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Design and Construction of 
Conventional Bridge Decks 
That Are Resistant to 
Spalling 

Bruce F. McCollom, Bartlett and West, Lake Andes, South Dakota 

An analysis was made to determine the length of time until spalling (in
duced by reinforcing steel corrosion) occurs and the relative cost for dif
ferent conventional concrete bridge deck designs. Research results of 
others provided the data from which the time to corrosion was estimated. 
Three factors were considered: (a) frequency and rate of deicing salt ap
plication, (b) water-cement ratio of concrete, and (cl depth of concrete 
cover over reinforcing. The latter two were variables in deck design and 
construction. Decks with two combinations of water-cement ratio and 
clear cover each for two bridges were designed. From these, cost differ
ences for labor and materials were determined. It was concluded that in 
Kansas conventional decks can be protected from spalling for a 50-year 
period. Also, life can be tripled for only a 2 percent cost increase by 
switching from decks with a 5-cm (2-in) cover and a water-cement ratio 
of 0.44 to decks with a 7.5-cm (3-in) cover and a water-cement ratio of 
0.35. 

Spalling of reinforced concrete bridge deck slabs is a 
serious and costly problem in Kansas, as it is in many 
other states. Much research on this problem has been 
and is being done. The type of spalling discussed in this 
paper is caused by corrosion of the reinforcing steel. 
Conventional bridge decks are those in which the only 
protection of the reinforcing steel from corrosion is pro
vided by portland cement concrete. Further, conven
tional bridge decks are constructed in one course from 
a plastic concr ete (5 to 10-cm or 2 to 4- in slump) that 
is placed, consolidated, finished, and cured by the usual 
methods. 

RESEARCH RESULTS OF OTHERS 

Although an ideal solution to the problem has not yet been 
defined, researchers have provided sufficient data for 
rational analysis of conventional bridge decks. 

For conventional bridge decks, numerous researchers 
have shown that the length of time until corrosion, or 
spalling, is primarily a function of 

combined with the amount of time the deck is wet (the 
less time the better), 

2. The water-cement ratio of the concrete (the lower 
the better), and 

3. The depth of concrete cover over the reinforcing 
steel (the more the better). 

rt is assumed for the purpose of this discussion that the 
latter two items are variables but that the first item is 
fixed. 

Quantitative evaluation of alternatives showed that 
better conventional bridge decks can and should be built. 
The two parameters that need to be quantified are (a) life 
of the br idge decks before serious spalling occurs and 
(b) cost (differential). 

Numerous researchers have found that lowering the 
water-cement ratio or increasing depth of cover over the 
steel or doing both increases the life of bridge decks at 
a given frequency and rate of deicing salt applications. 
Therefore, three altel'nates were studied in which the 
water- cement ratio (w/ c) and depth of cover we1·e varied: 

Depth of 
Alternate w/c Cover (cm) 

A 0.35 7.6 
B 0.44 5 
C 0.49 2.5 

Alternate C is typical of decks constructed from 19 60 to 
1965. The data that are most easily used to determine 
the years of life of alternates A and B are those of Beaton 
and Stratfull (1), Spellman and Sb·atfull (3, 4), and Clear 
and Hay (2). (Because their data wer e developed in U.S. 
customary units, SI units are not given for the variables 
in their equations or their figures .) 

Analysis Based on Data of Beaton, 
1. The frequency and rate of deicing salt applications, Spellman, and Str atfull 

Beaton and Stratfull (!) give the following equation: 

(I) 

Publication nf this paper sponsored by Committee on Corrosion. 
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where 

Rt = estimated years to deterioration, 
C = sacks of cement per cubic yard of concrete, 
S1 = inches of concrete cover over reinforcing steel, 
K = chloride concentration in parts per million in 

environment, and 
w. = total water contained in concrete mix as per

centage of concrete volume (including that con
tained by aggr egate). 

Spellman and Stratfull (~ give the following equation: 

D = (5 . l 64C3
"
12)/W3

"
06 (2) 

Figure 1. Effect of cement factor on time to active potential . 
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Figure 2. Spall ing versus average chloride content. 
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where 

D = average days to active potential, 
C = sacks of cement per cubic yard of concrete, and 

W = mixing water as percentage of concrete volume 
(not including that contained by aggregate). 

(Depth of steel cover and chloride concentration were not 
variables in this research.) 

Figure 1 is taken directly from Spellman and Stratfull 
(4) except that the water - cement r atio of the mixes has 
been added below the data points. The water-cement 
i-atios were calculated from the mix proportion given in 
Table 1 of t hei · paper (4). 

One procedure used to estimate the life of Kansas 
bridge decks before serious spalling occurs is as follows. 

1. Determine the values of S1, C, W., and W: 

Alternate 

A 
B 
C 

~ 
3 
2 
1 

C 

8.0 
6.4 
6.4 

18.5 
18.5 
20.1 

w 
15.8 
15.8 
17.2 

w. values are based on the assumption of 890 kg/1n3 

(1500 lb/ yd 3
) of coarse aggregate at 3 percent absorption. 

2. Assume K to be constant . 
3. Separate the effect of S1 from the effect of C and 

W. in equation 1. 
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Figure 3. Spelling versus maximum chloride content. l Maximum chloride content, lbs. Cl- /yd 3 
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Table 1. Cost increase by item. 

Size Difference in Unit Cost Increase 
Bridge (m') Item Quantity (kg) ($/kg) ($) 

608 Cement 41 355 0.03 1304 
Reinforcing 2 671 0.37 968 

Total 2290 

2 773 Cement 14 613 0.03 461 
Reinforcing 1 768 0.37 653 

Total 1114 

Note: 1 m 2 = 10.7 ft2
; 1 kg= 2.2 lb. 

Table 2. Cost increase per unit area and percentage. 

Average 
Cost/m2 

($) 
Cost/m' 

Bridge 

Total 

2 

Total 

Average 

Item 

1.9 5 7. 5 versus 5 cm of cover 
w/c = 0.35 versus 0.44 

2.79 7. 5 versus 5 cm of cover 
w/c = 0.35 versus 0.44 

Note: 1 m2 = 10.7 ft2; 1 cm= 0.39 in. 

a$1 .88/m2
, 

($) Percent 

0.0186 1.0 
0.0139 0.7 

0.0325 1.7 

0.0056 0.2 
0.0073 0.3 

0.0129 0.5 

0.0232" 1.1 

4. Calculate the numerical values of the ratio of the 
length of time measures in equations 2, 3, and 4 and 
Figure 1 by using alternate C as the base. 

5, Average the numerical ratio values produced by 
equations 2 and 4 and Figure 1 to yield aw /c effect value. 
Then multiply these values by the numerical ratio values 
obtained from equation 3 (the S1 effect value) . The re
sulting combined values are as follows: 

Life 
Alternate S1 Effect w/c Effect Combined (years) 

A 3.82 2.60 9.9 99 
B 2.33 1.33 3.1 31 
C 1.00 1.00 1.0 10 

6. Multiply the combined ratios by the life of alter
nate C, which is estimated to be 10 years. The as-built 
depth of cover of most decks constructed from 19 60 to 
1965 varies sii;nificantly from the specified minimum of 
3.2 or 3.8 cm (11/4 or 1% in). Variations in as-built 
water-cement r atio from the specified maximum of 0.44 
or 0.49 liters/ kg (5 or 51

/ 2 gal/sack) also are present. 
It is the author's judgment, based on observation of a 
number of these bridges on high traffic highways in 
northeastern Kansas, that 10 years is a reason.able es
timate of the average time until serious spalling occurs 
for alternate C bridges. Serious spalling is defined 
here as spalling that receives maintenance in the form 
of patching. The estimated life of each alternate is given 
above. 

Another procedure used to estimate life, with the 
same data, is as follows: 

1. Calculate Rt values for each alternate by using 
equation 1 with K = 160 000 ppm (saturated solution). 

2. Estimate the number of days during an average 
year in which a bare bridge deck in Kansas would be in 
a saturated condition. Based on average number of rain 
days of more than 0,25 cm (0.10 in) for the period 1941 
to 1970, the number is estimated to be 50. 

3, Multiply the Rt values from step 1 by 365/50, 

These values are as follows: 

Alternate 

A 
B 
C 

Life (years) 

61 
27 
10 

3 

This method shows less difference between the al
ternates than the first method did because it is based only 
on equation 1, in which the effect of water-cement ratio 
is not so large as in equation 2 and Figure 1. 

Analysis Based on Data of Clear and Hay 

Figures 2 and 3 are taken directly from Clear and Hay (2) 
except that the results after 830 salt applications have -
been added. Clear and Hay state that 7 to 28 salt appli
cations were required to induce rebar corrosion for a 
2.5-cm (1-in) cover of concrete with a water-cement 
ratio of 0.50; this condition approximates alternate C. 
Interpolation by using Figure 2 indicates that rebar cor
rosion would not take place after 330 applications in al
ternate B or after 830 salt applications in alternate A 
under the test conditions. Clear and Hay's recommenda
tions (dictated by interim findings, after 330 applications, 
of their r esear ch) were either (a) w /c = 0.40 concrete 
and 5 cm (2 in) of clear cover or (b) w / c = 0. 50 concrete 
and 7.6 cm (3 in) of clear cover. They did not give a life 
expectancy in years for these combinations. One could 
infer, however, that alternate B would not be good enough 
and that alternate A would be better than necessary. 

To convert the number of test applications to years 
until serious spalling occurs requires that the following 
factors be considered: 

1. The amount of salt applied per year of bridge deck 
life versus a given number of test applications, 

2. The effect of a given quantity of salt applied to a 
bridge deck under field conditions versus the same quan
tity applied in test applications, 

3. The time lag between the start of corrosion and 
the time to serious spalling, and 

4. The effect of not obtaining the specified maximum 
water-cement ratio or minimum depth of cover. 

Based on estimates by maintenance personnel it is be
lieved that Kansas bridge decks receive about 20 applica
tions at 370 kg/2 - laue km (1300 lb/ 2-lane mile) per 
year . In Clea.r and Hay's tests the top surface of the 
slabs was ponded to a depth of 0.5 cm (1/ie in) with a 3 
percent solution of sodium chloride each afternoon. The 
slabs were flushed monthly with potable water. Most of 
the slabs were exposed to precipitation. From this in
formation it was calculated that one test application 
places approximately the same amount of salt per unit 
area on the test slabs as one application by maintenance 
personnel does on Kansas bridge decks. Therefore, 
based on the quantity of salt, 20 test applications equal 
one year. Other equivalencies are as follows: 

Test Applica· 
tions (2) 

830 
330 
7 to 28 

Years of Salting 
Kansas Bridge Decks 

41 
16 
'h to 1'h 

Clear and Hay discuss the difference between their 
procedure, which results in a wet-dry surface within a 
single day, and one involving continuous soaking. They 
base their discussion on the difference between those 
slabs protected from precipitation and those not protected. 
Preventing the natural washing action of precipitation and 
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the evaporating action of the sun had a definite adverse 
effect. They state that a continuous soaking procedu.re 
is a more stringent (although not necessal'ily superior) 
test. One could infer from their discussion that test ap
plications are more stringent than field applications. 

Spellman and Stratfull (3) found that their test speci
mens reached active potential in about three-quarters of 
the time it took for visible evidence of reinforcing steel 
corros ion (cx·acking). This time lag is probably not in
dependent of depth of cover. It would logically be greater 
with mol'e cover. The cover provided in their tests was 
a minimum of 2 cm ( % in). 

In real bridge decks there is a finite probability that 
the specified maximum water-cement ratio will be ex
ceeded and that the specified minimum depth of cover 
will not be obtained. The factors determining this prob
ability are numerous and difficult to evaluate. In this 
analysis it was assumed that the in-place deck would be 
within the following t olerances es sellt lally all the time: 
0.03 water-cement r atio and 0.6- cm (1/.,-in) depth of 
cover. 

Having considered the Clear and Hay data in the light 
of the four factors just discussed, it was felt that they 
agree with the length of life estimated based on the 
Beaton, Spellman, and Stratfull data. 

COMPARISON OF ALTERNATES 

Based 011 the preceding analysis of the research results 
(!_, ~. _; !) , two conclus ions were reached: 

1. For the frequency and rate of s alt applications 
used i ll Ka11sas, spalling should be eliminated (for prac
tical purposes) within a 50-year design life if alternate 
A is adopted. 

2. Alternate A should last three times as long as 
current alternate B. 

To determine the difference in cost of alternates A 
and B, two bridges were designed for each of the alter
nates A and B. Bl'idge 1 is a 15-m, 20 -m, 16-m (48-it, 
64-ft, 48-ft) continuous r eituorced concrete hauncl1ed 
slab with a. 12-m (40-ft) r oadway, and br idge 2 is a 16-m, 
150-m, 16-m (54-ft, 93-ft, 54-ft) continuous welded 
deck gir der with an 8. 5-m (28-ft) r oadway. These bridges 
were chosen because they are typical of Kansas bridges 
and represent extremes as Iar as the effect of the pro
nosed chane:es on cost. AASHTO snecifications (includ
ing 1974 interims) were used. The exterior dimensions 
of the alternates of each structure are identical and are 
taken from actual bridges recently built in Kansas. The 
bridges as originally designed and built were of the al
ternate B type: They used grade 40 reinforcing and 
working stress design method. So that the alternates 
could be compared under conditions more typical of those 
currently used, both alternates A and B were redesigned 
by using grade 60 steel and the load factor design method. 
The depth of cover for alternate A was increased to a 
7 .6-cm (3- in) minimum by lowering the top reinforcing 
steel 2 . 5 cm (1 in) relative to alternate B. In the design, 
alternate A ha.cl ic' :: 34.5 MPa {5000 psi) and alternate B 
had fc ' :: 27.6 MPa (4000 psi). The cost of alternate C 
is irrelevant at this point inasmuch as Kansas and most 
other states have already abandoned it. 

In the cost comparison, labor and materials were 
considered separately. The significant material costs 
that differ between alternates A and B are given in Table 
1. Labor costs do not differ significantly between alter
nates A and B. The formwork is identical, and the con
crete mixes are the sqllle slump · tbe only difference in 
reinfo 1·cing is that the top steel (neg-ative moment) is one 
bar size larger in alternate A. The increased steel 

costs are essentially due to the additional 2. 5 cm (1 in) 
of cover, and the increased cement costs essentially are 
due to the lower water-cement ratio. Table 2 gives these 
costs. 

IMPLEMENTATION 

This system of bridge deck protection does not require 
any major adjustments in design or construction prac
tices, at least in Kansas; hence, it is called conventional. 
It is only necessary to 

1. Design bridges with a 7. 5-cm (3-in) clear top cover 
instead of 5 cm (2 in); the thickness of decks should be 
the same. 

2. Change the concrete specifications to a water
cement ratio of 0.35 instead of 0.44. Also, the specified 
minimum cement factors must be increased 25 to 30 per
cent so that mixes of the same slumps as currently being 
used will be obtained. 

Contractors for the State Highway Commission of 
Kansas have constructed, by conventional methods , sev
er al bridge decks amounting to in excess of 7645 m3 

(10 000 yd3
) of t he new concrete mixes . several types of 

aggregate have been used, the weather has varied from 
winter to summer, and we have used both transit mix and 
remote central mix concrete. The in-place density and 
water- cement ratio have been checked extensively. This 
has shown that good consolidation (less than 2 pe1·cent 
ent1·apped au·) is no more difficnlt to achieve with the 11ew 
mixes than with the old. Likewise, it was shown that the 
probability of exceeding the specified maximum water
cement ratio is no greater for the new mixes than for the 
old. The only difficulty encountered that could be attrib
uted to the new mix was in finishing. The top surface of 
the new mix does lose its wetness faster and is therefore 
more difficult to finish (at the same initial s lump and 
under the same weather conditions). Two oi the con
tractors adjusted their methods (no additional work force) 
and were able to achieve good finishes. The quality of 
the finish obtained by the third contractor was less than 
desirable on the new mix. Test cylinder strengths for 
the new mix after 28 days have averaged about 44.1 MPa 
(6400 lbf/i1l ) (specified air content 6 percent ± 2). 

Kansas is now designing most new decks with 7. 5 cm 
(3 in) of top cover, but none of these has been constructed 
yet. 

CONCLUSIONS 

1. In Kansas conventional reinforced concrete bridge 
decks can be protected from spa.Hing for a 50-year design 
life by providing a 7.5-cm (3-in) minimum cover over the 
reinforcing steel and specifying concrete with a maximum 
water-cement ratio of 0.35. This can be done at a cost 
increase of 2 percent or less over the current practice 
of pl'OVicling 5-cm (2-in) minimum cover and spectiyillg 
a maximum water-cement ratio of O .44. 

2. For other conditions of deicing salt exposure, 
adcling concrete cover and reduci11g water cement r atio 
(within practical limits) are a cost-effective way of in
creasing the life of conventional bridge decks. When 
bridge decks with 7. 5 cm (3 in) of cover and a water
cement ratio of 0. 35 are compared with decks with 5 cm 
(2 in) of cover and a water-ce111e11t ratio of 0.44, it is 
found that life can be tripled for a 2 percent, or less, 
increase in construction cost. 
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Electrochemical Removal 
of Chlorides From 
Concrete Bridge Decks 

John E. Slater and David R. Lankard, Battelle Columbus Laboratories 
Peter J. Moreland,* ICI Ltd., Runcorn, England 

The spalling of concrete bridge decks is largely due to corrosion of the 
top layer of reinforcing steel. This corrosion is induced by chloride ions, 
which enter the concrete when deicing salt is applied to the deck surface. 
The construction of many new bridge decks is based on techniques that 
either prevent penetration of chloride or ensure resistance to chloride
induced rebar corrosion. However, the many salt-contaminated decks that 
now exist demand attention. Besides costly patching of spalls, only cath
odic protection of the steel is currently available as a remedial measure. 
This paper presents the results of an investigation of an electromigration 
method for removing chloride from contaminated concrete decks, which 
prevents rebar corrosion. In this method, the chloride ion moves through 
and out of the concrete under an electric field applied between the rebar 
(cathode) and a surface anode. A preliminary laboratory investigation 
demonstrated the viability of the technique and identified optimum volt
age (100 Vdc), treatment time (12 to 24 hi. anode material (platinized 
titanium), surface electrolyte, and chloride fixant. A field trial on a 3 
by 6.1-m ( 10 by 20-ft) section of chloride-contaminated bridge deck was 
conducted in which laboratory-optimized parameters were used. Under 
the best conditions, 90 percent of the chloride was removed from the 
concrete above the rebar; 88 percent was removed from the concrete im
mediately adjacent to the rebar. Potential measurements have shown that 
the previously actively corroding rebar became passive after treatment. 

Deterioration of portland cement concrete (PCC) bridge 
decks is a serious problem in many parts of the United 
States and has resulted in high maintenance costs to 
keep the decks in a safe and serviceable condition. Al
though deck deterioration can take several forms, such 
as scaling, cracking, or spalling, during the last 10 
years or so spalling has become the major contributor 
to bridge deck deterioration. The increased frequency 
of spalling of PCC 'b1·idge decks appears to be directly 
related to the increased use of deicing salts (primarily 
NaCl and CaCh) in recent years. Chloride ions accel
erate the rate of corrosion of reinforcing steel in the 

Publication of this paper sponsored by Committee on Corrosion. 

Notice: The Transportation Research Board does not endorse products 
or manufacturers. A trade name appears in this report because it is con
sidered essential to its object. 

*When this paper was written, Mr. Moreland was with Battelle Columbus 
Laboratories. 
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concrete. The formation of corrosion products on the 
steel results in a buildup of stresses in the concrete, 
which is ultimately manifested as spalling of concrete 
on the deck surface. 

If we assume that deicing salts will continue to be 
used during the foreseeable future, then remedial steps 
must be taken if the problem is not to worsen. Recog
nizing this, the Federal Highway Administration and 
other highway agencies have initiated research and field 
programs to investigate the feasibility of a number of po
tential solutions to the problem/. including (a) polymer 
impregnation of bridge decks , ,b) catl1odic protection of 
1·einforcing steel, (c) protection of the reinforcing steel 
tlu-~ugh the use of va1·ious coatings, (ct) application of 
impermeable membranes or coatings to the concrete, 
and (e) sophisticated rehabilitation procedures involving 
removal of chloride-contaminated concrete to below
steel levels and s ubs equent protection of the steel (e.g., 
with epoxy coatings ) before new concrete is placed. One 
means of providing extended service life to existing 
chioride-contaminated concrete deck:; that ha:; uut teeu 
adequately researched is removal of the chloride from 
the concrete. This paper describes that process. 

A two-phase program was begun at Battelle Columbus 
Laboratories during July 1973 and was completed in Sep
tember 1975. The initial laboratory phase was intended 
to evaluate the feasibility of the removal concept and to 
identify suitable procedures and equipment. This work 
was ·followed by a field phase in which the treatment con
cept developed in the laboratory was successfully applied 
to an existing bridge deck in Ohio. 

LABO RA TORY EXPERIMENTS 

The electrochemical removal concept involves the migra
tion of chloride ions in concrete under the influence of an 
electrical potential gradient through the bridge deck con
crete and into an electrolyte contained above it. The po
tential gradient is produced by applying a direct current 
source between the reinforcing steel and an electrode 
contained in the electrolyte above the bridge deck. An 
ion exchange resin contained in the electrolyte captures 
the chloride ions before they reach the anode. Thus, the 
evolution of chlorine gas is prevented, and corrosion of 



the anode is minimized. 
The laboratory phase of the program involved studies 

of 76 by 152-nnn (3 by 6-in) concrete cylinder s and 117 
by 152 by 23- mm (46 by 60 by 9 in) concrete slabs . The 
specimens were prepared with concretes in which pre
selected quantities of chloride had been added to the mix 
water. The initial work was directed at identifying 

1. A suitable anode material, 
2. A suitable ion exchange resin, and 
3. A suitable electrolyte. 

Then the effect of concrete and process variables on the 
electrochemical removal of chloride ion was investigated. 
The variables studied included 

1. The magnitude of the applied electrical potential 
gradient, 

2. The duration of treatment, and 
3. The initial chloride content of the concrete. 

Pretreatment and posttreatment measurements of chlo
ride content at various levels in the concrete were made 
by using the techniques described by Berman (1). 

The initial laboratory work showed that calcium hy
droxide solution (O .1 normal concentration) was suitable 
surface electrolyte, platinized titanium was the optimum 
anode material, and Dowex 2-X8 was a suitable anion
exchange resin to capture chloride as it emerged from 
the concrete. 

The amount of chloride removed for a given treat
ment time increased as the applied de voltage increased. 
At 100 Vdc (the maximum voltage used in the program), 
treatment times of 16 to 48 h resulted in significant re
ductions in the chloride content depending on the initial 
chloride level and distribution. Treatment at 50 V was 
not sufficient to provide significant levels of chloride 
removal within a reasonable time period. The treat
ment time necessary for chloride removal increased as 
the initial chloride content of the concrete was increased. 
However, for concrete with a high chloride content (4.15 
Jcg/ m 3 or 7 lb/yd3

), substantial reductions in total chlo
ride were achieved in a 24-h period. 

Although the efficiency of the chloride removal tech
nique was quite low, it did significantly reduce the chlo
ride content of the concrete below what is now considered 
a threshold value for the corrosion of the reinforcing 
steel. Attempts to improve the efficiency of the treat
ment by changing the composition of the electrolyte so
lution were not successful. 

The temperatu1·e of the concrete (laboratory speci
mens) du.ring electromigration treatment at 100 V in
creased from 24 to about 52 C (75 to 125 F). The ele
vated temperature exposure had no obvious adverse 
effect on the integrity of the concrete. For the labora
tory specimens, there appeared to be a chloride re
moval threshold. This residual chloride content was 
0.02 percent or about 0.47 kg/m 3 (0.8 lb/yd 3

) of concrete. 
A portion or all of this residual chloride is present in 
an insoluble form and hence is not amenable to easy 
removal by the electrochemical technique. 

Given the positive results obtained in the initial ex
periments, the electrochemical removal investigation 
was continued on the large simulated bridge deck slabs. 
The experimental arrangement used is shown in Figure 
1. The slabs were constructed in several lifts, with 
concrete containing Cl - (added as NaCl to the mix water) 
above the top rebar mat. Concrete composition and re
bar placement and size were the same as in the actual 
bridge deck selected for study. 

Electrical power for the large slab work was supplied 
by a 5-kW portable generator. Voltage was controlled by 
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a variable transformer, and a full-wave rectifier was 
used to convert the alternating current to direct current. 
Electrical connections were made to the reinforcing 
steel in the concrete and to a 61 by 76-cm (24 by 30-in) 
platinized titanium electrode (in expanded metal form) on 
the upper surface of the slab. A wooden dike, sealed 
with silieone, served to contain the ion exchange resin 
and the electrolyte solution (O .1 N calcium hydroxide 
solution). 

The work on the large slabs established that signifi
cant quantities of chloride ion can be removed from thick 
concrete slabs by using the electrochemical treatment 
within a reasonabl e time pe1·iod. However, current 
densities of at least 0.46 A/ m.2 (5 A/ ft2

) were required 
for effective electrochemical treatment. Treatment 
times of 24 h appeared adequate to achieve a significant 
reduction in chloride ion content. The treatment can be 
either continuous or intermittent to achieve the same 
chloride extraction. 

The removal of chloride ion was greatest in the con
crete overlying the cathode (rebar). Significant but lesser 
reductions in chloride content were also achieved in con
crete adjacent to the cathode areas. It was clear that the 
problems of scaling the treatment for application to large 
slabs would be minimal. 

BRIDGE DECK EXPERIMENTS 

For the electrochemical chloride removal experiments, 
the bridge deck had to contain substantial quantities of 
chloride but exhibit no evidence of surface spa.Hing. With 
the cooperation of the Ohio Department of Transportation, 
a number of candidate bridges were identified and visited 
in fall of 1973. The bridges were examined visually for 
spalling, and electrochemical potential scans were taken 
to assess corrosion activity of the reinforcing steel. 

The bridge selected for study was an 8-year-old, two
lane, steel girder bridge on the southbound lane of US-33 
near Marysville, Ohio. The deck was completely free 
of surface spalls. As a matter of interest, a similar 
deck less than 100 m (330 ft) away, constructed at the 
same time by the same contractor, had about 60 percent 
of the Sllrfa.ce repaired due to spa.Hing. A 3 by 6.1-m 
(10 by 20-ft) area of the bridge deck on the west side 
lane was chosen for treatment. 

Pretreatment Measurements 

Pretreatment characterization data were obtained in the 
form of electrochemical potential scans, chloride analy
ses, delamination detection, and linear polarization 
electrode readings. 

Potential Scans 

Before the selected area was electrochemically treated, 
a number of potential scans were made of the deck (in 
November 1973, August 1974, and Ap1·il 1975l. Mea
surements were made on a 0.3-m (1-ft) grid in general 
accordance with the technique described by Stra:tfull (2) 
by using Cu/CuS04 as the reference cell. It has been
established that steel showing a potential more negative 
than about -0.35 Vis undergoing active corrosion. 

During the 17-month measurement period, the active 
region of the treatment area increased from 18 to 55 
percent. Figure 2 shows the potential profile of the 
selected section of the deck just prior to the electro
chemical treatment (in April 1975). 

Chloride Analyses 

A number of cores were removed from the 3 by 6.1-m 
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(10 by 20-ft) area of the deck during the 18-month 
period preceding the electrochemical treatment. The 
location of the cores on the deck is shown in Figure 3. 
The average chloride content as a function of depth in 
the deck is given in Table 1. 

An increase in chloride content at all levels in the 
deck was noted during the 17-month observation period. 
Approximate increases were as follows: 

Deck Depth (mm) 

0 to 25 
25 to 51 
51 to 76 

Content (kg/m 3
) 

2.4 
1.2 
0.3 

Just before electrochemical treatment, the chloride ion 
content on the top 25 mm (1 in) of deck was more than 
8.9 kg/m8 (15 lb/yd 3

) while at 25 to 51 mm (1 to 2 in) the 
content was 2.4 to 5.9 kg/m 3 {4 to 10 lb/yd9

). 

Because of the rather large variation between speci
mens in measured chloride observed when duplicate 
cores were taken, we cannot speculate on the differences 
in chloride content between the high and low corrosion 

Figure 1. Experimental setup for the electrochemical removal of 
chloride ion from simulated bridge deck slabs. 

Figure 2. Pretreatment potential scan of bridge deck area 
(April 1975). 0 

activity areas of the deck. 

Delamination Detection 

In April 1975, before the electrochemical treatment, 
maintenance personnel of the Ohio Department of Trans
portation examined the selected area of the bridge deck 
for delamination by using a sounding rod. There was no 
evidence of any delamination despite the significant areas 
of high corrosion activity. 

Electrochemical Treatment of the Deck 

After deck characteristics before treatment were identi
fied, electrochemical experiments were begun on A~ril 
7, 1975. The total area treated was 18.6 m 2 (200 ft). 
The treatment area was broken down into five 3.4-m2 

(40 -ft2
) sections (Figure 3) that were treated individually. 

Wood ponding frames 50 nnn- (2 in) deep, which con
tained four 0. 76 by 1.2-m (2 . 5 by 4-ft) compartments, 
were used to hold the ion exchange resins. After the deck 
was swept, the frames were sealed to the bridge deck 
surface with construction caulking compound. Weights 
were placed on the frames to prevent movement and to 
aid in maintaining a leakproof seal. 

Tbe electrolyte solution of saturated Ca(OH)2 was 
rlaced in the ponding frame to a depth of 12 to 25 mm 
l1/2 to 1 in). Dowex 2-XB ion exchange resin in the OH
form was slunied into the electrolyte to a depth of 6 to 
9 mm (1

/ 4 to % in). It was rather difficult to maintain a 
homogeneous dispersion of the resin in the electrolyte. 

AO. 7 by 1.2-m (2.25 by 4-ft) platinized titanium anode 
was then placed in each of the four compartments within 
the ponding frame. The anodes we1·e supported about 
12 mm (0.5 in) above the bridge deck by small wood 
blocks. The anodes were kept covered with electrolyte 
solution at all times. Figure 4 shows the compartment
alized ponding frames and one of the generators used in 
the experiment. The frame in the background contains 
the electrolyte, resin, and anodes. 

Electrical contact was made with the top layer of the 
reinforcing steel in the treatment area through 6 by 2 5 
by 100-mm (% by 1 by 8-in) mild steel studs that were 
arc welded to the rebars. The rebars were exposed by 
coring along the berm side of the treatment area. Direct 
current power leads were attached to the rebar contact 
studs and to vertical studs that were welded to the ti-
t':::tnhnn !lnnrlAC! in A~l"h l"nl'Yln!J ,-otmAnt l?lA,.f.'t'"in,:::.l nn,ua.,.. - ...... ·-----................... _ _. ....... _. ............... ............... .I:"'_.. .................... .... ....................... - .. .I:"'" ....... .. 

was supplied by two trailer-mounted, gasoline-driven, 
direct current generators. A schematic of the experi
mental technique is shown in Figure 5, 
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Figure 3. Location of cores taken from 
treatment area. 
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Chloride Ion Content• 
Table 1. Average chloride content of 
cores taken from bridge deck from 
November 1973 to April 1975 
(before electrochemical treatment) . 

Cores Taken on November 1973 Cores Taken on August 1974 Cores Taken on April 7, 1975 
Deck 
Depth 
(mm) Percent 

Kilograms per 
Cubic Meter Percent 

Kilograms per 
Cubic Meter Percent 

Kilograms per 
Cubic Meter 

0 ta 25 0.31 
25 to 51 0.16 
51 to 76 0.05 
76 to 102 0.01 
102 to 127 0.01 

6.9 
3.6 
1.1 
0.2 
0.2 

Note: 1 mm= 0.039 in; 1 kg/m' = 1.69 lb/yd'. 

0.40 
0.23 
0.06 
0.01 
0.01 

8.9 
5.2 
1.4 
0. 2 
0.2 

0.41 
0.20 
0.06 
0.01 

9.2 
4.5 
1.4 
0 .2 

'Based on dry concrete weight of 2242 kg/m 3 (140 lb/ft 3 ) , 

Figure 4 . Chloride extraction hardware in position on bridge deck. 

Each of the five treatment areas (Figure 3) was 
served by 2 de generators, one generator supplying 
power to a 1.7-m2 (20-ft2) area. In all cases, effort was 
made to maintain generator output at the maximum rated 
capacity of 120 V. In practice the voltage generally fluc
tuated between 100 and 120 V. Areas 1 and 2 were 
treated for 12 h, and areas 3, 4, and 5 were treated for 
24 h. 

Figure 5. Experimental technique used for electrochemical removal 
of chloride ions from a PCC bridge deck. 

'---.-,~ Top 
R~\nlorclnQ 
SI eel 

The ion exchange resin was omitted in the treatment 
of area 4. This resulted in a noticeable odor of free 
chlorine above the electrolyte ponds during the treatment 
period. 

The temperature of the electrolyte ponds was mea
sured during treatment periods with a thermometer. In 
addition, temperature of the concrete deck was measured 
by use of thermocouples inserted into small holes drilled 
into the concrete. Pavement temperature was monitored 
just above a rebar and about 3.8 cm (l 1/2 in) below the 
concrete surface, midway between rebars. Two-person 
crews provided full-time monitoring of the experiments 
throughout the treatment period. Data were obtained on 
applied current and voltage and on slab and electrolyte 
temperature, as a function of treatment time. 

After the electrochemical treatment, the electrolyte
resin solution was pumped off, and 7.6-cm (3-in) core 
samples taken from the treated area. The resin was re
turned to the laboratory for regeneration. 
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Table 2. Average chloride ion content of bridge deck before and after electrochemical treatment. 

After Treatment 

Before Treatment 12-H 
Deck 
Depth Kilograms per Kilogr ams pe r 
(mm) Percent Cubi c Meter Percent Cubic Mete r 

0 to 25 0.409 9.2 0.295 6.6 
25 to 51 0.201 4.5 0.093 2.1 
51 to 76 0.054 1.2 0.029 0.7 
76 to 102 0.013 0.3 0.012 0.2 

Note: 1 mm= 0.039 in; 1 kg/m 3 = 1.69 lb/yd '. 

Table 3. Amount of chloride removed from bridge deck. 

Duration 
Deck of Maximum Chloride 
Depth Treatment Treatment Current Charge Removed 
(mm) Area (h) (A) Passed .. (1,) 

0 to 25 lA 12 47 54 44 
1B 12 45 56 36 
2A 12 100 100 29 
2B 12 50 54 15 
3A 24 96 70 89 
3B 24 87 70 91 
4A 24 35 19 
4B 24 28 26 24 
5A 24 53 45 62 
5B 24 30 13 21 

25 to 51 lA 12 47 54 68 
1B 12 45 56 69 
2A 12 100 100 66 
2B 12 50 54 32 
3A 24 96 70 93 
3B 24 87 70 90 
4A 24 35 51 
4B 24 28 26 51 
5A 24 53 45 75 
5B 24 30 13 58 

Note: 1 mm= 0.039 in. 

acalculated as the area under the current/time curve divided by treatment time. 2A arbitrarily 
assigned value of 100. 

No major problems were experienced during the ex
periment. A careful posttreatment visual examination 
revealed that no cracks in the concrete occurred as a 
result of the treatment. 

Posttreatment Measurements 

The results of the electrochemical treatment were mon
itored through posttreatment measurements of chloride 
content, electrochemical potential measurements, and 
lineal" polarization (LP) electrode measurements. 

Chloride Analyses 

Posttreatment cores 7.6 cm (3 in) in diameter were taken 
from the treated areas (Figure 3). These were cores 
12, 13, 15, 16, 17, 19, 20, 21, 22, 24, 25, and 26. 
Cores 16 and 20 were taken 12. 7 cm (5 in) deep. All 
other cores we1·e taken only to the level of the top rein
forcing steel (about 50 mm or 2 in). Most of the cores 
were then sectioned into 25-mm-thick (1-in) slices al
though cores 15, 16, and 17 were sectioned in 12-mm 
(

1
/ 2-in) slices to permit a better discrimination of the 

chloride concentration profile. 
In several cases, the concrete immediately adjacent 

to the reinforcing rod (about 6 mm or% in in radius) 
was analyzed separately. 

Table 2 gives a summary of chloride analyses before 
and after treatment. Although there was some variation 
in measured chloride from specimen to specimen, a 
reasonable assessment of effect of treatment param-

24-H 

Percent 

0.194 
0.059 
0.019 
0.012 

Kilograms pe r 
Cubic Meter 

4.3 
1.3 
0.4 
0.2 

Average Cl
Removed (\t) 

12 H 

28 
54 
46 
Nil 

24 H 

53 
71 
67 
Nil 

eters on chloride removal could be made. 

Deck Depth of O to 25 mm (0 to 1 In) 

The average pretreatment cJ1lo1·ide ion content in the top 
25 mm of the ·treated area of the deck was 0.409 pe1·cent 
(9.2 kg/m3 

01· 15.5 lb/yd3) as meas1ued on co1·es 7, 8, 9, 
and 10. For an initial chlnride co11tent oI 0 ,409 percent, 
the reduction in chloride as affected by the treatments is 
given in Table 3 for the various treatment areas. The 
average chloride removed in the top 25 mm (1 in) was 
31 percent in 12 h and 51 percent in 24 h. 

A general correlation existed between maximum cur
rent and charge passed and the amount of chloride re
moved. Certain treatment areas did not conform to this 
generalization (areas 2A and 2B). 

Deck Depth of 25 to 51 mm (1 to 2 In) 

The aver~e chloride ion content at a deck depth of 25 
to 51 mm (1 to 2 in) in the treated area was 0.201 percent 
(4.5 kg/m 3 or 7.6 lb/yds) as measured ln cores 7 and 9. 
For a pretreatment value of 0.201 percent, the reduction 
in chloride in the 25 to 51-mm concrete level as affected 
by the treatment is also given in Table 3. 

As for the first 25 mm, there was a general correla
tion between maximum current and charge passed and the 
amount of chloride removed. The average chloride re
moved at a depth of 25 to 51 mm (1 to 2 in) was 59 per
cent in 12 h and 70 percent in 24 h. A comparison of the 
data for the two depths shows that a significantly greater 
percentage of chloride was removed at the 25 to 51-mm 
level than at the O to 25-mm level. 

Concrete Adjacent to Reinforcing Steel 

Chloride analyses we1·e run on the concrete enclosing the 
reinforcing steel (about 6 mm or 1/4 in in radius) both be
fore and after treatment. The pretreatment data were 
obtained from cores 2 and 4 taken from the berm section. 
The posttl"eabuent data were obtained on the remnants of 
cores 26 (area lA), 25 (area 2A), 22 (area 4A), and 21 
(area 5A). These results are given in Table 4. )?or the 
cores analyzed, the average reduction in chloride con
tent in the concrete immediately adjacent to the reinforc
ing steel was 79 percent. Significantly, the posttreatment 
cores were from some areas that did not show exception
ally high chloride extraction at the O to 25 and 25 to 51-
mm (O to 1 and 1 to 2-in) levels (Table 3). 

Potential Scans 

Potential scans were taken on the deck 24 h after the final 
section was treated and then 1 week, 1 month, and 3 
months after treatment. The potential scan after 24 h 
( Figure 6) shows the effects of treatment on the poten
tial. The Roman numerals show chronological order of 
treatment. The first section treated (5 days before the 



scan) exhibits passive potentials. 'This is in direct 
contrast to the active values shown by this section be
fore treatment. The second section treated shows a 
range of potentials from extremely active to moderately 
passive. This indicates that the extreme cathodic polar
ization applied to the steel during treatments can take 
days to decay. Sections III and IV show similar effects. 
The last section treated, section V, shows potentials 
well within the cathodic protection range (more active 
than -0.85 v) for steel. 

The scan obtained 1 week after treatment is shown 

Table 4. Chloride content of bridge deck 
Before Treatment 

ooncrete at rebar interface before and after 
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in Figure 7. 'The obvious difference is the decay of the 
cathodic polarization in sections II, IV, and V and the 
maintenance of passive potentials in these areas. The 
exception to this is the band of polarization along the 
midsection of treatment sections II and IV. 

The results from the 1-month scan are shown in 
Figure 8. At this time, the vast majority of the deck 
exhibited a potential well within the passive range: No 
readings on the treated surface were more active than 
-0.30 V. The most passive potentials were exhibited by 
steel in treatment sections II and V. 

12-H Treatment 24-H Treatment 

electrochemical treatment. Treatment Kilograms per Kilograms per Kilograms per 

Figure 6. Potential scan of treatment area 
24 h after final treatment. 

Figure 7. Potential scan of bridge deck 1 
week after final treatment. 

Area Percent Cubic Meter Percent Cubic Meter Percent Cubic Meter 

Berm 0.091 2.0 
Berm 0.058 1.3 
lA 0.013 0.3 
2A 0.012 0.2 
4A 0.018 0.4 
5A 0.021 0.5 

Average 0.075 1. 7 0.013 0.3 0.020 0.5 

Note: Sample about 6-mm-thick {~-in) concrete surrounding upper half of rebar. 1 kg/m 3 = 1.69 lb/yd 3, 
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Figure 8. Potential scan of bridge deck 1 month 
after treatment. 0 2 
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Figure 9. Potential scan of bridge deck 3 months 
after treatment. o 
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The 3-month scan (Figure 9) shows that potentials of 
the treated area were within the passive range. A check 
of potentials outside the area, however, revealed that 
active corrosion of the steel was continuing in such 
areas, possibly enhanced by the large adjacent passive 
area generated by the electrochemical treatment. 

Linear Polarization Readings 

Corrosion rates of the reinforcing steel as deduced 
from LP electrodes were measured prior to treatment 
and 1 week, 1 month, and 3 months after treatment. The 
results were as follows: 

Corrosion Corrosion 
Date Rate (m/year) Date Rate (m/year) 

April 7 0.5 May 23 0.6 
0.5 0.5 

April 21 1.1 July 15 0.4 
0.8 0.3 

Thus, 1 week after treatment, the linear polarization 
electrodes were showing a corrosion rate almost twice 
as high as before treatment. However, 1 month after 
treatment, the corrosion rate had dropped to that ob
served before treatment. 

The reasons for this unexpected behavior may be the 
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destruction of the passive oxide film on the rebar by the 
cathodic treatment and its subsequent growth after 
treatment. 

DISCUSSION OF RESULTS 

The principle of using electromigration methods to ex
tract chloride ion from salt-containing reinforced con
crete has been shown effective in laboratory experiments 
and on a bridge deck in the field. For the concrete situ
ated vertically above the reinforcing steel, an average 
of 31 percent of the chloride was removed after 12 hand 
51 percent after 24 h of treatment. For concrete at the 
25 to 51-mm (1 to 2-in) level, these values were 59 per
cent and 71 percent. Peak extraction values of more 
than 90 percent were obtained. 

Because the chloride content of the concrete immedi
ately adjacent to the reinforcing steel is the determining 
factor in initiation and continuation of corrosion, the re
duction in chloride level at this location to below 0.02 
percent is extremely significant. The literature suggests 
that this is close to or below the lower limit for initiation 
of corrosion (3, 4). The potential scan before the treat
ment showed fiiat more than 55 percent of the treatment 
area rebar was actively corroding. Posttreatment scans 
(up to 3 months after treatment) showed that all active 
corrosion had ceased, and the rebar exhibited passive 



potentials. Linear polarization results also support this 
conclusion. The combination of cathodic polarization of 
the rebar and chloride removal probably led to this ef
fect. Cathodic polarization effectively stopped corrosion 
during treatment, and the level of chloride after treat
ment was insufficient to reinitiate the corrosion. 

The long-term effect of the extraction procedure on 
rebar corrosion is not yet known. After treatment of a 
full-size bridge deck, the concrete surface would be 
waterproofed to ensure that further application of de
icing salt would not cause chloride penetration. ( This 
was not practicable in the field experiment described 
here.l Howeve1·, because not all the chloride is re
moved, there may be a tendency for chloride redistri
bution by diffusion under concentration gradients. The 
effect of this process on long-term initiation of rebar 
corrosion is unclear at this time. 

The hardware used in the field experiment is probably 
not wholly suited for scale-up to treatment of a full-size 
deck, particularly if that deck shows sharp transverse 
or longitudinal gradients. Further development of sur
face electrolyte containment procedures is necessary to 
optimize the technique. 

CONCLUSIONS 

1. The extraction of chloride ions from salt
contaminated concrete by electromigration techniques 
has been shown to be feasible. 

2. Optimum applied voltages, treatment times, sur
face electrolyte, and anode material were determined 
from laboratory investigations. 

3. Treatment of a 3 by 12.2-m (10 by 40-ft) section 
of a bridge deck removed up to 90 percent of the chloride 
present in the concrete above the top reinforcing steel. 

4. Pretreatment and posttreatment potential scans 
showed that all active corrosion of the reinforcing steel 
in the treatment area was halted after chloride ex
traction. 
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Discussion 
T. R. Cantor, Port Authority of New York and New 
Jersey 

Conceding that the corrosion of rebars could be arrested 
by the method described, the paper states that the por
osity of the deck will be increased. This porosity will 
cause the deterioration of the deck-rebar system, and 
therefore the whole procedure would appear not to be 
useful. In addition, some of the data and methodology 
are open to question and could result in misleading 
conclusions. 

DECK DETERIORATION 

A reinforced concrete bridge deck functions because the 
concrete on top cru:ries the load in compression (its 
strongest mode) and the 1·einforcing bars carry the ten
sion load (weakest mode) . If the function of the upper 
concrete is lost, there could be no great incentive to 
preserving the lower tensile steel, which, as I under
stand it, is the thrust of the paper under consideration. 

When the concrete above the rebars is originally 
properly placed and cured, it is relatively impermeable. 
In the natural course of events, the concrete becomes 
more porous for a variety of reasons, among which are 
loading, temperature stresses, vibration, and freezing 
and thawing. With time, the pores, fissures, capillaries, 
crevices, and cracks open and enlarge. These openings 
collect debris such as dirt and chemicals. Chlorides can 
certainly be detected among the accumulations. In any 
case, a damp porous pavement that contains chemicals 
has all the elements required for the classic electrolytic 
cell so it is quite reasonable to expect that chloride ions 
could be encouraged to migrate under the urging of a 
100-V potential and so be expelled from the deck. 

REBAR CORROSION 

For steel to corrode, moisture and oxygen are essential. 
All other chemicals can only influence the reaction (con
version of iron to iron oxide) by acting as a catalyst in 
one way or another. Even with all essential materials 
present, steel will not corrode under specific inhibiting 
conditions. Because chloride is not a corrosion product, 
it must in some manner act as a catalyst or improve the 
conductivity or encourage the formation of local anodes, 
which means that only traces are required to promote 
the reaction. 

Given the relatively slow corrosion rate of steel in 
concrete, just small quantities of chloride should be 
more than adequate to encourage corrosion. The paper 
states that, at best, only 90 percent of the chloride is 
removed, which still theoretically leaves ample chloride 
to promote corrosion. 

The authors claim that the steel was apparently re
duced to a passive state at least for a limited time on 
the basis of half-cell potentials. Questions can be raised 
on the subject of passivity. For example, where did the 
calcium, sodium, and hydrogen released at the rebar go? 
Another consideration is that, inasmuch as nothing has 
been done to perpetuate the passive condition, it seems 
safe to assume that, in a few months to half a year, the 
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corrosion would become active again. 

POTENTIAL MEASUREMENTS 

From theoretical considerations and experience, half
cell potential measurements can only be made where the 
concrete has some degree of porosity, which then sug
gests that some degree of deterioration is present or 
that the concrete is not of the very best impervious 
quality. Therefore, if half-cell potentials can be mea
sured at all, whether or not corrosion is taking place, 
the concrete must be porous and susceptible to further 
increasing porosity and damage. 

The paper indicates that the concrete was more po
rous after the electrical treatment. This is significant 
since the molecular volume of chloride is larger than 
the molecular volume of either oxygen or water. Ob
viously, if chloride can come out, there are sufficiently 
large channels for oxygen and water to enter the con
crete. The presence of water and oxygen should start 
or continue the corrosion of the rebar after a relatively 
short time, which suggests that we would be right back 
where we started. 

SEALING 

The paper recognizes the increasing porosity problem 
and suggests that a procedure for overcoming it could 
be the application of a deck sealant. Sealing of decks is 
always a good procedure, but, because corrosion can 
only proceed in the presence of oxygen and water, if the 
deck is to be sealed why bother to remove the chlorides ? 

SALT DATA 

The methodology used and the data reported seem in
adequate to the situation. Unless the data in Tables 1 
and 2 are being misinterpreted or the samples are not 
compar able because of their distance from each other 
(we have found appreciable differences i n chloride con
tent a few il1ches apart) , it is difficul t to lmderstancl the 
higher chloride content in August 1974 than November 
1973 and no appreciable increase over August in April 
1975. Additionally, if the cores were not sliced dry, 
considerable chloride could be washed from the sample 
if water was used during slicing. 

My own work indicates that, from the end of one salt
ing season in Aoril to the next salting season in October. 
up to 75 percent of the salt was washed out of the deck at 
all depths by normal spring and summer rains. A wash
ing procedure might have been used to reduce the chlo
ride before potential application. 

SAMPLE PREPARATION 

It seems that the sample preparation was inadequate 
even though the undesirable laboratory procedure of in
troducing salt did not affect the field results. Never
theless, it is difficult to understand the deliberate use 
of saltwater in the preparation of concrete specimens 
since the samples cast certainly are not normal concrete. 

If the object were to load hardened concrete with 
salt, that could have been easily accomplished by in
fusing salt solution under vacuum into the specimen, 
drying, and repeating as often as desired. By this tech
nique; we have achieved salt loadings of more than 120 
kg/m (200 lb/ yd3

), 

SUMMARY 

The need to salvage the many deteriorating bridge 
decks is generally accepted, but there is small chance 

of success if the problem of deterioration is not well 
understood. The method suggested could do more harm 
than good because the deck becomes more porous and 
hence more vulnerable to deterioration. If sealing is 
then required, why bother with the whole procedure, 
since sealing itself cuts off the source of oxygen and 
moisture, without which corrosion cannot occur? The 
duration of any passivity achieved may be relatively 
short, so again the question of the benefit of the pro
cedure has to be raised. Further doubts are raised by 
the salt data and the questionable practice of preparing 
specimens with saltwater. Finally, for repairs to be 
effective the bridge deck should be returned to its orig
inal design concept with good concrete working in com
pression over rebars working in tension. 

Authors' Closure 
The research described in our paper was undertaken on 
the basis of the widely held premise that the primary 
cause of concrete bridge deck spalling is the chloride
induced corrosion of the top level of reinforcing steel in 
the deck. It was therefore assumed that the removal or 
immobilization of the chloride ions in the concrete could 
halt or reduce corrosion of the reinforcing steel. Inas
much as Cantor does not concur with the original prem
ise, his criticism of the chloride removal concept is un
derstandable. 

DECK DETERIORATION 

Cantor has interpreted the thrust of the paper to be one 
of "preserving the lower tensile steel" in a concrete 
bridge deck. From the viewpoint of preservation, our 
interest lies in preserving the concrete above the top 
level of reinforcing steel; this concrete is destroyed as 
a result of chloride-induced corrosion of the top level of 
reinforcing steel. 

Cantor states that, in the natural course of events, 
concrete becomes more porous because of loading, tem
perature stresses, vibrations, and freezing and thawing. 
It is generally understood that properly cured concrete 
becomes less porous with age as cement hydration pro
gresses. The factors he mentions have no effect on con
crete porosity per se; they can cause gross cracking of 
the concrete deck, but these cracks are not essential for 
the migration of chloride ion into the concrete. 

REBAR CORROSION 

We do not believe that the mechanism of aqueous cor
rosion of steel outlined by Cantor is correct. The pH of 
the solution in which the steel is exposed has a dominant 
role in defining the nature and extent of corrosion. For 
example, in dilute sulfuric acid, steel corrodes rapidly, 
whereas even in the presence of air steel is resistant to 
corrosion in alkaline solution with pH > 12. This latter 
situation in fact obtains in chloride-free concrete; in 
such an environment, the steel forms a thin oxide film 
on its surface that protects it from further corrosion. 
The steel is said to be in the passive condition. The ac
tion of chloride apparently is to destroy the protective 
qualities of this film, and rapid corrosion can then en
sue. The manner in which the chloride breaks down the 
film is as yet uncertain; the breakdown occurs initially 
at discrete points on the steel surface, which spread 
laterally; these are the anodes to which Cantor refers. 
The concentration of chloride necessary to cause film 



breakdown is known to increase as the pH increases; 
more than trace quantities of chloride are necessary to 
cause the film breakdown process at the pH of moist 
concrete (12. 5). 

In the reported work on the bridge deck, the best re
moval achieved was a 90 percent r eduction in the total 
chloride contained in the top 52 mm (2 in) of concrete. 
Cantor is concerned that this situation "theoretically 
leaves ample chloride present to promote corrosion." 
What is important here is the distribution of this re
sidual chloride, inasmuch as any chloride at the rebar 
surface can indu.ce (or reinduce) corrosion. We showed 
that chloride ion removal was always greatest from the 
concrete immediately adjacent to the reinforcing steel. 
Chloride concentrations at this level were obviously re
duced by treatment to values below which corrosion 
would continue or reinitiate within a 3-month time inter
val (from the potential measurements). The crucial 
factor here is possible time-dependent redistribution 
of residual chloride after treatment, which may lead to 
renewed corrosion. This possibility is the focus of cur
rent research. 

Cantor acknowledges that the removal treatment ap
parently reduced the steel to a passive state but is con
cerned that "inasmuch as nothing has been done to per
petuate the passive condition ... , in a few months to 
half a year, the corrosion would become active again." 
As we discussed in the paper, we recognized from the 
outset that, once the chloride ion was removed by the 
electrochemical ti·eatment, it would be necessary to 
seal tJ1e concrete (e.g., membranes or polymer impreg
nation) to prevent subsequent ingress of new chloride as 
a result of further applications of deicing salt. The pos
sibility of residual chloride redistribution has already 
been discussed. 

POTENTIAL MEASUREMENTS 

With regard to measurement of half-cell potential, we 
agree strongly that such measurements can only be made 
when the concrete is an electrolytic conductor. However, 
concrete in normal service is a conductor. It only 
ceases to be a conductor when all free moisture has 
been removed. Cantor believes that half-cell measure
ments can only be made where the concrete has some 
degree of porosity. He further says that the presence 
of this porosity suggests that some degree of concrete 
deterioration is present. We must assume that the de
terioration to which Cantor refers is gross cracking of 
the concrete, because all concrete has a measurable 
porosity. The ability to measure half-cell potentials in 
our opinion in no way confirms that the concrete is of 
poor quality or is deteriorating, as Cantor suggests. 
Cantor states that the paper "indicates that the concrete 
was more porous after the electrical treatment." This 
conclusion is not stated in the paper, for we made no 
measurements of concrete porosity either before or 
after treatment. Some oral discussion on possible po
rosity problems occurred after presentation, when un
published Kansas data were discussed that indicated an 
increase in the porosity of concrete after electrochemi
cal treatment. 

SEALING 

Cantor states that "sealing of decks is always a good 
procedure, but, because corrosion can only proceed in 
the presence of oxygen and water, if the deck is to be 
sealed why bother to remove the chlorides?" The bulk 
of opinion at this time indicates that the sealing of ex
isting salt-contaminated decks is not always good prac
tice. This is related to the presence of moisture in the 
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deck and the diffusion of oxygen from the lower surface 
of the deck. Thus, oxygen and moisture are not excluded 
by the sealing process and corrosion will continue in the 
presence of chloride. 

The Federal Highway Administration in fact has rec
ommended that membranes not be placed on a deck if the 
chloride content is higher than 0.89 kg/m3 (1.5 lb/yd3

) at 
the rebar level. 

SALT DATA 

Cantor's remarks concerning our methodology of mea
surement of chloride in the concrete are (a) the nonuni
form distribution of chloride in field concrete and (b) the 
wet coring method which, it is claimed, could wash con
siderable chloride from the sample. First, we stated 
that we took into account the large specimen-to-specimen 
variation in measured chloride content. Second, the 
amount of chloride washed from a concrete core during 
the 5-min coring process is negligible. 

Cantor's statement that 75 percent of salt is washed 
out from bridge decks by normal spring and summer 
rains is surprising. So far as we know, this phenomenon 
has never been reported in the literature by other work
ers. In fact, work on flushing techniques on chloride
contaminated concrete at Battelle, not reported in this 
paper, led to the conclusion that the technique was inef
fective in removing the chloride. 

SAMPLE PREPARATION 

The practice of adding chloride ions to the laboratory 
concrete samples was an expedient to provide chloride 
ions in the free water phase of concrete. Drying and 
vacuum impregnation of the large slab specimens used 
in the program were not a possibility. 

The similarities in results from the electrochemical 
removal treatments in the laboratory and field lead us to 
conclude that this expedient did not compromise our ex
perimental approach. 

SUMMARY 

The concluding statements made by Cantor reaffirm that 
his interpretation of the causes of concrete bridge deck 
spalling is quite different from the more usually held 
view. Thus, he questions the need for and the possible 
problems attendant on prevention of the deck spalling 
problem based on electrochemical removal of chloride ion. 

Our work was undertaken on the assumption that chlo
ride in concrete decks is undesirable and leads to corro
sion of the reinforcing steel and that the condition of the 
deck can be stabilized or improved by removing the chlo
ride and by then taking steps to prevent subsequent in
gress of further chloride. The objective of the research, 
to develop a technique for removing chloride ions from 
concrete bridge decks, was met. This is the necessary 
first step in evaluating the utility of this unique approach 
for preventing bridge deck spalling. As we state in the 
paper, however, the overall technical and economic vi
ability of this approach remains to be demonstrated. 



Fundamentals of Corrosion 

R. P. Brown and R. J, Kessler, Florida Department of Transportation 

Knowledge of the fundamental concepts of corrosion is necessary to un
derstand the corrosion process. Because the scope of the corrosion con
cept is broad, this paper presents only the basic principles involved in the 
corrosion process. Those things that affect the corrosion process are de
fined and classified. Corrosion is divided into two classifications: wet 
corrosion and dry corrosion. This paper deals primarily with wet cor
rosion and covers the corrosion mechanism, forms of attack, and the ef
fects of environmental factors. The basic parts of a corrosion cell are ex
plained. Three types of corrosion cells, the principles of polarization, 
and the rate of corrosion are discussed. Examples are used throughout 
the paper to illustrate applications of the various principles. Forms of 
corrosion such as uniform and pitting attack are presented. Environ
mental influences discussed include biological corrosion, stray current, 
and differential environments. 

Corrosion is one of the major problems facing engi
neers today. The seriousness of the problem is illus
trated by the fact that corros ion costs $15 billion per 
year in the United States. This can be further illus
trated by the fact that 40 percent of the steel produced 
each year is used to replace corroded metal (1). Be
cause corrosion is such a serious problem, its funda
mentals must be understood. 

Corrosion is "the deterioration of a substance (usu
ally a metal) or its properties because of a reaction 
with its environment" (2). This deterioration can be 
classified into two categories: dry corrosion and wet 
corrosion. Dry corrosion occurs in the absence of a 
liquid phase or above the dew point of the environment. 
In this case, a metal reacts with vapors and gases 
usually at high temperatures. These reactions can 
produce a scaling and tarnishing attack on exposed 
metals. In wet corrosion, a metal usually reacts with 
aqueous solutions or electrolytes. Wet corrosion causes 
the greatest amount of deterioration of materials (3). 

This report relates the fundamentals of corrosion 
and emphasizes corrosion mechanisms, forms of at
tack, and environmental influences. Because of the 

Publication of this paper sponsored by Committee on Corrosion. 
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magnitude of the subject, it is impossible to cover all 
aspects in detail in this paper. 

CORROSION MECHANISM 

Corrosion occurs by chemical or electrochemical means. 
An example of a chemical reaction is the dissolving of 
a metal by an acid. An electrochemical reaction in
volves metals, chemicals, and water that combine to 
form cells capable of generating electricity. Through 
the action of these cells, metals are reverted back to 
their native compounds by using the electricity as a 
source of energy. Figure 1 shows that electrochemical 
cells contain four basic components: electrolyte, anode, 
cathode, and conductor. The electrolyte is the current
carrying medium, such as water or soil. The anode 
(positive electrode) is in contact with the electrolyte, 
and corrosion will occur through an oxidation reaction 
that involves the formation of ions and the release of 
electrons (4). The cathode (negative electrode) is also 
in contact with the electrolyte, but no corrosion occurs 
because of a reduction reaction, which is the acceptance 
of electrons generated from the anode (5). The con
ductor connec·ts the anode and cathode to complete the 
circuit for current flow (4). In the wet corrosion pro
cess, all corrosion cells that are formed contain these 
four basic parts. 

Inasmuch as the corrosion cell is electrical in nature, 
it operates proportional to Ohm's law, which states that 
"the amount of flowing current (corrosion loss) de
creases as the resistance of the circuit increases and 
current flow increases as the potential difference be
tween the anode and cathode increases, Thus the amount 
of corrosion experienced is proportional to the electro
lyte's ability to react, the potential difference between 
anode and cathode, and the amount of resistance in the 
external metal circuit" (t p. 4). 

Several factors influence the electrolyte. They are 
ionization, resistivity, pH, and temperature. The flow 
of electricity through an electrolyte depends on the 
presence of tiny electrically charged particles called 
ions. These ions form the basis for the conversion of 
metals from a metallic form to a corroded form. Ions 
are formed by the addition or removal of an electron 



from the basic atom. The removal of an electron yields 
a positively charged ion, while addition yields a nega
tively charged ion. Ions are also formed by dissocia
tion, which is the breaking up or splitting of a compound 
into its elements. Another factor affecting the electrolyte 
is resistivity, which is a measure of an electrolyte's 
ability to resist or oppose the flow of electric current. 
Low resistivity means that electricity will flow freely. 
High resistivity means that the electrolyte is a poor 
conductor (7). A third factor affecting an electrolyte is 
the degree of acidity or alkalinity of the solution, i.e., 
the relative amounts of hydrogen ions, hydroxyl ions, or 
pH. And, finally, temperature has a pronounced effect 
on electrolytes. As temperature increases, the resis
tivity of the electrolyte is lowered. Conversely, as the 
temperature decreases, the resistivity increases. 

Another important factor affecting a corrosion cell 
is the difference in potentials of the metal. The driving 
force for current and corrosion is the potential devel
oped. The electromotive series (Table 1) indicates the 
known potentials of the various metals (3). The dif
ference in these potentials gives some indication of their 
effect on the corrosion cell. 

The resistance of the external circuit connecting the 
anode and cathode has a pronounced effect on the cor
rosion cell. When the resistance in this circuit is high, 
the rate of current flow is low and the amount of cor
rosion is reduced. 

In the wet corrosion process there are three basic 
types of cells: galvanic, concentration, and electrolytic. 
The galvanic cell {Figure 2) is one in which the anode 
and the cathode are of different metals or one in which 
dissimilar conditions exist in the same metal (7). In 
this cell the electrolyte is homogeneous and the dis -
similarity in the metals causes a potential difference, 
which induces current flow. The common flashlight 
battery is a good example of a galvanic cell. Current 
is generated by connecting the zinc case and carbon 
center post through a light bulb. The current flowing 
from the zinc case through the electrolyte filler to the 
carbon rod eventually corrodes the zinc, and the bat
tery must be replaced. In the concentration cell (Fig
ure 3), the anode and cathode are the same material 
while the electrolyte is nonhomogeneous (7). Current 
is established by different oxygen concentrations, dif
ferent kinds of chemicals, or different concentrations 
of the same chemical in the electrolyte. The difference 
in the electrolyte can be illustrated by material along a 
buried steel pipeline. Conditions vary from wet and 
swampy to dry and sandy. The electrolytic cell (Fig
ure 4) contains all the four basic components of a cor
rosion cell plus an external source of electric energy 
(1., pp. 24-48). This source is connected in the con
ductor between the anode and cathode to cause current 
flow. Corrosion takes place as an electrolytic cell 
when a rectifier impressing direct current is used for 
corrosion control on pipelines. 

The three cells all contain the four basic components 
and induce current flow. As this current flows, deposi
tion of hydrogen builds up a film on the cathode surface 
and begins to resist the flow of current. This reduc
tion in current flow due to the resistance of the hydrogen 
film is known as polarization (4). If the hydrogen film 
is not removed either by evolution or by some reaction 
involving oxygen, the corrosion rate will be reduced. 
To understand what is happening during a corrosion 
process, it is helpful to know the rate at which a metal 
deteriorates. 

Metals corrode at known rates. These rates are 
based on kilograms of metal lost per current discharged 
in a year. Some examples follow: 

Metal 

Lead 
Zinc 
Aluminum 
Steel 

Rate 
(kg/A/year) 

32.7 
10.0 

3.6 
9.1 

FORMS OF CORROSION 
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The many forms of wet corrosion are created by the 
various environments and types of corrosion mechanisms. 
Two of the most common forms of corrosion attack are 
uniform and pitting corrosion. Other forms include 
galvanic, crevice, intergranular, stress, fatigue, ero
sion, fretting, and selective leaching. 

The most common form of corrosion attack is uniform 
corrosion. It is a chemical or electrochemical reaction 
that proceeds uniformly over the entire exposed surface 
of a large area. It occurs on metal surfaces that are 
homogeneous in chemical composition or that have 
homogeneous microstructures (~ pp. 3-32). 

Another common form of attack is pitting corrosion. 
It is an extremely localized attack that results in holes 
in the metal. "A pit is defined as a cavity or hole with 
the surface diameter about the same as or less than the 
depth" (3). It is one of the most destructive forms of 
attack because it causes failure by perforation and only 
a small percentage of weight loss of the entire structure. 
A unique type of anodic reaction takes place in a pit. 
The corrosion process produces conditions that are both 
reactive and necessary for the continuing activity of the 
pit. Pitting corrosion can be initiated by metallurgical 
inhomogeneities. Pits are randomly distributed and 
have varying depth and size. Maximum pit depth infor
mation is the most useful in estimating the service life 
of a metal attacked in this manner (8). 

Galvanic corrosion can result from the potential dif
ference between dissimilar metals when they are in 
contact and surrounded by an electrolyte. This type of 
corrosion can produce either a uniform or pitted surface. 

Crevice corrosion is localized and is caused by dif
ferent concentrations of ions or dissolved gases located 
within crevices and other shielded areas on exposed metal 
surfaces. The region deep within a crevice becomes the 
anode and corrodes freely. A cathodic reaction takes 
place at the mouth of the crevice. Even in a homogeneous 
metal, a potential difference may exist. Metal ions are 
formed within a crevice, and high acidic conditions 
exist. This can lead to continuing activity of the cor
rosion process (8). 

Another form of localized corrosion is called inter
granular corrosion. This corrosion occurs at and ad
jacent to minute grain boundaries, but the grain itself 
experiences relatively no corrosion. Intergranular cor
rosion can be caused by impurities at the grain bound
aries, enrichment of an element, or depletion of one of 
these elements in the grain boundary areas. Therefore, 
the grain boundary becomes anodic to the surrounding 
grains. As a result, the alloy at the grain boundary cor
rodes and may also lose its strength (3). Stainless 
steels that are improperly heat treated and do not con
tain special stabilizing alloying additions are susceptible 
to intergranular corrosion (8). Intergranular corrosion 
can be recognized by crack patterns along the grain 
boundaries. 

The combination of tensile stress and corrosive 
medium produces a process known as stress corrosion. 
The tensile stress can be residual or external. Stress 
corrosion occurs in the form of intergranular or trans
granular cracks. More damage is caused when the two 
are combined than when either acts alone. This type of 
corrosion usually causes failure without warning. Ex-
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amples of stress corrosion are areas surrounding a 
weld and the stressed areas adjacent to rivets and bolts. 

Corrosion fatigue is probably an extension of stress 
corrosion. "Fatigue is defined as the tendency of a 
metal to fracture under repeated cyclic stressing. Cor
rosion fatigue is defined as the reduction of fatigue re
sistance due to the presence of a corrosive medium" 
(3). Therefore, corrosion fatigue is related to the 
failure of the mechanical properties rather than to ap
pearance. 

When the rate of corrosion on a metal accelerates 
because of relative movement between a corrosive 
liquid and the metal surface, erosion corrosion occurs. 
It occurs in the form of grooves, gullies, waves, 
rounded holes , and valleys. The relative movement 
exposes new reactive locations on a metal, which be
come anodic to the relatively large surrounding cath
odic area. At these locations rapid corrosion can oc -
cur. Equipment exposed to moving fluids are subject to 
erosion corrosion. Some of these are piping systems, 
valves, pumps, propellers, impellers, heat exchanger 
tubing, turbine blades, and equipment subject to spray(;!). 

Figure 1. Basic components Conductor 
of a cor rosion cell. 
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Table 1. Electromotive series. 

Type 

Active or anodic 

Noble or cathodic 

Element 

Magnesium 
Aluminum 
Zinc 
Chromium 
Iron 
Cadmium 
Nickel 
Tin 
Lead 
Hydrogen 
Copper 
Silver 
Platinum 
Gold 

Electrode 
Potential• ( vl 

-2.363 
-1.662 
-0.763 
-0.744 
-0.440 
-0.403 
-0.205 
-0.136 
-0.126 
-0.000 
-t-0.337 
-t-0.799 
+1.200 
+1.498 

·Electrode potential versus normal hydrogen electrode at 25°C (77°F). 
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Another form of corrosion involving movement is 
fretting, which occurs at contact areas between materials 
under load subjected to vibration and slip. Fretting oc
curs, for example, when two parts such as bushings and 
bearings are closely fitted. Fretting leaves pits or 
grooves in the metal surrounded by corrosion products (:!), 

Figure 2. Galvanic 
cell. 

Cat hode (-) 

.. 
l) 
0. 
0. 
0 
l.) --2e -

Electron Flow 
2 e--

Coventional 
-r 

Current Flow 

@ 

~2H+ 

ow 

Fe++ -

Electrolyte 
(Water) 

Figure 3. Concentration 
cell. Electron Fiow 

(-) 

"' 'O 

.2 ... 
"' ~ u 2e-., .. ... 
"' 

Di lute 
Solution 

@ 

Convent i ona /> 
Current Flow 

Porous 
Membrane 

1 
I 
I 

-E-- I 
2H+ I 

I 
I OH-
I 
I 
I Fe++ 
I 

' I 

C d tor on uc 

Anode ( +) 

. ~ 
-
l) 

"' ... 
V) 

2e-

t 

Conductor 

(+) 

I) 
'O 
0 
C 
<t 
., 
I) .., 

2e- V) 

t 
Concentrated 

Solution 



Figure 4. Electrolytic 
cell. 
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Selective leaching is a form of corrosion in which 

(+) 

one or more elements are removed from an alloy and 
become electrochemically active. When an alloy con
sists of highly dissimilar elements, selective leaching 
is possible (8). One of the most common forms of 
selective leaching is graphitization. An example of 
graphitization is the removal of iron from cast iron pipe, 
leaving graphite. 

ENVIRONMENTAL INFLUENCES 

The forms of corrosion discussed can be influenced by 
the nature of their surrounding environment. An ag
gressive or electrochemically active environment can 
greatly increase the rate of corrosion of a metal. Some 
of the environmental factors influencing this rate are 
biological corrosion, stray current, and differential 
environments. 

Biological corrosion is not actually a form of cor
rosion. However , the activity of living organisms 
(bacteria, algae) can increase the corrosion process 
by influencing the anodic and cathodic reactions and the 
protective surface films. It can also create corrosive 
conditions by producing deposits (3). Two types of 
microorganisms can cause this type of corrosion. These 
are aerobic (oxygen using) and anaerobic (nonoxygen 
using). Of the two types, anaerobic organisms are most 
responsible for corrosion of iron and steel. 

Another environmental influence is stray current, 
which is caused by direct current emanating from an 
outside source entering and being discharged from a 
metal surface. At the point where stray current enters 
the metal surface, the area becomes the cathode. The 
area of discharge becomes the anode, and corrosion oc
curs. Sources of stray direct current include electric 
railways, railroad signal systems, cathodic protection 
systems for pipelines, direct current industrial genera
tors, and direct current welding equipment. Under cer
tain conditions, alternating currents can become partially 
rectified by passing through and off of metal structures, 
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and the partial direct current component can cause cor
rosion. 

Differential environment also affects the corrosion 
process. It occurs as a concentration cell when a metal 
is in contact with an electrolyte that varies in composi
tion from point to point or varies in concentration from 
point to point along the surface of the metal. Examples 
of these variations in environments include the conditions 
present along a buried pipeline, a steel pipe in contact 
with both soil and water, or the interface between a steel 
reinforcing bar and the surrounding concrete. 

SUMMARY 

This paper discusses the fundamentals of corrosion. 
The paper defines terms and basic electrochemical 
principles that determine the corrosion process. These 
definitions should not be considered the only correct ones . 
Other definitions can be found that may be as good or 
even better. The principles of corrosion mechanism, 
forms of attack, and environmental influences have been 
used to simplify the various aspects of corrosion. 
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Pipe Corrosion and 
Protective Coatings 

Bob H. Welch,* Transportation Research Board 

Fifty-eight pipe culvert installations were sampled for du;ability charac
teristics; the samples were assigned a relative pipe rating value for the pur
pose of numerical analyses and correlation with corrosive environmental 
soil and water conditions. The independent variables used included 
chemical composition of the water and soil, pH, total soluble salt con
tent, minimum resistivity, resistivity at the naturally occurring soil mois
ture content, resistivity using the corresponding field water, and age of 
the pipe. Results indicate the total soluble salts is a more significant fac
tor than any single soluble salt content in predicting the performance of 
pipe material. All soil sites examined eventually reached a soluble salt 
content of 0.8 percent. The corrosive effects of the solubles peak at ap
proximately the 5 percent level. The effects of pH and minimum resis
tivity are found to be higher at the lower soluble salt content ( (1.5 per
cent), and both lose their dominance at higher salt concentrations. Min
imum resistivity, in particular, loses its effect on pipe life expectancies at 
a solubles content greater than' 1.5 or 2 percent. The criterion used to 
predict pipe performance correlates very well with field observations and 
varies only in areas beyond the limits of the selection criteria. 

Durability is one of the important factors that must be 
considered when a particular type of culvert pipe mate
riai 1s selected to be used in a given environment, Du
rability greatly influences the service life of a culvert; 
it is often the main criterion for choosing a particular 
material, as well as its thickness and the protective 
coating that it should have. Experience of many engi
neers and studies by various investigators have indi
cated that specific environmental characteristics of the 
culvert backfill soil and runoff waters greatly influence 
the corrosion performance of various pipe materials 
and coatings. There are some discrepancies about the 
environmental parameters that cause material corrosion 
and their relative quantitative effects. 

The guidelines and recommended criteria for se
lecting culvert material are based on environmental 
conditions that are most prevalent in utah soils, i.e., 
an average resistivity of approximately 11.0 n.m, an 

Publication of this paper sponsored by Committee on Corrosion. 

"The author was with the Utah Department of Transportation when this 
paper was written. 
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average pH of 8.3, and an average soluble salt content 
of 1.5 percent (alkaline soils principally with low sul
fate contents). In addition, few drainage structures in 
Utah have continuous water runoffs; many are in semi
arid climates where drainage flows are intermittent. 
Therefore, the findings and conclusions presented here 
should be extrapolated to other environmental limits 
with caution, 

A random sampling of pipe materials for corrosion 
and abrasion analysis was chosen so that a variety of 
pipe materials and environmental surroundings and a 
wide span of time in place would be included, Pipes 
whose history of placement and specifications were not 
complete were eliminated from consideration. Six cat
egories of pipe materials were evaluated: reinforced 
concrete, corrugated galvanized steel, aluminum alloy, 
bitumen-coated corrugated galvanized steel, bitumen
coated asbestos-bonded corrugated galvanized steel, 
and structural plate corrugated galvanized steel. 

When the pipes were inspected, the following informa
tion was recorded on torms: type ot pipe, height otback
fill, degree of corrosion, type of corrosion, location of 
corrosion, visual observations, slope of pipe and chan
nel, degree of erosive scour, topographic description, 
degree of abrasion, and any additional remarks about 
the condition of the pipe or its environmental surround
ings, Then a 10-cm-diameter (4-in) core was drilled 
out of the pipe. For consistency among core samples, 
the samples were taken 3 .6 m ( 12 ft) from the pipe end 
and 15 deg up from the pipe invert. 

Soil samples were taken from the soil side of the cul
vert and placed in waterproof containers to be analyzed 
in the laboratory at a later date. Where runoff waters 
were discharging through the culvert, a corresponding 
water sample was also obtained. Pictures were taken 
of the surrounding topography, the invert, and the soil 
side of the pipe. 

Soil samples were analyzed for the following: per
centage of natural moisture, total soluble salts, soil pH, 
minimum resistivity, silicon dioxide, iron oxide, alu
minum oxide, calcium oxide, magnesium oxide, soluble 
sodium oxide, insoluble sodium oxide, soluble potas
sium oxide, insoluble potassium oxide, chlorine, carbon 
dioxide, sulfates, and organics. Soil samples received 



from drainage structures having a runoff also were 
tested for minimum resistivity by using the field water 
instead of distilled water. Water samples, where avail
able, were analyzed for sulfate, chlorine, calcium oxide, 
magnesium oxide, sodium oxide, potassium oxide, and 
carbon dioxide content in parts per million. 

Core samples were first cleaned of any loose debris 
and then visually evaluated by three people and assigned 
a tentative pipe rating (PR) on a scale from 10 (excel
lent) to O (failure). These cores were then randomly 
measured in five locations for thickness to the nearest 
0.0025 cm (0.001 in) and weighed. An average of the 
five thickness measurements was used as the thickness 
number. These samples were stripped of their zinc 
coatings and were again measured and weighed. The 
tentative pipe rating evaluations were reviewed based 
on visual observations of condition of the core metal of 
each sample. Final pipe ratings then were assigned 
each specimen after the field notes at each location, 
photographs of each location, and observations of the 
10-cm (4-in) cores were compiled. This PR became 
the final number designating the relative degree of cor
rosion sustained by each pipe, which was used in nu
merical analysis. 

The statistical and numerical analyses of data on the 
soil and water samples were categorized in three main 
areas. First a simple correlation coefficient matrix 
was determined by using all variables from all samples 
for possible correlation or dependency between environ
mental parameters. The pipe ratings, pipe ages in 
place, before and after core thicknesses, before and 
after core weights, design material weights and thick
nesses, and combinations of their ratios were included 
in the data analysis. Then the results from this analy
sis were used to determine correlations between com
binations of single independent parameters. Finally, 
multiple linear regression analysis was performed on 
both the single parameters and the groups of parameters. 

Inasmuch as PR= 2 indicates that a pipe needs main
tenance or replacement (not necessarily structural or 
hydraulic failure), PR= 2 was set as a constant in the 
equations, which were then solved for age. Inasmuch 
as the corrosion process may not be linear with respect 
to time, the age scale was adjusted so the equation ade
quately described the correlation of a PR = 2 and age to 
the condition of PR= 2. From these equations, the con
stant was adjusted for various types of coatings and 
metal thicknesses. 

For each of implementation, these equations then 
were plotted for use by materials engineers as a guide 
in selecting pipe culvert materials. 

Results presented are primarily geared toward the 
useful design life of underground culvert materials. 
These results may also be applicable to similar under
ground installations such as storm drains, cross drains, 
side drains, or bin walls exposed to underground, long
term deterioration by the immediate soil environment. 

Inspection of culvert pipes throughout utah indicated 
that the durability criteria of corrosion and abrasion 
should be given adequate consideration in the design and 
planning phases of highway development in conjunction 
with structural, hydraulic, construction, material avail
ability, and economic factors. 

At the test sites selected throughout Utah, there are 
no acidic soils (pH < 7). The pH of all soils is in the 
alkaline range. The only areas where acidic attack on 
underground pipe materials may be a problem are very 
isolated and unique instances. In these areas the run
off waters could possibly be acidic; however, the soil 
remains predominantly alkaline. Some general obser
vations regarding pipe corrosion and durability based 
on investigations of several pipe sites are as follows: 
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1. Pipe extremities (the outer 1.8 to 2.4 m or 6 to 8 
ft) corrode at a much faster rate than the interior of the 
pipe; 

2. The exterior circumference of the pipe corrodes 
at approximately the same rate; and 

3. Corrosion was a problem predominantly on the 
exterior or soil side of the pipe and not on the invert 
side. 

In general, because of the predominantly flat topog
raphy and basically arid or semiarid climates that char
acterize the_ sites examined and because only six of the 
locations had a continuous year-round water flow, abra
sion and scouring did not seem to be a problem for most 
pipe installations. Sediment buildup was a more serious 
problem than scour or invertabrasion in the majority of 
instances. 

Specific results of the statistical analysis of the data 
obtained from the soil and water around each pipe loca
tion include a simple correlation matrix for each class 
of pipe and all pipe classes together. Table 1 gives the 
simple correlation coefficients for each class of pipe. 
Aside from the more widely accepted independent vari
ables of age and soil pH, the following variables are 
used: 

Variable 

Independent 
Minimum soil resistivity 
Total soluble salts 
Natural moisture content 

Dependent 
Pipe rating 
Metal loss 
Highest pipe rating 
Lowest pipe rating 
Highest pipe rating -
lowest pipe rating 

R 
ss 
NM 

PR 
ML 
HPR 
LPR 

HPR-LPR 

The results of this analysis indicate that no single or 
group of single parameters of age, SS, or pH adequately 
explains the deterioration process of underground drain
age structures. From the table, the single most impor
tant parameter, if used by itself to describe pipe per
formances, is the minimum soil resistivity. 

Figure 1 shows pipe ratings versus resistivity. Al
though resistivity may be the single most important vari
able, based on the widely scattered data in Figure 1 and 
field experience, it alone is not reliable enough to ex
plain pipe corrosion. 

To expand the simple correlation matrices to include 
combinations of SS, pH, R, and age together with analy
sis of chemical components of the water and soil seems 
necessary to better explain the corrosion phenomenon. 
Several combinations of these variables were analyzed; 
those used are summarized by Welch (1). 

Because no single soil parameter or groups of inde
pendent soil parameters adequately explain or can be 
used to predict pipe performance, a multiple linear re
gression analysis was performed. Two equations, each 
significant at the 0.05 level and containing the environ
mental parameters that can easily be evaluated for future 
pipe locations, were selected as the most suitable to 
represent the interaction of these environmental param
eters and pipe performance. the formula for concrete 
is 

log PR= 0.66 + 0.18 log [R/(SS x pH x age)] 

and that for plain corrugated steel pipe is 

PR= 9.25 + 0.1 SSS + 0.007 [R/(SS x pH)] 

- (0.0013 x SS x pH x age) - 0.06pH2 

(1) 

(2) 
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A pipe rating of two is considered a pipe failure 
from the durability or corrosion viewpoint. Only two 
pipes sampled actually had this rating. PR= 2 does not 
constitute a structural failure but rather an impending 
failure for which maintenance or replacement should be 
initiated. The pipes may not necessarily corrode at a 
uniform rate once corrosive attack has begun or when 
the pipe material nears the failure point, as shown in 
Figure 2. The rate of corrosion oPR/ot for a particular 
pipe material at a given location is a function of the 
pipe's surrounding soil and water conditions. This re
port does not document the increasing rates of corrosion 

Figure 1. Minimum soil resistivity. 
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Table 1. Simple correlation coefficients of various pipe materials. 

Pipe Variable PR HPR LPR HPR-LPR 

Concrete PR 1.000 0.712 0.934 -0,401 
1 nnn f'\ ,'IOl! n 0,4n 

J.Jr.1.1,. .L,UVV V,":E,JU V,o.l":1:0' 

LPR 1.000 -0.691 
HPR-LPR 1.000 
Age 
ss 
pH 
R 

Asbestos-bonded, PR 1.000 
bitumen-coated ML 
corrugated Age 
steel ss 

pH 
R 
NM 

Bitumen-coated PR 1.000 
corrugated steel ML 

Age 
ss 
pH 
R 
NM 

Plain corrugated PR 1.000 
steel Age 

ss 
pH 
R 

All samples PR 1.000 
Age 
ss 
pH 
R 
NM 

Figure 3. Material selection criteria. 
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Figure 4. Concrete material selection criteria. 
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-0.231 
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with respect to time; the approach is presented here be
cause it does provide a 1·ational explanation of equations 
1 and 2 with respect to service history. Because the 
equation developed by the multiple linear regression 
method and the majority of data fall between pipe ratings 
of 4. 5 and 8 and because actual pipe deterioration is not 
linear with respect to time, the projected failure time 
is some time factor (t - Kt) greater than the actual fail
ure time projected by the equations. Based on the ob
servations of pipes ill service, the K constant is 0.01 
for equation 1 and 0.15 fo1· equation 2. 

Using this criterion to compare service life with 
pipe ra.ting in two situations, the data collected in this 
study and results of 40 independent pipe tests have 
shown these selection procedures to be accurate to ±3 
years at 0.05 significance level. Figure 3 shows equa
tion 2 plotted against the following pipe scales: 

Symbol 

A 
B 

C 

D 
E 

F 

Pipe 

Corrugated galvanized steel 
Bitumen·coated corrugated galvanized steel, 
aluminum alloy, corrugated steel coated with 
pitch resin adhesive 

Asbestos-bonded bitumen-coated corrugated 
steel 

Plain corrugated steel structural plate 
Bitumen-coated corrugated steel structural 
plate, aluminum alloy structural plate 

Types 2 a.nd 6 portland cement concrete 

Figure 4 shows equation 1 plotted for type 2 portland 
cement concrete pipe. It should be noted th.at Figure 4 
for concrete pipe is fow1cl to work in utah's alkaline 
soils except at three locations. The soil at these loca
tions had a sulfate content of 0.5 percent or higher. 
Therefore, in soils containing more than 0.5 percent 
sulfate, a type 5 cement is recommended. 

From Figure 3, for pipe class D, the effects of re
sistivity and pH on service life are much greater at a 
lower soluble salt range (<2 percent) than at higher 
soluble salt ranges. More than 2 percent soluble salts 
indicate that resistivity becomes a secondary factor af
fecting durability, and the effects of pH are slightly re
duced. The scale fo1· soil solubles runs from 0.8 per
cent to 5.0 percent because the 1,elative effects of a 
total soluble salt content above 5 percent are not appre
ciably greater than at the 5 percent level. A minimum 
level of 0.8 percent is recommended because (a) soluble 
salts below 0.8 percent are not the primary contributing 
factors to corrosion (pH and 1·esistivity are) and (b) the 
older pipe locations ins1Jected have accumulated higher 
salt content levels than may have originally existed at 
these locations because of applications of deicing salt, 
fox example (2). 

Our test data and other data accumulated from soil 
testing throughout Utah were compared to the iso maps 
presented by Mesh.gin (3) for possible use in lieu of a 
complete soil analysis at each pipe location. These data 
also were compared to the very detailed sul'face iso 
maps provided by the U.S. Department of Agriculture 
(4). Soil charactru:istics, particularly soluble salts, 
pH, and minimum resistivity, vary too much from one 
location to another to use the iso maps effectively with
out a large error in proper pipe material selection. 
Therefore, in the preconstruction phase of highway de
sign, the materials engineer should sample soils in pipe 
culvert locations to identify potentially agressive areas. 
However, the iso maps could be helpful in providing an 
indication of the soil conditions in the corresponding 
drainage basin. 

To apply the field data on deterioration of pipes made 
of various materials to new culvert materials and coat-
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ings requires a relatively rapid laboratory method for 
evaluating potential du1·ability or resistance to corrosion. 
The results of the salt chamber, ozone, and electrolytic 
cell test determinatj.ons (1) indicate that these methods 
are not suitable for rapid-evaluation of durability and 
corrosion resistance. 

The mudpack test (1) after 8 weeks' exposure did 
cause noticeable deterToration of some pipe samples. 
Flakes of the galvanized steel coating and some local 
pitting occurred on the plain corrugated steel pipes and 
the plain corrugated structural steel plate pipes. The 
aluminum alloy cladding turned dark after 7 days' expo
sure and formed a uniform rough oxide coating after 3 
weeks' exposure. This condition of the aluminum alloy 
remained unchanged tlu·oughout the e11tire 8-week e.xpo
su1·e period. On all of the tutcoated steel pipes, a salt
like crystalline structure built up around the samples on 
top of the mudpack. The corrugated steel pipe coated 
with pitch-resin adhesive had some adhesion loss along 
the edges but showed no si.gns of change on the coated 
side; however, the invert side did lose approximately 5 
percent of the coating, and the remainiJ1g material had 
lost a considerable amount of its adhesive properties. 

The bitumen-coated corrugated steel pipe sample 
showed no corrosion beneath the bituminous coating 
where it was totally intact after the rnudpack test. Near 
the edges where the core mutal had been exposed, the 
bituminous coating lost adhesion to the metal. The bitu
minous coating also had a tendency to flow at a tempera
ture of 38°C (100°F) after the 8-weekperiod. The 
asbestos-bonded bituminous coatings remained in good 
condition throughout the test and showed only slight ad
hesion loss near the edges where the base metal bad 
been exposed. 

Metal structures subjected to potential aggressive at
tack from alkaline soils can be identified if minimum re
sistivity, pH, and total soluble salts are known. By 
analyzing their combined effects, acceptable predictions 
can be made about the resistance of the steel to corro -
sion. At lower soluble salt contents, the rate of corro
sion is highly dependent on the minimum resistivity and 
pH whereas high salt contents will in themselves be the 
principal corrosion-causing agent. 

Deterioration of concrete pipes also is highly depen
dent on pH, soluble salts, and minimum resistivity in 
alkaline soil environments. However, the sulfate con
tent in amounts of more than 0.5 percent may be the 
principal deterioration agent. 

A more extensive laboratory mudpack testing program 
to quantify the relative effects of temperatu1·e, resistivity, 
pH, type of water, duration of test, sulfates, wetting
d1·ying1 and total soluble salts on various pipe materials 
should be undertaken. Included with these parameters, 
an electrolytic cell test should be applied to the various 
materials for optimum results. Based on the results of 
tlus investigation, the mt1dpack test is recommended for 
quantifying in a relatj.vely short period of time the com
parative du1·ability chan.cteristics of various pipe cul
vert materials. In conjunction with this recommendation, 
a universal method of pipe evaluation of culvert materials 
should be developed so information concerning corrosion 
or abrasion may be more fully used by design and mate
rials engineers in areas where the information has not 
been accumulated . Only with Uris type of liaison can the 
optimum use and excha.nge of data describing laboratory 
and field durability be implemented and a single set of 
reliable corrosion standards be adopted by all highway 
agencies. 
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Laboratory Corrosion Tests 
of Galvanized Steel 
in Concrete 

George A. Hill, D. L. Spellman, and R. F. Stratfull, Division of Structures 
and Engineering Services, California Department of 
Transportation 

Concrete test specimens containing galvanized and black reinforcing steel 
were partially immersed in saturated salt solution. The results were that 
(a) corrosion began at about the same time for both the galvanized and 
black (mild) steel exposed in the same concrete system; (bl the greater 
the thickness of zinc was, the earl ier concrete cracking occurred; and (cl 
in concrete of high quality, galvanized steel caused cracking earlier than 
black steel. Observations indicate that galvanizing is either inefficient or 
ineffective in preventing rusting of underlying steel in concrete. Most 
significant in postponing concrete cracking caused by corrosion of black 
or galvanized steel was increasing the cement factor. There does not ap
pear to be a half-cell potential value per se that discloses the corrosion 
activity of galvanized steel in concrete. 

Sever al sources report various aspects of the use of 
galvanized s teel (1, p. 69) as a means for postponing 
concrete distress -due to corrosion of the black reinforc
ing steel(..[ through 2_). However, the various reports 
(!., ; !, !, ~ do not consistently indicate a significant ben
efit to using galvanized instead or plain reinforcing steel 
in concrete subjected to salt {chloride ion) contamination. 

Zinc is a widely accepted rust-protective coating in 
a normal atmospheric environment. Because of this 
demonstrated property, galvanized steel rebars have 
been used in concrete to reduce the rate of steel cor
rosion in the presence of salt. 

The environment under which a galvanized steel re
bar exists in concrete with a pH of about 12.5 and is 
subject to attack by chloride ions is one about which 
comparatively little is known. The corrosion of zinc is 
inhibited through the formation of a mixture of zinc com
pounds such as the oxide, hydroxide, and carbonate. In 
addition, the zinc can serve sacrificially to protect steel 
exposed through scratches and cracks. To find how 
these protective measures react in portland cement con
crete in an aggressive environment is the purpose of this 
research. 

Publication of this paper sponsored by Committee on Corrosion. 

TEST PROCEDURE 

Tbe test procedure (8, lJ, 28) was to partially immerse 
t he reinforced concrete specimens to a depth of 8.9 cm 
(31/a in) i n a saturated solution of sodium chloride and in 
plain tap water. The level of solution and water was 
maintained by periodically adding water to compensate 
for that lost by evaporation and by baving an excess of 
salt in the bottom of the tanks. Each addition of water 
was thoroughly stirred into the solution. All tests were 
performed in the laboratory, which had an air tempera
ture of about 22°C (72°F). The relative humidity was as
sumed to range between 30 and 45 percent. 

The specimens consisted of No. 4, or 1.3-cm
diameter (1/:i-in), r einforcing steel bars embedded in 
conc1·ete bars 11.4 cm (41/:i in) wide by 6.4 cm (21/a in) 
thick by 38.1 cm (15 in) long. The amount of cover was 
designed to be not less tban 2.5 cm (1 in). 

The cement used was ASTM type 2, modified low
alkali, which complies with California State standard 
specifications. 

Eighty replicate specimens were cast from 10 batches 
of 279 and 41 8-kg/m3 (5 and 71/a-sack) concrete for the 
laboratory tests. Half of each batch was cured with 
steam plus water, and the other half was cured with water 
only. 'Iwenty replicate samples of either black or gal
vanized steel were used in each test of cement factor and 
curing. 

In addition, 10 specimens were cast from 335- kg/rn 3 

(6-sack) concrete. All had galvanized steel reinforce
ment. Half of the specimens were moist cured, and the 
remainder were steam cured. 

Those specimens that were cured with steam plus 
water were subjected to a temperature of 59 ± 3°C 
(138 ± 5°F) for approximately 16 hand then submer ged 
in tap water at 25 ± 2°C (73 ± 3°F) for a total cu r e period 
of 28 days. The water-cured specimens were submerged 
in tap water for 28 days before testing. The concrete 
mix data are given in Table 1. 

In conjunction with corrosion testing, concrete ab~ 
sorption tests were performed in accordance with Test 
Method Calif. 538-A. Some detail s of the abs orption 
tes t have been reported (8). Essentially, the test con
s is ts of oven dr ying the concrete specimens at 110°C 
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(230°F) and then submerging them in water. Table 2 
gives the results of the concrete absorption tests. 

After the specimens were placed in the testing solu
tions, electrical half-cell potential measurements were 
made thrice weekly. The purpose of these measure
ments was to determine when a corrosive quantity of 
salt had penetrated to the metal surface and to deter
mine, if possible, a11 active (corroding) or passive (non
corroding) potential fo1· the galvanizing existed . 

For the galvanized steel specimens, the reinforcing 
steel was first sandblasted, weighed, and then galva
nized. The weight of the zinc coating was calculated 
from the difference of the before and after galvanizing 
weights. The hot-dip galvanizing of the steel complied 
with the California standard specifications dated January 
1969 and ASTM designation A 123. 

It was intended that the thickness of tile galvanized 
coating be the equivalent of 610 g/m2 (2 oz/ ft2) to pro
vide an average thickness of about 0.086 mm (0.0034 in) 
of zinc. However, weight measurements showed that the 
average amount of zinc deposited was equivalent to about 
915 g/m2 (3 oz/ ft2

) and varied from 739 to 1420 g/m2 

(2.60 to 4, 65 oz/ft2). 

RESULTS OF TESTS OF CONCRETE 
WITH GALVANIZED AND BLACK 
STEEL 

As shown in Figures 1 th1·ough 4, the time to initiation 
of corrosion (as measured by tl1e change in half-cell 
potentials) of galvanized and black steel in comparative 
concrete environments is similar irrespective of ce
ment factor or method of curing. The difference in the 
time to cracking of the concrete caused by the corrosion 
of either steel or zinc showed that, in relatively porous 
(279 kg of cement/m3 of concrete or 5-sack) moist-cured 
concrete, the mean time for 20 galvanized specimens to 
crack was 315 days, and in the concrete containing 20 
black steel bars the mean time to cracking was 175 days. 
For the 279-kg/m3 (5-sack) steam-cured specimens, the 
mean time to concrete cracking was 243 days for the 
galvanized steel and 124 days for the black steel. 

In the dense (418-kg/m3 or 71/:i-sack) moist-cured 
concrete, the mean time for the 20 galvanized steel 
specimens to crack the concrete was 549 days, while 
only 7 out of 20 black steel specimens had cracked at the 
end of the 622-day test period. The last galvanized spec
imen cracked in 678 days. 

I.-. t11e case of the galvani~a"Ct stsel ::tp~ei1xn:ns paJ.""tially 
immersed in Sacramento city tap water (about 20 to 40 
ppm Cl), th1·ee moist-cured conc1·ete specimens out of 
the five cracked about 7.6 cm (3 in) above the waterline 
after about 600 days of testing. 

At the conclusion of the test period of 1700 days, all 
10 tap water specimens were opened for inspection of 
the galvanizing. On all but one specimen, relatively 
minor rust spots were observed on the zinc surface. The 
one exception was where rust was absorbed by the steam
cured concrete and was on the surface of the metal for a 
distance of about 0.32 cm (1/a in). Zinc corrosion prod
ucts were observed at the tap waterline and below, but 
above the waterline the zinc was generally free of cor
rosion products. 

Three concrete samples from the 418-kg/m3 (71/i,
sack) concrete were chemically analyzed and fo'und to 
contain about 100 ppm chromate as CrOa. This is es
timated to be greater than that found necessary in ce
ment pastes to prevent hydrogen gas evolution from 
zinc (9). Minor evidence of gas evolution was observed 
at the-concrete-zinc interface, and many of the galva
nized steel bars exposed showed no evidence of mortar 
porosity or of it sticking to their surfaces. The source 

of the chromate was found to be in the aggregate and the 
cement. 

A chemical analysis of the concrete section immersed 
in tap water showed about 3.3 kg of chloride ion per cubic 
meter of concrete (5.6 lb/yd3

). The chloride content of 
the atmospherically exposed concrete was found to be 
about 0.95 kg/m3 (1.6 lb/yd 3

). The source of the chloride 
in concrete was not determined. For the underwater 
concrete sections exposed to the saturated sodium chlo
ride solution, the average amount of absorbed chloride 
was 37.6 kg/m3 (63.3 lb/yd 3

). 

Table 2 gives concrete absorption test results. Based 
on the consistency of results, differences in concrete 
absorption do not appear to have affected any compara
tive test results. 

As a further evaluation of the relationship between 
zinc and concrete cracking, the 20 galvanized specimens 
in each test were ranked in ascending order of actual 
weight of zinc and then separated into two groups. The 
two groups consisted of 10 that had the lightest weight of 
zinc in the particular test series and the other group of 
10 that had the heaviest weight of galvanizing. Then the 
average of days to concrete cracking for each group in 
each test series was calculated and tabulated (Table 3). 
In each case the group of bars with the heaviest galva
nizing cracked first. 

DISCUSSION OF RESULTS 

The test data showed that, for greater weights of zinc 
coating, the concrete cracked earlier. Also, because 
heavier weights of zinc coating resulted in earlier con
crete cracking, it is obvious that the corrosion products 
of zinc exert sufficient pressure to crack a 2.5-cm-thick 
(1-in) concrete cover. 

The potential of the galvanized bar in initially salt
free concrete was found to vary between -0.19 and -0. 75 V 
SCE (saturated calomel half cell). This voltage differ
ence of O. 56 V might result in localized corrosion of the 
zinc coating. 

In highly salt-contaminated concrete the potential of 
the galvanized bar varied between -0.62 and -1.02 V 
SCE, which could cause sections of zinc to have a gal
vanic voltage difference of O .40 V-a difference that 
could induce localized corrosion of itself. When zinc is 
in concrete of variable salt contamination (potential at 
1.02 V SCE) (Figu.1·0 2) and a potential of -0.19 V SCE 
(Figure 5), then the corrosion of zinc in the salt-
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of about 0.83 V driving the associated current flow. 
For steel in concrete specimens exposed to a satu

rated sodium chloride solution, it was reported (16) that 
the mean potential of corroding black steel was -0.36 V 
SCE to a maximum mean of -0.48 V SCE. Therefore, 
when black steel in salt-contaminated concrete begins to 
corrode (potential of -0.36 to -0.48 V SCE) and is elec
trically interconnected to galvanized steel in relatively 
low salt concrete (minimum potential of -0.19 V SCE), 
then the reversed polarity zinc might cause the black 
steel to have accelerated corrosion as a result of the 
0 .17 to O .29- V differential. 

For the ave1•age indicated range of half-cell poten
tials of zinc (this report) and black steel in salt-free 
concrete (8, 16), it seems likely that the black steel 
would normally tend to cause accelerated corrosion of 
galvanizing in salt-free concrete. 

Under certain conditions, the polarity of zinc can re
verse, which may cause accelerated corrosion of black 
steel. For example, at temperatLLres of about 60°C 
(140°F) or higher in aerated hot waters, it was dete.r
mined (12) that zinc does not act as a sacrifical coatlng 
but becomes noble and induces pitting of steel. It was 



also found that waters high in carbonates increase the 
tendency of the polarity reversal of zinc to iron couple 
(13, p. 330) 
- It was reported that the formation of ZnO as a cor

r osion product of zinc is responsible fo1· the polarity 
reversal instead of the porous Zn(OH)2 or the basic zinc 
s alt, which is normally anodic to iron (14 , p . 16). The 
compound ZnO is reported to be a semiconductor that in 

Table 1. Concrete mix variables. 

Mix (kg/m') 

Variable 279 335 418 

Maximum agg regate size, cm 1.9 1.9 1.9 
Actual cement content, kg/m3 277 332 418 
Slump, cm 7.6 6.4 7.6 
Net water/cement (by welg i1 ll 0.63 0.51 0.41 
Gross watcr/ccmont (by weight) 0.72 0.59 0.47 
Air (entrapped), percent 2.15 2.6 1.6 

Note: 1 kg/m 3 
a 0,062 lb/ft3 1 cm= 0.39 in. 

Table 2. Concrete absorption (percent by volume). 

Galvanized Black Steel 
Cement (kg/m3

) Cure Bars Bars 

279 Moist 15.30 15.23 
Steam 15.53 15.64 

335 Moist 14.83 
Steam 14.84 

418 Moist 13.84 13.83 
Steam 13.42 13.48 

Note: 1 kg/m3 
a 0.062 lb/ft3• 

Figure 1. Potentials of black and galvanized steel in 
279-kg/m3 concrete (moist cured). 
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aerated waters acts as an oxygen (02) electrode whose 
potential is noble to zinc and iron (15), A noble poten
tial may accelerate the corrosion oTmetals with a less 
noble potential. 

It was also reported that, when zinc is used as an 
anode in water or dilute NaCl, the current output de
creases gradually because of the insulating corrosion 
products formed on the zinc surface. In one series of 
tests, the current between zinc and iron decreased to 
zero in 60 to 80 days , and a slight reversal of polarity 
was reported (15, p. 204). 

Based on these reports by others, it is obvious that 
zinc will not always be a sacrificial metal and thus in
hibit or reduce the corrosion of black steel. 

In other studies it was found that, when zinc was 
placed in concrete, the high alkalinity of the cement 
caused it to react and evolve hydrogen gas (~ 17). 

Table 3. Weight of zinc and concrete cracking. 

Days to Concrete 
Cracking Weight of Zinc· (g/m') 

Cement Standard 
(kg/m') Cure Average Deviation 

279 Moist 327 56 
302 48 

Steam 248 82 
239 75 

418 Moist 600 56 
498 123 

Steam 390 69 
381 182 

Note: 1 kg/m 3 = 0.062 lb/ft 3 ; 1g/m2 = 00033 oz/ft2 • 

aFor 10 bars. 

Standard 
Average Deviation 

895.4 46.7 
1038.1 71.6 

873.7 41.5 
979.9 36.6 

901.6 43.5 
1124.2 173.0 

916.0 55.4 
1137.1 106.9 

Figure 4. Potentials of black and galvanized steel in 418-kg/m3 
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When mixing cement with distilled water, researchers 
found that the resultant pH was 12.8-well into the alka
line r ange-which is highly corrosive and caus es hydro
gen evolution from the zinc (9, 18). It has also been re
ported that, if more than 100- mgi'kg of CrQ3 is added to 
the mixing water (17), the evolution of hydrogen gas will 
be inhibited. -

In short time tests, it was reported that the corrosion 
r ate of zinc is lowest at a pH range of 7 to 12 and is quite 
r apid when pH is 12.5 (15) or near the values of 12.6 or 
12.'7 (9). -

In These tap water tests, black steel as a control for 
the galvanized steel specimens was omitted because, in 
previous tests of concrete with the same cement factor 
as that used in this test, the authors observed no cor
rosion of the bars. Also, because this test was to evalu
ate galvanizing it was originally thought that there would 
be no corrosion of the zinc and that the galvanized spec
imens would be a control for the specimens exposed to 
the salt. Such was not the case; however, the test of 
the galvanized specimens in tap water did demonstrate 
the wide range of half-cell potentials that could be ex
pected in zinc, and the measured values are subject to 
a great deal more interpretation and investigation than 
anticipated. 

SUMMARY AND CONCLUSIONS 

Galvanized and Black Steel 

When the steel-reinforced concrete specimens used in 
the tests were partially immersed in saturated sodium 
chloride solution, the chloride ion penetrated the con
crete and caused both the galvanized steel and the black 
steel to begin to corrode at essentially the same time. 
In a relatively porous concrete, corrosion-caused con
crete cracking required a longer time when the steel was 
galvanized than when it was not. In a high-quality struc-

Figure 5. Potential of galvanized reinforcing steel in 335-kg/m3 

concrete in tap water. 

8 -

. 7 

UJ 
u 
Ill 

Ill 

~ .6 

g 
...J 

"' ~ .5 
UJ 

b .. 
...J 
...J 

~ .4 

LL 
.J 
<I 
:r 

. 2 

"' u 
3 ... 

~ 
1\ , , 
I I 
I 11 
I I 
I I 
I 
I 
I 

_,..._ _ __. __ _.__ __ _,_ __ ..L.. ____ .__ _ _. __ _._ __ ..._ _ ___, 

0 200 400 800 800 1000 1200 1400 1800 1800 

DAYS OF TEST 



tural grade concrete, corrosion of the galvanizing has
tened the time to cracking. It appears that the porosity 
of the concrete can govern the time to cracking: The 
greater the porosity is, the greater will be the amount 
of zinc corrosion products that can be absorbed before 
bursting pressures develop. 

The test results showed that, irrespective of the con
crete quality or method of curing used, thicker coatings 
of zinc (up to 1420 g/ m 2 or 4.65 oz/ ft2) resulted in a 
shorter time to corrosion-caused concrete cracking. 
This test result indicates that the greater the amount of 
galvanizing used, the greater will be the amount of cor
rosion products available to cause concrete cracking. 
This could indicate that the galvanizing corrodes rapidly 
in salt-contaminated concrete. Otherwise, there should 
be no difference in time to cracking for different thick
nesses of zinc. 

Electrical potential measurements indicate that gal
vanized steel can assume electrically noble potentials in 
low-salt concrete and initially serve as a cathode to 
cause accelerated corrosion of both galvanized and black 
steel in highly salt-contaminated concrete. The amount 
of corrosion that occurs will depend on many variables 
such as polarization and anode to cathode area. On the 
basis of data plots, it was estimated that the lower mean 
potential of galvanized steel in concrete exposed to tap 
water was about -0.36 V SCE with a standard deviation 
of about 0.12 V (Figure 5). However, it was not deter
mined whether this or other potentials indicate a passive 
or noncorroding condition for the galvanized steel. But 
zinc and steel corrosion products were observed on the 
surfaces of the steel bars. As a result, in concrete of 
variable salt concentration, there does not seem to be a 
definitive half-cell potential that would clearly indicate 
an active (corroding) or passive (noncorroding) condition 
of the zinc. 

It appears that zinc behaves similarly to steel in salt
contaminated concrete; it corrodes and causes concrete 
cracking. 

Zinc does not have a consistent half-cell potential in 
concrete whereby it can be depended on to be a sacri
ficial metal and protect steel from corrosion by galvanic 
action. 

In salt-contaminated concrete, the data (Figures 1 
through 4) indicate that galvanized steel can have a half
cell potential that ranges between -0 .62 and -1.02 V 
SCE (pote ntials within the limits of standai·cl deviation). 
It is assumed that such potentials indicate an active or 
corroding state for the galvanized steel. 

Also, the potential measurements show that galvanized 
steel can, under some conditions, initiate corrosion of 
itself in salt-free concrete. The potential of zinc in rel
atively low salt-containing concr ete can vary between 
about -0.19 and - 0 .75 V SCE (Figur e 5), which can result 
in a galvanic voltage difference of 0.56 V to initiate local
ized corrosion of itself. The amount and rate of corro
sion will depend on many variables. 

In tap water galvanized steel corroded initially in 
relatively salt-free concrete and, after about 600 days 
of test, caused three out of five moist-cured specimens 
to crack (Figur e 5). The five steam-cui·ed specimens 
did not have concrete cracking. 

Concrete Curing 

In this series of tests, as well as i n those previous ly 
re11or ted (8, 16), there is a more rapid penetr ation of 
chloride intosteam- cured concrete and earlier cor rosion 
of the embedded steel as compared to a water-cured con
crete of the same quality. 

29 

Concrete Absorption 

Concrete absorption or porosity, per se, indicated that 
it had a significant effect on the results of the corrosion 
behavior of galvanized steel. In highly absorptive con
crete, the time to cracking caused by corrosion of gal
vanized steel will differ greatly from that of black steel. 
However, concrete absorption is not a reliable indicator 
of the protective qualities of concrete when the value is 
controlled by variables other than cement factor (8). 

It is likely that the corrosion products are partially 
absorbed by the adjacent mortar or aggregate in highly 
absorptive concrete, which postpones an internal pres
sure buildup by the corrosion products that can cause 
rupture of the concrete. 

REFERENCES 

1. I. Cornet and B. Bresler. Corrosion of Steel and 
Galvanized Steel in Concrete. Materials Protection, 
Vol. 5, No. 4, April 1966. 

2. D. A. Lewis. Some Aspects of the Corrosion of 
Steel in Concrete. First International Congress on 
Metallic Corrosion, London, April 1961. 

3. D. F. Griffin. Effectiveness of Zinc Coatings on 
Reinforcing Steel in Concrete Exposed to Marine En
vironments. Civil Engineering Laboratory, U.S. 
Navy, Port Hueneme, Calif., Technical Note N-1032 , 
July 1969; Second Supplement, June 1971. 

4. C. E. Bird and F. J, Strauss. Metallic Coatings 
for Reinforcing Steel. Materials Protection, Vol. 6, 
No. 7, July 1967. 

5. W. Halstead and L. A. Woodworth. The Deteriora
tion of Reinforced Concrete Under Coastal Condi
tions. Trans., South African Institute of Civil Engi
neering, April 1955, pp. 1-20. 

6. B. Tremper, J. L. Beaton, and R. F. Stratfull. 
Causes and Repair of Deterioration to a California 
Bridge Due to Corrosion of Reinforcing Steel in a 
Marine Environment-Part II: Fundamental Factors 
Causing Corrosion. HRB, Bulletin 182, 1958, pp. 
18-41. 

7. Concrete Bridge Deck Durability. NCHRP, Synthe
sis 4, 1970. 

8. D. L. Spellman and R. F. Stratfull. Concrete Var
iables and Corrosion Testing. HRB, Highway Re
search Record 423, 1973, pp. 27-45. 

9 . C. E. Bird. The Influence of Minor Constituents in 
Portland Cement on the Behavior of Galvanized Steel 
in Concrete Corrosion Prevention and Control. July 
1964, pp. 17-21. 

10 . T. Ishikawa, I. Cornet, and B. Bresler. Electro
chemical Study of the Corrosion Behavior of Galva
nized Steel in Concrete. Proc., Fourth International 
Congress on Metallic Corrosion, Amsterdam, Sept. 
7-14, 1969, pp. 556-559. 

11. R. F. Stratfull, W. J. Jurkovich, and D. L. Spell
man. Corrosion Testing of Bridge Decks. Paper 
presented at 54th Annual Meeting, TRB, 1975. 

12. G. Schikorr. The Cathodic Behavior of Zinc Versus 
Iron in Hot Tap Water. Trans., Electrochemical 
Society, Vol. 76, 1939. 

13. R. Hoxeng and C. Prutton. Electrochemical Behav
ior of Zinc and Steel in Aqueous Media. Corrosion, 
Vol. 5, 1949. 

14. P. J. Gilbert. The Nature of Zinc Corrosion Prod
ucts. Journal of Electrochemical Society, Vol. 99, 
1952. 

15. H. H. Uhlig. Corrosion and Corrosion Control. 
Wiley, New York, 1964. 

16. R. F. Stratfull. Half-Cell Potentials and the Cor
rosion of Steel in Concrete. HRB, Highway Re-



30 

search Record 433, 1973, pp. 12-21. 
17. K. A. Christenson and R. B. Williams. Solving 

the Galvanic Cell Problem in Ferro-Cement. Tech. 
Rept. No. 2, NR Contract N 00014-69-A-0200-
1007, Project NR 032522, July 1971. 

18. B. E. Roetheli, G. L. Cox, and W. B. Littreal. 
Effect of pH on the Corrosion Products and Cor
rosion Rate of Zinc in Oxygenated Aqueous Solu
tions. Metals and Alloys, March 1932, p. 73. 

19, H. Woods. Durability of Concrete Construction. 
ACI Monograph 4, 1968, p. 115. 

20. R. F. Stratfull. A Report on the Investigation of 
the Concrete Embedded Steel in the Facilities Lo
cated at the U.S. Naval Station. U.S. Navy, March 
1960. 

Discussion 
Daryl E. Tonini, American Hot Dip Galvanizers Asso
ciation, Inc. 

My comments refute the highly speculative and largely 
unsupported conclusions put forward by Hill, Spellman, 
and Stratfull. The comments address the following 
subjects: test conditions, zinc corrosion products, and 
coating thickness in some detail. 

TEST CONDITIONS 

Although they do not mention it in the test procedures, 
the authors do comment about the lack of control speci
mens in the experiment. Their rationale for omitting 
control specimens is unsatisfactory and most disturbing. 
Also, I am concerned about the variability introduced 
into the experiment by the use of 10 different batches of 
concrete, even when made to the same nominal specifi
cation. In addition, no mention is made of how the bars 
were assigned to the test prisms. It appears that they 
were assigned systematically and not randomly, as 
should have been required. Therefore, it seems that 
the design of this experiment may have been so poorly 
controlled at the outset as to raise serious doubts about 
the validity of the results and conclusions. 

Besides, the test conditions themselves were appar
ently so poorly controlled that they produce extreme 
distortions of the real-world conditions that the authors 
should have attempted to simulate. A chloride level of 
37.6 kg/m3 (63.3 lb/yd3

) does not appear to be typical at 
bar level for either a full-scale structure such as a 
bridge deck or that found in other experiments of this 
type. In addition, differential cell effects generated 
under the exposure conditions used for this study appear 
to have been totally unaccounted for in the data presented 
in the paper. 

The critical reader who is familiar with the work of 
other researchers in this field must question test con
ditions that led to the cracking performance found by the 
authors, particularly the black bar specimens, which 
apparently did not crack even after 622 days of exposure . 
For example, Clear and Hay (21), using "the utmost in 
[ cement] quality control," found that, fo1· "typical bridge 
deck co·nc1·ete," i.e., cement factor of 7.0, w/c = 0.50, 
and 2;5 cm (1 in) of cover, the time to corrosion for 
black steel was only 1 week in roost cases for a surface 
application of a total of only 0. 6 kg (1.4 lb) of salt. For 
the test specimens cited by Clear and Hay, rust stains 
appear as soon as about 15 weeks and no later than 45 
weeks. It would have been very enlightening had our 

authors been more thorough and conducted further analy
ses. They would have then been able to give the reader 
some quantitative indication of the conditions that led to 
the highly unusual performance for black steel. 

Also, from the data presentations adopted by the au
thors, it is evident that they assumed that the data on 
time to cracking were normally distributed and that they 
were therefore justified in using mean and standard de
viation values in the presentation of the data. This as
sumption is open to serious question and must be justi
fied before the arguments presented can be considered. 
Judging from the relatively large values presented for 
standard deviation, the authors should have felt impelled 
to examine the nature of their data more carefully before 
adopting such a statistical format for their results. With
out a presentation of the authors' data, one can only spec
ulate on the more precise nature of the statistics of the 
expe1·iment. However , from the very nature of this type 
of experiment and from what is appar ently typical of the 
statistics of related corrosion experiments, the assump
tion of normal distribution statistics is highly suspect. 

ZINC CORROSION PRODUCTS 

The authors suggest several times that the formation of 
zinc corrosion products generates bursting pressures, 
which have a direct relationship to the time to cracking. 
Neglecting for the moment the authors' unsupported cor
relation between a time to cracking criterion and the un
derlying corrosion mechanism, let us examine some of 
the features of the corrosion model that has been sug
gested. The authors state " ... it is obvious that the cor
ros ion products of zinc exer t sufficient pressw·e to crack 
a 2.5-cm-thick (1-in) concrete cover. " Unfortunately, 
what appears to be obvious to the authors was in no evi
dent way measured in the experiment described. Even 
a casual reading of Reis , Mozer , Bianchini, and Kesle1· 
(22) or Houston, Atimtay, and Ferguson (23) should have 
dissuaded the authors fr om using s uch a s implis tic model, 
particularly since they failed to support their assumption 
with data from the experiment . As fu1·ther reinforcement 
fo.r this point , Cornet and Bresler (24) s how that a sig
nificant difference in time to c1·acki11g (as well as extent 
of cracking) in test pris ms can be attributed to differ
ences in rebar geometry (e .g., deformed or plain bars) 
and that cracking during the earlier stages of exposure 
can be unrelated to corrosion effects for either black or 
galvanized bars. 

The authors also speculate, again without any indica
tion that measurements were made, that zinc corrosion 
products migrate away from galvanized bars to account 
for their apparent improved performance in more porous 
concrete material. This assumption may be refuted with 
the authors' own data. From the absorption data given 
in Table 2 and Figures 1 through 4, it can be shown that 
the porosity data cannot always be correlated with time 
to c1·acking criteria. It can be demonstrated that the 
data presented for the 279-kg/m 3 and 418-kg/ms (5 and 
71h-sack) mixes are cons is tent in this regard. 

Further, when one examines the relative magnitude 
of changes in absorption that are suggested by the authors 
as the reason for differences claimed in performance as 
measw·ed by time to cracking, one finds that, for the 
279-kg/m 3 (5-sack) material, a change of only 1.5 percent 
in absorption appears to produce a 23 percent change in 
time to cracking. For the 418 kg/m3 (71

/ 2-sack) material, 
a change of 3.1 percent in absorption appears to produce 
a 23 percent change in time to cracking, in the opposite 
direction. For a relationship that is so highly leveraged 
(even if it was consistent), I am curious about how ac
curately absorption was measured with regard to the 
relatively small magnitude of change that was cited. 



Further, one is led to assume from the absorption 
testing temperature specified that the porosity measure
ments were made on samples prepared for that purpose 
and not made on the rebar test specimens. There is no 
mention of any controls to ensure that the concrete in 
the specimens was properly consolidated or of any mea
surements made of the unit weight of the specimens to 
determine how well consolidation was effected in the 
preparation of the samples. 

How can the authors seriously suggest that their 
major conclusion can even be remotely ascribable to 
cement factor and absorption when they have apparently 
overlooked (or failed to control) the consolidation of 
their specimens? Clear and Hay (21) have eonvincingly 
demonsh·ated that a variation of as little as 5 percent in 
the in-place density can result in increasing chloride ion 
penetration through a 2.5-cm (1-in) concrete cover by a 
factor of 6.33. 

It is also interesting to note that Stark and Perenchio 
(25) found no correlation between cement factor and gal
vanized reba1· performance in any of the full-scale or 
simulated bridge deck structures they investigated. In
asmuch as scale factors in laboratory tests can often 
produce misleading results, particularly if the labora
tory tests are poorly designed or executed, they gener
ally cannot be given the same credence as tests on full
scale structures. Stark and Perenchio concluded that 
" ... this investigation shows that galvanized steel clearly 
outperfo1·med the untreated steel where a corrosive en
vironment exists as defined by chloride ion content and 
condition of the steel." 

COATING THICKNESS 

The most anomalous assertion in the paper is that gal
vanized material with lighter coating weight performs 
better than does material ·with a heavier coating. This 
is particularly troubling since the conclusion is the re
sult of a pseudo-statistical argument. It is suppol·ted 
only by speculation and not by any apparent analysis of 
the specimens themselves. 

The conclusion regarding coating weight is based 
on a simple comparison of arithmetic means after 
the data were ordered into two populations based on 
coating weight. If valid, this compai·ison must satisfy 
at least a basic test for significance J,)etween the differ
ence of mean values. Applying the universally accepted 
Student's t-test to the means clearly shows that sometl1ing 
is ve1·y wrong with tbe authors' conclusion on coating 
weight. At a 99 percent confidence level (a common 
criterion for such testing), all the tests fail to show any 
statistically significant differences between the mean 
values used by the authors. At a 95 percent confidence 
level, three out of fou1· comparisons fail to show any 
differences between the mean values cited. Based on 
this, the coating weight conclusion presented by the 
authors is seriously flawed and is rejectable. What is 
puzzling is why the authors did not include electroplated 
zinc bars with coating weights of a lesser order of mag
nitude into their test matrix. It appears that such an 
examination would have resolved this question much 
more directly than was attempted by the authors. 

In the Stark and Perenchio report, there are no dif
ferences in galvanized rebar performance that could be 
attributed to coating weight. They were dealing with the 
almost exact same range of coating weights as were the 
authors. 

The space available for these comments does not 
permit a detailed discussion of other defects in the Hill, 
Spellman, and Strat!ull paper. However, a close ex
amination of their arguments co11cerning potentials and 
potential reve1·sal shows deficiencies of a magnitude 

31 

similar to those cited here. It is hoped that these topics 
will be addressed by othe1· commentators. 

In conclusion, tl1e Hill, Spellman, and Sb·atfull paper 
is flawed to the extent that it should be essentially re
jected and the experiment reperformed under controlled 
conditions. 
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Tonini's comments seem to be well founded. I too believe 
that important conclusions reached by the authors are 
wrong, that they are not supported by the data presented, 
and that in any case the data obtained cannot be relied on 
because the tests were poorly designed, not subject to 
comparison with conh'ol tests, and not suppo1·ted by es
sential data concerning the materials used. Also, many 
of the data can be used to support entirely contrary con
clusions. 

I make these forthright comments because I believe it 
would be a pity if, because of this laboi-atory s.tudy, gal
vanized steel was neglected for bridge deck reinforce
ment. Galvanized reinforcement has been proved to ex
tend the life of a wide range of reinforced concrete struc
tures. Core tests of a 21-yea.r-old bridge deck made by 
the Portland Cement Association showed that in concrete, 
with chloride levels above those considered aggressive 
to untreated steel, a galvanized coating was still pro
tecting the basic steel, and between 60 and 75 percent of 
the ori~inal galvauized coating remained after 21 years. 

The results reported in this paper are not consistent 
with previous laboratory tests nor with practical ex
perience. It is reasonable therefore to question the test 
rather than the subject of the test. 

Accelerated tests in general are notoriously incon
clusive and are only indicative of what might happen under 
the conditions under which the test was made. A corro
sion engineer will seldom rely on such data without hav
ing demonstrated that the kinetics of the reactions can at 
least be related to those taking place in practical situa
tions. 

Of paramount importance to the corrosion resistance 
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of galvanized reinforcing steel is the nature of the gal
vanized coating. No data have been provided concerning 
this important variable. The authors have, however, 
pointed out that a wide variation in coating weight was 
noted. This indicates lack of control of the galvanizing 
operation or inadequate control of the composition of the 
basis steel or both. 

Let us consider the summary and conclusions. The 
authors state, "The greater the porosity [ of the con
crete J is, the greater will be the amount of zinc corro
sion products that can be absorbed before bursting pres
sures develop." No data are presented that show the 
porosity of the concrete. We cannot agree with the view 
that a 10 percent difference in absorption, which the au
thors noted between a mix containing 279 kg/m 3 (5-sack 
mix) and a mix containing 418 kg/ m 3 (71,/:i -sack mix), con
sidered in the absence of permeability data, justifies the 
speculation that this indicates a difference in porosity 
that could account for differences in pressure, which in 
turn are caused by an unknown amount of corrosion 
product. 

Concrete cracking is caused by a number of factors 
unrelated to corrosion of the reinforcement. The au
thors could have examined the galvanized specimen after 
testing to confirm the presence and composition of zinc 
corrosion products and determine the degree of any zinc 
absorption. Instead, they were content to rely on pure 
conjecture concerning this fundamentally important point. 

The authors also state that thicker coatings of zinc 
result in a shorter time to cracking. They write that 
this could indicate that galvanizing corrodes rapidly in 
salt-contaminated concrete. They ignore the evidence 
in the literature that the diameter of any reinforcing bar, 
the depth of cover, and the time to cracking are related. 
It seems more likely that the effect reported is due to 
geometry rather than to any special corrosion suscepti
bility of the zinc. 

The authors appear to be relating the open-circuit 
potentials that they have seen at different times for zinc 
in low-salt concrete and the open-circuit potentials of 
steel in lightly salt-contaminated concrete. However, 
it is closed-circuit potential, among other things, that 
is important to the course of any corrosion and not open
circuit potential. They correctly state that any corrosion 
that might occur will depend on many variables. It would 
be more realistic if they had pointed out that these vari
ables are so poorly defined by their available data that 
their remarks are entirely speculative. In my view, 
such far-fetched speculation has no place in such a paper. 

A sel'ies of papers by Gouda and Mourad (26, 27, 28) 
stresses the effect of differences in pH, salt concentra
tion , surface condition, carbon dioxide, and oxygen con
centration on the corrosion of untreated (black.) steel re
inforcement. Hill, Spellman, and Stratfull attempted to 
simulate, in an accelerated manner, the corrosion of 
reinfor cing steel in a bridge deck by taking concrete 
specimens 38 by 6.4 by 11.4 cm (15 by 21,{ by 41

/ 2 in) and 
placing them to act as a wick, immersed to a depth of 
8.9 cm (31/a in) in concentrated salt solution. This salt 
solution was able to evaporate on penetrating the speci
men, carrying with it usual amounts of dissolved carbon 
dioxide and oxygen, and also it was able to build up a 
level of salt contamination and of chloride concentration 
cells far more severe than would have been likely in 
practice. All this produces conditions in no way com
parable to what might have occurred in practice. 

Also, the quality control exercised in the investiga
tion can be questioned. Similar specimens were placed 
in tap water, and! even in ta~ water, the specimens 
built up 1.9 kg/m (5.6 lb/ yd ) of chloride ion. They 
found that atmospherically expqsed concrete specimens 
contained 0.55 kg/m~ (1.6 lb/yd3

) of chloride. Where did 

all this salt come from? In one northern state, about 
2.42 kg/ m' (7 lb/ yd3) of chloride ion is the maximum 
expected. Clear and Hay (21) suggest that 0.38 to 0.45 
kg/m9 (l.1 to 1.3 Ib/ yd3

) ofchloride ion is the threshold 
level for chloride-initiated corrosion of untreated re
inforcing steel in concrete. Yet the authors refer to 
their specimen as being relatively salt free. The pres
ence of these unexplained large amounts of chloride in 
the tap water specimens and in the atmospherically ex
posed specimens justifies serious doubt about the manner 
in which the concrete was prepared. Furthermore, the 
consolidation of the mix can be critical to the behavior 
of the concrete and its reinforcement. Equal consolida
tion of specimens is therefore vital to ensure the validity 
of comparative tests. This variable was not judged 
worthy of mention. Furthermore, to ensure comparable 
results of course requires that the concrete be uniform 
in composition from one specimen to another, and yet 10 
separate mixes were prepared for the mixes containing 
279 and 418 kg/m 3 of cement (5 and 7% sack), 

Regarding paragraph 4, galvanized steel is generally 
accepted as an excellent protective coating for steel. In 
1973, 1.5 Tg (1 535 000 metric tons ) were used for this 
purpose. Those wise enough to make use of it in this 
fashion would not quarrel with the authors' statement, 
"Zinc behaves similarly to steel. ... It corrodes .... " It 
has however been shown to increase the life of the steel 
out of all proportion to the increased cost incurred, and 
that is why such a tremendous amount of zinc is used for 
corrosion protection. 

The authors suggest that zinc may reverse its polarity 
and cause accelerated corrosion of black steel. Given 
the miniscule amount of data relating to half-cell poten
tials that they feel justifies placing such a suggestion in 
the open literature and given the findings of others that 
in the presence of chloride ion, or calcium or silicate 
ions, no such reversal has been seen, and given that 
cases of reversal of zinc potential in practice have been 
involved with domestic water falling within certain limits 
of composition and usually with elevated temperature and 
under pressure of oxygen, I can only characterize their 
statements as irresponsible. 

It is entirely beyond reason to draw any analogy be
tween corrosion processes taking place under neutral 
conditions in domestic water and what might take place 
in concrete. Even in the case of distilled water, two in
vestigators (29) concluded that "The cathodic depolariza
tion arising from oxygen at atmospheric pressure is in
sufficient to bring about polarity reversal of zinc-steel 
couple" and that "The presence of chloride ions in solu
tion reduces any tendency towards enoblement of zinc." 
The authors covered 3 to 5 ppm (c1-) and 100 ppm (c1-). 

Also in the summary, the authors "assume" that, 
based on half-cell potential, the galvanized steel in their 
salt-contaminated concrete is in an active or corroding 
state. Yet in a previous paragraph they state that this 
was "not determined." 

I confess that I am unable to comprehend what the 
authors are getting at in the last paragraph of their re
sults . Do they seriously suggest that, for example, when 
a rebar with 7.92 g/ m 2 (3 oz/!t2) of zinc showed 390 days 
to concrete cracking with a standard deviation of 69 days 
and a rebar with 9.85 g/m 2 (3.73 oz / ft2) s howed 381 days 
to concrete cracking with a standard deviation of 182 
days, these data can be used to help form any conclusion 
whatsoever? Surely impartial examination of this set of 
data, given the limits of error noted, cannot bolster the 
authors' view that galvanized bars with heaviest galvaniz
ing will crack first. 

We feel that publication of this paper may cause wrong 
conclusions to be formed by readers who are not able to 
assess the questionable statistical methods used and who 



may be unused to evaluating the extent to which lab
oratory tests can be applied in practice. 

We prefer to rely on the many other tests and long 
practical experience to support the use of galvanized 
steel in concrete. One example would be the 2-year 
tests and practical experience that justified the state
ment by an area engineer in Bermuda: "The use of 
fresh water, Stateside aggregate, adequate cover and 
galvanized steel is required to provide concrete in 
Bermuda guaranteed to have no rust," and it should be 
borne in mind that a good deal of reinforced concrete 
in Bermuda is exposed fully immersed or partially im
mersed in seawater. 
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The paper by Hill, Spellman, and Stratfull presents in
formation that demonstrates the need for further re
search on corrosion of metals in concrete. 

A .few mino1· items may be noted. In Table 3 the 
279-kg/m3 (5-sack.) concrete steam-cured specimens 
average 275 and 239 days, which would give an arith
metic mean of 257 days to concrete cracking. Figure 2, 
however, gives a mean of 243 days. For the same Table 
3, the 418-kg/m 3 (7%-sack) concrete moist-cured speci
mens average 600 and 498 days, which would give an 
arithmetic mean of 549 days to concrete cracking. Fig
ure 3 gives a mean of 475 days. For purposes of this 
discussion it is assumed that table values are correct, 
and an arithmetic mean is intended in the figures. 

The authors are perhaps unduly negative and pessi
mistic about their findings. Their data show substan
tially a two to one improvement in performance of gal
vanized steel over black steel in prism specimens of 
279-kg/m3 (5-sack) concrete exposed to saturated sodium 
chloride solution. Moreover, there is clear indication 
that an optimum thickness of zinc coating might give 
even greater improvement over black steel~ as shown 
in Figure 6. Black steel is O g/m 2 (O oz/ft ) in this fig
ure. For the black steel each observed point is the av
erage of 20 specimens; for the galvanized, each observed 
point represents 10 specimens. Predictions of the av
erage days to cracking for black steel specimens are 
taken from earlier publications by Spellman a nd Stratfull 
(8, 30), based on data shown in Figure 7. Observe that 
there is excellent agreement between the experimental 
observations and the predicted time to cracking for the 
279-kg/m 3 (5-sack) conc1·ete specimens. 

The authors are to be congratulated on demonstrating 
a two to one improvement in corrosion resistance for the 
279-kg/m3 (5-sack) concrete. Such concrete may be re
garded as average for construction practice. Control of 
water-cement ratio may be very important in securing 

best performance, but practical improvements and 
economies may bP. obtainable by galvanizing. The au
thors should publicize this work on the 279-kg/m 3 (5-
sack) concrete. 
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It is more complicated to analjze the performance of 
galvanized steel in the 418-kg/ m (71,~-sack) concrete. 
Figure 6 shows clearly that there may be an optimum 
thickness of galvanizing to give greater corrosion resis
tance in concrete. Obviously there is need for more re
search on the effect of thickness of zinc on corrosion re
sistance of reinforcement. Comparisons between galva
nized and black steel reinforcement require prediction 
of when the black steel reinforced specimens would have 
cracked, because tests were terminated before all of the 
black steel specimens had cracked. Fortunately Spellman 
and Stratfull have provided a prediction equation for the 
average days to concrete cracking: 

C = 1.12P + 115 (1) 

where P = average days to active potential. The pre
dicted C = 289 days is shown in Figure 6. Incidentally, 
Spellman and Stratfull state that "the time to the active 
potential of steel in concrete is mathematically related 
to the time to concrete cracking due to corrosion" (8). 
They furthermore state that "visual observations not 
only are of questionable accuracy depending on the ob
server but also are a more time-consuming and expen
sive procedure than is the measur ing of half cell poten
tials" (8). Accordingly, one can place considerable con
fidence in the predicted time to cracking of concrete due 
to corrosion of black steel. 

It is not really necessary to predict the time for crack
ing on the 418-kg/m 3 (7%-sack) concrete with black steel. 
Spellman and Stratfull have published data for a 446-kg/m3 

(8-sack) concrete with no admixtures, for both moist and 
steam curing. Days to concrete cracking reported for the 
446-l<g/m 3 (8-sack) concrete are all confined to speci
mens cast vertically. However, Spell ma 11 and Stratfull 
(30, p. 14) state that "the effect of orientation of the steel 
tothe time to an active potential appears to be relatively 
minor." They also state that "the time to the active po
tential ... is mathematically related to the time to con
crete cracking due to corrosion" (30, p. 33). The dat.-. 
are given in Table 4, and the pointsfor moist cure are 
shown in Figure 7. 

The galvanized reinforcement does better than the 
black in the statistics given in Table 4, but it is not clear 
why the two to one improvement in performance found for 
the 279 -ko/m 3 (5-sack) concrete is not maintained in the 
418-kg/m (7 1,.'2-sack) concrete. Incidentally, a 279-kg/m3 

(5-sack) concrete even with a 0.63 ratio of water to ce
ment can hardly be called porous, particularly in the ab
sence of permeability data. An air content of 21,lz percent 
falls in the range of normal nonporous concrete. 

If Hill, Spellman, and Stratfull had continued the tests 
until cracking for black reinforced concrete with the 418-
kg/m 3 (7%-sack) concrete, the ave1·age data points might 
have fallen far from the prediction equation line shown in 
Figure 7. This might have happened if something had 
gotten into the concrete. For example, a 335-kg/m3 (6-
sack) concrete with admixture No. 1 falls way off the 
curve. Or the visual observations of cracking may have 
been of questionable accuracy, as stated by Spellman and 
Stratfull (8). If one did rely on such observations, one 
would, in effect, be discarding entirely the concept de
veloped by Spellman and Stratfull (8) that "the time to 
active potential of steel in concretethat is partially im
mersed in a saturated sodium chloride solution is mathe
matically related to the time to concrete cracking due to 
corrosion." 

It is appealing to have such a useful concept. As 
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Figure 6. Time to cracking versus weight of zinc. 

G/M 2 

Figure 7. Days to concrete cracking versus 
days to active potential (black steel). 

Figure 8. Days to concrete cracking 
versus days to active potential (galvanized 
steel). 300 1200 
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Observed Days Days to Concrete Cracking Table 4. Average days to active potential and concrete 
cracking. Concrete to Active 

Steel (kg/m') Cure Potential Observed Predicted 

Black 279 Moist 55 175 177 
Steam 40 124 160 

418 Moist 155 622 289 
Steam 155 622 289 

446' Moist 348.6, 339.0 390.8, 406.8 505.4, 494.7 
Steam 212.4, 174.8 341.2, 296.8 352.9, 310. 8 

Galvanized 279 Moist 40 315 279 
Steam 40 257 279 

418 Moist 160 549 532 
Steam 105 387 417 

Note: 1 kg/m3 ~ 0.062 lb/lt3 • 

a For slumps of 5, 1 and 10,2 cm (2 and 4 in). 

Spellman and Stratfull have shown, one can save time 
and money in laboratory tests by obtaining a potential
time history, noting when the potential of the black steel 
becomes active and calculating the time to concrete 
cracking by using equation 1. An attempt to obtain 
such an equation for galvanized steel is shown in Figure 
8. Figures 1 through 4 show that galvanized steel starts 
out at a potential of -0.7 to -1.0 V SCE in these tests. 
The galvanized steel passivates in a few days and reaches 
a potential of -0.5 to -0.75 V SCE. The chloride ion then 
permeates the concrete. In a few weeks, the chloride 
ion reaches the reinforcement and attains a sufficiently 
high concentration to break down the passivity. The po
tential then rises to become active at -0.80 to -0.85 V 
SCE. This is an arbitrary selection from the curves, 
but it does permit us to obtain a time to research active 
potential and to derive a correlation equation: 

C=2.IIP+l95 (2) 

Note that galvanized steel has some tendency to repassi
vate or at least to change potential considerably after 
some period of corrosion. Note also that Hill, Spellman, 
and Stratfull present a complicated picture in Figures 1 
through 4. These are mixed potentials for zinc, zinc
iron alloy, and steel in chloride solution in concrete, 
and the curves are averaged curves. One must be cau
tious in going from such averaged data to an individual 
case. 

It is regrettable that the authors could not at this time 
give information on their tests of corrosion of zinc 

electroplated steel reinforced concrete prisms exposed 
to saturated sodium chloride solutions. These were de
signed to have 152, 305, and 610 g/m2 

(\~, 1, and 2 oz/ft2) 
of zinc. Apparently tests were discounted when the spec
imens failed to crack when they were expected to. Speci
mens that were cut open were found to have corrosion 
products other than the white zinc corrosion products 
anticipated. Still it might be illuminating to give details 
on these tests. We understand that the coatings may have 
been cadmium rather than zinc, which unfortunately was 
discovered long after the tests were terminated. Under 
these circumstances it should be noted that the authors 
did not complete the program they originally planned, and 
further work is required. 

Statements on porosity are highly speculative. No 
porosity or permeability was measured. Table 2 shows 
only a 10 percent difference in absorption between the 
279 and 418-kg/m 3 (5 and 71/i-sack) concrete. A 279 - kg / 
m~ (5-sack) concrete wit h 0.63 water-cement ratio can 
hardly be called porous, particularly in the absence of 
permeability data. 

There are misleading speculations that galvanized 
steel can assume noble potentials in low salt concrete 
and cause accelerated corrosion in highly salt
contaminated concrete. The authors are discussing a 
chloride concentration cell in which either steel or gal
vanized steel in a low chloride concentration will be noble 
relative to steel or galvanized steel in concrete that is 
highly contaminated with salt. 

The authors do not show any instance in which the zinc 
would not be sacrificial to steel in salt-contaminated 



concrete. They also confuse open-circuit potentials 
with polarized potentials that would exist if current 
were flowing. 

They speak of _tests in tap water. They had O .9 5 
kg/m 3 (1.6 lb/yd3

) of chloride ion in the atmospherically 
exposed concrete. They note that the source of the chlo
ride ion in the concrete was not determined. The con
crete had 3.33 kg/m3 (5.6 lb/yd3

) of chloride ion in sec
tions immersed in tap water. It is not obvious how tap 
water with 20 to 40 ppm of chloride ion could contami
nate concrete with so much salt. It is misleading to call 
this a tap water test. 

Regarding concrete absorption, the 279-kg/m 3 (5-sack) 
concrete is not "highly absorptive," nor are there any 
test data given that bear on the porosity per se. 

In their results, specimens were partially immersed 
in Sacramento City tap water initially containing about 
20 to 40 ppm of chloride. The authors should note that 
none of the steam-cured specimens cracked in the tap 
water in 1700 days of exposure. This is somewhat in
consistent with other data reported in which steam-cured 
specimens lasted only three-fourths as long as the moist
cured specimens before cracking. 

The authors state in their results that there does not 
appear to be any indication that differences in concrete 
absorption affected any comparative results. This makes 
it particularly difficult to understand their emphasis on 
porosity. 

In evaluating the relationship of zinc thickness to cor
rosion resistance, the authors present mean values and 
overlook the wide variation of values about the mean. 
The standard deviation indicates considerable overlap in 
days to concrete cracking for thick- and thin-coated 
specimens, and the present data may be of questionable 
statistical validity. If, however, further testing con
firms the trends claimed by the authors, it is likely 
that there can be an optimum thickness of galvanizing 
that could provide more than twice the crack-free life 
of the black steel reinforcement. 

In the discussion of the results, much information is 
highly speculative and not supported by test data. The 
authors confuse a concentration cell effect, low chloride 
versus high chloride concentrations, with "reversed 
polarity of zinc." They also confuse open-circuit poten
tials with polarized potentials. 

The discussion of reversal of polarity of zinc is par
ticularly erroneous and highly misleading since the au
thors themselves have referred to a publication by 
Hoxeng and Prutton (13). In aerated solutions, bicarbon
ates and nitrates promote cathodic zinc potentials, par
ticularly in potable waters at temperatur es above 60°C 
(140°F). This reversal in potential does not occur in 
chloride concentrations of more than about 30 ppm. 
Silicates also inhibit the reversal of potential. It is 
farfetched and misleading to liken the alkaline solution 
in salt-laden concrete to a potable water at elevated 
temperatures. 

It should be noted that the corrosion rate of zinc is 
at a minimum when the pH is about 12.5. 

The authors produce a control series for their tap 
water tests that is quite unconvincing. No chloride 
analyses are presented for the earlier tests, which 
lasted over a period of about 3 years compared to the 
present 1700-day test. Nor is there any explanation of 
why the steam-cured galvanized specimens failed to 
crack in 1 700 days. 
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Authors' Closure 
In the closure below, the authors comment on specific 
statements made by the discussants. Our response fol
lows their comments. 

DISCUSSION BY TONINI 

The lack of control specimens is unsatisfactory. 

Control specimens were used. 

The use of 10 batches of concrete raises serious doubts about the validity 
of the resu Its. 

When more than one batch is used, then any effect of a 
singular batch of concrete is eliminated. 

The assumption that the data were normally distributed is open to serious 
question and must be justified in using the mean and standard deviation. 

We observed that Tonini used the Student's t-test to eval
uate the difference in our reported arithmetic means 
without justifying the type of distribution curve. 

It is not obvious that zinc corrosion products can crack concrete. Cornet 
and Bressler (24) show that cracking during ear!ier stages of exposure can 
be unrelated to corrosion effects for either black or galvanized bars. 

Cornet and Bressler stated: "Specimens stored in air 
showed no cracks or rust stains after 24 months' ex
posure." 

It is assumed that absorption testing was made on samples prepared for 
that purpose and not on the rebar test specimens. 

Correct! We overlooked to mention that 15 by 15-cm 
(6 by 6-in) concrete specimens were obtained from the 
test batches to measure absorption. 

How can the authors seriously suggest that their major conclusion can 
even be remotely ascribable to cement factor and absorption when they 
have overlooked (or failed to control) the consolidation of their speci
mens? 

We neither overlooked nor failed to control the consoli
dation of the concrete. All concrete was prepared in the 
laboratory and consolidated by means of vibration and 
checked by unit weight. Cement factor as a means to re
duce water-cement ratio has been well established as a 
control on the time to corrosion of steel in concrete. 

Stark and Perenchio (25) found no correlation between cement factor 
and galvanized rebar performance in any of the full-scale or simulated 
deck structures they investigated. 

The simulated deck structures on which they reported 
had the same cement factor (6 sack), so no r elationship 
could possibly be derived. 

Stark and Perenchio (25) concluded that " ... this investigation shows 
that galvanized steel clearly outperformed the untreated steel where a 
corrosive environment exists as defined by chloride ion content and con
dition of the steel." 

Stark and Perenchio did not compare the corrosion be-
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havior of untreated and galvanized steel in bridges. 

In the Stark and Perenchio report (2.fil, there are no differences in gal
vanized rebar performance that could be attributed to coating weight. 

Stark and Perenchio did not report any attempt to relate 
zinc thickness to performance. 

The test conditions were so poorly controlled that they produced ex
treme distortions of real-world conditions. A chloride level of 37 .5 
kg/m 3 (63.3 lb/yd3 ) does not appear to be typical at bar level for 
either a full-scale structure or that found in other experiments of 
this type . 

The chloride content was found in the submerged section 
of about a 6.4-cm-thick (2 1/2-in) concrete sample. We 
repol'ted (31) the chloride content of a bridge pile ex
posed to salt water after about 40 years to be 22 kg/ m3 

(38 lb/yd3
). 

DISCUSSION BY COOK 

Core tests on a 21-year-old Bermuda bridge by the Portland Cement As
sociation showed that galvanizing was still protecting the underlying 
steel even though the chloride level was above that considered aggressive 
to untreated steel. 

The one concrete core obtained from this bridge showed 
0.9 kg/m3 (1.68 lb/yd3

) of chlorine at the level of the 
steel. No report was made on the performance of un
treated steel in this bridge. Based on the low level of 
salt reported for the one core after 21 years of exposure, 
it may be that Bermuda is a relatively noncorrosive en
vironment as compared to the environment of most bridge 
decks subjected to deicing salt. 

A large variation in coating weight was reported, which indicates a lack 
of control of the galvanizing operation or inadequate control of the com
position of the steel or both. 

The coefficient of variation of zinc coating weight was 
about 7 percent, which we consider to be small. We 
have normally seen greater variations of weight on gal
vanized steel construction materials. 

The authors ignore the evidence that the diameter of the bar, the depth 
of cover, and the time to cracking are related. It seems likely that the 
reason that thicker coatings cracked earlier was geometry rather than any 
speciai corrosion suscep1ibiii1y of 1he z irrG. 

The only known difference between the bars was the av
erage thickness or weight of the zinc. If diameter of the 
bar was of paramount importance, then the thinner zinc
free bars should have consistently performed better than 
galvanized steel. 

It is the closed-circuit potential that is important to the course of corro
sion and not the open-circuit potential. 

The closed-circuit potential can have less meaning than 
the open-circuit potential because it is influenced by cur
rent flow and polarization; the open circuit does not con
tain these variables. 

The authors suggest that zinc may reverse its polarity. This statement 
can only be characterized as irresponsible. 

We presented data that showed the distinct possibility of 
polarity rever sal in certain cases and cited literature 
references in which this was found to occur. 

DISCUSSION BY CORNET 

The mean time to cracking of 7'h-sack moist-cured specimens in Table 3 
does not agree with that shown in Figure 3. 

We have made the necessary correction, which does not 
alter the conclusions. 

For the purpose of this discussion, it is assumed that table values of mean 
and arithmetic mean are correct, and an arithmetic mean is intended in 
the figures. 

The average, mean, and arithmetic mean are equivalent 
and all designate the same numerical value. 

There is a clear indication that there is an optimum thickness of zinc 
coating that might give even greater improvement over black steel. 

If Cornet is correct regarding an unknown optimum thick
ness of zinc and variation from optimum is significant, 
then it is obvious that those who use galvanized rebars 
in concrete may be endangering the longevity of their 
structures. Specifications contain no limits for a max
imum thickness of zinc, and, as received, it may be too 
thick to provide maximum or optimum life. 

The authors are to be congratulated on demonstrating a two to one im
provement in corrosion resistance of the zinc in the 5-sack concrete. 

The data did not demonstrate or imply that zinc showed 
an improvement in corrosion resistance over black steel. 
Concrete cracking resulting from corrosion of reinforce
ment is related to its strength and absorptive properties 
and depends on the contingencies of the formation of cor
rosion products. Corrosion is the electrochemical be
havior of the metal. The data indicate that, in all the 
concretes studied, galvanized and black steel began to 
corrode at substantially the same time. Therefore, there 
is no implication in the data that there is a significant dif
ference in corrosion resistance of zinc-coated steel as 
compared to that of black steel in a chloride-contaminated 
concrete. The embedment of zinc or steel does not af
fect the rate of salt penetration into the concrete. 

Comparisons between galvanized and black steel require prediction of 
when the black steel reinforced specimens would have cracked, because 
tests were terminated before all of the black steel specimens had cracked. 

Cornet; s calculations of the predicted timtJ to concrtJi.1:J 
cracking are incorrect because the equation used was not 
derived on the basis of the time to a potential of -0.35 V. 
The equation was derived on the basis of that point in 
time when the potential of the steel first shifted from the 
passive to the active. The half-cell potentials in this re
port are referenced to a saturated calomel half cell 
(SCE). An active potential of s teel r efe1·enced to the 
lattei· halI cell would be -0 .27 V (8). Cornet also used 
the wrong value in his calculations to designate a cor
rosive potential for steel in concrete. 

Five-sack concrete may be regarded as average construction practice. 

We do not agree that 5-sack concrete should be regarded 
as an average construction practice. For California 
Department of Transportation structures, we require 
minimums of 6-sack concrete in noncorrosive and 7-sack 
in corrosive environments. We are aware, however, 
that much commercial building is done with concrete 
having a cement factor of about 5 sacks. 

Galvanized steel in this test does better when compared to the published 
statistics for black steel in 8-sack concrete. 



When Cornet used data from a previous report, he 
reached erroneous conclusions because he apparently 
overlooked half of the data. He states that, in the pre
vious report (30), the average time to concrete cracking 
for an 8-sack concrete was 390.8 and 406.8 days for 5.1 
and 10.2-cm (2 and 4-in) slump. However, this was for 
the ve1·tically cast specimens. Given in the same table 
of that report is horizontally cast specimens (the same 
casting method used in this test), which did not crack in 
798 days. In this latter case, Cornet is in error because 
the galvanized steel specimens had an average time to 
cracking of 549 days. 

Concrete with a water-cement ratio of 0.63 can hardly be called porous. 

Permeable or absorptive might have been a better term 
to use in this case. In the paper, the term porous was 
used in the context of the ability of the concrete to in
hfplt the penetration of corrosive chlorides . For piles, 
architectw·al concrete, pipes, and rails exposed to fresh 
water and mild tempe1·atures, ACI Standard 613-54 rec
ommends a maximum permissible water-cement ratio 
of about 0.49. Therefore, Cornet's ststement does not 
agree with normal concrete standards. 

A concrete mix containing 2Y, percent entrapped air falls in the range of 
normal nonporous concrete. 

We have reviewed almost all of the references to publi
cations by the American Concrete Institute and can find 
no one who has related the amount of entrapped air to 
concrete porosity. (One to 1 % percent of entrapped air 
is probably moi·e normal.) 

A 6-sack mix with admixture No. 1 (a water-reducing agent) falls way off 
the curve in the previously reported data (30). This may indicate that 
something might have gotten into the 7Y.-sack concrete in this test. 

Again, Cornet seems to have overlooked some of the 
data. The data that fell off the curve were the ve1·tically 
cast concrete. Th.e time to cracking of the horizontally 
cast concrete (30) fell within the limitation of the stan
dard error of estimate. Nothing got into the concrete. 

An arbitrarily chosen potential of -0.80 V SCE is indicative of the corro
sion of galvanized steel. 

We do not disagree that -0.80 V SCE as an indicator of 
corrosion of galvanizing ls an arbitrary assumption. 
This is in view of the potentials of galvanizing mea
sured in the tap water tests. In these latter tests, cor
rosion of zinc and underlyi11g steel was observed even 
though the half-cell potential, within one standard devi
ation, did not attain a value of -0.80 V. It was for this 
reason that we stated in the paper that we did not ob
serve a definitive half-cell potential that would clearly 
denote an active (corroding) or a passive (noncorroding) 
condition of the zinc. Therefore, we view Cornet's 
derived equation and plots also to be arbitrary because 
his derivations are based on a half-cell potential for 
zinc that is not verified by test data. 

The authors are perhaps unduly negative and pessimistic about their 
findings. 

Our finding that galvanizing in concrete was apparently 
not cost beneficial is supported by others. For example, 
Bh·d a.nd Strauss (4) from South Africa, reporting on 
their experimentalresults with galvanized steel in con
crete, state: ''ln the presence of 1 percent salt (by 
weight of cement), however, sacrificial attack in the 
vicinity of exposed steel increases by approximately 30 
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times, while the rate of self-corrosion is accelerated 
even more." Griffin (3), reporting on his sea salt spray
ing of concrete panels at the U.S. Naval Civil Engineering 
Laboratory, stated: "The air-entrainment provided more 
protection to the concrete than did the zinc coating on the 
steel. In no case did the zinc coating prevent the forma
tion of red rust." 
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Cathodic Protection of 
Bridge Decks: A Study of 
Three Ontario Bridges 

H. J, Fromm and G. P. Wilson, Ontario Ministry of Transportation and 
Communications, Downsview 

Many concrete bridge decks are being damaged by surface spalling or in
ternal delaminations caused by corrosion of the reinforcing steel. Cath
odic protection can be applied to bridge decks to stop this type of damage. 
Cathodic protection was applied to three bridge decks in Ontario: two 
slab decks on AASHTO beams and a voided, posttensioned structure. 
Each deck was equipped with resistance probes, which showed that the 
corrosion of the reinforcing steel was stopped when cathodic protection 
was applied. The bridges were studied to determine the minimum poten
tial required and the most advantageous electrode configuration and spac
ing for adequate protection. The technique for measuring the polarized 
potential on the steel was studied, and probes buried in the conductive 
layer were found to be more effective than half-cell measurements. Data 
for all three bridges are presented. The protection on the first two of 
these bridges has been operated successfully for 1 year, and that on the 
third bridge has been operated successfully for 9 months. 

Some exposed concrete bridge decks in Ontario have be
gun to show signs of deterioration in the form of spall
ing of the concrete over or under some of the reinforc
ing bars. Closer examination of these decks showed 
i..hai.. Uela111.i1iatio11s we1-e also prese11t w·ithin the dock. 
These problems were caused by corrosion of the re
inforcing steel and the rest1lta11t buildup on the bar of 
corrosion products, which exert pressure on the con
crete and cause it to rupture. 

This corrosion is caused by deicing salt solutions 
entering the concrete and eventually reaching the steel 
bars. This may occur even with high-quality, high
strength concretes. A review of the literature on this 
subject is given by Stratfull (1). Another study concern
ing the con•osion of steel in bridges has been reported 
by Moore (2). 

Reinforcing steel in concrete is normally in a non
corroding, passive condition. The pH of normal con
crete ranges from 12. 5 to 12. 8 (3, 4). In Uris pH range, 
steel is essentially passive ( 4, ~~ When salt solutions, 
either sodium chloride or cafcium chloride, enter the 
concrete and reach the level of steel, however, corro-
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sion of the reinforcing steel usually results. Gouda (6) 
has shown that alkaline solutions in which steel is nor-: 
mally passive become corrosive when sodium chloride 
is present in certain concentrations. Salt solutions re
duce the pH of the conc1·ete to about 11.5 (4), at which 
level the steel is no longer passive. Distressed bridge 
decks that have been investigated by the ministry have 
always been :found to contain consicle1·able quantities of 
chlo1·ide at the level of the steel 1·ei.niorciL1g bars (7). 
This effect has been found by others (8, 9). To stop the 
corrosion requires that either the chlorRle ion be re -
moved or that the corrosion reaction be inhibited by 
some other means. 

One method that has been available for years to pre
vent corrosion when a corrosive medium is present is 
cathodic protection(!, c!Q, g, 12). This method was first 
usecl by Stratfull (13) when he applied it to the 1·einforced 
concrete beams oftiie San Mateo Bridge ove1· San Fl'an
cisco Bay. Stl'atfull has since applied this technique to 
part of the deck of the Sly Park Bridge near Sacramento 
(1). The ~pp~rent s~ccess cf t!'..is first appli~ation 1.XJar
ranted further investigation, so it was experimented 
with on some Ontario bridge decks. 

CATHODIC PROTECTION 

The corrosion of steel is an electrochemical reaction 
(14). When steel is in the state of active corrosion there 
are many small electrochemical cells on its surface. At 
the anodic areas an oxidation reaction takes place and 
the iron goes into solution as ions. At the cathodic areas 
a reduction reaction takes place and electrons are con
sumed. Of the several possible cathodic reactions, the 
one that occurs depends on the conditions existing at the 
cathode in question. The anodic reaction and one com
mon cathodic reaction are symbolized below. 

1. Anodic reaction: Fe .... Fe++ + 2e 
2. Cathodic reaction: to2 + H20 + 2e .... 2(0H)-

The corrosion reaction can be stopped (or retarded) 
by preventing the access of oxygen or moisture to the 
cathodic areas. Another method of stopping the reac
tion is to lower the potential of the entire steel bar. 



Galvanic corrosion is halted when all points on the bar 
have been polarized to a potential equal to or more than 
the open circuit potential of the most anodic point on the 
structure (15). This method is known as cathodic pro
tection andlias been used for years to inhibit the corro
sion of buried pipelines, concrete water tanks, and 
ships' hulls. In cases such as these, the application is 
sfraightforward. In the case of bridge decks, however, 
there is no surrounding conducting medium. The deck 
is suspended in air. Therefore, a conducting medium 
has to be supplied. Stratfull (1) solved this problem by 
using a conductive layer consisting of a coke breeze and 
asphalt mixture on the deck. The coke mix was laid and 
energized by anodes at several points so that an even 
distribution of power was accomplished over the deck. 
The flow of cU1-rent then was from the 1·ectifier through 
the coke then down tlu·ough the concrete bridge deck to 
the reinforcing steel and back to the rectifier. The coke 
breeze mix was covered with a wearing course of asphalt 
concrete to co1nplete the system. 

In this type of installation it is important that the coke 
mixture be insulated fl'Om any ba1·e reinforcing steel, 
deck scuppers, expansion joints, and the like to p1·event 
a direct short cil'cuit to tile b1·idge steel. The circuit 
diagram for such an installation is shown in Figure 1. 

EXPERIMENTAL DESIGN 

Initially two bridge decks were tested: a posttensioned, 
voided deck ai1d a slab deck on AASHTO beams. Each 
of the decks showed signs of active corrosion. One part 
of each deck was protected, and the other part was left 
unprotected for comparison. 

Sufficient electrodes were placed on each deck so that 
different electrode configurations could be studied. Both 
a regular high silicon-cast iron electrode (16) and a reg
ular graphite electrode were used. These were com
pared for efficiency at distributing the current over the 
bridge and for cost. 

The circuit was designed so that varying amounts of 
current could be fed to each individual electrode and 
an even distribution of power could be obtained across 
the bridge deck. 

The rectifier used was a constant current type to 
avoid the use of a standard cell buried in the deck. It 
was feared that the severe winters in Canada could dam -
age a standard cell. 

To determine whether corrosion had been halted, re
sistance probes were buried at several locations in each 
deck. 

After cathodic protection had been installed on two 
bridges and operated for some time, improvements in 
construction and protective equipment were indicated. 
A third bl'idge, which was also showing active corrosion, 
was then selected and the improved methods of protec
tion were applied to it. 

BRIDGE DATA 

The first bridge chosen was a posttensioned voided 
structure. It was one of the ranlp bridges at a major 
inte1·change in the Toronto area. This 8-year-old bridge 
is 113 m (370 ft) long and 7.8 m (25 .5 ft) wide and is a 
curved supe1·elevated structu1·e. The bl'idge was show
i1ig active corrosion in only one area near its western 
encl. It was, however, the only bridge of its type avail
able in which there was some active cm·rosion and for 
which it was possible to obtain a reasonable traffic con
trol without causing a major traffic disruption. This 
bridge will be referred to as bridge 9. 

The second bridge chosen lias a concrete slab deck, 
20 cm (8 in) thick on AASHTO beams. It was 7 years 
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old, 28 m (92 ft) long, and 11 m (36 ft) wide with 0.9-m 
(3 -ft) sidewalks. Tins bridge was showing very active 
corrosion in several areas and has many spalled areas 
on its surface. It is the Duffins Creek bridge. 

The surface of each bridge deck was surveyed to de
termine the extent of conosion. Tb.is was determined 
by means of a Cu/ CuSO half-cell (CSE) by using the tech
nique described by Stratfull (17, 18). The data were 
plotted to show lines of equalvoltage on a diagram of 
the bridge <leek. The data for Duilins Creek bridge (Fig
ure 2} show that there we1·e many areas of active corro
sion where the voltage detected was greater than -0.35 
V with reference to the CSE (1). 

All reinforcing steel, cable ducts, and guardrails 
were fotmd to be continuous electrically on both bridges. 
There was therefore, very little danger of any part of 
the steel being electrically isolated and thus in danger 
of stray Cttl'rent corrosion. 

Each bridge deck was cored in several locations, and 
the cores were analyzed to determine the chloride con
tent. The results of three cores selected from each 
bridge are shown in Table 1. 

The other cores showed similar salt contents. These 
data show that there was sufficient chloride present at 
the level of the reinforcing steel to cause corrosion. It 
has been reported that the threshold level to cause the 
onset of corrosion is 0.59 kg of sodium chloride/ m3 of 
concrete (l lb/ yd3

) (1) . The upper level of the steel in 
both of these bridges was within 2 . 5 to 3. 5 cm (1 to 1 Y~ 
in) of the surface. 

CONDUCTIVE LAYER TESTS 

A coke breeze-asphalt cement mix similar to that used 
by Stratfull (1) was used for the conductive layer. Sam
ples of coke breeze were obtained from a local steel 
company. This material had the following gradation: 

Percentage Percentage 
Sieve Size Passing Sieve Size Passing 

No.4 100 No. 50 18 
No.8 68 No. 100 12 
No. 16 47 No.200 7 
No. 30 32 

The coke breeze was blended with 85 to 100 penetra
tion grade asphalt cement to make a series of blends 
with increasing asphalt cement concrete. The mixes 
were made into beams by using a steel mold and were 
compacted with a kneading compactor followed by a level
ing load applied by a compression testing machine. The 
density and resistivity of each beam were determined 
(Table 2). 

From the data the blend containing 20 percent by 
weight of asphalt cement was chosen for this p1·oject. 
The resistivity of all blends was quite low. It was 
thought that the ext1·a asphalt cement would give the 
blend chosen greater resistance to water action (strip
ping) since some water was almost certaiu to collect in 
this porous coke layer. 

The work done by Stratfull (1) showed that the coke 
breeze-asphalt mixture appeared to have sufficient 
strength to stand up under ti-affic; hence, no further 
testing was done in this dil·ection. 

ELECTRICAL CIRCUIT 

The electrical circuit used is shown in Figure 3. This 
circuitr·y was installed in a panel box mounted beside 
the current rectifier on an abutment under the bridge. 
A switching arrangement made it possible to switch the 
panel ammeter into the circuit so tha.t tl1e current flow 
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Figure 1. Cathodic protection 
circuit. 
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Figure 2. CSE potentials on 
Duffins Creek bridge. 

Table 1. Chloride content of bridge deck cores. 

Depth NaCl 
Bridge Core (mm) (kg/m') 

9 6.35 9.3 
12. 7 3.3 
25.4 2.2 
50.8 2.2 

2 12. 7 12.0 
25.4 6.5 
38.1 3.1 
50.8 2.6 
76.2 2.4 

3 6.35 9.9 
12. 7 5.5 
25.4 2.9 
50.8 2.8 

Note: 1 mm = 0.039 in; 1 kg/m3 = 1,7 lb/yd3 • 

Table 2. Conductive mix properties. 

Asphalt 
Grade 

85/100 
85/100 
85/100 
150/200 
85/100 
85/100 

Percentage 
of Asphalt Mix Density 
by Weight (g/cm') 

10 0.99 
13 1.02 
15 1.06 
15 1.08 
17 1.14 
20 1.17 

Note: 1 g/cm3 = 62 4 lb/ft3 , 

Bridge Core 

Duffins 1 
Creek 

2 

i 

Resistivity 
(O,m) 

0.0125 
0.0125 
0.0124 
0.0133 
0.0128 
0.0143 

CATHOOE 

Depth NaCl 
(mm) (kg/m') 

12. 7 11.4 
25.4 6. 5 
38.1 3 .4 
50.8 2.2 

6.35 17.8 
12.7 9.1 
25.4 1.1 
50.8 0. 5 

6.35 8.8 
12. 7 5.4 
25.4 0.8 
50.8 0.4 

to each individual anode could be measured. The power 
rheostats in each anode circuit made it possible to vary 
the anode resistance if necessary so that equal current 
flowed to each anode. 

d 

i -0.20 

-020 

Figure 3. Cathodic protection circuit. 
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The majority of anodes used were made from high 
silicon-iron alloy (Duriron). This alloy is very resis
tant to corrosion, and its weight loss in such service is 
stated to be about 0,18 kg (0.4 lb) per ampere-year (16). 
Some experimental graphite anodes were also used on 
each deck. All of these anodes were approximately 30.5 
cm ( 12 in) in diameter and 3. 8 cm ( 1. 5 in) thick. To keep 
the circuit resistance low despite the long runs of wire, 
No. 6 gauge wire was used. Wire with Canadian Stan
dards Association specification TWU insulation was used. 
This is a heavy insulation for underground use and was 
used as the best available to resist the high temperatures 
(149° C or 300° F) of the coke-asphalt mixture, 

The resistance probes used to determine whether and 
when corrosion was stopped were designed for under
ground service. 



INSTALLATION ON BRIDGE DECK 

Before the circuitry was installed on the deck, all de
laminations were repaired by an epoxy cement injection 
technique developed by Crumpton (19). All spalls were 
repaired with concrete, and any exposed iron on the 
deck was covered with epoxy cement to insulate it from 
the coke mix. 

The anodes were placed on each deck in three rows, 
each anode within a row separated from its adjoining 
anode by 3.6 m (12 ft). The plan of the two first decks 
is shown in Figures 4 and 5. Each anode was cemented 
to the deck with epoxy cement to prevent it from moving 
when the coke mixture was compacted. 

Ground connections to the reinforcing steel were 
made at five randomly chosen locations on each deck. 
A resistance probe was placed in the hole and grounded 
to the bar. The hole was then refilled with concrete 
containing sodium chloride to initiate corrosion on the 
probe, The grounding cable was run to the curb to join 
the common grounding bus. Then all cables were run 
along the curb to a hole in the deck and down through 
the hole to the control boxes under the bridge. 

After all the electrical equipment was installed on 
the surface, the coke layer was placed. This was 
spread by hand and compacted to a thickness of 5 cm 
(2 in). The coke was hand spread to prevent any injury 
to the cables and anodes. The following day a 3.8-cm 
(1.5-in) layer of wearing course was spread by a regular 
paver, and the compaction was done in the normal 
manner. 

On bridge 9 only the western 33.5 m (110 ft) of the 
bridge was protected. On the Duffins Creek bridge the 
eastbound lane of the bridge was protected cathodically 
while the westbound lane was left unprotected. 

EXPERIMENTAL DATA FROM BRIDGES 

After all the electrical equipment had been installed on 
the bridge decks and they had been paved, they were 
left in that condition without any power being applied 
for 4 weeks. The purpose was to permit the probes to 
begin to corrode to such an extent that the trend was 
clearly indicated, Then the effectiveness of cathodic 
protection could be determined by the behavior of the 
probes. 

Anode Resistance 

The resistance of each anode circuit in both bridge decks 
was measured. Inasmuch as a potential difference of 
about 0.2 V normally exists between the concrete and 
the reinforcing steel, a normal ohmmeter could not be 
readily used. A meter for measuring soil or ground 
bed resistance was used. This was a battery-operated 
instrument that applied a high ac voltage, used a de 
blocking capacitor, and could be read accurately to 
0.05 n. Resistance was measured at the control panel 
between the wire leading to each anode and the common 
ground connection. 

These values ranged from 0.9 to 2.8 0 at bridge 9 and 
from 1.2 to 3. 7 n at the Duffins Creek bridge. The re
sistance of the graphite anodes was generally lower than 
that of the silicon-iron anodes. 

Voltage Measurement in Coke Bed 

When the power was first applied to bridge 9, anodes 1, 
2, 6, 7, 11, 12, 16, 17, 21, and 22 were connected, and 
at the Duffins Creek bridge anodes 101, 105, 106, 110, 
111, 115, 116, and 120 were connected. Figures 4 and 
5 show the location of these anodes on the bridge decks. 
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Initially the rectifiers ( current controlled) were set to 
deliver 1 A to each bridge deck. Voltage readings were 
taken on the anode connections at the control panel and 
these varied from 1.6 to 1.8 V. 

As soon as the power was applied to these bridges, 
the readings of one of the two active probes at Duffins 
Creek stopped rising, The other probes had still not 
become active. This cessation of corrosion is shown 
in Figure 6 for the probes at the Duffins Creek bridge. 
The curve in this figure for probe D showed an immedi
ate halt in corrosion on the twenty-seventh day when the 
power was applied. Probe E, however, continued to 
rise, Some further testing showed that the connection 
between probe E and the reinforcing steel had been 
broken. On the fifty-sixth day this probe was reconnected 
to the steel. Immediately the probe values stopped rising. 
Since these probes we1·e connected directly to the bridge 
steel it was a reasonable assumption that the bridge steel 
had also stopped corroding due to the application of the 
protective cathodic polarizing voltage. 

Stratfull (1) measured the voltage drops in the coke 
by means of a CSE placed on a wet sponge on the asphalt 
surface by using a high-impedance solid-state voltmeter 
and grounded to the rebars. The charts for the Sly Park 
deck (1) showed considerable voltage variation across 
the deck. It was felt here that this variation could pos
sibly be due to varying resistance in the asphalt concrete 
surfacing through which the readings had to be made. 
The coke mix itself has low resistivity and should not 
lead to such relatively large voltage drops. When this 
technique was tried on the decks of bridge 9 and the 
Duffins Creek bridge, even wider potential variations 
were measured. In some areas of the deck virtually no 
readings could be obtained. Inasmuch as 10 electrodes 
were in use on bridge 9, and 8 on the Duffins Creek 
bridge, a very even voltage distribution should have 
been present. The surfacing mixes used in Ontario are 
denser and have fewer voids than those used in California, 
so it appeared to be a problem of conductivity. 

A series of holes was then drilled through the asphalt 
concrete surfacing to reach the coke layer, and No. 6 
gauge insulated wires were driven into the holes to con
tact the coke mix. When the CSE was placed on these 
wires, the expected readings of 1.6 to 1.8 V were ob
tained. When the voltmeter probe was placed directly 
on the wire the same readings were obtained. It was 
obvious that the CSE was not needed in this instance to 
read the voltages. It was acting only as a liquid volt
meter probe and not as a half-cell. (The CSE or other 
half-cell is necessary, however, when a deck is sur
veyed to detect the presence of corrosion.) Because 
fewer than half of the anodes on each of these decks were 
being used to distribute the power, the remaining anodes 
were available for use as voltage probes by connecting 
the voltmeter to the anode wires at the control panel. In 
this way the entire bridge surface could be surveyed for 
potential drops by working from the control panel. 

It was found that the voltage distribution across both 
decks was very even, within ±0.1 V. This suggested that 
a considerable reduction could be made in the number of 
electrodes used. 

Polarization of Bridge Decks 

When power was first applied to the bridge decks the volt
age of the supply was relatively low because the method 
being used was a current control system and there was 
little or no back EMF in the bridge deck. After a short 
time the steel began to polarize and the back EMF began 
to build up in the decks. Thus, the effective resistance 
of the decks increased and the applied voltage rose and 
maintained the set current strength. This polarized (or 
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Figure 4 . Bridge 9. _ [ 
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Figure 5. Duffins Creek bridge. 
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residual) voltage was measured between the anodes and 
the ground after the rectifier was switched off. After 
the bridges had attained electrical equilibrium the volt
ages were measured: 

Item 

Current, A 
Average applied voltage 
Average residual voltage 

Bridge 9 

1.0 
1.85 
1.40 

Duffins Creek 

1.0 
1.6 
1.0 

It is common practice to polarize structures such as 
pipelines or water tanks in the range of -0.85 to -1.1 V 
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Figure 6. Probe values on Duffins Creek bridge. 
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with respect to the CSE in order to obtain protection (12, 
20, 21, 22). The upper limit should be set at -1.1 V to
preventweakening of the bond between the reinforcing 
steel and the concrete (12, 22). A somewhat lower mini
mum potential for protection had been suggested by both 
Scott and Hausman. This value was -0. 71 V (12, 22 ). 

Electrode Configuration Trials 

To determine the best configuration of electrodes for the 



distribution of power throughout the bridge decks several 
different electrode combinations were tested. These 
tests were all run on bridge 9, After each test, the 
power was turned off so that the residual voltage on the 
deck could drop to a potential of -0.5 V or less. Before 
this study on the bridges a series of experiments was 
run on reinforced concrete slabs in the laboratory. The 
rate of decline of voltage with time for one of these slabs 
is shown in Figure 7. It was found that this curve 
matched very closely the rate of decline for both bridges. 
These bridges, however, were never polarized to such 
a high residual voltage as shown in the curve for the ex
perimental slab. 

Several different anode configurations were studied. 
When electrodes 3, 8, 13, 18, and 23 down the center 
of the bridge were used, a very even distribution of 
voltage again was obtained. 

When electrodes 3, 13, and 23 were used at a cur
rent strength of 0.8 A, a good power distribution was 
obtained over the bridge surface once equilibrium had 
been established. This effect is shown in Figure 8. 
Curve A shows the drops in the applied voltage down 
the length of the deck when the power was first applied. 
Before this application of power the bridge had been 
left without power until the residual voltage on the re -
inforcing steel had subsided to -0.2 V. After 3 days 
the bridge had attained electrical equilibrium and the 
voltage drop across the surface was as shown by curve 
B in Figure 8. It can be seen that these three electrodes 
separated by 15.2 m (50 ft) from each other produced a 
very regular power distribution across the deck surface. 

The next trial was run by using just two anodes, 5 and 
19, again at a current strength of 0.8 A. The data ob
tained are shown in Figure 9. From the coincidence of 
curves D and E it can be concluded that equilibrium was 
obtained in approximately 48 h. The voltage drops here, 
however, were greater than when three anodes were 
used. Here a maximum difference between the applied 
voltage and the lowest point on the deck was 0.42 V. 

Two tests were made by using one anode. The first 
was made by using anode 13, which was situated near 
the center of the bridge deck. In this test also the cur
rent strength was 0.8 A. The voltage drops along the 
deck are shown in Figure 10 for the applied voltage. 
Even after 48 h, the voltage drops between the applied 
voltage and the lowest points on the deck were 0.8 V, 
which were much too wide for satisfactory operation. 
The second test applied power to anode 23 at the ex
treme end of the deck. For this test the current strength 
was reduced. To force 0.8 A through the deck from one 
anode, as shown in the previous test, much too high a 
voltage (2.5 V) was required. For this test the rectifier 
was set to deliver 0.2 A. The voltage drops in the deck 
are shown in Figure 11. Curve A shows the applied volt
age at the start of the test and curve A1 the resulting 
residual or polarized voltage. Curves Band B1 showed 
the situation after 24 h. The deck voltages were again 
measured after 5 days, and the curve obtained was 
slightly higher but virtually identical with curve B. The 
bridge under these conditions was used for comparing 
voltage measurement techniques and this is described 
in the next section. 

The above tests suggested that the best anode config
uration was the one in which three anodes were used and 
were spaced down the center of the deck. Anodes 3, 13, 
and 23 were again connected, and the current was set to 
deliver 0.4 A. When the bridge had attained equilibrium 
after 48 h, the voltage drops in the bridge deck were as 
shown in Figure 12. The voltage applied was 1.05 V, and 
the voltage at the lowest point in the deck was 0.85 V. 
This resulted in a residual or polarized voltage varying 
from -0.88 to -0.82 V, which was satisfactory for the 
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protection of the reinforcing steel. 
At the Duffins Creek bridge when power was first ap

plied, eight electrodes were used. This gave a very 
uniform power distribution. The anodes were then re
duced to four situated in the center of the protected lane. 
A current strength of 0.5 A was used, and the resulting 
voltages in the coke varied between 0.96 and 1.14 and the 
polarized voltage varied between -0.93 and -0.99. Thus 
the steel in this deck was satisfactorily protected. 

Thus to protect bridge 9 only 0.5 W of power was re
quired ( 1.13 V, 0 .4 A on th1 )e anodes) and to protect the 
Duffins Creek bridge only 0.6 W of power (1.2 V, 0.5 A 
on four electrodes) was required. 

Comparison of Voltage Measurements 

Some doubt was expressed regarding the accuracy of the 
measurements of the applied and polarized voltages using 
probes in the coke bed to determine the actual voltage in 
the concrete slab. It was felt that the highly conductive 
coke mix could possibly even out local potential differ
ences that might exist. Because the anodes being used 
as voltage probes were also quite large and were insu
lated from the deck directly below them, these would 
also tend to average out small differences in potential. 
To determine whether such was the situation a series 
of tests was conducted on both bridge 9 and the Duffins 
Creek bridge. 

Bridge 9 for this test was powered only by anode 23 
at one end of the deck. The current strength was 0.2 A. 
The voltage drop and the polarized voltages along the 
deck are shown in Figure 11. 

Holes 5.4 cm (2 % in) in diameter were drilled through 
the asphaltic concrete surfacing and the coke mix to ex
pose the concrete. The holes were drilled 1.2 m (4 ft) 
from the curb and close to anodes 4, 6, 9, 11, 14, 16, 
19, and 21. 

At each hole the CSE was placed in contact with the 
exposed concrete surface, and on and off voltage read
ings were obtained. A regular steel voltmeter probe 
was then thrust into the coke at the side of the hole, and 
on and off voltage readings were obtained on the probe 
and on each anode connection. These results are given 
in Table 3. 

The data show that there is little difference between 
the readings taken in the hole with either the CSE or the 
voltmeter probe. The slight difference of +0.05 V higher 
for those taken with the probe could be due to higher re
sistance in the CSE or higher contact resistance. There 
is, however, a consistent difference of +0.16 V on the 
average higher for off readings taken on the anodes and 
for those taken by the CSE when used as a probe. This 
might be explained by the lower surface resistance be -
tween the anodes and the coke; there was a much greater 
contact surface in this case than there was when the CSE 
or voltmeter probe was used. 

A somewhat similar test was run at the Duffins Creek 
bridge. Here eight holes were bored through the surfac
ing and the coke mixes in the protected side of the bridge 
to expose the concrete. The anodes were not so close to 
these holes as they were on bridge 9, so a close compar
ison between anode and CSE probe voltages could not be 
obtained. The anode readings did seem to be 0.1 to 0.2 
V higher than the CSE probe readings similar to those 
obtained on bridge 9. When the voltage readings obtained 
with the CSE on the concrete surface in the hole were 
compared with the voltmeter probe readings in the coke 
at the sides of the hole, the same relationship held as at 
bridge 9: The probe in the coke readings was a little 
higher than the CSE on the concrete readings. In addi
tion to the above tests, voltage readings were taken in 
each hole by simply placing the voltmeter steel probe 
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Figure 8. Voltage drop along deck of bridge 9 (0.8 A to anodes 3, 13, 
and 23). 
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Figure 10. Voltage drop along deck of bridge 9 (0.8 A to anode 13). 
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Figure 12. Voltage drop along deck of bridge 9 at equilibrium (0.4 A to 
anodes 3, 13, and 23). 
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Figure 13. Anode and probe placement on Medway 
Creek bridge. 
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Figure 9. Voltage drop along deck of bridge 9 (0.8 A to anodes 4 
and 19). 
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Figure 11. Voltage drop along deck of bridge 9 (0.2 A to anode 23). 
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Comparison of voltage measurement methods on bridge 9. 

CSE on Con-
crete Surface 

Anode Voltage Voltmeter Probe in Coke 
On Off On Off On Off 

0.68 0.67 0.56 0.56 0.58 0.57 
0.70 0.70 0.52 0.52 0.55 0.55 
0.72 0.71 0.57 0.56 0.60 0.59 
0.76 0.75 0.60 0.59 0.62 0.62 
0.78 0.77 0.58 0.58 0.62 0.62 
0.80 0.79 0.64 0.63 0.67 0,66 
0.83 0.82 0.67 0.65 0.70 0.68 
0.87 0.85 0.72 0.69 0.83 0.80 
0.93 0.86 0.82 0.73 0.86 0.76 
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directly on the concrete surface. A series of good read
ings was obtained; these were a little higher than the 
CSE readings but a little lower than the probe in the coke 
readings. 

These tests showed that it was perfectly feasible and 
accurate to monitor the polarized voltages on the re -
inforcing steel by means of probes buried in the coke 
layer. 

MEDWAY CREEK BRIDGE 

The data obtained from bridge 9 and the Duffins Creek 
bridge showed that the circuit could be simplified, the 
number of anodes could be reduced, and voltage probes 
properly spaced in the deck could be used to monitor the 
bridge. To try these ideas out it was decided to apply 
protection to another medium-sized bridge and to protect 
the entire bridge deck and not just a portion of it. 

The bridge chosen was the 8-year-old Medway Creek 
bridge, and its deck was in a state of active corrosion. 
The surface of this deck was spalling, and some delam
inations were present within the deck. A CSE half-cell 
survey was made of the deck. This survey showed that 
there were several areas in a state of active corrosion 
with CSE potentials greater than -0.35 V. 

Graphite anodes were used for this bridge. Graphite 
rods 3.2 cm (1.3 in) in diameter were obtained, and the 
anodes were fabricated locally from this material. The 
rod was cut into pieces 41 cm (16 in) long, and four 
lengths were connected together so that the anode could 
be laid out on the deck in the form of a four-pointed star 
with a central connection. Some silicon-iron anodes were 
also used in case problems arose with the use of the 
graphite anodes. The data obtained from bridge 9 indi
cated that two anodes should be sufficient to provide pro
tection for this bridge. Because this was still an exper
imental installation, extra anodes were used on the deck 
so that different anode configurations could be used if 
this became necessary. 

Voltage probes were placed on the deck and buried in 
the coke mix so that it would not be necessary to use the 
anodes as voltage probes. These probes consisted of 
small carbon rods, 2.5 cm (1 in) in diameter and 15.2 
cm (6 in) long, to which a No. 10 wire would be attached 
with a mechanical seal. 

The layout of the deck is shown in Figure 13. The 
six graphite anodes were evenly spaced, three on each 
side of the deck. The three silicon-iron anodes were 
placed down the centerline. The voltage probes were 
laid out on 3.6-m (12-ft) centers, and five ground con
nections were made to the reinforcing steel. 

The control panel was made smaller and simpler. 
Each of the nine anodes had a power rheostat in the cir
cuit in case adjustments had to be made. The connec
tion to each voltage probe was through a banana plug 
jack on the panel. There were three meters, one for 
the applied volts, one for the total current, and one for 
the current to each individual anode, which was selected 
through a switching system. 

Construction Method 

The experience gained at the two test bridges suggested 
that the electrical equipment and both the coke and sur
facing mixes could be laid and compacted in 1 day for 
each half of the deck with a minimum of inconvenience 
to traffic. This involved closing half of the bridge each 
day for construction and using the remaining half for 
two-way traffic, which was controlled by flagmen. 

After the electrical equipment and wire had been 
placed on the deck it was covered by 6 cm (2 in) of coke 
mix similar to that used previously. This was then 
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protected by a 3.8-cm (1 "% -in) wearing course of asphal
tic concrete. 

Experimental Data 

After the electrical installation was completed the anode 
resistances were measured, These values, measured 
between the anode connection at the control panel and 
the connection to the reinforcing steel, were as follows: 

Resistance Resistance 
Anode (n) Anode (n) 

1G 1.5 6G 2.1 
2 2.3 7G 1.8 
3G 1.9 8 2.6 
4G 1.8 9G 2.6 
5 2.6 

Again, the silicon-iron anodes had generally higher re
sistance than the graphite anodes. 

The bridge was allowed to remain without power 
being applied for 4 weeks. During this period the probes 
began to corrode because salt had been added to the con
crete covering them. After the trend was clearly estab
lished power was applied to the circuit. Immediately 
the reading of each probe ceased rising , showing that 
corrosion had been effectively halted. This is shown in 
Figure 14. 

Current was applied to the bridge at a strength of 0.9 
A, and anodes 3 and 7 were used to distribute the current. 
After the bridge had achieved electrical equilibrium the 
voltage drops within the deck were as shown in Figure 
15. The residual or polarized voltage in the deck with 
the current off was measured at an average value of 
1.03 V. 

The electrical characteristics of the installation of 
this b1·idge were s tudied during the winter and spring of 
1974 and 1975. U1llike the other two bridges, this bridge 
was more sensitive to the weather, particularly to the 
amount of precipitation and to the use of deicing chemi
cals. After heavy rains and during the winter, the re
sistance of the deck decr eased with a resulting drop in 
potential since tins deck was also under current control. 
This required that the rectifier be reset to deliver a 
larger amount of current to maintain the required resid
ual potential on the steel. 

After one heavy rainstorm the polarized potential 
dropped to a range of 0.6 to 0.7 V, i.e., the probes re
mained steady and did not show the onset of corrosion. 
It seemed that rainwater had seeped into the porous coke 
layer and from it was entering into the concrete, thus 
lowering its resistance and thereby requiring a larger 
amount of current to keep the voltage in the coke at a 
sufficiently high level (about 1.2 V) to induce a polarized 
potential on the steel of 0.9 to 1.0 V. To compensate for 
this the current strength was raised to 1.2 A. 

When the current strength at the bridge was 1.0 A, 
the b1:idge required 1.4 W for protection; the rise in 
current to 1.2 A raised the power required to 1. 7 W for 
complete protection. 

Resistance measurements had been made at the start 
on each voltage probe. The resistance was measured 
between each probe and the reinforcing steel, and it was 
also measured between probe 1 and each of the other 
probes to obtain the interprobe resistance. These values 
were checked again after the deck potential began drop
ping because of what was assumed to be increasing mois
ture and salt in the concrete. Some of these data are 
given below. 
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November 8, June 24, 
Probe 1974 1975 

1-4 3.0 2.5 
1-7 3.6 2.3 
1-10 4.0 2.2 
1-13 4.2 16.0 
1-16 4.2 2.1 

The high resistance between probes 1 and 13 on June 24 
was caused by development of a poor contact between 
probe and wire. 

An examination of the data brought out two points. 
The probes are all 3.6 m (12 ft) apart; the resistance 
does not decrease linearly with distance. There is little 
increase in resistance after probe 10, 11 m (36 ft) from 
probe 1. This suggests that from this point on most of 
the current had passed down to the concrete and was 
flowing along the reinforcing steel then back up to the 
probe connected to probe 1. The data for June follow 
the same pattern only to a greater extent. Here the re
sistance was the same all down the deck. This suggested 
that the concrete had absorbed a lot of brine during the 
winter and the rain which had recently fallen decreased 
the resistivity of the concrete to a level where a much 
larger current was required to achieve the polarizing 
voltage sufficient to protect the steel. 

DISCUSSION OF RESULTS 

During the anode configuration experiments the polarized 
voltage on the bridge steel was allowed to subside on 
several occasions in a series of steps. During these 
tests it was found that the probes did not show the onset 
of corrosion until the polarized voltage had dropped be -
low -0.55 (CSE) V. The same effect was seen at the 
Duffins Creek and Medway Creek bridges when power 

Figure 14. Probe values on Medway Creek bridge. 
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40 

Figure 15. Voltage distribution on 
Medway Creek bridge (1.8 V, 0.9 A 
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failures occurred. There may have been a lag between 
the voltage falling to a certain point and the onset of cor
rosion. The results do point out, however, that several 
days' protection is built into the deck in case of a power 
failure if the polarized voltage on the steel has been kept 
at a level of -0.85 V or higher. 

The experiments showed that an anode separation of 
15.2 m (50 ft) was suitable on all bridges to keep the 
voltage drop in the coke layer at a reasonable level. At 
Medway the anode separation was less than 15.2 m (50 
ft). 

The amount of power required to provide adequate 
protection to the three bridge decks is given in Table 4. 
The table shows the amount of power in watts required 
for the entire bridge deck. Also shown is the current 
flow per square meter of deck. These figures show that 
the amount of power required is negligible and could quite 
conceivably be supplied in remote locations by solar cells 
in conjunction with storage batteries. 

The principal of using voltage probes in the coke layer 
to determine the voltage and the polarized voltage has 
been proved to work at the Medway bridge. The experi
ments on all these bridges have shown that either graphite 
or silicon-iron anodes are suitable for supplying power 
and protection. Because graphite anodes are not sacri
ficial, the anode reaction must be some chemical reac
tion other than the oxidation of the metal to form ions. 
It could be the oxidation of chloride ions to either the 
gaseous state or to some higher valence state. 

The use of a constant current type of rectifier has 
advantages and disadvantages. This type of rectifier did 
not require a standard cell in the bridge deck, which 
could have been damaged by the low temperatures in this 
country. At bridge 9 and at Duffins Creek this type of 
rectifier worked very well. There were voltage swings 
at these bridges caused by weather conditions. Weather 
conditions caused changes in the resistivity of the deck, 
and this change in resistance caused the voltage to fluc
tuate to maintain a constant current. The applied volt
age remained, however, within the limits required to 
provide adequate protection, the protection being judged 
by the polarized voltage. There were wider voltage 

Table 4. Power requirements for bridge decks. 

Current Deck Area Power Current Density 
Brid!!e (A) (m') (W) (mA/ m') 

Bridge 9 0.4 277.12 0.5 1.44 
Duffins 

Creek 0.5 153.84 0.6 3.2 
Medway 1.0 221.1 1.4 4.5 

Creek 1.2 221.1 1. 7 5.4 

Note: 1 m2 = 10.76 lt2 : 1 mA/m 2 • 10.76 mA/ft2 • 

on anodes 3 and 7). A6 

X 

~81° 
tv 



swings at Medway Creek bridge. This deck appeared to 
be more open, and in dry weather the supply voltage 
would swing high and then drop to lower levels in wet 
weather. This type of bridge could have benefited from 
potential control. 

When the coke mix was being laid, it was very abs or -
bent and could contain considerable quantities of water. 
This was disadvantageous because it could hold water in 
contact with the bridge surface, which could result in 
increased freeze-thaw damage to the decks. It was 
feared that this water might cause stripping of the as
phalt from the coke surface and then cause the mix to 
lose strength. Samples of the coke mix were removed 
from the Medway Creek deck after 6 months' service 
and were examined. The mix seemed to have retained 
all its strength, and no sign of stripping was detected. 
It could be an advantage to have a more impervious mix 
that would keep the water away from the bridge deck and 
yet have sufficient voids to permit any gas formed at the 
interface to escape. Such a mix is being developed in 
these laboratories. 

The area to which the cathodic protection extends in 
a deck is being studied. It was mentioned in discussion 
with other researchers that perhaps the upper layer of 
steel intercepted most of the current and there was little 
remaining current to provide protection to the lower 
layers. Investigations in progress in these laboratories 
indicate that the protection goes much deeper, especially 
in the case of slab decks. Heuze (24) suggested that the 
deck may behave like a capacitor. These bridge decks 
have the property of storing large quantities of current, 
and to do this they must act either as a capacitor or as 
a battery. The experiments currently in progress tend 
to confirm the capacitor action. 

CONCLUSIONS 

1. Cathodic protection of bridge decks is feasible 
and has been demonstrated on three bridge decks. 

2. A conductive coke-asphalt mix with anodes spaced 
15.2 m (50 ft) apart in the mix is suitable for providing 
power to the bridge deck. 

3. Voltage probes buried in the coke mix have proved 
acceptable for monitoring the applied voltage and the 
polarized voltage. 

4. Both slab and posttensioned voided decks can be 
protected by this method. 

5. The power required for protection is very small 
and varies from 0.014 to 0.04 mA/lt12 of deck surface. 

6. The cost of epoxy injection concrete repairs and 
of applying the cathodic protection is small compared 
to the cost of replacing the deck. 
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Use of Characteristic 
Curves in the Design of 
Elastomeric Pavement Seals 

Ravindra K. Vyas, University of utah 

This paper describes and illustrates a relatively simple technique for pre
dicting performance of and designing certain elastomeric seal sections. The 
approach relies on characteristic curves. The emphasis is on practical ap
plications. The basic advantage of the approach is that the highway en
gineer can deal with a problem of non I inear structural analysis without 
performing the analysis. The procedures suggested do not require any
thing more than a slide rule or a pocket computer. 

Elastomeric seals, because of their high flexibility, 
seem to be well suited for sealing expansion joints in 
highway pavements. This paper illustrates how the re
sults of some earlier resea.1:ch (1, 2, 3) on elastomeric 
seals may be used by the highway engineer for practical 
predictions and design. 

The suitability of an elastomeric seal is assessed 
from a set of standard laboratory tests. An important 
test in this set is the load-deflection experiment. The 
purpose of the experiment is to determine whether the 
product exerts the required forces at the specified min
imum and maximum compressions. The characteristic 
curves and the approach discussed in this paper make 
it possible to arrive at these values without conducting 
an experiment. In addition, the characteristic curves 
may be used in the design of seals that will meet the 
specified requirements. 

The discussion in this paper is restricted to seal sec
tions whose geometry consists of identical, symmetric, 
V-shaped web members with vertical sidewalls (FiglU'e 
1). The section may also have a central vertical dia
phragm passing through the apex of each V-shaped seg
ment. The stress-strain curve of the material is as
sumed to be reasonably linear. It has been shown (1, 2, 
3) that with these assumptions one can easily construct 
an analytical load-deflection curve for a given sample 
that conforms with the assumed geometry. The analyti
cal technique has yielded results that compare satisfac
torily with experimental results. 

The theoretical problem is that of nonlinear structural 
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analysis because of the large deformations involved (as 
much as 40 or 50 percent compression). The highway 
engineer, however, can bypass this process of nonlinear 
analysis and use instead the characteristic curves and 
the expressions given in this paper. 

Let us consider a single web member (Figure 2). 
When the member is loaded by a pair of forces P, it will 
undergo a compression, say A. Next, if we assume that 
the angle 01 at the sidewall does not change, a pair of 
moments Mo must be exerted by the sidewalls on the 
member. The relationship among P, A, and Mo depends 
on the angle OI, the modulus of elasticity E, the thickness 
t of the web member, and the undeformed width 2b from 
sidewall to sidewall. A study of the relationship of P and 
A will require an independent analysis for each given seal, 
which in a nonlinear problem would be rather time
consuming. However, we can simplify our task by re
ducing the specific problem to a characteristic problem 
by introducing dimensionless force quantities and de
flections defined as follows: 

u2 = PQ2 /EI 

v= M0 Q/EI 

Ii= 6/2b 

(1) 

(2) 

(3) 

Equations 1, 2, and 3 stand for dimensionless force, 
dimensionless end moment, and dimensionless compres
sion. If we know the values of the dimensionless force 
u2 and the dimensionless end moment v for any given 
compression O, the corresponding values of P and Mo 
can be easily computed from equations 1 and 2. For a 
given compression O, the dimensionless force quantities 
u2 and v depend only on the characteristic angle 0/. Then 
we can cover a wide spectrum of load-deflection re
sponses by constructing cm·ves of u2 to O and v to 6 for 
properly selected values of 0/, These curves are referred 
to as characteristic curves. The characteristic curves 
for 0/ varying from 5 to 60 deg in steps of 5 deg are given 
in Figures 3 and 4. The analytical details have already 
been given (1, 2, 3) and are therefore not repeated here. 

In addition to the characteristic curves, we will need, 
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Figure 1. Characteristic 
section geometry. 

Figure 2. Single V-shaped web member. Figure 3 . Characteristic curves for 
the dimensionless force u2. 

Percent Compression 

Figure 4. Characteristic curves for 
the dimensionless moment v. 

Table 1. Values of u2 and v for checking the product 
performance at 20 and 50 percent compression. 

Figure 5. Structural weight 
versus the characteristic angle a. 
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Table 2. Summary of data for seal design. 

N = 2 

a t, t, t, W/2bp 
(deg) (mm) (mm) (mm) (N/cm) 

5 2.46 4.14 4.02 0.569 
10 2.59 4.29 4.32 0.608 
15 2 .77 4.49 4.10 0.667 
20 3.00 4.72 5.00 0.765 
25 3.22 5.00 5.79 0.873 
30 3.50 5.33 6. 57 1.05 
35 3.86 5.74 7.62 1.28 
40 4.29 6.27 6.90 1.24 
45 4.77 6.91 10.90 2.23 

u' 

201, 
Compression 

9.6 
8.4 
7.15 
6.1 
5.2 
4.4 
3.72 
3.18 
2.62 
2.2 
1.8 
1.42 

N = 3 

t, 
(mm) 

2.16 
2.26 
2.44 
2.60 
2 .32 
3.08 
3.38 
3.71 
4. 19 

t, 
(mm) 

3.60 
3.76 
3.91 
4.12 
4.37 
4.67 
5.03 
5.49 
6.02 

for performance prediction and design, the expressions 
given below. 

P= Cu2 (4) 

where C is a constant given by 

(5) 

and 

(6) 

where 

Ntcm 
5 ,--- -,---.----,----, 

501, 
Comp ression 

v, 50:' 
Compression 

U•4 

t, 

12.2 
11.2 
10.2 

9.3 
8.4 
7.55 
6.75 
5.95 
5.25 
4.60 
3.9 
3.3 

(mm) 

4.02 
4. 32 
4.70 
5.20 
5.79 
6.57 
7.62 
6.90 

10.90 

W/2bp 
(N/cm) 

0.883 
0.912 
1.01 
1.15 
1.32 
1. 57 
1.92 
1.87 
3.20 

4.70 
4.40 
4.12 
3.82 
3.56 
3.27 
2.98 
2. 68 
2 .40 
2.13 
1.88 
1.60 

N = 4 

t, 
(mm) 

1.96 
2.06 
2.21 
2.36 
2.57 
2.79 
3.07 
3.38 
3.78 

t, 
(mm) 

3.28 
3.40 
3.56 
3. 73 
3.96 
4.29 
4.57 
4.98 
5.49 

15 2, 3~ 45 

o<(DegreesJ 

t, W/2bp 
(mm) (N/cm) 

4.02 1.12 
4.32 1.22 
4.70 1.34 
5.20 1.53 
5.79 1. 76 
6.57 2.10 
7.62 2.61 
6.90 2.49 

10.90 4.26 

P = total force per unit length of the seal, 
E0 = modulus of elasticity in compression, 
Er = modulus of elasticity in tension, 

t = thicknes s of the web member, 
t = inclined length (Figure 1), and 

N = number of identical web members. 

The above expressions ar e of practical value iu (a) pre 
dict ing the performance of a sample that confor ms wit h 
the assumed geometry and (b) des igning a section that 
will meet a set of specified load requirements. Another 
important item that should be verified is the value of the 
maximum compressive stress a at maximum compression: 

a= Av+ Bu2 (7) 

where the constants A and B are given by 
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APPLICATIONS IN PERFORMANCE 
PREDICTION 

(8) 

Some useful applications of the material discussed above 
will be discussed here with the help of illustrative ex
amples. Let us consider a seal section 1. 75 cm wide 
coJ1sisting of four identical web members (N = 4), each 
1. 78 mm thick with characteristic angle Ill of 10 deg. 
Furthermore, for the properties of material of the seal 
we will assume E, = 559 N/ cm2, E0 = 363 N/cm2. [These 
values are equivalent to those used in illustrative ex
amples in earlier publica lions (1, 2, 3).] Then from 
equation 6 we evaluate f3 = 0.81.- For t:Y. = 10 deg and 
width = 1. 75 cm we find that l = 0. 89 cm. Further, by 
using the above numel'ical values in equations 5 and 8, 
we find that A = 40. 7 N/ cm~ B = 1.47 N/cm2, and 
C = 1.08 N/cm. 

With these data we can quickly generate the load
deflection curve for the seal. All we need to do is use the 
characteristic curve for t:Y. = 10 deg in Figure 3 and the 
multiplier C = 1.08 already evaluated. We need to read 
off the values of u~ !or differet,t values of perce11tage 
compression ancl scale these values of Lt

2 by the multi
plier C. The resulting numbers will be the values of 
force in kilograms per centimeter of seal. 

The characteristic curves can also be usefully ap
plied to quickly verify whether a given seal will meet 
certain specifications. For example, a typical require
ment is that the seal at least exert a force P1 per unit 
length at 20 percent compression and a force P2 per unit 
length at 50 percent compression. The utah State De
partment of Highways recommends these values to be 
3.51 N/ cm and 21.1 N/ cm .for a 1.75- cm-wide seal. For 
this check we can use the characteristic curves of Fig
ure 3 or the summarized values given in Table 1. The 
seal we have been considering here will exert a force 
P1 = 8.4C = 8.9 N/cm at 20 percent compression and 
P2 = 11.2C = 12.1 N/cm at 50 percent compression. It 
will therefore meet the specified requirement at 20 per
cent compression but not at 50 percent compression. 
The theoretical predictions have been found to be fairly 
close to experimental results. Hence, a check like the 
one suggested here can save a substantial amount of ex
perimental work. 

Another quantity of interest is the maximum com
pressive stress at 50 percent compression. This stress 
can be evaluated by the photoelastic experiments sug
gested by Cook (4) or by using equatio1ls 7 and 8 and the 
50 percent compression values given in Table 1. For ex
ample, if we use the latter approach, for the seal under 
consideration, 

a=Av+Bu2 =40.7 x 4.4+ 1.47 x 11.2= 195.5 N/cm2 (9) 

APPLICATIONS IN DESIGN 

So far we have considered the application of character
istic curves in predicting the product performance. 
These curves can also be used in designing a seal sec
tion that will meet specific requirements. To illustrate 
the process let us consider the following three require
ments. The total force P should be P1 at 20 percent 
compression and P2 at 50 percent compression. Further, 
the maximum compressive stress at 50 percent com
pression should not exceed an allowable value a.. Next 
we designate t1, t2, and t3 as the thicknesses that cor
respond with the above three requirements. Then, from 
equations 4 through 8 we obtain 

(10) 

(11) 

t3 = [3b(l + li)/2u~ cos2o:] [ v~ + 41J (aafET)(uYIJ2
) coso:-v2 ] (12) 

where 

b = half width of the seal ( Figure 1), 
uf = value of u2 at 20 percent compression (Table 1), 
u~ = value of u2 at 50 _percent compression (Table 1), and 
V2 = value of vat 50 percent compression (Table 1). 

The values t1 and t2 depend, as would be expected, on the 
mechanical properties of the material, the geometry of 
the seal section, and the number N of identical web mem
bers. The value of t3 depends on the allowable stress a. 
but does not depend on N. For any given configuration, 
the correct design value of t is the largest of the three 
values t1, t 2, and ta. 

Let us consider the design of the seal 1. 75 cm wide, 
i.e., 2b = 1. 75 cm. We shall assume the material prop
erties E, {3, and so on and the values of Pi and P2 to be 
the same as those in the previous example. In addition, 
let a. = 242 N/ cm2, the value of the allowable compres
sive stress. Then the only two parameters left are t:Y. 

and N. We can choose a specific configuration angle t:Y. 

and evaluate t1, t2, and t3 from equations 10, 11, and 12 
for a practical range of values of N (say, from 2 to 4) 
and in each case choose the largest value of t as the de
sign value. Then we repeat the entire process for an
other configuration angle t:Y.. By repeating this procedure 
several times we obtain a set of design values. The val
ues given in Table 2 were obtained by following this pro
cedure. The computations involved are quite simple and 
straightforward and can be performed with the aid of a 
slide rule or a pocket computer. 

In Table 2, in addition to the thickness, an extra col
umn is added to each category to record numbers that are 
proportional to the total weight of the web members for 
the correct design choice. The total weight of the web 
members per unit length is given by W = (2bpNt)/ cos °'• 
where p is the weight of the material per unit volume. 
The results of the weight analysis are shown in Figure 5. 
It is clear from Table 2 as well as Figure 5 that, in the 
present case, the lightest satisfactory design corresponds 
to the lower values of O! and the lowest practical value of 
N. In this case the lowest practical value of N is 2. We 
also observe from Table 2 that, for °' = 5 deg and N = 2, 
the value of the thickness is governed by the value 1'2. 
In all other cases the design value of t is dictated by the 
allowable stress. It must, however, be borne in mind 
that these remarks are valid for the current example. 
The design values are very much dependent on material 
properties. Hence, for a different material the indica
tions of Table 2 may be altered. 

CONCLUSION 

It has been demonstrated in this paper that character
istic curves may be used effectively in making laboratory 
predictions as well as in designing section geometry. The 
paper has been confined, for convenience, to the simplest 
geometry with a high degree of symmetry. However, the 
procedures described can be extended to more compli
cated combinations where the web members are not iden
tical in thickness. In such cases, the characteristic 
curves of Figures 3 and 4 can be used without change 
provided the seal section does not have a central vertical 
diaphragm. In such cases the expressions given in equa
tions 4 and 5 should be replaced by the appropriate ex
press ion from the report by Vyas (2). In the design pro
cedure illustrated here one can include additional con
straints such as the maximum allowable tensile stress 



and the maximum allowable shear stress. It will re
quire extension of Table 2, but the basic procedure will 
remain the same. The important advantage of the ap
proach suggested here is the relative ease with which 
one can handle a problem of nonlinear structural analy
sis without performing the analysis. 
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