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SI* (MODERN METRIC) CONVERSION FACTORS 
APPROXIMATE CONVERSIONS TO SI UNITS

Symbol When You Kno w 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

2
square inches 645.2 square millimeters mm

2

ft
2 

square feet 0.093 square meters m
2

yd
2 

square yard 0.836 square meters m
2

ac acres 0.405 hectares ha 

mi
2

square miles 2.59 square kilometers km
2

VOLUME 
fl oz fluid ounces 29.57 milliliters mL 

gal gallons 3.785 liters L 
ft

3 
cubic feet 0.028 cubic meters m

3 

yd
3 

cubic yards 0.765 cubic meters m
3 

NOTE: volumes greater than 1000 L shall be shown in m
3

MASS 
oz ounces 28.35 grams g

lb pounds 0.454 kilograms kg

T short tons (2000 lb) 0.907 megagrams (or "metric ton") Mg (or "t") 

TEMPERATURE (exact degree s) 
o
F Fahrenheit 5 (F-32)/9 Celsius 

o
C 

or (F-32)/1.8 

ILLUMINATI ON 
fc foot-candles 10.76 lux lx 
fl foot-Lamberts 3.426 candela/m

2 
cd/m

2

FORCE and PRESSURE or STRESS 
lbf poundforce   4.45    newtons N 

lbf/in
2

poundforce per square inch 6.89 kilopascals kPa 

APPROXIMATE CONVERSIONS FROM SI UNITS 

Symbol When You Kno w 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

2
 square millimeters 0.0016 square inches in

2 

m
2
 square meters 10.764 square feet ft

2 

m
2
 square meters 1.195 square yards yd

2 

ha hectares 2.47 acres ac 

km
2 

square kilometers 0.386 square miles mi
2 

VOLUME 
mL milliliters 0.034 fluid ounces fl oz 

L liters 0.264 gallons gal 

m
3 

cubic meters 35.314 cubic feet ft
3 

m
3 

cubic meters 1.307 cubic yards yd
3 

MASS 
g grams 0.035 ounces oz
kg kilograms 2.202 pounds lb

Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 lb) T 

TEMPERATURE (exact degree s) 
o
C Celsius 1.8C+32 Fahrenheit 

o
F 

ILLUMINATI ON 
lx  lux 0.0929 foot-candles fc 

cd/m
2

candela/m
2

0.2919 foot-Lamberts fl

FORCE and PRESSURE or STRESS 
N newtons 0.225 poundforce lbf 

kPa kilopascals 0.145 poundforce per square inch lbf/in
2

*SI is the symbol for th  International System of Units.  Appropriate rounding should be made to comply with Section 4 of ASTM E380.  e

(Revised March 2003)  
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EXECUTIVE SUMMARY  

 

 Premature deterioration of concrete bridge substructures in coastal locations as a consequence of sea 

water (chloride) exposure and corrosion of reinforcing steel has been recognized for several decades as a 

formidable technological challenge and costly maintenance issue.  In response to this, the Florida 

Department of Transportation (FDOT) has now developed more stringent and comprehensive guidelines 

for materials selection and design such that bridge substructures build within the past ten or so years are 

expected to experience relatively maintenance-free service for the design life, which may be 75-100 

years.  At the same time, however, the State has a significant inventory of older bridges for which 

chloride induced reinforcing steel corrosion followed by concrete cracking and spalling has occurred; and 

it is necessary that these be maintained cost effectively in a serviceable condition until functionality has 

expired.   

 

 Cathodic protection (CP) is the only proven technology for which long-term service data exist that 

can control reinforcing steel corrosion in chloride contaminated concrete.  Because of this, a series of 

studies have been performed over the course of the past several decades to 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 CP in the form of zinc mesh lined fiberglass jackets for 

precast components and thermally sprayed zinc for cast-in place ones; and these have been judged to 

extend service life.  However, because preliminary research and field trials indicated unacceptably high 

current drain from the lower elevation region of both the Zn mesh in jackets and thermal spray zinc due to 

relatively low resistivity of wet concrete and the large amount of reinforcement in the submerged zone, 

one or more zinc submerged bulk anodes (ZnSBAs) are included on each substructure element.  These 

polarize the submerged portion of the substructure components and significantly reduce the current drain.  

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

 

 Field data that have been collected over the past decade or so have indicated that the ZnSBAs may 

be providing some corrosion protection to higher than anticipated elevations above the waterline.  This 

has prompted several questions including: 

1. What level of protection is being afforded by ZnSBAs to the above waterline zone? 

2. To what elevation does this protection or partial protection extend? 
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3. Can SBAs be employed as a stand-alone corrosion control option and, if so, under what 

conditions? 

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

that driving voltage for the former is about one-half volt greater than for the latter. 

 

 The motivation for answering these questions is compounded by the relatively low cost of SBA 

installation compared to that for CP jackets and thermal spray.  Even if the protection afforded by SBAs 

is only partial, such an 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 to the above 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 and numerical modeling, the purpose of the latter being to 

analytically project the extent of polarization for the above waterline reinforcement.  The field trials 

utilized two piers on the Bahia Honda (BH) and Niles Channel (NC) Bridges in the Florida Keys.  

Reinforcement for the former is black bar and for the latter epoxy-coated.  The BH bridge consists of 

prestressed piles, cast-in-place footers and columns, and an interconnecting precast strut.  An arc-spray 

zinc ï ZnSBA system was in the process of being installed on some of the BH substructure units during 

the time-frame of this project.  In this case, preliminary baseline data were acquired and potential and 

current monitoring probes were installed at different elevations on the footers and columns prior to 

connection of the ZnSBAs to the reinforcement.  This was followed by data collection at different times 

after connecting to the ZnSBAs (there was no arc-spray zinc on these two substructures).   

 

 Piers of the second bridge (NC) consisted of pairs of drill shafts and column on each and an 

interconnecting strut.  Two piers (Pier 2 and Pier 12) were identified that were relatively undamaged.  

Thermal sprayed Zn (TSZ), but without a SBA, had previously been applied to one column of Pier 12 but 

not to the other or to the columns of Pier 2.  Subsequent to acquisition of baseline potential and concrete 

resistivity data, two magnesium submerged bulk anodes (MgSBAs), were installed on each of these piers.  

The choice of magnesium considered that these anodes have approximately one-half volt more negative 

potential than Zn; and so protection should extended to a higher elevation on the footer/column than with 

ZnSBAs.  Potential and current data were acquired at several times subsequent to connecting the 

MgSBAs. 
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 The field data that were collected during the project clearly indicated that the SBAs polarized the 

footer reinforcement of the BH Bridge and drill shaft reinforcement of the NC by a minimum of several 

hundred millivolts, even at the highest elevation, which approached one meter above mean sea level.  

However, protection of the column steel on the BH bridge (ZnSBAs) was nil above about 0.3 m from the 

base (top of the footer).  This protection may have been negatively impacted by the fact that the columns 

had been gunited as a previous repair and that the repair material was of relatively high resistivity and 

disbonded over much of the relevant column surface area such that CP current was precluded from 

reaching these higher column reinforcement elevations.  For the NC bridge pier with TSZ, the drill shafts 

were protected; but polarization of the column steel above the drill shaft was modest to nil, presumably 

because the Zn served as a current drain.  Polarization of columns on the pier with MgSBAs only was in 

some cases to a meter or more above the top of the footer; however, the data were difficult to interpret 

because of apparent lack of reinforcement electrical continuity. 

 

 The analyses consisted of Boundary Element Modeling (BEM) using BeasyÊ software for the BH 

bridge and two finite difference methods for the NC.  By this, models of the footer and column on each 

bridge was generated from the construction drawings; and the extent to which the SBAs polarized the 

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

 

 It is concluded that SBAs have utility for corrosion control of Cl
-
 contaminated concrete bridge 

substructures in marine environments with partial protection potentially extending to as high as two 

meters or more above the mean waterline.  This elevation to which polarization is affected should depend 

upon the level of chloride contamination and concrete resistivity.  For the present investigation, this 

elevation may have been greater if, first, data acquired from columns of the BH bridge had been from 

sound rather than disbonded gunite repairs and, second, electrical continuity had been affected for the NC 

bridge.  A more comprehensive field and numerical modeling program should be initiated to 1) build 

upon the findings of this study, 2) investigate the effectiveness of this protection concept for other types 

of substructure elements, and 3) develop methods whereby SBAs can be utilized as a stand-alone 

protection option for columns with expiring TSZ. 
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BACKGROUND AND INTRODUCTION  
 

 Premature deterioration of Florida marine bridge substructures as a consequence of sea water 

(chloride) exposure and reinforcing steel corrosion has been recognized for several decades as a 

formidable technological challenge and costly problem.  The deterioration sequentially involves the 

following steps: 

1. Progressive Cl
-
 ingress into the concrete until a critical concentration of this species is achieved at 

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 the steel-concrete 

interface to the point where the concrete tensile strength is reached and cracking occurs. 

4. Continued steel cross section loss and progression and interconnection of concrete cracks to the 

point where concrete spalling results. 

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

reinforcement.   

 

 
 

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

 

 In response to this problem, the Florida Department of Transportation (FDOT) has now developed  
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more stringent and comprehensive guidelines for materials selection and design such that bridge 

substructures build within the past ten or so years are expected to be relatively maintenance-free for the 

design life, which may be 75-100 years.  At the same time, however, the State has a significant inventory 

of older bridges for which chloride induced reinforcing steel corrosion and concrete cracking and spalling 

have occurred; and it is necessary that these be maintained cost effectively in a serviceable condition until 

functionality has expired.   

 

 Cathodic protection (CP) has been recognized for some 25-plus years as the only method for which 

long-term service experience exists whereby active corrosion of reinforcing steel in chloride contaminated 

concrete can be controlled.  Nationwide, such CP has been mostly 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 voltage that is normally required to affect adequate polarization of the 

reinforcing steel.  Even with Impressed Current Cathodic Protection (ICCP), anodes must normally be 

distributed as throwing power; that is, the lateral distance beyond an anode to which current can be 

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

 

1. There must be a source of electrical power. 

2. Systems are susceptible to rectifier failure. 

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

prestressed components. 

4. System reliability is such that periodic monitoring by trained personnel is required.  

 

 These factors either do not apply or are of less significance in the case of Galvanic Anode Cathodic 

Protection (GACP) systems; however, the fact that driving voltage for these is limited to the native 

potential difference between the galvanic anode and reinforcement may result in inadequate protection, 

particularly for high concrete resistivity applications.
1,2

  Also important are, first, a tendency for resistive 

corrosion products and for moisture depletion to develop in concrete near the anode-concrete interface 

and, second, limited anode service life due to its corrosion.  Specific galvanic anode types that have been 

investigated include 1) thermally sprayed Zn with or without a humectant,
1,2,3,4,5,6,7

 2) a thermally sprayed 

Al -Zn-In alloy,
8
 3) Zn strip with hydrogel adhesive,

9
 4) surface mounted penny and expanded Zn 

sheet,
4,10,11

 5) Zn mesh with fiberglass jacket,
12

 and 6) Zn anode in chemically enhanced mortar.
13

 

 

 While there have been studies and applications of GACP for northern bridge decks,
14

 the greater 

utility has been in marine substructure applications.  Here, corrosion and concrete cracking and spalling 

are most advanced in the splash zone where concrete remains wet and of relatively low resistivity.  At 
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present, the various research and development efforts pertaining to the above anode options have largely 

converged to the system of choice for cast-in-place substructure components being thermally sprayed Zn 

and for precast pilings Zn mesh lined, grout filled fiberglass jackets.  Figure 2 shows a photograph of a 

pier at the Seven Mile Bridge to which thermal spray zinc has been applied.  Note, in this case, that the Zn 

has been sprayed directly upon the exposed reinforcement (column on the right) without need for concrete 

repair.  Likewise, Figure 3 is a schematic illustration of a zinc mesh jacket; and 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. 

 

                                                                                     

Figure 3:  Schematic illustration of a zinc mesh jacket. 
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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 GACP via either thermal spray or jackets is the inclusion of a 

submerged Zn bulk anode (ZnSBA) as a system component.  The purpose of the ZnSBA is to polarize the 
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below waterline reinforcing steel and thereby reduce current drain and premature depletion of the lower 

portion of the galvanic anode, either thermal spray or mesh Zn.  Figure 6 provides a schematic illustration 

of a thermal spray-ZnSBA system on a pier that consists of prestressed pilings and a cast-in-place footer 

and column.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

 

 The present study was undertaken to better understand the extent to which SBAs, as a stand alone 

protection source, provide above waterline polarization of reinforcing steel and, where possible, to 

quantify the role of influential variables.  While SBAs, in and of themselves, may not necessarily serve as 

an all-encompassing CP option, they could provide at least partial protection to a portion of the Cl
-
 

contaminated splash zone and possibly more elevated regions and thereby serve as a low cost life 

extension option.   
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PROJECT SCOPE 

 

 The present research consisted of two components. The first of these involved field assessment of 

both ZnSBAs, as have been employed previously in conjunction with thermally sprayed zinc (TSZ), and, 

as a new consideration, magnesium SBAs (MgSBAs).  The former were installed on two piers of the 

Bahia Honda Bridge (BH), upon which a thermal spray Zn-ZnSBA CP system was in the process of being 

applied and the latter on two piers of the Niles Channel (NC) Bridge.  The 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 the center spans consists of 

pilings/footer/column pairs connected to one another by a strut.  The reinforcing steel (black bar) in the 

columns has corroded and caused concrete cracking and spalling on most piers.  For the columns, this 

damage is concentrated at the lower elevations; and the spalls have been previously repaired by 

conventional guniting.  Visible damage of the footers was limited to an occasional upper corner that has 

spalled.   

 

 A critical determinant in selecting this bridge was that a contractor was in the process of installing a 

TSZn-ZnSBA CP system on a number of piers at the time that this study initiated.  Figure 7 shows a 

perspective view of the bridge, and Figure 8 is a photograph of a typical substructure unit on which TSZ 

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

 

 

 

Figure 7:  General view of the Bahia Honda Bridge. 
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Figure 8:  Photograph of a footer/column/strut unit on the Bahia Honda Bridge. 

 

ZnSBA, can be seen mounted on the face of the left footer.  The now-abandoned Old Bahia Honda 

Bridge, which is 90-plus years old, is in the background of the latter photograph.  For the new bridge, 

footers are 2.44 m wide (perpendicular to the roadway) by 3.66 m long by 1.52 m high and are reinforced 

with a cage of 25 mm diameter (#8) bars and a horizontal mat of the same size bars above the top of the 

prestressed pilings.  Design clear cover over the cage bars is 100 mm (4.0 in).  The tidal range was 

estimated to be from near the footer bottom to mid-height.  The columns are 0.91 m in diameter and are 

reinforced with 12 mm diameter (#4) hoop bars on 0.31 m (12 in.) centers and 11 equally spaced 32 mm 

diameter (#10) vertical bars.  Design clear cover over the outer hoop bars is 75 mm (3.0 in.).   

 

 The Niles Channel Bridge (NC), on the other hand, is located several miles to the Key West side of 

the BH and was constructed in 1981, consists of a single lane in both directions, and is approximately 1.3 

km long.  The superstructure is of segmental box construction, and the substructure is comprised of piers 

with pairs of drill shafts and columns and an interconnecting strut.  The contractor had the option of either 

precasting the struts or casting in place, and it is not known which construction method was used.  The 

reinforcement is epoxy-coated (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 selected for application of MgSBAs.  Also, TSZ had previously been applied to 

the west column of Pier 12, although not the east one; however, there was no SBA.  Figure 9 shows a 

TSZ on 

Concrete 

Steel Channels 

Supporting 

ZnSBAs 
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perspective photograph of the bridge and Figure 10 of an individual pier (number 5).  Columns of this 

particular pier have been previously treated with TSZ.  Diameter of the drill shafts was 1.37 m (4ô6ò) and 

for the columns 1.07 m (3ô6ò).  The reinforcement cage, which was common to both footer and column,  

 

 
 

Figure 9: Photograph of the 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. 
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consisted of nine equally spaced 34.9 mm (#11) vertical bars and outer hoop bars for which diameter and 

spacing is unknown.  Design cover for the footers was 152 mm (6.0ò) and for the columns 102 mm (4.0ò).  

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.  Table 1
15

 compares electrochemical properties of Mg and Zn anodes in 

sea water and indicates the potential advantage of the former over the latter.  Thus, while efficiency for 

Mg is but slightly greater than one-half of that for Zn, current capacity, which is the more important 

parameter in that this reflects current delivered per unit weight, is about 40 percent greater.  However, for 

reinforcing steel in concrete, where concrete resistivity can be the factor that limits protection, the fact 

that driving voltage for Mg is approximately one-half volt greater than for Zn is particularly 

advantageous, especially in situations where the challenge is to deliver current to as high an elevation as 

possible above water line portion of columns. 

 

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

 

 Potential, mV Ag/AgCl Current Capacity, A-hr/kg 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 of the study involved modeling of substructure polarization as affected by the 

SBAs.  Boundary Element Modeling (BEM) was employed for the BH Bridge using commercially 

available BeasyÊ software, whereas two finite difference modeling methods were used for the NC.  With 

regard to the latter, previous studies by Presuel-Moreno et al.
16

 and Sagüés et al.
17

 applied both a finite 

difference two dimensional (2-D) model, which accommodated combined activation and concentration 

cathodic polarization behavior, and a simplified one-dimensional (1-D) model.  Both of these methods 

were employed in the present study.  The 2-D model closely replicated the geometry of the footer-column 

but was computationally demanding, whereas the 1-D model was simplified but required fewer such 

resources.  To the extent possible, field data and modeling results were compared.   
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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 installing ZnSBAs.  Previously, the east side 

footer and column of the west bridge on Piers 39 and 40 (designated 39W-East and 40W-East, 

respectively) had been identified for purposes of this study.  By prior arrangement, TSZ was not applied 

to these piers; but ZnSBAs had been mounted but remained electrically isolated from the steel at the time 

of this initial visit.  Both of these columns had been gunited during repairs that took place during 1986-

1987 (no unrepaired components were available at the time of the present study).   

 

 Steel potential was measured using a Ag/AgCl reference electrode placed upon a moist sponge at the 

elevation of interest and a Fluke multimeter.  The ground connection was via a threaded stainless steel rod 

that the contractor had previously fastened into the column reinforcement.  Figure 11 shows a photograph 

of this on Pier 40W-East.  Surveys performed by FDOT personnel prior to the contractor beginning the 

CP installation confirmed reinforcement electrical continuity throughout the columns and footers on 

individual piers.  Concrete resistivity was measured using a CNS Farnell-RM MKII  Model U95 four pin 

meter with a 5 cm (2.0 in.) pin spacing.  Readings were taken with the probe in the horizontal orientation.  

Once a first reading was made, the probe was rotated 180
o
; and a second reading acquired.   

 

 
 

Figure 11: Photograph of the threaded stainless steel ground connection rod on the column of 

Pier 40W-East. 
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Reported values are the average of the two at each position.  Both measurements (potential and 

resistivity) were made along five equally spaced vertical lines on the east footer face and three lines 

spaced about 0.5 m apart on the east-most (Atlantic) side of the columns of the two piers.  The two 

outermost of the five vertical lines on the footers were labeled ñKWò and ñMiaò according to their facing 

Key West and Miami, respectively, whereas the middle one was labeled ñEò reflecting its orientation, and 

the two intermediate ones ñKW/Eò and ñE/Miaò according to the lines to either side.   

 

 In order to measure the magnitude of current density once the ZnSBAs were connected, reinforcing 

steel probes were installed in individual 76 mm diameter core holes on each of the east columns on the 

two piers.  Elevations of the core hole pairs on 40W-East were 1.40, 1.65, 2.16, and 2.67 m relative to the 

bottom of the footer and on 39W-East 1.40 and 2.16 m.  The lowest elevation core hole pair was near the 

top of the footer and the 1.65 m holes on 40W-East were near the bottom of the column.  Figure 12 shows 

a photograph of the 40W-East pier subsequent to coring the holes.  The probes were 64 mm lengths of 16 

mm diameter (#5) reinforcing steel to which an electrical lead wire was attached at one end and the 

connection and a portion of the steel coated with epoxy.  Figure 13 is a photograph of one probe, and 

Figure 14 shows two core holes with probes positioned therein.  The cabling from each probe was 

positioned in groves that were cut in the concrete; and the wiring was routed to a junction box, where one 

probe of each pair remained isolated and the second was connected to the reinforcement via the threaded 

stainless steel rod (Figure 11).  As such, the disconnected probe of each pair served as a source of 

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

 

 
 

Figure 12: Photograph of Pier 40W-East of the Bahia Honda Bridge subsequent to drilling the 

four pairs of probe core holes. 
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Figure 13:  Photograph of a monitoring probe and connection cable prior to embedment. 

 

 
 

Figure 14:  Photograph of two core holes with positioned reinforcing steel probes. 

 

polarization as the reinforcement itself at that elevation.  This configuration allowed a zero resistance 

ammeter to be inserted in series between this latter probe and the reinforcement during subsequent site 

visits such that CP current to the probe could be measured.  Also, this same probe could be disconnected 

and the magnitude of depolarization determined.  Both CP current and depolarization are indicators of the 

extent to which embedded steel is cathodically protected.  Figure 15 is a photograph taken during the 

probe and junction box installation.  This shows the probes positioned in the core holes and the wiring 
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being routed to the junction box.  The core holes were backfilled with a ready-mix concrete (small coarse 

aggregate) to which Cl
-
 as NaCl was admixed.  Figure 16 shows a close-up photograph of the upper two 

probe pair locations on Pier 40W-East upon completion of installation, and Figure 17 provides a general 

view.  Figure 18 does the same for Pier 39W-East.   

 

 
 

Figure 15:  Photograph of the junction box installation and probe wiring on Pier 40W-East. 

 

 
 

Figure 16: Photograph of the upper two core holes, grouted wire routing slots, and junction box on 

Pier 40W-East subsequent to installation. 
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Figure 17: Photograph of Pier 40W-East upon completion of probe installation, wiring, and grouting. 

 

s 

 

Figure 18: Photograph of Pier 39W-East upon completion of probe installation, wiring, and grouting. 
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 It was intended that the project team would make the ZnSBA-reinforcing steel connection at a later 

time in such a manner that this could be opened and anode current output and reinforcing steel 

depolarization measured.  However, the contractor subsequently connected the ZnSBAs in a permanent 

manner such that disconnection was not feasible.  The exact date of connection is unknown but was in the 

October-November, 2004 timeframe.  Subsequent visits were made to the site in February and May, 2005 

at which time polarized 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 corrosion rebar potentials as a function of elevation for both piers as measured 

during the initial site visit (August, 2004), Figure 19 provides a plot of these.  The trend in each case is 

similar in that potential was relatively constant and negative over the entire footer elevation (footer height 

was 1.52 m) but was progressively more positive with increasing height on the columns.  The relatively 

negative potentials for the footer reinforcement are thought to reflect the fact that this concrete was water 

saturated (or nearly so).  As such, corrosion rate of the reinforcement is expected to be nil, which is 

consistent with the fact that no previous repairs had been made on the footers (unlike the columns) and 

instances of cracking and spalling were few.  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 40W-East. 

 

 

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

Potential, mV (Ag/AgCl)

 
(a) 
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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

Potential, mV (Ag/AgCl)

 
(b) 

 

footers was water saturated and that the relatively negative potentials 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 and unsaturated 

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, first, embedded steel is likely to be active due to lack of O2 availability and, 

second, concentration polarization of the O2 electrode for the same reason.  
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Figure 19: Free corrosion potential versus elevation for the footer and column on each of the two 

piers.  Elevation is referenced to the bottom of the footer. 
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Figure 20: Schematic representation of the corrosion potential (fcorr) and potential-current 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 the case is suggested 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 the 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 40W-East as recorded during the 2/05 site visit and 

Table 4 does the same for the 5/05 visit.  Figure 21 reproduces the data in Figure 19 for Pier 40W-East 

but with results from the February and May, 2005 site visits (Tables 3 and 4) added, at which times the 

ZnSBAs were connected to the reinforcement.  Likewise, Tables 5 and 6 list reinforcement potentials for 

Pier 39W-East, as determined at the 2/05 and 5/05 site visits, respectively; and Figure 22 plots these 

results.  In both cases, the polarized potential trends indicate that the footer reinforcement was polarized 

to the range -830 to -970 mVAgAgCl which is close to the measured ZnSBA potential (-975 mVAgAgCl).  As 

for the freely corroding case, the more positive footer potentials occurred at the higher elevations which is  

consistent with, first, 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 higher elevation concrete being more aerated such that 
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greater current should be required to affect the same degree of polarization.  Within the bottom 50 cm of 

the columns a relatively abrupt transition to more positive potentials occurred, which is indicative of 

reduced polarization and protection.  At higher elevations, potentials were more positive than for the 

originally measured free corrosion values and, as such, indicate a lack of protection.  This was 

particularly true for Pier 40W-East (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). 

 

 

Elevation, m KW 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

Potential, mV(Ag/AgCl)

 
 

Table 4: Listing of the reinforcement polarized potentials as a function of elevation for Pier 

40W-East as recorded during the 5/05 site visit (elevation measured from the bottom of 

the footer). 

 

 

Elevation, m KW 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

Potential, mV(Ag/AgCl)
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Figure 21:   Footer and column reinforcing steel potential data for Pier 40W-East as a function of 

elevation for each of the 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.   

 

  
 

 


