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ODER A O RSIO A OR
APPROXIMATE CONV ERSIONS TO SI UNITS

Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mm?
ft? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERAT URE (exact degree s)
°F Fahrenheit 5 (F-32)/9 Celsius 8@
or (F-32)/1.8
ILLUMINATI ON
fc foot-candles 10.76 lux Ix
il foot-Lamberts 3.426 candela/m” cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONV ERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in’
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft®
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERAT URE (exact degree s)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATI ON
Ix lux 0.0929 foot-candles fc
cd/m? candela/m” 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in®

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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EXECUTIVE SUMMARY

Premature deterioration obncretebridgesulstructuresn coastal locationas a consequence sda
water €hloride) exposure and corrosion of reinforcing steeldeses recognized faeveral decadessa
formidable technologicathallengeand costly maintenance issue In response to this, theldfida
Department offransportation (FDOThas nev developed more stringent andmprehensive guidelines
for materials selection and design Isubat bridge substructures build within the past ten or so gears
expected toexperience relatively maintenanfrtee servicefor the designlife, which may be 7800
years At the same timehowever,the Sate has a significant inventory of older lyéd for which
chloride induced reinforcing steel corrosion followed by concrete cracking and spalling has occurred; and
it is necessaryhat these be maintainedst effectivelyin a serviceableonditionuntil functionality has

expired

Cathodic protetion (CP) is the only proven technology for ainilongterm service data exishat
can controlreinforcing steel corrosion in chloride contaminated concrete. Because,dd gesies of
studies have been performed over the course of the past sevemdesido identify the most cost
effective, practical approach(s) to marine bridge substructure cathodic protection. On the basis of these,
the FDOT now widely employs galvanic anode i@Rhe form ofzinc mesh lined fiberglass jackets for
precastcomponets and thermally sprayed zinc for castplace ones; anthese have been judged to
extend service life However, lecause preliminary research and field trials indicated unacceptably high
current drain from the lower elevation region of bibth Zn meshr jackets andhermal spray zindue to
relatively low resistivityof wet concrete and the large amount of reinforcement in the submerged zone
one or morezinc submerged bulk anod€ZnSBAs) areincludedon each substructure elemerithese
polarize the sbmerged portion of the substructure components and significantly redumernt drain.

Consequently, system life extended compared to what would otherwise be the case.

Field data that haveeen collected over the past decadsmhae indicaed that theZnSBAs may
be providingsomecorrosion protection to higher than antaied elevations above the wéitez. This

has prompted several questions including:
1. What level of pragction is being afforded I¥nSBAs to the above watare zone?

2. To what elevation does this protection or partial protection extend?
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3. Can SBA be employed as a staalbne corrosion control optioand, if so, under what

condition®

4. How much can be gained using magnesium SBAs (MgSBASs) rather than Zn ones, considering

that driving voltage for the former is about chalf volt greater than for the latter.

The motivation for answering thesgiestionsis compounded by the relatively low cost of SBA
installation compared to that for CP jackets and thermal spray. Ethen gfoection afforded by SB#&
is only partial,suchan approach could have utility as a temporary corrosion control option or in situations

where service life extension for a relatively brief period is warranted.

This research was initiated in response toaheve questions for the purpose of better defining the
utility of SBAs for affecting cathodic protection to reinforced concrete marine bridge substructures. The
project consisted of both a field trial amdimerical modeling the purpose of the latter bgirio
analytically project the extent of polarization for the above waterline reinforcemdihie field trials
utilized two pierson the Bahia Honda(BH) and Niles Channel (NCBridges in the Florida Keys
Reinforcement for the former is black bar and tloe latter epoxycoated. The BH bridge consiss of
prestressed pilegastin-place footers and columns, and an interconnecting precast stnuarcApray
zinci ZnSBA system was in the process of beingtalledon some of th&H substructure units ding
the timeframe of this project.In this case, gliminary baseline dataere acquiredand potential and
current monitoring probewere installedat different elevation®n the footers and columnior to
connection of the ZnSBAs to the reinforcemefthis was followed bydata collection at different times

afterconnecting to the ZnSBAhere waso arespray zinon these two substructujes

Piers of he second bridge (NGjonsisted of pairs of drill shafts and column on each and an
interconnedhg strut. Wwo piers(Pier 2 and Pier 12yere identified lhat were relatively undamaged.
Thermalsprayed Zr(TSZ), but without a SBA, had previously been appliednecolumnof Pier 12but
not to the other or to the columns of Pier Qubsequent tocguisition of baseline potential and concrete
resistivity data, two magnesium submergedktariodes (MgSBAs), were installed on each of these piers.
The choice of magnesiugonsidered that these anodes have approximateMah&olt more negative
potental than Zn; and so protecti@houldextended to a higher elevation on the footer/column than with
ZnSBAs. Potentialand current data were acquired at several tiswssequent to connecting the
MgSBAs
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The field data that were collected during the @coglearly indicated that the SBApolarized the
footer reinforcementf the BH Bridge and drill shaft reinforcement of the B a minimum of several
hundred millivolts, eve at the highest elevation, which approacloeg¢ meter above mean sea level
However, protection of the column steeh the BH bridge (ZnSBAsyas nil above about 0.3 from the
base(top of the footer) This protectiormay have been negatively impacted by the fact that the columns
had been gunited aspsevious repailandthat the epair material wasf relatively high resistivityand
disbonded over much of theslevantcolumn surfacearea such that CP current wpasecluded from
reachingthesehighercolumn reinforcemenglevations For the NC bridge pier witfi'SZ, thedrill shafts
were protected; but polarization of the column stdmlve the drill shaftvas modesto nil, presumably
because the Zn served as a current drain. Polarization of columns on the pier with MgSBAs amly was
some case® a meter or more above the top loé tfooter; however, the data were difficult to interpret
because of apparent lackreinforcementlectrical continuity.

The analyss consisted of Boundary Element Model{8EM)usi ng BeasforBhe8lf t war e
bridge andwo finite difference method®r the NC By this, modes of the footer and columan each
bridge was generated fronthe construction drawingsandthe extent to which th&BAs polarized the

reinforcing steelas projected Good agreement between the field data and model results was obtained

It is concluded that SBAs have utility for corrosion control of €@intaminated concrete bridge
substructures in marine environmentgh partial protectionpotentially extending to as high as two
metersor moreabove the mean watre. This elevation to which polarization is affected should depend
upon the level of chloride contamination and concrete resistivity. For the present investigation, this
elevationmay havebeen greater |ffirst, dataacquired from columns dhe BH bridgehad been from
sound rather thadisbonded gunite repaiesd, second, electrical continuity had been affected for the NC
bridge A more comprehensive field and numerical modelimggramshould be initiated to 1puild
uponthe findings of this study, 2hvestigate the effectiveness of this protection concept for other types
of substructure elementaind 3) develop methods whereby SBAs can be utilized as a -siané

protection option focolumns with expiring TSZ
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BACKGROUND AND INTRODUCTION

Premature deterioration dflorida marine bridge substructures as a consequencesef water
(chloride) exposure and reinforcing stemdrrosion has been recognized forseveral decadess a
formidable technologicathallengeand costly problem. The deterioration sequentially involves the
following steps:

1. Progressive Cingress into the concrete until a critical concentration of this species is achteved

the reinforcement depth.

2. Breakdown of the normally protective passive film on the reinforcement and initiation of active
corrosion.

3. Accumulation of solid corrosion products in the concrete pore space adjacent to thersteste
interface to the poinvhere the concrete tensile strength is reached and cracking occurs.

4. Continued steel cross section loss ammypession and interconnection aincretecracks to the
point where concrete spalling results.

Figure 1 shows a photograph of a cracked and expgirestressed piling and exposed, corroding

reinforcement.

Figure 1: Photograph of a cracked and spalled marine bridge piling.

In response to thigroblem theFlorida Department of Transportatidfl¥OT) has now developed



more stringent and comginensive guidelines for materials selection and design such that bridge
substructures build within the past ten or so years are expedbeddkatively maintenancéee for the
design life, which may be 78500 years At the same time, however, the Sthts a significant inventory

of older bridges for which chloride induced reinforcing steetosionand concrete cracking and spalling
have occurred; and it is necessary that these be maintaiaedffectively in a serviceable condition until

functionalty has expired.

Cathodic protection (CP) has been recognized for sorpu@Syears as the only methfmt which
long-term service experien@xistswhereby active corrosion of reinforcing steel in chloride contaminated
concrete can be controlledNationwide, such CP has beemostly of the impressed current (IC), as
opposed to galvanic anode (GA), type because of the relatively high resistivity of concrete and,
consequently, the high driving voltagleat is normally requiredto affect adequateolarization of the
reinforcing steel Even withimpressed Current Cathodic Protectid@8GP), anodes mustarmally be
distributed as throwing powethat is, thelateral distance beyond an anode to which current can be

delivered is limited. However, ICCP hahortcomings, which include the following:

There must be a source of electrical pawer
Systems are susceptible to rectifier failure.

3. Excessive polarization may cause hydrogen embrittlement and brittle fracture in the case of
prestressed components.

4. Systenreliability is such that periodic monitoring by trained personnel is required

These factors either do not apply or are of less significance in the c@sdvahic Anode Cathodic
Protection (B CP) systems; however, the fact that driving voltage farsthis limited to the native
potential difference betwedhe galvanicanode andeinforcementmay result in inadequate protection,
particularly for high concrete resistivity applicatiorfsAlso important are, first, a tendency for resistive
corrosion poducts and for moisture depletion developin concrete neathe anodeoncrete interface
and, second, limited anode service tige to its corrosion Specificgalvanicanode types that have been
investigated include 1) thermally sprayed Zn with ohwitt a humectarit**>®’ 2) a thermally sprayed
Al-Zn-In alloy? 3) Zn strip with hydrogel adhesiVe4) surface mounted penny and expanded Zn

sheet''®! 5) Zn mesh with fiberglass jack€tand6) Zn anode in chemically enhanced mottar.

While there have been studies and applications of GACRdahernbridge decks? the greater
utility has been in marine substture applications. Here, corrosion and concrete cracking and spalling

are most advanced in the splash zone where concrete remains vedtraladively low resistivity. At



presentthe various research and development efforts pertaining hthaanodeoptions havdargely
converged to the system of choice for dagplace substructure components being thermally sprayed Zn
and forprecastpilings Zn mesHined, grout filledfiberglass jacketsFigure 2 shows a photograph of a
pieratthe Seven M# Bridge to which thermal spray zinc has been appMate, in this case, that the Zn
has been sprayed directly upon éxposed reinforcement (column thre right) without need for concrete
repair. Likewise, Figure 3 is a schematicuditration of a zic mesh jacketand Figure 4 shows a jacket
being installed. A finished, installed CP jacket is shown in Figure 5.

Figure 2: Seven Mile Bridge pier with thermal spray zinc applied to the two columns and strut.

~ﬂ/' Zn Mesh
Anode

Fiberglass 4
Mortar Fill
/\/_\/\\__\W_ater
Line

Bulk Zn
Anode

Figure 3: Schematic ileiration of a zinc mesh jacket.



Figure 4: Photograph of a zinc mesh jacket installation (courtesy of D. Leng).

Figure 5: Photograph of an installed zinc mesh jacket.

An additional feature of substructure GA@HR eitherthermal sprayr jacketsis theinclusion of a

submergedn bulk anode ZnSBA) as a system componerithe purpose of thenSBA is to polarize the



below waterlinereinforcing steelnd thereby reduce current drain and premature depletithre ddbwer
portion of the galvaie anode, either thermal spray meshZn. Figure6 provides aschenatic illustration

of athermal spray2nSBA system ora pier that consists of prestressed pilings amdstin-placefooter

and column
A A
I |
Column with
Thermal
r e Sprayed Zn

Coated Steel
Channel with
Bolt Connection
to Reinforcement

e, Prestressed
/ Piling

Bulk Zn !

Anode

Figure 6: Schematic illustrationfaa thermal spray Zn/SBA GACP system on a substructure.

The present study was undertaken to better understamtidret to which SBAsas astand one
protection source, providabove waterlingpolarization of reinforcing steednd, where possible, to
guantify the role of influential variables. WhiBBAs in and of themselvesaynot necessarilgerve as
an allencompassing CP option, thepuld provide at least partial protection to a portiontloé CI
contaminated splash zorsnd possibly more elated regions and therebgerve asa low cost life

extensioroption



PROJECT SCOPE

The presentreseach consisted of two components. The first of these invofiedd assessment of
both ZnSBAs, as have been employed previously in conjunction wittnatigrsprayed zinc (TSZ), and,
as a new consideration, magnesium SBAs (MgSBAs). The former were instaltach @iers of the
Bahia Honda BridgéBH), upon whicha thermal spray ZZnSBA CP systemvasin the process of being
applied and the latter on twpiers of the Niles Channel (NC) BridgeThe former bridge(BH) was
constructed in 1972 and consists to two approximately 2.4 km long dual lane roadways that extend over
essentially open sea water in the lower Florida Keys. The substructure in thespam®rconsists of
pilings/footer/column pairs connectéal one anotheby a strut. The reinforcing steefblack bar)in the
columnshas corroded andaused concreteracking and spallingn most piers For the columns, this
damageis concentrated at thiower elevations and the spalls havéeen previously repaired by
conventionalguniting. Visible damage of the footergas limited to an occasional upper corner that has

spalled.

A critical determinant in selecting this bridge was that a contracterimtéie process of installing a
TSZnZnSBA CP system on a number of piers at the time that this study initiftigdire 7 shows a
perspective view of thbridge, and Figure8 is a photograph of a typical substructure wmitwhich TSZ

had been recentlypalied to the column and strut. Three coated steel channels, each of which supports a

o o A

Figure 7: General view of the Bahia Honda Bridge.



Concrete [ ——

Steel Channels
Supporting
ZnSBAs

Figure 8: Photograph of a footer/column/strut unit on the Bahia Honda Bridge.

ZnSBA, can be seemountedon theface of the leftfooter. The nowabandoned Old Bahia Honda
Bridge, which is 9plus years old, is in the backgrountithe latterphotograph For the new bridge
footers are 2.44 m wide (perpendicular to the roadway) by 3.66 m lon§dgnhighand are reinforced
with a cage of 25 mm diametg#8) barsanda horizontalmat of the samsizebarsabove the top of the
prestressed pilings. Design clear cover over the cage bars is 10@.6nim). The tidal range was
estimated to be from near theoter bottom to micheight. The columns are 0.91 m in diameter and are
reinforced with 12 mm diameté#4) hoop bars on 0.31 ifi2 in) centers and 11 equally spaced 32 mm
diameter(#10)vertical bars. Design clear cover over the outer hoop bars is 73.0m.).

The Niles Channel Bridge (NC), on the other handhéated several mile® the Key West side of
the BHand was constructed in 1981, consista single lane in both directions, and is approximately 1.3
km long. The superstructure is sggmental box constructipand the substructuie comprised ofpiers
with pairs of drill shafts andolumns and an interconnecting strifhe contractor had the option of either
precastinghe struts or casting in place, and it is not known which cectgtn method was usedThe
reinforcement is epoxgoated (ECR). Conventional repairs had been made and TSZ applied to some
columns. Only two piers (numbers 2 and 12) were identified as having minimal or no corrosion induced
damage, and these were sébel for application of MgSBAs. Also, TSZ had previously been applied to
the west columnof Pier 12 although not the east gneowever, there was no SBA. Figure 9 shows a



perspective photograph of the bridge and Figurefl@n individual pier (humber)5 Columns of this
particular pier havéeen previously treated with TSRDiameterof thedrill shaftswas 1. 37 m (4660)

for the columns D7 m (36 0 Yhe reinforcement cage, which was common to fmaker and column

Figure 9: Photograph ofhe Niles Channel Bridge taken from the old bridge and looking towards
Key West.

Figure 10: Photograph of a typical pier on the Niles Channel Bridge.



consisted of nine equally spaced 34.9 mm (#11) vertical bars and outer hoop bars for which dimeter a

spacing is

unknown. Design cover

for

t he

footers

A such, the columns on the NC amounted to a smaller diameter extension of the footers, whereas these

components were more distinct for the BH.

MgSBAs have not been previously employed in conjunction with CP of reinforced concrete

substructures on marine bridges. Tabfechmpares electrochemical properties of Mg and Zn aniodes

sea wateand indicates thpotentialadvantage of the former overettatter. Thus, while efficiency for

Mg is but slightly greater #n onehalf of that for Zn, current capacity, which is the more important

parametein thatthis reflects current delivered per unit weigktabout 40 percent greatedowever, for

reinforcing steel in concreteyhereconcreteresistivity can bdahe factor that limits protectigrihe fact

that driving voltage for Mg is approximately cehalf volt greater than for Zn is particularly

advantageougspecially in situationehere the challerggis to deliver current to as higim elevatioras

possible above water line portion of columns.

Table 1: Comparison of electrochemical properties for Zn and Mg bulk anodes.

Potential, mV Ag/AgC

Current Capacity, A-hr/kb Efficiency, %

Zinc (MIL-A-18001 J)

-1,000 to -1,050

770-820

99

Magnesium (H-1 alloy)

-1,400 to -1,600

1,100

55

The second aspect ofalstudy involved modeling of substructure polarimatas affected by the

SBAs. Boundary Element Modeling (BEM) was employed for the BH Bridge using commercially
swhéreaswa finde differencemodeling methoslwereused for the NC With
regard to the latteprevious studies byrEsuelMoreno et al® and Saijés et al'’ appliedboth a finite

availableBe a s y E

difference two dimensional {R) model, whichaccommodate@ombined activation and concentration

cathodic polarization behavioand a simplified onglimensional (D) model. Both of these mébds

were employed in the present studihe 2D model closely replicated the geometry of the footumn

but wascomputationally demanding, whereas th® Inodel was simplified but required fewer such

resources.To the extent possible, field data anddeling results were compared.

W



FIELD STUDY

Bahia Honda Bridge
Procedures

This bridge was first visited in August, 2004, at which time a contractor was in the process of Zn
spraying the columns and struts on a number of piers and insafilBBAs. Reviously, the east side
footer aml column of the west bridge onigPs 39 and 40 (designated 39¥dst and 40WEast,
respectively) had been identified for purposes of this stilyprior arrangement, TSZ was not applied
to these piersbut ZnSBAs had beemountedbut remainecklectrically isolatedrom the steeht the time
of this initial visit Both of these columns had been gunited during replaat took place during 1986
1987(no unrepaired components were available at the timeeqirésent study)

Steel potentialvas measured using a Ag/AgCI reference electpbaieed upon a moist sponge at the
elevation of interesind a Fluke multimeter. The ground connection was via a threaded stainless steel rod
that the contractor had previously fasteimd the column reinforcement. Figut& shows a photograph
of this onPier 40W-East. Surveys performed by FDOT personnel prior to the contractor beginning the
CP installation confirmed reinforcement electrical continuity throughout the columns anetsfaun
individual piers. Concrete resistivityvasmeasuredising aCNS FarnelRM MKIlI Model U95four pin
meter with & cm (2.0 in.) pin spacing Readings were takenitiv the probe in the horizontatientation.

Once a first reading was made, the praks rotated 180 and a second reading acquired.

Figurell: Photograph of the threaded stainless steel ground connection theé onlumn of
Pier40W-East.
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Reported values are the average of the two at each posiBoth measurement§potential ad
resistivity) were madealong five equally spacedertical lineson the east footer face atidree lines

spaced about 0.5 m apart thre eastmost (Atlantic) side of thecolumnsof the two piers The two

outermost of the five vertical linesonthefaote wer e | abel ed AKWO and AMi ao a
Key West and Miami, respectively, whereas the middI
the two intermediate ones AKW Eo and AE/ Miao accord

In order to measure the magnitudecofrrentdensity once th&nSBAs were connected, reinforcing
steel probesvere installed in individuaf6 mm diametecore holeson each of theast columns on the
two piers. Elevatiors of the core hole pairs on 40%ast were1.40 1.65,2.16 and2.67m relative tothe
bottom of the footer and on 39%ast1.40 and2.16m. The lowest elevation core hole pair was near the
top of the footer and the@ m holeson 40WEast verenear the bottom of the column. Figuzshows
a photograph othe 40W-Eastpier subsequent to coring the holeBhe probes were 64 mm lengths of 16
mm diameter(#5) reinforcing steel to which an electrical lead wire vechedat one end and the
connectionand a portion of the steebated with epoxy Figure 13 is a photograph of one propand
Figure 14 shows two core holes with probes positionbdréin The cabling from each probe was
positioned in groves thaterecut in the concrete; and theéring was routed to a junction bowhereone
probeof each pairemained isolatednd the second was connectedh®reinforcement via théhreaded
stainless steel ro@Figure 11). As such, the disconnected probk each pairserved as a source of

baseline potential data (free corrosion), whereas theeoded probe was assumed to undergo the same

ﬁ

Figure 2: Photograph oPier 40W-Eastof the Bahia Honda Bridgsubsequent to drilling the
four pairs of probe core holes.
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Figure 4: Photograph of two core holes with positioned reinforcing steel probes.

polarization as the reinforcemeitself at that elevation This configuration allowed zero resistance
ammeterto be inserted in series between this latteprand the reinforcemeduring subsequent site
visits such that CP curremt the probecould bemeasured Also, his same probe could be disconnected
and the magnitude of depolarizatidetermired. Both CP current and depolarization are indicatorseof t
extent to which embedded steel is cathodically protectédure 15 is a photograph taken duririge
probeand junction box installationThis shows the probes positioned in the core holes and the wiring

12



being routed to the junction boxX.he core hats were backfilled with eeadymix concrete (small coarse
aggregate) to which Cas NaCl was admixedFigure 16 shows a closeup photograph of the upper two
probe pair locations oRier 40W-East upon completioaf installation and Figurel? provides ageneral

view. Figure B does the same f&lier 39WEast.

.

Figure B: Photograph of the upper two core holes, grouted wire routing slots, and junction box o
Pier 40W-East subsequent to installation.

13



Figure I7: Photograph oPier 40WEast upon completion of probe installation, wiring, and grouting.

v m ey L

Figure B: Photograph oPier 39WEast upon completion of probe installation, wiring, and grouting.
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It was intended that the project team would makeZtigBA-reinforcing steel connection at a later
time in such a manner that this could be opened and anode current antpueinforcingsteel
depolarizatiormeasured. However, the contractor subsequentipected th&nSBAs in a permanent
manner such thatisconnection was not feasibl&he exact date of connection is unknownwasin the
OctoberNovember, 2004 timeframe. Subsequent visits were made to the site in February and May, 2005
at which time plarized rebar potentials and concrete resistivity were measured at the same locations as
for the initial visit. In addition, potential of all probes and depolarization and current for the connected

probes were measured.

Results

Table 2 lists free coosion rebar potentials as a function of elevation for both piers as measured
during theinitial site visit (August, 2004)Figure 19 provides a plot of theseThe trend in each case is
similar in that potential was relatively constantd negativever te entire footer elevatiaffiooter height
was 1.52 mput wasprogressively more positive with increasing height on the coluniihe relatively
negative potentials for the footer reinforcement are thought to reflect the factistatritretewas water
saturated (or nearly so)As such, corrosion rate of the reinforcement is expected to be nil, wghich
consistent with the fact that no previous repairs had been made on the footers (unlike the) asidmns

instances of cracking and spalling wée. Alternatively, it may be that only the lower region of the

Table 2: Listing of free corrosion potentials as recorded during the 8/04 site visit: (a) Pier 39W
East and (b) Pier 40MZast.

Potential, mV (Ag/AgCl)

Elevation, m KW KW/E E E/Mia Mia Average
0.64 -509 -500 -496 -505 -495 -501
0.89 -492 -488 -488 -481 -497 -489
1.14 -515 -500 -504 -509 -505 -507
1.40 -519 -511 -500 -491 -527 -510
1.65 - -402 -409 -396 - -402
1.96 - -300 -313 -321 - -311
2.26 - -289 -288 -377 - -318
2.57 - -275 -280 -288 - -281
2.87 - -262 -246 -285 - -264
3.18 - -252 -278 -274 - -268
3.48 - -198 -180 -215 - -198
3.78 - -260 -275 -217 - -251

(@)
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Potential, mV (Ag/AgCl)

Elevation, m KW KW/E E E/Mia Mia Average
0.64 -500 -507 -494 -521 -542 -513
0.89 -514 -512 -503 -527 -556 -522
1.14 -514 -519 -521 -517 -525 -519
1.40 -484 -495 -489 -493 -520 -496
1.65 - -473 -422 -416 - -437
1.96 - -420 -401 -403 - -408
2.26 - -441 -410 -403 - -418
2.57 - -421 -394 -391 - -402
2.87 - -388 -372 -371 - -377
3.18 - -329 -314 -322 - -322
3.48 - -286 -275 -287 - -283
3.78 - -205 -284 -218 - -236

(b)

footers was water saturated and that the relativelytivegaotentials here cathodically polarize the more
elevated footer steel. Figure 20 shows a schematically illustrated polarization diagram that explains the
potential difference for active versus passive reinforcing steel in both water saturated dncht@gsa
concrete and why a relatively positive potential is expected for passive steel in aerated concrete and a less
positive one for actively corroding steel. This projects the most negative potential to occur in water
saturated concrete because, fieshbedded steel is likely to be active due to lack pawilability and,

second, concentration polarization of thee@@ctrode for the same reason.

4.0

351 | € 39W-East
@ 40W-East

3.0

2.5

2.0

Elevation, m

15

1.0 1

0.5

OO | T T T
-1000 -800 -600 -400 -200 0

Potential, mV (Ag/AgCl)

Figure B: Free corrosion potential versus elevation tfoe footer and column oreach ofthe two
piers. Elevation is referenced to the bottom of the footer.

16



f corr (Passive steel)
4_

Oxygen Reaction,
¥50,+H,0+2e Y 20H,
Unsaturated Concrete

-200 —

Steel Reaction,
-400 — FeY Fe?+2g,
<«— Passive

f corr (active steel,
«——unsatod. c

Potential, mV Ag/AgCl)

-600 [~
Steel Reaction,
o Lo
Oxygen Reaction, FeYAEt?V;Ze,
- [* ¥%0,+H,0+26 Y 20H
-800 Saturated Concrete
/\fcm(active steel , ¢
-1,000

Current

Figure20. Schematic representation of the corrosion potertig))(and potentiaturrent kinetics
relationships for steel in concrete.

As noted above, gunite repairs had previously been made on the columns; and this may have affected
the corrosion state of the reinforcement in these areas. That this was tie staggested by the most
elevated potential data for the columns (Figure 19), where four of the six readings are more negative than
at the next lower elevation, in contrast to the overall trend where potential was progressively more
positive the higher # elevation. These highest elevation readings were the only ones on the columns

that were taken upon original sound concrete and not from over the repair gunite.

Table 3 lists reinforcement potentials for Pier 485kt as recorded during the 2/05 siigt and
Table 4 does the same for the 5/05 vidtigure 21 reproducs the data in Figurd9 for Pier 40W-East
but with results from the February and May, 2005 site v{Sigbles 3 and 4added, at which times the
ZnSBAs were connected to the reinfencent. Likewise, Tables 5 and 6 list reinforcement potentials for
Pier 39WEast, as determined at the 2/05 and 5/05 site visits, respectively; and Figure 22 plots these
results. In both casede polarized potential trendsdicatethat the footer reinbrcement was polarized
to the range830 t0-970 MVjgagci Which is close to the measurédSBA potential {975 mVagage)). AS
for the freely corroding caséhe more positive footer potentials occurred at the higher elevatitioh is
consistent with, fist, greater concrete resistivity at higher elevations as documented subsequently, second,
there being a greater voltage drop between the higher elevation steel and the ZnSBAs because of the

longer, more resistive concrete path and, third, the highertielev@ncrete being more aerated such that

17



greater current should be required to affect the same degree of polariApitnin the bottom 50 cm of
the columnsa relatively abrupt transition to more positive potentials occurred, which is indicative of
reduced polarization andorotection. At higher elevations, potentials were more positive than for the
originally measured free corrosion valuasd, as such, indicate a lack of protectioThis was

particularly true for Pier 40WEast (Figure 21).

Table 3: Listing of the reinforcement polarized potentials as a function of elevation for Pier
40W-East as recorded during the 2/05 site visit (elevation measured from the bottom
of the footer).

Potential, mV(Ag/AgCl)

Elevation, m KwW KW/E E E/Mia Mia Average
0.64 -916 -927 -891 -908 -884 -905
0.89 -881 -893 -862 -884 -849 -874
1.14 -861 -887 -857 -886 -848 -868
1.40 -852 -871 -824 -864 -849 -852
1.65 - -601 -637 -620 - -619
1.96 - -351 -392 -372 - -372
2.26 - -270 -313 -294 - -292
2.57 - -241 -241 -264 - -249
2.87 - -226 -190 -230 - -215
3.18 - -178 -184 -188 - -183
3.48 - -119 -127 -164 - -137
3.78 - -191 -184 -174 - -183

Table 4: Listing of the reinforcement polarized potentials as ecfion of elevation for Pier
40W-East as recorded during the 5/05 site visit (elevation measured from the bottom of
the footer).

Potential, mV(Ag/AgCl)

Elevation, m KwW KW/E E E/Mia Mia Average
0.89 -900 - -925 - - -913
1.14 -880 -900 -925 -930 -853 -898
1.40 -830 -880 -890 -875 -832 -861
1.65 - -460 -660 -630 - -583
1.96 - -300 -370 -325 - -332
2.26 - -218 -315 -243 - -259
2.57 - -206 -185 -191 - -194
2.87 - -193 -152 -167 - -171
3.18 - -150 -155 -136 - -147
3.48 - -78 -98 -112 - -96
3.78 - -206 -214 -171 - -197
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Figure2l: Footer and column reinforcing steel potential datePfer 40W-East as a function of
elevation for each ahe three site visits. Elevation is referenced to the bottom of the
footer.

Table 5: Listing of reinforcement polarized potentials as a function of elevation for Pier 39W
East as measured during the 2/05 site visit.
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