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FOREWORD

This report presents the findings of an outdoor exposure 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 siabs for several years to produce & concrete
contaminated with chioride ions. The ponding was then discontinued, the
slabs were modified and instrumented so that the corrosion and detericraticr
couid be monitored. The performance of the different sTabs 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 tc
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 22167.
/%
Charies F Scheffey

Director, Office of Research

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United State:
Government assumes no 1iability for its contents or use thereof.

The contents of this report reflect the views of the author, who is respor=
for the facts and the accuracy of the data presented herein. The conterts
not necessarily reflect the official policy of the Department of Transpcriz
This report does not constitute a standard, specification, or regulaticr.

The United States Government does not endorse products or manufacturers.
Trade or manufacturers' names appear herein only because they are consice’.
essential to the object of this document.

Reproduced from
best available copy
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Introduction

The major bridge deck deterioration problem is deslamination
©f the concrete near the level of the top mat of

reinforcing steel and the subseguent espalling of the surface
concrete. Research has shown that the most prevalent cause
of this distress is corrosion Of the reinforcing stesl

due to the intrusion of chlorides into the concrete from
repeated deicer applications for snow and ice removal.
Similar problems also exist in reinforced concrete members
2xposed to seawater or other chemical environments.

One suggested solution to these problems is galvanized
ceinforcing steel. To test the hypothesis, the outdoor
@E¥posure testing of concrete slabs containing galvanized
reinforcing steel was included in the Federal Eighway
administration's Time-to-Corrosion studies initiated
_in 1971,

The report documents the findings of 10 years of com-
parative testing of large slabs containing conventional
black steel and slabs containing gzlvanized reinforcing
hars.



Fabrication and Testing

FPour 4-ft. by 5-ft. by €é-inch (l.2m X 1.5m X 0.13m) concrete
slabs were constructed using galvanized reinforcing steel in
1971 as part of the Federzl EHighway Administration's Time-to-
Corrosion study (1,2). Over 100 other slabs containing
‘black steel reinforcement were also fabricated in 1971.

The slabs were cured for & weeks and then placed on 3-ft
(0.8m) posts at the FHWA outdoor exposure yard at the
Fzirbank Highwazy Research Station, Bclean, Virginia. a1l
slabs contained & top mat of reinforcing steel consisting of
No. 4 rebar on 1l2-inch (0.30m) centers in the 5-ft (1.5m)
direction and two No. 4 cross bars in the 4-ft (1.2m)
direction, (one 12 inches (0.30m) from each slab edge).

¥o bottom reinforcing steel was included. Table 1 provides
the fabrication data on the 12 slabs (4 galvanized and 8
black steel) included in this substudy. 21l of these
slabs have 1-inch (25mm) cover over the reinforcing steel
and were subjected to daily ponding to & l1/16~inch (2mm) depth
with a 3 percent NaCl solution during the period from late
1871 through 1978. At that time, ponding was discontinued
and, since then, all slabs are only subjected to natursl
weathering at the outdoor exposure yard.

Al11 slabs were evaluated periodicelly using electrical
potential measurements, chloride analyses, and delamination
and visual surveys. Also in 1974, 1 galvanized-rebar slazb
and 1 black-steel slab were cut in half and cne-half of each
slab was broken apart to allow & visual examination of the
rebar. The remaining half of each slab continued under
test.

The 1974 sutopsies of the 2 half slabs (w/¢c=0.50) found 4 areas
of significant corrosion on the black steel rebar, but only

1 arez of significant corrosion on the galvanized rebar.

In that arez, the galvanized coating was completely lost and
steel corrosion was obviously occurring. However, in all
other areas significant amounts of zinc remzined.

Table 2 provides @ summary of the results of the evaluations per-
formed on the slabs through 1979. Two other slabs, with black
steel, which were made at the same time but were never

salted, are &lso included for comparison. - The no-salt

slabs remained undamaged throughout the test. For the

galted slabs, by 1974 (830 daily saltings), chloride sampling

of variocus 0.40 and 0.50 water cement ratio slabs (2} showed
significant quantities of chloride at the 1.0-inch (25mm)
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fevel {average = 1.6 1bs C17/yd> (1,0kg/m’) fgr w/c =

0.A0 concrete and 11.4 1bs C1 /vyd~ (€6.8kg/m”) for

w/¢ = 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 |

vebar s3labs were generally more negative than those measured
on ties black steel slabs. Ko delamination or epalling was
found in 1974 on any of the slabs while the only cracking
was very fine cracking found on the CG.40 w/c galvanized
siabs, Red rust etains were found on 2 of the szlted w/c =
5.%0 black steel slabs only,

In 1979, rust stains were visible on 3 of the 4 szlted (vw/c=
8.,50) black steel slabs as well as 2 of the galvanized rebar
g7abs (1 with w/e = 0.40 and 1 with w/c = 0.50). Cracking
wis generally more prevalent on the salted w/c = 0.50 black
steel slabs than on the galvanized slabs. Ko delamination
w3s found, but 2 small spalls were present (one on & w/c =
.40 galvanized rebar sglab and 1 on a salted w/c = (.50
black steel slab). 2Also, concrete was removed from a é4-inch
(129%m) long area over a bar at one end of ths other 0.40
water-cement ratioc slab with galvanized rebar. A very fine
crack was visible at the removal location. Ezposure of

+r2 galvanized rebar revealed red rusting, but no significant
g »¢tion loss, )

Thus, in generazl, the data indicate that for the salited 0.50
water cement ratic concrete, the galvanized rebar slabs were
pecforming better than those with black steel. Conversely,
$or the salted 0.40 water cement ratio concrete slabs, the
biack steel slabs appeared to be in better condition than
rheir galvanized rebar counterparts.

A'though the above data are valuable, they provide little in-
formation on the rate of corresion and, thus, gervice life
projections are very difficult,

In 187% and 1980, new guantitative information on the
corrogsion process in concrete was developed (3). These
date showed that the rate of corrosion is affected by many
factors other than chloride content after the threshold
chloride value is exceeded and that macroscopic corrosion
<ells (those in which the ancde and cathode are separated by
several inches or more) were of much greater severity than
wicroscopic corrosion cells (i.e., many tiny anodes

Reproduced from
best available copy




and cathodes co-existing along the steel but not

interacting with each other cover long distances). Fortunately,
becausé of the outdoor storage of the slabs and the use

of multibar large slabs, the original time-to-corrosion
gstudies constitute valid corrosion tests of reinforcement in
concrete. HMacroscopic anodes and cathodes exist on the top
@mat rebars and the wetting ané dérying and temperature
cycling resulte 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
of reinforcement electrically coupled to the top mat.
Previous data for black steel in concrete projected that a
large macroscopic corrosion cell would be set up between

a2 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 2 slower rate than the rebar in a chloeoride-
contaminated bridge deck. Further, it was unknown whesther
or not such & corrosion macrocell would develop between
galvanized rebar in chloride contaminated concrete and
galvanized steel in chlozide-fres concrete. Such
information was essential to allow complete evaluation of
the product.

Tc develop information, and simultaneously provide a
direct measure of the macrocell correosion rate, bottom mats
of reinforcing steel were placed in a 2.5-inch (f4mm) 1ift
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 siab was sandblasted to expose at least 50
percent of the coarse aggregate.

(2) 2 2.5-inch (6.4mm) high form was placed around

the siab and 2 bottom mat of reinforcing steel (7 Mo. 5 bars

in the S-ft. (1.5m) direction and 3 No. 4 bars in the &-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) B 2.5-inch (64mm) lift of chloride-free 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. 2 vibrating
screed was used to consolidate the concrete and after wood
floating, the concrete was cured for 14 days using wet
burlap and polyethylene. ,



{4} The slabs were then turned back over and placed on
3-ft (0.52) posts. Ssveral months of such storage were
2llowed to perait the establishment of a noraal bridge deck
type 2oisture gradient within the 8.5~-inch (21émm) thick
slabz. During this time periocd, new lead wires and
theraocouples were installed on the top mat rebars.

{5) Testing was initiated by ccupling the 2 rebar mats
tog.-taer {i.e., the 1lead wires from the top mat rebars were
joined with those from the bottom rebar mats). EBscause no
dircet pat-to-m2t metallic contacte exist within the concrete,
213 slectrons generated by the macrocell corrosion process
gust flow through the lead wires, Thus, & direct zmsasure

5% rhe macrocell corrosion rate is obtained. ' ‘

#iyuce 1 includes several photographs of the underlay
piocess a8 well as a photograph of the instrumentation
interfacs boxz utilized to couple the rebar mats and
facilitate measurement of the corrosicon currents and other
ne~essEary parametars.

3svause of the 1length ©f time reguired to accemplish 2l1l
tiiz above operations and other rate of corzrosion studies
o2iny performed at our cutdoor exposure vYard, only 7 of the
10 zalted elabs previously discussed and 1 no-salt slab were
antzrlaid in sufficient time for use in this study. The
9,50 water esment ratio black steel glabs were underlaid in
197% because of the negd for controls in another substudy
¥hile the remaining slabg were underlaid im 1980. Table

3 provides data on each of the underlays, as well asz a
{oting of the variocus rebar combinations under test. Note
hit 2 different vwater-cement ratic concretez (0.40 and
0.50) are undsr test as well as slabs in which all the
reoinforcing steel is galvanized and a slab in which only the
to; mat rebar is galilvanized,

§
3

S
-3
~

7o cbtain the desired rate of corrosion comparison between gal-
vaniz2d reinforcing steel and black steel, the corrosion
gurrents were measured periodically during the €-month period
frn April through September 1981. This provided corrosion
vate data during the relatively cool spring and early fall

as well as durimng the hot summer, Other data obtained

incinde the macrocell driving voltage, the 1,000-cycle AC
mat-to-mat resistance and the concrete temperature {at the
top-gat level, at gladb mid-depth and at the bottom-mat

level). Blectrical potentials of the top mat rebar as well

an those on the bottom-mat rebar were also measured periddically.



Steel trowel finishing of Top surface of slab with

the "underlay" concrete new lead wires and
‘ instrumentation installed and

previous core holes patched

(complete instrumentation

is shown; some slabs in this
study received only partial

top mat instrumentation)

Modified Slabs on stands Instrumentation interface box

| at outdoor test site installed on a typical com-
leted slab. (This slab had
also received an overlay as
part of another study).

! Figure 1 (continued) Slab Modification and Instrumentation




Top ‘Mat Reinforcing Bottom mat of reinforcing

Steel in each original (1971) Steel in place
slab (from reference 1) C

11 cubic foot (0.3m%) mixer "Underlay concrete
at test yard consolidation

Figure 1. Slab Modification and Instrumentation
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Rate of Corrosion Findings

Table &4 sunmmarizes the rate of corrosion dats obtéined on the
glabs. Included are datz on: . :

(1)  Average Macrocell Corrosion Current - This is 2 direct measure
of the electrons released by the corrcsion proceszs and flowing to
the bottom rebar mat for oxygen reduction. Az noted in the dis-
cugsion above, concrete temperature has a significant effect on
. corresion current (rate). This effect has been shown (3) to be

due primarily to the effect of temperature on concrete rezistivity.
.algo, it has been shown that the corrosion current measured at any
given field temperature can be adjusted to eznother tempsrature
te compensate for differing concrete resistivities using the formula:

. 2
1 =
' 2883 (2 - & )
e Tl T2
where 1 = corrosion current at temperature Tl‘
where iz = corrosion current measured at temperature Ts-
whers T2 = average temperature of the concrete betwsen the

@facro-anode and macro-cathode (in degress Kelvin).

whanLe Tl = temperature {(in degrees Eelvin) that one desires
Lo xnow the corrosion current.

¥.(21 C) was chosen as the desired temperature in

is study and all measured currents were adjusted to a
ncrete resistivity correspending to that temperature.

e
e Bl

{2} Average Macrocell Driving Voltage - This is the polarized
driving voltage of the corrosion cell measured in the instant-
off mode (i.e. an instant after uncoupling the rebar mats) to
2liminzts iR drop errors. If no corrosion macrocell developed,
the drsiving voltage would be zero. At constant corrosion cir-
ceii resistance, the higher the driving voltage, the higher the
rate of corresion. :

{3) #Mzt-to-Mat AC Electrical Resistance - This measurement,
made using 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

rebar coated with 2 metallic material which adds little
circult resistance, is used. The mats are recoupled
immsdiately after making this measurement. Tests in solutions
of known resistivity were used to define a res%staﬁceito—
resiszivity conversion factgr (665 for 20 £e.7 (1.9m7)
siabs snd 376 for the 10 £ (0.9m") slabs). Also, this
testing showed that the presence of 2 zinc coating on the
rebar had no significant effect on the measuremsnt. In

i1
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general, the higher the concrete resistivity, the lower the
corrosion current. A= for the case of corrosion currents,
field measurements are adjusted to 70 F (21 C) utilizing en
experimentally €efined eguation (3). For this stedy, it
-would have been desirable that the concrete resistivities
were constant for all slabs with 2 given water cezent
ratio. However, previous studies have shown that when usirng
9-year ©1d chloride contamirated slabs with varying degrees
of corrosion damage, wide variations in reszistivity at
congtant temperature can be expected. A valid rate of
sorvosion comparison must consider these non-rebar variaticons.

{4) 70 F (21C) Metal Consumed -~ This calculation is the amount of
metzal which would have been consumed during the test pericd

i1f w2ach concrete resistivity had constantly been at its 70 F (21C)
adjusred value. It is well known (4) that each 1.0 amp-hr. of
wacrosion current consumes 1.04 ¢ of iron or 1.22 grame of

ziac, Total amp-hr. of current passed is calculated by
miileciolying the average corresion current for each 2 successive
¢eadings by the hours between readings and accumulating a

total,

A daealled listing of the data obtained during the study is
oresented in the Appendix. Figure 2 is a bar graph showing
the average driving voltage of the corroszion macrocell in each
swlab,. PFigure 3 shows the average and renge of corrosion
cuirvents obtained for each slab. The weighted average is
nsed rather than simple arithmetic average because the time
interval between data points was not a constant. Figure 4
shows the metal consumed.

Table 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
through July 10, 1981 included measurements on the top

rabac mat from the top surface. Subseguent to that date,
hottom rebar mat potentials were also obtained. The
procedure used to measure potentials involved the

uncounling of the rebar mats, the grounding to the top

wat and measurement from the top surface; and then the
grounding to the bottom mat and the measurement of potentials
frrsa the bottom surface of the slab., 1In general, 3 constant
measurenent points on each surface were used. Total time
reguired to complete the potential measurements was
typically 2 to 3 minutes. As a result, a2 small amount

of devnolarization normally occurs during the measurement
peocess if corrosinm cells exist within the slabs. Testing
7ith the mats coupled indicates the magnitude of the
dupolavization is typicelly in the range of 25 to 50 mv.
Sample data taken within a 1-hour period with and without
he mate coupled is given in the Appendix.

13



Ll Concrate

(4%
\s .

J'./L. =

1t

12235 Yoelg

pesZlusAley LY

B

©<
Ly
Ay}

Aw *36e310A BulALag |[3) UCLSOLUO)

18

ﬂ
o238
> yoelg
E @ E
= [ =] =
E © E ‘
: g £
= < =
L -
Alug ey doi| c-uearey
pazZlueAlEy (LY QJ
T T T r'{
8 2 g B
o — -~

Figure 2, Corrosion Cell Voltage



Concrete

B
ot

W/C = 0.4

W/C = 0.50 Concreve

(@238 Y¥oerlg

peziuealey ||y

L823S Yoeig

T

E [-4]
- o
13 [
- g
- <
© >
= (-4
L =
o pezLugAl e ALug ey dolrb\
I E

|3

E

=

=

pezlukAley ||y

5 1 i Nl LB
[ o) [ [ o] =] (=]
[Lo] o w o 3¢
™N o~ — —

233.45u0) Z;J/vﬁ “3UBLUNT UCLSOJU0] ||330498Y
* ¥

10. BuA/m?

* 1p/Ft

Macrocell Corrosion Currents

Figure 3.



1821 337§

W/C = 0.40 Concrete

paziueA[®Y [ LY

* 1gm/Ft2 = 10.Bm/m°

sbeasay o335 ¥o®(E
;'E
Q
5
[
a psziueajey A{ug 3ey doj
Lo
"
“\{'_-
peziueAleD [{Y
- =) =] = e
o (==} o - (4}
- c 'S o oS

¥-5 ‘33840u0] 215 Jdgy psunsuo) (eisy

16

Metal Consumed

Figure 4,



*jew wo3j0q m:“ 0] payoeryle peay

m>,amon 9yl Y3lm 9dejuns WO330Q 9Yyj WOoU4 UIYe} 248M SleLjudjod jew woljoq I LUM ‘ueqas Jew dol By}
03 payoelje pea| aatjLsod 9yl yitm @oequns doj 9yl wWOL) uayel a49m s|etiusjod jew-dol csajnuLw

€ ULYILtm Sjuswaqanseaw buyyjew pue sjew aeqads om) a9yl burjoauuoodstp Aq uadjel speljuslod 3Lndaid-uadg

902 - v6L- 00Y- bye- {8a3s ydoely  6£-6
162~ 06¢€ - £89- §29- ueajey |y 6£-501L
po3LeS - 83a4du0) Oy'0 = I/M
£6- L2- 021- get- {aays yoelg e~/
71eS ON - 93943U0) 05°0 = I/M
LLE- £02- bLG- 1§G- L8235 yoelg  SOL-12
G2€ - yee- 60G- 0vs- (2935 yoe(g  §l-66
y8E - e l- 616- 805- 3915 yoelg  ZLL1-06
6€6 - 891 - L0L- 599- "ueajey jey do)  28-€ll
982- G8¢ - L£9- 129- uealen (LY  18-¥§
P3RS - 83940U0) 05°0 = I/M
82/6 nayy (2/L  82/6 Ny 12//  82/6 NAYI 12/L  82/6 NAUI 02/¥ alqetdep  Jaquny
AW *32Udud)L]  JeW woljog caay jel doy -aay jel dog ‘aay qels
10} wojjog pue doj
abedany

IS A 1e1U8704 (edta1da(]

E3RC 1PLIU304 [©D1433313 4o Auemung

g 2igyl

17



As expected, the data for the unsalted 0.50 water cement
ratio slab show that no corrosion cell developed. Eoth

the corrosion c¢ell driving voltage and the corrosion current
were zerc in every instance. Top mat electrical potentials
were typicelly in the range of -120mV CSE, a value indicative
of passive steel. The potentizl difference between the

rebar in the two mats was typically 100mV or less, ancother
indicator that a2 corrosion macrocell did not exist.

Conversely, significant corrosion macrocells existed on all
the chloride contaminated slabs regardless of whether

or not they contained black steel, calvanized steel or a
combination therecf., The electrical potential datz show
average top and bottom mat potential differences of over
200 nvV for all these slabs. The largest difference (average
= 539mV) occurred on the (.50 water cement ratio slab with
Jalvanized rebar in the top mat only, while the smallest
(206mV) occurred on the black steel 0.40 water cement

ratio sleb. Gzlvanizing all the rebar in & slab cazused
both top and bottom mat potentials to be mere negative

than those typically seen on black steel slabs. Even

50, large mat to mat differences existed within each

of the galvanized slabs and thus macroscopic corosion
ccourred,

Examination of the corrosion current, metal consumption and
cell driving voltage data (figures 2, 3, and 4) indicates
that in general, galvanized reinforcing steel in chloride
contaminated concrete corrodes in the same way and at

about the same rate as black steel., Also, the data clesarly
show that black steel corrosion within & 0.40 water cement (w/c)
ratio concrete is far less than that within a 0.50 w/c
concrete, The corrosion current in the 0.40 w/c black steel
3lab was only 1/7th of the average value for the three 0.50
w/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. 1In general, for the (.50 water-
cement ratio concretes, the cell driving voltage data in-
dicate that the worst case is the situation in which
galvanized reinforcing steel in chloride-contaminated
concrete is coupled with black steel in chloride-free
concrete, while the best case is that in which all the

rebar is galvanized. The corrosion current data

do not completely reflect this in their present form because
of the highly variable mzt-to-mat resistances (i.e. different
concrete resistivities). For example, the widely variable
average corrosion currents for the w/c = 0.50 black steel slabs
is obviously resistivity related (see table 4). Figure 5
shows & plot of concrete resistivity versus average

18
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corrosion current for the salted 0.50 water cement ratio
slabs with 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-cm can be obtained. Such

A prouedure permits the determination of an average black
steel corrosion current (and then metal consumed) at a
concrete resistivity egual to that of each slab containing
jJalvaaized rebar, Wnen this is done:

[ES]

. Black steel 222,140 ohm~cm 2 5
Average corcrosion current = 832 na/ft (593 vd/m)
Metal consumed = 0.37 grams/ft" (3.98g/m")

2. Black steel € 14,645 chm-cm 2 2
Average corrosion current = 155 ud/fr 51668 pA/m<)
Metal consumed = 0.69 grams/ft”° (7.42g/m")

Item one above is directly comparable to the findings on
slab 113-82 containing a galvanized rebar top mat and a
black stegl bottom mat,{average corrosion current =
166}1A/f§ (1786 uA/m”) and metal consumed = 0.87 grams/ft
i{9.36g/9"). Thus, these data confirm that if only the top
rebar mat is galvanized, the corrosion rate will be higher
than if all black steel had been used. Such a procedure
would double the corrosion current and increase the metal
consumption rate by a factor of 2.4.

2

item two above is directly comparable to the findings on
slab 54-81 containing all ga1v§nized rebar gaverage
corresion current = 102 ZuA/ft (1998 LA/m”) and metel
consumed = 0.54 grams/£ft® (5.81g/m™)). & comparison
~indicates that galvanizing all the rebar in 2 (.50 water cement -
tatic concrete is somewhat beneficisl. Macrocell corrosion

current was reduced by one third (34 percent) while metal consumption
was veduced by about 22 percent.

For the 0,40 water-cement ratio slabs, somewhat different
findings resulted. One slab contained &1l black steel,
while the other contained 211 galvanized rebar. Both the
avzrage 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
averaged slightly higher than that for the black rebar
slab,even though the concrete resgistivity is higher

in the gazlvanized rebar slab.
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Summary

Over 9 vears of ocutdoor exposure testing and 6 months of
tate of corrosion measurements of galvanized and black re-
inforcing steel in slzbs subjected to deicing salt im-
dicates the following:

{1) Galvanized rebar in concrete centaining chloride is
subject to the same type of macroscopic corresion as black
steel.

$2j Both the long term exzposure data and the rate of
cozriosion data indicate nc benefit, and perhaps a slight
Aatriment, when a2l1 the rebar is galvanized and 2 0.40 water
saasnt ratio concrete is used.

£33 Studies using 0.50 water~cement ratic concrete indicate
LAt

{a} The combination of galvanized rebar in chlioride-
soncaminated concrete and black steel in chloride~£free
concrete (electrically coupled) is particularly bad. The
<Atz of corrosion was more than twice as high for this
sltustion than for the egual concrete in which 211 black
sxinforeing steel was used,

{B} Both the lcng-term exposure datz and the rate of
gocrosion data indicate a benefit when 211 the rebar im a
5,30 water-cement-ratio concrete is galvanized. Significant
cazgosion-induced cracking has occurzed on the black steel
slabs with concrete of this water-cement ratio but not ¢n
the galvanized rebar slabs. Rate of corrosion data indicate
about 3 34 percent reduction in macrocell corrosion current
arv] A 22 percent reduction ip metal loss. This . henefit is,
hpwzvar, far less than thet which would be obtained by using
black steel and 0.40 water—-cement ratio concrete (average of
85 percent reduction in both corrosion current and metal

ilogs),
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Appendix
Corrosion Rate and Electrical Potent1a1 Data

B complete listing of the corrosion rate and electrical potential
data 2ollected during this study is contained in the tabies
which follow.

Tiig first eight tables provide a tabulation of the corrosion

rate data.

Fg I i v

For each test slab, the following data are provided.

Date the data were obtained.
Days under test in this substudy.
AV in mV. The measured driving vo]tage of the
corros1on macrocell.
in pA. The measured corrosion current adjusted to 70F

596) using 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,.
4] in ohms. The measured top mat to bottem Eat

1580 cycle AC electrical resistance adjusted to 70F
{21C). The lead wires which electrically connect

the two rebar mats are uncoupled privr to this
measurement. The formula utilized to adjust thne
measured resistance to 70 F (21C) is:

: i
2883(-1-.—— - )
e 1 TZ

X .
ft

2 measured resistance at field
temperature.

T1 = 70 F (21C) expressed in degrees
: Kelvin (294.1K)
T2 = gverage field tempeature 1n

degrees Kelvin

The actual measured resistance can be calculated by

soiving the above equation for R Also, the
concrete resistivity can be defiged by mulitiplying

the resistance values by exp r1men§a1iy defined cell
constants (660 for the 20 ft (1.9m<) siabs and 376 for the

10 ¥t {0.9m%) slabs). These constants were defined by
placing duplicates of the entire rebar system in the
slabs (in the exact configuration used) in scolutians
of &nown resistivity and then measuring the resistance.

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, a2 single set

of temperature measurements on a control slab was
assumed to be representative of all the slabs.
Previous efforts in which thermocoupies in each slab
were repeatedly measured, suppcrt the asdegquacy 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 pczgts 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 time between
the readings, and accumuliating a total. ' For the
initial calculation (that between zero time and
data point 1) the corrasion current is assumed to be
constant at the data point., one measured value. Yhen
more than one dataz point were available for a single
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 wmultiplying by
1 million to convert to micro-amps. This value is
more representative than the arithmetic average of
the measured vaiues since the time between measure-
ments was not constant.

h. 70 F. (21 C.) metal consumed, grams. These data are
obtained by multiplying cumulative 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 primary metal Toss reaction.

following the tabulation of the data for each siab, tne data are
~educed to averages per sguare foot of concrete surface to allow
sasier comparison of the one-half siab to the full sitabs. Such
a procedure can be used in this instance because the reinforcing
steel (top wmat and bottom mat) in the half-siazb is approximately
one half that in the full siabs.

The electrical potential data obtained during the study are

presented in the tables following the corrosion rate data and
are discussed in the body ¢f this report.
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FEDERALLY COORDINATED PRGGRAM (FCP) OF HIGHWAY
RESEARCH AND DEVELOPMENT

The Offices of Reszarck and Development (R&D) of
the Federa! Highway Administration (FHWA) are
responsible for a broad program of staff and contract
research and development and & Federal-sid
program, conducted by or through the Siate highway
1ransportation agencies, that includes the Highway
Planning and Research (HP&R) program and the
Naticna! Ceoperative Highway Research Program
(NCHRP) managed by the Transperiation Reszarch
Buard. The FCP is a carefully selected group of proj-
ecis that uses research and development resources to
obizin timely solutions te urgent national highway
engineering problems.®

The diagonal double stripe on the cover of this repart
represents a8 highway and is colorcoded 1o identify
the FCP 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 3, green for categories 6 and 7, and an
crange siripe identifies category 0.

FCP Category Descriptions

1. Improved Highway Design and Qperation
for Safery _
Safety R&D addresses problems associated with
the responsibilities of the FHWA under the
Highway Safety Act and ingludes investigation of
appropriate design standards, roadside hardware,
signing, and physical and scientific data for the
formulation of improved safety regulations:

2. Reduction of Traffic Comgestion, and

Improved Operational Effcieacy

Traffic R&D is concerned with increasing the
operationa! efficiency of existing highways by
advancing technology, by improving designs for
existing as well as new facilities, and by balencing
the demand-capacity relatiopship through traffic
management techniques such as bus and carpool
praferential treatment, motorist information, and
rerouting of traffic.

3. Environmenta! Corsidergtions in Highway
Design, Loecation, Construction, and Opera-
tion
Environmental R&D is directed toward identify-
ing and evalnating highway elements that sffect

* The completr seven-rolume official siatement of the FCP is grailable from
the Nationa! Teshnica! Information Serviee, Springfield, Va. 22161, Sungle
copies of the inmoduciery volume arr avallable without charge from Frogram

Aszalysis (HRD-3L Offices of Rezearch and Development, Federal Highway
Admindiration, Washingion, B.C. 20350,

the quality of the human environment. The goals
are reduction of adverse highway and waffic
impacts, and protection and enhancement of the
environment.

. Improved Materials Utilization and

. Improved Technology

. Improved Technology

Durabiliyy

Materials R&D is concerned with expznding the
knowledgs and technology of materials properties,
using available natural materials, improving struc-
tural foundation materials, recycling highway
materials, converting industrial wastes into useful
bighway products, developing extender or
substitute materials for those in short supply, end
developing more rapid and relizble testing
proczdures. The goals are lower highway con-
struction costs and extended maintenance-free
operation.

Improved Desizn to Reduee Costs, Extend
Life Expectancy, and Imaure Structursl
Safety

Structural R&D is concerned with furthering the
latest technologica! advances in structural and
hydravlic designs, fabrication processes. and
construction techniques to provide sefe. efficient
highways at reasonable costs.

for Highway
Conntrurction

This category is concerned with the research,
development, and implementation of highwa:
construction technology to increase productivits.
reduce energy ccnmsumptlion, conserve dwindling
resources, and raduce costs while improving the
quality and methods of construction.

for Highway
Maintenance

This category addresses problems in preserving
the Nation's highways and includes activities in
physical maintenance, traffic services, manage-
ment, and eguipment. The goal is to maximize
operationa! efficiency and safsty to the traveling
public while canserving resources.

Other New Siudies -

This category, not included in the seven-volume
officia! statement of the FCP, is concerned with
HP&R and NCHRP studies not spacifically related
tc FCP projects. Thesz studies involve R&D
support of other FTHWA program office research.
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