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FOREWORD

Thi·s report presents the findings of an outdoor exp,osure study of concrete
slabs containing black reinforcing steel and galvanized reinforcing steel.·
The tests were performed under conditions which simulate those found in
typical highway bridge decks. A solution of water and deicing salt was
ponded on the surface of the slabs for several years to produce a concrete
contaminated with chloride ions. The ponding was then discontinued, the
slabs were modified and instrurr~nted so that the corrosion and deterioratiQr
could be monitored. The performance of the different slabs are compared.

The report will be of interest to bridge engineers in the snow belt where
deicing salts are applied to the pavements, and to other design, materials,
and corrosion engineers concerned with bridges and hydraulic structures
along the coasts. Technically, it shows that corrosion will occur under
proper conditions when black or galvanized steel are used solely or in
combination. Hence, positive steps must be taken to attain the design
lives of structures.

Sufficient copies of the report are being distributed by FHWA Bulletin to
provide a minimum of two copies to each FHWA regional office, one copy to
each FHWA division office and two copies to each State highway agency.
Direct distribution is being made to the division offices. Additional
copies for the public are available from the National Technical Informatio'
Service, U.S. Department of Commerce, 5285 Port Royal Road, Springfield,
Virginia 22161.

This document is disseminated under the sponsorship of the Department o~

Transportation in the interest of information exchange. The United StatE~

Government assumes no 1iabil ity for its contents or us,e thereof.

The contents of this report reflect the views of the author, who is respc r
:

for the facts and the accuracy of the data presented herein. The conter.:::
not necessarily reflect the official policy of the Department of TransDor:2·
This report does not constitute a standard, specification, or regulatiG~.

The United States Government does not endorse products or manufacture,s.
Trade or manufacturers' names appear herein only because they are consic~·-·.

essential to the object of this document.

Reproduced from
best available copy
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Introduction

The maj:or bridge deck deterioration problem is delamination
of the concrete near the level of the top mat of
reinforcing steel and the subsequent spalling of the surface
concrete. Research has shown that the most prevalent cause
of this distress is corrosion of the reinforcing steel
due to the intrusion of chlorides into the concrete from
repeated deicer applications for snow and ice cem;oval.
Similar problems also exist in reinforced concrete members
~~posed to seawater or other chemical environments.

One suggested solution to these problems is -galvanized
,~inforcing steel. To test the hypothesis, the outdoor
~xposure testing of concrete slabs containing galvanized
reinforcing steel was included in the Federal Highway
Administration's Time-to-Corrosion studies initiated
in 1971.

The report documents the find ings of 10 year s of com-~

parative testing of large slabs containing conventional
black steel and slabs containing galvanized reinforcing
bars.

1



Fabrication and Testing

Fou~ 4-ft. by S-ft. by 6-inch (I.2m X I.Sm X O.15m} concrete
slabs were constructed using galvanized reinforcing steel in
1971 as part of the Federal Highway Administration's Time-to­
Corrosion study CI,2). Over 100 other slabs containing
black steel reinforcement were also fabricated in 1971.
The slabs were cured for 6 weeks and then placed on 3-ft
(O.9m) posts at the FHWA outdoor exposure yard at the
Fairbank Highway Research Station, McLean, Virginia. All
slabs contained a top mat of reinforcing steel consisting of
No.4 rebar on l2-inch (O.30m) centers in the 5-ft (I.Sm)
direction and two No.4 cross bars in the 4-ft (1. 2m)
direction, (one 12 inches (0.30m) from each slab edge).
No bottom re inforcing steel was included. Table 1 provides
the fabrication data on the 12 slabs (4 galvanized and 8
black steel) included in this substudy. All of these
slabs hav~ I-inch (25mm) cover over the reinforcing steel
and were subjected to daily ponding to a 1/16-inch (2mm) depth
with ~ 3 percent Nael solution during the period from late
1971 through 1978. At that time, ponding was discontinued
and, since then, all slabs are only SUbjected to natural
weathering at the outdoor exposure yard.

All ~labs were evaluated periodically using electrical
potential measurements, chloride analyses, and delamination
and visual surveys. Also in 1974, 1 galvanized-rebar slab
and 1 black-steel slab were cut in half and one-half of each
slab was broken apart to allow a visual examination of the
rebar. The remaining half of each slab continued under
test.

The 1974 autopsies of the 2 half slabs (w/c=O.SO) found 4 areas
of significant corrosion on the black steel rebar, but only
1 area of significant corrosion on the galvanized rebar.
In thatarea~ the galvanized coating wa~s completely lost and
steel corrosion was obviously occurring. However, in all
other areas significant amounts of zinc remained.

Table 2 provides a summary of the results of the evaluations per­
formed on the slabs through 1979. Two other slabs, with black
steel, wh ich t'ie re made at the same time bu t were never
salted, are also included for comparison. Th~ no-salt
slabs remained undamaged throughout the test. For the
salted slabs, by 1974 (830 daily saltings), chloride sampling
of various 0.40 and 0.50 water cement ratio slabs (2) showed
significant quantities of chloride at the 1.O-inch (25mm)

2
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- 3 3level [average" 1.6 Ibs Cl lYE (130kg/m) f~r vIc •
0.40 concrete and 11.4 lbs Cl Iyd (6.Skg/m) for
w/c ~ 0.50 concrete) and, thus, active black steel corrosion
would be expected. Electrical potentials generally indicated
active corrosion, or they were in the uncertain area for the
salted black steel slabs. Potentials for galvanized
Leba, ~labs were generally more negative than those measured
Okl til,e black steel slabs. No dela:mination or spalling was
found in 1974 on any of the slabs while the only cracking
!:NHi very fine cracking found on the 0.40 tile galvanized
31abs, Red rust stains were found on 2 of the salted w/c ,.
0.50 black steel slabs only.

Jft 1979, rust stains were visible on 3 of the 4 salted (w/c=
0,50) black steel slabs as well as 2 of the galvanized rebar
,;J~bs (1 withw/c ~ 0.40 and 1 with w/e lie 0.50). Cracking
',ol~i!5 gene-rally more prevalent on the salted vIc" 0.50 black
:;tcel slabs than on the galvanized slabs. No dela:mination
w~s f0und, but 2 small spalls were present (one on a ~/c ~

U~40 galvanized rebar slab and 1 on a salted wlc • 0.50
black steel slab), Also, concrete was removed from a 4-inch
(lO'.hnm) long area over a bar at one end of the other 0.40
~!a tc!'~ceil'lent ratio slab wi th galvanized rebar. .A very fine
crack was visible at the removal location. Exposure of
t!:~ galvanized rebar revealed red rusting, but no significant
e.-·etion loss. .

Thus, in general, the data indicate that fOI!: the salted 0.50
weter cement ratio concrete, the galvanized rehar slabs w~re

l?~rforming be tter than those with black steel. Convers,ely,
r0r the salted 0.40 water cement ratio concrete slabs, the
black steel slabs appeared to De in better condit:i:on than
;-:.heir galvanized rebar counterparts.

A1 though the above data are valuable, they provide little in­
fv~roation on the rate of corrosion and, thus; service life
~rojections are very difficult~

In 1979 and 1980, new quantitative information on the
(.;0rcosion process in concrete was developed (3). These
<iata showed that the rate of corrosion is affected by many
factors other than chloride content after the threshold
chloride value is e~ceeded and that macroscopic corrosion
r.:ells (those in which the anode and cathode are separated by
;:>{;veral inches or more) were of much greater s,everity than
:'iicroscopic corrosion cells (i.e., many tiny anodes

Reproduced from
best available copy
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and cathodes co-existing along the steel but not
interadting with each other over long distances). Fortunately,
because of the outdoor storage of the slabs and the use
of aultibar large slabs, the original time-to-corrosion
studies constitute valid corrosion tests of reinforcement in
concrete. Macroscopic anodes and cathodes exist on the top
~at rebars and the wetting and drying and temperature
~ycling results in relatively high corrosion rates in
chloride contaminated concrete. However, there was one
major aspect of the deicing salt area bridge deck situation
which was lacking; the slabs did not contain a bottom mat
~f reinforcement electrically coupled to the top mat.
P.r~vious data for black steel in concrete projected that a
large macroscopic corrosion cell would be set up between
a bottom rebar mat in chloride-free concrete and a top rebar
mat in chloride-contaminated concrete. Thus, the rebar in
the existing slabs, as originally constructed, was probably
corroding at a slower rate than the rebar in a chloride­
contaminated bridge deck. Further, it was unknown whether
or not such a corrosion macrocell would develop between
9alvanized rebar in chloride contaminated concrete and
galvani~ed steel in chloride-free concrete. Such
information was essential to allow complete evaluation of
the product.

To develop information, and simultaneously provide a
direct measure of the macrocell corrosion rate, bottom mats
of reinforcing steel were placed in a 2.5-inch (64mm) lift
of chloride-free concrete under each slab. Briefly, the
~underlay· process involved the following steps:

(1) Each slab was turned upside down and what had been the
bottom of the slab was sandblasted to expose at least 50
percent of the coarse aggregate.

(2) A 2.5-inch (6.4mm) high form was placed around
the slab ar.d a bottom mat of reinforcing steel (7 No.5 bars
in the 5-ft. (1.5m) direction and 3 No.4 bars in the 4-ft
(1.2m) direction) was positioned 3/4-inch (19mm) above
the existing slab bottom. Lead wires were attached to the
rebars and brought outside the slab; thermocouples were
attached to various rebars to facilitate temperature measurement.

(3) A 2. 5-inch (64mm) 1ift of chlor ide~fre'e concrete. was placed.
The water-cement ratio of the underlay concrete for each
slab matched that used originally in 1971 for that slab, as
did the aggregate sources and proportions. A vibrating
screed wa~ used to consolidate the concrete and after wood
f.loating, the concrete was cured for 14 days using wet
btlrlap and polyethylene.

6



(4) ~he slabs ~re then turned back over and placed on
J-ft (O.9z) posts. several months of such storage were
~lloved to:pe~it the establishment of a nor~al bridge deck
type ~oistUre gradient within the S.S-inch (216mm) thick
_labs. During this tiEe period, new lead wires and
the~ocouples were installed on the top mat rebars.

(5) Tasting was initiated by coupling the 2 rebar mats
{:r:,~-ther (i.e., the lead wires from the top mat rebare were
jo1.l:ed with those fran the bottom rebar mats). Eecaus,e no
dir~<:;t ~~t-to-mat Eetallic contacts e:ist within the concrete,
.;ill electrons generated by the Dacrocell corrosion process
~,m~t flow through the lead wi res. Thus, a direct me~sure

~f. th~ Eacrocell corrosion rate is obtained.

~lSu~e I includes several photographs of the underlay
f'r"cess as tr.:ll as a photograph of the instrumentation
Int~[fac~ bo: utilized to couple the rebar mats and
facilitate m~asurement of the corrosion currents and other
fte~esBary paramet~rs.

;'1~;::.:iuse of the length of time required to accomplish all
Ui-~ ~bove operations and other rate of corrosion studies
~~itl'J perfonced at our ou tdoo!: e:posure yard, only 7 of the
10 ~alted slabs previously discussed and 1 no-salt slab were
~lfiv~l"laid in suffie ient time for use in this study. The
QQ50 ~at~r cement ratio black steel slabs were underlaid in
1979 because of the need for controls in another substudy
~f'dl~ the rema ining slabs were underlaid in 19S0. Table
J p~ovides data on each of the underlays, as ~ll as a
lif)tln9 of the various rebar combinations under test. Note
·~!!;... t :2 different water-cement ratio concretes (0.40 and
U.. ~O) ar~ under test as well as slabs in which all the
tcinforcing steel is galvanized and a slab in which only the
t0J ~at ~ebar i~ galvanized.

To obtain the desired rate of corrosion comparison between gal­
vaniz~d reinforcing steel and black steel, the corrosion
CtETents were measureo periodically dur ing the 6-month period
f. t--~ April through September 19B1. This provided corrosi,on
rut~ d~ta during the relatively cool spring and early fall
as well as during the hot summer. Other data obtained
in~'!l1Jd~ the macrocell driving voltage, the I,OaO-cycle AC
m~t'~tQ-mat resistance and the concrete temperature (at the
top~~~t level, at slab mid-depth and at the bottom-mat
l~vcl)" ~lectrical potentials of the top mat rebar as well
A~ th~~e on the bottom-mat rebar were also measured periOdically.

i







S'
ia

:b
Nu

m
be

r

54
-8

1

11
3.

.8
2

90
-1

12

99
-1

5

21
..1

05

77
-3

8

10
5-

79

9-
39

.... 0

:~
)\
BL
f.
-l

SL
AG

_f
"\
\X
~:
?i
:~
~~
'l
j:
~\
J,
At
I

C
Q
~
~
r
e
t
e

To
p

M
at

R
eb

ar
~

W
c
.
t
l
a
r
~
r
.
e
m
e
n
t

Re
!li

'lfo
rcl

O'
Dt

g
St

ei
El

Ja
te

iJ
at

e
C

hl
or

id
e

co
nt

gn
tl

R
at

io
T
o
p
~
a
t

B
ot

to
m

M
at

U
nd

er
la

id
M

ats
C

ou
pl

ed
lb

s
Cl

ly
d

0.
50

Ga
1v

ill
n.

G
al

va
n.

10
-1

0-
80

4-
2-

8t
11

.7

0.
50

G
al

va
n.

B
la

ck
9-

30
-8

0
4-

2-
81

10
.9

0.
50

B
la

ck
B

la
ck

10
-2

9-
79

2-
13

-9
0

24
.8

0.
50

B
la

ck
B

la
ck

10
-3

0.
.7

9
2-

14
-8

0
21

.4

0.
50

B
la

ck
B

la
ck

11
-8

-7
9

5-
16

-8
0

15
.7

0.
50

B
la

ck
B

la
ck

11
-1

4-
79

11
-1

-8
0

0.
5

0.
40

G
a1

vo
n.

G
al

v'
an

.
11

-5
-8

0
4-

2-
81

7.
5

0.
40

B
la

ck
B

la
ck

11
-5

-8
0

4-
2-

81
7.

9

IB
as

ed
on

on
e

sa
m

pl
e

ob
ta

in
ed

an
d

an
al

yz
ed

in
ac

co
rd

an
ce

w
ith

AA
SH

TO
1-

26
0.

I1
b/

yd
3

•
0.

6
kg

/m
3



!ate ~f Corrosion Findings

Table 4 summarizes the rate of corrosion data obtained on the
slaus. Included are data on:

(1) Average Macrocell Corrosion Current - This is a direct measure
of the electrons released by the corrosion process and flowing to
the bottom r~bar mat for oxygen reduction. As noted in the dis­
cussion above, concrete temperature has a significant effect on
cor~osion current (rate). This effect has been shown (3) to be
due primarily to the effect of temperature on concrete resistivity.
hl~o, it has been shown that the corrosion current measured at any
giv~n field temperature can be adjusted to another temperature
to (~orilpensate for differing concrete resistivities using the formula:

where i 2 =

wher~ T2 .:

2 (-1. _ 1 )e 883 T
1

T
2

corrosion current at temperature Tl .

corrosion current measured at temperature T2 .

average temperature of the concrete between the

~acro-anode and macro-cathode (in degrees Kelvin).

:~ih(~re T1 "" temperature (in degrees Kelvin) that one desires

to ~now the corrosion current.

'iD P.(21 C) was chosen as the desired temperature in
this study and all measured currents were adjusted to a
concrete resistivity corresponding to that temperature.

(2) A~erage Macrocell Driving Voltage - This is the polarized
driviug ifoltage of the corrosion cell measured in the instant­
off mode (Le. an instant after uncoupling the rebar mats) to
--::1 ifiilfla~~ iR arCfP erl:~n-s. 1-£ -no corrosion rnaeroee-li deveioped,
th.: d::iving voltage would be zero. At constant corrosi,on cir­
(~llit tesistance, the higher the driving voltage i the higher th,e
rate of corrosion.

(3) Mat-to-Mat AC Electrical Resistance - This measurement,
made u2Sing a 1,000 cycle AC signal after uncoupling the mats
and the measurement of electrical potentials, provides an
indication of concrete resistivity when black steel, or
reb~~ coated with a metallic material which adds little
circuit resistance, is used. The mats are recoupled
imm~diately after making this measurement. Tests in solutions
of known resistivity were used to define a res~stance~to­

~e~i~tivity conversion fact~r (66~ for 20 ft. (1.9m)
slahs and 376 for the 10 ft (O.9m) slabs). Also, this
t2sting showed that the presence of a zinc coating on the
rebar had no significant effect on the measurement. In

11
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general 11 the higher the concrete resistivity, the lower the
corrosion current. As for the case of corrosion currents,
field measurements are adjusted to 70 F (21 C) utilizing an
experimentally defined equation (3). POI' this study, it
would have been desirable that the concrete resistivities
were constari"t for all slabs with a given water caent
r~tio. However, previous studies have shown that when using
9-yeac old chloride contaminated slabs with varying degrees
of corrosion damage, wide variations in resistivity at
con~tant temperature can be expected. A valid rate of
~or(osion comparison must consider these non-rebar variations.

(4) 70 F (21C) Metal Consumed - ~his calculation is the amount of
m;:ata.l which would have been consumed during the test period
if ~ach concrete resistivity had constantly been at its 70 F (2Ie)
a(1jlj~;:ed value. It is ~Il known (4) that each 1.0 amp-hr. of
:;,)(rosion current consumes 1.04 9 of iron or 1. 22 grams of
~i{1{;) Total a!!'ip-hr. of cur rent passed is calculated by
tiit,i1 tir:>lying the average corros ion current for each 2 successive
re~Qings by the hours between readings and accumulating a
t,Jt:l t ~

-\ (ktailed listing of the data obtained during the study is
Qre~;ented in the App€ndix. Figure 2 is a bar graph showing
th(: average dr iving voltage of the corrosion macrocell in each
slab, Figure 3 shows the average and range of corrosion
'_,t,n (ents obtained for each slab. The weighted average is
used rather than simple arithmetic average because the time
t!1terval between data points was not a constant. Figure 4
~ho~s the metal consumed.

irabl~ 5 is a summary of the electrical half cell potential
data collected during the study. A complete listing of
the data is contained in the appendix. Potential data
'i:hrough July 10, 1981 included measurements on the top
r~ha~ mat from the top surface. Subsequent to that date,
'J'J()J:JOIll rebar !'llat potentials were also obtained. The
pro~cd~re used to measure potentials involved the
unc0uv1ing of the rebar mats, the grounding to the top
mat and measurement from ,the top surface; and then the
9ro;mdi.ng to the bottom mat and the measurement of potentials
fro{/) the bottom sur face of the slab. In general, 3 constant
measure'11ent points on each surface were used. ~otal timle
required to complete the potential measurements was
typically 2 to 3 minutes. As a result, a small amount
of depolari:zation normally occurs during the measuranent
pcocess if corrosin cells exist within the slabs. Testing
·,lith the mats coupled indicates the magnitUde of the
d~pola~ization is typically in the range of 25 to 50 mV.
$,J.£ilp1.e data taken within a I-hour period with and without
i~,e mats coupled is given in the Appendix.
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As expected, the data for the unsalted 0.50 water cement
ratio slab show that no corrosion cell developed. Soth
the corrosion cell driving voltage and the corrosion current
were zero in every instance. Top mat electrical potentials
f;1ere typically in the range of -1201nV eSE, a value indicative
of passive steel. The potential difference betwe'en the
rebar in the two mats was typically 100mV or less, another
indicator that a corrosion macrocell did not e~ist4

~onversely, significant corrosion macrocells e~isted on all
the chlorid,e contaminated slabs regardless of whether
ur not they contained black steel, galvanized steel or a
combination thereof. The electrical potential data show
dverage top and bottom mat potential differences of over
200 reV for all these slabs. The largest difference (average
"" 539mV) occurred on the 0.50 water cement ratio slab with
galvanized rebar in the top mat only, while the smallest
(206mV) occurred on the black steel 0.40 water cement
ratio slab. Galvanizing all the rebar in a slab caused
both top and bottom mat potentials to be more negative
than those typically seen on black steel slabs. Even
~O, large mat to mat differences existed within each
of the galvanized slabs and thus macroscopic corosion
occur red.

Examination of the corrosion current, metal consumption and
cell driving voltage data (figures 2, 3, and 4) indicates
~hat in general, galvanized reinforcing steel in chloride
contaminated concrete corrooes in the same way and at
about the same rate as black steel. Also, the data clearly
show that black steel corrosion within a 0,40 water cem~nt (w/c)
catio concrete is far less than that within a 0.50 w/c
concrete. The corrosion current in the 0.40 w/c black steel
slab was only 1/7th of the average value for the three 0.50
~/c slabs with black steel, One can therefore say the
change in water cement ratio alone resulted in a decrease in
corrosion rate of 86 percent,

Upon further examination of the data, some other differences
in performance are clear. In general, for the 0.50 water­
cement ratio concretes, the cell driving voltage data in­
dicate that the worst case is the situation in which
9alv~nized reinforcing steel in chloride-contaminated
concrete is coupled with black steel in chloride-free
concrete, while the t7.=st case is that in which all the
cebar is galvanized, The corrosion current data
do not completely reflect this in their present form because
of the highly variable mat-to-mat resistances (i.e. different
concrete resistivities). For example, the widely variable
average corrosion currents for the w/c = 0.50 blac~ steel slabs
is obviously resistivity related (see table 4). Figure 5
shows a plot of concrete resistivity versus average
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corrosion:'current for the salted 0.50 water cement ratio
slabs ~ith black steel. Using that plot, the corrosion
current for any slab with a concrete resistivity in the
range of 12,000 to 23,000 ohm-crn can be obtained. Such
a pro{~<.:dure perini ts the determination of an average black
steel corrosion current (and then metal consumed) at a
concrete resistivity equal to that of each slab containina
jalvB{dzed rebar. When this is done: -

1.

2.

Black steel @22,140 ohm-em
.Average corrosion current = 832 }.IA/ft2 (~93 uA/m2)
M,etal consumed = 0.37 grams/ft (3.98g/m)

Black steel @ 14,645 ohm-cm
Average corrosion current = 151 uA/ft2 ~166S uA/m 2)
Metal consumed = 0.69 grams/ft (7.42g/m)

Item Qne above is directly comparable to the findings on
slab 113-82 containing a galvanized rebar top mat and a
black steil bottom mat2 (average corrosion current = 2
166UA/f~ (1786 uA/m ) and metal consumed = 0.87 grams/ft
(9.36g/m). Thus, these data confirm that if only the top
cebac mat is galvanized, the corrosion rate will be higher
than if all black steel had been used. Such a procedure
woul·} double the carras ion current and increase the metal
Gonsmnption rate by a factor of 2.4.

it~m two above is directly'comparable to the findings on
slab 54-81 containing all galv~nized rebar ~average

corrvsion current = 102 2uA/ft (1998 ~A/m) and metal
~onsumed ~ 0.54 grams/ft (5.Slg/m »~ A comparison
indicates that galvanizing all the rebar in a 0.50 water cement
ratiQ concrete is somewhat beneficial. Macrocell corrosion
~urre~'ltwas-ieduced by one third (3~4 percent~) while me-=-ta1 co-riiurnp-=-tion
~as reduced by about 22 percent.

For the 0.40 water-cement ratio slabs, somewhat different
findings resulted. One slab contained all black steel,
while the other contained all galvanized rebar. Both the
average corrosion current data and the average driving
voltage data indicate no benefit from galvanizing the rebar.
In fact, the corrosion rate in the galvanized rebar slab
av~raged slightly higher than that for the black rebar
slab,even though the concrete resistivity is higher
in the galvanized rebar slab.
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~rna.ry

Over 9 years of outdoor exposure testing and 6 months of
rate of corrosion measurements of galvanized and black re­
inforcing steel in slabs subjected to deicing salt in­
dicates the following:

(1) Galvanized rebar in concrete containing ~hloride is
~ubj~ct to the same type of macroscopic corrosion as black
.:3 teel.

~2} Both the long term e~pcsure data and the rate of
COliosion data indicate no benefit, and perhaps a slight
dBtriment, when all the rebar is galvanized and a 0.40 water
;~~tn~nt ratio concrete is used.

f3) Studies using 0.50 water-cement ratio concrete indicate
i:{l~:: ~

{a} The combination of galvanized rebar in chloride­
~oni:<1i1linated concrete and black steel in chloride-free
~oncc~t~ (electrically coupled) is particUlarly bad. The
<.:,i1tI~ of corrosion was more than twice as high for this
Gitu~tion than for the equal concrete in which all black
r..'}1?lfl)t:"cing steel was used.

(b} Both the long-term e~posure data and the rate of
coc,v~ion data indicate a benefit when all the rebar in a
O~50 ~ater-cement-ratio concrete is galvanized. Significant
~0r,o~ion-induced cracking has occurred on the black steel
~l~b~ with concrete of this water-cement ratio but not on
th~ g~lvani2ed rebar slabs. Rate of corrosion data indicate
about a 34 percent reduction in macrocell corrosion current
:'!H~;l ~ 1.2 percent reduction~ -1lJetal~o.,c:~~..This ~benef-!-tis.

hOW~V;1~, far less than that which would be obtained by using
.b la"~k ISteel and 0.40 water-cement ratio concrete (averagE of
ij~ percent reduction in both corrosion current and metal
los:)}~

21



References

I. Clear, K. C. and Hay, R. E., "Time-to-Corrosion of
Reinforcing Steel in Concrete Slabs, Vol. 1: Effect
of Mix Design and Construction Parameters," Federal Highway
Administration, Report No. FHWA-RD-73-32, April 1973.

2. Clear, K. C., "Time-to-Corrosion of Reinforcing Steel in
Concrete Slabs, Vol. 3: Performance After 830 Daily
Salt Applications," Federal Highway Administration,
Report No. FHWA-RD-76-70, April 1976.

3. FCP Annual Progress Report - Year Ending September 3D, 1980,
Project 4K, "Cost Effective Rigid Concrete Construction and
Rehabilitation in Adverse Environments," Federal Highway
Administration, 1980.

4. Myers, James R., "Fundamentals and Forms of Corrosion,"
Air Force Institute of Technology, October 1974.



Appendix
Corrosion Rate and Electrical Potential Data

A complete listing of the corrosion rate and electrical potential
data collec~ed during this study is contained in the tables
l:Jh1ch follow.

ThQ first eight tables provide a tabulation of the corrosion
r~t~ data. For each test slab, the following data are provided.

.a.
o.
c.

d.

Date the data were obtained .
Days under test in this substudy.
AV in mV. The measured driving volta~e of the
corrosion macrocell.
i 20 in ~A. Thp measured corrosion current adjusted to 70F
(ZiC) ysing the temperature data listed and the
formula listed in the text. Raw data (i.e. corrosion
current at actual field temperature) could be
calculated by solving the given formula for i,.
~ . in ohms. The measured top mat to bottom mat
1680 cycle AC electrical resistance adjusted to 70F
(21C). The lead wires which electrically connect
~he two rebar mats are uncoupled prior to this
ffieasurement. The fo~mula utilized to adjust the
measured resistance to 70 F (21C) is:

2883(+ __1_)
e 1 T2

R70 = R2
where:

R2 = measured resistance at field
temperature.

Tl = 70 F (21C) expressed in degrees
Kelvin (294.1K)

1 2 = average field tempeature in
degrees Kelvin

- -

The actual measured resistance can be calculated by
solving the above equation for R. Also! the
concrete resistivity can be defi~ed by multiplying
the resistance values by exp~rimen~allY defined cell
const~nts (620 for the 20 ft (1.9m ) slabs and 376 for the
10 ft (0.9m) slabs). These constants were defined by
placing duplicates of the entire rebar system in the
slabs (in the exact configuration used) in solutions
of ~now~ resistivity and then measuring the resistance.

f, Approximate actual temperature, C. The approximate
temperature of the concrete between the two mats of
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reinforcing steel. Since all slabs were stored at
a common location at the test yard, a single set
of temperature measurements on a control slab was
assumed to be representative of all the slabs.
Previous efforts in which thermocouples in each slab
were repeatedly measured, support the adequacy of
this approach.

g. Cumulative amp-hrs of corrosion. This is a measure
of the area under a plot of i in amps and time
in hours in which all data polHts are connected by
straight lines. Mathmatically, it is calculated
by multiplying the average 70 F (21C) corrosion current
for each two successive readings by the t1me between
the readings, and accumulating a total. For the
initial calculation (that between zero time and
data point 1) the corrosion current is assumed to be
constant at the data point, one measured value: When
more than one data point were available for a sinqle
day, that day's data were averaged prior to the
cumulative amp-hrs calculation.

The actual average corrosion current (called the
weighted average) during the test period can be
calculated by dividing the total cumulative amp­
hours by the test time in hours and multiplying by
1 million to convert to micro-amps. This value is
more representative than the arithmetic average of
the measured values since the time between measure­
ments was not constant.

h. 70 F. (21 C.) metal consumed, grams. These data are
obtained by multiplying cumulativ2 amp-hours by 1.04
grams/amp-hour when iron corrosion is occurring and
1.22 grams/amp-hour when zinc corrosion is assumed to
be the pximary metal loss reaction.

Following the tabulation of the data for each slab, the data are
~educed to averages per square foot of concrete surface to allow
casier comparison of the one-half slab to the full slabs. Such
a procedure can be used in this instance because the reinforcing
~teel (top mat and bottom mat) in the half-slab is approximately
one half that in the full slabs.

The electrical potential data obtained during the study are
presented in the tables following the corrosion rate data and
are discussed in the body of this report.
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FEDERALLY COORDINATED PROGRAM CFCP~ OF HiGHU"AY
RESEARCH AND DEVELOPMENT

The Offices of Re~:l.rch and Development (R&D) of
the Federal Highway Administration (FHWA) are
responsible fOl a broad program of staff and contract
re~earch and development and a Federal-aid
program, conducted by or through the State highway
tr''1nllportation agencies, that includes the Highway
Planning and Research (HF&R) program and the
National Cooperative Highway Rese:uch Program
(NCHRP) managed by the Transportation Research
Ellard. The FCP is a carefully selected group of proj­
ects that uses research and development resources to
obtain timely solutions to urgent national highway
eugineering problems.·

The diagonal double stripe on the cover of this report
represents a highway and is color-eoded to identify
the Fep category that the report falls under. A red
stripe is used for category 1, dark blue for category' 2,
light blue for category 3, brown for category 4, gray
for category 5, gi'een for categories 6 and 7, and an
orange stripe identifies category O.

FCP yt€gDry Ds:!cripticma

1. Impl'Oved Highway De~ig3l and Operation
lor Safety

Safet}' R&D addresses problems associated with
the responsibilities of the FHWA under the
Highway Safety Act and includes investigation of
appropriate design standards, roadside hardware,
ligning, and physical and scientific data for the
formulation of improved lafety regulations.-

2. Rerluction of Traffic Cc~~tion, !mo
Improved Ope:ration:a! EfiicieiOcy

Traffic R&D is concerned with incrf3sing the
operational efficiency of e:ti3ting highways by
advancing technolo~, by imp:rovin~ designs for
exi!ting as well as new facHities, and by balancing
the demand-eapacity relationship through traffic
management techniques luch as bus and carpool
preferential treatment, motorist information, and
rerouting of traffic.

3. EJnvi?onmen1:l1 Con:!3ce:rationl! m Highway
De~ig:n, Location, Ccnatruction, and Opera­
tion

Environmental R&D is directed toward identif}'­
ing and evaluating highway elements that affect

• Tb. co",plet••e~.n...olu",e offic~1 lute",."t of Iho Fep is Inil.hle from
lb. N.tional Technical Illfornl31;on Ser>jc•• Sprillll!iold. Va. 22161. S"';lo
cOi'~'oftll. ill17oductory .00u",. Irt l"3ilahl. _ithout cbllrlJo from Prottram
AMi,';' (HRD-Sl Offic~ of R_arch I"d Oe••!op",.nl, Fed...1 HIgh"ay
AJ";;"imaliol1, Wuh",~ol1, D.C.~.

the quality of the human e:cmOIlment. The goaI~

are reduction of adve:r3e highway and traffic
impacts, and protection and enhancement of the
environment.

4. hnp1l'oved Materials UtilinHon and
Dm-ability

Materials R&D is concerned with expanding the
knowledge and technolog;; of material~ propertie;.
using available natural materials, improvmg struc·
tural foundation materials, ret::ycIing high .... a~­
materials, converting industrial wastes into useful
highway products, developing extender or
lubstitute materials for those in short supply, and
developing more rapid and reliable testing
procedures. The goals are lower high ....a~ con"

ltJ'uction costs and extend'ed maintenance-free
operation_

S. Imp:roverl Dei!ig;c to Red\J~ Co~ts. Extend
Life Ex~cy, a:nd l;c:!ure Sl1'uctural
Sa!e1y
Structural R&D is concerned with furthering the
latest technological advances in structural anr.l
hydraulic de:ligns, fabrication processe~. anti
con:ltruction techniques to provide safe, efficien:
highways at rea30nable costs.

6. Improved Technology for High .. a~
Ccn!~?UctioD

This category is concerned with the r~search,

development, and implementation of high .. a~
construction technology to increase productiYit:.
reduce energy consumption, conserve dwindlinF
restlurces, and reduce costs while imprO\-ing th('
ql.\ality and methods of construction.

7. Improved Technology for Highw2)
Maintenance

This category addresses problems in preservin"
the Nation's highways and indude~ actiYitie, in
physical maintenance, traffic services, manage·
ment, and equipment. The goal i5 to muimize
operational efficiency and safety to th~ traveling
public while conserving resources.

O. Other New StaJmell
This category, not included in the seven-volume
official &tatementof the FCF, is concerned with
HF&R and NCHRP studies not specifically rela.ted
to FCP projects. These studies imol...e R& D
IUpport of other FHWA program office research.
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