide a basis
for modifying repair and rehabilitation practices for ex-
isting bridges and improving construction practices for
new bridges. The evaluation included: (1) the physical,
mechanical and chemical properties of the Viaduct con-
crete; (2) a rebar corrosion damage survey; and (3) de-
termination of the chloride distribution in the concrete

and the way the chloride distribution was modified by
impressed current cathodic protection.

Petrographic analysis showed that alkali-silica, alkali-
carbonate, and sulfate reactions did not contribute to
premature deterioration of the Viaduct. The compres-
sive strength of the original concrete at the time of
Viaduct demolition was 52.8 MPa (7.66 ksi) and con-
tinued to meet design specifications. The w/c ratio for
the original concrete was 0.53. The void fraction in the
original concrete was 10.6% while the patch concrete
was 50 pct higher, 15.6%.

Chloride ion profiles through the full thickness of the
beam from west (ocean) face to east (landward) face
provided the best evidence for explaining the early fail-
ure of the Viaduct. The “as-received” profile for patch
concrete is shown in Fig. 9 along with the location of
shear stirrups (S) and square reinforcing bar (R). [The
0.0 yr ICCP profile in Fig. 9 is the “as-received” profile.]
Profiles after 0.5 and 1.0 yr ICCP, equivalent to 5 and 10
yr service at Oregon DOT bridge CP conditions, are also
included in Fig. 9. The west face of the beam was fully
exposed to the ocean, sheltered only by the bridge soffit;
the east (landward) face was sheltered by the deck. The
“as-received” chloride profile was not symmetrical, in-
dicating that beam microclimates and the resulting salt
deposition were different on the two faces of the beam.
Profiles were different for the original and the patch
concrete, indicating that properties of the concrete af-
fected chloride deposition and migration.

After 40 yr service, the shear stirrups and reinforcing
bar were embedded in concrete containing chloride at
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Fig. 9. Chloride profiles for 25 yr old patch concrete from the Rocky
Point Viaduct (OR) as a function of thermal-sprayed zinc anode ICCP
service for 0.5 and 1.0 yr. The “as-received” profile is the “0.0 yr
ICCP” profile. Position of reinforcing bar (R) and shear stirrups (S),
and the chloride corrosion threshold (0.74 kg Cl/m?) are shown.

levels well above the chloride corrosion threshold for
black iron bar. Numerous studies have shown the
chloride corrosion threshold lies in the range
0.6-1.2 kg Cl/m?* (1.0-2.0 Ib Cl/yd3), where the con-
centration is given per cubic meter (or cubic yard) of
concrete [27-32]. One widely used estimate of the chlo-
ride threshold is 0.2 wt pct Cl in the cement paste
[28,32], which translates into 0.74 kg Cl/m*(1.25
Ib Cl/yd®) for the concrete described by McDonald
et al. [32]. This conservative estimate of the chloride
threshold was used here to illustrate the effects of chlo-
ride ion on reinforcing bar corrosion. The “as-received”
curve in Fig. 9 also shows a chloride gradient between
the inner and outer mats of reinforcing bar that provides
the opportunity for macro-cell corrosion when the mats
are connected.

Fick’s law parameters are given in Table 2 for the
original and patch concrete. Surface chloride concen-
tration, C,, was different for the patch and original
concrete on the ocean facing side of the beam. The ef-
fective chloride diffusion coefficient, D, was also different
for the patch and original concrete. The low chloride
concentration on the beam surface (both ocean and
landward sides) was the result of precipitation washing
or runoff which leached CI from the beam before it was
sheltered for study. Over time this low value would have
been balanced by much higher surface salt concentra-
tions during drier periods that would lead to the profiles
observed deeper in the concrete. In other words, the
surface chloride concentration can vary considerably
with time but the structure averages out these effects
over time to give an effective C, that correlates with the
observed chloride profile.

In the US, D values range roughly from 0.6 x 1078 to
7.5 x 1078 cm?/s, and C, from 1.2 to 8.2 kg/m?* (2.0 to

14 1b Cl/yd®) [27]. D can vary with time as the concrete
cures [33] or as the moisture content varies with envi-
ronmental conditions, but does not appear to be greatly
affected by transverse cracking of the concrete [27].
However, as with the surface chloride concentrations,
the structure over time tends to average out these vari-
ations and responds with Fick’s law parameters that are
characteristic of the structure and its environment.
Furthermore, Fick’s law parameters obtained from
structures, particularly older structures, are a valid basis
for making predictions about that structures’ perfor-
mance [27]. Using the Fick’s law values in Table 2,
chloride profiles were generated for patch concrete in the
Rocky Point Viaduct as a function of time, Fig. 10.
Cover depth for shear stirrups on the beam vertical sides
was 4.97, and 2.80 cm on the beam underside. The
corresponding values for the square reinforcing bar were
6.75 and 4.96 cm. Fig. 10 shows corrosion would initiate
first on the shear stirrups and that, given the severity of
the environment, the concrete cover was inadequate to
prevent corrosion damage. Using the values in Table 2,
a chloride corrosion threshold for black iron bar of
0.74 kg Cl/m? (1.25 Ib Cl/yd?), and the cover depth for
shear stirrups on the beam sides, the corrosion threshold
would be reached in 3.1 yr for patch concrete on the
west side, and 4.0 yr for the east side.

Corrosion propagation in concrete is a complex
phenomena dependant primarily on moisture content
and availability of oxygen. Once the corrosion threshold
is reached, Stewart and Rosowsky [27] use a rate of 11—
23 pm/yr (0.46-0.91 mpy) to model corrosion-induced
deterioration of reinforced concrete structures. Roughly
25 um (1 mil) corrosion loss has been considered suffi-
cient to initiate cracking of concrete around reinforcing
bar [32,34]. Considering these various factors, time-to-
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Fig. 10. Computed chloride profiles for patch concrete from the
Rocky Point Viaduct (OR) showing the effect of time on profiles and
cover depth on corrosion initiation. Position of reinforcing bar (R) and
shear stirrups (S), and the chloride corrosion threshold
(0.74 kg Cl/m?) are shown.
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corrosion cracking, once corrosion has been initiated, is
estimated to be 3—4 yr [35] and 3-5 yr [34,36]. On this
basis, the patch concrete delayed further damage to the
structure by only 6-9 yr.

Similar computations for the original concrete yield
times for corrosion initiation of 19.0 and 10.1 yr for the
west and east sides of the beam. Add 3-5 yr for crack
initiation [34-36], and corrosion damage should have
been evident to bridge inspectors after 13-24 yr. In fact,
these values include the time when corrosion damage
was first observed (13 yr) and the time major repairs
were made (15 yr).

One-foot thick transverse sections were cut from the
beam containing the embedded reinforcing bar for a
study of chloride migration under ICCP. ICCP was
conducted at an accelerated rate so that the effects of 15
yr service could be observed in 1 yr. The thermal-
sprayed zinc anode current density was 22 mA/m?
(2.0 mA /ft*) and cathode current density was 32 mA/m>
(3.0 mA/ft?). The resulting chloride profiles for the patch
concrete are given in Fig. 9. The profiles for 0.5 and 1.0
yr ICCP were taken at different locations with respect to
the reinforcing bar, leading to the 1.0 yr profile being
slightly higher than the 0.5 yr profile on the west side of
the beam.

Comparing the 0.5 yr profile with the “as-received”
profile shows there was a net loss of chloride from the
beam. The difference between the two curves was inte-
grated from the beam centerline to the outer surface to
compute the amount of chloride extracted. The value
was 0.34 kg Cl/m? through the west vertical face and
0.04 kg Cl/m? through the east face. This was con-
firmed visually by salt encrusting the zinc anode on each
face. One-dimensional finite-element analysis of chlo-
ride migration under superimposed concentration and
potential gradients [37] reproduced the flattened profile
seen in Fig. 9 between the square reinforcing bar (R)
and the West side of the beam after 0.5 yr ICCP. The
analysis predicted little change in chloride ion concen-
tration below the depth of the outer square reinforcing
bar. It also predicted little additional change in the
profile for additional ICCP without washing of the
anode surface by precipitation to remove surface chlo-
ride buildup.

Thus, severe environment and insufficient cover over
shear stirrups were responsible for the early corrosion
damage of the Rocky Point Viaduct requiring repair in
1969. Visual inspection and half-cell potential surveys
supported this finding. The repair delayed further cor-
rosion damage by no more than 6-9 yr and led to re-
placement of the Viaduct after only 40 yr service.
Chloride migration studies on beam sections showed
that ICCP can yield three benefits: (1) it prevents further
corrosion damage to the steel reinforcing bar; (2) it can
reduce the chloride concentration in concrete sur-

rounding the reinforcing bar; and, presumably, (3) it can
restore protective alkaline conditions at the bar—con-
crete interface.

4.2. Brush Creek Bridge (Oregon, USA)

The Brush Creek Bridge (1954-1998), a three-span,
244 m (800 ft) long, reinforced concrete deck girder
bridge for US Route 101on the southern Oregon coast,
just 9 km (5.6 miles) south of the Rocky Point Viaduct,
was replaced in 1998 for the same reasons the Rocky
Point Viaduct was replaced, severe corrosion-related
structural damage. The microclimate was not as severe
as that of the Rocky Point Viaduct. The bridge was less
exposed, being 244 m (800 ft) from the ocean and at an
elevation of 16 m (55 ft). However, delivery of salt to the
bridge from salt spray and salt fogs was greatly in-
creased by the local terrain which accelerated onshore
winds.

Much of the concrete covering the deck underside
spalled off, exposing the lower mat of reinforcing bar
and greatly accelerating corrosion. Similarly, cover
concrete spalled from the bottom of many of the beams,
exposing the reinforcing bar and shear stirrups to fur-
ther section loss. Some of the shear stirrups were rusted
completely through. Damage was greatest along the
leading edge of the beams nearest the ocean which col-
lected salt spray that drained from the beam face.

Three 6 m (20 ft) beams (A2, A3, and A4) from the
bridge were preserved for detailed evaluation of failure
causes. One part of this evaluation was to identify sig-
nificant structural, chemical, and environmental factors
that contributed to the failure. The load-deflection
curve for beam A4 was measured and showed a 24% loss
in strength when compared to its design capacity. The
failure mode was plastic deformation of the longitudinal
reinforcement.

Chloride ion depth profiles were measured for the
beams, the diaphragms, and the deck. Fick’s law pa-
rameters for these profiles are summarized in Table 2.
Surface concentration, C,, varied widely with location
on the bridge, indicating strong local interaction be-
tween the processes for salt delivery, wind patterns,
washing by precipitation, fog, sheltering, and orienta-
tion. The effective chloride diffusion coefficient, D, ten-
ded to be higher on the ocean facing side of the beams
and diaphragms. Like the Rocky Point Viaduct profiles,
the results were not symmetrical between the vertical
faces of the beams and diaphragms, reflecting the local
environment of the beam and the condition of the beam
surface.

Deck chloride profiles are shown in Fig. 11 along
with the position of the upper and lower mats of rein-
forcing bar. Salt deposited to the deck top apparently
was removed in precipitation runoff. Most chloride in
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Fig. 11. Chloride profiles for 44 yr old deck attached to beams A2 and
A3 from the Brush Creek Bridge (OR). Position of top and bottom
reinforcing bar mats, and the chloride corrosion threshold
(0.74 kg Cl/m?) are shown.

the deck was concentrated near the bottom of the deck
in a typical diffusion profile, with concentrations ex-
ceeding 6 kg/m*(10 b Cl/yd®) at the bottom surface.
Salt was delivered to this surface in salt spray and salt
aerosols, concentrated in dew and moisture from fog,
and had little chance for removal in precipitation runoff.
Chloride concentrations at the top mat were below the
chloride corrosion threshold; those at the lower mat
were well above the threshold, providing an opportunity
for macro-cell corrosion if the mats were connected and
electrically continuous.

Using data in Table 2, the chloride threshold for
black iron bar of 0.74 kg Cl/m*(1.25 Ib Cl/yd?), and
minimum measured cover depths for the lower rein-
forcing bar mat, 2.55 cm, the chloride threshold would
have been reached for beam A2 in 3.7 yr, and for beam
A3 in 9.5 yr. Add 3 to 5 yr for crack initiation [34-36]
and visible damage to the concrete on the deck under-
side would have begun 7-14 yr after construction. Se-
vere environment, inadequate cover depth, and the
potential for macro-cell corrosion help explain the se-
vere corrosion damage often observed on the underside
of Oregon’s coastal bridge decks and beams.

5. Stainless steel applications in new bridges

The weak link in reinforced concrete bridges is the
susceptibility of the reinforcing bar to corrosion in high-
chloride environments. Bare or epoxy-coated black iron
bar is almost exclusively used as the reinforcement in
these structures. Oregon DOT has decided the 10 to 20
yr benefit that may be realized from using epoxy-coated
reinforcing bar, the hidden inspection, maintenance and
repair costs associated, and the interference epoxy-

coated bar poses to possible application of cathodic
protection late in a structures life, does not warrant use
of epoxy-coated bar in new bridge construction in the
highly corrosive environment of the Oregon coast. Or-
egon’s goal is to double or triple the life of the coastal
bridges, to build bridges with a 120+ yr service life. This
is not something that can economically be done with
black bar or epoxy-coated bar.

In a broad sense, Oregon’s goal can be achieved in
three ways (here Fig. 10 is a useful reference). First, new
grades of concrete, e.g., microsilica concrete (silica-fume
concrete), with low effective chloride ion diffusion coef-
ficients greatly retard salt transport into the concrete,
steepening the chloride profile in the cover concrete, and
extending substantially the time for chloride to reach the
reinforcing bar. Oregon DOT presently specifies the use
of microsilica concrete (4% microsilica maximum plus fly
ash) in new coastal bridge construction. The minimum
specified concrete cover is 38 mm (1.5 in.), a typical cover
value is 51 mm (2 in.) and, in particularly harsh envi-
ronments, 76 mm (3 in.) cover is specified. These cover
specifications apply to all reinforcement, including shear
stirrups, deck undersides and the bottom of beams.

A second way is to raise the chloride corrosion
threshold of the reinforcing bar. While black iron bar
and epoxy-coated black iron bar have a chloride
threshold of 0.74 kg Cl/m? (1.25 1b Cl/yd3), Type 304
stainless steel has a chloride threshold, in the absence of
connections to black iron bar, of about 11 kg Cl/m?
(19 1b Cl/yd3) and Type 316 stainless a threshold of
about 18 kg Cl/m*(31 Ib Cl/yd’) [32]. Oregon DOT
and others [38-40] have looked at these and other pos-
sible stainless bar compositions, including Nitronic 50
and duplex alloy 2205. An advantage of stainless steels
for Oregon is that their chloride threshold exceeds the
surface chloride concentrations observed on bridges in
even harsh environments, Table 2. As a consequence,
there should be essentially no corrosion of stainless re-
inforcing bar in Oregon’s coastal bridges.

A third way is to lower the corrosion rate of the re-
inforcing bar. Black iron bar can corrode in chloride
contaminated concrete at rates of 11-23 pum/yr (0.46—
0.91 mpy) [27]. In contrast, stainless steels corrode at
rates several orders of magnitude less, i.e., 0.05 um/yr
(0.002 mpy) [32]. Thus, once corrosion has initiated,
stainless steel reinforcing bar would take far longer to
build up sufficient corrosion products on their surface to
cause cracking of the concrete.

While long-term benefits and problems from using
stainless steel reinforcing bar in coastal bridge con-
struction will not be known with certainty for genera-
tions, there are some examples that suggest the choice is
sound when the goal is 120+ yr bridges. One such ex-
ample is the Port of Progreso Pier in Yucatan, Mexico,
built using Type 304 stainless reinforcing bar. It has been
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Table 3

Materials costs for recent coastal bridge projects in Oregon using stainless steel reinforcing bar in corrosion critical areas and black iron bar

Project Brush Creek Smith River Haynes Inlet

Year completed 1998 1999 2003

Stainless steel bar

Uses Deck, beams Precast, prestressed Deck, beams
girders®

Alloy 316N 316N 316LN

Yield strength, MPa (ksi) 414 (60) 414 (60) 517 (75)

Unit price, $/kg ($/1b) $7.88($3.58) $262.47/girder-meter $5.02(82.28)

Quantity, kg 42,270 2713 girder-meters 320,000

Total stainless cost® $333,660 $712,080 $1,610,000

Equivalent black iron bar cost® $107,790 Not available $486,400

Black iron bar
Unit price, $/kg ($/1b)

$2.55(51.16)

Not available $1.52($0.69)

Quantity, kg 69,550 Not available 600,000
Total black iron bar cost® $187,020 $390,900 $900,000
Project summary

Total project cost® $2,259,380 $8,565,080 $11,055,400
Stainless cost as % of project cost 14.8% 8.3% 14.5%
Stainless cost premium over black iron bar as % of 10.0% Not available 10.2%

project cost

#Reinforcing bar cast in girders.
1999 US dollars.

in service for over 60 yr in a hot, humid, and salty envi-
ronment and has required virtually no maintenance [41].

Austenitic and duplex stainless steels appear to offer
an acceptable combination of corrosion resistance, me-
chanical properties (yield strength), availability, and
cost for coastal bridge applications. Oregon DOT now
specifies solid (as opposed to clad) austenitic and duplex
stainless steel reinforcing bar for new bridge construc-
tion on the Oregon coast. Black iron bar may be used in
compressive members, in which case the stainless steel
and black iron bar are electrically isolated from each
other. The specification for stainless steel is based on
yield strength, corrosion threshold, and corrosion rate.
It is an “allowable” specification in that it allows a
contractor to choose 316 LN, duplex 2205 alloy, or
Nitronic 50. Oregon DOT has worked with the Federal
Highway Administration to ensure that FHWA could
support both the concept of doubling bridge service life
through the use of stainless steel reinforcing bar and the
format of the Oregon DOT “allowable” specification for
use with Federal aid funding.

Oregon DOT has completed two bridge projects using
stainless steel reinforcing bar and a third is under con-
struction, Table 3. The latter project takes advantage of
the ability of mills to work the steel to produce a higher
yield strength so that less steel is required. In the next 6
yr, two additional bridge replacement projects will use
stainless steel reinforcement in corrosion critical areas.
Stainless steel bar is used in deck, beams, and precast
girders. As noted earlier, bare black iron bar is used in
compression members, i.e., columns and arches. While

stainless steel and black iron bar are always electrically
isolated from each other, each type of bar are electrically
continuous so that cathodic protection can be used if
required at a later date, a reasonable precaution when
applying new technology. Microsilica concrete was em-
ployed throughout the structures, including the deck
where its abrasion resistance is an advantage.

Costs for the stainless steel and black iron bar used in
these projects is given in Table 3. The total steel prices are
simply the unit price times the quantity. The cost of black
iron bar equivalent to the stainless steel used in corrosion
critical areas is given as a separate entry. While stainless
steel bar costs a factor of three or more than black iron
bar, use of stainless steel in the projects raised total
project costs only 10% compared to the equivalent
quantity of black iron bar, Table 3. At a minimum, it is
anticipated the use of stainless steel will double bridge life
while cutting cumulative costs, relative to conventional
black iron bar, by 50% over the life of the bridges.

6. Conclusions
6.1. Planar cathodic protection anodes

Planar anodes are the most effective configuration for
reducing electrolyte (concrete) resistance and improving
current distribution to reinforcing bar in concrete
bridges. Thermal-sprayed anodes and foil anodes with a
conductive adhesive can achieve these objectives. Ther-
mal-sprayed zinc anodes may have a service life ex-
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ceeding 25 yr at the Oregon DOT bridge CP current
density of 2.2 mA/m? based on the effects of electro-
chemical age on anode bond strength. A resistive layer
develops at the anode—concrete interface with increas-
ing electrochemical age, thereby increasing anode
polarization. In ICCP systems this is reflected in a higher
circuit resistance; in GCP systems it results in lower
current output. Periodic wetting of the anode by rain,
fog, and dew is an important factor in reducing anode
polarization. Bridge structure wetting and drying cycles
are reflected in the operation of thermal-sprayed zinc
anodes.

As an alternative to thermal-sprayed zinc anodes,
catalyzed thermal-sprayed titanium anodes under ICCP
service develop no significant anode polarization with
electrochemical age. They perform well in both low
and high humidity environments, and exhibit stable
long-term performance. The catalyst is located at the
anode—concrete interface and appears fairly resistant to
leaching by precipitation washing. In GCP service,
zinc-hydrogel anodes produce a stable protection cur-
rent sufficient to protect reinforcing bar from corro-
sion. There was practically no effect of changing
environmental conditions (moisture) on current pro-
duction and no evidence of aging effects in an Oregon
DOT field trial. The hydrogel anodes are readily top-
coated to provide visual compatibility with bridge
surroundings.

6.2. Anode chemical treatments — humectants

Moisture at the thermal-sprayed zinc anode—concrete
interface greatly reduces the resistance of the growing
zinc mineral layer produced by aging. Humectants
(moisture attractants), such as lithium nitrate and lith-
ium bromide, show promise as a treatment for thermal-
sprayed zinc anodes by increasing the moisture at this
interface. Lithium bromide is the more powerful
humectant in GCP applications and results in higher
current output from the zinc anode. Humectants can
also reduce the circuit resistance of ICCP anodes elec-
trochemically aged prior to humectant application.
However, the best time to apply humectants is imme-
diately after applying the thermal-sprayed zinc anode,
since humectants improve the performance of both new
and previously aged zinc anodes and needed site prep-
aration is already in place for new anodes.

6.3. Bridge evaluation methodology and construction
practices

Forensic analysis of failed coastal bridge elements
identified critical factors leading to their failure, effective
methodology for identifying corrosion-related problems,
and construction practice changes that would prevent

similar problems in new structures. Chloride profiling is
one of the more powerful and economical tools available
for assessing potential corrosion problems in a structure.
When done at sufficient resolution and with adequate
care to establish good estimates of the effective diffusion
coefficient, D, and surface chloride concentration, C,,
chloride profiles computed using Fick’s Law can be
analyzed relative to the location of reinforcing bar to
identify potential corrosion problems and make rea-
sonable estimates of time-to-cracking. When good esti-
mates of D and C,, are available, future chloride
monitoring of concrete can be limited and infrequent.
All other factors being equal, D is a measure of concrete
durability; C, is a measure of microclimate corrosivity.
C, is a function of structure location relative to water
and local land forms, sheltering, washing by precipita-
tion, wind patterns through the structure, local micro-
climates, and porosity of the concrete. As a
consequence, C, varies throughout the structure and
leads to a varied pattern of corrosion damage. Inade-
quate cover depth, particularly over shear stirrups and
the bottom mat in bridge decks, coupled with a harsh
environment were the primary causes of corrosion-re-
lated structural failures.

6.4. Stainless steel applications in new bridges

Austenitic and duplex stainless steels provide an ac-
ceptable combination of corrosion resistance, yield
strength, availability, and cost for reinforcing bar in
coastal bridge construction. Current Oregon DOT
specifications call for the use of stainless steel bar in
corrosion critical areas, such as deck, beams and precast
prestressed girders, in future coastal bridge construc-
tion. Black iron bar may be used in compressive mem-
bers. Stainless steel and black iron bar are required to be
electrically isolated from each other. Specifications also
call for the use of microsilica concrete, with the micro-
silica component at 4% maximum. Two coastal bridges
have been constructed using austenitic stainless steel
reinforcing bar and three additional bridge replacement
projects are in progress or planned. Stainless steel bar
adds a premium of only 10% to total project costs,
compared to black iron bar. However, it is expected to
yield a 120+ yr bridge service life due to a much higher
corrosion threshold in chloride-contaminated concrete
and a substantially lower corrosion rate while reducing
cumulative bridge life costs by 50%.
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