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Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research. 

In recognition of these needs, the highway administrators 
of the American Association of State Highway and Trans-
portation Officials initiated in 1962 an objective national 
highway research program employing modern scientific 
techniques. This program is supported on a continuing 
basis by funds from participating member states of the 
Association and it receives the full cooperation and support 
of the Federal Highway Administration, United States 
Department of Transportation. 

The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board's recog-
nized objectivity and understanding of modern research 
practices. The Board is uniquely suited for this purpose 
as: it maintains an extensive committee structure from 
which authorities on any highway transportation subject 
may be drawn; it possesses avenues of communications and 
cooperation with federal, state, and local governmental 
agencies, universities, and industry; its relationship to its 
parent organization, the National Academy of Sciences, a 
private, nonprofit institution, is an insurance of objectivity; 
it maintains a full-time research correlation staff of special-
ists in highway transportation matters to bring the findings 
of research directly to those who are in a position to use 
them. 

The program is developed on the basis of research needs 
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO. 
Each year, specific areas of research needs to be included 
in the program are proposed to the Academy and the Board 
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have submitted proposals. Ad-
ministration and surveillance of research contracts are 
responsibilities of the Academy and its Transportation 
Research Board. 

The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
programs. 
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FOREWORD This report is recommended to bridge design engineers, construction engi-
neers, materials engineers, and others concerned with the preservation of concrete 

	

By Staff 	bridge decks. Laboratory studies and model testing employed to determine the 

	

Transportation 	feasibility of preventing corrosion of reinforcing steel in bridge decks cathodically 

	

Research Board 	by the application of direct current are reported. Two approaches are available 
for attaining cathodic protection: an impressed current system and a sacrificial 
anode system. Both systems were investigated, and both were determined to hold 
promise for protecting bridge decks. A plan for an in-service evaluation of study 

findings is proposed. 

The premature occurrence of spall and pothole damage in bridge decks caused 
by corrosion of the reinforcing steel in the presence of moisture and deicing 
chlorides is well known to highway engineers charged with the preservation of the 
highway physical plant. Numerous studies directed toward the solution of the 
problem have been made within the National Cooperative Highway Research Pro-
gram and elsewhere, and significant gains have been accomplished. Nevertheless, 
general agreement exists that further substantial imprdvement in the control of 
the problem is desirable and possible. One of the most significant of completed 
recent studies is described in NCHRP Report 165, "Waterproof Membranes for 

Protection of Concrete Bridge Decks—Laboratory Phase." A follow-on field-
evaluation phase of the study is in progress. These two studies are directed at con 
trolling deck deterioration through the use of a waterproof-membrane layer on the 
bridge-deck surface, over which a wearing course is placed. Accomplishments to 
date indicate that the membrane approach will prove to be successful, especially 
where previous salt contamination is not present. The fact that there exists a large 
number of salt-contaminated decks in need of protection has inspired research into 
other control procedures, including cathodic protection. The cathodic-protection 
approach to corrosion control is well established and widely employed in connec-
tion with buried structures, including steel-reinforced concrete pipe. 

In the study reported herein, USS Engineers and Consultants, Inc., researchers 
examined a variety of impressed-current and sacrificial-anode approaches to 
cathodic protection in the laboratory and in prototype testing. Among the im-
pressed-current approaches, a method previously developed by the California 
Department of Transportation was examined in depth and concluded to offer the 
most promise of any of the cathodic-protection systems studied. This design con- 



sists of an inert anode placed in a conductive overlay covering the surface of the 
deck. The conductive overlay is made of asphaltic concrete containing coke 
particles. Direct current supplied from an outside source serves to neutralize cor-
rosive action on the reinforcing steel. A sacrificial-anode design using zinc ribbons 
in combination with an essentially nonconductive asphaltic concrete overlay also 
was determined to hold promise if problems associated with low driving voltage 
and expansion of anode corrosion products can be overcome. Accomplishment of 
the study should be of value to any field evaluation studies of cathodic protection 
of bridge decks that are undertaken. With the California Department of Trans-
portation in the forefront, several agencies are now conducting field evaluations 
of the impressed-current approach to cathodic protection. The sacrificial-anode 
approach is the subject of an on-going NCHRP study (Project 12-13A). The field 
evaluations should provide answers to the questions being asked about the long-
term effectiveness of the systems in protecting steel against corrosion, the resistance 
of the systems to physical damage, and the possible adverse effect of the bituminous 
concrete overlays on the durability of the underlying concretes. 

The report contains a number of recommendations that have received general 
support from the advisory panel established to guide the project. An exception is a 
recommendation that the steel polarized potential be limited to a maximum of 
- II OOmV104  to preserve bond between the reinforcement and the concrete. This 
recommendation is based primarily on experience and judgment of the researchers 
and minimally on project results. At least one expert in the field of cathodic pro-
tection believes that this may prove to be an unnecessarily restrictive limitation 
disadvantageous to the application of cathodic protection to bridge decks. 
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CATHODIC PROTECTION FOR 
REINFORCED CONCRETE BRIDGE DECKS 

LABORATORY PHASE 

SUMMARY 	The objective of the research reported herein was to develop a technically 
and economically feasible cathodic-protection method for steel-reinforced-concrete 

bridge decks. 
Studies were made of factors affecting the cathodic protection of steel reinforce-

ment in concrete and of possible methods of using this approach to control cor-
rosion on highway bridge-deck reinforcement. Both laboratory and model tests 

were conducted. 
Laboratory studies of the electrochemical behavior of steel in simulated con-

crete environments, with and without chloride, demonstrated that corrosion can be 
controlled by the application of cathodic current to corroding steel. Under all con-
ditions tested, it was found that corrosion was stopped at a steel-polarized poten-
tial of —770 millivolts (my) measured to a copper-copper sulfate (Cu/CuSO4) 

reference half-cell. Other studies showed that, at a potential of —1170 
hydrogen gas bubbles form at the steel surface. 

Bond studies indicated that the application of a cathodic-protection current 
to rebars in concrete can decrease bond strength between the steel and the con-
crete. Evaluation of the results in relation to the anticipated conditions of cathodic 
protection applied to a bridge deck pointed out that the decrease in bond strength 
would be slight and would not give reason to reject the use of cathodic protection 
on bridge decks. The results also confirmed the finding of the state-of-the-art 
review that overprotection of steel in concrete should be avoided. This can best 
be done by limiting the maximum steel-polarized potential to a value of 

—1100 mV,1504. 

Two basic approaches to cathodic protection, the impressed-current and 
sacrificial-anode methods, were thoroughly investigated by using an analog model 
of a typical, reinforced bridge-deck section. This investigation showed that the 
essential electrical parameter for cathodic protection of a bridge deck in either 
approach is uniform current flow of appropriate value from a well-distributed anode 
system located on the deck surface. Exhaustive tests on an impressed-current sys-
tem using a soffit-anode arrangement showed that this method is not economically 
practical because of the close spacing of anodes needed for adequate current 

distribution. 
The most promising design consists of an inert anode placed in a conductive 

overlay covering the surface of the deck. The concept for this type of system was 
originated by the California Highway Department. The system developed gave 
complete protection of the top rebar mat with low impressed voltage and total 
current. Asphaltic concrete made conductive by mixing coke particles within the 
concrete mix is the practical answer to providing a conductive layer for bridge 
decking. Tests with coke breeze as aggregate in asphalt show that this material, 
while margina with respect to stability, should meet the durability requirements 
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of this application when it is provided with a wearing cover to protect it from traffic 
abrasion and to distribute wheel loads. 

A demonstration of the conductive-layer system on a full-scale prototype of 
a typical deck section proved successful. In this work, several different combina-
tions of conductive-layer thicknesses and types of anodes were used. In general, 
a 2-in.-thick layer of conductive asphalt worked best. However, a reduction in layer 
thickness was shown to be practical when the anode system is extended to give 
better distribution of current. A small-diameter platinized-wire anode was found 
to be suitable for this purpose. 

It also became apparent from prototype tests that bridge-deck potentials mea-
sured with the half-cell placed over the conductive layer are in error. Drilling 
through the conductive layer and placing the half-cell directly on the concrete is the 
practical solution to this problem. When surveying a deck with a conductive layer, 
this procedure is necessary at several select locations to adjust potential readings 
measured in the normal way. 

The sacrificial-anode approach investigated in this study was found promising. 
A mock-up demonstration showed that problems associated with low driving voltage 
and expansion of anode-corrosion products might be overcome by proper design 
and installation. In view of this, the requirements are identified for sacrificial-anode 
type, spacing, surrounding materials, and installation methods. 

The various phases of this investigation were also concerned with the develop-
ment of a mathematical model. This model uses a computer program to simulate 
cathodic-protection designs on a bridge deck and will predict the resultant rebar 
potentials for various applied voltages. The model was tested and verified during 
the cathodic-protection studies on the prototype deck. The model in its final form 
was used to develop a chart that predicts current distribution (in terms of rebar 
potentials attained) for various parameters of a conductive-layer design. A second 
chart was prepared that predicts the applied voltage and total current of the system. 

On the basis of the results of this investigation, it is concluded that the 
cathodic-protection method of corrosion control can be successfully adapted to 
bridge decking. Both the sacrificial-anode and impressed-current methods show 
promise. Design criteria, applicable materials, and proper installation and check-
out methods have been developed; the next step is a service evaluation on an actual 
bridge deck. The mathematical model developed during this project will be useful 
in evaluating localized conditions to aid in the actual field implementation. 



CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

INTRODUCTION 

The increased use of deicing salts for removal of snow 
and ice from highways has resulted in premature deteriora-
lion of concrete bridge decks. Previous research has iden-
tified chloride-induced corrosion of the reinforcing steel in 
the bridge decks as the major cause of the deck deteriora-
tion. A number of alternative solutions are being investi-
gated to determine their relative effectiveness for control-
ling or eliminating this corrosion. The purpose of the 
present research has been to investigate one of these solu-
tions; namely, the use of cathodic protection as a method 
of suppressing bridge-deck corrosion. 

DISCUSSION OF PROBLEM 

It is generally recognized that the increased use of high-
way deicing salts (chlorides) is the principal contributing 
factor associated with the corrosion of steel reinforcement 
in bridge decks (1, 2). The riding quality of a bridge deck 
is most seriously impaired when there is a separation and 
removal of the surface concrete; that is, spalling resulting 
from a combination of physical stress and corrosion. The 
physical stresses from shrinkage, temperature change, or 
applied loading cause cracks in the concrete over the top-
most rebars, and these cracks eventually permit access of 
moisture and deicing salts to the underlying steel. This, in 
turn, induces corrosion and eventually spalling. Even where 
there are no cracks, there is evidence that water and salts 
can permeate the concrete (1). 

In any case, concentrations of salts or moisture at the 
steel surface result in destruction of the inherent passivity 
normally exhibited by steel in concrete (2, 3). Anodic and 
cathodic regions develop which induce galvanic corrosion 
cells. Because the corrosion products formed have about 
2.2 times the volume of the steel they replace, the expan-
sion causes pressure, which contributes significantly to the 
spalling of the concrete. Once spalling initiates, road salts 
and moisture have an even greater access to the reinforcing 
bars; and this leads to increased corrosion of the bars. 

Several alternative methods for controlling or eliminating 
the corrosion of reinforcing steel in concrete are under in-
vestigation. Alternatives being investigated include: (1) 
impervious membranes to keep chlorides out of the con-
crete, (2) epoxy coating of the reinforcing steel itself in 
order to protect the steel from the influence of the chlorides, 
(3) use of galvanized rebars, (4) development of a non-
corrosive deicer, (5) improvement of impermeability of the 
concrete cover, (6) neutralization of the effect of chlorides 
that have already entered the concrete, and (7) application 
of cathodic protection. It is with the last of these alter-
natives, cathodic protection, that this investigation is 
concerned. 

The electrochemical principles for cathodic protection 
are well established, and this method of corrosion preven- 

tion is extensively employed in a wide variety of applica-
tions with great success. The principal application of 
cathodic protection for steel-reinforced concrete has been 
for buried pipelines, where it has been proven to be effec-
tive against the corrosive effects of soil and water. The 
method often has been used to save severely damaged 
pipelines. However, the use of cathodic protection for 
bridge decks presents certain problems not encountered 
with buried structures. Foremost among the problems is 
the lack of space and suitable environment for the anode. 
Nevertheless, at the outset of this research program, it was 
considered possible that a cathodic-protection method could 
be developed that not only would protect new bridge decks, 
but also would suppress active corrosion in existing salt-
contaminated decks and, thereby, extend their useful life. 

RESEARCH APPROACH 

The over-all objective of the research described in this 
report is to develop a technically and economically feasi-
ble cathodic-protection method for steelreinforced-concrete 
bridge decks. Effective cathodic protection must provide 
proper current distribution and achieve protective polariza-
tion potentials of the reinforcing steel. The principal ob-
jective of this research is to develop the design criteria and 
optimum design for cathodic-protection systems that meet 
these requirements and, thereby, can arrest or control cor-
rosion of reinforcing steel in concrete bridge decks, par-
ticularly in existing structures. In pursuing these goals the 
investigation was divided into a number of parts, consisting 

of: 

A review of pertinent past work concerning the appli-
cation of cathodic protection for steel reinforcement in 
concrete. 

Experiments to identify the electrochemical condi-
tions under which steel in simulated concrete-bridge-deck 
environments will evolve hydrogen and be protected from 
corrosion. 

Tests to determine whether cathodic protection can 
cause adverse effects on the concrete-to-rebar bond and on 

the concrete itself. 
Determination of the essential electrical and physical 

parameters for cathodic protection of concrete bridge decks, 
using a physical analog and mathematical simulation 

methods. 
Verification of laboratory-developed designs and cri-

teria by controlled testing on a reinforced-concrete proto-
type specimen of a bridge-deck slab. 

Development of information concerning applicable 
materials, procedures for installation, adjustment, and 
operation of proposed cathodic-protection systems. 

Proposal of a method for evaluating the performance 
of selected cathodic-protection system(s) on a bridge deck 
under service conditions. 
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CHAPTER TWO 

FINDINGS 

Over-all, the findings of this investigation demonstrate 
that the cathodic-protection method of corrosion control 
can be successfully adapted to bridge decking. The 
sacrificial-anode and impressed-current methods were 
tested and show promise of meeting the requirements for 
practical and economical systeths. The information needed 
for immediate implementation to decks for service evalua-
tion has been developed. In addition, a mathematical model 
was developed which will be useful in evaluating localized 
conditions to aid in the field adaptation. 

IMPLEMENTATION STUDIES 

Perhaps the most significant result of the 18-month study 
was the finding that the sacrificial-anode method of apply-
ing cathodic protection shows promise of meeting the re-
quirements for a technically and economically feasible way 
of eliminating corrosion of the reinforcing steel in bridge 
decks (Appendix H). The use of sacrificial anodes in the 
present application is not without problems, however. Re-
sults of the analog studies (Appendix F) show that, be-
cause of the low attendant driving voltage between the 
anode and the cathodically protected steel, a well-
distributed anode arrangement will be essential. Other 
studies (Appendix F) indicated that, because of the ex-
pansive nature of the sacrificial-anode corrosion products, 
physical damage to the material surrounding the anode is 
possible. Despite these determinations, the results of proto-
type tests (Appendix H) prove that these problems might 
be overcome with proper design and installation methods. 

Electrochemical studies (Appendix D) demonstrate that, 
in moist concrete containing some chloride, both magne-
sium and zinc anodes are capable of providing cathodic-
protection current. However, the sacrificial-anode system 
found to be most promising in a mock-up test consists of 
using a flexible zinc ribbon, approximately 11%2  in. sq, placed 
on the concrete surface every 6 in. across the deck. The 
anodes and the deck are covered in the usual manner with 
asphaltic concrete, preferably one with an open-graded 
aggregate. Analyses by simulation, using the mathematical 
model developed during this project (Appendix G), show 
that this arrangement, with the anodes placed every 12 in. 
across the deck, should provide cathodic protection for the 
top rebar mat. Further, a prototype test (Appendix H) 
indicates that the sacrificial-anode method would be effec-
tive during all but prolonged dry weather periods. 

Scale-model tests of the type described in Appendix F 
showed that the bridge-deck rebar network will meet re-
quirements of electrical continuity and that the essential 
parameter of a cathodic-protection design is a well-
distributed anode arrangement located over the top rebars. 

In addition to the aforementioned zinc anode arrangement, 
a design utilizing an electrically conductive overlay is also 
an effective means of meeting this requirement. Conduc-
tive pavement has been used for snow-melting systems. 
R. F. Stratfull of the California Department of Transporta-
tion (Appendix A) proposed using it for cathodic protec-
tion. The conductive-overlay design consists essentially of 
an anode in contact with an electrically conductive as-
phaltic concrete spread uniformly over the deck. It is used 
in conjunction with the impressed-current method of 
cathodic protection. 

Tests of the type described in Appendix F showed that 
asphaltic concrete can be made electrically conductive by 
incorporating a carbonaceous material (coke breeze) within 
the concrete. This material has properties that, although 
marginal, indicate it should perform satisfactorily, with 
respect to resistance to rutting or shoving, when it is pro-
vided with a wearing-course overlay. Prototype model 
studies (Appendix H) showed that the cathodic protection 
was most efficient when a 2-in.-thick electrically conductive 
overlay was used; however, depending on the anode ar-
rangement, this thickness could be reduced to as low as 
0.5 in. 

Two types of anodes were found to be suitable for use 
with the conductive-overlay design. One was a disk-shaped, 
12-in.-diameter silicon-iron type; the other was prepared 
from a continuous platinum-surfaced niobium wire of 
0.062-in, diameter. Neither of these anodes had any im-
portant deteriorating effect on the overlay system. In con-
trast, a test with the platinized wire anode embedded in 
concrete showed that anodic reactions caused considerable 
damage to the concrete. 

During studies (Appendix E) with the conductive-
overlay system, it was discovered that bridge-deck poten-
tials measured with the half-cell placed on or over the 
conductive layer (containing coke breeze) were in error. 
From a laboratory investigation (Appendix D) of this prob-
lem, a theoretical expression was derived for computing 
true rebar potential from "topside" reference measurements. 
Later work with this system on the prototype deck showed 
that the true potential is obtained with the half-cell in 
contact with the concrete under the conductive layer. 

Studies, described in Appendix F, with a soffit-anode 
impressed-current system showed poor current distribution 
to the top rebar mat. An area less than twice the anode-
backfill contact area was protected by using maximum im-
pressed voltage. Pulsing the impressed voltage lowered the 
current to maintain this protected area, but it did not im-
prove current distribution and thereby increase the protected 
area. 



POTENTIAL CRITERIA 

Studies, described in Appendix D, with corrosion cells 
similar to those that might occur in a concrete-bridge-deck 
environment indicate that cathodic protection is achieved 
in all cases considered at a rebar polarized potential of 
—770 mV measured against a copper-copper sulfate ref-

erence half-cell (mVcu804). From polarization studies it 

was found that under certain conditions the rebar might be 
subject to pitting. However, the data show that the applica-
tion of the aforementioned potential will cathodically pro-
tect against this attack as well as against general corrosion. 

The investigation (Appendix E) to determine whether 
cathodic protection can cause adverse effects showed that 
the application of a cathodic-protection current to reinforc-
ing bars in concrete can result in a decrease in bond 
strength between the steel and the concrete. It should be 
noted, however, that the current levels that produced the 
loss of bond were appreciably higher than would be used 
in a normal cathodic-protection application. A total ap-
plied current of 3460 amp hr/sq It, applied at current 
densities as high as 960 mA/sq ft, produced about a 
10-percent reduction in ultimate bond stress in these tests. 
Doubling the total applied current resulted in a further re-
duction in bond stress. There was relatively little effect 
shown between the applied current density and ultimate  

bond strength. Also, the bond stress required to produce 
a 0.01-in, loaded-end slip did not show a relationship to 
either current density or total applied current. 

MATHEMATICAL-MODEL DEVELOPMENT 

A mathematical model has been developed (Appendix 
G) to determine steady-state current flow in a bridge deck 
employing cathodic protection. This model, which uses a 
digital computer to carry out the calculations, can be used 
to calculate the area of bridge deck protected with a 
cathodic-protection system provided that various parame-
ters of the system and the deck are known. To use the 
model, such parameters as the resistivity of the concrete 
and the type of anode system, along with the various 
physical aspects of the deck and cathodic-protection 
method, must be known. Given these parameters and the 
applied potential, the computer determines the current flow 
for each point in the deck and the current density at the 
rebar surfaces. In turn, an empirical relationship between 
the current density and the rebar potential is used to calcu-
late the polarized potential of the rebar as measured in 
practice. 

The mathematical model was developed and verified with 
data gathered from tests on the analog and prototype 
models used in this program. 

CHAPTER THREE 

INTERPRETATION, APPRAISAL, AND APPLICATION 

INTERPRETATION 

The state-of-the-art review and the work conducted in 
this investigation clearly show that cathodic protection is 
effective against corrosion when applied to steel reinforce-
ment in concrete bridge decks. A demonstration of cathodic 
protection, applied to a prototype model of a bridge-deck 
section, shows that it is a viable solution to the bridge-deck 
corrosion problem. Although the use of cathodic protec-
tion will require unique implementation, it will be equally 
adaptable to existing and new bridge decks. A measure of 
a minimum protection potential of the rebars is the pa-
rameter that will be used in the field to ensure that reliable 
protection has been attained. 

From studies with steel reinforcement exposed to the 
same conditions as bridge decks, it has been established 
that corrosion is stopped by application of direct current 
after attainment of a minimum electrical potential of 0.77 V 
negative to a copper-copper sulfate reference half-cell. This 
electrical measurement is the simple, nondestructive test 
presently employed by many highway engineers to give a 
quantitative evaluation of the corrosion state of the deck  

steel. To determine the cathodic-protection effectiveness, a 
systematic survey of the electrical potential of the steel 
reinforcement will be made to ensure that the minimum 
protection potential exists over the deck surface. 

The results of cathodic-protection exposure tests show 
that the application of a cathodic-protection current to 
reinforcing bars in concrete can result in a decrease in 
bond strength between the steel and the concrete. It should 
be noted, however, that the objective of the present tests 
was to observe the effects of very high currents. The 
6920 amp hr/sq ft of current that was applied is far in 
excess of any reasonable level of cathodic-protection cur-
rent that would be applied to a bridge structure. The 
6920 amp hr/sq ft is equivalent to about 75 years of pro-
tection at a very high level of current density. 

Bond stresses generally are not critical in the design of 
the reinforced-concrete slabs of bridge decks because the 
span-to-depth ratios of the slabs are relatively large. In 
fact, the AASHTO bridge specification does not require the 
computation of bond stresses in the design of bridge decks. 
Therefore, a moderate decrease in ultimate bond stress, such 
as 10 percent or possibly 20 percent, should not jeopardize 
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the ultimate safety of a deck slab. In the case of bond stress 
to produce a 0.01-in, loaded-end slip, no significant effect 
was noted. 

The results of the cathodic-protection exposure tests con-
firm the finding of the state-of-the-art review (Appendix A) 
that overprotection should be avoided. Although the pres-
ent study was not set up to quantitatively define the ac-
ceptable limits of potential for application of cathodic pro-
tection to steel reinforcement in concrete, the findings of 
this study indicate that this can be done by limiting the 
maximum rebar polarized potential to —1.1 	This 
potential 'ermits operational latitude and also limits cur-
rent density (see Fig. C-I) to a value well below the mini-
mum that caused adverse effects on bond stress (Figs. E-6 
and E-7). Coincidentally, the potential, —1.1 	is 
somewhat lower than the hydrogen-bubble potential of steel 
in concrete, which was determined in the laboratory to be 
1.17 

As judged by the results of splitting tensile tests on con-
crete cylinders containing no reinforcing steel, there is no 
effect on concrete strength from the application of a 
cathodic-protection current in the ranges covered in this 
study (2.5 to 10.0 mA/sq ft). 

With reference to the electrical requirements of a bridge-
deck cathodic-protection system, it was shown that the 
electrical continuity of the reinforcing network of most 
bridge decks should be suitably continuous and should have 
a sufficiently low resistance to ground. Also, the only pos-
sible way to obtain the uniform cathodic current flow to the 
top rebar mat, where it is needed to prevent deterioration 
of the bridge deck, is to provide a well-distributed anode 
over the top mat; that is, on the deck surface. 

Exhaustive testing with a sotfit-anode impressed-current 
system showed that this approach is not likely to be eco-
nomically practicable because of the close spacing of the 
anodes that is required for adequate current distribution. 
Similar testing of a surface system of impressed-current 
design indicated that a conductive overlay is required as 
part of the system for adequate current distribution. A 
distributed pattern of platinized wire alone, used for this 
purpose, did not work well. 

The most promising way found to spread the current is 
to place small anodes in a layer of coke breeze spread uni-
formly on the deck. The anode introduces the cathodic-
protection current into the coke layer. Because the coke 
is a good conductor (electronic), it permits the current to 
be distributed and introduced uniformly into the deck con-
crete. In fact, the coke is a secondary anode with the 
attendant electrochemical reactions occurring at the points 
of current discharge. 

The key to the implementation of this design was pro-
posed by Stratfull (Appendix A) and relates to the use of 
coke breeze as aggregate in asphaltic concrete. This ma-
terial was found to have properties that, although margi-
nal, indicate it should perform well when protected by a 
conventional wearing course to distribute wheel loads and 
take the abrasion. From tests with this material on a proto-
type deck, it was learned that a 2-in-thick layer of the con-
ductive asphalt gave best current distribution. However, 
depending on the anode arrangement used to introduce the  

current into the conductive layer, this thickness may be 
reduced to a smaller value. Two anodes were found to work 
well with this system. They are a silicon-iron anode and 
a platinized-wire anode. Both types met requirements for 
installation, life, and dependability for this application. Fi-
n:l selection of the anode type relates more to the thick-
ness of the conductive layer than to other considerations. 
The anodic electrochemical reactions had no important de-
teriorating effect on either the conductive-overlay system 
or the anodes in this study. 

A design for providing the cathodic protection, by using 
sacrificial anodes, is proposed, in which the rebars in the 
concrete deck are connected to the anode to produce a 
battery action for the purpose of generating the cathodic-
protection current. During this investigation, magnesium 
and zinc alloys were considered for the anode metal. How-
ever. as a result of the findings of this test, zinc is the pre-
ferred material for the bridge-deck cathodic-protection sys-
tem. As in the impressed-current tests, it was found that 
the best sacrificial-anode design is to place the anodes over 
the top rebar mat. 

As opposed to the electrically conductive asphaltic over-
lay, distribution of the sacrificial-anode current was achieved 
by using long, ribbon-like anodes that are placed in a rather 
comprehensive pattern over the deck. This arrangement, 
combined with the use of permeable asphaltic concrete to 
accommodate anode corrosion products and permit ingress 
of water, worked well in a laboratory test. Once the asphalt 
becomes wet with chloride-bearing water, the zinc anodes 
self-activate and the cathodic-protection current begins to 
flow and provides corrosion control until the anode metal 
is consumed by corrosion. However, field tests are needed 
to establish that, in actual practice, the permeable asphalt 
mix will not be choked with fine materials, from traffic 
abrasion of the pavement surface and other sources, which 
will fill up the voids that were provided to accommodate 
corrosion products and provide needed moisture. The use-
ful life of an anode system can be readily calculated on the 
basis of an estimate of the average current produced by the 
anodes. Other results of the sacrificial-anode study show 
that, although dependent on moisture to function, it can be 
effective during all but prolonged dry weather periods. 

The problems of cathodically protecting bridge-deck re-
inforcement are varied, and each bridge will always present 
original and unusual aspects. For these reasons, the mathe-
matical model (Appendix G), developed and validated in 
this project, will have great significance in the final imple-
mentation of cathodic protection to existing bridges. The 
present computer program provides a basis for the develop 
ment of a computer design system to evaluate various as-
pects, such as resistivity of the concrete, design of the 
reinforcement, type of anode system, and other physical 
aspects of the deck and cathodic-protection method under 
consideration. The computer program can be used to calcu-
late the extent of protection achieved with the system. 

As an example of one way the mathematical model will 
be used, the nomograms in Figures 1 and 2 were prepared 
on the basis of the results of mathematicalmodel analysis 
of the conductive-overlay design for an impressed-current 
anode system (described in Appendix H). The chart in 
Figure 1 is used to predict the polarized potentials of a 
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CONDUCTIVE LAYER 	 POLARIZED REBAR POTENTIAL OF TOP MAT. 

THICKNESS, inchn 	 MILLIVOLTS NEGATIVE TO Cu/CuSO4  HALFCELL 

CONDUCTIVE LAYER, SPECIFIC RESISTIVITY, 	 DISTANCE FROM ANODE, feet 

ohm-cm 

Figure 1. Polarized rebar potential, at a specific distance from the anode, for different conductive-layer parameters. 
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Figure 2. cathodic-protection current and voltage for various deck-surface areas and conductive-layer parameters. 



rebar in the top mat, at various distances from a single, 
disk-shaped silicon-iron anode, for different combinations 
of conductive-overlay resistivity and layer thickness. Fig-
ure 2 is used to determine the rectifier voltage and current 
for protection of various surface areas. The conditions used 
in the development of the data for these nomograms are 
those on the prototype deck during the model-verification 
study. 

APPRAISAL 

It is anticipated that the findings of this research will 
result in a viable method of applying cathodic protection 
to reinforcement bars in concrete bridge decks. The method 
will be adaptable to existing bridges throughout the United 
States, and it can be readily applied to new bridge decks. 
The criteria for the cathodic protection of steel reinforce-
ment In concrete exposed to the same conditions as bridge 
decks have been established. Electrical requirements of a 
bridge-deck cathodic-protection system are clearly defined. 
Two promising cathodic-protection systems have been de-
veloped. Applicable materials, installation methods, and 
checkout and adjustment procedures to be used with each 
are described. A mathematical model has been developed 
to evaluate localized conditions and bridge geometry to aid 
in the actual field implementation of the recommended sys-
tems. These systems are immediately applicable to a service 
evaluation on actual bridge decking. 

COST OF CATHODIC PROTECTION 

The following estimates have been prepared on the hasis 
of information developed during the experimental work 
with the two possible approaches of cathodic protection for 
bridge decks. It should be recognized that the costs of pro-
viding the conductive paving and AC power supply will 
vary greatly from location to location; each design approach 
could vary greatly to accommodate local conditions. Never-
theless, it was desirable to develop these estimates in order 
to make an economic evaluation of these methods of corro-
sion protection as compared with alternative methods. 

The cost estimates are for a deck surface, 5000 sq ft, and 
do not include engineering costs (design or checkout) or  

the cost of deck reconditioning. The significant cost ele-
ments and the average cost for the proposed approaches to 
cathodic protection are as follows: 

impressed-Current Approach: (10-Year Minimum Life) 

item 	 Range of Cost (installed) 
Paving 	 $2000 to $3000 
Anodes & wiring 00 each) 	$1000 to $1500 
Rectifier (10 amp & 10 V) 	$ 500 to $2500 
AC power supply 	 $ 500 to $2000 

Total $4000 to $9000 
Average cost per sq yd 	$ 7.20 to $16.20 

Sacrificial-Anode Approach: (10-Year Minimum Life) 

item 	 Range of Cost (installed) 
Paving 	 $l000to$1500 
Zinc anode (ribbon) 	 $lSOOto $2000 

Total $2500 to $3500 
Average cost per sq yd 	$4.50 to $6.30 

In addition to the obvious cost advantage of the sacrificial-
anode system over the rectifier approach, it should be noted 
that rectifiers have a continuing power expense and require 
more maintenance than the sacrificial anodes. 

On the basis of a direct comparison by using 1974 costs, 
it would appear that the cathodic-protection approach ranks 
highest among the available ways to prevent corrosion of 
rebars in bridge decks. For example, the cost of cathodic 
protection (up to $16/sq yd) is well above estimated costs, 
which have been published in Engineering News Record 
(July 4, 1974), of either epoxy-coated or galvanized rebars 
($10 and $5/sq yd, respectively), and it is higher than the 
reported cost of $9/sq yd for membrane systems. However, 
these approaches are not applicable to salt-contaminated 
bridge decks. In this light, the extra cost of cathodic pro-
tection may be warranted because it is the only available 
method (others are under development) for existing bridge 
decks. 

It must be recognized that costs are subject to consider-
able fluctuation, and that cost relationships must always be 
viewed in the environment of current prices. 

CHAPTER FOUR 

CONCLUSIONS AND SUGGESTED RESEARCH 

CONCLUSIONS 

From the results of this investigation, the following gen-
eral conclusions are drawn: 

1. Cathodic protection is a viable method of corrosion 
prevention for steel reinforcement in concrete bridge decks. 

The method will be adaptable to existing bridges and can 
be readily applied to new bridge decks. 

2. There are two possible methods of cathodic protec-
tion. In one method, the anode is a sacrificial metal such 
as zinc or magnesium, and the flow of current is induced 
by galvanic action. The second is one in which a current 



is impressed between the reinforcement and an exterior 
anode that is not sacrificial in nature. 

An essential parameter with either cathodic-protection 
method is an anode arrangement over the top rebar, which 
givcs a uniform current flow of appropriate value to the 

rebar mat. 
An impressed-current cathodic-protection design con- 

sisting of an inert electrode in contact with an electrically 
conductive asphaltic concrete spread uniformly over the 
surface of the deck shows the greatest promise for the ca-
thodic protection of bridge decks in the near future. The 
asphaltic concrete is made electrically conductive by incor- 
porating a carbonaceous material within the concrete mix. 
The cathodic protection is most effective with a 2-in, thick- 
ness of conductive asphaltic concrete; however, by extend-
ing the electrode arrangement for introduction of the cur-
rent into the conductive layer, a thickness of less than 2 in. 

can be used. 
The electrically conductive asphaltic concrete has 

properties that, although marginal, should give satisfactory 
performance with respect to resistance to rutting or shoving 
when provided with a wearing-course overlay. 

The sacrificial-anode method of cathodic protection 
also shows promise. This design will use a continuous-
length anode of zinc that will be installed over the top rebar 
mat on the concrete and covered, in the usual manner, with 
asphaltic concrete overlay, preferably one with an open- 
graded aggregate. 

It has been established that a minimum polarization 
potential value of —0.77 V to copper-copper sulfate ref-
erence is a suitable cathodic-protection potential criterion 
for corroding rebars in a reinforced-concrete bridge deck. 

The overprotection of steel in concrete can lead to loss 
of bond between rebars and concrete. To avoid over-
protection, the maximum polarized potential value with the 
rebars in the bridge deck should be limited to —1.1 V to 
copper-copper sulfate reference. 

SUGGESTIONS FOR FURTHER RESEARCH 

Research is still needed to determine whether the cathodic- 
protection method of corrosion protection for steel re-
inforcement in concrete bridge decks will perform satis- 
factorily under prolonged exposure to adverse weather and 
heavy traffic conditions. To answer this question, it is 
recommended that the following Phase II research program 

be initiated. 

PHASE Il—RESEARCH PLAN FOR SERVICE EVALUATION 
OF CATHODIC PROTECTION FOR REINFORCED 
CONCRETE BRIDGE DECKS 

Obiective 

The over-all objective of the Phase II research program 
is to conduct a service evaluation of the cathodic-protection 
systems developed in the present investigation (Phase I) 
for steelreinforced-concrete bridges. Two basic designs 
will be evaluated: (1) the sacrificial zinc-anode system 
with porous overlay, and (2) the impressed-current system 
with electrically conductive overlay. Each system will be 
installed and evaluated on a full bridge deck. The test 

bridges will be of typical size and with exposure and traffic 
conditions corresponding with those that cause bridge-deck 
deterioration. The test bridges are to be provided by 
NCHRP by arrangement with state highway departments. 

The research will include a preliminary field survey to 
establish the "before" test condition of the bridge decks. 
Upon completion of this task, the state highway depart-
ment will perform a rehabilitation of the decks. Concurrent 
with this work, the research tasks of providing necessary 
instrumentation in the decks and finalization of cathodic 
protection designs (using the mathematical model devel-
oped in the Phase I investigation) will be performed. After 
deck restoration and preparation of cathodic-protection de-
signs, the research will include supervision of the installa-
tion of the cathodic systems (work to be performed by state 
highway department), followed by an 18-month field in-
vestigation of the systems' performance. 

Preliminary Field Survey 

A field survey of the bridge decks will be conducted to 
determine their condition and also to develop background 
information that would be helpful in evaluating the effec-
tiveness of cathodic protection in preventing deck deteriora-
tion. This work will include an electrical potential survey 
as well as documentation of areas requiring repair. Other 
information concerning design, construction, and past main-
tenance will be recorded. The concrete resistivity and the 
electrical resistance of the rebar network will be obtained 
for use in the mathematical model study. 

Deck Instrumentation 

Each test deck will be instrumented with 10 electrical-
resistance probes for measuring corrosion and evaluating 
the effectiveness of the cathodic protection. Eight probes 
will be equally spaced along the deck length at locations 
most remote from the cathodic-protection anodes. Two 
probes will be placed near anode sites on the deck. These 
probes will be used to accurately measure the cathodic 
current density at these points. The flat surface probe 
(Corrosometer Probe Model 60472) will be used. This 
probe has an exposed surface area of 10 sq in.; this larger 
surface area is needed to measure current densities on the 

probe. 
All probes will be embedded in concrete with chloride 

added to create a corrosive environment. The probes will 
be placed on the deck with the exposed metal facing up and 
at an elevation corresponding to the top mat. Each probe 
will be connected electrically to the deck steel at an ac-
cessible point along the side of the bridge. The corrosion 
rate of the probes will be measured periodically by dis-
connecting them from the deck steel and by using the 
Corrosometer Model CK-2. Because the probes are nor-
mally connected to the deck, they too will be under ca-
thodic protection. Accordingly, a change in their resistance, 
which is indicative of their corroding, would indicate lack 
of cathodic protection in the deck steel near the probe area. 
The purpose of measuring the current density on the probes 
is to substantiate that the current density values associated 
with the potential criterion on actual concrete bridge decks 
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are in the order of those estimated in the Phase I 
investigation. 

Cathodic-Protection Design 

After completion of the essential predesign tasks, the two 
cathodic-protection methods, developed during Phase I, and 
actual bridge information will be analyzed to determine the 
best designs for each method on the test bridges. It is pro-
posed to use the mathematical-model computer program, 
developed in the Phase I study, for preparation of the 
specific cathodic-protection-design details. On the basis of 
these results, a design consisting of an electrically conduc- 
tive asphaltic-concrete overlay and appropriately spaced 
inert anodes will be prepared. This design will consist of 
two parts: (I) a 2-in.-thick overlay with silicon-iron anodes 
and (2) a ½-in-thick overlay with platinized wire anodes. 
(See Appendix H for anode details.) The two parts will be 
installed equally over the deck surface. 

In the second case, an analysis will be made to deter-
mine anode spacing for a sacrificial-anode design using a 
continuous-length ribbon zinc anode placed on the concrete 
and covered with asphaltic concrete. This design will also 
have two parts: (I) using an asphalt overlay with an open-
graded aggregate fraction and (2) using a normal, wearing-
course asphaltic-concrete mixture. 

In all cases, good electrical and cathodic-protection en-
gineering practice, much of which is discussed in Appen-
dix C, will determine the selection of electrical conductors 
and the various hardware, such as conduit fitting, as well 
as the method of installation and attachment of these items 
to the bridge deck. The connection of smaller wires will 
be made by the Thermit process or compression fittings, 
whereas the connection of larger cables and the connection 
to the steel core of the zinc ribbon will require use of a 
mechanical joint, such as a split-bolt connector. 

A commercially available rectifier will be used with the 
impressed-current design. A convection air-cooled unit with 
rectifier elements of either selenium or silicon will be satis-
factory. The rectifier current capacity will be determined 
from the model study. The operating voltage will also be 
determined by the model. However, the rectifier unit volt-
age is to be about 50 percent higher to provide for higher 
than anticipated circuit resistance. 

In relation to durability, the "new and usual" materials 
are the electrically conductive asphaltic concrete with the 
impressed-current system and the open-graded asphaltic 
concrete with the sacrificial-anode system. From the results 
of tests of stability and flow conducted with the electrically 
conductive asphaltic concrete (Appendix F), it has been 
concluded that it should be provided with a wearing-course 
overlay. The sacrificial-anode overlay will be prepared with 
aggregate fractions corresponding to an acceptable open-
graded mixture. Table F-4 gives information concerning 
these materials as they were prepared for the Phase I study. 

Installation of Cathodic Protection 

The installation will consist of positioning the anodes in 
accordance with the specifications prepared from the com-
puter analysis. They will be installed in accordance with 
the procedures developed during the Phase I investigation. 

The construction of the overlay, for the most part, will be 
consistent with usual practices and specifications for this 
type of work. The anode wiring arrangement will include 
a separate wire to each inert anode and provision to mea-
sure the current flow to them. This is done by measurement 
of a voltage drop across a shunt installed in series between 
each anode and the rectifier. For the zinc anode (sacri-
ficial), the current-measuring shunt will be installed in 
series between a given length of the zinc ribbon and its 
connection to the deck steel. 

Field Investigation 

After the cathodic-protection systems have been installed, 
but before the rectifier has been turned on and before the 
zinc anodes are attached to the deck steel, a systematic sur-
vey of the electrical potential of the steel reinforcement will 
be made by using a reference electrode and appropriate 
electrical instrumentation. On the deck with the conduc-
tive overlay, a limited number of small holes must be drilled 
through the overlay in order to make check readings with 
a reference electrode contacting the deck under the over-
lay (see Appendix H). This result will indicate an adjust-
ment value to be applied to potential readings obtained 
nearby and with the reference placed in the usual manner. 

The cathodic-protection rectifier will be turned on and 
adjusted to the current value required to provide the ca-
thodic protection (indicated by the computer analysis). 
Also, the zinc anodes on the second test bridge will be con-
nected to the deck steel. Approximately one month after 
activating the cathodic protection, all readings (electrical-
resistance probe-corrosion rate and the total current flow to 
each probe, anode current readings, and steel reinforcement 
potential measurements) will be obtained. These measure-
ments, along with information concerning the physical con-
dition of the bridge decks and cathodic-protection equip-
ment (visual observations), will be obtained once each 
month thereafter. During this test, adjustment of the cur-
rent from the various anodes used with the impressed-
current system may be necessary to maintain the steel- 
reinforcement potential within the range, —0.77 to —1.10 V, 
shown in the Phase I study to be a suitable potential cri- 
terion. This adjustment is best made by installing resistance 
in the anode circuit. No adjustment will be required in the 
zinc-anode system because of the self-limiting potential 
value. 

Evaluation of Systems 

After these systems have been in operation for 18 months, 
critical analyses of their performance will be made. The 
analyses will be based on the results of the electrical-
resistance probe readings, the ability of the systems to main-
tain the steel potentials in the required protective range, and 
the physical condition of the bridge decks and the cathodic-
protection hardware and equipment at the end of the test. 
In addition, the information developed during the evalua-
tion will be used to prepare a detailed manual for highway 
engineers and administrators to aid in the design and im-
mediate implementation of the new methods to prevent 
deterioration of concrete bridge decks. The manual will 



cover the use of the computer program for development of 
design details, the proper selection of materials and equip-
ment, methods of activation, checkout and adjustment, and 
maintenance of bridge-deck cathodic-protection systems. 

Time Requirements 

All work on Phase II will be completed within 27 months 
after the effective date of the contract. The PERT diagrams 
of Figure 3 and the associated activity description given in 
Table 1 present the schedule of the Research Plan, includ-
ing the time when each task will begin and its anticipated 
duration. 
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Figure 3. PERT diagram for Phase 11. 

TABLE 1 

PERT DESCRIPTION TABLE 

Time 
Duration 

Nodes Months 

Begin End Activity Description Begin 	End 

1 2 Preliminary Field survey 0 	2 

2 3 cathodic Protection Design Analyses 2 	4 

2 4 RehabilItation and Instrumentation of Decks 2 	4 

4 5 Installation Cathodic Protection systems 4 	6 

5 6 Field Investigation 6 	24 

6 7 Evaluation of Systems and 
Preparation of Field Manual 24 	27 

7 8 Review of Report 27 	30 
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APPENDIX A 

STATE OF THE ART, CATHODIC PROTECTION 
FOR STEEL REINFORCEMENT IN CONCRETE 

INTRODUCTION 

The first task of the research program was to prepare a 
state of the art to determine how much was already known 
about cathodic protection for reinforced-concrete bridge 
decks and to identify those systems, materials, and pro-
cedures that offer promise of controlling corrosion in this 
application. Because only one earlier application of ca-
thodic protection to reinforced-concrete bridge decks was 
known to have been made, and because many of the same 
principles, techniques, and other aspects of the practice of 
cathodic protection for steel in concrete (usually in soil and 
water) are applicable, the scope of the review was enlarged 
to include also those phases of the cathodic protection of 
steel in concrete that appeared specially pertinent to the 
bridge-deck application. 

In the review that follows, no attempt is made to discuss 
every application of cathodic protection to steel in concrete 
that has been reported. Instead, the review is presented in 
the form of a summary of the present state of knowledge, 
with pertinent references inserted when needed to indicate 
information sources. 

The summary was prepared specifically for the bridge 
engineer. Accordingly, the basic considerations of both the 
corrosion process and the cathodic protection process are 
discussed initially. This is followed by a historical review 
of the general use of cathodic protection and the methods 
of applying cathodic protection of steel reinforcement in 
concrete. Other facets of the corrosion problem that are 
reviewed include design considerations, cathodic-protection 
criteria, analog models, and cathodic protection of bridge 
decks. 
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BASIC CONSIDERATIONS 

Why Metal Corrodes 

The fundamental reason metal corrodes is that the cor-
rosion products are thermodynamically more stable than 
the metals themselves. It is generally recognized that the 
ordinary corrosion observed is electrochemical in nature 
and that, for steel in concrete, the electrochemical reactions 
result from salt-laden moisture in contact with the steel (3, 
4). For such reactions to occur, there must exist areas of 
different electrical potential that are electrically connected. 
When these conditions are met, corrosion occurs through 
the transfer of metal ions to the moisture, leaving electrons 
behind. By definition, this is an anodic reaction and the 
areas that corrode are called anodic.- The remaining elec-
trons move through the metal from the anodic areas to non-
corroding locations, where they react with either water or 
oxygen. By definition, this is a cathodic reaction and the 
locations at which it occurs are called cathodes. The elec-
trons neutralize cations in the electrolyte, thus completing 
an electrical circuit. This corrosion is, in effect, an elec-
trolytic battery. 

110w Cathodic Protection, Works 

The basic hypothesis of cathodic protection is that all 
galvanic corrosion on a structure has been halted when 
all points on its surface have been polarized to a potential 
equal to, or more anodic than, the open-circuit potential 
of the most anodic point on the structure (5). 

In this condition, all points on the surface of a structure 
are at the same potential. Since there are no potential dif-
ferences between points on the structure surface, no gal-
vanic currents are flowing and no galvanic corrosion is 
occurring. This can be visualized by referring to the 
potential-current diagram shown in Figure A-I. The cur- 
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Figure A-I. Potential-current diagram illustrating principle of 
cathodic protection. 

rent applied, I, when of a proper value, causes the cor-
rosion potential,~l7corr, to be changed to coincide with anode 
potential, Ea, on the threatened structure. Therefore, the 
essential factor in cathodic protection is met and no corro-
sion current can flow. 

History of Cathodic Protection 

Most authorities credit the English scientist Sir Humphry 
Davy with the earliest example of a practical application 
of cathodic protection, when in 1824 he initiated the use 
of zinc to control corrosion of copper bottoms of ships (6). 
From this work, it is evident that the electrolytic theory of 
corrosion and certain present-day problems of galvanic cor-
rosion and corrosion prevention were partly anticipated by 
Davy. 

In 1903, some 80 years after Davy's work, the electro-
chemical principles of corrosion were expressed in their 
most useful form by Whitney (7). Whitney's work pro-
vided the basic structure for modern methods of corrosion 
control by demonstrating that the corrosion of iron in water 
is electrochemical in nature. 

At about this same time, extensive systems of under-
ground metal pipelines were being constructed throughout 
the United States. By the 1920's, corrosion leaks began to 
occur on these pipelines with alarming frequency. Prior 
to about 1930, the principal cause of the corrosion on these 
pipelines was reportedly stray current from trolley cars 
operated with direct current (8). Because the stray-current 
effects greatly overshadowed other causes of corrosion, they 
were generally considered to be the sole cause. Reflecting 
this concern for the stray-current problem, the National 
Bureau of Standards, in 1913, conducted extensive experi-
ments to investigate the damage caused by stray currents 
to structures embedded in concrete (9). This was the first 
reported interest in the corrosion of steel in concrete. This 
work clearly established that, under certain conditions of 
cathodic reaction on the steel, a loss of bond strength 
between the concrete and steel was possible. 

After 1930, a move to discontinue operation of the 
trolley cars began; however, the corrosion of buried metals 
continued at an intensified rate (10). This produced the 
realization that stray current from the trolley system, while 
creating an adverse effect at various locations on under- 
ground cables and pipelines, was also providing a beneficial 
cathodic-protection effect at other locations on these cables 
and pipes. Interestingly, in some cities, movements were 
started to set up large-current generators to create earth 
currents to continue these benefits. Consequently, the 
major pipeline and telephone-cable owners began anti-
corrosion steps to protect the exteriors of their pipes and 
metallic cables. 

Initially, the anticorrosion measures consisted mainly of 
providing various types of protective coatings for the metal. 
Extensive use was made of cement as a protective coating 
for pipelines (11), even though the protective value of 
cement coating in areas of stray currents was regarded as 
questionable at best. The use of cement protective coatings 
declined with the increased use of cathodic protection. At 
present, cement coatings are used under certain circum-
stances as protection for underground gas lines (12). 
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The use of cathodic protection grew rapidly with the 
development, in the mid-1930's, of a new source of direct 
current, known as the copper oxide rectifier. These earliest 
cathodic-protection applications were very successful; and 
it was apparent that the cathodic-protection method of 
corrosion control gave the following advantages: 

When properly applied, corrosion is completely 
stopped. 

The effectiveness of cathodic protection in arresting 
corrosion can be measured by a simple, nondestructive 
electrical measurement. 

The cost of applying cathodic protection is a fraction 
of the replacement cost of the threatened structure, and 
cathodic protection is clearly the least expensive means of 
providing long-term, maintenance-free service life for metal 
structures in corrosive environments. 

Shortly after the end of World War IJ, corrosion prob-
lems developed with large-diameter, prestressed-reinforced-
concrete water pipelines in Europe, Jsrael, and North 
Africa (13, 14, 15, 16). During the 10-year period be-
tween 1945 and 1955, the use of cathodic protection to 
prevent such corrosion became widespread. Other cathodic-
protection applications for steel in concrete include under-
ground portions of concrete water-storage tanks, steel re-
inforcement and liner plate of concrete nuclear-reactor 
containment vessels, and concrete-coated piling; however, 
the use of cathodic protection in these applications has not 
reached major proportions. 

How Cathodic Protection is Applied 

The cathodic protection of metal is applied by causing 
a flow of current from any source to the metal (5). Two 
methods are generally used to transmit the protective cur-
rent (17, 18, 19). In one, the threatened structure is made 
the cathode of an electrolytic corrosion cell with a more 
active metal as an anode. In the second, the threatened 
structure is made to react as a cathode by using an external 
power source. 

Electrolytic-Cell Method (Sacrificial-Anode Systems) 

To obtain cathodic protection by the electrolytic-cell 
method, a metal electrode that is anodic to the metal of the 
structure is connected to the structure by a metallic con-
ductor and is placed in the electrolyte with the structure, 
as shown in Figure A-2. In this arrangement, the structure 
and the anode operate as a bimetallic corrosion cell. The 
anode electrode is sacrificed: thus, the name "sacrificial-
anode system." In effect, the corrosion is transferred from 
the structure to the anode, which is expendable and may 
be easily replaced. The driving potential for the current is 
the natural potential difference between the metal of the 
structure and the anode. Some typical potential relation-
ships are shown in the limited tabulation of the practical 
galvanic series of metals given as follows (19) 

Typical 
Metal Potential, volts a 

Magnesium alloy (6% Al, —1.60 
3% Zn, and 0.15% Mn) 

Zinc —1.1 
Aluminum alloy (5% Zn) —1.05 

Mild steel (rusted) —0.2 to —0.5 
Mild steel in concrete —0.2 

Copper —0.2 

'Typical potential normally observed in neutral soils and water, mea-
sured to the copper sulfate reference. 

From this listing, it is obvious that the magnesium offers 
cathodic protection to any of the other metals listed, 
whereas copper does not. In practice, alloys of magnesium, 
aluminum, and zinc are used as sacrificial anodes, although 
only magnesium and zinc are generally used for the ca-
thodic protection of steel reinforcement in concrete. 

External-Power Approach (impressed-Current Systems) 

The external-power approach to cathodic protection is 
shown in Figure A-3. This system operates in the same 
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Figure A-2. Sacrificial-anode cathodic protection. 
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Figure A-3. impressed-current cathodic protection. 
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manner as the sacrificial-anode system, except that exter-
nal power is provided to drive or impress the current into 
the structure receiving protection. Because the current flow 
does not depend on the relative potentials of the anode and 
the metal of the structure, the anodes are selected on the 
basis of their capability to conduct current and transmit it 
to the electrolyte with a minimum amount of corrosion to 
the anode. Carbon and high-silicon cast iron are the anode 
materials most often used. Although carhon is not a metal, 
it has excellent electrical properties and does not corrode 
while transferring the current. 

The protective current for impressed-current systems may 
be obtained from several possible sources. Batteries and 
wind-driven generators have been used in remote locations 
with no alternating-current power. However, the most com-
mon source is the rectifier, which converts alternating-
current power to direct-current power. The cathodic-
protection rectifier can be adjusted to produce a range of 
voltages, so that the necessary current can be provided 
under various conditions. 

Comparison of Systems 

Although the two different systems of cathodic protec-
tion—the sacrificial-anode system and the impressed-current 
system—perform the same function, there are inherent 
advantages and disadvantages to each. 

The primary limiting factor in the use of sacrificial an-
odes is their low driving voltage, since they rely on the 
inherent galvanic potential. This is particularly true of zinc, 
which has a driving potential of about 250 millivolts (my) 
when coupled to a protected steel structure. This limitation 
restricts the use of sacrificial anodes to environments of 
relatively low electrical resistivity. The impressed-current 
system, on the other hand, can be designed to deliver large 
amounts of current at high voltage and, therefore, can be 
used in almost any environment. However, these higher 
voltages and currents establish an extensive current field in 
the earth, which is more likely to produce interference * 
on any nearby structure. Also, the use of high current and 
voltage may result in nonuniform potentials and possible 
overprotection, which, for steel reinforcement in concrete, 
may cause an adverse effect on the bond between the 
concrete and the steel. 

Another advantage of the sacrificial-anode system is that, 
when properly installed and left undisturbed, it may be 
expected to operate continually without maintenance for the 
life of the anodes. Because the driving voltage is inherent 
and the currents and voltages involved are relatively small, 
there is little chance of system failure. The equipment used 
with the impressed-current method is subject to some de-
terioration and does require periodic maintenance and in-
spection to ensure its continued operation. Also, the na-
ture of the impressed current is such that any flaw in the 
anode cable insulation can result in an interruption of the 
current flow. The cathodic protection might also be inter-
rupted by power failure or by inadvertent or ill-advised 
disconnection from the power source. 

* interference is a form of stray-current corrosion in which the offending 
current is from a cathodic-protection system. 

Design Considerations 

The present practice for the cathodic protection of steel 
reinforcement in concrete includes the use of sacrificial-
anode and impressed-current approaches. The principal use 
for cathodic protection is to prevent corrosion of steel re-
inforcement in concrete water pipelines buried in the soil. 
Also, the methods, procedures, materials, and equipment 
used with these applications are largely the same as those 
used with purely metallic pipelines. Appendix C contains 
a review of the practices associated with these applications. 
The discussion in the following paragraphs relates to cer-
tain inherent characteristics of reinforced-concrete struc-
tures that necessitate special consideration in the planning 
of the use of cathodic protection. 

Electrical Continuity 

The successful use of cathodic protection for steel re-
inforcement in concrete requires electrical continuity be-
tween the various metallic members of the reinforcement 
(20). If one segment of the reinforcement is electrically 
isolated from the remainder and from the point of protec-
tive current drainage, it will receive little or no protective 
current and could be damaged by cathodic interference. In 
one example, axial current flow on a reinforced-concrete 
pipeline is reported to have caused serious corrosion when 
the current was forced to bypass a high-resistance pipe 
coupling through the earth. A potential difference of 
100 mV or more has been measured at this type of pipe 
joint. Experience shows that originally suitable continuity 
at pressure contacts, as at mechanical pipe couplings, can 
act erratically and change for no apparent reason. This 
erratic performance, as well as causing cathodic inter-
ference, makes systematic investigation of galvanic cor-
rosion impossible. Therefore, it is a common procedure 
to provide bonding between all of the various elements 
when the use of cathodic protection is anticipated. For 
cast-in-place reinforced concrete, the bonding is usually 
accomplished by welding the reinforcement during con-
struction. However, because welding of prestressed steel is 
not recommended, mechanical connections are usually pro-
vided for prestressed-concrete structures. The bond must 
always have effective metallic connection to the structures 
involved. 

Potential Attenuation 

Large prestressed-concrete pipe sections and concrete 
tanks contain long lengths of prestressing steel wire. The 
protective current flow through this wire may result in ex-
cessive attenuation of potential when the structure is placed 
under cathodic protection (21). This problem is further 
aggravated with cement-coated steel because the current 
requirements for cathodic protection are somewhat higher 
than for an organic-coated steel, and, reportedly, are some-
where between the requirements of bare steel and organic-
coated steel in the soil (15). Therefore, a second impor- 



17 

tant electrical parameter for the cathodic protection of steel 
reiiaforcement in concrete structures is to maintain a low 
conductivity along the length of the reinforcement networks 
to avoid excessive potential attenuation (21). This prob-
lem is overcome on concrete pipe by providing intermediate 
bond to increase the frequency of drainage connections, 
often through the use of an exterior shunt cable connected 
to the pipeline at frequent intervals along its length. Robin-

son (22) reduced the potential attenuation along 11,800 ft 
of No. 6 wire on prestressed pipe by a factor of six by using 
intermediate bonds between the wire and the pipe cylinder. 
These steps are necessary to avoid extreme nonuniform 
potentials on the structure and to minimize the current 
requirements for cathodic protection. 

Cathodic-Protection Criteria 

Potential Criterion 

Early investigators established that the most highly an-
odic areas on steel will have a potential of about —0.80 V 
as measured to a copper sulfate reference contacting the 
environment reasonably near the anodic area (23). Ac-

cordingly, the practical potential value of —0.85 V has been 
adopted as an indication that a cathodically protected struc-
ture has been polarized to a potential equal to, or more 
anodic than, the most anodic point on the structure. This 
is the most widely used criterion for cathodic protection of 
steel in soil and water exposure (24). The criteria for the 
cathodic protection of steel in concrete are not as clearly 
established. For example, Scott (25) has shown that the 
cathodic protection of steel, with a damaged concrete coat-
ing, was obtained with a polarized potential in the range 
—0.71 to —0.81 V to the copper sulfate reference. This 
potential range is somewhat more negative than the poten-
tial of iron in equilibrium with a saturated ferrous chloride 
solution. Hausmann (26) suggested a criterion for the 
cathodic protection of steel in concrete that is somewhat 
different. His criterion is dependent on whether the steel 
is corroded or uncorroded. He recommends a minimum 
value of —0.50 V to copper sulfate reference for on-
corroded steel in concrete and a minimum value of —0.71 V 
to copper sulfate reference for corroded steel. The Scott 
and the Hausmann criteria both relate to cement-coated 
steel in a chloride environment. 

Although the corrosion of cement-coated steel may be 
arrested at potentials substantially less negative than the 
usual steel-in-soil criterion of a minimum value of —0.85 V 
to copper sulfate reference, this criterion is, nevertheless, 
generally employed for cathodic protection in concrete. 
This criterion is accepted on the basis that, at locations 
where the concrete is grossly damaged or seriously de- 
teriorated, the open-circuit (anodic) potential of the steel 
may reach —0.80 V to the copper sulfate reference as on 
any corroding bare-steel surface. 

Overprotection 

A major difference between the steel-in-soil and steel-in-
concrete potential criteria for cathodic protection is that the 
maximum potential value with the cement-coated steel must 
be limited to about —1.1 V to copper sulfate reference  

(25, 26). It has been recognized, for some time, that to 
maintain the steel potential at or beyond —1.1 V results in 
hydrogen evolution at the steel surface. This practice is 
wasteful, because most of the current is expended in the 
electrolysis of water. However, with steel-in-soil applica-
tions, where it is expedient, potentials well above those re-
sulting in hydrogen evolution are permitted. Experience 
and testing with concrete and cement-coated steel show 
that, although the passage of current through concrete has 
no detrimental effect on the concrete itself, certain reactions 
are possible at the cathodic steel surface that may result in 
a loss of bond between the concrete and the steel (9, 15, 
25, 27 through 30). 

Bureau of Standards' tests in 1913 first showed that a 
definite softening of the concrete occurred near the ca-
thode when reinforcing steel was made cathodic (9). This 
softening resulted in the loss of the bond between the 
smooth reinforcing steel and the concrete, and was, re-
portedly, due to the gradual concentration of sodium and 
potassium ions near the cathode by the passage of the cur-
rent. Although the area of softening increased with time 
(as far as ¼ in. or more), the main body of the concrete 
showed no adverse effect. Later testing by Mole (27) con-
firmed the Bureau results, but it also showed that concrete 
free of alkali metal could successfully withstand cathodic 
current densities up to 18 milliamperes (mA) per square 
foot. Tests by the U.S. Army Corps of Engineers (29) 
showed measurable loss of bond at 20 mA/sq It, whereas 
at 2 and 5 mA no damage occurred for the 54-months' 
duration of the test. 

However, work by the Jersey Production Research Com-
pany (31) showed that the bond strength between the high-
strength concrete and deformed reinforcing bars did not 
depend on the applied voltage or current, but on the total 
applied ampere hours per square foot of embedded steel 
surface. In this study, different voltages (2 to 48 V) were 
applied to different specimens for different times. Each 
specimen was submerged in dilute synthetic sea water with 
a chloride content of 400 ppm. The test results show that 
loss of bond strength is roughly proportional to the applied 
current up to about 3400 amp hr. At this value, loss of 
about 25 percent in bond strength occurs. The application 
of an additional 3400 amp hr/sq It caused no further sig-
nificant change in the specimen bond strength. 

The most recent published information concerning this 
problem is by Scott (25), who conducted tests on spring-
loaded tapered-steel rods cast in concrete. The significant 
results of Scott's work are as follows: 

Applied Specimen 
Voltage, Potential, 

volts volts a Results of Exposure 

0.75 —0.812 No loss of bond after 880 days 
1.14 —1.052 No loss of bond after 880 days 
1.54 —1.148 No loss of bond after 994 days 
2.14 —1.156 Rod pulled out in 197 days 

a Polarized potential of the steel rod measured to copper sulfate 
reference. 

Scott's findings appear to substantiate the field practice 
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for the cathodic protection of concrete pipelines. The pres-
ent practice is to control the polarized potential of the pipe-
line within the range —0.90 and —1.1 V to copper sulfate 
reference. Empirical determinations of the current densities 
associated with this potential criterion show that the current 
density required for protection is always less than I mA/ 
sq ft (16). Twenty-five years of experience with this cri-
terion indicate that it provides a margin of safety and also 
permits operational latitude without damage due to over-
protection of the protected structure. 

Analog Models 

Cathodic-protection studies have been performed by using 
analog models of threatened reinforced-concrete structures 
(14, 16, 31, 32). In general, a model of the steel elements 
is constructed in a suitable scale, following the essential 
details of the actual structure. This model is placed in a 
liquid that simulates concrete in its electrochemical nature. 
A saturated lime (calcium hydroxide) solution and fresh 
cement slurry have been determined to be suitable for this 
purpose, because calcium hydroxide is the principal soluble 
component of hydrated portland cement (26). The pH of 
portland cement (about 12.5) and that of saturated lime 
solution are about the same. In other models, an actual 
section of the structure, usually a concrete pipe, has been 
instrumented with corrosion-rate-measurement electrodes 
(14) and installed in a soil or water electrolyte; in general, 
the more suitable approach is to immerse the steel elements 
in a solution simulating the concrete. 

Heuze (16) used an analog model to investigate the 
important electrical parameters, such as electrical conti- 
nuity of the reinforcing network. He also used the model 
to analyze the cathodic-protection-current distribution at 
the surface of complex reinforced-steel structures to be 
cathodically protected. Such analysis is an important con- 
sideration in cases involving electrical-screening effects, in 
which the current passes through various networks of re- 
inforcement to arrive at a surface requiring protection. In 
addition to the aforementioned electrical parameters, Heuze 
investigated the loss of driving potential and associated 
inequalities in the surface potential on models under vari-
ous conditions of applied voltage between the cathodic-
protection anode and the model. 

Although the calcium hydroxide solution permits the 
flexibility of working in an aqueous solution, both Scott 
(25) and Heuze (16) recommend a pretreatment of the 
steel surface before placing the model to be tested in the 
solution. This treatment consists of applying a high 
cathodic-current density to the steel surface in a satu- 
rated solution of calcium carbonate to deposit a calcium 
carbonate coating on the steel surface. Because the coated- 
steel surface more closely simulates the actual cement-
coated steel, the current density and potential relationship 
in any subsequent testing will more closely simulate actual 
conditions. 

Because concrete resistivity will vary widely, depending 
on many factors, such as the amount and type of con- 
taminants in the environment, Heuze suggested that a 
suitable low value be selected for the model testing. By 
selecting a low value for resistivity, the chances for under- 

estimating the cathodic-current requirements are reduced. 
Stratfull (1) has found resistivity values as low as 100 ohm-
centimeters (ohm-cm) for concrete wet with salt water. 
The resistivity of the concrete is represented by the re-
sistance of the electrolyte simulating the concrete, divided 
by the scale. Model scale is often made larger than actual 
structure scale to enlarge certain important structural de-
tails. In all, four parameters of the model may be varied: 
(I) the size, (2) the resistivity of the electrolyte, (3) the 
cathodic potential, and (4) the current or current density 
used. 

In addition to evaluating the aforementioned aspects, 
Heuze (16) investigated certain other factors concerning 
extraneous conditions of the cathodic-protection design. 
These included the placement of the cathodic-protection 
anodes and the resultant current distribution and potential 
on the steel reinforcement. His work shows that, except for 
the factors affected by the somewhat higher than usual cur-
rent requirements, the exterior portions of the cathodic-
protection design for steel reinforcement in concrete are 
usually very similar to those for protection of purely 
metallic structures. 

CATHODIC PROTECTION OF BRIDGE DECKS 

Apparently, the only attempt at cathodic protection of an 
above-grade concrete structure was made by Stratfull in 
1958 (4). In this work, a cathodic current was applied 
to the concrete beams and several deck units of a bridge 
over San Francisco Bay, on a test basis. The electrical 
current was introduced into the concrete at various loca-
tions by carbon anodes sealed into the structure with a 
mixture of gypsum, mica, and calcium chloride. The sys-
tem appeared to work effectively for about one year (no 
new anodic areas developed during this time). However, 
because this bridge was severely deteriorated, it was dis-
membered before conclusive results of the test could be 
obtained. 

Recent work by Stratfull concerns the development of a 
method to evaluate the electrochemical and electrical state 
of the steel reinforcement in the concrete deck, as well as 
the development of a cathodic-protection system for exist-
ing bridges. Stratfull's method for evaluating the electro-
chemical condition and electrical state of the steel reinforce-
ment consists primarily of making a systematic survey of 
the electrical potential of the steel reinforcement by using 
a reference electrode and appropriate electrical instrumen-
tation. The measured potential gives a quantitative evalua-
tion of the electrochemical state (active or passive) of the 
steel and of various electrical parameters essential to the 
application of cathodic protection, including the electrical 
continuity of the reinforcing network. His results to date 
indicate that the steel reinforcement network in bridge 
decks is electrically continuous. 

The essential feature of the new cathodic-protection sys-
tem for bridge decks under investigation by Stratfull is the 
development and use of an electrically conductive overlay 
on the bridge deck. The overlay utilizes coke breeze as the 
concrete aggregate. The cathodic-protection current is in-
troduced into the overlay at strategic locations from an 
impressed-current anode. The coke-breeze covering gives 
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good cathodic current distribution from the anode to the 
top row of steel rods. (It is Stratfull's intent to protect only 
the top row.) 

The principal application of cathodic protection for steel-
reinforced concrete has been for buried pipelines, and ca-
thodic protection has been proved to be effective against the 
corrosive effects of soil and water, often to save severely 
damaged pipelines. The use of cathodic protection for 
bridge decks, however, presents certain problems not en-
countered with buried structures. Foremost among the 
problems is the lack of room and suitable environment for 
the anode. Stratfull has proposed one solution to this prob-
lem, but other solutions may be found. Another important 
consideration concerning the use of cathodic protection for 
bridge decks relates to the electrical continuity of the deck 
rebars, which are tied together with steel wire. Again, re-
cent studies by Stratfull indicate that the electrical conti-
nuity may prove to be satisfactory. 

Investigation of both of these constraints will be possible 
by using scale models of deck sections. Previous test results 
with models of various other structures have produced good 
results and have led to subsequent successful applications 
of cathodic protection to complex, steel-reinforced-concrete 
structures. 

In summary, it should be pointed out that the principles, 
techniques, field practices, and other aspects of cathodic 
protection for steel reinforcement will prove useful in find-
ing a satisfactory solution to the problem of applying 
cathodic protection to a bridge deck. However, the major 
questions concerning the implementation of cathodic pro-
tection to a bridge superstructure are unanswered. The 
ultimate success of cathodic protection for bridge decks, 
therefore, depends on the development of a unique design 
to permit placement of the anodes and completion of the 
necessary electrolytic circuit. 
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APPENDIX C 

AN INTRODUCTION TO SOME OF THE FIELD PRACTICES 
FOR APPLICATION OF CATHODIC PROTECTION 

INTRODUCTION 

This Appendix will be of interest to the bridge engineer. 
The general treatment given will provide the individual who 
may occasionally encounter the subject with a better under-
standing of the methods, procedures, materials, and equip-
ment used in this work; it will serve, as well, to point out 
some practices associated with steel in concrete that differ 
from those normally employed with cathodic-protection 
systems. It should be noted that the principal use of 
cathodic protection with steel-reinforced-concrete struc-
tures is for structures buried or submerged in soil or water. 

Accordingly, the external aspects of the cathodic-protection 
practice for steel reinforcement are largely the same as 
those for purely metallic structures. Several comprehensive 
works (17, 18, 19, 33) concerning cathodic-protection prac-
tices are available and should be consulted if a critical 
review of the subject is required. 

SACRIFICIAL-ANODE SYSTEMS 

Magnesium and zinc sacrificial anodes are the types used 
with steel reinforcement. When properly installed, these 
anodes provide a reasonably constant potential without the 
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need for regulation or adjustment for some predeterminable 
period of time. The practice with soil installations is to 
bury both magnesium and zinc anodes in a specially pre-
pared backfill. The backfill provides a uniform low-
resistivity environment immediately adjacent to the anode. 
Under these conditions, the anodes will operate at peak 
efficiency. Most of the sacrificial anodes used in the soil 
are provided by the manufacturer, with the anode packaged 
individually in a cloth bag along with the special backfill. 
The most common backfill used with magnesium contains 
75-percent hydrated gypsum, 20-percent bentonite clay, and 
5-percent sodium sulfate. The typical backfill used with 
zinc contains 50-percent hydrated gypsum and 50-percent 
bentonite. 

The sacrificial anodes are supplied with the lead wire 
attached to the anode metal and are ready for installation. 
Two important installation requirements are that: (1) the 
anodes be installed in the soil to a depth sufficient to con-
tact permanent moisture and (2) the anodes with sulfate 
backfill not be installed within 9 ft of the concrete to avoid 
concrete damage by the sulfate ions which may react 
chemically with the hydrated lime in the cement and water 
to disrupt the concrete strength (22). 

A number of factors influence the current output of a 
sacrificial anode. Empirical relationships have been de-
veloped to approximate the anode-current output when the 
anode is used with concrete pipelines (34). More than one 
anode is usually required to produce the desired current. 
In this case, the anodes are usually installed in the same 
area, placed parallel to the pipeline, with individual anodes 
as far apart as is practical. Although grouping reduces the 
output from each anode, this practice is necessary for 
practical reasons. 

Because sacrificial anodes have low driving voltage, every 
effort is made to minimize the resistance of the anode cir-
cuit. Also, because of the low voltage, sacrificial anodes are 
used with steel reinforcement without concern for over-
protection. Typically, the anodes have a No. 12 size, solid-
lead wire, with a type-TW (suitable for underground use) 
insulation. The wire is attached to the structure by solder-
ing or, when possible, by the thermite-weld process. Com-
pression fittings are often used for cable connections in the 
anode-group arrangement. The electrical connections are 
considered quite critical and are made with care. They are 
usually taped to insulate them from contact with the elec- 
trolyte. This minimizes exposed metal in the system and 
also prevents chemical attack on the electrical connection. 

Once the current output of an anode is known, the life 
expectancy of the anode can be readily estimated from the 
electrochemical equivalent of the anode metal, its weight, 
and certain known empirical factors relative to anode 
performance. 

IMPRESSED-CURRENT SYSTEMS 

Impressed-current cathodic protection is the preferred 
method for steel-reinforced-concrete structures. The prin-
cipal difference between impressed-current and sacrificial-
anode methods is that the cathodic-protection current can 
be regulated through selection of the output voltage of the  

impressed-current power supply. This difference is an ad-
vantage in high-resistivity environments in which sacrificial 
anodes have limited current output. 

Anodes 

The impressed-current anode, or, as is usually true, a 
group of anodes, acts as the ground electrode through 
which protective current is introduced into the soil or water 
electrolyte. As with the sacrificial anodes, the technology 
of impressed-current-system anode-material selection and 
ground-bed design is well known and is usually the same 
for both steel-reinforced concrete and all steel structures. 

Two types of impressed-current anodes are in general 
use: graphite and a silicon-iron alloy composition. Under 
some circumstances other materials, such as scrap steel, 
lead alloy, and platinum-plated titanium, have been used 
for impressed-current anodes. The use of these materials 
is not common and, except for steel, their use with 
reinforced-concrete protective systems has not been 
reported. 

Graphite anodes are inert chemically and have good 
electrical conductivity. A possible disadvantage is that a 
carbonaceous backfill is necessary with graphite anodes that 
are installed underground; however, no backfill is required 
for graphite anodes in fresh water or in sea water. 

Because graphite is insoluble, the anode does not corrode 
to provide the ions to carry the current through the elec-
trolyte. Instead, the current is carried by ions from the 
electrolyte. The necessary anodic reaction occurs at the 
anode surface and, in general, either oxygen or chlorine gas 
is liberated. When oxygen is the principal product, it may, 
in turn, react with carbon in the graphite anode to form 
carbon dioxide. In this way, the anode material may be 
consumed. Theoretically, graphite anodes have a consump-
tion rate about one-tenth the rate for steel; however, in 
practice, graphite anodes are spent at a much slower rate. 
In chloride environments, chlorine is the main anodic-
reaction product. Since chlorine does not react with the 
graphite, graphite anodes may conceivably last indefinitely. 

The graphite anode size and shape most widely used is 
a 3-in.-diameter by 60-in.-long rod. The graphite anodes 
are often impregnated with a material, such as linseed oil, 
to make the anode more resistant to spalling in service from 
deterioration of the binder, which holds the graphite 
particles together. 

The original silicon-iron anode for impressed-current 
systems contained about 14.5-percent silicon, and was sub-
ject to severe pitting attack in chloride environments. 
Therefore, a more complex alloy (normal composition: 
5-% chromium, 14-% silicon, and 1-% manganese) was 
developed to overcome this problem. Silicon-iron anodes 
are available in more sizes and shapes than are the graphite 
type. The most commonly used size is the 2-in.-diameter 
by 60-in-long rod, which has essentially the same per-
formance as the 3-in, by 60-in, graphite anode in a similar 
installation. The silicon-iron anode can be installed in the 
soil without special backfill; however, under this condition, 
the maximum current loading per anode must be reduced. 

Both graphite and silicon-iron anodes are cathodic to 
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steel, and their connection in the cathodic-protection cir-
cuit results in an inherent back-voltage of about 2 V. This 
fact must be considered in the selection of the impressed-
current operating voltage. 

With both types of impressed-current anodes, care must 
be taken to protect the anode lead wire and its connection 
from exposure to the environment, because accelerated 
consumption of the copper wire will occur in exposed 
areas. Additionally, during anode installation, care is usu-
ally taken to prevent excessive current discharge at the 
anode ends, which may result in separation of the anode 
from the connecting cable. One way to prevent this prob-
lem is to use an insulating end cap on the lead-wire end of 
the anode. This precautionary measure is very important 
with anodes installed deep in the electrolytic medium. 

Special Backfill 

For soil applications, it is common practice to install the 
impressed-current anodes in special backfill. The backfill 
used with these anodes is usually a carbonaceous material, 
such as coke breeze and graphite. Coal coke breeze is most 
often used; petroleum coke breeze is suitable if it has been 
calcined to remove oil residue. Graphite, while suitable, is 
somewhat more expensive than coke breeze. 

The carbonaceous backfills function somewhat in the 
same manner as the special backfill used around sacrificial 
anodes to provide a uniform environment of low resistivity 
at the anode surface. They offer the added advantage that 
they act as an electrical conductor through direct contact 
with the impressed-current anode surface and between the 
backfill particles. This transfers much of the anodic reac-
tion to the carbonaceous material and thus lessens anode 
consumption. Therefore, suitable carbonaceous backfill 
must have a low electrical resistivity (less than 10 ohm-cm 
when moist). Another important property of carbonaceous 
backfill in this application is that it must be uniformly 
porous to vent gases resulting from the anodic reaction. 
These gases, if not properly vented, lead to an increase in 
the anode circuit resistance that could block the current 
flow from the anode. This so-called "gas blockage" is an 
important consideration when the anodes are to be in-
stalled deep in the electrolyte. 

Many carbonaceous backfills include an alkalizer, usually 
lime, to reduce possible acid buildup, near the anode, which 
accelerates anode consumption. In addition, this alkalizer 
in the backfill mixture reduces the electro-osmosis effects 
that tend to dry out the backfill near the anode. 

Ground-Bed Design 

Impressed-current anodes are installed in contact with 
permanent moisture and the soil with the lowest available 
resistivity. Where low-resistivity soil is not available, vari-
ous techniques for improving the conductivity of the 
environment have been employed. 

There are two basic arrangements for anodes of an 
impressed-current ground bed and many variations of each. 
These basic arrangements consist essentially of: (1) a 
group of anodes at a location remote to the structure or 
(2) a distribution of anodes placed relatively near the  

structure, with each anode protecting some proportional 
area of the structure. With both designs, the anodes may 
be installed either horizontally or vertically, depending on 
the conditions of the environment. 

The remote ground bed is located at a point determined 
to be electricalLy remote to the structure to provide a uni-
form earth potential gradient between the ground bed and 
all areas on the structure. Under this condition the cur-
rent, except for possible shielding that distorts the pattern 
of current distribution, will be distributed uniformly over 
the entire structure surface. 

The actual distance from the structure to a remote 
ground bed varies with the environmental conditions and 
the shape, size, and current requirements of the structure. 
For small structures with low-current requirements, the 
remote ground bed may be only tens of feet away. With 
large-diameter concrete pipeline (high-current require-
ments), however, a remote distance would be thousands 
of feet and unattainable in a practical sense. As has been 
pointed out, other steps must be taken in such cases to 
secure uniform current distribution. 

A typical remote ground bed consists of a number of 
anodes installed vertically, in a straight line, connected in 
parallel to a header cable from the rectifier. The anodes 
are usually spaced about 15 ft apart to minimize the mutual 
interference effect between anodes. The ground-bed re-
sistance, the current requirement, and the required anode 
life determine the number of anodes needed. The deep-
well ground bed is a variation of the remote type used with 
concrete pipelines (35). With this design, the ground bed 
is buried deep in the earth and, therefore, may be located 
beneath the pipeline. This type of installation minimizes 
certain problems concerning ground moisture and anode 
interference and still provides good current distribution to 
the pipeline. As has been mentioned, the deep-well installa-
tion provides a particularly severe exposure for anodes. 
Deep-well ground beds are relatively expensive and difficult 
to repair; therefore, every precaution must be taken against 
electrolytic attack and gas blockage of the anode to ensure 
long-term optimum performance. 

In the second basic type of anode arrangement (the dis-
tributed ground-bed arrangement), the anodes are placed 
relatively close to the protected structure and distributed 
so that each anode is geometrically related to a propor-
tionate area of the structure. This design maintains the 
uniform current distribution, while limiting the spread of 
current in the electrolyte, and is useful when facilities that 
are adjacent to the protected structure might be affected by 
an interference exposure. 

The cost of a distributed ground bed will usually be 
higher than that of a comparable remote ground bed, be-
cause more anodes and more extensive wiring are usually 
needed. With the distributed-anode arrangement, it is 
necessary to design the system so that each anode dis-
charges about equal amounts of current. Factors associated 
with anode placement will influence anode current output. 
Where substantial variations in anode loadings do occur, 
resistors are inserted in the lead connection of the over-
loaded anodes to reduce their current output and thereby 
balance anode current. 
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Rectifiers 

Rectifiers are the most commonly used source of voltage 
for impressed-current cathodic-protection systems. The 
function of the rectifier is to convert alternating-current 
power to direct-current power. The conventional rectifier 
has two essential elements: (1) a transformer to change 
the voltage received to the voltage required and (2) a set 
of rectifier cells to convert the alternating current, now at 
the required voltage, to direct current. 

The rectifier transformer has a number of taps on the 
secondary winding for regulation of the output voltage. 
The voltage required will depend on the current require-
ment and the over-all circuit resistance of the particular 
application. 

The rectifying cells are semiconductors arranged in a 
circuit that results in a full-wave direct current. Selenium 
rectifier cells are preferred for cathodic-protection applica-
tions, because they are not as susceptible to damage from 
line-current surges as are other available types. 

The standard cathodic-protection rectifier is easily ad-
justed to compensate for changes in circuit resistance or 
changes in the current requirements for protection. Never-
theless, a problem of monitoring the system's operation re-
mains. Various environmental changes may occur to alter 
the current output. These changes could result in either 
overprotection or underprotection of the structure. There-
fore, inspections and adjustments may be necessary at rela-
tively close time intervals, usually at least once a month. 

Several methods of minimizing this problem are avail-
able. One method is to replace the standard rectifier with 
one that operates at a constant current. These rectifiers 
automatically adjust for resistance variations; however, they 
do not adjust for changes in the current requirements of the 
structure. A second automatic unit is available that com-
pensates for both of these possible variations. These units 
are rather expensive and, therefore, are selected for use in 
applications in which unusual variations in environmental 
conditions are expected. 

Another type of "self-regulating" system used exten-
sively for concrete-pipeline protection is an automatic de-
vice (34), which is employed in conjunction with the 
standard rectifier. With concrete pipelines, it has been 
observed that once the concrete-coated steel reaches its 
protective potential range and the protective current is cut 
off, the drop in potential (depolarization) follows at an 
extremely slow rate. One observer (15) reported that the 
depolarization period may be as long as one month. In 
explaining this aspect, Heuze (34) refers to the action of 
the steel in concrete, when under cathodic protection, as 
being somewhat like that of a capacitor, and he points out 
the possibility of using an intermittent impressed current in 
applying the cathodic protection. 

The Cathostat was developed by Heuze to take advantage 
of this residual potential. When used in conjunction with 
the standard rectifier, it is connected in series with the 
rectifier and consists of a timer switch that operates in 
an on-off fashion according to voltages. The cathodic-
protection rectifier is energized for a predetermined inter-
val, usually 15 mm. When the timer turns the rectifier off,  

a voltmeter compares the voltage of the system with that 
of a permanent reference electrode. When the voltage 
reaches —0.9 V referred to a copper sulfate reference, it 
turns the timer on to begin a new cycle. 

A zinc electrode is used for the permanent reference 
electrode, and the potential difference between it and the 
structure is monitored to maintain the structure potential 
in the control range. The location of the permanent ref-
erence electrode must be carefully selected to reflect the 
average voltage of the entire structure. In addition to 
the economic advantages, one important advantage of the 
method is that structure potential can be measured during 
a period when the cathodic current is off, thus minimizing 
po:ential gradients caused by the current flow. 

FIELD MEASUREMENTS 

Electrical Potential 

The practical application of a potential criterion requires 
a field measurement of the polarized potential of the struc-
ture by using a reference electrode and appropriate electri-
cal instrumentation. The reference electrode is usually 
placed in contact with the soil or water electrolyte at some 
point within the electrical field of the cathodic-protection 
current. This measured value includes, in addition to the 
polarized potential of the structure, the earth-potential 
gradient caused by the flow of protective current through 
the resistance of the electrolytic path from the reference 
point to the structure. Therefore, the measured value is 
often somewhat greater than the actual structure potential. 
To compensate for this error, the usual practice is to place 
the reference electrode as close as possible to the structure 
and, thereby, minimize the earth-potential gradient. In ad-
dition, the soil-potential criterion of —0.85 V provides a 
—0.05-V safety factor. Experience with steel structures has 
proved this practice to be sufficient. However, for the con-
crete pipelines, the practice is modified to provide a more 
accurate value. The concrete-pipeline procedure is to mo-
mentarily interrupt the flow of protective current and make 
the potential measurement the instant the current ceases to 
flow. With this procedure, it is apparent that the location 
of the reference electrode is not particularly critical, be-
cause the earth-potential gradient no longer exists. Because 
the "instantaneous off" potential value is always less nega-
tive than the "on" potential (by the increment of voltage 
required to force the current through that portion of the 
circuit resistance spanned by structure to reference point), 
the use of a —0.85 minimum potential as a criterion be-
comes more conservative and the maximum potential cri-
terion less limiting. 

Field Current Requirements 

The current requirements for cathodic protection of steel 
reinforcement are difficult to determine and vary with each 
application. Experience with concrete pipelines shows that 
the current density needed to attain cathodic protection will 
vary greatly, depending on the resistivity of the soil and 
water surrounding the pipeline and, more importantly, on 
the condition of the concrete cover itself. The following 
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tabulation presents the typical current requirements for the 
cathodic protection of concrete pipelines (16) 

Current Density for 
Protective Potential, Condition of 

mA/sq ft Concrete 

0.04 to 0.1 Good 
0.1 to 0.2 Average 

>0.4 Poor 

Thus, from these empirical determinations of the current 

densities required for successful application of cathodic 
protection, it appears that the current density required for 
protection is always less than 1 mA/sq ft. 

In addition to the variations in current density for pro-
tection, cement-coated steel is very slow to polarize. Con-
sequently, the use of graphical methods, such as the E Jog I 
method, of estimating the current requirement for cathodic 
protection has not been effective. Also, because the poten-
tial of cement-coated steel requires long periods of time to 
stabilize, estimates of current requirements based on short-
term testing are often misleading. 

APPENDIX D 

ELECTROCHEMICAL STUDIES 

INTRODUCTION 

One of the most useful aspects of the cathodic-protection 
method of arresting corrosion is that its effectiveness can 
be measured by a simple, nondestructive electrical measure-
ment of the potential of the protected structure. A widely 
used criterion for cathodic protection of steel in soil and 
water environments is a potential value of —0.85 V mea-
sured to a copper/copper sulfate (Cu/CuSO4 ) reference 
contacting the environment reasonably near the steel sur-
face. The criteria for the cathodic protection of steel in 
concrete are not as clearly established, and potential values 
ranging from —0.5 to —0.9 V have been indicated (see 
Appendix A). 

A second major difference between the steel-in-soil and 
steel-in-concrete criteria for cathodic protection is that 
many investigators recommend that a maximum potential 
value with cement-coated steel must be limited to about 
—1.1 V measured to a copper sulfate reference. This is 
believed necessary to avoid loss of bond between the con-
crete and the steel as a result of hydrogen evolution at the 
cathodic steel surface (see Appendix A). 

As part of a program to evaluate the feasibility of arrest-
ing or preventing corrosion of steel reinforcing bars in 
concrete bridge decks by cathodic protection, a series of 
electrochemical studies was conducted on steel exposed to 
concrete and simulated concrete environments. The specific 
objectives of these studies were to identify conditions under 
which reinforcing bars (rebars) would be expected to cor-
rode in concrete, to establish the potential criteria necessary 
to achieve cathodic protection under these environmental 
conditions, and to determine the hydrogen-evolution poten-
tials of steel in these environmental conditions. 

Investigations into the influence of chloride-ion concen-
tration and pH on the corrosion of steel rebars were con-
ducted in a simulated concrete environment of saturated  

calcium hydroxide solution (36). In addition, limited num-
ber of studies were conducted with rebars embedded in 
concrete to allow a direct comparison to be made between 
data obtained in real concrete and that obtained in a simu-
lated environment. This Appendix describes the results of 
these investigations. 

MATERIALS AND EXPERIMENTAL WORK 

The chemical compositions of the steel rebars and the 
corrosion probes used in this investigation are given in 
Table D-l. All corrosive solutions were made from reagent-
grade chemicals and demineralized distilled water having a 
resistance of 10.1 megohm-cm at 25 C. 

Hydrogen-bubble-evolution potential measurements were 
conducted on rebar steel in various solutions by using the 

TABLE fl-i 

CHEMICAL COMPOSITION OF THE STEELS 
USED IN THIS INVESTIGATION 

composition, weight percent 
Steel 	C 	Mn 	P 	S 	Si 	Al 

Rebar stock 	0.39 1.46 0.006 0.021 0.08 0.009 

AIsI Grade 	0.42 0.35 0.009 0.026 0.014 0.004 
1036 resistance 
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apparatus shown in Figure D-l. The hydrogen-bubble-
evolution potential (E (Jr ,) was evaluated by using the 
plexiglass cell, shown in the figure, and a low-powered 
stereomicroscope located directly above the rebar specimen. 
Increasingly negative potentials were applied to the speci-
men with a Taccussel potentiostat in 50-mV increments 
until hydrogen-bubble nucleation was observed. At this 
point, the potential was made more positive by 100 mV, 
and the specimen surface was brushed clean of bubbles with 
a camel-hair brush. Inspection of the specimen for bubbles 
was made at 12-hr intervals, and, if none were observed, the 
potential was made more negative by 25 mV for a further 
12 hr. Rehar electrodes were tested both in the mill-
annealed condition containing scale and in the sandhlasted 
and pickled condition (lO-% HCI at 50 C). 

Polarization experiments made on descaled, pickled rebar 
electrodes in the beaker tests were conducted by using the 
apparatus and mounting techniques described in References 
(37) through (40). The details of the experimental pro-
cedures used on rebars in concrete are given in a later 
section of this Appendix dealing with conductive-overlay 
effects. 

The corrosivity of various environments was ascertained 
by the use of 80-mu-diameter AISI Grade 1036 steel 
clectrical-resistance probes (Corrosometer Probe, Model 
1036). Two exposure conditions were employed: ( I ) with 
the resistance probe exposed to a large, freely convective 
volume of corrodent: and (2) with the resistance probe 
ininiersed in limestone aggregate, which, in turn, was im-
mersed in the corrodent, as shown in Figure D-2. This 
latter condition was used to stimulate contact corrosion due 
to the establishnient of differential aeration cells (26). The 
presence or absence of corrosive attack was confirmed by 
changes in the electrical resistance of the probes as inca-
sured by a Magna Corrosometer, Model CK-2. The effec- 

tiveness of cathodic protection at a given applied potential 
was monitored by inspection of the probe-resistance/lime 
plot. With plots of this type, periods of corrosion are indi-
cated by a positive slope, whereas when corrosive attack 
stops the slope of the plot goes to zero. 

All potentials determined in this study were measured 
against a saturated calomel reference cell (SCE) and con-
verted to the Cu/CuSO reference scale by addition of 
—72 mV. 

RESULTS AND DISCUSSION 

In the interests of clarity, the results will be presented in 
four sections: (1) hydrogen-bubble-evolution potentials, 
(2) corrosion kinetics, (3) sacrificial galvanic-anode ex-
periments. and (4) conductive-overlay effects. 

Hydrogen-Bubble-Evolution Potentials 

The purpose of these measurements was to identify the 
potential and current density at which hydrogen evolution 
would occur and, thus, to place an upper limit on the 
cathodic potential which could be applied to stop corro-
sion without causing a loss of bond, as discussed in the 
introduction. 

Hydrogen-bubble-evolution potential measurements were 
conducted in various combinations of environments in 
which the pH and chloride ion (Cl-) concentrations were 
varied independently. I he resutls ot the measurements in 
terms of the potential Ej)1, ) , and the associated cathodic 
current density, i11 , are given in Table D-2. The data in 
this table show the expected trend of shifting to more active 
potentials (more negative) as the pH of the solution was 
incre:ised. It should be noted that Eu ( ,r, was independent 
of the Cl-  concentration. The values of E0(11  were found 

Figure 0- / 	I'1iuto.'raph of a.oiu/ily used to dezermnuze the 
/zydrogen-bubble-cvolution potential of rebar steel in simulated 
concrete environments. 

Figure D-2. Photograph of assemblies used to study the corrosion 
behavior of resistance probes buried in limestone aggregate. 
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SUMMARY OF HYDROGEN-BUBBLE-EVOLUTION 
POTENTIALS FOR AISI 1036 CARBON STEEL 
IN VARIOUS SOLUTIONS 

EB(152)+ H2 
Solution _E1L VCuSO4 mA/in.2 

0025M Ca(OH)2 	(satd')_ 12.5 -1.170 0.129 + 0.02M Cl-*  12.3 -1.170 - + 6.1M Cl- 12.2 -1.170 - 

	

9.4 	-1.020 	0.014 

	

7.9 	-1.035 	0039 

	

4.0 	-0.970 	0.144 

+ EB(H2) = hydrogen-bubble-evolution potential 
determined at 20X magnification. 
ill2  = current density associated with bubble 

* potential. 
* Icr) added as NaCl. 

* [Cl) added as Cac12, p11 adjuated with either HC1 or 
Ca (OH) 2• 

also to be independent of whether the rebar electrode Con-
tained original mill scale or was acid-pickled prior to the 
experiment. 

Corrosion Kinetics 

The objectives of the corrosion kinetic studies were to 
identify the environmental conditions under which rebars 
would corrode in simulated concrete environments and, 
also, to develop potential and current-density criteria by 
which corrosion attack could be arrested. 

Corrosion-rate measurements were conducted on stan-
dard AISI Grade 1036 carbon steel electrical-resistance 
probes in solutions of saturated Ca(OH) 2  to which was 
added NaCl in amounts of 0.02, 1.0, 3.0, and 5.0 M. The 
results are shown in Figures D-3 through D-6, and the data 
are summarized in Table D-3. The data plotted in Figures 
D-3 through D-6 show that the corrosion potential of the 
specimens in both the aggregate and the freely washed con-
dition varied considerably during the test period. The po-
tential values given in Table D-3 for the specimens in the 
freely washed condition were taken at the end of the test 
period, whereas the values given for the specimens exposed 
in the aggregate were taken prior to applying the current. 
In the 0.02 M solution, no evidence of corrosive attack was 
observed on either the probe immersed in limestone aggre-
gate or the one in the freely washed condition, and, there-
fore, no current was applied. This observation can be best 
explained by inspection of the potential/pH diagram, shown 
in Figure D-7, for the Fe/Fe2O3 /Fe3O4 /H20 system (41). 

Figure D-7 indicates that iron exposed to aqueous solu-
tions at pH 11-12 should not corrode, but should maintain 
a stable passive state.8  The specific influence of chlorides 
on the basic diagram is not known, and it is possible that 
the regions of passivity and corrosion could be shifted. 
However, further inspection of Figures D-3 through D-6 
and Table D-3 reveals that, in the freely washed condition, 
even up to chloride levels of 5.0 M, no corrosive attack 

* It is recognized that passivated steels do, in fact, corrode, but they 
do so at a rate that is insignificant in terms of engineering reality. 
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TABLE D-3 

a EQUILIBRIUM OXYGEN 
REACTION 

In EQUILIBRIUM HYDROGEN 
REACTION 

0 

CORROSION 

PASSIVATIDN 

CATHODIC PROTECTION 

CORROSION 

PH 

Figure 0-7, Potential/pH diagram for Fe/Feth/Fe104 /HaO 
system. 

SUMMARY OF CATHODIC-PROTECTION REQUIREMENTS 
FOR AISI 1036 CARBON STEEL IN SATURATED 
Ca(OH)a SOLUTION WITH VARIOUS 
CHLORIDE CONTENTS 

E cDrr, S protection, its 
Solution .a.... VC0504 VCUS04 mA/in.2  

0.0224 NaCl 
(probe in aggregate) 11.63 _0.650***  NC" - 
O.O2M MaCi 
(probe freely washed) 11.63 0.500" NC - 
1.004 NaCl 
(probe in aggregate) 11.66 -0.66D' -0.710 0.44 
1.004 NaCl 
(probe freely washed) 11.86 _0,675*** NC - 
3.OM NaCl 
(probe in aggregate) 11.91 -0.640 -0.720 0.31 
3.004 NaCl 
(probe freely washed) 11.91 _0.6104**  NC - 
5.OM NaCl  
(probe in aggregate) 11.1 -0.7D04' "0.710 0.11 
5.DM NaCl 
(probe freely washed) 11.1 0.6105  NC - 

* i, = corrant density for cDmplete cathodic protection. 
as NC 	No CorrosiDn. Probe seif-passivated over duration 

of feet 	(65 days). 
Open circuit potential recorded at end of test periDd. + = Open circuit potential recorded prior to applying current. 
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was observed (after an initial period 10 to 30 days). From 
the foregoing, it must be concluded that the basic relation-
ships displayed in Figure D-7 are valid for aqueous solu-
tions of saturated Ca(OF{) 2  to which NaCl has been added 
up to the saturation limit. It is of interest to note that no 
corrosion was observed in the freely washed condition, even 
though the corrosion potentials, Eeorr, attained quite active 
values when compared with the —200 mY051504  values com-

monly observed in a saturated Ca(OH) 2  solution free of 
chlorides. This result indicates that the relationship be-
tween potential and tendency towards corrosion, without 
any statement regarding the pH of the concrete, is more 
complex than has been previously recognized. 

Sustained corrosive attack was observed, however, when 
the probes were immersed in aggregate at chloride levels 
greater than 0.02 M. Once attack was established, the 
minimum cathodic applied potential necessary to arrest at-
tack was evaluated by progressively increasing the cathodic 
potential (with a potentiostat) in steps of 30 to 50 mV 
(see Figs. D-4 through D-6). The protection potentials, 
Ei,rssic, ic,n, and associated current densities, it,, for each en-
vironmental condition are given in Table D-3. It is signifi-
cant to note that E1 ,50 .5505  in each case was less than the 
commonly used —850 mY05504  criterion used in the field 
(42) to protect buried steel in soil and in water environ-
ments. Values within 140 mV negative to the steady-state 
corrosion pOtential were sufficient to achieve cathodic pro-
tection; specifically, the data obtained under the most se-
vere condition in this study (5.0 M Cl) reveal that a poten-
tial of —770 mY011504  is an adequate criteria for cathodic 
protection. It is recognized that the values of 4, in Table 
D-3 are relatively high, but it should be pointed out that 
these values wer& found to decrease with time and repre-
sent only the value after 15 to 30 days' exposure. It is very  

probable, in practice, that 4, would decrease to much smaller 
values. 

In view of the potential/pH relationships shown in 
Figure D-7, a series of experiments was conducted to 
evaluate the influence of pH (at constant Cl- concentra-
tion) on the corrosion behavior of rebar steel. This was 
done by placing resistance probes in the freely washed con-
dition in a saturated calcium chloride solution and adjust-
ing the pH with concentrated HCI and NaOH. The results 
of the initial tests are shown in Figure D-8. 

After a 10-day exposure period, corrosive attack was 
initiated at each pH condition. The rate of attack, esti-
mated from the slope of the resistance/time plot, was great-
est for the pH 4 solution and, as expected, least for the most 
alkaline condition. After 10 days, the hydrogen-bubble-
evolution potential, experimentally determined, was applied 
potentiostatically for each pH condition to see whether cor-
rosion could be arrested at the maximum cathodic applied 
potential likely to be used in practice. Figure D-8 indicates 
that complete cathodic protection was achieved in each 
case. After 14 days, the protection was terminated, and 
the probes were allowed to reinitiate corrosion for up to 
18 days. At this point, a potential of —920 mY05504  was 
applied, and again corrosion was arrested. This latter po-
tential was selected to evaluate whether corrosion could be 
arrested at low pH, by using potential values previously 
shown to be successful in the field (43) in arresting cor-
rosion of steel reinforcement in concrete structure, which, 
in many cases, experienced corrosion without cathodic 
protection. 

It is of interest to note that, according to the diagram in 
Figure D-7, no corrosion should have occurred in the pH 9.2 
environment and also that the pH 7.8 solutions are on the 
borderline for corrosion and passivity at corrosion poten- 

30 	
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Figure 13-8. The influence of applied cathodic potential on the corrosion kinetics of A/SI Grade 1036 carbon 
steel in 5.36M chloride solutions of various pH. 
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tials between —0.500 and —0.600 Vci,o4.  It should be em-
phasized that Figure D-7 pertains to equilibrium conditions, 
and it is conceivable that equilibrium conditions were not 
attained in the pH 7.8 and 9.2 environments in 18 days, 
and, hence, corrosive attack was observed. To investigate 
this point, the same tests were repeated, allowing approxi-
mately 60 days before the application of cathodic protec-
tion. These data are shown in Figure D-9, where it is seen 
that, in agreement with theory, corrosive attack self-
terminated (the steels self-passivated) in the pH 8 and 9 
environments. 

It is also evident that, in the pH 4 condition, the initial 
high rate of attack observed over the first 30 days dimin-
ished appreciably, but did not cease, as equilibrium condi-
tions were attained. In the pH 4 condition, an applied po-
tential of —720 mV05550  was adequate to stop corrosion, 
even in highly acidic media containing a large amount of 
chloride. It is also of interest to note the low i, associated 
with protection in the pH 4 condition. This low i value 
lends credence to the suggestion that the rather high values 
of i, reported in Table D-3, would be expected to diminish 
appreciably with time. 

In view of the existence of a stable passive state in 
chloride-containing solutions, potentiodynamic anodic-
polarization experiments were conducted to see whether 
any susceptibility to pitting corrosion was evident, by way 
of analogy to the localized corrosion behavior of passive 
stainless steels in halide media (44). Anodic-polarization 
curves as a function of pH are shown in Figure D-lO for 
5.36 M Cl-  solutions. At pH 4, activation-controlled 
anodic dissolution was observed with no evidence of pas-
sivity, in agreement with the data presented in Figure D-9 
at pH 4. At pH 8.0, a tendency to passivate was noted, 
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Figure D-9. The influence of pH on the long-term corrosion ki-
netics of AISI Grade 1036 steel in 5.36M CaCl2. 

which was quite pronpunced at pH 9.0. In the latter case, 
a poorly defined critical pitting potential (45, 46) was 
observed (En),  and pitting corrosion was noted on the 
specimen after test. 

The variation in E0  with chloride-ion concentration in 
saturated Ca(OH) 3  solution is shown in Figure D-ll. A 
systematic shift in E in the active direction was observed 
with increasing chloride content, similar to that reported for 
stainless steels (45). These data suggest that rebars in moist 
concrete, at pH 12 containing chloride contamination, 
would be expected to pit if the Ecgrr  was more positive than 
the appropriate E0. It is of interest to note, however, that, 
even if the chloride contamination level reached 6.0 M in 
the concrete, application of a cathodic potential of —770 
mV051504  (that found to cathodically protect against gen-
eral or crevice corrosion, Fig. D-6) would be completely 
effective in suppressing pitting corrosion of the rebars. 

Sacrificial Galvanic-Anode Experiments 

The purpose of the galvanic-anode experiments was to 
develop data to assess the feasibility of using sacrificial 
galvanic anodes to cathodically protect rebars in concrete. 

To evaluate the electrochemical capability of zinc and 
magnesium anodes to cathodically protect rebar steel in 
simulated concrete environments, a series of experiments 
was conducted in which various anode/steel surface-area 
ratios were constructed at a constant anode/steel separa-
tion of 0.25 in. The results are shown in Figure D-12 for 
saturated Ca(011) 2  solution free of chloride contamination 
and saturated with NaCl. 

In the absence of chlorides, zinc and magnesium, short-
circuited to steel at an area ratio of 1:100, did not shift the 
coupled potential to the cathodic-protection region (more 
negative than —770 mV0,,50). At an area ratio of 1:10 
and 1:1, magnesium did not polarize the steel; however, 
the data show that zinc would be effective in protecting the 
steel. This is undoubtedly due to the ability of zinc to 
corrode and produce anionic corrosion products (zinc is 
amphoteric) in the absence of chlorides, whereas magne-
sium exists in a passive state and does not protect the steel. 

In the presence of chlorides, both zinc and magnesium 
were found to be effective in polarizing the steel into the 
cathodic-protection range of potentials, regardless of the 
anode/steel surface-area ratio employed. The corrosion 
reaction of either the magnesium or the zinc in chloride 
solutions does not evolve chlorine gas. Therefore, gas 
blockage and subsequent loss of protective current from 
the current from the sacrificial anode, from this cause, is 
eliminated. The zinc anode has an added advantage in that 
its natural potential is less than that required to produce 
hydrogen gas on the rebar (cathode) surface in this system. 
Thus, loss of bond between the rebar and the concrete due 
to hydrogen evolution is not possible. Under certain con-
ditions, magnesium anodes may cause hydrogen gas to be 
evolved on the rebar surface in this system. Thus, for 
service on a bridge deck with a spectrum of chloride con-
tents from zero to saturation, it appears that a zinc sacri-
ficial anode system would be the best, at a surface area ratio 
greater than 1:25. 
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Figure D-10. The influence of pH on the anodic dissolution kinetics of rebar steel in 5.36M Cl-  solutions. 
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32 

SURFACE AREA RATIO (ANODE/STEEL) 

Figure D-12. The influence of anode/steel surface area ratio on the coupled potential in saturated 
Ca(011)2 solution with and without Cl- (electrode spacing 0.25 in.). 

Conductive-Overlay Effects 

ASBESTOS PLUG 

Figure D-13. Schematic diagram of beaker-test setup used to investi-
gate conductive-overlay polarization effects. 

During a series of potential distribution tests conducted 
on the analog model discussed in Appendix F, it was ob-
served that excessively negative applied potentials were re-
quired to stop corrosion on a resistance probe buried in 
limestone aggregate under a coke-breeze overlay (see Table 
F-3). The applied potentials in those tests were measured 
by using a Cu/CuSO4  reference cell placed directly on top 
of the coke-breeze overlay, which also contained a silicon-
iron anode in electrical contact with the overlay. 

The purpose of the studies described in this section was 
to investigate the nature of that effect. To this end a series 
of tests was conducted, in the laboratory, in glass jars de-
signed to duplicate as closely as possible the conditions 
prevalent in the analog deck. A schematic of the test as-
sembly is shown in Figure D-13. In addition to a Cu! 
CuSO4  reference electrode placed on the top of the coke 
breeze, a Luggin ptobe was placed through the coke and 
aggregate in close proximity to the rebar specimen (0.125 
in.) to provide a measurement of the true rebar potential. 
To evaluate the magnitude of JR effects, a cathode-ray 
oscilloscope was used to measure instantaneous-off poten-
tials when desired; The electrolyte used during the polariza-
tion test consisted of leechings taken from the analog deck 
on which the original effect was noted. 

A typical cathodic-polarization curve for the rebar as a 
function of the two reference electrodes at differing stations 
is shown in Figure D-14, for a current-on situation (with 
JR drop); and in Figure ThiS, for the JR-compensated 
case. A plot of the potential difference developed between 
the two (originally identical) reference electrodes during 
polarization, which arises from factors induced across the 
coke breeze during the test, is also included in Figure D-14. 

It is clear from Figure D-1 S that the marked discrepancy 
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Figure D-14. Polarization curve for rebar buried in aggregate and covered with coke-
breeze overlay. Note potentials not corrected for JR drop. 
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Figure li-IS. Polarization curve for rebar buried in aggregate and covered with coke-
breeze overlay. Note potentials corrected for JR drop, and potential scale expanded over 
that presented in Figure D-I8. 

in measured potential is not due to IR effects, because both 
curves were obtained by the LLinstafltaneousMffL technique. 
During inspection of the data recorded in Figure D-14, it 
was noted that, when the potential difference between the 
two reference electrodes (E3 ) was subtracted from the po-
tential of the rebar versus the topside reference electrode 
(E2 ), a complete duplicate of the true polarization curve 
(obtained from the rebar/Luggin-probe system) was ob-
tained, as shown in Figure D-1 6. These data indicate that, 
during the passage of current through the coke-breeze over-
lay, a separate overlay polarization potential is developed, 

which is additive to the true rebar potential measurement 
at any given current density; It is clear from Figures D-14 
and D-15 that this overlay polarization effect increases with 
increasing current density and diminishes to zero at lower 
applied currents. 

Although this effect was reproducible from test to test in 
the analog deck mock-up, the question of whether it would 
he prevalent in concrete could not be answered from these 
tests. To develop data to answer this question, a mini-deck 
was fabricated. The procedure and materials used were 
kept as close as possible to those used to fabricate the large- 



34 

I 	1111111 1 	I 	1111111! 	I 	1111111 	 I 	111111 

- 
DI 

- 	 - -0.8 
O _O_8 

- 
0 

-0.9 —  
0 

B 
\0 

- -1.1 - 	0 	Cu/CuSO4  ELECTRODE IN 	 0 
LUGGIN PROBE CLOSE TO 
REBAR 

- 	= E2 -  E3I 	 - 0 	CORRECTED POTENTIAL 
-ti 

- 

I 	iiililil 	II 	iIIIiiI 	I 	Illitill 	I 
0.0001 0.001 	 0.01 	 0.1 

app  ImA/in.2I 

Figure D-16. Comparison of true rebar polarization cur ye with connected curve, taking 
into account the polarization effect occurring across the coke-breeze overlay. 
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Figure D-17. Mini-deck test setup. 

scale prototype deck described in Appendix H. Figure D-17 
shows a schematic of the setup. Five isolated rebars were 
equally spaced on 5-in, centers for polarization studies. 
Three reference electrode stations were incorporated: one 
on top of the coke-breeze overlay, one at the coke/concrete 
interface, and the third in a Luggin probe placed close to 
the rebar. A round silicon-iron anode was located in the 
coke breeze directly above the rebar being tested. 

Typical cathodic-polarization data at each reference 
electrode station are shown in Figures D-18 and D-19 for 
two different rebars. It is noteworthy to observe the re-
markable duplication both in the magnitude of the poten-
tials and current densities and also in the qualitative simi-
larities between the behavior of rebars in concrete and in 
aggregate. The magnitude of the IR drop through the con-
crete and at the tip of the Luggin probe was measured with 
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the oscilloscope. The value of the IR drop at the Luggin 
probe at 0.23 mA/in.2  was so low as not to be measurable, 
whereas the value at the concrete/coke interface was 
280 mV. This latter value compares well with the differ-
ence between the polarization curves for each station at this 
current density (280 mV, Fig. D-18). The practical sig-
nificance of these data can be appreciated by considering 
the point A on the curves in Figure D-18. Using a ref-
erence electrode on top of the coke breeze to measure 
applied potential, a value of —850 mVe5o4  would cor-

respond to a true value on the rebar of —280 mV 05o4, 
and could possibly mean the difference between protection 
and no protection. 

Similar polarization studies were conducted on an iso-
lated rebar (test rebar A) in the prototype deck with 
equivalent reference-electrode placements. The results are 
shown in Figure D-20. From this figure, it is clear that the 
behavior observed was qualitatively identical with that ob-
tained on the mini-deck and also with that reported for steel 
in mortar (47). Oscilloscopic measurements confirmed that 
no measurable JR drop existed in the curve for the Luggin-
probe station. 

To explain these phenomena, the following analysis is 
presented in which the various potentials associated with 
each interface (rebar/concrete, concrete/coke, coke sur-
face, etc.) are examined. 

Simple electrochemical theory dictates that 

ErebarIce, crete = E ohnr 	- IRe  oncre 	 (D-1 
leek surface 	(Luggin) 	a,irface/rebar 

that is, 

= E - IR,11 	 (D-2) 

Rearranging Eq. D-2 gives 

ER  = ERIC  + lR11 	 (D-3) 

where ER  represents the true rebar potential at any total 
applied current, I. If the exposure conditions are at the free 
corrosion potential (no applied current), ER  = ERIC be-

cause IRCIR becomes zero. 
From the data obtained in the coke overlay on aggregate 

and also in the mini-deck studies, it was found that 

= Esurfoce 	-I- Esurrace  reference 	 (D4) 
reference to 	to reference located 
rebar 	 at the botteni of the 

coke layer, that (a, at 
the coke/concrete 
Interface 

or 

ERIC = ESIR  + ETIB 	 (D-5) 

Thus, combining Eqs. D-3 and D-5 gives: 

= ESIR  + ETIB  + JRCIR 	(D-6) 

Equation D-6 relates the true rebar potential, at any given 
current, to the surface-to-rebar potential, ESIR, and the 
polarization effect observed across the conductive overlay, 

and also to the resistive component of applied poten-
tial from the concrete surface to the rebar. The data shown 
in Figure D-18 were inserted into Eq. 13-6 and the calcu-
lated values of E1  were compared with the actual values of 

E1 . These results are shown in Figure D-21, where it is  

seen that excellent agreement was obtained over the entire 
current-density range investigated. 

The exact physical significance of the overlay polariza-
tion effect, ETIP, is not known. It is clear, however, that 
this effect can have considerable influence on the monitor-
ing effectiveness of cathodic protection on bridge decks with 
conductive overlays, in that the true rebar potential (that 
involved in cathodic protection) may be significantly more 
positive than a potential measurement obtained in a deck 
surface may indicate. Since the various factors involved in 
Eq. D-6 are not readily obtainable in practice, it appears 
that the best way to profile a bridge deck with a conductive 
overlay is to use "instantaneous-off" procedures and place 
the reference electrode on the concrete surface under the 
overlay. 

CONCLUSIONS 

The following conclusions may be drawn from the data 
presented: 

Hydrogen-bubble-evolution potentials on rebars in 
saturated Ca(OH) 2  solution are —1170 mV 0504, regard-

less of the chloride-ion content of the solution and the 
surface condition of the rebar (mill scale or pickled). De-
creasing the pH of the corrodent containing 5.36 M Cl 
from 9.4 to 4.0 will shift the hydrogen-bubble-evolution 
potential from —1020 V,15.04  to —970 mVcuso4. 

No corrosion occurs on AISI Grade 1036 steel ex-
posed in the freely washed condition in saturated Ca(OH) 2  

solution containing 0.02, 1.0, 3.0, or 5.0 M NaCl. How-
ever, in the presence of crevices (caused by limestone ag-
gregate), corrosion will occur at chloride-ion contents 
greater than 0.02 M. Under these latter conditions, com-
plete cathodic protection can be achieved by application 
of a potential of —770 mVcnso4. It should be recognized, 
however, that this protection potential will, in many cases, 
exceed that required to obtain complete protection, in prac-
tice where the environmental factors will not be as severe 
as those reported herein. 

Data obtained on specimens exposed in the freely 
washed condition to 5.36 M Cl-  solution at differing pH 
indicate that the basic potential/pH diagram for Fe/Fe203/ 

Fe304/H20 is correct in predicting the susceptibility of 
rebars to corrosive attack (that is, no attack in solutions 
with pH >8; corrosive attack at lower pH such as 4.0). 

Potentiodynamic anodic-polarization studies indicate 
that AISI Grade 1036 steel exposed to a solution of 5.36 

M Cl-  at pH >9 is subject to pitting corrosion, if the cor-
rosion potential is more noble than the critical pitting po-
tential. However, the data show that application of a 
potential of —770 mV 0504  will cathodically protect against 
pitting corrosion as well as general and crevice corrosion. 

If the concrete is moist and contains some chloride, 
both magnesium and zinc anodes are capable of providing 
cathodic-protection current, on condition that adequate 
consideration is given to the anode size, spacing, and 
position and to the relative anode-to-rebar area ratio. 

Attempts to measure the potential of rebars buried in 
aggregate or concrete covered with a coke-breeze conduc-
tive overlay, by using a reference probe placed on the top 
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reference electrode placement. 
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of the overlay, give rise toerrors, possibly due to a polariza-
tion effect in the coke layer. An equation has been devel-
oped by which the true rebar potential can be derived from 
a "topside" reference measurement, but data are required 
which are not readily available in practice. To avoid this 

measurement error, it is recommended, in practice, that 
bridge decks with coke conductive overlays be potential 
profiled by using the "instantaneous-off" technique with the 
reference electrode located on the concrete surface under 
the overlay. 

APPENDIX E 

CATHODIC-PROTECTION EXPOSU RE TESTS 

INTRODUCTION 

The purpose of the research reported in this Appendix 
was to determine whether cathodic protection could cause 
adverse effects on a concrete-to-rebar bond and on the con-
crete itself. Previous observations by Casad (48) indicated 
that there is a slight weakening of bond strength of reinforc-
ing bars in concrete with increasing ampere hours of applied 
cathodic-protection current. He concluded that the de-
crease in bond strength was the result of deterioration of 
the concrete and not the result of a decrease in adhesion 
of the concrete to the steel. Studies by Ewing (30) showed 
tht the loss in bond strength was related to the total ap-
plied ampere hours of current. He found that an applied 
current of 3400 amp hr/sq ft of reinforcing steel surface 
caused a 25-percent reduction in bond strength. However, 
doubling the applied ampere hours did not result in a 
further decrease in bond strength. 

Bureau of Standards tests in 1913 first showed that there 
was a definite softening of the concrete near the cathode, 
when reinforcing steel was made cathodic (9). This soften-
ing resulted in the loss of the bond between the smooth 
reinforcing steel and the concrete and was, reportedly, due 
to the gradual concentration of sodium and potassium ions 
near the cathode by the passage of the current. Although 
the area of softening increased with time (as far as ¼ in. 
or more), the main body of the concrete showed no ad-
verse effect. Later testing by Mole (27) confirmed the 
Bureau's results; this work also revealed that concrete free 
of alkali metal could successfully withstand cathodic cur-
rent densities up to 18 mA/sq ft. Tests by the U.S. Army 
Corps of Engineers (29) showed measurable loss of bond 
at 20 mA/sq ft, whereas at 2 and 5 mA no damage oc-
curred for the 54-months' duration of the test. 

For the study of the effect of cathodic protection and 
bond strength, a modification of the stub-cantilever-beam 
specimen described by Kemp et al. (49) has been used. 
The effect of cathodic protection on the concrete was 
evaluated by studying the performance of 6- by 12-in. 
concrete-cylinder samples (containing no reinforcing bars) 
in the splitting tensile test, after exposure to various levels 
of applied current. 

EFFECT OF CATHODIC PROTECTION 
ON BOND STRENGTH 

Experimental Procedure 

The test conditions for the present research were selected 
to permit a study of the effect of a total applied current of 
3400 amp hr/sq ft (the level at which Ewing observed no 
further loss in bond strength) as well as at levels substan-
tially above and below 3400 amp hr/sq ft. To achieve the 
desired ampere hours in this study, three levels of applied 
current (2.5, 25.0, and 50.0 mA) and four exposure dura-
tions were used. The three levels of applied current are 
equal to current densities of 48, 480, and 960 mA/sq ft of 
exposed reinforcing-steel surface. The method of applying 
current is illustrated in Figure E-l. The polarized (instant 
off) potentials of each specimen were measured against a 
copper-copper sulfate half-cell at, on the average, weekly 
intervals throughout the exposure periods. These readings 
showed that there was no change in the polarized poten-
tials over the duration of the exposure. The measured 
potentials ranged from 1.11 to 1.25 V (vs Cu/CuSO4). 

As with the other work in this project, the concrete was 
prepared and installed in accordance with the Pennsylvania 
Department of Transportation (PennDOT) specifications 
for reinforced bridge-deck concrete (50). The concrete 
used for the test specimens was obtained from the same 
batch that was used for the analog model of the bridge deck 
described in Appendix F. The results of concrete com-
pression tests for this batch are given in Table F-i. Two 
concrete curing times, two months and four months, were 
used. The test conditions and exposure times are sum-
marized in Table E-1. 

The test specimen, Figure E-2, is a modification of the 
typical beam-end type of pull-out specimen frequently used 
to evaluate concrete-to-steel-bar bond strength. The modi-
fications, consisting mainly of substituting a reusable steel 
beam for the bottom portion of the concrete beam, were 
made to reduce the cost and to facilitate handling (the 
typical stub-cantilever-beam specimens are up to 3 ft in 
length). Number 4 (½-in-diameter) reinforcing bars 
were used in all specimens. As in a conventional steel 
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Figure if-I. Circuit diagram used for modified stub-cantilever beam specimens. 
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Applied Current 
Total Applied 48 mly'Sq Ft** 480 mA/Sq Ft* 960 mA/Sq Ft 
Mip Hr/S Ft Days Exposure Days Exposure Days Exposure 

Two Months concrete Curing Time 

	

346 	 300 	 30 	 15 

	

3460 	 300 	 150 

	

6920 	
300 

Four Months Concrete curing rime 

	

346 	 30 	 15 

	

1450 	 150 

* All specimens exposed in triplicate. 
** 48 mA/sq ft equal to an applied current of 2.5 A. 

480 mA/sq ft equal to an applied current of 25-0 mA-
960 mA/sq ft equal to an applied current of 50_0 mA. 
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cantilever-beam specimen, the length of the bar embed-
ment was only a portion (5 in. in these tests) of the length 
of the beam; plastic sleeves prevented bond in other 
portions of the beam. 

The specimens were aged in a saturated solution of 
calcium hydroxide and were then exposed in a 1-percent 
sodium chloride solution at room temperature. After ex-
posure to the applied current, the specimens were left in the 
1-percent sodium chloride solution until the bond-strength 
tests were conducted. All pull-out tests were conducted at 
the conclusion of the longest exposure time; thus, any pos-
sible effects of aging of the concrete would be the same for 
all specimens. 

The equipment used for the pull-out tests is shown in 
Figures E-3 and E-4. A horizontal jack, exerting a tensile 
force recorded by a load cell, was connected to the reinforc- 

W6 s 20 )A36 STEEL) 

END VIEW 

Figure E-2. Modified stub-cantilever beam specimen. 

ing bar by a clamping mechanism. Horizontal, direct-
current differential transformers (DCDT's), for measuring 
longitudinal movements of the bar with respect to the con-
crete, were supported by clips welded to portions of the bar 
projecting from each end of the specimen. The DCDT 
most remote from the jack measured the free-end slip of 
the bar. The loaded-end slip of the bar was the difference 
between measurements by the DCDT nearest the jack and 
the calculated stretch of the bar between that DCDT and 
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Figure L-3. Ore,--all t'icw of equipnu'n: used for conducting 
load-strength tests on stub-cantilever beaiiz specimens. 

Figure E-4. Stub-cantilever beam in tensile machine. 

the beginning of the bar embedment. 8 in. away 
In each bond test, the reinforcing bar was loaded to 

various pull-out forces, and the readings of the load cell 
and two DCDT's were recorded by a portable data taker. 
Computer processing of the punched tape of the data taker 
subsequently provided the data in a usable form. Generally, 
the loading was halted and readings were recorded at load-
ings of zero, 250 lb. 1000 lb. every 1000-lb increment up 
to 12.000 lb. and every 500-lb increment up to failure. 

During each test, the top of the beam was maintained 
horizontal (as indicated by a carpenter's level) by pumping 
the vertical jack at the outer end of the specimen. This 
prevented any tendency for dowel action of the reinforcing 
bar to split the concrete, and, consequently, resulted in the 
attainment of levels of bond stress considerably higher than 
generally observed in bond tests. The bar yielded at a load 
of about 14.500 lb (above the load at the 0.01-in, loaded-
end slip for all but five specimens, but below the ultimate 
load for all specimens), and the bar continued to load in 
strain hardening. Failure always consisted of concrete frac-
ture (usually longitudinal splitting, sometimes boring out 
the concrete), but the reinforcing bar always remained 
intact with no post-test evidence of necking. The maximum 
load was indicated by the dial of the loading machine. 

The data reduction was concerned with examining the 
two most significant parameters of the bond tests: the 
ultimate bond stress and the bond stress at the 0.01-in. 
loaded-end slip (which would correspond to a maximum 
tolerable crack of 0.02 in. resulting from bond stress in an 
actual structure). The latter is generally considered to be 
the limit of "serviceability" in reinforced-concrete bond re-
search. In each case, the bond stress was computed as an 
average value equal to the appropriate load divided by the 
product of the bar average circumference (based on its 
measured weight) and the 5-in, embedment length. The 
ultimate load stress was based on the maximum load re-
corded in the reinforcing bar before unloading. The ap-
parent loaded-end slip was affected by a slight bending of 
the reinforcing bar as it was gripped by the testing machine 
at the beginning of loading. Therefore, the origin of the 
curve for bond stress plotted vs loaded-end slip was as- 

sunied to occur where zero stress occurs on a line through 
the straight-line portion of the experimental curve. The 
bond stress at the 0.01-in, loaded-end slip was then deter-
mined as the stress corresponding to a difference of 0.01 in. 
between the measured loaded-end movement and the theo-
retical stretching of the bar between the loaded end of the 
bond length and the point on the bar where the measure-
ments were made. 

Results and Discussion 

The results of the bond tests are given in Table E-2. To 
determine the statistically significant relationships of each 
dependent variable (ultimate bond stress, bond stress at 
O.Ol-in. loaded-end slip, and ratio of stress at 0.01-in, slip 
to ultimate stress) to the independent variables (concrete 
curing time, current density, exposure time, and total am-
peres), a number of multiple-regression analyses were car-
ried out. These included linear and second-degree effects 
of these variables. Also, several analyses of variance were 
performed to study the relative variability of the triplicate 
specimens. 

For ultimate bond stress (30 specimens), all the vari-
ables—current density, number of days. and total applied 
ampere hours per square foot—have some linear effect. 
However, because there is a direct relationship among those 
three variables, and total ampere-hours has the highest sim-
ple correlation coeflicient (-0.61). it appears reasonable to 
attribute changes in ultimate bond strength to this variable. 
There was no indication of an effect related to concrete 
curing time. 

Figure E-5 shows that there was about a 10-percent 
decrease in ultimate bond strength after the application of 
3460 amp hr/sq ft of current. A further application of 
current to a total of 6920 amp hr/sq ft produced an addi-
tional reduction of about 10 percent in bond strength. It 
should be noted, however, that the 6920 amp hr/sq ft of 
current that was applied in this study, which was done to 
observe the effects of excessive amounts of current, is far 
in excess of any reasonable level of cathodic-protection 
current that would be applied to a bridge structure. The 
6920 amp hr/sq ft is equivalent to about 75 years of pro- 



TABLE E-2 

EFFECT OF CURRENT APPLICATION ON BOND STRENGTH 

Ultimate 

Bond Stress, psi, 	Bond 

Total Applied 	 at 0.01-Inch 	Stress, 

Amp Hr/Sq Ft 	 Applied As 	 Loaded-End Slip 	psi 

346 960 mA/sq ft for 15 days 850 1930 

346 960 mA/sq ft for 15 days 840 2310 

346 960 mA/sq ft for 15 days 880 1910 

346 960 mA/sq ft for 15 days* 1570 2050 

346 960 mA/sq ft for 15 days* 1130 1990 

346 960 mA/sq ft for 15 days* 1130 2030 

346 480 mA/sq ft for 30 days 1280 1960 

346 480 mA/sq ft for 30 days 640 2020 

346 480 mA/sq ft for 30 days 1030 2210 

346 480 mA/sq ft for 30 days* 510 2160 

346 480 mA/sq ft for 30 days* 1190 2180 

346 480 mA/sq ft for 30 days* 930 2370 

346 48 mA/sq ft for 300 days 1550 2250 

346 48 mA/sq ft for 300 days 980 1800 

346 48 mA/sq ft for 300 days 1390 2180 

3460 960 mA/sq ft for 150 days 690 2050 

3460 960 mA/sq ft for 150 days 1260 1910 

3460 960 mA/sq ft for 150 days 1030 1860 

3460 960 mA/sq ft for 150 days* 1070 1990 

3460 960 mA/sq ft for 150 days* 780 1530 

3460 960 mA/sq ft for 150 days* 890 1800 

3460 480 mA/sq ft for 300 days 1100 2020 

3460 480 mA/sq ft for 300 days 1620 1840 

3460 480 mA/sq ft for 300 days 1020 1640 

6920 960 mA/sq ft for 300 days 410 1390 

6920 960 mA/sq ft for 300 days 1390 2050 

6920 960 mA/sq ft for 300 days 1410 1730 

Controls No applied current 1320 2180 

Controls No applied current 900 2250 

Controls No applied current 1080 1850 

* Four-months cure before application of current; all others two months 

cure. 
** corresponding to the last valid elongation measured for this particular 

test, for a net loaded-end slip of 0.009 inch. 
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Figure E-5. Effect of applied current on ultimate bond stress. 
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tection at a very high level of current density. 
The results of this study show a trend similar to that 

reported by Ewing (30), who observed a 25-percent de-
crease in bond strength after the application of 3400 amp 
hr/sq It of current. 

Bond stresses generally are not critical in the design of 
the reinforced-concrete slabs of bridge decks, because the 
span-to-depth ratios of the slabs are relatively large. In fact, 
the AASHTO specification does not require the computa-
tion of bond stresses in the design of bridge decks. There-
fore, a moderate decrease in ultimate bond stress, such as 
10 percent or possibly 20 percent, should not jeopardize the 
ultimate safety of a deck slab. 

Figure E-6 shows that, when the effect of current density 
on ultimate bond strength is considered, the loss in bond 
strength is much less with increasing current density than 
with an increasing total ampere hour per square foot of 
applied current (Fig. E-5). This result supports the pre-
vious indication that changes in ultimate bond strength are 
attributable to the total applied current (that is, the total 
number of coulombs passed). 

In the case of bond stress to produce a 0.01-in, loaded-
end slip (30 specimens), no statistically significant relation-
ships of dependent variables to the independent were found. 
Analysis of these data (Table E-2) shows that a wide range 
in the bond stress required to produce a 0.01-in. loaded-end 
slip occurred in each group of specimens considered. 

Inspection of the specimens that split along the reinforc-
ing steel during the pull-out tests disclosed a concentration 
of light-colored material along the rebar, as shown in 

Figure E-7. This material was scraped off the surface of 
the steel and the concrete, and, although not spongy, it 
appeared to be somewhat softer than the surrounding con-
crete. It is possible that this reaction was caused by the 
production of alkali hydroxides in the steel surface as 
opposed to loss of bond from hydrogen evolution. These 
hydroxides are believed to attack the calcium and aluminum 
silicates yielding soluble silicates. In explaining the data in 
Table E-3, it is noted that there had been a migration of 
calcium, sodium, and potassium toward the rebar. The de-
posits scrapped from the control specimen, which received 
no applied current, showed the smallest indication of an 
enrichment of these elements at the steel surface; the speci-
men that had received the highest applied current showed 
the greatest enrichment. 

EFFECT OF CATHODIC PROTECTION ON SPLITTING 
TENSILE STRENGTH OF CONCRETE 

Experimental Procedure 

For this study, standard 6-in, by 12-in, concrete-cylinder 
specimens prepared according to ASTM Method C-496 
were used. The cylinders were cast from the same batch 
of concrete as the analog model and the modified stub-
cantilever-beam specimens. 

A carbon anode 6 in. in diameter and ¼ in. in thick-
ness, drilled and tapped for an electrical lead connection, 
was placed in contact with one end of each test cylinder. 
A paste made from powdered carbon and water was placed 
between the anode and the end of the cylinder to ensure 
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CUFtflENT DENSITY, mA'squre foot 

Figure E-6. Effect of current density on ultimate bond stress. 

_77 

- 
e 

- ril  
Figure E-7. Failed stub-cantilever beam specimen after pull-out 
test. 

good electrical contact. The anode end was covered with 
epoxy to isolate it from the test medium, as illustrated in 
Figure E-8. A similar 6-in, by ¼-in, carbon-steel cathode 
was placed in contact with the other end of the cylinder. 
A paste of cement and water also was used between the 
cathode and the concrete again to ensure good contact. 

The specimens, with the anode on the bottom and the 
cathode on the top (so that it was above the test solution 
level), were placed in individual plastic containers, as 
shown in Figure E-9. The test solution was the same as 
that used for the stub-cantilever-beam specimens; namely, 

I-percent sodium chloride. Applied currents of 0.5, 1.0, 

and 2.0 mA (2.5, 5.0. and 10.0 mA/sq ft of specimen cross 
section) were maintained through the specimens, exposed 
in triplicate, for 300 days. 

After the 300-day exposure period, all specimens were 
tested for splitting tensile strength according to ASTM 
Method C-496-71. Control specimens that had received no 
applied current had been tested for splitting tensile strength 
after 30-days' curing time. To observe any possible effects 
of aging on the splitting tensile strength, additional control 
1)ecimcns wcrc tctcd after 300 days. 

Test Resu'ts 

After the 300-day exposure period, the anode and ca-
thode plates were removed in preparation for the splitting 
tensile testing. With the exception of the specimen with the 
lowest applied current, the carbon-steel cathodes on all 
specimens were essentially corrosion-free, as illustrated in 
Figure E-10. Visual inspection revealed no apparent degra-
dation of the concrete at either the anode or the cathode 
end. 

The data in Table E-4 indicate that there was no rela-
tionship between applied current and the splitting tensile 
strength of the specimens. The greatest difference between 
the average splitting tensile strength of the three controls 
and that of any set of these test specimens that had been 
exposed to a current was 85 psi (the 30-day-cure controls 
vs the 300-day specimens with 2.0 mA applied current). 
The variations among the triplicate specimens for each 
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Figure E-10. Cathode end of splitting te'ile .':pecimen 
after 300-days' exposure to an appii&. ct.rrent. 

TABLE E-4 

EFFECT OF APPLIED CURRENT ON SPLITTING 
TENSILE STRENGTFI 

Splitting 

Total 	Tensile, 
Load, Strength, 

Specimen 	Pounds 	psi 	 Comments 

Control - 30 day cure 

	

A 	 56,500 	500 

	

B 	 53,500 	473 

	

C 	 46,500 	411 

	

Avg 52,166 	461 

300 days exposure to 
0.5 mA applied current 

	

1 	 65,000 	575 	80% shear 

	

2 	 60,000 	531 	75% shear 

	

3 	 59,500 	527 	80% shear 

	

Avg 61,500 	544 

300 days exposure to 
1.0 mA applied current 

	

4 	 49,000 
	

434 	Sandy pocket 

	

5 	 51,000 
	

451 	Sandy section through center 

	

6 	 65,000 
	

575 	100% shear 

Avg 55,000 
	

487 

300 days exposure to 
2.0 mA applied current 

7 64,500 570 80% shear, good matrix 

8 57,500 509 75% shear 

9 63,000 558 90% shear 

Avg 61,660 546 

Control - 300 day cure 
A 52,000 460 75% shear, erratic break 

8 59,000 523 80% shear 

C 51,000 452 80% shear, sandy matrix 

Avg 54,000 478 
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exposure condition ranged from 48 to 141 psi, with an 
average range of 82 psi. The major cause of the variations 
in performance appears to be related to the quality of the 
test specimen (such as nonuniform distribution of aggre-
gate and the type of subsequent fracture), and not to the 
effects of the applied currents. 

SUMMARY AND CONCLUSIONS 

The application of a cathodic-protection current to re-
inforcing bars in concrete can result in a decrease in bond 
strength between the steel and the concrete. A total applied 
current of 3460 amp hr/sq It, applied at current densities 
as high as 960 mA/sq ft, produced about a 10-percent re-
duction in ultimate bond stress in these tests. Doubling the 
total applied current resulted in a further reduction in bond 
stress. There was relatively little effect shown between the 
applied current density and ultimate bond strength. Also, 
there is no apparent relation between the bond stress re-
quired to produce a O.Ol-in, loaded-end slip and the appli-
cation of cathodic protection in this test. It should be noted 
that the current levels that produced the loss of bond were  

appreciably higher than would be used in a normal cathodic-
protection application. Nevertheless, it is recommended 
that this negative aspect be minimized in applications of 
cathodic protection to bridges. In this test, the loss of bond 
is attributable to total applied current and, to a much lesser 
extent, applied current density (that is, potential by virtue 
of the well-known potential/log current density relation). 
However, the only practical way to lessen the loss of bond 
is to impose a potential limit corresponding to relatively 
low applied current density. The net effect of this approach 
is to extend the time to reach total applied current (ampere 
hours per square foot) levels corresponding to significant 
loss of bond. The test results summarized in Table E-5 
indicate that the —1.1 	limit, discussed in the state 
of the art (Appendix A), would have lessened the loss of 
bond in the present test. 

As judged by the results of splitting tensile tests on con-
crete cylinders containing no reinforcing steel, there is no 
effect on concrete strength from the application of a 
cathodic-protection current in the ranges covered in this 
study (2.5 to 10.0 mA/sq ft). 

TABLE F-S 

SUMMARY OF 300-DAY SPECIMEN RESULTS 

Specimen 	 - 
Potential* 

("Instant Off"), 	Current 	 Average Ultimate Bond Stress 
V 	 Density, cuso 

mA/sq ft 	psi** 	psi*** 	Change 

	

-0.65 	 0 	 2097 	 - 	 - 
(Control) 

	

-1.07 	 48 	 2077 	 20 	 0.9 

	

-1.15 	 480 	 1833 	 264 	 12.6 

	

-1.22 	 960 	 1720 	 377 	 18.0 

* Average of three specimens at the indicated current density over the 
exposure period. 

** Average of three specimens. 
Difference between average for specimens without cathodic protection 
and specimens at specified protection level. 
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INTRODUCTION 

The purpose of this part of the research was to investi-
gate the suitability of various cathodic-protection designs 
by using an analog model of a reinforced-concrete bridge-
deck section. As indicated in Appendix A, cathodic-
protection studies have been performed in the past by 
using analog models of reinforced-concrete structures (14, 

16, 31, 32). Heuze (16) used an analog model for in-
vestigating important electrical parameters, such as electri-
cal continuity of the reinforcing network, and for analysis 
of the cathodic-protection current distribution at the sur-
face of complex reinforced steel structures. Such analyses 
are important considerations in this study, because the 
reinforced-concrete bridge deck lacks metallurgical bond at 
the various rebar crossing points and has a reinforcing steel 
arrangement consisting essentially of two rebar mats: one 
near the top of the deck, and the other near the bottom. 

With this arrangement, it is clear that the introduction 
of cathodic-protection current from the underside of the 
bridge deck requires that this current pass through one 
network of steel reinforcement to arrive at the other re-
quiring protection. In view of these considerations, it was 
concluded that a preliminary series of cathodic-protection 
tests should be performed, with the analog model, to de-
termine the essential electrical parameters of a cathodic 
design for this application. A subsequent investigation 
would evaluate specific design details, such as type of an-
odes, anode backfill, and physical and installation require-
ments of the method selected to satisfy the essential parame-
ters of the cathodic-protection design. 

PRELIMINARY CATHODIC-PROTECTION TESTS 

Analog Model Design 

A 12-ft by 12-ft physical model of a reinforced-concrete 
bridge-deck section was constructed, as shown in Figure 
F-i. Although the model scale and most important struc-
tural details, such as the size and location of the rebars, are 
typical of actual bridge decks (51), two important devia-
tions were incorporated in the design. These nontypical 
aspects and the reason for their inclusion in the deck model 
are as follows: 

I. Electrical Isolation. During construction of the model, 
provisions were made to electrically isolate each rebar from 
the others. This was accomplished by inserting a small 
piece of plastic material between the rebars at their cross-
ing. In lieu of the usual steel-wire tie at each rebar cross-
ing, a plastic strap was used to hold the rebars in position. 
A copper-wire connection from each end of each rebar to 
electrical ground was made at a panelboard. This arrange-
ment permitted analysis of electrical effects, such as current 
distribution, by measurement of voltage and observation of 
the wave form with an oscilloscope connected across a  

small-value resistor between the rebar and electrical ground 
or other rebars. 

2. Simulated Concrete Environment. A second impor-
tant nontypical aspect of the model design is that the top 
4 in. of concrete are represented by a saturated calcium 
hydroxide [Ca(OH) 2] solution. Figure F-la illustrates this 
arrangement. Because saturated Ca(OH) 2  is the principal 
soluble component of hydrated portland cement and has 
about the same pH (about pH 12.5), it simulates concrete 
in its electrochemical nature (26). The use of the Ca(OH) 2  
solution permits the flexibility of working in an aqueous 
solution, which is particularly useful in obtaining polarized-
potential measurements. The electrical resistivity of the 
concrete is represented by the resistance of the Ca(OH) 2  
solution. Inasmuch as the concrete resistance will vary, the 
initial plan was to alter (lower) the Ca(OH)2  resistance 

with calcium chloride additions. However, this was not 
done because the initial resistivity of the Ca(OH) 2  solu-

tion proved to be relatively low and, thus, represents a 
low-resistance concrete. Using a low value for resistivity 
reduces the chances for underestimating the cathodic-
protection current requirements. 

Figure F-la shows that the analog has a 4-in, thickness 
of reinforced concrete at its bottom. The concrete used for 
this project was formulated and mixed in accordance with 
the Pennsylvania Department of Transportation (Penn-
DOT) specification for reinforced-concrete bridge decks 

(50). This concrete composition consists of about 6 bags 
of cement per cubic yard and a ratio of about 5 gal of water 
per bag of cement. The results of concrete compression 
tests, during and after the 28-day cure time, are given in 
Table F-i. Later in the analog investigation, during work 
with a top-anode placement, limestone aggregate was used 
as a filler material in the Ca(OH) 2  solution in the top half 
of the model. Figure F-lb illustrates this arrangement, 
which was necessary to support the top anode and its back-
fill. A cheesecloth membrane was used to separate the 
limestone and the anode backfill. The conductance (upper 
half of the deck section), during this latter arrangement, 
was derived from the Ca(OH) 2  solution, and it was found 
to be about the same as that obtained during studies 
without limestone aggregate. 

Although the effectiveness of the cathodic-protection 
application to the analog was generally determined from 
the resultant polarized potentials of the deck steel, 
electrical-resistance probes were also used for this purpose. 
Accordingly, the model was instrumented with six electrical-
resistance probes (Corrosometer Model 1036) for measure-
ment of corrosion rate. Four of the probes are embedded 
in concrete in the underside of the model, equally spaced 
diagonally across the model. Two probes are placed in the 
Ca(OH)2  solution, one in the center and the other near the 
edge of the deck. Corrosion rates are determined with these 
probes by measuring the change in the electrical resistance 
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TABLE F-i 
LABORATORY CORRELATION TESTS FOR ANALOG-MODEL CONCRETE * 

Age at Test, Total Load, Compression strength, 

days pounds pounds per sq inch 

7 64,500 2281 

7 62,500 2210 

7 67,500 2287 

14 89,500 3165 

14 87,500 3095 

14 84,000 2971 

28 101,000 3572 

28 105,500 3731 

28 112,000 3961 

* Class of Concrete, Pennsylvania Department of 
Transportation specification AA(50) 
W/C Ratio 5.3 gal/bag 	 - 

slump 4.0" 

% Air 5.2% 

The cement used meets the physical and chemical requirements 
of ASTM specification C-iSO-il. 

of the probe with an appropriate instrument (Corrosometer 
Model CK-2). The change in resistance is a result of cor-
rosion of the exposed metal element of the probe. An 
AISI 1010 mild steel element, which except for carbon 
content has approximately the same composition as the 
AT&t 1030 steel rebars, was used in this project. The probe-
test lead is connected, to the model's steel reinforcement 
and, thus, the exposed metal element of the probe receives 
about the same cathodic-protection current density as 
nearby deck steel. The net effect of this test arrangement 
is that the probes simulate reinforcement. As long as the 
cathodic-protection system is effective, no change in the 
probe reading will occur. 

Analog Test Procedure 

in general, the test procedure was to simulate either a 
top- or soffit-anode design and to apply cathodic protection 
with either an impressed-voltage or sacrificial-anode method. 
The applied voltage was held constant until a steady state 
of electrical potential of the steel rebar network, top and 
bottom, was reached. Two locations, one midpoint and the 
other near the deck corner, were continuously monitored 
for steady-state potential. Usually, a series of tests con-
sisting of progressively greater impressed voltages was con-
ducted with a given set of design parameters. It was arbi-
trarily decided that, for safety, the maximum voltage for 
this application was 40 volts (V). No cathodic protection 
was applied for several days between design changes to 
reduce the effects of residual polarization on the test results. 

Once steady-state conditions were indicated at the moni-
tored locations during a given test, the polarized potential  

of the entire top and bottom rebar network was measured 
by a saturated copper-copper sulfate (Cu/CuSO4 ) half-cell 
placed, as near as possible to the rebars, at the point of 
interest. Figure F-2 shows the manner in which the half-
cell was placed: from the top of the deck (a), and from 
the bottom (b). It should be noted that, during the work 
with the soffit-anode design, potential measurements on the 
bottom steel were made from the top of the model by ex-
tending the half-cell through the Ca(OH) 2  solution (see 
Fig. F-la). However, with the top-anode studies, this pro-
cedure was no longer possible (see Fig. F-lb) and, there-
fore, the bottom steel potential was measured with the half-
cell placed against the underside of the deck, as shown in 
Figure F-2b. 

The potential between the half-cell and the steel was mea-
sured by a high-impedance voltmeter, usually a Keithley 
Electrometer (Model 610C). These measurements were 
made at locations corresponding to a grid pattern, generally 
at 2-ft intervals (see Fig. F-2a). The rebar potential values 
were recorded on a grid sheet, and equipotential lines, 
usually at 100-millivolt (my) intervals, were plotted. The 
resultant equipotential contour maps indicate the area of 
the rebar network with sufficiently polarized potentials to 
obtain cathodic protection (the polarized potential for pro-
tection was considered to be 850 mV negative to the 

Cu/CuSO4  half-cell, pending appraisal of the criteria test-
ing, Appendix E). Also, the maps give an indication of the 
current distribution obtained as various voltage and design 
changes were made. As previously mentioned, the effective-
ness of the applied cathodic protection was also monitored 
by six electrical-resistance probes placed in the model. 



ILL 

50 

Figure F-2. Manner in which the half-cell for potential measure-
men/s was positioned: (a) froni the top of the analog model and 
(h) froni the bottom. For bottoin measurement, the half-cell  was 
modified with a plumber's helper containing a wet sponge to im-
prove surface contact. 

Consideration of Rebar Continuity 

The successful use of cathodic protcction for deck re-
inforcement requires electrical continuity between the vari-
ous metallic elements of the reinforcement. Accordingly, 
the initial work of this investigation related to the electrical 
continuity of the deck rebars, which, in practice, are tied 
together with steel wire. 

The electrical continuity of any rebar in the deck depends 
principally on the lowest resistance connection between that 
rebar and another rebar in the network. Consider, for ex-
ample, a rebar system in which one row of rebars is con-
nected together by welding a copper wire to each rebar in 
the row and carrying this wire to ground. In this hypo-
thetical network, any rebar that is not directly grounded 
will be connected, through a parallel set of resistance con-
tacts (wire ties), directly to a bar that is grounded. In this 
ease, the resistance to ground of any cross rebar is given by 

hR =l/R i.  

where R1  is the individual contact resistance. Thus, the 
total resistance to ground for any given rebar will be less 
than the lowest resistance of any individual wire tie. Ex-
periments conducted in the laboratory show that the wire-
tie method results in a contact resistance of <0.10 ohm, in 
more than 50 percent of the cases, and <0.01 ohm, in about 
10 percent of the cases. Therefore, it is reasonable to as-
sume that the contact resistance of at least one of the cross 
rebars is a low value and that the entire rebar grid will have 
a continuous low-resistance contact with ground. 

In viewing the bridge as a whole, it is anticipated that 
the cathodic-protection current will not stray significantly 
from its intended path (to deck rebars). Current flow 
ihrough the deck concrete is difficult at best, and flow 
beyond the rebar network or laterally through the deck slab 
is unlikely. Where the current is inadvertently applied to 

structural steel, it would be important that the steel have a 
continuous low-resistance contact with the rectifier ground. 
Welded joints are desirable because mechanical (bolted) 
joints, on occasion, may be of high electrical resistance. A 
test of thcsc, aspcts—tlic possibility of sitay Lulleilts and 
adequate electrical continuity of structural steel—must of 
necessity be performed, however, on an actual bridge 
(Phase II). 

EVALUATION OF DESIGN DETAILS 

Soffrt-Anode Investigation 

The analog model was used to conduct some 28 different 
tests to determine the effects of an impressed-current 
mehod utilizing soffit anodes and conductive backfill placed 
in a container affixed to the underside of the deck. The 
impressed-current method of cathodic protection requires 
an external power supply to drive current from an anode 
into the structure receiving protection. The basic electrical 
circuit for this method is shown in Figure F-3. This work 
included investigation of the effects of different types, sizes, 
shapes. and locations of the soffit anode under different 
impressed voltages, both pulsed and continuously applied, 
on the rebar network potential gradient. 

Initial experiments were conducted with a 3-ft by 12-in. 
by 6-in-deep anode container; 30-in.-long by 2-in.-diamcter, 
high-silicon iron rod: and graphite flake backfill. Table F-2 
contains design information concerning the impressed-
current anodes used in this work. Figures F-4 through F-S 
show the results obtained with this anode affixed midpoint 
to the underside of the deck and with various voltages 
applied. From this work, it was learned that circuit re-
sistance associated with the soffit anode was high (about 
15 ohms) and that the protected area achieved with maxi-
mum applied voltage (40 V) was limited to about the size 
of the anode container in contact with the deck. 

In an effort to improve current distribution and, there- 
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Fl REFERENCE HALFCELL 
I CURRENT INTERRUPTER 
P POTENTIOMETER 
V VOLTMETER 

FULL WAVE DC 

H 

TO 
DECK REINFORCING 
STEEL REBARS 

CONCRETE 	 / ELECTROLYTE 	TO ANODE 

* USED TO MEASURE REBAR POTENTIAL 

TABLE F-2 

ANALOG BRIDGE-DECK-SECTION DESIGN INFORMATION 
RELATING TO IMPRESSED-CURRENT ANODES 

Anode Specifications 
Silicon-iron Graphite 

Commercial Name Duriron 51 None 

Manufacturer Duriron Co National Carbon Co 

Type 	(shape) Disk, 	rod Rod 

Size (Rod) 	2 	in. 3 in. 	diam by 6 in. 
than by 60 in. 
long 
(Disk) 	3 	in. 
by 6 in. 

Approximate Roo 	45 30 
Mt/anode, lb Disk 	40 

Approximate 
Consumption 
Rate, lb/amp-yr '0.2 12 

Nominal Composition Inert Anodes, % 
Silicon-iron Graphite 

Si 14.50 - 
Mg 0.75 - 
C 0.95 Total 

Cr 4.50 - - 
Figure F-3. Schematic of full-wave impressed-direct-current 
cathodic-protection circuit used in analog investigation. 
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Figure F-4. Equipotential contour maps of bridge-deck model before applying cathodic protection, using 
a soffit-anode design. Contour units are mV negative to Cut Cu504  half-cell. Grid intervals are 2 ft. 
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Figure F-5. Equipotential contour maps of bridge-deck model with continuous cathodic protection ap-
plied at 9 V and I amp. Sofilt anode was located, as indicated, on the 2-ft grid. Contour units are mV 
negative to Cu/CuSO4  half-cell. 
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Figure P4. Equipotenflal contour maps of bridge-deck model with continuous cathodic protection app!ied 
at 15.6 V and 2 amp. Soffit anode was located, as indicated, on the 2-ft grid. Contour units are mV negative 
to Cu/CuSO4  half-cell. 
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Figure F-7. Equipotential contour maps of bridge-deck model with continuous cathodic protection app!ied 
at 35 V and 3 amp. Soffit anode was located, as indicated, on the 2-ft grid. Contour units are mV negative 
to Cu/CuSO4  half-ce!!. 



54 

5ISU u.n a__ 
000104  
WOMEN 
MEMEM 

MEN 

a _ 

A 	B 	C 	D 	E 	F 	G 	 'A 	B 	C 	D 	E 	F 
A. TOP MEASUREMENTS 	 B. BOTTOM MEASUREMENTS 

Figure F-S. Equipotent,al contour maps of bridge-deck model with continuous cathodic protection applied at 47 V 
and 4 amp. Soflit anode was located, as indicated, on the 2-ft grid. Contour units are mV negative to Cu/CuSO4  
half-ce!!. 

fore, increase the protected area with a given anode ar-
rangement, a series of tests, in which the impressed voltage 
was applied intermittently, was conducted with this soffit 
anode. Other investigators (52, 53) reported improved cur-
rent distribution with intermittent application of the ca-
thodic protection in marine environments. As a preliminary 
test, a half-wave impressed-voltage source was used to give 
60-cps half-wave rectification. The test circuit arrangement 
is shown in Figure F-9. Figures F-10 through F-I 3 show 
the results obtained with this pulsing voltage source. A 
comparison of these maps with those obtained earlier under 
constant voltage shows that a moderate improvement in the 
protected area of the bottom reinforcement was realized by 
pulsing. 

At this point, several important changes were made in the 
soffit-anode design to reduce its resistance in the cathodic-
protection circuit. As shown on Figure F-14, provisions 
were made to improve the contact between the anode back-
fill and the concrete on the underside of the deck; a means 
of wetting the inside of the anode box was also provided. 
Additionally, the length of the anode box was increased 
to 10 If to accommodate a longer (5-ft) anode and to 
increase the contact area between the backfill and the 
underside of the deck. 

The results obtained with the modified soffit anode and 
the half-wave impressed-voltage source are shown in Fig-
ures F-IS and F-16. The average operating resistance with 
this anode method was <10 ohms as compared with about 
15 ohms for the previous anode arrangement. An improve-
ment in the amount of deck area with protective potentials 
was also realized. 

Work with pulsed impressed voltage was suspended 
temporarily, while arrangements for an improved voltage 
interrupting circuit were completed. This work will be 
described later in this report. 

The next step in the soffit-anode testing was the develop-
ment of the multi-anode system shown in Figure F-17. 
Several new materials were used to make up this multi-
anode design, including a 5-ft-long by 3-in-diameter graph- 

HALE-WAVE DC 

A AMMETER 
H REFERENCE HALFCELL' 
I CURRENT INTERRUPTERS 
P POTENTIOMETER' 
V VOLTMEtER 

USED TO MEASURE REBAR 
POTENTIAL 

TO 
DECK REINFORCING 

STEEL REBARS 

CONCRETE 
ELECTROLYTE 

TO 
ANODE 

Figure F-P. Schematic of half-wave impressed-direct-current 
cathodic-protection circuit used in analog investigation. 

ite anode with a coke-breeze backfill. One of the anodes 
was placed near the end of the anode box. Other varia-
tions in the design, not shown in Figure F-17, included the 
use of different materials at the concrete-backfill interface. 
In one case, a mixture consisting of 50-percent bentonite 
and 50-percent gypsum was used. In another, the mixture 
consisted of 75-percent bentonite and 25-percent calcium 
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Figure F-JO. Equipotential contour maps of bridge-deck model before start of 60 pulses per second 
cathodic-protection application. Contour units are mV negative to Cu/CuSO4  half -cell. Grid intervals are 2 ft. 
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Figure F-lI. Equipotential contour maps of bridge-deck model with pulsed-voltage cathodic protection applied 
at a peak voltage of 27 V and 1-amp actual current. Soffit anode was located, as indicated, on the 2-ft grid. 
Contour units are mV negative to CuICuSO4  half-cell. Pulsing rate is constant 60 pulses per second with equal 

on-off periods. 

chloride. In the third, a bentonite layer was used. The wire 
hookup to these anodes was designed to permit measure-
ment of the current going to each anode. 

Figure F-iS shows two of the soffit anodes in place under 
the model. The contour maps, Figures F-19 through F-23, 
are results obtained with the multi-anode system and con-
tinuous impressed voltage. These results indicate that no 
improvement was obtained from the changes in the soffit-
anode makeup. Comparison of the anode currents shows 
essentially the same circuit resistance for each anode. Over-
all, the results of this testing indicated that the protected 
area obtained with the soffit anode and maximum impressed 
voltage is less than twice the size of the soffit anode and its 
backfill in contact with the underside of the deck. This, in 
effect, points out that the required anode spacing would be  

too close for a practical cathodic-protection design. Thus, 
it was clear that, for the soffit-anode design to be eco-
nomically practical, substantial success would have to be 
obtained with the additional investigation of intermittent 
application of current to increase the area protected per 
anode. 

The earlier work with half-wave rectification of an AC 
voltage showed some improvement in current distribution. 
To investigate this method more fully, an electromechanical 
pulsing circuit, illustrated in Figure F-24, was prepared. 
With this pulsing circuit, changes in the current "on" and 
"off" periods result from changing the revolutions per min-
ute of a variable speed motor revolving a metal bar through 
the electrical field of a magnetic switch. This switch, in 
turn, operates a solenoid switch that opens and closes the 
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Figure F-fl. Equipotential contour maps of bridge-deck model with pulsed-voltage cathodic protection 
applied at a peak voltage of 60 V and 2-amp actual current. So/fit anode was located, as indicated, on the 
2-ft grid. Contour units are mV negative to Cu/CuSO4 half-cell. Pulsing rate is constant 60 pulses per 
second with equal on-off periods. 
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Figure F-13. Equipotential contour maps of bridge-deck model with pulsed-voltage cathodic protection applied 
at a peak voltage of 50 V and 3.5-amp actual current. Soffit anode was located, as indicated, on the 2-ft grid. 
Contour units are mV negative to Cu/CuSO4 half-cell. Pulsing rate is constant 60 pulses per second with equal 
on-off periods. 
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Figure F-14. Soffit-anode assembly. 
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Figure F-IS. Equipotential contour maps of bridge-deck model with pulsed-voltage cathodic protection 
applied at a peak voltage of 36 V and 3.5-amp actual current. So/fit  anode was located, as indicated, on 
the 2-ft grid. Contour units are ml" negative to Cu/CuSO4  half-cell. Pulsing rate is constant 60 pulses 
per second with equal on-ofi periods. 
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Figure F-16. Equipotential contour maps of bridge-deck model with pulsed-voltage cathodic protection applied 
at a peak voltage of 55 V and 5.85-amp actual current. Soffit anode was located, as indicated, on the 2-ft grid. 
Contour units are mV negative to Cu/CuSO4 half-cell.  Pulsing rate is constant 60 pulses per second with equal 
on-off periods. 
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Figure F-17. Equipotential contour maps of bridge deck with no cathodic protection applied and 5 days after 
completion of previous cathodic-protection testing. Note 3-soffit-anode system. Contour units are mV neitive to 
Cu/CuSO4  half-cell and plotted on a 2-ft grid. 
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Figure F-18. View of two of the 1041-101g whit anO(,e.' 
(containers) in position under the analog model of c. 
bridge deck. 

Figure F-19. Equipotential contour maps o' bridge-deck model with continuous cathodic protection applied 
at 12 V and 3 amp. Three so/Jit anodes were located, as indicated, on the 2-ft grid. Contour z,nits are mV 
negative to Cu/CuSO4 half-cell. 
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Figure F-20. Equipotential contour maps of bridge-deck model with Continuous cathodic protectiGn applied a: 
12 V and 5.5 amp. Three soffit anodes were located, as indicated, on the 2-ft grid. Contour u'zits are mV 

negative to Cu/CuSO4 half-cell. 
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Figure F-21. Equipotential contour maps of bridge-deck model with continuous cathodic protection applied at 
21 V and 9 amp. Three soffit anodes were located, as indicated, on the 2-ft grid. Reading units are mV negative 
to Cu/CuSO4  half-cell. 
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Figure F-22. Equipotential contour maps of bridge-deck model with continuous cathodic protection applied at 
40 V and 16.8 amp. Three soffit anodes were located, as indicated, on the 2-ft  grid. Contour units are mV 
negative to Cu/CuSO4  half-cell. 
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Figure F-23. Equipotential contour maps of bridge-deck model with continuous cathodic protection applied at 
44 V and 10 amp. Three soffit anodes were located, as indicated, on the 2-ft grid. Contour units are mV 
negative to Cu/CuSO4  half-cell. 
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Figure F-24. Schematic of electromechanical interruption cir-
cuit used in analog investigation. 

cathodic-protection circuit. Although this method was em-
ployed for several tests (see Fig. F-25), it was unsatisfac-
tory, because of the lack of accurate pulse control and the 
narrow range of pulsing times available with this arrange-
ment. Therefore, the electronic pulsing circuit shown in 
Figure F-26 was prepared. This design permitted virtually 
unlimited variation of pulse parameters. The pulsed-current 
conditions investigated were: pulse-wave times from 
130 ms to 4.7 seconds (s), cathodic protection "on" 
periods from 30 ms to 3 s, and "off" periods from 50 ms 
to 1.75 s. The effect of these pulsing conditions on the 
cathodic protection was observed with an oscilloscope that 
was connected across a low-value resistor (0.1 ohm) be-
tween a rebar located near a cathodic-protection anode and 
a rebar located remote from the anodes. 

Figure F-27 shows the arrangements for observation of 
the wave forms during this pulse test. The wave form A 
in Figure F-27 illustrates the appearance of voltages sup-
plied from the voltage source, whereas B in Figure F-27 
is typical of the wave form of the voltage between a rebar 
near the anode and one remote from the anode. It can be 
seen from B (Fig. F-27) that, when the cathodic protection 
is turned off, the voltage between these rebars reverses. In 
effect, the near rebar receives an electrical charge during 
the "on" period and supplies current to the remote rebar 
during the "off" period. Throughobservation of this effect 
during the various pulse parameters of this test, an effort 
was made to determine the conditions that would provide 
maximum current distribution. As with other studies dur-
ing the sofiut-anode testing; the over-all cathodic protection 
effectiveness was evaluated from the equipotential profiles. 
The results, shown in Figures F-28 through F-33, demon-
strate that pulsing the impressed voltage reduces the total 
current required for a given protected area, but it does not 
significantly improve the current distribution or extend the 
protected area. 

After considering the combined results of all phases of 
the soffit-anode testing, it was concluded that this approach 
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Figure F-25. Equipotential contour maps of bridge-deck model with pulsed-voltage cathodic protection 
applied at a peak voltage of 46 V and 7.75-amp actual current. So/fit anodes were located, as indicated, 
on the 2-ft grid. Contour units are mV negative to Cu/CuSO4  half-cell. Pulse-wave time is 400 ms with 
"on" time of 160 ms and "off' time of 240 ms. 

ELECTRONIC PULSE 

CIRCUIT (FIGURE F-26I 

151 

Figure F-26. Schematic of electronic interruption circuit used in 
analog investigation. 
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Figure F-27. Arrangement for voltage wave-form  study—analog 
investigation. 



63 

_ri_nia 
I I!"k iii 
SUiiEiIliI 

1 
A. TOP MEASUREMENTS 	 B. BOTTOM MEASUREMENTS 

Figure F-28. Equipotential contour maps of bridge-deck model with pulsed-voltage cathodic protection 
applied at peak voltage of 68 V and 13-amp actual current. Soffit anodes were located, as indicated, on the 
2-ft grid. Contour units are mV negative to Cu/CuSO4  hall-cell. Pulse-wave time is 4.7 s with "on" time 
of 3s and "off" time of 1.7s. 
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Figure F-29. Equipotential contour maps of bridge-deck model with pulsed-voltage cathodic protection 
applied at a peak voltage of 70 V and 16-amp actual current. So/fit anodes were located, as indicated, on the 
2-ft grid. Contour units are mV negative to Cu/Cu501  hal/-cell. Pulse-wave time is 2000 ms with "on" time 
of 300 ms and "off" time 1700 ms. 
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Figure F-30. Equipotential contour maps of bridge-deck model with pulsed-voltage cathodic protection 
applied at a peak voltage of 70 V and 16-amp actual current. So//It anodes were located, as indicated, on 
the 2-ft grid. Contour units are mV negative to CuICuSO4  half-cell. Pulse-wave time is 1680 ms with 
"on" time of 30 ms and 'oft" time of 1650 ms. 
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Figure F-31. Equipotential contour maps of bridge-deck model with pulsed-voltage cathodic protection 
applied at peak voltage of 68 V and 13-amp actual current. So/fit anodes were located, as indicated, on the 
2-ft grid. Contour units are mV negative to Cu/SO4  half-cell. Pulse-wave time is 470 ms with "on" time of 
300 ms and "off" time of 170 ms. 
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Figure F-32. Equipotential contour maps of bridge-deck model with pulsed-voltage cathodic protection 
applied at a peak voltage of 46 V and 6.9-amp actual current. Soffit  anodes were located, as indicated, on 
the 2-ft  grid. Contour units are mV negative to CuICuSO4  half-cell. Pulse-wave time is 130 ms with "on" 
time 80 ms and "off" time 50 ms. 
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Figure F-33. Equipotential contour maps of bridge-deck model with pulsed-voltage cathodic protection 
applied at peak voltage of 72 V and 15-amp actual current. Soffit anodes were located, as indicated, on 
the 2-ft  grid. Contour units are mV negative to Cu/CuSO4  half-cell. Pulse-wave time is 200 ms with "on" 
time of 100 ms and 'off"  time of 100 ms. 
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would not lead to the development of a practical design for 
a cathodic-protection system for bridge decks. 

Top-Anode investigation 

During the state-of-the-art review (Appendix A), it was 
learned that Stratfull of the California Division of High- 
ways was conducting an extensive program to develop a 
new cathodic-protection method to arrest corrosion of steel 
reinforcement in concrete bridge decks. The salient feature 
of his approach is use of an electrically conductive asphaltic 
overlay on the deck to distribute the protective current over 
the top rebars. It was also previously determined (Appen- 
dix A) that cathodic protection of the top network of steel 
rebars would be adequate to prevent deterioration of con- 
crete bridge decks.* 	On the basis of the investigations cited 
and in accord with the scope of the project—namely, to 
investigate various systems and to establish the optimum 
design for cathodic protection—the top-anode method, as 
proposed by Stratfull, was studied. 

In all, some 18 experiments were conducted with an 
impressed-current method and an anode placed in a con- 
ductive material over the deck surface. 	For this test, a 
6-in-diameter, disk-shaped silicon-iron anode was placed 
in a layer of coke breeze covering the surface of the model 
(Fig. F-lb). Figures F-34 through F-so show the results 
obtained with this design for cathodic protection. 	These 

2 tests indicate that cathodic protection of the top network 
of steel rebars can be readily accomplished with a very low 

t impressed voltage and total current. 
A series of tests was performed to determine the effect 

of the thickness of the conductive layer on the circuit re- 
sistance and the area of the deck surface that can be pro- 
tected by a single anode. Figure F-51 is a plot of the circuit 
resistance obtained versus conductive-layer thickness. 	It is 

t, obvious from this figure, that the results of this work are 
inconclusive, possibly because of the small size 	(surface 
area) of the model. However, this information provided a 
basis for a study of these aspects with the mathematical 

- model. 	Additional data concerning these parameters are 
tf, reported in Appendixes G and H. 

During the top-anode conductive-overlay tests, it was 
- 	c noted that the electrical-resistance probes monitoring the 

corrosion of the top network of steel rebars did not stop 
corroding 	until 	an 	apparent 	rebar 	potential 	value 	of 

'a > —1 260 my measured to a Cu/Cu504  reference half-cell 
was attained. 	Table F-3 is a summary of potentials and ° 
corresponding corrosion rates for each of the top probes 
during the top-anode investigation. 	From the soffit-anode 
investigation and the studies described in Appendix D, it 
is known that a much lower value (about —800 mV) is 

. 	. sufficient to stop corrosion. 	This information led to the 
discovery that placing the half-cell over the conductive 
overlay (coke breeze) gives an erroneous value for the 
potential of the steel under investigation. 	In an effort to 
determine the cause And extent of this measurement error, 
an extensive study was conducted. The results of this study 

tic are reported in Appendix D. 

* Protection of the top mat only is adequate if, at the time cathodic 

'a 
protection is added, there is not evidence of corrosion in the bottom layer 
of steel and if additional salts do not subsequently reach that steel. 

66 



67 

009 

g 
Lo 

MEMO
mill 
ii 

ME 

C, 

The measurement problem notwithstanding, the top-
anode conductive-layer design gave every indication of suc-
cessfully meeting the electrical requirements of a practical 
cathodic-protection design for concrete bridge decks. Ac-
cordingly, preliminary work was initiated to develop a 
conductive overlay material suitable for use with an 
impressed-current system and for bridge-deck service. 

Essentially, a material to be used as the conductive com-
ponent in the overlay for this approach to cathodic pro-
tection by the impressed-current method must be chemi-
cally inert and a good electrical conductor. Most metals, 
under the condition of anodic current discharge required 
for this application, would corrode, with seriosu conse-
quences to the general condition of the overlay. Those 
metals that would not corrode in this application, such as 
platinum, are not candidates for use because of their high 
cost. 

Of the various nonmetals, the carbonaceous materials 
stand out as best for use in the conductive overlay. These 
materials, such as coke and graphite, not only meet the 
aforementioned essential requirements, but they also have 
a long history of use as cathodic-protection ground-bed 
material. Graphite particles have been used in electrically 
conductive asphaltic concrete (54). Electrical current, 
passed through this conductive pavement, generates heat, 
which, in turn, prevents the accumulation of snow and ice. 
Coke, on the other hand, has merit for use in the conduc-
tive overlay because it is widely available and is, therefore, 
relatively inexpensive. For this reason, it was preferred for 
study over graphite. 

Another important asset of coke is that it is nearly in-
soluble and nonvolatile.° It should be noted, however, that 
a necessary anodic reaction occurs at the coke surface as 
the cathodic-protection current passes from the coke (elec-
tronic conductance) to an adjacent electrolyte (water-ionic 
conductance). As the result of the reaction, either oxygen 
or chlorine gas is liberated. With the high concentration of 
chloride on most bridge decks, chlorine will be discharged 
at the anode in preference to oxygen. The chlorine does not 
react with the carbon, and, if only chlorine gas is formed 
at the coke surface, it should last indefinitely. Even if some 
oxygen is formed at the anode, the rate of reaction of 
oxygen with carbon (to form CO.) is sufficiently low that 
it should not impair the life of the conductive layer. How-
ever, as with any cathodic-protection anode bed, the ma-
terial surrounding the anode must be sufficiently porous to 
vent gases resulting from the anodic reaction. These gases, 
if not vented, lead to an increase in circuit resistance of the 
anode bed and eventually could block the current flow. 
Also, it should be noted that this system of cathodic pro-
tection, as well as other systems proposed, depends on the 
presence of sufficient moisture near the anode and in the 
deck concrete to conduct the cathodic-protection current. 

In addition to the aforementioned properties, a conduc-
tive overlay utilizing coke as the asphaltic concrete aggre-
gate must satisfy traffic durability requirements. Accord-
ingly, the durability of a coke-aggregate asphalt mixture 

* The volatile matter of coal, some of which may be carcinogenic, is 
removed in the coking process (destructive distillation of coal at tem-
peratures in the range of 1650 to 2000 F). 
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Figure F-36. Equipotential contour maps of bridge-deck model with continuous cathodic protection 
applied at 7 V and I amp. Top anode was located, as indicated, on the 2-ft  grid, in a 1-in, layer of 
coke breeze covering entire deck surface. Contour units are ink' negative to Cu/CuSO4  half-cell. 
Potential values measured for top are distorted by coke-breeze overlay. 
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Figure F-37. Equipotential contour ,,iaps of bridge-deck model with continuous cathodic protection applied 
at 8 V and I amp. Top anode was located, as indicated, on the 2-ft grid, in a 2-in, layer of coke breeze 
covering the entire deck surface. Contour units are mV negative to Cu/Cu504 half-cell.  Potential values 
measured for top are distorted by coke-breeze overlay. 

was investigated. Marshall-type paving specimens were pre-
pared and tested for stability and flow to determine the 
optimum binder content to use with an aggregate consist-
ing of 95-weight-percent coke breeze and 5-percent pul-
verized limestone. The addition of alkaline material to 
carbonaceous backfill has been found advantageous in de-
creasing the rate of electrochemical attack and increasing 
the moisture retention (55). Several mix designs were 
evaluated: (I) an open-graded and a dense-graded mix 
having a top size of 3/  in. (100% passing a I/s-in, sieve), 

* Pa. Dept. of Transportation designation; no known AASHTO or .ASTM 
designations. 

Note: coke breeze, unlike normal aggregate materials, can burn. The 
ignition temperature (about 1300 F), although much higher than the pre-
heat temperature (300 F), may be attained inadvertently when coke breeze 
is heated in an open-flame type dryer. 

K. F. Mcconnaughay (Lafayette, Indiana) designation; no known 
AASHTO or ASTM designation, but similar to ASTM MS-2. 

which is the approximate physical analysis of coke breeze 
used in cathodic-protection application, and (2) a dense-
graded mix having a top size of 1 in. As an asphaltic 
binder, AC 2000 * asphalt cement (viscosity at 140 F; 
2000 ± 400 poises) was mixed with each aggregate at a 
temperature of 300 F.t AE-90 t anionic emulsified asphalt 
was mixed with the open-graded aggregate, and AE-150 t 
anionic emulsified asphalt was used with the dense-graded 
aggregates; both of these emulsions were mixed with the 
aggregates at ambient temperature. 

The sizes of the coke-breeze/limestone aggregates used 
to prepare the mixes are given in Table F-4 along with 
appropriate ASTM and Pennsylvania Department of Trans-
portation specifications. 

Marshall design data for the coke-breeze/asphalt mixes 
are given in Table F-5. On the basis of these data, the 
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Figure F-38. Equipotential contour maps of bridge-deck model with continuous cathodic protection applied 
at 8 V and 1.3 amp. Top anode was located, as indicated, on the 2-ft grid, in a 2-in, layer of coke breeze 
covering the entire deck surface. Contour units are mV negative to Cu/CuSO4 half-cell.  Potential values 
measured for top are distorted by coke-breeze overlay. 
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Figure F-39. Equipotential contour maps of bridge-deck model with continuous cathodic protection 
applied at 7.7 V and 1.15 amp. Top anode was located, as indicated, on the 2-ft grid)  in a 2-in, layer of 
coke breeze covering the entire deck surface. Contour units are mV negative to Cu/CuSO4  half-cell. 
Potential values measured for top are distorted by coke-breeze overlay. 

ASTM 6A and 3A mixes containing AC-2000, although 
marginal with respect to stability, should perform satis-
factorily when overlayed with a conventional asphaltic 
wearing-course mix. All of the mixes prepared with the 
emulsions had extremely low stability values. (Specimens 
were cured at 140 F for 40 hr prior to testing for stability.) 
This low stability may be inherent with emulsion/coke-
breeze mixes; however, it may also be due to the unsuit-
ability of using the Marshall method for testing such mixes. 
In view of the latter possibility, and especially because the 
use of an emulsion offers many advantages over the use of 
an asphalt cement such as AC-2000, emulsion/coke-breeze 
mixes should not be ruled out. 

Sacrificial-Anode Investigation 

Insofar as it has been shown that cathodic protection of 

the top steel rebars can be achieved with a low applied 
voltage and small current, provided that the anode arrange-
ment gives the necessary current distribution, it was conk 
cluded that the sacrificial-anode method of cathodic' pro-
tection may be possible in this application. This method of 
cathodic protection consists of making the corroding struc-
ture the cathode of an electrolytic corrosion cell, with a 
more active metal as an anode. The structure and the anode 
operate as a bimetallic corrosion cell, and the anode elec-
trode is corroded, or sacrificed. The driving potential for 
the cathodic protection is derived from the natural poten-
tial difference between the metal of the structure and the 
anode and, accordingly, is limited to this value. In practice, 
magnesium (Mg) and zinc (Zn) alloys have been employed 
for the cathodic protection of steel reinforcement in con-
crete. The possibility of using a sacrificial-anode design for 
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Figure F-40. Equipotential contour maps of bridge-deck model with continuous cathodic protection 
applied at 6.8 V and 0.86 amp. Top anode was located, as indicated, on the 2-ft grid, in a 2-in, layer 
of coke breeze covering the entire deck surface. Contour units are mV negative to Cu/CuSO, half-cell. 
Potential values measured for top are distorted by coke-breeze overlay. 
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Figure F-fl. Equipotential contour maps of bridge-deck model with continuous cathodic protection 
applied at 7.75 V and 1.35 amp. Top anode was located, as indicated, on the 2-ft grid, in a 3-in, layer 
of coke breeze covering the entire deck surface. Contour units are mV negative to a Cu/CuSO4  half-cell. 
Potential values measured for top are distorted by coke-breeze overlay. 
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Figure F-42. Equipotential contour maps of bridge-deck model with continuous cathodic protection 
applied at 7.6 V and 1.3 amp. Top anode was located, as indicated, on the 2-ft grid, in a 3-in, layer 
of coke breeze covering the entire deck surface. Contour units are mV negative to a Cu/CuS01 
half-cell. Potential values measured for top are distorted by coke-breeze overlay. 
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Figure F-43. Equipotential contour maps of bridge-deck model with continuous cathodic protection 
applied at 6.1 V and 0.5 amp. Top anode was located, as indicated, on the 2-ft grid, in a 3-in, layer 
of coke breeze covering the entire deck surface. Contour units are mV negative to a Cu/CuSO4 
half-cell. Potential values measured for top are distorted by coke-breeze overlay. 
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Figure F-44. Equipotential contour maps of bridge-deck model with continuous cathodic protection 
applied at 4.8 V and 0.3 amp. Top anode was located, as indicated, on the 2-ft grid, in a 3-in, layer 
of coke breeze covering the entire deck surface. Contour units are mV negative to a Cu/CuSO4  
half -cell. Potential values measured for top are distorted by coke-breeze overlay. 
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Figure F-45. Equipotential contour maps of bridge-deck model with continuous cathodic protection 
applied at 5 and 0.25 amp. Top anode was located, as indicated, on the 2-ft grid, in a 3-in, layer 
of coke breeze covering the entire deck surface. Contour units are mV negative to a Cu/Cu804  
half-cell. Potential values measured for top are distorted by coke-breeze overlay. 
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Figure F-46. Equipotential contour maps of bridge-deck model with continuous cathodic protection 
applied at 7.5 V and 1.25 amp. Top anode was located, as indicated, on the 2-ft grid, in a 3-in, layer 
of coke breeze covering the entire deck surface. Contour units are mV negative to a Cu/CuSO4  
half-cell. Potential values measured for top are distorted by coke-breeze overlay. 
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Figure F-47. Equipotential contour maps of bridge-deck model with continuous cathodic protection 
applied at 6.7 V and 0.8 amp. Top anode was located, as indicated, on the 2-ft grid, in a 3-in, layer of 
coke breeze covering the entire deck ,curface. Contour units are mV negative to a Cu/CuSO4  half-cell. 
Potential valucs measured for top are distorted by coke-breeze overlay. 
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Figure F-48. Equipotential contour maps of bridge-deck model with continuous cathodic protection 
applied at 7 V and 0.8 amp. Top anode was located, as indicated, on the 2-ft grid, in a 3-in, layer of 
coke breeze covering the entire deck surface. Contour units are mV negative to a Cu/CuSO4  half-cell. 
Potential values measured for top are distorted by coke-breeze overlay. 
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Figure F-49. Equipotential contour maps of bridge-deck model with continuous cathodic protection applied 
at 6 V and I amp. Two top anodes were located, as indicated, on the 2-ft grid, in a 3-in, layer of coke breeze 
covering the entire deck surface. Contour units are mV negative to a Cu/CuSO4  half-cell. Potential values 
measured for top are distorted by coke-breeze overlay. 
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TABLE F-3 

SUMMARY OF CORROSION-RATE READINGS AND INDICATED 
PROBE POTENTIALS—TOP ANODE SYSTEM 

	

- 	 Corrosion 
Rate, Change in 	Potent ial* at 

	

Avg Applied 	Probe Units Per Day 	Prohe nV_ 

	

Current, amps 	No.6 	No.? 	NO.6 	No.? 

0 3 3 600 600 

0.25 1.5 2.2 1080 1000 

0.30 2 1 1020 1000 

0.50 2 2 1200 1110 

0.60 0.8 ' 	2 1210 1200 

0.70 0 1 1260 1225 

0.86 0 3 1550 1150 

1 1 1 1380 800 

1.2 0 0 1650 1600 

1.2 0 0 1510 1500 

1.35 0 0 1750 1420 

0 0 1700 1170 

Note: The four probes embedded in concrete in t:e underside of 
the model did not corrode during the exposure period. 

Because of changes in various parameters, such 
as the number of anodes and the anode position, 
the relation between applied current and ?robe 
potential is not meaningful. 

A. TOP MEASUREMENTS 	 B. BOTTOM MEASUREMENTS 

Figure F-50. Equipotential contour maps of bridge-deck model with continuous cathodic protection 
applied at 4.7 V and 0.6 amp. Two top anodes were located, as indicated, on the 2-ft grid, in a 3-in. 
layer of coke breeze covering the entire deck surface. Contour units are mV negative to a CuICuSO4  

half-cell. Potential values measured for top are distorted by coke-breeze overlay. 

* Distorted values measured for the top layer of 
reinforcing bars near the probe with Cu/CuSO4 
halfcell contacting coke breeze overlay. 

0 	
0— 

3 

COKE LAYER THICKNESS, inches 

Figure F-SI. Effect of coke-overlay thickness on circuit resistance of the cathodic 
protection with top anode. 
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TABLE F-4 

SIZE OF COKE-BREEZE/LIMESTONE AGGREGATES 
USED TO PREPARE MIXES 

Pa. Open-Graded Mix 

Passing Coke Breeze, 
Sieve 	wt % 	Pa. Dept of Transportation Spec 

1/2' 	100 	 100 
3/8' 	100 	 90-100 

	

4 	 43 	 30-50 

	

8 	 23 	 10-25 

	

16 	 5 	 0-18 

ASTM GA Mix 

Passing Coke Breeze, Pa. Dept of Transportation ASTM 
Sieve 	wt % 	ID-2A wearing Course Spec 	6A Spec 

1/2' 100 100 100 
3/8' 95 80-100 90-100 
4 70 45-80 60-80 
8 40 30-60 35-65 
16 36 20-45 
30 21 10-35 
50 20 5-25 6-25 

100 7 4-14 
200 6 3-10 2-10 

ASTM 3A Mix 

Passing Coke Breeze, Pa. Dept of Transportation ASTM 
Sieve 	wt % 	ID-2A Binder Course Spec 	3/k Spec 

11. 100 90-100 90-100 
1/2' 70 40-75 60-80 
3/8' 42 

4 40 20-47 25-60 
8 20 15-37 15-45 
16 18 
30 16 
50 15 4-17 3-18 

100 6 
200 5 2-6 1-7 

Note: All mixes contain 5 wt 4 of pulverized limestone. 

providing cathodic protection for bridge decks was investi-
gated during this part of the analog study. 

A laboratory experiment was conducted with Mg and Zn 
alloys (see Appendix D) to aid in predicting their service 
performance in the present application. This work showed 
that both metals are capable of providing cathodic-
protection current when the concrete is moist and con-
tains some chloride. 

On the basis of this finding, it was decided to test the 
performance of Mg and Zn anodes encased in conventional 
paving materials. For this work, extruded ribbons of Mg 
and Zn were used. Details concerning the ribbon anodes 
are given in Table F-6. Two 12-in, lengths of the ribbon 
anodes were encased in a 2-in, by 6-in, by 8-in, block of 
PennDOT ID-2A asphalt mix and portland cement con-
crete mix. After the concrete was cured, these specimens 
were coupled to a large steel plate, rjnd the resulting cor-
rosion cell was placed in a container of 1-percent sodium 
chloride solution. Figures F-52 and F-53 show the appear-
ance of the anode specimens after approximately 40 
ampere-hours (amp-hr) of current generated. It is clear 
fom Figure F-fl that corrosion of the Mg caused con-
siderable damage to both encasement materials, whereas the 
Zn (Fig. F-53) did little damage to either the concrete or 
asphalt. 

TABLE F-S 

MARSHALL DESIGN DATA FOR COKE-BREEZE/ 
ASPHALT MIXES 

AC2000* /k5_90* AE_150* 

Pa. Open-Graded Mix* 

optimum binder content, wt %** 	8 	14 	- 

Stability at 140 F, lb 	450 	70 	- 

Flow at 140 F, 0.01 in. 	 7.5 	8 	- 

ASTM 6Ps Mix 

Optimum binder content, wt 45*  11 	- 	15 

Stability at 140 F, lb 	976 	- 	185 

Flow at 140 F, 0.01 in. 	12 	- 	11 

ASTM 3/k Mix 

Optimum binder content, wt %** 11 	- 

Stability at 140 F, lb 	969 	- 	ND 

Flow at 140 F, 0.01 in. 	14.5 	- 	ND 

* No )<nown AASI1TO or ASTM designation. 
** Binder content shown for emulsion includes water. 
" ND = Not determined. 

Concurrent with the mock-up test of the anodes, a 
sacrificial-anode design was evaluated on the analog deck 
model. For this study, the Mg ribbon was cut into 12-ft 
lengths and each length was placed across the top of the 
analog deck. The Mg anodes were in Ca(OH)5  solution 
(average resistivity about 3000 ohm-cm) and were sup-
ported by limestone aggregate, about 1 in. above the top 
rebar mat. Different numbers of anodes were placed an 
equal distance apart. After the anodes were connected to 
the deck steel, the current output from the anodes • and the 
deck steel potential were monitored until steady-state con-
ditions were indicated. Then, a profile of the deck steel 
potentials was obtained. 

Figures F-54, F-55, and F-56 show the results of this 
work. Figure 5-57 shows that the effect of increasing the 
number of Mg anodes is to decrease the cathodic-protection 
circuit resistance and, at the same time, to increase the total 
anode-current output. From the maps (Figs. F-54, F-55, 
and F-56), it is clear that the maximum anode spacing for 
complete protection of the top rebar mat is 6 in. or, essen-
tia!ly, one ribbon anode between each pair of adjacent top 
rebars. Under the conditions of this test, this anode spacing 
and size would provide cathodic protection for at least 6 yr. 
However, additional anode life (cathodic protection) can 
be obtained by increasing the size of the Mg anodes. Be- 



TABLE F-6 

ANALOG BRIDGE-DECK DESIGN INFORMATION 
RELATING TO SACRIFICIAL ANODES 

FiA.ure F-52. Magnesium-anode specimens: (a) Mg in asphalt after 
35 amp hr and (b) Mg in concrete after 40 amp hr. 

A. Anode Specifications 

Magnesium 	- 	 Zinc 

Ccmmerciol Name Galvoline 	Diamond Line (mini size) 

Manufacture 	Dow Chemical ASARCO 

Type 	 Ribbon 	Ribbon 

Alloy 	 Galvomag 	Hi-Amp 

Cross-Section 	3/4 x 3/8 	11/32" x l5/32 

Wt per ft 	0.23 	 0.25 

Ccre Wire 	No. 11 iron 	No. 10 galvanired 

Standard Coil 
Length, ft 	1000 	 1000 

Estimated 
Current Rating, 
sap-hr/ft 	100 	 80 

Density, lbs/rn3 	0.069 	0.256 

B. Nominal Composition of Sacrificial Anodes—Percent 

High-Potential, Mg 	 Hi-Anp, Zn 

Al 	 0.01 	 Al 0.10-0.50 
Cd 0.025-0.15 

Mn (mm) 	0.5-1.2 Mm [% Mn > 60 (% Al)] Pb 0.006 Max 
Fe (max) 	 0.03 	 Si 0.125 Max 
Ni (max) 	 0.001 	 Cu 0 005 Max 
Cu (max) 	 0.02 	 Fe 0.005 Max 
Si (max) 	 0.05 	 In Balance 
Other (max) 	 0.30 
Mg 	 Balance 

Electrochemical Properties of Galvanic Anoce Used* 

Mg 	 Zn 

Current Capacity-Theoretical, 
amp-hr/lb 1000 37 

Current Ifficiency, percent 50 9C 

Current Capacity-Actual, 
amp-hr,'lb 500 33 

Solutioa Potential, volts -1.80 -1.1 

Driving Potential to Cathode 
at -0.93 V, 	in volts 0.90 C.2 

in earth, from Control of Corrosion, by A. TA. Peabody. 
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Figure F-53. Zinc-anode specimens: (a) Zn in asphalt after 56 amp hr and (&) Zn in concrete after 33 amp hr. 
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Figure F-54. Equipotential contour maps of bridge-deck mnodel with magnesiu'n-ribbon anode system. 
Anodes were located, as inthcsted (2-ft  centers), on the 2-ft grid. Current output from anodes is 
500 mum p. Contour units are nV negative to Cu 'CuSO half-cell. 

6 



IiL%i 
1I1IItII2 
IWi SE  a i4ik% 
-fillimmijiFF4 
111-00011111 

A 	8 	C 	D 	E 	F 	G 	A 	U 	 U. 	 U) 	 U 

A. TOP MEASUREMENTS 	 B. BOVTOM MEASUREMENTS 

-- - ANODES 

Figure F-55. Equipotential contour maps of bridge-deck model with magnesium-ribbon anode system. 
Anodes were located, as indicated (1-ft centers), on the 2-ft grid. Current output from anodes is 
750 inamp. Contour units are mV negative to Cu/CuSO. half-cell. 
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Figure F-56. Equipotential contour maps of bridge-deck model with magnesium-ribbon-anode system. 
Anodes were located, as indicated (0.5-ft centers), on the 2-ft grid. Current output from anodes is 
920 mamp. Contour units are mV negative to Cu/CuSOi  half-cell. 
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Figure F-57. Analog model tests—eflece of number of magnesium anodes on circuit resistance and anode current output. 

cause the driving voltage of a Zn-anode system is much 
less than that of the Mg system, it would appear that at 
least the same anode spacing indicated by the Mg test would 
be required for a Zn-anode system. 

SUMMARY OF THE ANALOG-MODEL INVESTIGATION 

The analog-model investigation showed that the essen-
tial feature of a design for the application of cathodic pro-
tection to a bridge deck is uniform current flow of appro-
priate value from a well-distributed anode arrangement 
located over the top rebar mat. A design consisting of a 
6-in.- diameter, disk-shaped silicon-iron anode placed in a 
layer of coke breeze covering the surface of the analog 
model gave the best results. These results show that the top 
network of steel rebars can be readily protected by using 
a low-impressed-voltage cathodic-protection system. Tests 
performed with a dense-grade asphalt mixture, prepared 
with a coke-breeze aggregate, show that this material, al- 

though marginal with respect to some properties, should 
have satisfactory resistance to rutting or shoving when 
provided with a wearing-course, overlay. 

Results of a test with a Mg-anode design showed that one 
ribbon anode between each pair of adjacent rebars was 
needed for complete protection. A mock-up performance 
test of Mg- and Zn-ribbon anodes, encased in concrete and 
asphalt, showed that the Mg corrosion results in expansion, 
which, in turn, causes damage to the encasing material. 
Little damage was noted with the Zn anodes. 

Testing with a soffit-anode location gave poor current 
distribution from the anode to the top rebar mat. With 
maximum impressed voltage, an area less than twice the 
anode-backfill contact area could be protected. Pulsing the 
impressed voltage lowered the total current needed to main-
tain the protected area, but it did not improve current dis-
tribution or extend the protected area sufficiently to make 
this design practical. 



APPENDIX G 

MATHEMATICAL-MODEL DEVELOPMENT 

INTRODUCTION 

Efficient design of a cathodic-protection system for bridge 
decking requires a means for calculating the potential field 
in the deck for all the various system parameters that might 
be employed in the design. The ability to make such calcu-
lations allows the designer to test a variety of ideas on paper 
before testing a real system. This, in turn, permits an in-
expensive screening of systems to find those that are most 
promising for further testing. Accordingly, it was the ob-
jective of this part of the program to develop a mathemati-
cal model for the data generated by the analog-model test-
ing (Appendix F) and to verify the mathematical model 
with data gathered from tests on the prototype bridge deck 
(Appendix H). 

(i - 1,j,k) 

(i,j - 1,k) 

(1,1 + 1,k) 

(1 + 1,j,k) 

(i,j,k - 1) 

For this system, the current flows can be written 
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MATHEMATICAL-MODEL DEVELOPMENT 

The cathodic protection of a rebar network in a rein-
forced bridge deck can be represented by a system of equa-
tions for steady-state current flow, in a three-dimensional 
body, with a wide variety of boundary and internal condi-
tions. The most straightforward model for this system is a 
nodal approach in which the volume is broken into a mesh 
of nodes connected by resistances. With this type of model, 
sources and sinks can be applied directly at the node on 
which they occur. The application of Ohm's and Kirchoff's 
laws yields a system of algebraic equations, which uniquely 
determine the potential distribution and current flow over 
the network. 

Because the number of equations in this system is quite 
large, a direct approach to their solution is impractical. 
One method frequently used to solve large systems of equa-
tions is the method of relaxation; in this technique, an 
initial solution is assumed, and the relaxation algorithm is 
used to improve this solution. Iterations are continued until 
all of the mathematical criteria for a solution are met to 
a specified tolerance. The basic criterion for steady state 
in the system of interest is that, at each node that is not 
a source or sink, the net current flow must be zero 
(Eli j, , = 0). This gives the basic nodal equation for 
iterating to a solution. 

AE 
== 0 

Consider a typical node in a three-dimensional system: 

AE_El E[ElJL_Eia]+[Ei+1.J. L.—E, 5  a] 

+ [E L 5-1. a E1  .a 1+[Ei. 5+1, a - EL 5,a] 

(G-l) 

For nodes that are not sinks or sources, Eq. 0-1 must be 
satisfied. 

Solving for (E1  a)  gives 

E. , Ic = 

Ej42 ,s,a 	Ei.j_i.a 	EL].],,, 	Ei, 5,ai 	Ej,j,a+ i 

1 	 2 	 2 	 R. 	 8 	 5 

(1R1  + 1R2  + 1R3  + hR4  + 1R5  + 1/R6) 

(0-2) 

j, a is the potential, at node i, j, k, that would reduce the 
net current flow at that node to zero, if all the other poten-
tials in the system remained the same. The basic relaxation 
algorithm, then, is to assume a potential for each node in 
the system and use Eq. 0-2 to adjsut all the assumed po-
tentials. Equation 0-1 is checked against a tolerance for 
each node in the system to see whether the last estimate is 
close enough to be the required answer. If the error is too 
great, Eq. 0-2 is again used to adjust the potentials; and 
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the testing process is repeated. Iterations are continued 
until the tolerance is met; at which point, a practical solu-
tion to the problem has been achieved. 

Implementation of the aforementioned relaxation pro-
cedure requires a computer to carry out the multitude of 
calculations necessary to get a solution. A computer pro-
gram has been written for the relaxation algorithm of this 
system. It accepts as input the size of the concrete slab; the 
size, spacing, and position of the reinforcing bars; and the 
resistivity of the concrete along with resistance to ground 
of the rebar system. The location and size of the cathodic-
protection anodes are assigned by selection of nodes which 
are current sources as opposed to sinks within the three-
dimensional model. The applied voltage and any anode 
contact resistance are assigned to these nodes. The pro-
gram solves the relaxation algorithm and prints out the 
potential field in the slab. 

One of the prohlems in the development of the model is 
to calculate the correct resistance from a node to the rebar 
in the volume represented by the node. Several approaches 
to this problem were attempted, and the following was 
found to be the most consistent with the experimental evi-
dence. Consider the portion of rebar contained in the 
volume of nodal influence DY by DY by DX. A typical 
section of rebar in this volume will be DY long and have 
a diameter D. The equation for the resistance, R, from the 
node to a point on the rebar will be 

where p is the resistivity of the concrete; L is the distance 
from the node to the point; and A is the viewing area of 
the rebar at that point. If Ax is the distance along the rebar, 

A=DAx 	 (G-4) 

Also, if L is the point on the rebar nearest to the node and 
x is the distance from this point to the area of interest, 

L = Vx2 + L,2 	 (G-5) 

Now, substituting Eqs. 0-4 and 0-5 into Eq. 0-3 will give 
the formula for the resistance for any point on the rebar 

R - 
pVx2 + L1 2  

D 

Inasmuch as all of the resistances are in parallel, the total 
resistance, RT, to this rebar can be written 

1 	- l 	
DL,.x 

RT 	 + L12 	
(0-6) 

If Eq. 0-6 is allowed to pass to the limit, 

DAx 

RTRpVxi2 + L,1 = 2 

DY Ddx 

+ L12 (0-7) 

If the integration is performed, 

l/Rr in.(1+j/(a)1)] (0-8) 

Equation 0-8 describes the resistance from the node to 
one of the rebars in the volume. Similarly, Eq. 0-8 can be 
used to calculate the resistance to each of the other rebars 
in the volume of interest. Because the resistances are in 
parallel, the total resistance from the node to all rebars can 
be calculated by 

i-!- 	
(0.9) 

The use of this equation gave good agreement with the 
analog-model data. 

DETERMINATION OF POLARIZATION POTENTIAL 

Modeling of the bridge-deck system yields the steady-
state potential that results when an impressed voltage is 
applied at the anode. For this result to have meaning in 
terms of a cathodic-protection evaluation, it is necessary to 
use this information to predict the "instantaneous off" po-
tentials (polarization potential, as it is measured in the 
field) at all points on the deck. One method of calculating 
the instantaneous off potential is through the empirical 
relationship between current density and polarization po-
tential for steel in a concrete environment. To develop this 
relationship, potentiostatic cathodic-polarization studies 
were conducted on an isolated rebar in the prototype deck 
(Appendix H). 

Further, it is well known that the current density neces-
sary for cathodic protection of steel in concrete is much 
lower in the final state than indicated by tests having a short 
duration (15, 16). Accordingly, the following treatment of 
the short-term test data was employed to compensate for 
this factor. The rate of cathodic-current change on the test 
rebar was measured as the rebar potential was held con-
stant. This procedure was repeated for a number of poten-
tials over a 12-hr period. The data were then plotted on 
logarithmic scale. The resulting plot of data, a straight line, 
was extended to determine the current indicated after 100 hr 
of application. The 100-hr value for the current was used 
to calculate the current density at each potential. The 
logarithmic value of this current density was plotted against 
rebar potential to produce the long-term (100-hr) cathodic-
polarization curve for a steel rebar in the prototype deck. 
The resultant curve is shown in Figure 0-1. 

For the computer program, these data (Fig. 0-I) were 
represented mathematically by linear functions of the log 
of current density 

E = A log I + B 
where E is the rebar potential, millivolt (my) to copper/ 
copper sulfate (Cu/CuSO4 ) half-cell; i is the current den-
sity, microampere per square inch (tA/sq in.); and A, B 
are constants. The values of the constants A and B, calcu-
lated from the slope for the various regions of current 
density shown in Figure 0-1, are: 
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1zA/sq in. A B 

<1.0 0 —200.0 
1.0— 3.0 —508.7 —200.0 
3.0-4.2 —267.5 —466.1 
4.2-40.0 —22.18 —818.2 
40.0-70.0 —89.35 —570.4 
>70.0 —240.5 71.76 

These equations have been incorporated in the computer 
program, and the instantaneous off potential, calculated by 
using them, is consistent with the observed values. 

INPUT FOR COMPUTER PROGRAM 

A source listing for the computer program is given in 
Table 0-1. The program is written in FORTRAN IV and 
could run on any computer with a FORTRAN IV compiler; 
it has been run, without modification, on a CDC 6500 and 

a DEC 11/45 computer. A description of the input cards 
for the typical case presented is given in Table 0-2. 

COMPUTER OUTPUT 

Typical outputs of the computer program are given in 
Tables 0-3, 0-4, and 0-5. The output in Table 0-3 shows 
the essential portion of the input parameters; namely, the 
dimensions of the slab, the resistivity of the concrete in the 
slab, and the potential applied at the anodes situated on the  

surface of the slab. In the case presented, the resistivity of 
the concrete is varied through the thickness of the slab, but 
it is held constant in the horizontal directions. If the option 
for total variable resistivity had been selected, the resistivity 
for each node within the slab would be printed as part of 
the output. The resistance to ground for the nodes nearest 
the rebar is also printed in Table 0-3. The first 10 lines are 
for the nodes near the top layer of rebar, and the next 
10 lines are for the nodes near the bottom layer. The out-
put in Table 0-4 shows the current flow into and out of 
the slab, along with the potential (with the current flow-
ing) at each point in the slab. The output in Table 0-5 
shows the polarization potential, or instantaneous off po-
tential, which is calculated from the current density at the 
rebar surface and by using the cathodic-polarization curve 
(Fig. 0-1). 

VERIFICATION OF THE MATHEMATICAL MODEL 

Verification of the mathematical model is a twofold prob-
lem, the first part of which is simply to determine whether 
the computer program gets the correct solution to the 
mathematical problem. This is straightforward in that the 
problem is linear in nature and, thus, can be shown to have 
a unique solution. Also, if the algorithm used to solve the 
problem converges, it can be shown that it will converge to 
the correct solution. The program has been run for a wide 
variety of conditions and does converge in all cases. Under 

1 	 10 	 100 

CURRENT APPLIED, pA/sq In. 

Figure G-1. Cathodic polarization behavior of steel rebar in concrete in prototype deck section. 
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TABLE 3-I 

COMPUTER PROGRAM SOURCE LISTING 

PPOr,flP NATN(TNPUT,OUTPUt,TAPCI:TWPUT,TAPE3eouTfluT) 
P00r,R4w TO flfTFflPTN CIJ'RtNT FLCW ANn PCTrNTTAL IN IRTO',F OFCKING. 
CONWONP (to,in,ioi,qC(q,jo,jn) ,RD(jQ.Q,1op,Pn(lo,jo,q),pr,(IO,10,2) 
C014 N0p PIII0,10),TPT,TPP,N,M,L.9x,qv,APET,Apfn,PEST 
CONMOW CO(to, 10) ,CflP(1O.10) 
CflP*MON CIJP,CtJPO,CTOP,CPflT 
CfiP'$ON CuPP,roo.rpQno 
CALL INQUT 
TP = 0.0 

CIJPP x 1. 
no 31 T:t,.l 
00 II J1,M 
CflhT,J) = 0.0 

0.0 
tr(pt (I,J)-Tfl)3t,3t,3? 

3? PTa 3 Pt(t,J) 
31 Cfl'ITTNUF 

0') 30 I=1,N 
on 30 Jj,M 
PIT,J,1) 	I(T,J) 
On 30 Kt2',L 

t PIP 
30 CONTTNUF 

FAC = 1.0 
T'0tJNT = 0 
Ict 	a 
Ar.FL = 1.01 
CONTTNUF 
TF(rA'.&t.l.q?)c.o TO t 
FAC = FACACrL 

I CONTINUE 
ERR = 0.0 
ICOIJNT = ICOUNT • t 
flfl 9 jj,N 
10 9 Jfl,N 
00 9 Ktl,L 
U (T-I) 10, tO. II 

to PAC = 0.0 
'AC • 0.0 
GO TO 12 

11 PAt • 1.flC(T-I.J,KI 
°AC • 

12 IF(T-1.)14,13,13 
13 RRC * 0.0 

PBC • 0.0 
GO TO 15 

14 R'C : l./RCIT,J,k) 
'mc * P(T+I.J,K)•qf3C 

15 IFIJ-1116,16,l? 
lb RAP • 0.0 

PBP • 0.0 
GO TO IA 

I? RAP • t./QIt.J-l.KI 
PRR • P(I,J-t,k)'RflR 

16 TrcJ-M)?o,q,q 
19 RIP * 0.0 

PAP z 0.0 



TABLE G-i (continued) 

CO TO 2t 
20 RAP: t./RPII,J,K) 

PAP: p(t,J+1,K)'QAR 
2t !r(K-1122.2?.23 
72 QQT r 0.0 

oni = 0.0 
t(PT lT,J)Ih.5.' 

i. ROT : i.rnrst 
IflT = 

S CONITWUF 
GO TO 2¼ 

21 GOT: 1a0(T,.J,Kt) 
POT = PtT,J.K-1)P01 

?h TFlK-LI26,25.2 
75 R08 = 0.0 

poD ' 0.0 
ciD to 2 

76 PUS = 1./QOhT.J.90 
P99 = 

27 CONTTNtJE 
U IK-ISTI 5, 36. '5 

15 TrIK-iflel 32,33, 32 
32 QTG = 0.0 

PUG = 0.0 
GO TO II. 

16 PTG = t./RGlt.J.t) 
OnG 2 CflIT,JITG 
'O TO 3.. 

31 RTC 	t./QG(I,J,2) 
DqG= CnB(T,J)'PTG 

14 CONTINUF 
flr = PACIQPC,PPQ.QADPOTPUflDTG 
DMUM : PAC+PRC,PflQ4PARtPOT sPUR ,Pfl 
POLO 	PlT.J.K) 
P(T,J,K) = Ptt,J,K)'(t.FAC) e FAC'PNUM!nrw 
Ott • AOSIPOLO-PNUM/OFN) 
rp = ERRSOIt 
CONTTNUF 
CALL CUPOF 
CtjP = 0.0 
00 ¶0 Ifl,N 
00 So j=j,tI 
CO_It,.,, * -CO(T,J)/t000., 
COR(T.J) = - CORtT,JIf1000. 
fF IPX It ,j$)St.50,51 

51 CUR • CUR •(pj(j,J)P(t,J,t))OFSt 
50 CONITNUE 

CUPO : Afi5ICU-CU901 
52 CONTIWUF 

IF ( TCOUNT5O) 2,'.3.¼1 
43 CALL OUTPUT 

WQTTF (3.100)FRP 
100 FORMAT (IN FtI..S) 

ICOUNT : 0 
101 • TOt • t 

.2 CONTTNLPF 
lFtCIJQfl.GT.0.000tIG0 TO 
IF ((FQP,FPRORQ.Oot).CT.0.7S)(.0 TO S 

40 CALL. rU1pUT 
nit Cfl 
FNO 
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TABLE C-I (continued) 

SUAPOUTINr INPUT 
ROUTINE TO INPUT DATA AND CALOULATE RrScTAt4cr vAlurs 
COMMONP (1O,1O,10),C (9.10.10) ,PQ(10,q,iQ),Pfl(lI),,q),P (11),1g,2 )  
CflwMOP P1(10,10) ,TPT,T8B,N,M,L,O*,O,APFT.AOCQ,QFST 
PfAfl 11 .13fl)fl,W,Ut.SWT,CWT,SWfl.OWl.SLT,cLT,cLp,nL1 

' 	=SLAF THICKNFc TN INcHrc 
W =SLAB WTITH IN FFFT 
01 =SLAA LFNGTU IN rrrT 
SWT= SPACINS PITWIrN THF TOP °OW OF RFP*P ALONG WIDTH 
OWTr OIAMFTFQ OF TOP ROW OF QFFIAR 
SWB: SPACTM( OF POTTOM DOW OF PFRAQ ALONG WIDTH 
flWP= DIAMETFO OF flOTTOM POW or QrAp 
SLT= cPACTNc CF TOP POW OF QFPAP ALONG LENGTH 
fliT: "IAMFTFQ or top qow OF QAQ ALONG Lrnr,TH 
SIR: SPACTNn Dr ROTTOM POW OF OFBAP ALCP.0 LINCTU 
DuB: OIAMFTFQ OF POTTOM ROW OF PC-RAP ALONc LENOTH 
NOTFIALL SPACTNr, TS FROM THF SuRFACE OF ONE 9AQ TO THE SuRFCF or 

IMF OTHFP IN INCHES 

100 FOPMATIIIFS.o) 
W 
Ut. 	UL12.O 
W°TTE (3,103) 

103 FOPMAT(1Ht,32x,37HCgTH0011 PROTECTION OF p.pror.r !)FGKTNfl/II) 
W 9 ITE(3,104)D.W.UL,SWT,OWT,SWB.OWO.SLT.CLT.SLn,ULO 

104 FOPMAT(35x.'TCp TRANSVFPSF,L,X,SqOTTflM TRANSVFRSF 4 .4XTOP LONGITUDINAL 
1TN41,2X,'ROTTOM LONGITUOIN4t ,/,1X.'THTCKNFSc' .5X ,WTDTW', 
24X ,IFNGTH',k(3,'SP4CTwGs,•?x,.oIMErtp.) .1,IIFI0. 01/) 

FAfl (1 • 100)SPI ,SP9,FTR,OMST,OMSR,DJrsl 

SPT: DISTANCE FROM TOP OF SLAB TO 'HF FIRST Pow or RFqA° 
SPAs DISTANCE FROM BOTTOM OF TOP 919*Q TO TOP OF BOTTOM PFRAR 
FTP: DISTANCE FROM FDGF or SLAP TO THE RFRAP 
ON5T : THE PASSTVF QESISTAWCF AT THE TOP ROW OF RFt3AR 
OMSA 2  THE PASSIVI RFSTSTANCF AT THE POTTOM DOW OF PF9AR 
REST = THE PASSIVE RESTSTANC( AT THE ANODE 

WRITE (3,125)SPT.SPB,ETP.OMST,OMSR,RFST 
125 FORMATIIH .4X,f3T5TAP4Cf FROM TOP OF SLAB TO FIRST ROW OF RFOAR z 

1,F5.0,/ 
?5X,'OTST4NCF FROM BOTTOM OF THE TOP DEBAR TO THE TOP OF BOTTOM PEP 
lAP 	'rs.oi 
45X,•OTSTANCF FROM EDGE OF SLAP TO THE RFPAR 2 •F5.0.' 
55.'PASSTVF RFTSTANCF At THE TOP ROW flF QFP*R : 
65Y,PA5SIVF RESISTANCE AT THE BOTTOM ROW OF RFBAR = 
?5X,'PASSIVF RESISTANCE AT ANOOF 	• Fc.o,, 

RFAD (1 .IOt)N.M.L.TSW 
101 FOPHATC4151 

N r NUMBER OF WOOFS ALONG THr WIDTH 
H 3 NUMBER OF NODFS ALONG THE LENGTH 
L • NIJMflFP OF NODES THROuGH THE THICKNESS 
Tcw TS A cwITcpa rr.P INPUT RC-STSTTVTTY 
I. INDICATES çONcTANT RESISTIVITY THBOUGHT THE SLAB 
' TNDTCATFS VAOTAnLF RESISTIV!yy Lf FACfr POINT TN SLAB 
1 INDICATES VARIABLE PFSTSTTVTTY THROUGH TI.f THICKNESS 
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TABLE G-1 (continued) 

..q....4.S ••3•• 	S 	S S S 5 5 50*5 55 5 '5*55555 S55S5*SS 5055555 5555 *555 *5 0550*5* 

r 

AQFer 3•*(0wflSW9tCl-B/SL9l 
ADFI 	3.I4nOWT/SWT*CLTFSL1') 
r,n TC(1,2,3),1cW 
DFAU !l,10219WP 

SS'.,5*'SSS55,5.050555**5.5 *'5**5 ****5'55',555*5555,5,'05'5*550355000505' 

WILL PFAD Twrs  IF  tsw = 

S. 

rrp INPUT pI,ppor' P WILl Pf USFV) AS PFHSTTVTfl 
wflTF (31101)Q'C 

tog cOQHAT(IHO,?3,4r.rNSTAMT prc!srrvtrv S  FIr.z) 
no to fll.N 
Ofl 10 J:1,W 
no to KrI,t 

40 P(I,J.K) = RHO 
GO TC 11 

2 00 17 K=1,L 

WILL QflQ IF 15W = 2 

PEAt) (1,102) (P(t,J,K) ,T=1,N) ,J:t,M) 
102 FflRtlAT(1O''.0) 
1? CONTINUE 

WQITE (3,110) 
Ito FORMAT (IWO, 2OWVAPTRIF RESISTIVITY) 

WRITE 43,111)1 (P(T,J,j)  .1:101)  .Jal,M) 
111 FORMAT(IH lorto.?) 

00 25 K?,i 
WRTTE(3,112)((P1T,J,K),TSt.N),Jfl,M) 

It? FARMAT (tNt ( t01O. 2)) 
25 CflNTINUF 

GO TO 11 
3 REAO (1.1O2flPI1.1.K),K1,L) 

5•S*••5555S•5S*S5S5*555*0.550*' fl  

WILL READ IF 15W * 3 

W?ITF (3.113) 
113 VOPWAT(tH0.I3NQFSTSTTVTTY VA*IFS WITH THICKNESS 

WRITE  
00 15 1t,N 
00 15 J1,M 
00 15 Ktt.L 

	

15 P(t,J,k) 	P(1,1 0 K) 

11 CONtIPWF 
0') 33 I:1,N 
00 13 Jr1,M 
0') 33 K : 1,1 

	

P(I.J,K) 	P(j,J,K)I2.5 
13 CONTINUE 

REAl) (1,102) ((PT (t,J) ,11.N),Jl,M) 
Pj IS THE POTENTIAL APDLIEO TO THE SURFACE 

CALCULATE NflflF PLANE NFARFST TOP RERARS 
IRT = SPT/flZ • I. 
r.ALrULATF PFSTSTAN"F TO GPOUND 
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TABLE C-I (continued) 

WRY = flY(SLt•tiitt 
NRX = 0Xl15WT.WT 	•1 
00 '. I = 
X = IT-I)0X 

(X-FtR-flWT/2.)(0wT.5wt) , 1. 
SUMP = 0.0 
OR : FTP • 
110 60 II = 1,N8x 
U (OR)6?.61.61 

61 IFlW-flP)62,52,6t 
'1 DC a 

OS = OC - flWT/2. 
TF(T)S)6,6,7 
SliMO Z SU4R4I./OMST 
GO TO 62 

7 SUMP 2  SUMR 4 2.'DWtAtflG(DY•(1.tSQRT((2..DS,fly)66201.I1/(605))/ 
IP(I,1,IRT) 

€2 CONTTNIJF 
1)0 = OR 4 SWT • OWT 

0 CONTINUE 
SUNK = SUMP 
1)0 5 J1,N 
Y= (J-fl•DY 
NI = (V-ETR-OLt/2.)(OT,5T) 4 1. 
09 = FIR • NI'CCLT'SLtP 4 OLTfl. - (NBY/21'(flt.T.$Lt) 
00 66 .1,) = 1,NRY 
IF ( fiR) 6 1. . 65,65 

65 IF(uL-DR)64,64,€7 
67 DC = 

OS = DC - D%,T/2. 
IF(OS)8,8,68 

8 SUMP = 5(019 • j.IOMST 
GO TO 6'. 

€0 SUMP 	SUNR'2.•DLT'ALoG(Qx•(1..cQpt((7..os,nx) ''2.I.)I/(2.flSfl/ 
IPII,J,IRT) 

64 CONTINUF 
09 = OPt SLY •flLI 

66 CONTINUE 
IF (SUMR)69.69,79 

79 CONTIWUF 
PC(T,J.tp • 1./SUMP • (INST 
GO TO 80 

69 CONTI,.UF 
RGIT,J,II • tO.F€ 

,0 CONTINUE 

SUMP = SUNK 
S CONTINIIF 
I. CONTIKUr 

C 	CALCULATE QSISTANCF FOR SECaNT) ROW 
ISPT.nw,,epp.oLT,,o, + 1. 

WRY = OY/(SLRUJIO) 4 1 
PlflX a OXltSWOeCWR) 4 1 
On ?0 I = I,N 
I = lI-I)'OX 
Ni = fl-FT9-UwO,2.)/(CW94SWRP • 1. 
SUMP = 0.0 
1)9 = FTQ • 
'11) 70 II = I,NRX 
IF (00)12,71,71 

71 Ir(w-09172,72,71  

'3CC a 
OS r  OC - OWR/2. 
IF (OS ) 8', • 86,87 



TABLE C-i (continued) 

86 S'JMP = SUMO,i./flHSR 
GO TO 2 

q SUNP  z SU" • 
IPI T,t,TBB) 

72 CONTINUE 
flQ : UP 4 SlIP • flwfl 

7q CONTINUE 
SUNK :.IJMP 
no ?1 Jt.N 
Yt (J-'OY 
Nt 	 4 1. 
ØP : tTP + N(UtP+S1P • nL1/2. - tNRY#2)tDI"t.9) 

flQ 75 JJ = j,NPV 
Ic (OP)7'..75.75 

75 IFiu100I74 ,7 4.7' 

77 flc 
05 = OC - fltB/?. 

ie sun = SUMR • 1./0N51 
GO TO 7'. 

78 SUMR 	sUHR2.fl1n4t0db0h15QQT I4.flSUxI .'?+t.),/I2.'S) ) 

iP(t,J.tRB) 
71. CONTINUE 

OPt sL +018 
76 CONTINUE 

IF (SU HP) Si, 81 .6? 
82 CONTINUE 

RC(1,.J.21 • t..ISUMP • 0550 
GO TO 63 

Ii CONTINUE 
RG(1,J.2) s 10.16 

83 CONTINUE 
SUMP : SUNK 

21 CONTINUE 
20 CONTINUE 

C 	COMPUTE THE RESISTANCI BETWEEN NOflFS 
Ni = N1 
00 10 I't,Nt 
no 10 Ji,N 
00 30 kst,t. 

10 qr(I.u,K) = (P(!,J,K)'P( 1+1 ,J,K))/2.CX(UY9)7I 
H-I 

00 li 
no it 
Ofl It Kt,1 

It PQII,J,K) = 
Lt = L-t 
on 12 Ir1,N 
no 32 Jtj,H 
On 37 Kri,L1 

12 qn(T,J,X) 	pj,j,tifliP(,J,1C41))/?.107(flX'OYl 

nITI 41,1081 
10 FflPNAI(1H011714APPIT1D POTENTIAL) 

no '0 J1,M 
WO I TI 13,105)1 P1 CT .1). T=1,N) 

P15 FOPNAT(IH tUrin.'.) 
40 CONTINUE 

WDITF (3,10) 
no 50 Ki,2 
no 50 J:%M 

I TI (3, toe) RI (Ta, K). flitS) 
co CONTINUE 

P16 r09N*T(lOF10.2) 
107 EORNAT(2240 PISISTANCI TO GROUNO 

RI TUPIt 
END 

89 



TABLE G-1 (continued) 

SUP.POUT rNr OUTPUT 
CnrMCNP (9,1O,i 0) ,D'10,q,1o),pflqQ,jØ,q),pr,(1Q,10,2) 
COMMON P1(jQ,0), 
COMrOP. Colt 0,10) .Cflfl( 10, tO) 
CflnN Cu°,Cu°e ,C TO,CrnT 
CIPPION Cupr,,rcP,rqpne 
CALl. CIJ°OF 
WQTTF (3,107) 

102 rnp..y(1hl) 
W1TF (1,101)CU°,0UQO 

j(I3 WOPUAT(ISH CUPPENT IN = 	,Ft0.,/15H CUQRF4T OtJTr 	FtC...) 
WPITF t1,10)CTP,C90T 

106 F0RMATI1H ,?QITCP PFRAP C')PQFNT 	 ROTTOM ?Fq4p C'j°°rwy 
I F10.c,,) 
no I 
WQ1'F 11,100)I( 

103 FflPMAT(IHO,2511 pnrrwflAl FflQ °LANF NO. .15) 

WOITE  
lot FOPP4AT(l$ ,I0F8.4) 

' CONTTkLJF 
I CONTINUE 

W°ITF 11,j0I1 
In. CflPMAT(1141,154 	OFF POTtnlTfl ,'//) 

WPTTF (3,105) ((Cfl(r,j) ,T1 ,N) ,J:1 ,P4) 
105 F 0 PU31 (1H0,t0rl0.l) 

00 Ii. 11,N 
nfl 24 J1," 
COPU,j) 	- CPlT,J)/I000. 
CI(I,.)) = -00(I,J)/1300. 

I'. CONTlruF 
PET UQN 
ENU 

SIJRPOUT!NF Cunr 
COMMONP (10,1a,1o),Qc(q,to,to) .QPIto,q,o),p(jQ,1Ø,g),p6(1g,10,21  
COMMON T(10,lo) 
COMMOP. COtID, 10) ,cnq(io, to) 
COMMON 000 ,CUQO,CTOP.CRCT 
COMMON CUPO,NP,f- qPflp 
FAC = 0.23 
FRROR= 0.0 
CIJPO 	0.0 
CrOP 	0.0 
IF(FP.C.T.7•)F 	= .OflI 
ClOT = 0.0 
rrICuRo.Ly..tprac = CUPO•5.0 
IF(CUQO.LT,o.00l) FAC = 0.005 
71 	1000./IDX'Cy'&9 ET) 
713 t I000.I(Dx'gv'AQF4) 
00 52 IT1.N 
00 52 JtI,M 
K = 
IF (X) 1,1,2 
roll,.)) =-COlt,j,'qqo. 
GO To 33 
CONTINUE 
W = -I000.'Cfl(T,J 
Co(r,.)) 2 X/RG(I,J 9 1) 
OTOP 	CrOP • Cfl(T,J) 
CIII,.)) 	CDII,.)) fly 
IT = I 
K a I100.000(T,J) 
GO TO 60 



TABLE G-1 (continued) 

ei CONTINUE 
CflhI,J) = FA0X • (1.- ACI'W 
FRROQ = FOROR • AflS(W-X) 

13 CONTINUF 
K = PfT.J,IflB)CflfltT,J' 
IF C xl .4, ¼. 55 

44 CflPlT,Jl 	-conlr.jl•990. 
GO TO 52 

55 CONTINUF 
II t 1000.CflA(I.Jl 
COB(t,J) a x/QCCt.J,21 
CBOT 	CROT • CDR(I,J) 
COPU..)) 	COfHT.J)7P 
II a 2 
* 2 1000.0008(I,J) 

60 CONTINUE 
IF (x-i.)t1,t7,18 

11 CONTINUE 
* a 0.0 
S a -200. 
* 2 1. 
GO TO 11 

JA CONTTUF 
yr1-1.01 3,3,1. 

i cowTtwur 
* • -5O.7 

= -200.') 

&o TO 11 
4 CONTINUF 

IF U-1..215.5,t 
5 !ONTINUF 
4 =-267.5 

= 
r,n TO It 

6 CONTINUE 
IF (x-'.0.0) 7,7,8 

7 CONTINUF 
* a -22.18 
B 	-118.2 
GO TO 11 
CONTINUF 
TFIx-7O.0)15.15.16  

ic CONTTNtI 
A • 
P = -570.1. 
GO TO It 

16 CONTINUE 
A = -240.5 
B 	71.16 

It CONT1UF 
* = *.AIOGIX) • P 
GO TO (6I,62),tT 

1? CONTI'.UF 
tl)p(I,J) = F*C'X 4 41.-FAC)'W 

52 CONTINUE 
CUO = CTOP 	COOT 
F TURN 
END 

91 
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TABLE G-2 

TYPICAL INPUT AND DESCRIPTION OF COMPUTER PROGRAM CARDS 

7.P7S 1P.0, 	16.0 12. 	.900 12.0 0.625 	.0 .625 	5.0 .625 I.878 1.0 	3.5 0.2 	0.2 5.5 
10 I? 	tO 3 

53.0 3001). 3000. 3500. 3500. 3900. 10000. 10000. 10000. 10000. 0.0 0.0 0.0 1.0 0.0 0.0 0.)) 0.0 0.0 0.0 
0.0 0.0 0.9 2.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.,  0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

5.0 
0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 p.O 0.0 0.0 1.0 0.0 O.C. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1 	0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0. 0 0.0 0.0 0.0 0.1 

Card 1 

Card 2 

Col 	0 - 	5 Slab thickness in inches 
6 - 	10 Slab width in feet 

11 - 	15 Slab length in feet 
16 - 	20 Spacing between top rebars along 

width in inches 
21 - 	25 Diameter of top rebars along width 

in inches 
26 - 	30 Spacing between bottom rebars along 

width in inches 
31 - 	35 Diameter of bottom rebars along 

width in inches 
36 - 	40 Spacing between top rebars along 

length in inches 
41 	- 45 Diameter of top rebars along length 

in inches 
46 	- 50 Spacing between bottom rebars along 

length in inches 
51 	- 55 Diameter of bottom rebars along 

length in inches 

Col 	0 	- 5 Distance from top of slab to first 
rebar in inches 

6 	- 10 Distance from bottom of top rebar 
to top of bottom rebar in inches 

11 	- 15 Distance from edge of slab to rebar 
in inches 

16 	- 20 Metallic resistance of top rebar 
in Ohms (Use network resistance) 

21 	- 25 Metallic resistance of bottom rebar 
in Ohms (Use network resistance) 

26 	- 30 Resistance from anode to deck in 
Ohms 



TABLE G-2 (continued) 

Card 3 

Card 4 

Col 0 - 5 Number of nodes along length 
6 - 10 Number of nodes along width 
11 - 15 Number of nodes through thickness 
16 - 20 switch describing how the concrete 

resistivity is to be described 

Resistivity constant throughout 
slab 

Col 0 - 8 Resistivity of slab in Ohm-inches 

Resisitivity varies at each 
node 

Card 4 to 4 + tt(L 10 Fields of 8 describing resistivity 
at each node in Ohm-inches 

Resistivity constant in a plan 
but varies with thickness 

Card 5 on 5 + ?.V(L Depending on option to Card 14 

Col 	0 	- 8 Potential applied at this point in 
volts 

9 	- 16 Potential applied at this point in 
volts 

17 	- 24 Potential applied at this point in 
volts 

25 	- 32 Potential applied to this point in 
volts 

33 	- 40 Potential applied to this point in 
volts 

41 	- 43 Potential applied to this point in 
volts 

44 	- 56 Potential applied to this point in 
volts 

57 	- 64 Potential applied to this point in 
volts 

65 	- 72 Potential applied to this point in 
volts 

73 	- 80 Potential applied to this point in 
volts 



TABLE G-3 
TYPICAL OUTPUT OF COMPUTER PROGRAM CATHOOTC P90TECTION OF ADIPGE DECKING 

TOP TRANSVERSE 	POTTOP IRANSVEQSF 	TOP LONGITUDINAL POITO" LONGITUDINAL 
wICvwrSs 	NInTH LFNGTH 	SPACING 	DIAMETER 	SPACING ')IANETER 	SPACING 	OTAMFTER cUACING 	OTAMETED 

a 	1464 192 	12 	1 	10 1 	5 	1 5 	1 

OTSYINCE FROM TO' OF SLAB TO FIRST ROW OF RF9AP S 	 2 
DISTANCE FROM BOTTOM OF THE TOP ØERAR TO THE TOP OF 30110W REAR = 
lItTANCE FROM EDGE OF SLAB TO THE DE9AS s 
PAtSIVE QESISTAHCE AT THE TOP ROW OF PF9AR 	0 
P*eSTvF aESISTANCE AT THE BOTTOM ROW OF RtBAR = 	0 
PAsIvF PESflTNc( AT ANODE 

FSTSTTVTTV VARIES WITH THICKNFSS 
50.00 3009.00 3000.00 3500.00 3500.00 3500.00 10000.00 10000.00 10000.00 10000.00 

'PUtt rOIENTIAL 

-0.1090 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0009 -0.3030 
-. 	00t -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -3.1000 -0.0000 -0.3009 -3. 1900 
-1 • '000 -0 • I 000 - 3.0000 -0.0000 -0.0000 -0.0000 -0.0000 1.3000 -0.0000 -0.0000 
-9.QQQ -0.3000 -0.0000 -0.0000 -0.0000 -0.0000 -0.000C -3.0020 -0.0000 -0.0030 
-0 • 9010 -0.0000 5.0000  -1.0000 -0.0000 -0.0000 -0.0000 -0. G000 -3.0003 -0.3030 
9.000 -0.0000 -0.3000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 

-'1. '000 -0.0000 -0.9000 -0.0000 -1.0000 -C. 9000 -0.0000 -0.0000 -0 • C 000 -9.) COO 
-n. 	oGc -fl.0 090 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -3.3000 -0. 3010 
-0 .P000 -0.0 001 -0.0000 -0.9000 -0.0090 -0.9009 -0.0090 -0.0090 -0.0000 -fl • 11390 
- I) • 	090 -0.0000 -0.0000 -r. £000 -, • 3000 -0. ?000 -0. 1030 -3.0000 -0.0000 -0 • 3030 

RESIcTANCE I') 	rQOU413 
251.1'. 166.81 207.25 ?12.2. 193.31 ie0.9. 210.05 ?1.10 177.82 2i5.23 
12.o9 100.60 112..6 115.48 109.55 105.40 t1..9! tl-.25 132.75 122.2- 
124.93 99.8€ 111.5.. 114.SI 105.77 104.8 113.57 213.29 101.38 1 11.15 
115.19 106.30 119.t4 123.06 11€.4 111.67 122.33 171.66 1Q.71 130.1' 
115.73 104.47 122.40 125.O 11*.0' 114.07 125.2' 124.52 110.95 134.O5 
t14.e4 105.9€ 119.21 122.fl 116.05 111.30 121.88 1'1.22 106.3 150.26 

.'t 11".! 111.92 10!.7. 1C..00  113.28 112.11 191.1 1'0.43 
17€.91 101.12 113.11 116.17 11(..! 1?5.97 116.51 11..92 137.20  121.01 
11'-.!! 107.0' 120.57 1?'..PS 111.39. lt?.l.0 123.39 12.03 1)..4 131.14 
2''.35 153.83 183.55 131.76 t't.l' 1:5.47 159.97  11!.37 1,;.ao 211.1' 
?€.;5 153.90 205.33 115.t3 !34.,3 lal.FS 20!.96 I1.40 201.9. ?14.4. 
1•1.0' 115.1.1 12t.91 119.21 17€.b 119.9 1?t.37 I'O.ob 120.05 137.4 7 
141.31 11.fl9 126.56 115.88 12S.2 113.61 126.00 120.33 12.6- 137.0. 
15.11 121.73 11C.76 12." 13e.7 123.37 130.16 11 .12 17'.63 lhl.17 
15.70 123.31. 1 32.62 1 '.21 132.12 1C07 132.00 1?5 • 79 111.4', 1.4. F: 
jS!.7¼ 121.50 1.43 122.3.. 130.20 173.1' 129.89 113.87 12.56 i.i.as 

3 117.92 1?t.36 1t.70 126.09 119.44 17.5) l'O.l'. 12.45 13b.SI 
tw.20 11.€5 12.2l 119.1-5 126.94 120.21 1Zã.64 120.91 12c.13 13'.80 
t'- 122.2€ 131.37 123.11 131.05 123.91 133.77 124.,6 130.43 

171.' i3o.e i 173.75 1!q.,1 174.84 188.07 176.3.. I8A.11 21,.15 

0 
a 
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TABLE G-4 
COMPUTER OUTPUT OF POTENTIAL VALUES WITH CURRENT ON 

CURRENT IN - 	.3121 
CUPflNT OUT 	.3120 
Top PERAR CUCQENT • 	.16265 
BOTTOM RERAR CURRENT = 	.14935 

	

POTENTIAL FOR PLANE NO. 	I 

	

1.0038 	.935? 	.e03 	.3532 	.3110 	.8776 	.840'. 	.8031. 	
.187'. 	.7765 

1.0580 1.0536 1.0421 1.00(5 .9576 .9059 .8589 .8210 .7950 .7811 
1.1938 1.2113 1.2221 1.14€6 1.0501. .961.3 .851.7 .81.26 .8084 .31'. 
1.1.199 1.5325 1.1027 1.1.1.31 1.2061 1.01.31 .13€5 .8650 .5203 .7955 
1.6371 2.0143 3.283'. 1.9280 1.3661 1.1000 .95!4 .8733 .8233 .7993 
1.4101. 1.5231 1.6930 1.1.335 1.1965 1.0332 .92(1 .851.2 .8096 .7685 
1.0It 1.1866 1.2001 1.1250 1.028'. .91.16 .8712 .8192 .7850 .7682 
i.0l3 1.0102 •çq93 .9('.5 .9155 .861.9 .8195 .7832 .7c81 .7451. 

	

.9205 	.4;146 	.3011 	.8774 	.61.66 	.8132 	.7817 	.7554 	.7567 	
.7272 

	

.8779 	.8713 	.5585 	.8390 	.314? 	.7680 	.1625 	.7407 	
.7252 	.7176 

	

POTENTIAL ECR PLANE NO. 	2 

	

1.0016 	.9931. 	.5782 	.9512 	.9152 	.8759 	.8388 	.8079 	
.7860 	.7152 

j.0543 1.0492 1.0333 1.0033 .9552 .9039 .8571 .6195 .7935 .7803 
1.1876 1.2035 1.2145 1.11.07 1.0462 .3617 .8929 .6410 .8069 .7899 
1.1.103 1.518? 1.€855 1.1.315 1.1993 1.0393 .931.3 .5633 .819'. .7980 
1.6233 2.0061 3.2035 1.9059 1.3562 1.0950 .95(1 .6716 .8218 .798'. 
1.1.008 1.5088 i.E159 1.1.220 1.1896 1.0295 .9239 .8525 .5082 .7870 
1.1653 1.1513 1.1930 1.1191. 1.0246 .9333 .8654 .6176 .7835 .7668 
1.0102 1.0061 .9961 .9619 .9137 .8632 .3179 .7616 .7566 .71.1.0 

	

51P5 	.5123 	.8951 	.8756 	.8450 	.8117 	.1$Ct 	
.7539 	.7352 	.7258 . 

	

.061. 	.itfl 	.0560 	.$113 	•411'. 	.7865 	.7€09 	.7394 	.7239 	
.7161. 

	

POTENTIAL FOR PLANE NO. 	3 

	

.3975 	.5861 	.371.0 	.91.72 	.3116 	.3725 	.8356 	.801.9 	,7031 	.7776 
1.01.65 1.0405 1.0305 .9s€8 .9503 .6999 .8531 .3162 .7905 .7774 
1.1752 t.i577 1.1q94. 1.1286 1.0379 .'565 .8co .5178 .8035 .7665 
1.3908 1.1.893 1.6510 1.1.082 1.1855 1.0115 .93C0 .8600 .816' .7950 
1.5069 1.9571 3.0588 1.6619 1.3360 1.061*8.9511. .8650 .8166 .7955 
1.3824 1.4802 1.€l.18 1.3°t$ 1.11(1 1.0218 .qq7  .81.90 .3051 .7839 
1.1536 1.1661. 2.1788 1.1082 1.0172 945 .369 .8144 .'806 .763 

	

1.004I 	.9991. 	.qqoo 	.3S€4 	.9096 	.8593 	.811.6 	.7786 	."le 	.7.11 

	

.9150 	.0081. 	•952 	.8721 	.8417 	.3066 	.7773 	.7511 	
.1324 	.7231 

	

.8734. 	.E64 	.9536 	.315 	.6106 	. 73 35 	.7583 	.7367 	.7214 	.7139 

POTENTIAL FCQ PLANE NO. 

	

.9952 	.5863 	.9717 	.9450 	.9096 	.8707 	.8335 	.8033 	.7815 	
.1712 

1.0432 1.0364 1.0267 .9937 .9479 .5978 .8516 .8146 .7887 .7759 
1.1693 1.2802 1.1922 1.1221 1.0340 .3538 .3871 .8360 .3021 .7851 
1.3811. 1.4757 1.6333 1.39(3 1.1786 1.0277 .9279 .8582 .5143 .7935 
1.513 1.9321 2.9691 1.8365 1.3263 1.0800 .91.89 .8660 .6170 .7939 
1.3721 1.4668 1.6248 1.3872 1.1696 1.0181 .9174 .8'?3 .8035 .7823 
1.11.82 1.2591 1.1123 1.1026 1.0135 .9323 .6638 .8127 .7790 .7623 

	

1.0012 	.5960 	.9870 	.951.1 	.9074 	.6577 	.8130 	.7769 	.1523 	
.7396 

	

.9129 	.9062 	.8938 	.8701 	.8398 	.8068 	.7757 	.7497 	.7508 	
.1217 

	

.8718 	.861.6 	.5520 	.8328 	.3090 	.7620 	.75(9 	.735.. 	.7202 	.7125 

POTENTIAL FOR PLANE NO. 	5 
.9926 .5836 .9692 .91.25 .9073 .8667 .8318 .eoi5 .7801 .7695 
1.039 1.0316 3.0221 .9903 .91.54 .9954 .8491 .6126 .7869 .7742 
1.1628 2.1719 1.1842 1.1159 1.0296 .0510 .8848 .8340 .6002 .7833 
1.3710 1.1.605 1.6152 1.3832 1.171'. 1.0231. .9255 .8562 .6130 .7318 
1.5696 1.9044 2.6840 1.8130 1.3155 1.0746 .5I2 .6640 .8151 .7921. 

	

1.3616 	1.1.520 	1.60(1. 1.3141 _1.162.4 1.0 1'4 	.9150 	.8450 	
• 801? 	.7601. 

1.1421 1.1523 1.1641 1.0963 1.0096 .9296 .5616 .8*01 .7773 .7606 

	

.9982 	.5922 	.3836 	.3512 	.901.9 	.8555 	.8112 	.7750 	.7506 	
.7380 

	

.9106 	.9037 	.6907 	.s€78 	.8311 	.80..7 	.7139 	.7418 	.7292 	
.7201 

	

.8702 	.9629 	.'502 	.8309 	.8072 	.7801 	.753 	.7340 	•7159 	
.7111 



96 

TABLE G-4 (continued) 

	

POTFNYTAI FOP PL*NF NO, 	6 
qqn .qess .qeqs .91.26 .907'. .8686 .8316 .8015 .7802 .7c94 

1.03°5 1.0373 1.0230 .9908 .9456_ .8956 .e4e .e1?e .78b8 .7743 
1.1632 1.1123 1.1846 1.1163 1.0296 .9511 .884.9 .831.1 .3003 .783'. 

	

1.3716 1.4620 1.€t58 1.3842 _ 	717 1.0238 	.9256 	.8564 	.8132 	.7922 
1.5705 1.9051 2.4603 1.3134 1.3161 1.0751 .9'.€4 .864.1 .8153 .7973 
1.36'5 1.4.530 1.6069 1.3750 1.1625 1.0143 .9151 .5452 .3019 .78.05 
1.14.?'. 1.1529 1.1652 1.09(8 1.0098 .9296 .8617 .6108 .7774 .1605 
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.Q9'l 	.9839 	.9695 	.34.28 	.9076 	.6684. 	.8'l5 	.8015 	.7803 	.7693 
1.0396 1.0325 1.0233 .3913 .9457 .9956 .91.58 .6128 .7668 .7745 
1.1638 1.1729 1.1857 1.1169 1.0302 .9513 .8849 .831.1 .5003 .7837 
1.3728 1.4634 1.S1€3 1.31!49 1.1723 1.0241 .9259 .8564 .6115 .7925 
1.5715 1.5055 2.5341. 1.8135 1.3169 1.0755 .94.66 .864-3 .815 .728 
1.3679 1.4641 1.6074 1.3758 1.1b34 1.0147 .9151. .8453 .8021 .7805 
1.14.27 1.1516 1.1656 1.0973 1.0103 .4293 .R618 .8109 .1774 .7601. 
.19 	.9928 	.984.0 	.351' 	.90.9 	.8556 	.9124 	.7752 	.7tG. 	.7.180  

	

.5112 	.904l 	.6908 	.8660 	A379 	.11051 	.7742 	.747' 	.7289 	.7199 
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.1933 	.5844. 	.5695 	.3431 	.9075 	.6662 	.6316 	.8016 	.7803 	.7692 

	

1.01.02 1.0333 1.0238 . .5916 	.94.59 	.6959 	.8500 	.6129 	.7868 	.7747 
1.1646 1.1735 1.165? 1.1172 1.0307 .3516 .6849 .634.1 .8002 .7835 
1.3735 1.4645 1.616? 1.38(1 1.1729 1.0246 .9261 .8569 .611.0 .1326 
1.5721. 1.9061 2.8055 1.6137 1.3175 i.otse .9'.GG .8648 .8156 .7923 

	

1.3634 1.1.555 1.6068 1.37(9 1.1638 •  1.0152 	.9155 	.84.56 	.8023 	.7605 
1.11.30 1.1543 1.16(1. 1.0975 1.0105 .9298 .8618 .8110 .7773 .7603 

	

.9911 	.1333 	.984.2 	.9518 	.9051 	.8557 	.8115 	.7753 	.7505 	.7380 

	

.911'. 	.9042 	.6909 	.8682 	.8381 	.8053 	• 774.2 	.74.77 	.7286 	.7199 

	

.8711 	.8636 	.85.! 	.9313 	.8076 	.7807 	.1557 	.7339 	.7194. 	.7116 

	

POflNTIAL FCR PL*Nf NO. 	9 
.9936 .9846 .9696 .9432 .9077 .8683 .8317 .8017 .7806 .7691 
1.01.06 1.1337 1.0237 .9920 .91.62 .8963 .8500 .8131 .7871 .7749 
1.1645 1.1138 1.1653 1.1176 1.0310 .9520 .8851 .830 .8002 .784.0 
1.3139 1.4653 1.6169 1.3870 1.1734 1.0250 .9261 .8571 .811.2 .7930 
1.5729 1.9065 2.7865 1.8136 1.3160 t.07t0 .91.66 .86'.9 .8157 .7430 
1.3638 1.4.565 1.6057 1.3776 1.164.4. 1.0156 .9156 .8455 .8023 .7806 
1.1433 1.1543 1.1666 1.119!4 1.610? .9296. .8620 .5108 .7774 .760'. 

	

.qai. 	.q94 	.9847 	.9519 	.9051 	.6559 	.8112 	7751 	.7504 	.7364. 

	

.9115 	.904.3 	.3910 	.8661 	.8381 	.8049 	.7733 	.71.75 	.230 	.7202 

	

.6715 	.8636 	.510 	.8313 . .8075 	.760? 	.7559 	.7344 	.7197 	.7119 

	

POTENTIAL FtP PLAhE NO. 	10 
.9939 q49 .5659 .9433 .907? .8684 .6315 .8016 .7806 .7690 
1.04.06 1.0339 1.0237 .9972 .91.63 .8953 .8'01 .8111 .7874 .7748 
1.1641, 1.1759 1.1862 1.1171 1.0312 .9521 .8853 .6140 .6003 .784.0 
1.3741 1.4.653 1.6169 1.3871. 1.1736 1.0250 .9261 .5572 .81.3 .7333 
1.5732 1.9067 2.17(9 1.8138 1.318'. 1.0762 .9469 .8551 .8156 .7532 
1.3644. 1.4.570 1.5086 1.3781 1.1645 1.0160 .Q155 .8455 .3023 .7807 
1.11*14 1.1552 1.1670 1.0986 1.0110 .3299 .8620 .81'!8 .7775 .7605 
3995 	.9536 	.5647 	.5520 	.3050 	.5555 	.8112 	.7751 	.7507 	.7385 

	

.9117 	.9045 	.5912 	.8181 	.8380 	.506 	.77.0 	.74.76 	.7286 	.202 

	

.8713 	.864.0 	.8512 	.3,14 	.8075 	.807 	.156' 	.7343 	.7197 	.7113 
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some conditions, however, such as when there are areas in 
the deck that have very low current flows, the convergence 
is quite slow. 

The second area of verification is to determine how well 
the mathematical formulation of the problem fits the reality 
of a bridge deck. This is a much more difficult task be-
cause of the many parameters that must be supplied to the 
program. These parameters are available only for repre-
sentative samples of the actual deck material, and they can 
vary considerably over an actual deck. This problem, there-
fore, was approached by using the analog model of a deck 
section to develop the parameters needed and tune the 
model. The prototype deck section was used to prove the 
model by predicting the results of actual cathodic-protection 
installations on the prototype. The following three cases are 
typical of the results obtained during the verification study. 

Case 1 

A comparison was made between the prototype test re-
sults, shown in Figure H-3 I, and the computer-model re-
sults. In this cathodic-protection application, the total cur-
rent calculated by the model was 4 amp, as compared with 
3.3 amp measured on the prototype test. The 'off poten-
tial" contours in this comparison were similar in position; 
however, the potentials calculated were 350 mV lower than 
those measured. This difference is adequately explained in 
Appendixes E and H, and it is further evidence of the 
potential distortion that occurred whenever the Cu/CuSO4  
half-cell was placed over the conductive layer. Note that 
in order to produce polarization potentials as high as are 
shown in Figure H-31 consistent with the data in the 
polarization curve (Fig. 0-1), current densities of several 
hundred microamperes per square inch would have to exist 
over most of the deck. If this were the case, the total cur- 
rent would be much higher than the 3.3 amp measured. It 
must, therefore, be assumed that either the measured values 
are in error, or the polarization curve (Fig. GA) is greatly 
in error for some situations. Clearly, the measured poten- 
tials are in error, because it is unlikely that the polarization 
properties could vary that much in the same system. In the 
following cases 2 and 3, the true potential for the rebars 
was determined by using a modified potential-measurement 
technique, as described in Appendix H. 

Case 2 

Figure 0-2 is a computer plot of the off potential under 
conditions of the prototype test shown in Figure H-47. The 
total current calculated from the Pt/Nb wire-type anode in 
a 2-in, conductive overlay was 0.46 amp. A comparison of 
this value with the 0.55 amp observed in the prototype test 
shows that the difference in total current could be adjusted 
to the exact value observed, by lowering the resistance be-
tween the anode and overlay material about 0.8 ohm. The 
effect of this adjustment would be to raise the calculated 
off potential by about lOmV, without changing the position 
of the contour lines. A study of the two contour maps 
shows that a reasonable agreement would exist between the 
calculated and the measured values. 
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Figure G-2. Equipotential contour map 01 top rebar oft poten-
tial, as determined by mathematical model parameter analysis. 
The contour map corresponds, with the cathodic-protection ap-
plication, to the prototype model of the bridge deck presented 
in Figure H-47. Contour units are mV negative to Cu/CuSO4  
half-cell and are a facsimile of a computer-produced profile on 
2-ft intervals. 
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Figure G-3. Equipotential contour map of top rebar oft poten-
tial, as determined by mathematical model parameter analysis. 
The contour map corresponds, with the cathodic-protection ap-
plication, to the prototype model of the bridge deck presented 
in Figure H-43. Contour units are mV negative to Cu/CuSO4  
half-cell and are a facsimile of a computer-produced profile on 
2-ft intervals. 
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Case 3 

Figure G-3 is a computer plot of the off potential under 
the conditions of the prototype test shown in Figure H-43. 
The total current calculated by the model for this test of 
a disk-shaped anode in a 2-in, conductive overlay was 
0.55 amp, as compared with 0.68 amp observed on the 
prototype system. As in the previous case, this difference 
in total current could be adjusted to the exact value of the 
prototype test by lowering the contact resistance between 
the anode and the conductive-overlay material less than 
I ohm. The effect of this adjustment would be to raise the 
calculated off potential by about 30 mV, without changing 
the position of the contour lines. This computed result 
would then compare favorably with the actual measured 
values. 

MODEL ANALYSIS—CONDLICTIVE-OVERY APPROACH 

The nomograms in Figures G-4 and G-5 were prepared 
on the basis of the results of mathematical-model analysis 
of the conductive-overlay design for an impressed-current  

anode system (described in Appendix II). Figure G-4 is 
used to predict the polarized potentials of a rebar in the top 
mat, at various distances from a single, disk-shaped silicon-
iron anode, for different combinations of conductive-overlay 
resistivity and layer thickness. Figure G-5 is used to deter-
mine the rectifier voltage and current for protection of 
various surface areas. The conditions used in development 
of the data for these nomograms are those on the prototype 
deck during the model-verification study. They consist 
mainly of a deck resistivity ranging from 3,000 to 10,000 
ohm-cm from the slab top to bottom. Other resistivities will 
give different results. 

It is possible that, under certain conditions, the re-
sistivity of concrete could be altered markedly by relatively 
small changes in moisture and ion concentrations, and it is 
possible that ions can migrate because of a potential gra-
dient and cause localized changes in resistivity. If and 
when these anomolies occur, the results of the calculations, 
which are based on the norm, will be in error. If, how-
ever, the resistivity changes can be estimated, they can be 
entered into the program as new parameters and a correct 
solution for the problem can be obtained. 
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Figure G-4. Polarized rebar potential, at a specific distance from the anode, for different conductive-layer parameters 
(for conditions of prototype deck). 
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conditions of prototype deck). 
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The method used to produce the data for the nomograms 
was to vary the rectifier voltage until the polarized poten-
tial of the rebar near the anode was —1100 mV to a Cu/ 
CuSO4  half-cell. This procedure was repeated for various 
combinations of conductive-layer thickness and specific re-
sistivity. The data obtained were combined to produce the 
nomograms, which can be employed in several ways. For 
example, if the resistivity and thickness of the conductive 
layer are known and it is desired to determine how far from 
the anode a polarized potential of a certain value will be 
measured, Figure 04 can be used, as follows. Start with 
the resistivity on the left-hand abscissa axis and proceed 
vertically to the conductive-layer thickness; proceed hori-
zontally to the potential value on the right-hand plot; and 
continue vertically down to the distance given on the right-
hand abscissa axis. The example illustrated in Figure 0-4 
points out that a 1-in.-thick conductive layer with a 20-
ohm-cm specific resistivity will give a rebar potential of 
850 mV negative to a Cu/CuSO4  half-cell some 16 ft from 
the anode. Other variations of the use of the chart are 
obvious. 

To use the nomogram in Figure G-5, the resistivity of 
the conductive material is first located on the left-hand 
abscissa axis; a vertical line is followed to the layer thick-
ness; a horizontal line is followed to the size of the square 
slab surface area with a minimum potential as indicated 
(-850 mV in this case). From this point the current out-
put of the rectifier can be obtained by following a vertiëal 
line down to the right-hand abscissa axis, and the voltage 
of the rectifier can be found by taking the point at which 
this last vertical line crosses the anode-type line and follow-
ing a horizontal line to the ordinate axis in the middle of 
the chart. When the intercept of the horizontal line from 
conductive-layer thickness and the curve for side of square 
falls to the right of the anode line, the rectifier voltage is 
determined by following a vertical line up to the anode line,  

then left horizontally to the ordinate axis in the middle of 
the chart. Other variations of this procedure can also be 
used. 

SUMMARY OF MATHEMATICAL-MODEL DEVELOPMENT 

A mathematical model to determine steady-state current 
flow in a bridge deck employing cathodic protection has 
been developed. This model, which uses a digital computer 
to carry out the calculations, solves the problem of steady-
state current flow in a three-dimensional rectangular body 
with various sources and sinks. The computer program can 
be used to calculate the area of bridge deck protected with 
a cathodic-protection system if the various parameters of 
the system and the deck are known. To use the program, 
the resistivity of the concrete and the type of anode system, 
along with the various physical aspects of the deck and 
cathodic-protection method, must be known. Given these 
parameters and applied potentials at anodes, the program 
computes the current flow for each point in the deck and 
the current density at the rebar surfaces. In turn, an em-
pirical relationship between the current density and the 
rebar potential is used to calculate the polarized potential 
of the rebar as measured in practice. This polarized poten-
tial corresponds to the potential obtained in the field by 
using the "instantaneous off" technique and provides a basis 
for determining the extent of protection achieved with the 
system. 

The mathematical model was developed and vertified 
with data gathered from tests on the analog and prototype 
models used in this program. On the basis of the results of 
model analysis of a design consisting of a conductive over-
lay with a disk-shaped impressed-current anode, nomo-
grams were developed that predict rebar potentials, at vari-
ous distances from the anode, for various combinations of 
conductive-layer parameters, and that also predict the 
required cathodic-protection current and voltage. 

APPENDIX H 

PROTOTYPE TESTING 

INTRODUCTION 

The investigation of electrical parameters using the ana-
log model of a bridge-deck section (Appendix F) gave 
indication of various cathodic-protection designs that have 
the potential of meeting the requirements for a technically 
and economically feasible cathodic-protection system for 
bridge decks. 

The subsequent step in the research program was a series 
of controlled tests of these designs with a full-depth 
reinforced-concrete specimen that was a realistic proto- 

type of a typical bridge-deck section. The purpose of these 
tests was to evaluate the effectiveness of the laboratory-
developed design parameters and criteria and to develop 
information concerning applicable materials and procedures 
for installation, adjustment, and operation of cathodic pro-
tection for bridge decks. Further, the measurements made 
in the prototype deck for the analysis of the effectiveness 
of the various cathodic-protection designs were used to 
verify the results of mathematical-model simulation studies 
(Appendix 0). 

The essential featureof these designs is uniform current 
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flow of appropriate value to the top rebar mat from an 
anode arrangement located over the top rebar mat. A brief 
description of the cathodic-protection designs that were 
included in this investigation follows. 

Conductive-Overlay Method. The conductive-overlay 
method is an impressed-current design featuring an elec-
trically conductive asphaltic-concrete overlay on the bridge 
deck. The 2-in-thick overlay utilizes coke as the asphaltic-
concrete aggregate. The cathodic-protection current is in-
troduced into the overlay at widely spaced points from 
relatively inert anodes. The current is distributed (elec-
tronic conductance) by the coke, which, in turn, serves 
as a secondary anode. 

Modified Conductive-Overlay Method. This is a sys-
tem similar to Item 1, except that the conductive-layer 
thickness is reduced to a more acceptable value (less than 
1 in.). Reducing the conductive1ayer thickness tends to 
produce nonuniform current distribution to the top rebar 
mat. However, by utilizing a distributed-anode arrange-
ment, an acceptable system is obtained. Wire anodes are 
installed in the conductive layer, so that each anode is 
geometrically related to a proportionate surface area of the 
deck. 

Distributed-Anode Method. This design consists of 
an impressed-current system that depends exclusively on 
anode distribution to give the necessary cathodic-protection 
current distribution to the top rebar steel, and it does not 
involve the use of a conductive overlay. The anode bed is 
located in the concrete (clear cover) over the top steel mat 
on the deck. The anodes are a nonconsumable-type wire 
shape that can be installed in a comprehensive pattern in the 
deck. Operating voltages with this design will be several 
times greater than those required with the designs in Items 
I and 2. 

Sacrificial-A node Method. The salient feature of this 
design is that it does not require an outside power supply 
to operate and, when properly applied, provides the needed 
protection for some predeterminable period of time with-
out the need for regulation or adjustment. This design will 
utilize a continuous-length anode of either zinc or mag-
nesium that will be either embedded in the concrete over 
the top rebar mat or placed on the concrete and covered 
with an asphalt overlay. Results of the analog-model stud-
ies indicate that, because of the low driving voltage of this 
system, a well-distributed anode arrangement (less than 
1-ft spacing) will be required. Also, pilot performance tests 
(Appendix F) show that the expansive nature of the re-
sultant anode corrosion produces cracking in normal con-
crete, and provisions must be made, therefore, to prevent 
cracking of the grout material when the embedded ap-
proach is used. The work with the sacrificial-anode method 
was initiated with a prototype test of several possible meth-
ods of anode installation on the bridge-deck analog model. 

PROTOTYPE DECK DESIGN 

Figure H-i shows the steel rebar reinforcement and the 
instrumentation details for the prototype deck section. The 
scale and other important structural details for this deck, 
such as the size and location of the rebars, are typical of 
an actual bridge-deck section (51). 
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Figure 11-1. Prototype model of concrete bridge deck. 

The conventional wire-tie method was employed at each 
rebar crossing. Chair supports made from rebar stock were 
used to position the rebar mats. The supports were welded 
to both the top and bottom rebar mats, thus providing 
electrical connection between them. Special instrumenta-
tion included eight electrical-resistance probes embedded in 
the deck at the locations shown in Figure H-i. The gen-
eral test arrangement and purpose for using these probes in 
this program have been described in Appendix F. 

It should be noted, however, that the probe arrangement 
employed with the prototype test was somewhat different 
from that previously used with the analog model in that the 
prototype deck probes were precast in a 3-in-diameter by 
7-in-long cylinder mold of concrete. The concrete used 
with these probes was the same mix used for the deck, ex-
cept that the mixing water was saturated with calcium chlo-
ride before mixing to create a corrosive environment for the 
probe. This was necessary because corrosion of the probes 
in the prototype deck is required in order to demonstrate 
the effectiveness of cathodic protection, and experience 
with the probes installed in the concrete portion of the 
analog model showed they do not corrode during the brief 
exposure. To further assure corrosion of the probe in this 
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concrete environment each cylinder was wrapped with 
about 5 -ft of No. 14 bare copper wire. Thus, if corrosion 
of the probe should fail to be initiated in the concrete 
environment provided, the probe can be coupled with the 
copper to form a galvanic cell. 

Figure H-2 shows the results of a laboratory mock-up 
test of the prototype deck probe arrangement. The data 
demonstrate that, although corrosion of the probe did not 
initiate from exposure to the chloride-containing concrete, 
it did occur when the copper was coupled with the probe. 
The eight probe elements on the prototype deck are at an 
elevation corresponding to the top rebar layer. As can be 
seen from Figure H-I, four probes will receive cathodic-
protection current; and four probes will not receive 
cathodic-protection current and, therefore, will serve as 
controls (nonprotected) during the test. Figure H-3 shows 
two probe cylinders before the concrete deck was poured. 
In addition to the probes, six rebars in the top layer of the 
prototype deck were installed in a manner that permits them 
to be electrically insulated from the deck steel. These 
rebars (see Fig. H-3) serve as test rebars. The specific 
location of the test rebars is shown in Figure H-I, and the 
probe and rebar designations are shown in Figure H-4. 

One use of the test rebars was to study the effects of 
concrete cracking on the cathodic-protection potential and 
current flow. As a part of this study, saw cuts were made 
in the finished deck over three of the test rebars to simulate 
concrete cracks with the following conditions: 

Test rebar A (rebar designations referred to in Fig. 
H-4) has a 5-ft-long simulated crack, about 0.063-in, wide, 
located parallel to and directly over the center of the rebar. 

Test rebar B has a 5-ft-long simulated crack, about 
0.125-in. wide, located parallel to and directly over the 
center of the rebar. 

Test rebar C has six, equally spaced simulated cracks, 
about 0.1 25-in, wide, located in a transverse direction over 
a 5-ft length of the rebar at its center. The test rebars D, 
E, and F are controls with no simulated cracks in the con-
crete cover over them. Each of the simulated cracks 
extends to the surface of the rebars (about 1 in.). 

The specifications for the concrete used for the proto-
type deck section are the same as those employed by 
Pennsylvania Department of Transportation (PennDOT) 
(class AA) for reinforced bridge decks (50). The results 
of concrete compression tests, during and after the 28-day 
cure time, are given in Table H-I. These results indicate 
that a minimum strength requirement of 3750 pounds per 
square inch (psi) was attained at 28 days. 

GENERAL TESTING PROCEDURE 

The cathodic-protection test procedure followed with the 
prototype deck section was similar to that employed in the 
analog-model study (Appendix F). The cathodic-protection 
anode system was installed for the various cathodic-
protection designs tested; the basic rectifier circuit shown 
in Figure F-3 was used to apply the cathodic-protection 
voltage. After energizing the rectifier, the applied voltage 
was adjusted to give a top rebar potential in a range from 
770 to 1100 mV negative to a Cu/CuSO4  half-cell placed  

at any point on the deck surface. As soon as steady-state 
conditions of electrical potential on the rebar network were 
indicated, the potential profile of the top and bottom rebar 
mats was measured. For the most part, the same instru-
mentation and techniques described in Appendix F were 
used to measure the rebar potentials and to develop the 
equipotential contour maps. In all cases, contact resistance 
between the deck surface (concrete or asphalt) and the 
half-cell was minimized by placing a wet sponge between 
the half-cell and the deck. The effectiveness of each system 
was judged by results obtained from the electrical-resistance 
probes, equipotential contour maps. and other electrical 
measurements. The various electrical-resistance probes were 
monitored throughout to determine whether corrosion was 
stopped at the different levels of protection applied. Dur-
ing periods of corrosion, a positive slope of the probe 
resistance/time plot would be observed; the slope of the 
plot went to zero when the cathodic protection was effec-
tive in stopping corrosion. The equipotential maps, ob-
tained in this investigation, show the area of the deck that 
attained cathodic protection; the map contour pattern indi-
cates the current distribution from the anodes. Electrical 
measurements, such as current flow to the test rebars, were 
also used to judge current distribution. 

TESTING AND DECK TREATMENT 

PRIOR TO CATHODIC-PROTECTION TESTS 

Electrical Tests 

The results of electrical measurement of the resistance 
between the deck steel and the test rebars are given in 
Table H-2. The data show that the rebars associated with 
the simulated concrete cracks have much lower resistance 
to the deck steel than the control rebars. Also included in 
Table H-2 is information concerning the electrical conti-
nuity through the deck rebar network. The electrical re-
sistance measured end to end through the network is about 
0.2 ohm and is considered indicative of good electrical 
continuity between the various rebars in the deck. 

TABLE H-I 

LABORATORY CORRELATION TEST FOR 
PROTOTYPE DECK CONCRETE * 

Age at Test, 	Total-Load, 	compression Strength, 
days 	 pounds 	pounds per sq inch 

102,000 	 3608 
100,000 	 3537 
105,000 	 3714 

28 	 140,500 	 4969 
28 	 138,000 	 4881 
28 	 141,000 	 4917 

*class of concrete, Pennsylvania Department of 
Transportation Specification AA(50) 
w/c Ratio 5.1 Gal/Bag 
Slump 3.5 inches 

'% Air 5.1 percent 

The cement used meets the physical and chemical 
requirements of ASTM Specification c-150-71. 
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TABLE H-2 

ELECTRICAL TEST RESULTS FOR 
PROTOTYPE BRIDGE-DECK SECTION 

a- Electrical isolation of test rebars: 

Electrical Resistance - Test Rebar to Deck Steal 

Rebar Designationl) 
A 	B 	C 	D 	C 	F 

Resistance, ohms 
7.5 	70 	6.7 	28 	27 	28 

B. Electrical continuity of deck reinforcing steel: 

Bottom Bottom 
Mat Mat 

—.--Northwest 
02o 

Bottom 

—Northwest 
0.20 

___ Top 
Mat Mat 

Bottom Bottom 
Mat Mat 

Northwest —.'-Northwest 

$ 

Bottom Top 
Mat Mat 

1) 	See Figure F-4 for location of test rebsrs. 

Deck Salt Treatment 

Four weeks after pouring the deck concrete, a salt treat-
ment of the deck surface was started. The treatment pro-
cedure consisted of ponding a solution of 3-percent sodium 
chloride over the deck to a depth of 1,46  in. each working 
day. This treatment was intended to cause salt intrusion 
into the concrete, and it was continued (about 6 weeks) 
until the start of the cathodic-protection testing. The equi-
potential contour maps (measured from the top and bot-
tom of the deck), shown in Figures H-S and H-6, were 
obtained during the 28-day curing time prior to the start 
of salt treatment. The rebar potentials (Figs. H-S and H-6) 
are typical of steel in a passive state in concrete. The con-
tour maps in Figures H-7 through H-1 1 were obtained at 
various times after starting the salt treatment, and they 
indicate a changing rebar potential. In general, it can be 
seen from comparison of these maps with those in Figures 
H-S and H-6 that top rebar potentials shifted about 200 my 
in the negative direction after the salt treatment. This isan 
indication that salt has intruded into the concrete near the 
steel. From these maps, it should be noted that bottom 
measurements do not differ before and after the salt 
treatment. 

Measurements of the electrical resistivity of the concrete 
(Fig. H-12) demoBstrate that a similar change occurred 
during this time period. These resistivity values were ob-
tained near the center of the deck surface by using a syn-
chronous vibrator instrument (Vibroground Model 293) 
and stainless-steel electrodes embedded, during deck con-
struction, 2 in. apart in the concrete at points near the top,  

middle, and bottom of the slab cross section. The results, 
shown in Figure H-12, iBdicate that concrete resistivity near 
the top and middle increased prior to the initial salt ap-
plication, and it stabilized at about 3000 ohm-cm after the 
salt treatment started; the bottom values appear unaffected 
by the salt and increased to a value above 12,000 ohm-cm. 
Later in the project, the resistivity values of the top and 
middle areas again began to increase. 

As indicated by the corrosion rates shown in Figures 
H-13 and H-14, the electrical-resistance probes appear 
unaffected by the salt applications. From these data, it is 
noted that essentially no corrosion occurred after the in-
stallation of the probes in the deck concrete. However, in 
accordance with the plan to assure corrosion of the probe 
by using a copper couple, coupling the probe element with 
the copper initiated corrosion on the probe element (Figs. 
H-13 and H-14, test days 36 and 40). It is interesting to 
note that coupling the probes with the deck steel also 
initiated corrosion of the probe elements (day 77). At 
day 80, the initial cathodic-protection test on the deck steel 
was started; according to the work plan, all probes were 
connected to their copper couple and the control probes 1, 
2, 3, and 4 were disconnected from the deck steel. The 
results during the cathodic-protection testing will be dis-
cussed later. The electrical-resistance probe readings ob-
tained during the entire prototype deck work are given in 
Table H-3. 

On occasion, during the salt-treatment period, the electri-
cal potential of the electrical-resistance probes was mea-
sured. Table H-4 contains the potential values obtained. 
It is interesting to note the relation between potential and 
the corroding-noncorroding condition occurring near day 
77. The probe potentials during the noncorroding period 
(between 40 and 77 days) are in the range 650 to 840 mV 
negative to a Cu/CuSO4  half-cell, whereas these values after 
day 77 (during the corroding period with the probes con-
nected to deck steel) are in the range 200 to 450 mV 
negative to a Cu/CuSO4  half-cell. This result indicates that 
the relationship between potential and tendency toward 
corrosion (with more anodic potentials indicating the oc-
currence of corrosion) is more complex than has previously 
been recognized. 

CATHODIC-PROTECTION TESTING 

Distributed-Anode Method 

The first cathodic-protection design to be tested on the 
prototype deck section was the distributed-anode method 
as proposed in the work plan. This design consists of an 
impressed-current system that depends exclusively on anode 
distribution to give the necessary cathodic-protection cur-
rent spread to the top rebar steel. It does not involve the 
use of a conductive overlay on the deck. The anodes used 
in this test are prepared from a continuous platinum-
surfaced niobium wire of 0.062-in, diameter. Details con-
cerning the wire anodes are given in Table H-S. 

Table H-S also contains information relative to the anode 
design used on the prototype deck. Each of the four Pt/Nb 
anodes is installed about 0.5 in. below the deck surface in 
a groove 0.25-in.-wide. These grooves are on 4-ft centers, 
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Figure H-S. Equipotential contour maps of prototype model of bridge deck with no cathodic protec-
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half -cell plotted on a 2-ft grid. 
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Figure H-H. Prototype deck steel corrosion as indicated by electrical-resistance probe readings, protected 
condition. 
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STEEL 
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Figure 11-14. Prototype deck steel corrosion as indicated by electrical-resistance probe readings, 
non protected condition. 
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TABLE H-3 

DIAL READINGS FOR ELECTRICAL-RESISTANCE 
PROBES INSTALLED IN PROTOTYPE BRIDGE 
SECTION CONCRETE 

Time After 
Casting Probe Designation 
Probe in Cathodic Protection 
Concrete, Nonprotected control Applied 
days 1 2 3 4 5 6 7 8 

22 6 55 3> 86 30 61 
ib) 30 8 45 31 43 80 30 46 
2 48 28 63 4" 59 89 43 65 
8 61 75 90 61 91 130 80 108 
gd 78 66 96 73 95 133 84 109 
13 83 60 100 77 101 138 92 114 
16 81 53 98 77 99 137 90 114 
22 82 55 100 81 101 140 92 114 
29 84 57 100 76 100 138 92 114 
36d) 81 54 95 75 97 136 88 111 
37 87 60 102 83 104 143 95 119 
38 103 67 110 92 112 154 100 126 
40e,f) 128 88 140 120 138 183 123 145 
42 130 90 142 123 139 184 123 145 
43 131 91 142 123 139 185 123 145 
44 130 86 142 123 138 183 123 145 
45 130 88 144 123 141 183 124 146 
48 128 86 142 120 137 193 124 146 
49 130 84 141 122 138 183 124 148 
50 128 81 138 120 135 180 123 144 
51 126 82 141 118 136 183 122 144 
52 131 83 144 125 139 190 126 148 
55 .136 94 147 129 145 191 131 154 
56 129 82 141 123 136 185 123 146 
57 128 82 139 120 135 183 123 145 
58 125 82 140 122 133 184 123 145 
59 128 84 143 118 135 183 123 145 
62 128 86 138 119 136 186 123 145 
63 130 84 140 120 136 185 123 147 
64 131 86 142 119 137 186 125 148 
66 132 86 146 123 135 189 125 150 
69 134 84 140 118 136 181 125 150 
73 130 83 137 118 138 186 122 149 
779) 130 83 143 120 138 186 126 150 
78 139 92 162 129 151 189 138 155 
79 155 109 190 145 174 197 163 170 
80k') 161 106 209 150 185 201 175 184 
83 170 130 250 175 220 211 190 200 
84 173 132 260 182 231 215 197 201 
85 178 139 265 190 237 215 204 198 
90 187 147 298 217 270 215 226 197 
93 204 157 310 232 273 215 225 197 
94 210 163 318 238 280 212 230 200 
98 230 175 333 255 304 210 240 199 
99 237 183 344 263 304 213 248 198 

Time After 
Casting 	 Probe Desigmation 
Probe in 	 Cathodic Protection 
Concrete, Nonprotected control 	Applied 

days 	1 	2 	3 	4 	5 	6 	7 	8 

104) 	257 197 363 283 317 213 255 200 
108 	275 220 386 306 338 209 268 194 
111 	286 218 403 317 345 210 282 198 
113 	295 236 430 335 363 212 314 221 
115J) 	331 240 511 349 373 212 316 245 
120 	335 263 622 357 373 213 321 251 
122 	379 270 638 368 388 213 321 248 
125 	391 274 767 373 394 212 321 247 
127 	407 278 673 379 387 211 316 246 
128 	410 285 677 388 395 213 320 245 
129 	417 292 696 403 440 213 324 246 
132 	425 290 804 405 443 211 326 246 
134') 	254 296 735 405 392 200 318 225 
139 	504 333 927 455 448 199 371 262 
1431) 	583 390 798 510* 516 213 495 320 
146 	638 412 837 625 502 211 445 321 
149 	656 430 780 700 498 205 454 323 
153 	708 454 650 769 501 215 453 326 
155 	740 458 860 830 500 220 450 330 
157 	772 465 690 920 512 214 440 325 
161 . 	782 486 738 933 539 216 451 343 
164 	845 492 762 940 531 218 445 349 
168 	909 520 890 990 539 222 490 358 
175 	1000 545 1000 1000 	545 221 476 358 
185m) 	- 622 - - 537 222 466 358 

a) Probe element in air before installation. 
)) Probe element cast in concrete with calcium 

chloride added. 
Precast probe cast in deck slab. 
Probe element connected to copper wire. 

a) Start of daily sodium chloride treatment of deck 
surface. 
Probe element disconnected from copper wire. 
Probe element connected to deck steel. 
Start of cathodic protection application using dis-
tributed anode method. At this time, all probes 
were coupled with copper elements. The nonprotected 
control probes No. 1,2,3, and 4 were disconnected 
from the deck steel; others remained connected. 
End distributed anode test 
Start modified-conductive overlay test. 
End modified-conductive overlay test. 

1) Start conductive overlay test. 
m) End conductive overlay test. 

TABLE H-4 

ELECTRICAL-RESISTANCE-PROBE POTENTIALS 
IN PROTOTYPE MODEL OF CONCRETE BRIDGE 
DECK FOR PRECAT}IODIC-PROTECTION PERIOD 

Probe Potential, 
my negative to Cu/Cus04 reference 

Time, 

4nn L 2 3 L —L 6 7 8 

9 575 495 480 565 605 580 525 560 
*36 470 435 465 415 405 435 420 450 
**40 580 675 690 730 630 595 610 685 
66 745 760 745 805 675 680 750 650 
77 770 790 790 840 745 720 760 760 

***77 405 425 280 410 220 450 320 395 
79 390 450 290 410 200 450 260 400 

* Probes connected to copper. 
** Probes disconnected from copper 

Probes connected to deck steel. 

starting 2 ft from the 12-ft-long side of the slab, as shown 
in Figure H-iS. After the groove was cut, a small amount 
of cement mortar was placed in the slot. Next, the Pt/Nb 
anode was placed in the slot and held by tapping a small 
wooden wedge over the wire about every 2 ft. Figure H-16 
shows the anode being placed in the groove. Once the 
anode wire was in place, more cement mortar was added 
to toter the wire; the slot was not completely filled, how-
ever. After the mortar dried overnight, each groove was 
filled and the surface was smoothed with a polymer cement 
mix (Top 'N Bond manufactured by Campbell Products). 
As an experiment, salt was added to the cement mortar used 
to fill the grooves for anodes 1 and 2 (see Fig. 11-15). The 
data in Table H-S show that, although the contact resis-
tance of these anodes (with salt) to the deck steel was lower 
in the beginning, after 2 weeks of operating the system the 
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TABLE W5 

PROTOTYPE BRIDGE.DECK-SECT!ON DESIGN INFORMATION 
RELATING TO DISTRIBUTED-ANODE METhOD 

Anode SpeciticatiOns 

99.9% pure annealed niobium wire platinized on etched surface to an average 

thickness of 100 microinches. 

Tensile strength: 40,000 psi typicel 	
proportional Limit: 25,000 psi 

33,000 psi minimum 

Resistivity: 79.5 ohm/ft/circular mill at 20 C 

specific Gravity: 8.57 g/cc 	 Approximate Cost: 30 cent/inch 

Wire Diameter: 0.063 inch 	
Coefficient of Resistivity: 0.4%/'c 

Wire weight: 1.13 pounds/lOG ft 

Resistance: 2.06 ohms/lOG ft 

Anode Life: B ampere years/ft 

Breaking strength: 75 lb 
Anode Bed De5 

4 each 12-foot long Pt/Nb wire anodes installefl 0.5 inch below deck surface on 
4-foot centers starting 2 feet from the 12-foot-wide ends. 

Anode Bed Resistance After Wetting Deck 

Resistance, ohms 

Anode After 2 After 3 

No. Initial Weeks Weeks Remarks 

6.6 6.4 Anode in Salt - Mortar Grout 
1 7.2 

6.0 6.0 Anode in Salt - Mortar Grout 
2 7.2 

6.3 6.1 Mode in Mortar Grout 
3 13.0 

6.3 Anode in Mortar Grout 
4 14.0 6.5 

1.8 Normal Operation Arrangement 
All 3.5 1.9 
Anodes 

0 PROTECTED PROBE 

5 NONPROTECTED PROBE 

ISOLATED REBAR UNDER SIMULATED 
CRACKS IN DECK 

- 	ISOLATED REBAR CONTROL 

—. - PLATINIZED NIOBIUM WIRE SHAPE ANODES 

Figure 11-15. P/an view showing location and designation of platinized 
niobium anodes used with distributed-anode system on prototype model 
of concrcte bridge deck. 
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7. - 

Figure 11-16. Installation of the p!at,nu,n-surfaced niobium-
;t'ire anode into a groove cut in prototype bridge deck. 

resistance of all anodes to the deck steel stabilized at about 
6 ohms. 

The contour maps in Figures H-17, H-18. and H-19 are 
typical of those obtained at several levels of cathodic pro-
tection applied with the Pt/Nb anode system. These maps 
show that the top deck area near the midpoint between the 
Pt/Nb anodes does not receive adequate current to achieve 
a polarized potential of 770 mV negative to a Cu/CuSO4  
half-cell. The bottom measurements give a pattern similar 
to the top. However, as with the results of analog model 
testing (Appendix F), these potentials are several hundreds 
of millivolts lower than the top values. The graphs of probe 
dial readings, Figures H-20 and H-21, show that probes 
5 and 7 are not fully protected during this test (days 80 
through 104). Probes 5 and 7 with applied protection, 
however, show a reduced slope, which indicates that a 
reduction in corrosion rate has been achieved probes 6 
and 8 show no corrosion during the test period. As indi-
cated from the data in Table H-6, the cathodic-protection 
current flow is disproportionately much greater to test re-
bars A and F nearest the anodes. This demonstrates the 
problem of attaining uniform current Ilow in this cathodic-
protection application. Also, from Table H-6, it can be 
seen that the cracking associated with test rebars A, B. and 
C does not appear to have had any influence on the current 
flow to these rebars. In all, the test with the Pt/Nb anodes 
on 4-ft spacing indicates that a closer spacing is necessary 
for total protection. 

During the test, an effort was made to keep a stable 
moisture condition in the concrete. Essentially, the deck 
was kept damp with the chloride solution used earlier dur-
ing the test period. This was necessary because current out-
put with this system was very dependent on the moisture 
condition in the deck. Figure H-22 points out this de-
pendence. It can be seen that, as the deck dried, the recti-
fier current dropped significantly over a period of several 
days. Accordingly, it is believed that during dry periods 
the protection level from a given system would vary. One 
possible means of minimizing this problem is through the 
use of a constant-current rectifier. These units may be  

adjusted to produce the desired current, and they will auto-
matically regulate output voltage to maintain it, thus corn-
pciIsdtiIig fui the iiieiease iii ciicui( resistance. However, 
these units are somewhat expensive and will require more 
upkeep. 

The method of installation of the Pt/Nb anodes was not 
entirely satisfactory in that considerable oxygen and chlo-
rine gas were generated at the anodes. These gases caused 
some of the polymer cement mortar, and to a lesser extent 
the cement mortar, to be spalled off. Figure 14-21 show,; 
the appearance of the anode grooves after several weeks of 
applying cathodic protection with the Pt/Nb anodes. Some 
method of permitting the gases to escape must be provided 
with future installations. 

Modified Conductive-Overlay Method 

The second cathodic-protection design tested on the 
prototype deck section was the modified conductive-overlay 
method. This design is an impressed-current system that 
utilizes a thin, electrically conductive asphaltic-concrete 
layer placed on the top of the deck. A 2-in.-thick asphaltic-
concrete wearing course is placed over the top of the con-
ductive layer to protect it from traffic abrasion and to dis-
tribute wheel loads. Figure H-24 shows the modified 
conductive-overlay arrangement. The anodes used to intro-
duce the cathodic current into the conductive layer are the 
Pt-surfaced Nh-wire type described in Table H-S. Also, the 
spacing of the anodes on the prototype deck is the same 
(4 tt) as that shown in Figure H-IS. 

The electrically conductive asphaltic concrete for the test 
was mixed in the laboratory and formulated in accordance 
with the information developed during the previous coke 
aggregate/asphalt durability study (Appendix F). The coke 
breeze/asphalt mixture, referred to as ASTM 6A mix 
(described in Tables F-4 and F-S). was selected as the 
material for the conductive overlay. As can be seen from 
these tables, this material consists of coke-breeze aggregate 
of the particle size conforming with the ASTM 6A speci-
fication and about Ii percent by weight of the asphaltic 
binder identified as AC-2000. The mixture was prepared 
by preheating the coke-breeze aggregate to a temperature 
above 300 F. I he hot aggregate was added to the hot 
asphaltic hinder in a mixing drum with lifters in it and 
mixed on a rolling mill. The coke particles were thoroughly 
blended in the hot mix, and the temperature of the com-
pleted mix, as discharged from the mill, was within the 
range 275 to 325 F. 

The asphaltic-concrete surfaces used during this project 
were constructed in a manner consistent with usual prac- 
tice. This consisted generally of spreading the hot mix uni-
formly over the concrete deck, which previously had been 
coated with an asphaltic primer coat and compacting. As 
the conductive layer was spread over the prototype deck 
surface, the l't/Nh anodes were placed within this layer of 
material. The compacting on the small prototype deck was 
performed with a specially constructed hand-push roller, as 
shown in Figure H-25. The average contact pressure was 
estimated to range between 50 and 75 psi, and the com-
pacted thickness of the conductive layer ranged between 
/8 and % in. The conductive layer was covered with a 
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Figure 11-17. Equipotential contour maps of prototype model of bridge deck with cathodic protection 
applied at 20 V and 10 amp. Four platinum-surfaced niobium-wire anodes were located, as indicated 
(4-ft centers), on the 2-ft grid. Contour units are mV negative to Cu/CuSO4  half-cell. 
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Figure 11-18. Equipotential contour maps of prototype model of bridge deck with cathodic protection 
applied at 40 V and 20 amp. Four platinum-surfaced niobium-wire anodes were located, as indicated 
(4-ft centers), on the 2-ft grid. Contour units are mV negative to Cu/CuSO4  half-cell. 



2 

3 

114 

SE END 

— -- -= --_II  s —  —__ - 
AMINO  

\ 

SE END 

No 
MIN 

ws: ni1 4.171116,46 - 

IN 

rnwi 'mvs P1 1 0. 

4 

6 

4 

5 

6 

7 

8 

9 
A 	B 	C 	D 	E 	F 	C 	 A 	B 	C 	D 	E 	F 

A. TOP MEASUREMENTS 	 B. BOTTOM MEASUREMENTS 

- - - ANODES 

Figure H-19. Equipotential contour maps of prototype model of bridge deck with cathodic protection 
applied at 40 V and 6.5 amp. Four platinum-surfaced niobium-wire anodes were located, as indicated 
(4-ft centers), on the 2-ft grid. Contour units are mV negative to Cu/CuSO4  half-cell. 
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Figure H-20. Prototype deck steel corrosion as indicated by electrical-resistance probe readings, 
nonprotccted condition. 
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Figure H-21. Prototype deck steel corrosion as indicated by electrical-resistance probe readings, 
protected condition, 
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Figure 11-22. Change in cathodic-protection current after welting deck, Pt/Nb design, 40-V rectifier voltage. 
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TABLE H-6 

PROTOTYPE BRIDGE-DECK-SECTION ELECTRICAL 
TESTS-DISTRTBUTEDANODE DESIGN 

a. 	Anode Current, amperes 

Rectifier 
Current, Voltage, Anode Designation 

amp volts 1 	2 3 4 	Total 

20b) 40 5.3 	5.2 5.5 4.9 	20.9 

10c) 20 1.8 	2.5 2.7 2.3 	9.3 

40 	1.6 	1.7 	1.7 	1.6 	6.6 

b. Test Rebar Current Pickup, milliamperes 

Rectifier 
Current, Voltage, 	Test Rebar Designationa)  
amp volts A B C D E F 

20b) 	40 	1800 138 	4.4 1.2 8.4 1340 

10c) 	20 	460 	4 	0.2 0.4 5.0 760 

I 

- / 

Figure 11-23. Appearance of wire-shaped-anode grooves after 3 u'eeks 
of cathodic protection operation on prototype bridge-deck section. 
Note the spa/led area along the grooves. 

800 	 PLATINIZED NIOBIUM 
/WIRE ANODE 

2-INCH ASPHALTIC WEAR-
COURSE (PENN-DOT ID-2A) 

1/2-INCH CONDUCTIVE LAYER. 
COKE BREEZE (ASTM-6A) 

4 	.p ) ç; 	 AGGREGATE WITH 15 PERCENT 
'> P 	f' 	 ASPHALT BINDER AC-20001 

' 	•; A r• 

------------------------ 

.a• 	- 
,, 	5• 

TOP REBAR MAT 

65d) 	40 	540 	3.4 0.2 0.5 5.0 

See Figure H-4 for location of the test rebars. 
See Figure H-17 for corresponding equipotential 
contour maps. 
See Figure H-16 for corresponding equipotential 
contour maps. 
See Figure H-18 for corresponding equipotential 
contour maps. 

Figure /1-25. Specially constructed roller used to 
co,n pact the coke-breeze asphalt layer of the modified 
conductive-overlay system. 

TOP PROTOTYPE 
DECK SECTION 

Figure 11-24. Modified conductive-overlay anode arrangement used on 
prototYpe deck. 

2-in. (compacted thickness) layer of an asphaltic-concrete 
wearing course conforniing to the PennDOT specification 
ID-2A. The wearing-course material was purchased from 
a local supplier, and the installation procedure used for the 
conductive layer was also used to install the wearing course. 

During the analog work with this system, excessively 
negative applied potentials were required to stop corrosion 
on the electrical resistance probes (see Table F-3), which 
were located in the limestone aggregate under the coke-
breeze layer. To investigate the influence of the overlay 
system on the deck, potential measurements were obtained 
at various stages of the installation of the modified 
conductive-overlay system. These measurements are shown 
in Figures H-26. H-27. and H-28. The figures were ob-
tained before installation of the overlay, after installation 
of the conductive overlay, and after installation of the wear-
ing course on the conductive overlay, respectively. These 
maps show that placement of the conductive layer greatly 
altered the pattern and values for the top measurements. 
After placing the asphaltic wearing course over the conduc-
tive layer, it different potential pattern was obtained. 
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Concurrent laboratory work confirmed the existence of 
an inherent error in potential measurements made with the 
reference half-cell on top of the conductive overlay (Ap- 

' 	. pendix D). 	In these studies, it was observed that the 

. 	. amount of the potential shift was related to current density 
and was not apparent before current was applied. In view 

. of this, steps were taken to observe whether this potential 
to shift would occur during the modified conductive-overlay 

investigations. 	These 	steps 	consisted 	of 	drilling 	holes 

° through the overlay system on the deck, at a location 
0 midpoint on the deck surface, to give an arrangement simi- 

jar to that shown in Figure D-13. 	By placing a half-cell 
in the various holes, potentials at essentially the same grid 

.2 location on the deck were obtained with the half-cell con- 
E tacting (1) the top of the asphaltic-concrete wearing course, 

j (2) the top of the electrically conductive asphaltic-concrete 
layer, (3) the top of the deck concrete, and (4) the deck 
concrete very near (¼ in.) the top rebar surface. 

The potential readings obtained during this phase of the 
testing are given in Table H-7. The data show a significant 
difference in potential values obtained with the half-cell 

% over the conductive overlay and those obtained with the 

.. 	- half-cell under the conductive layer. The true potential is 
o considered to be the one obtained with the half-cell near 

the steel surface. 	it is important to note from Table 11-7 

E that, in all cases, there is agreement between the true poten- 

- tial and the potentials obtained (rectifier off) with the half- 
cellon the surface of the concrete (under the conductive 
overlay). 	This result is also confirmed by the data pre- 

0 a sented in Appendix D. 	As previously noted, potentials 

0 obtained 	with 	the half-cell 	above the 	conductive layer 
ranged from 100 to 200 mV more negative than the values 

. 	. obtained with the half-cell contacting the deck under the 

3 . overlay. 
. This information should be considered when studying the 

contour maps shown in Figures H-29, 11-30, and H-31. 
These maps are the results obtained with various levels of 
applied voltage and the four Pt/Nb anode systems shown 
in Figure 11-15. 	In each case, the potentials shown were 
obtained with the half-cell over the conductive layer and, 
therefore, are in error. However, these results give a valid 
potential-distribution pattern. 

From the electrical-resistance probes (Fig. 11-21) 	ob- 
tained during this test period, it is concluded that cathodic 

- protection of the prototype deck was achieved at a level of 
about 4 V applied potential and 1 amp of cathodic current. 
At this condition, essentially no corrosion was noted on the 

u test probes, and the correct potentials on the deck ranged 
between 770 and 1100mV. 

To investigate the current-throwing power of the present 
-a system, tests were conducted with one and then two end 
$-' Pt/Nb wire anodes in the thin conductive layer. 	Figures 

H-32 and 11-33 show the results of this work. Figure 11-32 

,.j shows that, at a moderate voltage level (8 V), the deck 
surface with protective potential extended about 2 ft from 

.2 p the anode. When the rectifier voltage was set at a maximum 
rj value (42 V), the protection extended to about 4 ft from 

the anode (Fig. H-33). The high impressed voltage on the 
C . 	-. anode caused the rebar potentials near the anodes to reach 

very high values. A comparison of Figures 11-32 and 11-33 -, 
shows that the ratio of protected area is less than the ratio 



TABLE H-7 

PROTOTYPE DECK SECTION SPECIAL POTENTIAL MEASUREMENTS 
WITH MODIFIED-OVERLAY METHOD 

Rebar Potential, millivolts negative to CuSO4 halfcell 
Rectifier Output 

4.2Amp& 3.3Amp& 2Amp& 0.5Amp& 
Nome 6 volts 6.5 voltsb)  s voltsc) 3.5 volts )  

Halfcell Rectifier 
Elevation Off On 	Off On 	Off On 	Off On 	Off 

Top of asphalt concrete 320 3600 	1100 2500 	1200 2100 	1250 1300 	850 

Top of conductive 	285 	3600 1100 2400 1150 1900 1200 1350 890 
asphaltic concrete 
layer 

Top of deck concrete 	210 	2750 	850 2200 1000 1650 1100 1200 820 

At the surface of 	200 	2350 	850 1800 1050 1300 1080 	900 780 
rebar (true potential) 

See Figure 11-28 for corresponding equipotential contour maps 
See Figure 11-29 for corresponding eguipotential contour maps 
See Figure H-30 for corresponding eguipotential contour maps 
See Figure H-31 for corresponding eguipotential contour maps 

SE END 
	

SE END 

400 

1600 

A. TOP MEASUREMENTS 	 B. BOTTOM MEASUREMENTS 

Figure 11-28. Equipotential contour maps of prototype model of bridge deck with 
no cathodic protection applied 8 days after completion of last test. This profile 
was made with the completed, modified conductive overlay installed. Contour units 
are mV negative to Cu/CuSO4 half-cell  plotted on a 2-ft grid. Potential values 
measured for top are distorted by conductive overlay. 
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Figure 11-30. Equipotential contour maps of prototype model of bridge deck with 
cathodic protection applied at 5 V and 2 amp. Four platinum-surfaced niobium-wire 
anodes were located, as indicated, on the 2-ft grid, in a ½-in, conductive overlay. Con-
tour units are mV negative to Cu/CuSO4  half-cell. Potential values measured for top are 
distorted by conductive overlay. 
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Figure 11-29. Equipotential contour maps of prototype model of bridge deck with 
cathodic protection applied at 3.5 V and 0.5 amp. Four platinum-surfaced niobium-
wire anodes were located, as indicated, on the 2-ft  grid, in a ½-in, conductive overlay. 
Contour units are mV negative to CuICuSO4  half-cell. Potential values measured for 
top are distorted by conductive overlay. 
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of the applied voltages. This may be caused by ion migra-
tion to the area near the anode. As ion concentration in-
creases, it causes a localized lowering of concrete resistivity. 
This, in turn, would alter the current flow pattern. 

Table Fl-8 gives the conductive-layer resistance measure-
ments made during this work. The data show that the 
average anode-to-deck resistance changed somewhat, from 
4.7 ohms initially to 3.4 ohms at the end of the test. Al-
though laboratory tests of the specific resistivity of the 
electrically conductive asphaltic concrete performed on 
Marshall-type specimens gave very low values (<1 ohm), 
the calculated specific resistivity based on the measured 
resistance between anodes 3 and 4 was much higher (30.5 
ohms). The high resistance may reflect poor compaction 
obtained with the hand-push roller on the conductive layer. 
The overlay resistance was stable through this test. No 
moisture (except that added by the wet sponges used to 
improve half-cell contact) was added to the deck surface 
during the testing; wetting the deck would undoubtedly 
lower the conductive-layer resistance. 

The data from the electrical tests performed during this 
test period are summarized in Table H-9. The anode cur-
rent readings indicate that the cathodic-protection current 
discharged from the anodes evenly into the conductive 
overlay, whereas the current readings of the test rebars 
show that the current flow from the conductive layer to 
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TABLE 11-8 

PROTOTYPE BRIDGE-DECK-SECTION RESISTANCE 
TESTS-MODIFIED CONDUCTIVE-OVERLAY DESIGN 

Anode Resistance, ohms 
At Time of 

Anode 	 Energizing 	At Completion 
No. 	 Initial 	Rectifier 	of Testing 

1 	(NE end) 4.9 6.5 24 
2 4.5 5.5 4.3 
3 4.4 5.0 3.5 
4 	(SE end) 5.0 6.0 3.5 
All Anodes 0-8 0.9 0.7 

Before Installation At Time of 
Adding of 2-Inch Energizing At Completion 

Wear Course Wear Course Rectifier of Testing 

Between 
Anodes 3 & 4 	 32 	 8 	 8.5 	79b) 

This measurement of the resistance between anodes 3 and 4 shows the 
change in conductive layer resistance during the test. 

Based upon this value (7.9 ohms) the calculated specific resistivity of 
the overlay material is 30.5 ohm - cm; whereas the value obtained in 
the laboratory on a Marshall specimen of this overlay material is 
<1 ohm - cm. 

TABLE 11-9 

PROTOTYPE BRIDGE-DECK-SECTION ELECTRICAL 
TESTS-MODIFIED CONDUCTIVE-OVERLAY DESIGN 

a. Anode Current, amperes 
Rectifier 

Current, 	Voltage, 	 Anode Designatioma) 
amp 	volts 	1 	2 	3 	4 	Total 

4.2 	6 	1 	1. 	1 	1 	4.2 
3.5 	6.8 	0.87 	0.93 	0.78 	0.9 	3.5 33b) 	6;5 	0.98 	0.73 	0.86 	0.77 	3.3 05c) 	3.5 	0.125 	0.084 	0.145 	0.120 	0.474 
1 	 7.7 	* 	* 	* 	1 	1 88d) 	42 	4.0 	* 	* 	48 	8.8 

b. Test Rebar Current Pickup, milliamperes 

Rectifier 
Current, 	Voltage, 	 TestRebar Designatioma) 
amp 	volts 	A" 	B 	C 	D 	S 	F" 

4.2 	 6.0 	240 	14.4 	16 	26 	24 	180 
3.5 	 6.8 	172 	11.2 	13.6 	20 	18 	160 33b) 	6.5 	154 	8.0 	2.3 	7 	10 	160 
0.5 	 3.5 	3 	1 	0 	1 	1 	3 
1 	 7.7 	ll*** 	-1.2 	0 	4 	12 	235 
8.8 	42 	2800 	220 	20 	6 	360 	2300 

* Anode disconnected during this test period. 
** Test rebar nearest to anode. 

*** Negative value used to indicate current flow from deck steel to test 
rebar. 
For position of anodes or test rebars see Figure H-15. 
See Figure H-29 for corresponding equipotential contour maps. 

C) See Figure H-31 for corresponding equipotential contour maps. 
d) See Figure H-33 for corresponding equipotential contour maps. 



Figure 11-35. Disk-shaped silicon-iron anode and associated epoxy-coated 
deck surface before installation of conductive overlay. 

the deck steel was disproportionately much greater to test 
rebars A and F located nearest the Pt/Nb anodes. The 
simulated cracks over rebars A. B, and C do not appear 
to have altered the current flow in any manner. 

Over-all, the results of tests with the ijiodilied coiiduetive-
overlay utetliod ate ittaikedly betici titan those obtained 
with the distributed-anode design. In general, the required 
current distribution and polarized potential on the deck 
were achieved with much lower operating voltages and cur-
rents. Further, the system's effectiveness did not depend on 
keeping the deck surface damp As near as could he de-

termined, neither the Pt/Nb wire anodes nor the conduc-
tive layer used in this test was adversely affected by the 
cathodic current or voltage. However, it was apparent from 
the results of this test that lowering the conductive-layer 
resistance by making it thicker or, possibly, by improving 
compaction could improve current distribution over the 
deck surface and give a more efficient operation. 
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Conductive-Overlay Method 

The third cathodic-protection system tested on the proto-
type deck is referred to as the conductive-overlay method, 
which, as has been mentioned, was proposed by Stratfuhl. 
This design is an impressed-current system that utilizes a 
2-in, electrically conductive asphaltic-concrete layer placed 
on the top of the deck. As with the previous system, a 
2-in.-thick asphaltic- concrete wearing course is placed over 
the top of the conductive layer to protect it from traffic 
abrasion and to distribute wheel loads. To investigate dif-
ferent ways of introducing the cathodic-protection current 
into the conductive layer, two different anode arrangements 
were installed in this overlay system. These were: (1) two 
Pt/Nb wire-type anodes positioned in the conductive layer, 
one 4 ft from each end of the deck (8 ft apart) and (2) a 
single I 2-in-diameter by 1 '/2 -in.- thick, disk-shaped silicon-
iron anode located midpoint on the deck top. The various 
anode locations are shown in Figure 1-1-34. 

Figure H-34 also shows that a 2-ft-sq surface of deck 
concrete around the center anode is coated. First, the 
anode was cemented to the deck surface with an adhesive 
cement (USS NEXUS S-8005). 'then, the area around the 
anode was coated with an epoxy coating (IJSS NEXDF.CK). 
in addition, a 20-in.-wide strip of the deck surface under 
the Pt/Nb anode was coated with the epoxy. The coating 
was used to observe its effects on the current-throwing 
power from the anodes. Figures H-35 and H-36 show the 
disk-shaped and wire anodes before they were covered with 
the conductive layer. 

The electrically conductive asphaltic concrete used in 
this test is the same composition used in the modified con-
ductive system and has been referred to as ASTM 6A mix 
(Appendix F). However, because of the large quantity 
required, the mixture was purchased from a local com-
mercial establishment, where it was prepared in accordance 
with the specification and with coke-breeze aggregate pro- 
vided by the research contractor. The conductive asphaltic 
concrete obtained had an average stability of 1037 psi, a 
flow factor of 12.7, and a specific electrical resistivity of 
<1 ohm-cm measured on Marshall-type specimens in the 
laboratory. 

o PROTECTED PROBE 
SIlICON IRON OISK-SHAPFn ANOI)F 

NONPROTECTED PROBE 

ISOLATED REBAR UNDER SIMULATED 
CRACKS IN DECK 

------ISOLATED REBAR CONTROL 

—o - PLATINIZED NIOBIUM WIRE SHAPED ANODES 

Figure H-34. Plan view showing location and desi via/jo,, of silicon-iron 
and platinized niobju,n anodes used with conductive-overlay system on 
prototype model of concrete bridge deck. 
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Figure 11-36. Wire-s/ia ped platinum-surf aced-n jobium anode and 
associated etio.v v-coated surface before installation of co,iduc-
tile ov('rlav. 

The conductive layer was constructed in the manner 
described earlier in this Appendix, except that the coni-
pacted thickness of the layer was increased to 2 in. Figure 
H-37 shows a cross section of the overlay system and the 
relative thickness of the two asphaltic layers, as well as the 
position of the Pt/Nb wire anode in the conductive layer. 

During the previous test, excessively negative potentials 
were obtained with the half-cell contacting the surface 
above the conductive layer. In this test, the following inca-
surement procedure was adopted to obtain the true rebar 
potential,.;. Before energizing the rectifier. 1 ¼ -in.-diameter 
holes were drilled through the overlay to the concrete 
surface of the deck, with one hole drilled at each of the 
2-ft-grid crossing points. The potential at the grid points 
for the potential surveys was measured by placing a satu-
rated calomel reference electrode (SC'E) in these holes: to 
obtain a low contact resistance between the half-cell and 
the deck, the bottom of the hole was dampened with tap 
water. Figure H-38 illustrates this method. The SCE read-
ings were converted to the Cu/CuSO reference scale (by 
addition of —72 mV) before preparing the equipotential 
maps. 

The profile map on the left-hand side of Figure H-39 was 
obtained with the half-cell in the hole: the map on the right 
was obtained with the half-cell placed on a damp sponge on 
the asphaltic overlay. These readings are for static condi-
tions before the rectifier was energized, and a comparison 
of these maps shows little difference in the values obtained. 
However, the profiles in Figure H-40, obtained in a simi-
lar manner after the rectifier was energized, show a major 
difference between the readings. As was previously noted, 
those readings with the half-cell contacting the concrete are 
correct, and a more negative reading was obtained with the  

half-cell over the conductive layer. Accordingly, in-the-hole 
readings were used for the balance of this study. 

A series of potential-distribution tests was conducted with 
the silicon-iron anode located midpoint on the deck. The 
results, shown in Figures 1-1-41 through H-43, indicate that 
a very uniform potential was achieved and that, based on 
a criterion of 770 mV to Cu/CuSO, a rectifier setting of 
7.2 V and 1.25 amp gave complete protection of the deck 
surface. A second series of tests was conducted, first with 
the Pt/Nb wire anode over the coated strip on the deck 
(Fig. H-44) and next with the Pt/Nb wire anode located 
at the opposite end of the prototype (Fig. H-45). A com-
parison of these results, shown in Figures H-44 and H-45, 
reveals that coating the concrete deck surface under the 
wire electrode did not appear to influence the potential 
distribution, in view of the fact that the resultant potential 
profiles for the top measurements are mirror images. 

A comparison of the results in Figures H-44 and H-45 
with those obtained with a single Pt/Nb wire anode in the 
½-in-thick conductive layer (see Fig. H-32) shows that 
the 2-in.-thick layer gave protection to an area of the deck 
at least 4 times larger. 

The potential-distribution tests shown in Figures H-46, 
H-47. and 1-1-48 were conducted by using both Pt/Nb wire 
anodes. The figures show that very uniform protective 
potential was attained over the deck surface with an applied 
voltage at 2.5 V and a current of (.).6 amp. A review of the 
resistance-probe results obtained during the series of tests 
with the 2-in-thick conductive layer (days 143 through 175 
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Figs. H-20 and H-21) shows that essentially no corro-
sion occurred during times of indicated protective poten-
tials on the prototype deck siirfarr'. 

Data relating to other electrical tests made during this 
work are given in Tables H-10 and H-Il. Table H-tO shows 
that the resistance of the various anodes to the deck steel, 
although somewhat high initially, was stable through the 
test. As with the previous test of an overlay system, no 
water was added to the deck during this test. A comparison 
of Table H-10 with Table H-8 shows that the Pt/Nh anode 
resistance to deck steel was much lower with the 2-in, over- 
lay than with the ½-in, layer (average 3.4 ohms as com- 
pared with 1.3 ohms for the 2-in, layer). Also, as in the 
previous overlay tests, laboratory tests of the specific re- 
sistivity of the electrically conductive asphaltic concrete 
gave very low values (<1 ohm-cm). whereas calculated 
resistivity (based on the measured resistance between 
anodes a and b) was much higher (23 ohm-cm). The 
lower value may reflect improved formulation over that 
of the previous conductive material. 

In general. the 2-in, conductive overlay markedly im-
proved on the current distribution as measured by current 
flow to the test rebars. This can be seen in Table H-I I 
(part b), where it is apparent that a balance of current 
flow to the various rebars was attained during this test. The 
notable lack of current flow to rebars D and F is no doubt 
caused by the coating over these rebars. As in the earlier 
work, the cracks over rebars A, B, and C have not had a 
bearing on the current flow to the test rebars. The results 
(part a in Table H-Il) show that, as in the earlier studies, 
current is introduced into the conductive layer from the 
anodes in a uniform manner. 

The conductive-overlay method proved to be the most 
effective of the several impressed-current systems tested. 
Center-to-center anode distances of more than 20 ft are 
indicated, and there was no problem associated with gas 
blockage or deterioration of the anodes or the conductive 
layer. During the test, the prototype deck was easily pro-
tected with about 05 amp of applied cathodic current. On 
the basis of the surface area of the top rehar mat, this is 
it calculated curreni density of less than 2 mA/sq ft, which 
is within the range expected and indicative of the excellent 
current distribution obtained. 

Sacrificial-Anode Method 

o c 

I'revious tests with the sacrificial-anode method showed 
that, because of the low driving voltage of this system (Ap-
pendix F), a well-distributed anode arrangement on the 
surface of the bridge deck will be required to attain Ca-
thodic protection of the rebars. Also, pilot performance 
tests showed that, because of the expansive nature of anode 
corrosion products. cracking occurs when these anodes are 
encased in asphaltic or portland cement concrete. To in-
vestigate methods of sacrificial-anode installation that over-
come these problems, several possible sacrificial-anode in-
stallation methods were evaluated in a prototype test. 

It is assumed that tinder certain weather conditions, a 
liniied amount of moisture conceivably could be present 
on a bridge deck. Furthermore, moisture is necessary for 
the corrosion process of the sacrificial anodes and for the 
onductance of the cathodic-protection current from the 
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SE END 
SE END 

A. TOP MEASUREMENTS HALFCELL ON 	 B. TOP MEASUREMENTS HALFCELL ON 
CONCRETE SURFACE 	 OVERLAY SURFACE 

Figure 11-40. Equipotential contour maps of prototype model of bridge deck top with 
cathodic protection applied at 11.5 V and 2.4 amp for 1 week. One silicon-iron anode was 
located midpoint on the deck, as indicated, in a 2-in-thick conductive layer. Note the poten-
tial value distortion caused by position of the half-cell over the conductive overlay. Contour 
units are my negative to Cu/CuSO4  half-cell plotted on a 2-ft grid. 

SE END 	 SE END 

500 

A. TOP MEASUREMENTS 	 B. BOTTOM MEASUREMENTS 

Figure 11-41. Equipotential contour maps of prototype model of bridge deck with cathodic 
protection applied at 11 V and 2.1 amp. One silicon-iron anode was located midpoint on 
the deck, as indicated, in a 2-in.-thick conductive layer. Contour units are my negative 
to Cu/Cu5O half-cell plotted on a 2-ft grid. 
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anodes to the deck steel, and chloride in the water on 
the bridge deck is helpful in both processes. Therefore, the 
following test was conducted under two conditions: either 
very wet with chloride-bearing water or dry. To accom-
modate the test of saerificial-auude methods in the most 
efficient manner, the model used for the analog studies, 
described in Appendix F, was adapted for this test. 

Figure H-49 illustrates the three installation methods used 
for sacrificial anodes. The types of anodes have been pre- 
viously described, and detailed information concerning 
them is given in Table F-6. From Figure H-49, it can be 
seen that two of the methods relate to the use of sacrificial 
anodes on an existing bridge deck; the third method relates 
to installation on a new or reconstructed bridge deck. 

Method I should prove to be the simplest to install in 
the field and includes the use of an open-grade asphaltic- 
concrete cover over the anodes. The porous nature of this 
material permits ready ingress of chloride-bearing water to 
the anode and possibly absorbs anode corrosion products 
without hcaving and cracking. As shown in Figure H-49, 
each anode ribbon is placed on a strip of asbestos tape.* 
Because asbestos is absorbent, it will become wet and then 
aid in holding moisture uniformly along the anode length. 

Method II features the use of a gypsum-cement anode 
backfill t and a polystyrene pad under the anode to prevent 
the expansion of the anode corrosion products from crack-
ing the concrete. In addition to absorbing expansion, the 
polystyrene, which will not absorb moisture, will serve to 
insulate the anode from the rebar under it and will, thereby, 
promote better current distribution. Method II installation 
will be tested with and without a 2-in, overlay of the open-
grade asphaltic concrete over the anode. In Method III, 
the anode and polystyrene pad are placed on the rebar mat 
before pouring the deck concrete and, therefore, the anode 
is embedded in the deck concrete. This approach is in-
tended for use during deck construction. 

Figure H-50 is a plot plan showing the sacrificial-anode 
test arrangement on the basic analog model. The anode 
spacing is 6 in.; this provides one anode ribbon between 
each pair of rebars (top row). This spacing was indicated 
by studies on the analog model (Appendix F). Figure 
H-So shows that the test arrangement is duplicated to ac-
commodate testing of both Zn and Mg anodes and, also, 
to investigate conditions of a wet and a cyclic wet and dry 
surface on the deck over the anodes. For the wet condi-
tion, a 3-percent NaCl solution was ponded over the deck 
(Mn-in, pond depth) each working day. Generally, this 
treatment gave I to 3 hr time with some free water laying 
on the deck, followed by 12 to 15 hr with a damp deck 
surface. For the remaining period the deck surface ap-
peared dry. To simulate the wet and dry conditions, this 
NaCl treatment was made once each week. After four 
weeks, the surface-treatment procedure was stopped, and 
the effects of the deck drying out on the test results were 
observed. 

A 16-in.-wide open space in the middle of the two test 

Asbestos may be carcinogenic; therefore, it is recommended that per-
sonnel handling this material wear rubber gloves and face masks. 

The design concept for Method II is based on a suggestion by John 
Sainer of the Illinois Department of Transportation. 
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Figure H-44. Equipotential contour maps of prototype model of bridge deck with cathodic 
protection applied at 5.2 V and 1.5 amp. One platinum-surfaced niobium-wire anode 
was located, as indicated, on the 2-ft grid, in a 2-in-thick conductive layer. Contour units 
are mV negative to Cu/CuSO4  half-cell. 
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Figure 11-45. Equipotential contour maps of prototype model of bridge deck with cathodic 
protection applied at 5.2 V and 1.5 amp. One platinum-surfaced niobium-wire anode was 
located, as indicated, on the 2-ft grid, in a 2-in.-thick conductive layer. Contour units are 
mV negative to Cu/CuSO4  half-cell. 
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Figure 11-46. Equipotential contour maps of prototype model of bridge deck with cathodic 
protcction applied at 3.15 V and I amp. Two platinum-surfaced niobium-wire anodes 
were located, as indicated, on the 2-ft grid, in a 2-in-thick conductive layer. Contour 
units are mV negative to Cu/CuSO4  half-cell. 
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Figure 11-47. Equipotential contour maps of prototype model of bridge deck with cathodic 
protection applied at 2.9 V and 0.55 amp. Two platinum-surfaced niobium-wire anodes 
were located, as indicated, on the 2-ft grid, in a 2-in-thick conductive layer. Contour 
units are mV negative to CuICuSO4  half-cell. 
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Figure 11-48. Equipotential contour maps of prototype 'nodel of bridge deck with cathodic 
protection applied at 2.5 V and 0.6 amp. Two platinum-surfaced niobium-wire anodes were 
located, as indicated, on the 2-ft grid, in a 2-in-thick conductive layer. Contour units are 
mV negative to CuICuSO4  half-ce!!. 

TABLE 11-11 

PROTOTYPE BRIDGE-DECK-SECTION ELECTRICAL 
TESTS-CONDUCTIVE-OVERLAY DESIGN 

a. 	Anode Current, amperes 
Anode Designationa) 

Rectifier Platinized Total 
Current, 	Voltage, Silicon- Niobium Current, 
amperes volts iron a 	bb) amperes 

2.1 11.0 2.1 * 	* 2.1 
2.4 10.5 2.4 * 	* 2.4 
1.25 7.2 1.25 * 	* 1.25 
0.68 3.8 0.68 * 	* 0.68 
1.5 5.2 * * 	1.5 1.5 
1.5 5.2 1.5 	- 1.5 
1.0 5.5 * 0.51 	0.51 1-02 
06 2.5 * 0.31 	0.31 0.62 

b. 	Test Rebar Current Pickup, nillianperes 

RectifierC) Anode(s) 
Current, Voltage in Test Rebar oesinationa) 
amperes volts Operation A B C 0") Eb) p 

2.1 11.0 S/I 18 15 6.4 0.8 2.4 12 
2.4 10.5 S/I 16.4 14.4 8.2 09 2.7 12 
1.25 7.2 S/I _30** -2.2 1.2 0.7 2.0 0.1 
0.68 3.8 S/I -2.2 -0.4 2.0 0.5 1.1 0.2 
1.5 5.2 P/N-b 0.8 1.1 1.2 1.52 12 8.2 
1.5 5.2 P/N-a 38 38 33 0.3 0.8 -0.1 
0.6 2.5 P/N-a & b 0.5 0.8 1.4 0.6 0.9 1.7 

* Anode disconnected durinq this test period. 

** Negative value used to indicate current flow from deck steel to 
test rebar. 

Note: S/I indicates silicon-iron anode and P/N indicates platinized 
niobium. 

For position of anode or test rebar see Figure 11-34. 
Indicates the anode and test rebars adjacent to coated deck surface. 
Test condilions sane as indicated in Part a above. 

SOD 

900 

EDO 

I, 
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TABLE H-b 

PROTOTYPE BRIDGE-DECK-SECTION RESISTANCE 
TESTS—CONDUCTIvE-OVERLAY DESIGN 

- Anode Resistance, ohms 
At Time of 

Anode Energizing At Conpletion 
Type and No. 	Initial Rectifier of Testing 

s/I 6.7 3.7 3.2 
P/N - a 	 4.5 1.7 1.4 
P/N - b 	 3.8 1.8 1.3 
P/N - a & b 	 1.8 0.8 0.6 

Between p/Na) 
a & b 	 7.4 3 29b) 

 This measurement of the circuit resistance between anodes a and b 
indicates change in conductive layer resistance. 

 Based on this value 	(2.9 ohms) the calculated specific resistivity 
of the overlay naterial is 30.5 ohm - cm; whereas the value obtained 
in the laboratory on a Marshall specimen of this overlay naterial 
is Cl ohn - cm. 

Note: 	$/I indicates silicon iron 
P/N indicates platinized-niobiun 
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Figure 11-49. sacrificial-anode-test installation methods. 
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Figure H-50. Plot plan of sacrificial-anode test arrangc'men t. 
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areas (Fig. H-SO) served two purposes in this test: (1) the 
anodes extended through the plexiglass wall (see Fig. H-Si) 
into the open space where the electrical connection between 
the anodes and the rebars was made, and (2) the ends of 
each anode in the deck area were visible and could be 
observed. 

To permit a meaningful analysis of the current produced 
from the anodes in this test, several important steps were 
taken in the installation phase. The first was to cut the top 
rebar mat into four equal segments. The segments were 
then divided with a plexiglass wall (see Fig. H-Si). This 
arrangement gives electrical isolation of the Zn- and 
Mg-anode test areas from each other. Also, it permits 
physical and electrical separation (open area) between the 
wet and the wet and dry cycle test surfaces. During the 
test, the anodes of a given type (Mg or Zn), with a given 
installation method and deck surface condition, are con-
nected to the transverse (top) rebars of the top mat in that 
section. Because each rebar in the analog model is elec-
trically isolated from the others in the model, this arrange-
ment gives electrical isolation of the rebars in a test area 
from other rebars in the deck. During the test, the rebars 
in each area are connected together and to those anodes 
installed in that area through a test panel. 

After completion of the necessary advance work, the top 
4-in, layer of deck concrete was placed to give the full 
8-in, slab thickness. As with the other work described in 
this Appendix, the concrete was prepared and installed in 
accordance with the PennDOT specifications for reinforced 
bridge-deck concrete. 

One week after placing the concrete, the balance of the 
anode installation work (Methods I and II) was performed. 
This work included placement of the anodes and associated 
backfill materials (see Fig. H-49). Gypsum-cement con-
cretes from two different manufacturers were used. Table 
H-I 2 gives the details concerning the concrete mixtures, 
which were prepared and installed in accordance with the 
manufacturers' instructions. Several days after installing 
these anodes, the 2-in, layer of open-graded asphaltic con-
crete (see Table F-4 for aggregate fraction) was installed. 

Figure H-52 shows the Zn-ribbon anodes on the deck 
prior to covering them with the asphaltic concrete. A 2-in. 
compacted thickness of asphalt was used. This material 
was purchased from a local supplier, who prepared it in 
accordance with the previously mentioned specification. 
The compacting procedure was the same as that described 
for the prototype deck. Figure H-53 shows the over-all view 
of the completed sacrificial-anode test arrangement. 

Upon completion of the anode installation, the anodes 
were connected electrically through the panelboard to the 
appropriate rebars. Current from the ribbon anodes was 
measured by a voltage drop across a 0.1-ohm shunt installed 
in series between each group of anodes and the deck steel. 
Usually, the anode current and rebar potential were mea-
sured once each week in the wet surface test area and twice 
each week in the wet and dry (cycle) surface test area. The 
latter measurements were obtained the day before wetting 
the deck and the day after. 

At the time of each current determination the potential 
of the deck steel in the corresponding areas was also mea-
sured. The potential measurement was obtained with the 
equipment and "instantaneous off" procedure similar to that 
described earlier in this Appendix. Jnitially, the potential 
measurement was made at three equally spaced locations 
along the 5-ft length of rebar with the Cu/CuSO4  half-cell 
placed on a sponge on the surface of the deck over the 
rebar. In addition, a probe measurement, with the SCE 
electrode in a hole reaching to a point near the rebar sur-
face, was made at the midpoint of the rebar. Later in the 
investigation, it was learned that the SCE value (converted 
to Cu/CuSO4  scale) was representative of rebar poten-
tials across the length, and these measurements were 
discontinued. 

Table H-I 3 summarizes the current output from the 
anodes and the resultant polarized potentials on the rebars. 
The values given in this table were obtained four weeks 
afte: the test had started. The current value in Table H-13 
is the average current output of the 5-ft-long ribbon anode 
and is obtained by dividing the total measured output of 
anodes in the group by the number of anodes. It was noted 

TABLE H-fl 

SACRIFICIAL-ANODE TEST INFORMATION 
RELATING TO ANODE BACKFILL CONCRETE 

Backfill Designation 

A 	 B 

Commercial Name 	Duracal 	 Speedcrete 

Manufacturer 	United States Gypsum Co. 	Tanuns Industries Co. 

Type Used 	 Aggregated 	 Aggregated 

Mix Ratio 	1 Part Sand 	 1 Part Sand 
1 Part Pea Gravel 	 1 Part Pea Gravel 
1 Part Duracal 	 1 Part Speedcrete 

Water Per 
Gypsum Cement 	1-3/4 Gal/150 lb 	 1-3/4 Gal/iSO lb 
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TABLE H-13 

SUMMARY OF SACRIFICIAL-ANODE TEST RESULTS 

a. 	Wet and Dry Surface Condition 

Mg Ribbon Anode Zn Ribbon Anode 
Dry 	 Wet Dry Wet 

Method Avg f, Avg E, 	Avg 	Avg 	Avg Avg Avg 	Avg 
No. mA& mvbi 	i;mA 	E,mV 	I,mA E,rdV I,m.A 	E,nV 

21.8 1170 	23.3 	1170 	7.5 810 6.2 	910 

11c) 32.1 890 	32.1 	920 	3.0 430 2.7 	475 

xi 13.9 580 	14.7 	670 	0.4 350 0.5 	410 

4.2 405 	4.0 	485 	0.1 310 0.2 	390 

b. 	Wet Surface Condition 

Mg Ribbon Anode Zn Ribbon Anode 
Method Avg 	 Avg Avg Avg 
No. I,mA 	E,mV I,mA E,mV 

x 25.1 	 1230 26 920 

II 26.1 	 1100 11.1 580 

ii 28.0 	 970 5.5 370 

fl 6.1 	 400 1.1 260 

 Current per 5-foot anode ribbon. 
 Potential measurement made with electrode at center of the rebar 

and close to rebar surface. 	Value is negative to CuSO4  halfcell. 
 With asphaltic-concrete overlay. 

that the 6-in, anode spacing gives about a 10-percent cur-
rent derating factor because of mutual interference effects. 
In most cases, current output from a single anode in a given 
group compared well with current from other anodes in that 
group. This result reflected a uniform and stable environ-
ment of the anodes and the rebar cathode in this test. 
Further, no particular difference in current output was 
noted with anodes in the two gypsum-cement types used. 
Therefore, it is concluded that these materials will perform 
in a similar manner with respect to anodes. 

It can be seen from Table H-13 that the current output 
from the Mg anodes was higher than that from the Zn 
anodes. This was expected because of the higher (4 times) 
driving voltage of Mg as compared with that of Zn (see 
Table F-6). This result also demonstrates an important ad-
vantage of Zn in the present application. Zn has a potential 
of —1100 mV011504, which is above that needed to protect 
the rebars (-770 mVsø4) and below the hydrogen-
reaction potential of —1170 mV504.  This means that no 
matter how low the circuit resistance between the Zn and 
the rebar becomes, during periods when copious amounts 
of water and chloride are present on the deck, the current 
output from the Zn is controlled by the oxygen reaction 
(as opposed to hydrogen reaction) and, therefore, by the 
amount of available oxygen at the rebars. It is of interest 
to note in Table H-13 that the current outputs (32 to 
21 mA) from the Mg are much greater than those from 

Zn anodes (6 to 3 mA), in each case with rebars that have 
protective potentials. This self-limiting aspect prevents 
wasteful current production and gives the anodes a more 
predictable life. 

On the other hand, it can be said that the higher poten-
tial (-1800 mV0504) of Mg is needed when circuit re-
sistance is high. Table H-13 shows that, with Method II 
(embedded anodes), the current produced by Mg was ade-
quate for rebar protection, whereas the current from Zn 
was not. It is reasonable to assume, however, that, as salt 
penetrates deeper into the concrete, the Zn will produce 
more current. A comparison of results obtained from 
Method II, with and without the asphaltic-concrete over-
lay, supports this opinion. Those anodes in concrete, cov-
ered with asphalt, produced more current than those in con-
crete without the cover. This is a reflection of moisture 
retention under the overlay, which, in turn, caused in-
creased moisture penetration into the concrete. 

Results obtained with Method III also reflect a lack of 
salt penetration into the concrete. Potential values for the 
rebars (Method III, Table H-13) in several cases did not 
change from their original value, and the others changed 
only slightly. The results relative to the test of Method III 
are inconclusive. 

The data (part a of Table H-13) show that one week of 
deck drying has little effect on the current input from the 
anodes and the rebar potentials. At the end of 4-weeks' 
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testing, the application of NaCl solution was stopped to 
investigate the effect of an extended drying time. No sig-
nificant current or potential change occurred during the 
first two weeks of no deck wetting. Thereafter, both the 
current and rebar potentials dropped slowly to the 4-week 
values given in Table H-14. These results suggest that, 
during a prolonged dry spell, the anode current output can 
drop below the minimum required to provide cathodic pro-
tection; but, if the deck is wet at least once every 2 to 4 
weeks, the system should work well. 

From the physical damage aspect, all systems performed 
well except Method I with Mg anodes. It was believed that 
the porous nature of the asphalt would absorb the corrosion 
products. However, after about 3 weeks in test, a slight 
heaving was noticed in the asphalt over the Mg anodes 
(Method I). Thereafter, this heaving increased until, after 
6 weeks of testing, it was apparent that cracks were form-
ing in the asphalt. No signs of physical damage were noted 
with the Zn anodes installed by using the Method I pro- 

cedure. This, no doubt, is because the Zn corrosion prod-
ucts are more soluble than the Mg corrosion products and, 
therefore, were absorbed by the overlay. 

Over-all, the results of this test show that a Zn-anode 
design, consisting of ribbon anodes installed on the deck 
and covered with an open-graded asphaltic concrete, is 
promising. Analysis of this design (Method I), using the 
mathematical model, indicates that one 0.25-lb/ft Zn ribbon 
placed every 12 in. across the deck will be a suitable design 
on a full-section deck. Assuming a rebar surface area of 
0.5 sq ft/sq It of deck surface and a cathodic-protection 
current density of 1.0 mA/sq It of rebar gives the calculated 
life of the Zn-anode system as: 

Life (yr) = 
Weight (Ib) 

Current Output (A) X Anode Capacity (lb/A-yr) 
flfl 

Life = 0.0 	
25 = 20 years 

TABLE 14-14 

SACRIFICIAL-ANODE CURRENT AND REBAR POTENTIALS 
DURING DRYING PERIOD 

a. Deck Area with Previous 

Mg Ribbon Anode 

Time Since Last 

Wet and Dry 

Deck Wetting, 

Surface 

Zn Ribbon 

weeks 

Anode 

2 4 2 4 
Method Ave Ave Ave Ave Ave Ave Ave Ave 

No. 11 a) E,mVb) I,mA E,mV I,mA E,rnv I,mA E,mV 

I 21 1220 13.2 1170 3.8 875 3 705 

110 27 990 21.4 980 2.2 515 1.6 495 

II 6.6 820 6,4 700 0.5 415 0.2 380 

XII 4 605 3.1 525 0.1 505 0.2 485 

b. Deck Area with Previous Wet Surface Condition 

Mg Ribbon Anode 	 Zn Ribbon Anode 

- 	 Time Since Last Deck Wetting, weeks 
2 4 2 

Method Ave Ave Ave Ave Ave Ave Ave 
No. I,nA E,rnV I,niA E,rnv I,rnA E,rnV I,nA 

I 16 1220 12 1075 1.6 840 1.1 

11c) 24.6 1030 21.7 900 8.5 570 5.7 

II 22.6 985 18.2 635 3,4 455 2.2 

III 4.3 395 3 340 0.5 430 0.3 

Current per 5-foot anode ribbon. 

Potential measurement made with electrode at center of the rebar and 
close to rebar surface, value is negative to Cu/CuSO4 halfcell. 

C. Method 11 with asphalt cover. 
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SUMMARY OF PROTOTYPE TESTS 

The studies with impressed-current cathodic protection 
showed that a conductive-layer design is best for distribut-
ing the current over the bridge deck. Two different thick-
nesses of electrically conductive asphaltic concrete in com-
bination with different anode arrangements were tested. In 
general, all combinations work well and anode spacings of 
up to 30 ft appear possible with a 2-in, conductive layer 
and of up to 15 ft with a thin (0.5 in.) layer. Embedment 
of a wire anode in the concrete (without overlay) did not 
work well. With this approach, an anode spacing of 2 ft 
and a high applied voltage and current are necessary. 

Measurement of rebar potential over the conductive layer 
showed that the usual procedure gives excessively negative 
values. Drilling a hole through the conductive layer, and 
placing the reference half-cell in contact with the deck 
concrete (under the conductive layer), gives correct values. 
When surveying a deck with a conductive overlay, this pro-
cedure is necessary at several select locations in the deck 
to adjust potential readings measured in the normal way. 

Over-all results with the impressed-current approach 
show that this method is practical and that corrosion of  

rebars in the top mat of the bridge deck will be controlled 
by applying low voltage and current. Should control of 
impressed current, during periods when the deck is either 
very wet or very dry (changing resistance), be difficult, the 
use of a rectifier that automatically regulates output voltage 
to compensate for changing resistance would be a solution 
to this problem. The average current density for corrosion 
control, expressed in terms of square feet of deck surface, 
was about 2 mA/sq ft. This value is believed to be some-
what high; however, with continued application of current, 
the rebars will be polarized and current densities will be 
reduced to a fraction of this value. 

The demonstration of the sacrificial-anode method 
showed that a Zn-ribbon design is promising. With this 
method, Zn ribbons are distributed on the deck and are 
overlayed with asphaltic concrete. Sufficient current for 
cathodic protection can be generated by using a 1-ft rib-
bon spacing across the deck. The life of the ribbon is calcu-
lated at 20 years. Although prolonged dry periods will 
result in loss of anode current, the effect is not immediate, 
and it is believed that under normal weather conditions the 
production of current will be steady. 
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