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Concreto armado - Fatores que influem na Corrosao das Armaduras.

RESUMO feito por E. THOMAZ , a partir dos resultados desse artigo.

» CIMENTO

e Aumentando o teor de cimento aumenta o tempo até o inicio da corrosdo.

The most significant variable in postponing conerete cracking

caused by corrosion of black or galvanlized steel was to increase
the cement factor.

> CURA COM AGUA

o A cura com dgua é o melhor modo de aumentar o tempo até o inicio da
Corrosao.

o Aumentando o tempo de cura com dgua aumenta o tempo até o inicio da
corrosdo.
» CURA COM VAPOR DE AGUA
® A cura com vapor de agua diminui a absor¢do de agua pelo concreto mas

e A cura com vapor de agua diminui o tempo de inicio de corrosao.

> POTENCIAL ELETRICO DE MEIA CELULA (SCE = Saturated Calomel Electrode)

e Com um potencial elétrico de — 0,42 volts SCE, metade (50%) dos
blocos de concreto ensaiados estavam fissurados, devido a corrosdo das
armaduras.

e Com um potencial elétrico entre (—0.27 e —0.42 ) volts SCE, as
armaduras estavam com corrosdo, mas ndo o suficiente para fissurar o
concreto.

o Com um potencial elétrico de —0.20 volts SCE as armaduras ndo tém
corrosao.

» POZOLANA

e A adigdo de pozolana aumenta o tempo até o inicio da corrosdo mas,




mas,

e A adigdo de pozolana aumenta a retragdo por secagem , o que pode conduzir

a fissuracdo nos primeiros dias, reduzindo, em consequéncia, a
durabilidade.

» CORROSAO - MECANISMO

o " Este trabalho atual confirma os trabalhos anteriores que demonstraram
que os mecanismos que controlam o movimento da agua através de um
concreto de boa qualidade sdo a capilaridade e a evaporag¢do e ndo a
pressdo hidrostatica relacionada com as medigoes de permeabilidade. "

» CLORETOS - TEOR

e Nos concretos curados com dgua, o teor de cloretos na interface

concreto/armadura foi de 17,9 pounds/cubic yard = 17.9 x 0,016 % em

peso do cimento = 0,29% em peso do cimento.

e Nos concretos curados com vapor de agua, o teor de cloretos na interface
concreto/armadura foi de 21.7 pounds/cubic yard = 0,35 % em peso do

cimento.

e O teor de cloretos encontrados nesses ensaios foi menor que o teor de
cloretos encontrado em estacas submersas durante 40 anos na dgua do mar.

e O teor de cloretos encontrados nesses ensaios foi maior que o teor limite de
cloretos das normas ASTM C 1152 e ASTM C 1218.

Chloride limit for new construction

(% by mass of cement)

Test method
Acid-soluble ‘Water-soluble
Category ASTM C 1152 | ASTM C 1218 Soxhlet”
Prestressed concrete 0.08 0.06 0.06
Reinforced concrete
in wet conditions 0.10 0.08 0.08
Reinforced concrete 020 015 015

in dry conditions

e Obs: Unidade métrica considerando o concreto com 6 sacks de 42,5kg por jarda cubica = 334kg/m3 :

[ LBS/CU.YD =1 pound / 1 jarda cubica concrete ] = 453.59 gramas / [ (0,914 m) = 0.82821m’ de concreto = 828,21 litros |
= 0.5477 grama / litro de concreto = 0,5477 grama / (1 litro = 334 g de cimento ) = 0,00164 grama / grama de cimento =

=0,16% do peso de cimento.
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Seven hundred and ten reinforced concrete blocks were partially submerged in a
saturated sodium chloride solution.

Based upon the test criterion that a sufficient quantity of concrete absorbed chloride

causes the steel to change from a passive to an active or corroding half-cell potential, the
test results were

(1) increasing the cement factor, and
(2) increasing the length of water curing

increased the time to an active half-cell potential (inicio da corrosdo ).

The steam curing of the concrete resulted in a reduction of the time to an active half-cell
potential as well as a reduction in absorption as compared to just water curing.

A test procedure used verified capillary action as the primary mechanism of water
absorption. The chloride content of the concrete was determined.

Of the three tested admixtures and corrosion inhibitors, only pozzolan appeared to result

in a significant benefit even though this concrete had the greatest absorption and also the
greatest drying shrinkage.

e Halfcell Potentials And The Corrosion Of Steel In Concrete
http://www.dot.ca.gov/newtech/researchreports/1972/72-42.pdf

The half-cell potential of steel embedded in concrete specimens in laboratory tests was
periodically measured and related to the visual observation of concrete cracking.

Although cracking was observed at a minimal level of -0.31 volts, it was observed that

when half-cell potential values were more negative than -0.42 volts to the Saturated

Calomel Electrode (SCE ), 50% of the reinforced concrete blocks were cracked due to
the corrosion of the steel.

At values between =0.27 and =0.42 volts, SCE, the steel was corroding but not always
enough to cause concrete cracking.



http://www.dot.ca.gov/newtech/researchreports/1972/72-52.pdf
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In cracked concrete, the maximum half-cell potential of the steel was measured to be -0.59
volts, SCE.

In addition to the laboratory tests on small specimens, a prototype simulated bridge deck
was exposed outdoors to periodic wetting and drying of a chloride salt solution and half-
cell potentials were measured by using various techniques.

It is shown that once corrosion begins, the measurements will show the potential
gradients of the resulting corrosion currents irrespective of the technique used to obtain
them.

However, there was a significant difference in the level of the potentials that was clearly
associated with the method of electrical measurement used.

e Field Method of Detecting Corrosive Soil Conditions
http://www.dot.ca.gov/hg/esc/ctms/pdf/CT_643.pdf

In highway construction and design the structural adequacy of the various facilities has
been a primary consideration.

However, investigations of the conditions after the long time exposure of some highway
structures have indicated that consideration of a durability factor should be included in
the economics of design.

This is illustrated by this slide (1) in which these two 30 year old culverts in different
locations show the effect of corrosion.

As will be observed, one culvert invert has been perforated by corrosion while the other
has not.

1t is interesting to note the deformation of the latter culvert that was caused by differential
settlement of the fill.

This slide (2) shows a crack in a 9 year old reinforced concrete headwall which is located
in a soil that contains about 3 times as great a salt concentration as if found in the ocean.

As shown on this slide (3) the removal of the cracked concrete shows that the reinforcing
steel is corroding and is a cause of concrete cracking.

o Environmental Influence on the Corrosion of Reinforcing Steel in

Concrete Bridge Substructures ( Influéncia do meio ambiente na Corrosio das
Armaduras em Infraestruturas de Pontes de Concreto Armado. )

http://www.dot.ca.gov/newtech/researchreports/1961-1963/62-17.pdf
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Abstract: Seven hundred and ten reinforced concrete blocks
were partially submerged in a saturated sodium
chloride solution. Based upon the test criterion
that a sufficient quantity of concrete absorbed
chloride causes the steel to change from a
passive to an active or corroding half-cell
potential, the test results were (1) increasing
the cement factor, and (2) increasing the length
of water curing increased the time to an active
half-cell potentlial. The steam curing of the
concrete resulted in a reduction of the time to
an active half-cell potential as well as a re-
duction in absorption as compared to just water
curing. A test procedure used verified capil-
lary action as the primary mechanism of water
absorption. The chloride content of the
concrete was determined. Of the three tested
admixtures and corrosion inhibitors, only
pozzolan appeared to result in a significant
benefit even though this concrete had the greatest
absorption and also the greatest drying shrinkage.

Key Words: Corrosion, concrete, steel, admixtures, corrosion
inhibitors, cement factor, chlorides, concrete
curing, laboratory tests, electrical potential,
passive potential, active potential, absorption

Comentarios de E. Thomaz :

e Aumentando o teor de cimento e o tempo de cura com dgua a durabilidade
do concreto armado aumenta, pois a corrosao das armaduras ¢ menor.

e O uso de pozolana traz algum beneficio, mas a absor¢ao de agua ¢ maior ¢ a
retracao por secagem também € maior , 0 que pode conduzir a fissuragao
nos primeiros dias, reduzindo, em consequéncia, a durabilidade.
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e Concrete Variables And Corrosion Testing
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Seven hundred and ten reinforced concrete blocks were partially submerged in a
saturated sodium chloride solution.

Based upon the test criterion that a sufficient quantity of concrete absorbed chloride
causes the steel to change from a passive to an active or corroding half-cell potential, the
test results were

(1) increasing the cement factor, and (2) increasing the length of water curing increased
the time an active half-cell potential.

The steam curing of the concrete resulted in a reduction of the time to an active halfcell
potential as well as a reduction in absorption as compared to just water curing.

A test procedure used verified capillary action as the primary mechanism of water
absorption. The chloride content of the concrete was determined.

Of the three tested admixtures and corrosion inhibitors, only pozzolan appeared to result
in a significant benefit even though this concrete had the greatest absorption and also the
greatest drying shrinkage.
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CONCRETE VARIABLES AND CORROSION TESTING

INTRODUCTION

In 19571, the California Division of Highways reported on the
causes of corrosion of steel in concrete. In 1963, an empirical
equation? was developed from field and laboratory data for esti-
mating the time to corrosion of embedded steel. This previous
work indicated that additicnal data was required regarding the
influence of curing, admixtures, and other concrete design
variables when designing a structure for a specific maintenance-
free 1ife2,

Based upon a literature survey, it was found that at least 15
different methods have been used for testing the corrosion of
steel in concrete3. In general, some of the methods are:

1. Exposure to tidal water®,5

2. Normal outdoors5,6,7,8,9,10

3. Laboratory, high humidit§5.5-11,12
Laboratory, low hum%dity »13

Alternate immersion®,12

Alternate but partial immersionl¥4,15

Variable salt, moisture, temperature

Salt spray cabinetl7

. Partially covered with a wet towell3

10. Flow of water vaporl8

11. Periodic spraying with salt waterl8

12. Immersed in waterl?

13. Partial immersion9

14. Dry cellarl?d

15, Impressed voltagesl

O Co=] O =

In effect, the test method, per se, for obtalning grecisely
reproducible results even by the same investigator20,2l has
not been clearly established.




In the selected partial immersion corrosion testing of the rein-
forced concrete blocks, there are two measures of the corrosion
phenomenon. One is to measure the half-cell potential of the
steel, and the other 1is to visually inspect the concrete for
cracks that result from the rusting of the steel.

In a previous study2l, it was found that one could electrically
measure a change from a noncorroding passive half-cell potential
(no salt at the steel/concrete interface) to an active half-cell
potential which occurs when there are sufficient chlorides
present to cause corrosion of the steel., With proper instrumen-

" tation, 1t is less costly to measure the half-cell potential of
the steel than to make periodic visual inspections for corrosilon-
caused concrete cracking, therefore, electrical measurements were
used in this study as the sole criterion for the determination of
the time to corrosion..

This study is a report on observations which were made on the
effect of curing method, curing time, cement factor, admixtures,
corrosion inhibitors, and the test method used to determine the
influence of these variables on the time to corrosion when the
concrete was partially immersed in a saturated sodium chloride




SUMMARY AND CONCLUSIONS

Absorpticn

Concrete absorption, per se, does not appear to be a direct
measure of abllity of concrete to inhibit or prevent corrosion
of embedded steel. However, i1t may be valuable 1n evaluating
similar concrete mixes. That concrete absorption, per se, is
not necessarily related to the time to corrosion of the steel

is illustrated by two conflicting test results which are (1)
concrete absorption is reduced by increasing cement factor which
increases the time to corrosion, and (2) concrete absorption 1is
reduced by steam curing with a resulting decrease in the time to
corrosion. Roughly, steam curling reduces volumetric concrete
absorption by 0.3% (see Figure 4).

Concrete Sorption

A preliminary test of submerging one face of a concrete speci-
men in water was performed to confirm caplllary action as the
primary mode for transport of water into concrete. The concrete
that had only one face in water absorbed nearly as much water
as one that was entirely submerged. Therefore, caplllary
action must be a large factor in the movement of water into the
atmospherically exposed area of concrete. In addition, the
gain in weight of the concrete that is simply exposed to high
humidity %onfirms the hygroscopic adsorption properties of
concrete2®, (See Figure 5.) In effect, because all concrete
samples were considered water saturated at the beginning of the
test, 1t 1s considered that the varlations in test results due
to concrete variables are probably most related to the desorp-
tion characteristics of the concrete.

Active/Passive Potential

The total time to that time when the half-cell potentlal of the
steel changes from a passive to an active potential has been
related to the total test period that it takes concrete to crack
as a result of steel corrosion2l. In this study, the mean




“passive or noncorroding half-cell potential of the steel was
about -7.19 volt to a saturated calomel reference cell. The

mean value for the active or corroding potential on the day that
the active potentlal was detected was -0.36 volt, which continued
to 1lncrease after four weeks of the measuring period to a mean of
~0.49 volt. As indicated by this and a previous study2l, the
half-cell potential of steel follows a normal statistical dis-
tribution, therefore, there will be no absolute value which will
precisely define an actlive or passive potentlal. However, based
upon the two studies, it appears that the values which have a
lesser numerical value than about -0.22 volt to the calomel
reference cell could empirically indicate a passive potentilal

for about 95% of the measurements. Also, 1f the potential had a
numerical value of greater than about -0.27 volt, then it could
indicate ‘an empirical active potentlal of the steel 1in approxi-
mately 95% of the measurements. The active potential does not
indicate a rate of corrosion, merely that sufflcient chloride is
present to destroy the corrosion inhibliting or passivating effect
of the concrete (seéé Figure 6.).

Cemeﬁt Factor

In all of the testing, as the cement factor was increased, so was
the time to corrosion of the steel. The results of a regression
analysis roughly indicates that the addition of one sack of cement
per cubic¢ yard to the concrete mix will increase the time to an
active potential of the steel by roughly T0% for both the water
and the steam-plus-water cured concrete within the cement factor
limits of 5.to 8 sacks per cubic yard., (See Figure 7.)

Length of’ Cure

Within the limits of the test, it was found that the length of
watéer curing of the concrete had a pronounced influence on the
time to an active half-cell potential of the steel. The longer
the cure, the longer the time to corrosion, or an active poten-
tial. However, only a b-sack concrete mix was tested for this
variable. Therefore, the length of concrete curing time may
have addéd or lesser influence on the time to an active potential
depending upon the cement factor and even extended times of
water curing beyond the test period of 32 days.

The regression analysls of the data indicated that by doubling
the water curing time, the time to an active potential increased
by 50% for both the water and the water-plus-steam cured concrete
(see Figure 8)




Water and Steam Curilng

The steam curing of the concrete reduced the time to corrosion of
the steel. With other varlables equal, the regression analysis
of the data indlcated that the steam-plus-water cured concrete
had 2 measured active potential of the steel in about 60% of the
length of time for an all water cured concrete (see Figure 9).

Admixture-Inhibltors

In this study, hydrated lime and sodium benzoate were used as
corrosion inhibitors, and pozzolan as a concrete admlxture. The
test results did not clearly indicate that the lime had a signil-
ficant influence even though there was a small increase in the
time to corrosion or active half-cell potential of the steel.

The use of sodium benzoate resulted in a marked increase 1in the
time to corrosion. However, there was a significant reduction
in mixing water requirements due to the entrainment and/or
entrapment of air. Therefore, the overall beneflt of sodium
benzoate is questionable until 1t 1s compared to a plain conecrete
made with the same amount of mixlng water.

Although there was an increase in mixing water required for a
given slump, the addition of a caleined voleanic tuff pozzolan
resulted in a significant increase in the time to corrosion.
This effect was greatest when the concrete was steam cured.
Based on the large coefficient of variation of the test results
for the water cured concrete containing pozzolan, it is specu-
lated that the apparent benefits of pozzolan may be increased
with longer -than the 28 days of water curing used for this
particular test; i.e., give the water cured pozzolan and calclum
hydroxide chemical reaction a chance to reach the same "maturity"
of the steam cured mix (see Figure 10).

Concrete Shrinkage

The major significance in the l4-day drying shrinkage tests was
the large increase in shrinkage of the concrete containing
pozzolan. Perhaps a reduction of the shrinkage might be achleved
by using a coarser sand and reproportioning the mix so as to
reduce the mixing water requirements. (See Table 10.)

Chlorides in Concrete

The chemical analysis of the mortar at the interface of the steel




“and conérete showed a calculated concentration of 17.9 and 21.7
pounds of chloride in the mortar portion of a cublec yard of
concrete for the water and steam cured concrete respectively.
Based upon an assumed concrete absorption of 14% by volume, the
evaporable water in the concrete could have contalned a salt in
solution at a calculated chloride concentration of about 9% by
welght at the steel-concrete interface.

Batch Variations

An analysis of varlance was calculated between the batches of the
6-sack, 28-day water and the steam-plus-water cured concrete that
was batched all in one day versus those that were batched on a
sweekly basis. : :

For the steam cured concrete, the test results lndicated there was
no significance that could be related to the two procedures for
the casting of the concrete blocks. However, there was a signi-
ficant difference found for the molst cured concrete. It 1s
speculated that for the moist cured concrete, the difference
might be more related to the vagaries of the test itself as the
difference between the means was about 22% of the 92-day average
test time to active potential. This value of 22% of varlation in
' the means should also be compared to the approximate 30% coef-
ficient of variation of the "normal" testing wlthout regard to
batching effect.




FABRICATION AND TESTING OF BLOCKS

The variables of concrete manufacture as used in thils series
of tests are shown in Table 1. The river run aggregate was
3/4=inch maximum and the gradation complied with the 1964
Standard Specifications of the California Division of Highways.
The cement used was Type II, modified, low-alkall which also
complied with the California specifications.

The reinforced concrete specimens were 4-1/2 inches wide, 2-1/2
inches thick, and 15 inches long. The No. 4 reinforcing steel
was sandblasted and was cast in the conerete to provide a
minimum of 7/8-inch concrete cover at any point. Figure 1 shows
a typical corrosion test specimen.

Ten corrosion test specimens, two 6x6-inch cylinders and three
3x3x11-1/4-inch shrinkage bars, were cast from a single batch.
Except for the test variations in batchling, all concrete was
batched in one day for each test variable. The ten corrosion
specimens from one-half of each batch were then either water cured
or steam-plus-water cured. Water curing was the complete sub-
megsion of the block in water at a temperature of approximately
T2°F.

Specimens to be steam cured were subjected to approximately 16
hours at 13845°F of steam curing, and then post cured in water
for the length of time that related to that test varlable of
post water curing time. All steam cured speclmens were allowed
to stand in their casting mold for a minimum of 4 hours. In
all cases, the specimens were steam cured on the day they were
cast. y

In all cases, the concrete slump was maintained at approximately
3-1/4+41/4 inches by adjusting the amount of mixing water. The
vibration of the concrete was accomplished by placing the steel
molds on a "Packer" type vibrating table.

After casting, the blocks were subjected to curing variables.
In all cases, after the appropriate time of submerged water
curing, the blocks were immediately transferred to the partial
immersion tanks. Figure 2 shows the blocks 1in place 1n the
tanks, and Figure 3 shows the data acquisition system that




automatieally obtained the half-cell potentials of the steel and
also printed the results on tape.

The corrosion exposure consisted of partially immersing the blocks
at an empirically selected depth of 3-1/2 1inches on the 15-inch
dimension, in a saturated sodium chloride solution, the steel
reinforcement rod being in a vertical position.

The absorption tests were made 1n accordance with Test Method No.
Calif. 538-A. Essentially, this test method first requires oven
drying at 23049°F for a minimum of three days and a continuation

of drying untIl the concrete water loss 1s less than 0.05% by
weight. " Prior to soaking, the concrete 1s stored Over night at
room temperature. For the 6x6-inch absorption cylinders used in
this test program, the approximate drying time would be 14 days.

In soaking, the concrete is required to be submerged at least one
inch below the surface of the water. The weight gain 1s recorded

at approximately 1, 3, 5, 7, and 24 hours, and 2, 3, 8, 16, and

28 days. The welght gain versus time data is then plotted on
log-log paper and the "best fit" of the weight gain curve at 28 days
is either visually obtained, or calculated by a regression analysis.
The weight gain is then computed and reported as percent by volume
of the concrete.
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Figure 2 - Partial immersion tests of steel in concrete
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RESULTS

Absorption and Cure Method

The absorption values reported on Tables 2 and 3 were obtained
by means of Test Method No. Calif. 538-A dated April 6, 1370.
In Table 2, "28-day Concrete Absorption", the results are the
values obtained after 28 days of soaking of the initially oven
dried 6x6-inch cylinders. The results for three repetitive or
cyclic tests are shown on Table 2. In Table 3, "28-day
Absorption of Admixture-Inhibitor Concrete", the absorption
values shown are the average for three cycles or repetitive
tests of concrete absorption.

In Figure !, "28-day Absorption of Steam versus Water Cure
Concrete", the values shown are the average values for three
cycles of absorption testing for each batch of concrete of the
various cement factors. All concrete had 28 days of water cure
prior to the absorption testing of the concrete.

When the data shown in Figure 4 were analyzed by the method of
least squares, the following relationship was obtained:

0.422 v it e e e e e e e e e e e . (D)

Wherein: Ag = Absorption of steamed and 28-day
water cured concrete, in percent
of concrete by volume

A, = Absorption of 28-day water cured
conerete in percent of concrete
volume

For this relationship of 20 pairs of values, the correlation
coefficient was 0.9175, and the standard error of estimate was
found to be 0.33%.

//As indicated by the results for plain nonair-entralned concrete\\
containing 5 through 9 sacks of cement per cubic yard, the
process of steam-plus-water curing reduces the 28-day concrete

absorption value roughly by 0.3% by volume. However, as shown
in Table 3, "28-day Absorption of Admixture-Inhibitor Concrete",
in the case of the admixture pozzolan, steam curing did not
result in a significant reduction in absorption.
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230 F =110°C

Concreﬁé Sorption

As a preliminary confirmation of the means whereby water is
absorbed into concrete, 12 concrete blocks of 3x3x11-1/4-inch
were cast of 3/4-inch maximum size aggregate. Originally, the
blocks were moist cured for 7 days and measured for drying
shrinkage. These blocks were on hand for a few years and for
the purpose of confirmation, were reused in this test. However,
all were subjected to the standard California Divislion of Highways
absorption test, No. 538-A. After oven drying at_230°F, six of
the room temperature, oven dried blocks were placed in a closed
container so that the blocks were partially but horizontally
immersed in water for 1/4-inch of depth. The other six bloecks
were also placed in the same container, but elevated above the
water's surface so that they were only exposed to approximately
100% relative humidity.

The results of this test are shown in Figure SJ "Variables in
Concrete Absorption of Water". As 1ndicated by this flgure, gain
in weight by the initially oven dried concrete is nelther con-
tingent upon complete immersion, nor even upon being in direct
contact with water. These results seem to confirm previous work?
that indicated that the major control upon the movement of water
into saturated concrete which results in a buildup in the con-
centration of chloride is the continued evaporation of the water
from some part of the conerete surface into the atmosphere.

Also, this recent work reaffirms previous workZ,22 that demon-
strated that the major mechanism that controls the passage of
water into good quality concrete is capillary and evaporation

and not hydrostatic pressure as related to permeability measure-
ments. - :

"' Este trabalho confirma trabalhos anteriores que demonstraram que os
mecanismos que controlam o movimento da agua através de um concreto
de boa qualidade sdo a capilaridade e a evaporagao e ndo a pressao

hidrostética relacionada com as medicées de permeabilidade. "

Ver também : http://www.michigan.gov/documents/mdot/R-322 437755 7.pdf



http://www.michigan.gov/documents/mdot/R-322_437755_7.pdf
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Half-Cell Potentlals

The half-cell potentlal of the steel was referenced to a saturated
calomel reference cell, and was normally measured thrice weekly
with a data acquisition system of 10 megohms input impedance.

The normal ( e half-cell potential behavior in this test
is shown-od Figure G,I"Typical Half-cell Potentlial of Steel in
Concrete”. As determined in a previous study2l, the half-cell
potential of the steel abruptly changes from a passive to an

active potential when sufficient chlorides come in contact with
the steel to cause corrosion. This change in potential has
been measured to have a rate of change of about 0.15 volt in
three hours; however, this rate is not known to be an average

rate of change.

As indicated in PFigure 6, the passive, or noncorroding potential
of the steel has a mean value of about -0.19 volt as referenced
to the saturated calomel half-cell. In a orevious study2l, the
mean passive potential of 200 speclmens was found to be approxi-
mately -0.11 volt and the potentlials fall into a normal
statistical distribution about the mean.

As shown 1n[Figure 6,]the mean change in potential at the time
when it was observed, was from -0.19 volt to -0.36 volt to the
calomel cell. With increasing time, the mean active potential
continues to increase to average value of about -0.49 volt.

The value of an active potential on the day of observed change

of -0.36 volt seems to compare fairly well with the previouslyZ2l
observed value of -0.33 volt. However, in this study as well as
another2l, it has been observed that the steel in about 5% of

the test blocks would have the abrupt change from a passive poten-
tial of about -0.19 volt to an active potential of about -0.36
volt, and then drop back down to a passive potential. This
phenomenon of shifting from passive to active potential for a
small percentage of blocks would be repetitive or cyclic and has
been observed in this and a previous study?l.

It was previously shown that the time to the active potential of
steel in concrete that is partially immersed in a saturated
sodium chloride solution is mathematically related to the time to
concrete cracking due to corrosion?l., As a result, this study
did not include the test parameter of observing the surface of
the concrete for cracks or rust stains. Visual observations not
only have a questionable accuracy depending upon the observer,
but it is a more time consuming and expensive procedure than is
the measuring of half-cell potentials. '
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Effect of Cement Factor

In order to determine the influence of the cement content on

the time to corrosion of the steel, concrete blocks were cast
containing cement factors of 5, 6, 7-1/2, and 9 sacks per cubic
yard. All concrete was water cured or post water cured for 28
days. The test results for the days to an active half-cell
potential for this test variable is shown in Tables 4 and 5, and

[Figure I,]“Efrect of Cement Factor on Time to Active Potential".

As shown in Figure 7, there is a significant dlfference 1n the
time to an active half-cell potential of the steel depending
upon the cement content of the concrete.

By the method of least squares, a regression analysis indicated
the following relationship between cement factor and time to an

active potential for the steam-plus~-water cured concrete.

PB = 0‘157(0)3.3-" [ ln L] L] . L] L] . L] . . . L] . - (2)
Wherein: Pg = days to an active potentlal, steam

plus 28 days of water curing of
concrete

C = cement factor 1in sacks of cement
per cuble yard

For this relationship, the correlation coefficlent was 0.910 and
the standard error of estimate was 0,1306 Logyg for the 110 pairs
of data.

When analyzing the data for the 28-day water cured concrete, a
regression analysis indicated the following relationship:
Pw = 0.10“(0)3'72 - - L] L] L] L] L . L] - - L] L] - L] - .(3)

Wherein: P, = days to an active potential, water
cured concrete

SACK/C.Y.=5567kg/m3 | —>» C = sacks of cement per cubic yard

For this relationship, the correlation coefficient was 0.8797
and the standard error of estimate was 0.1765 Logjg for the 130
palirs of data.

In order to determine the average "fit" between the water and
steam-plus-water cured concrete, the data were combined by
mathematically equat%ng the water to the steam cured concrete
by means of equation8, The result of this analysis was:

Pys = 0.125(0)3'"2 O € D




DAYS TO ACTIVE POTENTIAL

Wherein:

Pys = days to active potential of
mathematically combined water
and steam-plus-water cured
concrete

Cc = sacks of cement per cubic yard

For this relationship, the correlation coefficient was 0.8915,
and the standard error of the estimate was 0.1504 Logjqg for the

240 pairs of data.

EFFECT OF CEMENT FACTOR

CEMENT FACTOR - SACKS/C.Y.

Figure 7
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Concrete Curing Time

In order to study the effect of the length of curing on the time
to an active potential of the embedded steel, the concrete was
subjected to water curing periods of 2, 4, 8, 16, and 32 days.

As shown in Tables 6 and 7, "Curing Time Study", and also Figure
_8, "Effect of Concrete Curing Time on Time to Active Potential™,
the length of water curing time has a deflnite influence to the

time to corrosion. The longer the curing time, the longer the

time to an active potential.

By the method of least squares, a regression analysis was made
to determine the effect of water curing time to the time to an
active potential. For the concrete that was steam-plus-water
cured, results of the analysis were:

Ps = 6.23(-[))0'66 P T (5)

Wherein: Pg = days to an active potential,
' steam-plus-water curing

D = days of post underwater curing
For this relationship, the correlation coefficient was 0.8165,
and the standard error of estimate was 0.2014 Logjg for the 100
pairs of data.
The regression analysls for the time of water curing for the

nonsteam cured concrete to the time to an active potential of
the steel produced the following equation:

Py = 6.0(D)0-90 L. ... .. ... (6)
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Wherein: Py = days to active potential,
water cured concrete

D = days of water curing

For this relationship, the correlation coefficient was 0.826
with a standard error of the estimate of 0.2651 Logjg for the
100 pairs of data.

In order to combine the effect of the two curing methods, the
time to an active potentlal of the water cured concrete was
corrected to that of the steam-plus-water cured concrete by
the relationship shown in Equation 8.

The results of this analysis indicate that the influence of
water curing time to the time of an active potential was:

Pys = 6.1(D)0T8 L ...

- Wherein: Pyg = days to active potential, water
and also steam-plus-water cured
concrete

D = days of water curing

For this relationship, the correlation coefficient was 0.7894

with a standard error of estimate of 0.2603 Logjpg for the 200
pairs of data.

Curing Method and Time
to Active Potentials

The average time in days to_an ive potential for the two

curing methods is shown on(Figure 9] "Water versus Steam Cured
Concrete"”. By the method of least squares, a regression analysis
indicated the following relationship between water and steam-plus-
water curing to the time to an active potential of the steel:

PS = 0&595 PW + u-el - . * L] . - - - - - - . . . - (8)

Wherein: Pg = days to active potential, steam-
plus-water cured concrete

Py = days to active potential, water
‘'cured concrete

For this relationship; the cérrelatibn coefficlent was 0.9680,
and the standard error of estimate was 18.1 days for the 40
pairs of averaged d&ata points.
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Admixture-Inhibltor Study

In a preliminary evaluation of using admixtures in concrete to
forestall the time to corrosion of steel in concrete, three

admixtures were selected.

Hydrated lime was added to the concrete mix at the rate of 2%

and 4% by weight of the cement. Sodium benzoate, a reported
corrosion inhibitor for steel 1n concretec3, was added to the
concrete mix at a dosage of 1% and 2% by weight of the cement, and
pozzolan, a material that is reported to enhance some properties
of concretezu, was added at a rate of 15 and 30 pounds per sack

of cement.

The pozzolan was a calcined volcanic tuff which was tested under
ASTM C-618. All concrete uséd in the admixture-inhibitor study
contained 6 sacks of cement per cubic yard and had a total under-
water cure time of 28 days before corrosion testing.

The results of the days to active potentlal are tabulated in

Tables 8 and 9, and shown graphically in Figure 10, "Admixture-
Inhibitor Study".

Concrete Shrinkage

At the time the concrete corrosion specimens were batched, three

each of 3x3x11-1/lU-inch bars were cast to measure the 1ll4-day

drying shrinkage at 50% relative humidity and 73°F. As indi-

cated in Table 10, without altering the ratlio of coarse and fine
aggregate, shrinkage of the concrete increased with increasing cement
factor apparently because of the increase in mixing water. Also

when pozzolan was added to the mix, there was an increase in

drying shrinkage that was assoclated with an increase in mixing
water needed to maintain constant slump.

When hydrated lime was added to the concrete mix, the mixing
water and shrinkage was not significantly changed.

The addition of the corrosion inhibitor23 sodium benzoate, did

not result in a highly significant change in shrinkage. However,
it is of interest that even wilth reduction in mixing water, the
concrete containing sodium benzoate did not show any significant
reduction in its drylng shrinkage over the nonadmixture concrete.
During the mixing of the concrete containing sodlum benzoate, the
"mix" was observed to have a "frothy" or "bubbly" appearance.
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Chloriﬁe in Concretée

As an indication of the quantity of salt that could be absorbed
by the concrete at the steel/concrete interface, 40 of the 6-sack,
2-day water eure blocks were analyzed for this factor. Half of
these blocks were water cured for 2 days and the other half were
first steam cured for about 16 hours and then post cured in water

for two days.

Within 14 days after the reinforcing steel had a measured active
'half—cell potential, the blocks were mechanically split so as to
expose the concrete mortar interface with the steel. Then the
mortar, for a depth of about 1/16-inch, was mechanically removed
for about a 3-inch length. This section of mortar would have
been in that part of the concrete block which was immersed in the
sodiumiohloride solution.

'The concrete mortar was then chemieally analyzed for chloride
content and reported on the estimated basils that the sand/cement
mortar portion of concrete would weigh 2040 pounds per cubic

- yard'

For the 20 water eured blocks the absorbed chloride in the con-
crete at the mortar/steel interfaoe had a calculated mean value
of 17.9 pounds per cubic yard, with a standard deviation of 2.38
pounds per cubic yard for the 20 data points. In the case of the
steam plus two days of post water curing, the mean chlorilde
content at the mortar/steel interface was 21.7 pounds per cubic
yard, and a standard deviation of 3.82 pounds per cubic yard for
the 20 data points.

The eomputed chloride content of the concrete in this test is
less than that found in bridge plles thgt were continuously sub-
merged for about 40 years in sea water?

. Em concretos curados com agua, o teor de cloretos na interface
concreto/armadura foi de 17,9 pounds/cubic yard = 17.9 X 0,016 % em
peso do cimento = 0,29% em peso do cimento.

e Em concretos curados com vapor de dgua, o teor de cloretos na interface
concreto/armadura foi de 21.7 pounds/cubic yard = 0,35 % em peso do
cimento.




e O teor de cloretos encontrados nesses ensaios foi menor que o teor de
cloretos encontrado em estacas submersas durante 40 anos na agua do
mar.

e Obs: Unidade métrica considerando o concreto com 6 sacks de 42,5kg por jarda
cubica = 334kg/m3 :

[ LBS/CU.YD. = 1 pound / 1 jarda ctbica ] = 453.59 gramas /[ (0,914 m) * = 0.82821m
de concreto = 828,21 litros ] = 0.5477 grama / litro de concreto

3

= 0,5477 grama / (1 litro = 334 g de cimento ) = 0,00164 grama / grama de cimento =
=0,16% do peso de cimento.

Batch'Variations

An attémpt was made to determine the influence, if any, of batch-
ing procedures on the corrosion test results.

In this test series, as shown in Tables 4 and 5, "Cement Factor
Studyﬂ; the 6-sack concrete was batched as follows:

Series 1, concrete was batched at a rate of one batch per week;
Series 2 concrete was all batched 1n one day. [Each bateh con-
tained 10 blocks, of which one-half were water cured for 28 days
and the other five were steam-plus-water cured.

By an analysis of variance2d, it was determined that for the
steam cured concrete, there was an "F" ratio (for an “n" of 50)
of 0.0671, which does not indicate there was any slgnificance
between the test results for the different batching procedures.

For the moist cured concrete, the analysis of variance was calcu-
lated to have an "F" ratio of 10.01 (for the 50 observations)
whic 1s considered to represent a significant difference at the
95% confidence level as a result of the methods of batehing.

In effect, the data show that batching methods both do and do
not affect the results.




DISCUSSION

Corrosibn Testing

Although 15 different test methods have been identified, it might
be well to discuss the differences in results that have been
obtained in three separate tests with approximately the same 6-
sack conerete mix and test method by the same laboratory20,21

In Study No. 120, the 6-sack nonalr-entralned concrete blocks
were fog cured for 14 days and then alr drled by laboratory
storage for 60 days, prior to partially immersing them in
saturated salt solution. The average days to corrosion-caused
cracking of these concrete blocks was 22 days.

In Study No. 221, the 6-sack concrete blocks were moist cured in
a fog room for T days, stored in the laboratory under controlled
conditions of about 72°F and 50% relative humidity for 10.5 '
months: These blocks were then subjected to varying depths of
partial immersion in fresh water for about 5-1/2 months before
being partially immersed in the saturated salt solution.

In Stuéy No. 1, concrete cracking was observed after 22 days,
while in Study No. 2, the time was 309 days -- a time ratio of
14 to 1 for about the same quality of concrete.

In comparing the two previous test results, it is apparent that
the moisture content of the concrete immediately prior to partial
immersion of the blocks in the salt solution was of great signi-
ficance. In Test No. 1, the conecrete had air dried for 60 days,
and in Test No. 2, the concrete was saturated with fresh water
immediately prior to the partial immerslon of blocks. It is
obvious that the partially air dried blocks could almost immedi-
ately absorb the salt solution, while the fresh water saturated
blocks in Test No. 2 had to transpire some of the absorbed water
before’ the salt water could enter the concrete by means of
absorption. Also, as shown by this study, the influence of
concrete curing time prior to testing was also of probable sligni-
ficance.

In this latest, or third test series, even though the concrete
was saturated with fresh water immediately prior to the salt

water exposure, the days to an active potential of the steel of
the 6-sack water cured concrete varled from an average of 10 to
115 days, depending upon the length of water curing.




In addition to the varlables of curing time and the initial
moisture content of the conerete, in Study No. 1 it was observed
that when the atmosphere was about 54% relative humidity, the
length of time to corrosion-caused cracking of a 7-sack concrete
increased by approximately 50% when the relative humidity of the
atmosphere was increased to 95% - 97%. Therefore, it is apparent
that corrosion testing of steel in concrete can revolve gbout two
basic concrete parameters which are (1) absorption by a "dry"
concrete, and (2) the combination of desorption by evaporation
and absorption by caplllary action of the aggressive water. Also,
when considering desorption as a test parameter, 1t 1s obvious
that the relative humidlty of the atmDSphere should be of
significance.

Variation in Results

In Study No. 2, and even in this third study, the coefficient of
variation in the time to corrosion is roughly 30 to 35%. A
coefficient of variation of this magnitude has a great bearing

on the number of samples that must be tested in order to determine
1f the test results are real or accidental. For example, at the
95% confidence level and a coefficient of variation of 35%, it
could be expected that the average test value for two blocks could
have a maximum error of the mean of about 55%. Therefore, if two
samples were used for testing a variable, a difference in 50% in
the average test tlime would look good on a chart, but it could
Just as well be an accident.

Chloride Accumulation

It.is ackngwledged that when the chloride-ion is either mixed
withl or absorbed by the concreted,l 16,17,20, 27, this ion
is primarily responsible for the overhwelming majority of the
reported cases of corrosion of steel.

Although this study has directed a maximum amount of attention
toward the influence of concrete variables on the time to corro-
sion of steel, only a minor amount of attentlon was directed
toward the actual mechanism of chloride accumulations by absorp-
tion or desorption of water in the concrete.

For example, this Study shows that concrete absorption per se,
is not the single controlling mechanism for the time to corro-
sion. However, absorption seems to relate to concrete cement factor

.~
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in this test which does relate to the time to corrosion. In a
previous study?, it was empirically determined that the quantity
of water that evaporated out of concrete could be related not
only to concrete composition, but also to the time to corrosion
of the steel. It was assumed that chlorides which accumulated
in the concrete by the process of water evaporation would leave
a residual of salts.

In this'regard, it was reported28 that the computed concentration
of chloride in concrete plling that was continuously submerged
for approximately 40 years, was greater than that found in the
sea water.

If-this accumulation of chloride is by absorption and desorption
by water vapor, then it would imply that water vapor can travel
within a seemingly water satugated pile for the longitudinal
distance of at least 10 feet? Apparently there could be voids
in concrete where there is free passage of water vapor even
though the capillary pores are filled with water.

If the indicated mechanism of chloride accumulation in concrete
can be .confirmed, then laboratory corrosion testing can be
directed toward controlling those variables which can cause
misleading test results. And most importantly, the solution to
economically preventing or forestalling the time to corrosion of
steel in concrete can be determined in the laboratory rather than
by viewing the cost of maintenance of structures.
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Table 1

Concrete Mix Variables

Mixing Water,

Cement Slump, Air, Unit Wt., Lbs./Cu. Yd. Admixture
Factor Ins. % Lbs./C.F. Gross Net Type & Dosage
6.00 3-1/4 1.9 153.1 329 - 286 None
5.99 3-1/4 1.7 152.1 339 298 Pozzolan,
| ' | 15 1bs./sk.
5.99 3-1/4 1.7  150.4 363 325 Pcziolan,
30 1bs./sk.
6.00 3-1/8 1.8 153.3 324 282 Hydrated Lime
’ : ' 1.89 1bs./sk.
| (2%) |
5.98 3 1.8  153.1 326 283 Hydrated Lime
3.76 1lbs./sk.
(4%)
5.96 3-1/4 4.9 149.4 301 269 Na Benzoate
0.9“ 1b$-/5k.
(1%)
6.04 3-1/2 k.9 149.1 302 260 Na Benzoate
| 1.88 1lbs./sk.
(2%)
5.02 3 2.3 151.5 333 289 None
7.51 3-1/4 1.7 154. 4 322 282 None
9.01 3 1.6 154.7 None

334 297




Table 2
28-day Concrete Ahaorptionl

Water Cure Steam and Water Cure

: Sacks per Cubic yard acks per Cubic Yard

Batch Cycle 5. [ 7=1/2 9 5 o 7=1/2 9
1l I 14.63 13.66 12.79 13.13 14.20 13.53 12.41 12.87

II.  14.7% 13.79 12.80 12.95 12.3% 13.66 12.57 12.92
IIT  14.82 13.68 12.79 13.01 14.36 13.70 12.56 12.94

2 I 14,69 13.95 12.94 12.84 14.71 13.24 12.29 12.51
. IX 14.84 14.12 13.09 12.84 14.86 13.48 12.52 12.68
I1I 14.89 14.09 13.13 12.85 14.99 13.42 12.62 12.71

3 Ii 14.19 13.58 13.17 13.10 14,41 13.49 12.70 12.65
II 14.31 13.68 13.11 13.08 14.53 13.63 12.81 12.73

III 14,37 13.60 13.22 13.03 14.70 13.67 12.92 12.85

y I 14.87 14.18 13.13 13.15 14.97 13.55 12.87 12.64
II 14.77 14.15 12.98 12.95 14.81 13.55 12.84 12.66

III 14.94 14,22 13.02 12.96 15.01 13.57 12.94 13.06

5  § 14.81 13.89 13.48 13.01 14.50 13.63 12.48 12.61
11 14,81 13.93 13.38 12.89 14.67 13.76 12.68 12.80

III  14.81 13.89 13.35 12.89 14.75 13.72 12.72 12.83

X @ 14.700°13.894 13.092 12.979 14,654 13.573 12.662 12.764
3 0.228 0.222 0.213 0.103 0.255 0.133 0.193 0.148

v " 1.55% 1.60% 1.63% 0.79% 1.74% 0.98% 1.52% 1.16%

X - Mean, ¢ - Standard Deviation, V -« Coefficient of Variation

Note: (1) abaorption is in percent of concrete. volume
(2) All concrete cured under water for 28 days prior to’

absorption study




Table 3

28-day Absorption! of Admixture-Inhibitor Concrete

Pozzolan —Sodium Benzoate Hydrated Lime -
s./5k. Lbs./Sk. 1%/5k. 2%/Sk. )94 PN | 7/

Batch ater Steam ater Steam Water Steam Water Steam _Water Steam Water Steam
1l 14.97 14.94 16.86 | 16.97 12.66 12.56 13.05 13.23 13.77 13.33 13.97 13.77
2 15.40 15.14%4 17.25 17.15 13.09 12.37 13.36 12.61 14.07 13.88 14.13 13.69
3 14.99 15.11 17.11 17.60 12.59 12.18 12.74 12.47 13.73 13.64 13.90 13.51
y 14.94 15.03 17.14% 17.10 13.39 13.06 12,39 12.01 13.63 13.75 14.23 13.87
5  15.11 14.95 17.08 17.13 12.46 11.81 13.47 12.87 13.75 13.79 13.95 14.20
X, # 15.08 15.03 17.09 17.19 12.84 12.40 13.00 . 12,64 13.79 13.68 14,04 13.81
o, % 0.189 0.091 0.143 0.240 0.389 0.463 0.445 0.455 0.166 0.213 0.138 0.256
vV, £1.25 0.60 0.84 1.39 3.03 3.74 3.42  3.60 1.20 1.56 0.99 1.85
X - Mean ¢ - Standard Deviation V - Coefficient of Variation

Notes: 1. All concrete contains 6§ sacks of cement per cubie yard

2. All concrete cured under water for 28 days

3. Steam curing for 16 hours plus 28-day underwater curing

4. Absorption values are in percent of concrete volume




Table 4

Cement Factor S

Water Cure

Budy

Days to Active Potential

Batch ‘5 sks/cy

6 sks./cu.yd.

Series 1¥ Series 2*¥ 7-1/2 sks/cy 9 sks/cy

1 49 104 107 287 394
71 78 118 287 oo
39 32 98 369 362
34 18 100 317 518
56 67 77 53 394
2 38 55 63 132 416
64 T0 135 251 367
62 80 152 276 388
45 111 128 223 351
35 146 128 199 388
3 56 62 93 201 553
34 79 89 177 322
41 62 4o 177 488
4o 56 70 177 504,
56- 79 55 208 399
y 1 54 114 316 316
54 48 98 316 396
26 48 131 176 512
57 35 121 109 405
54 61 61 232 316
5 29 118 110 213 307
35 85 175 204 385
35 8u 30 206 276
27 77 112 171 Ju9
31 97 91 66 68
6 137
110
96
17
103
X by,9 72.2 97.3 213.7 387.2
o 12.7 28.5 29.5 77.8 97.3
Vv 28.4 39.5 30.3 36. 4 25.1
X - Mean g = Standard Deviation V - Coef. Variation
Notes: *1., Series 1, cast at one batch per week

®2.
3.

Series 2, all batches cast in one day
Concrete cured under water for 28 days




Table 5

Cement PFactor Study
Steam Plus Water Cure

Days to Active Potential

6 sks./cu.yd.
Batch 5 sks/cy Series 1* Series 2% ?—13’2 sks/ecy 9 sks/cy

1 42 56 g2 158 151
~ 41 71 77 326 393
29 71 61 139 270
48 64 9l 174 286
28 61 103 146 4103
2 i 73 68 174 237
20 62 kg 129 181
34 45 55 T0 185
31 50 61 120 185
24 64 4y 118 185
3 29 37 55 145 390
33 Ly 61 166 210
33 72 61 124 56
4o 58 68 135 194
_ 26 72 48 112 320
L 25 104 57 207 270
54 64 70 124 253
43 71 55 162 165
33 39 55 188 272
32 71 63 125 272
5 77
T7
Ly
7
77
6 34
A
48
51
65
X 34,5 62.5 63.5 152.1 243,9
o 8.8 15.2 15.0 51.2 88.2
v 25.5 24,3 23.7 33.6 36.1

¥ - Mean, o - Standard Deviation, V - Coef. Variation

Notes: *leries 1, cast at one batch per week
#8eries 2, all batches cast in one day
After 16 hours of steam curing, concrete post
cured under water for 28 days




Table 6

Curing Time Study
- Water Cure

. - Days to Active Potential
Batch 2 days¥ 1§ days* 8 davs*® 16 days¥ 32 days®

1 9 21 29 © 58 115
. 5 18 b7 63 60
23 b1 . 83 47 129
12 ' 19 68 84 117
o 8 2 50 72 103
2% 5 3 . 26 h7 101
e 21 38 76 61 129
12 31 48 63 138
6 21 65 84 183
s 26 24 65 69 80
3. 5 . 59 42 86 117
' 2 63 4y 112 140
£ 22 T4 ug 55 154
i > 59 49 75 143
< 55 - 59 - L8 91 109
b 19 40 38 Ly 122
2 63 by 86 119
= 5 38 55 91 61
" 2 38 52 149 75
j 5 27 52 84 109
X 10.0 38 51.5 76.1 115.2
g 7.8 19.2 14,2 24,7 30.5
V. 78.8 50.5 27.7 32.4 26.5

X - Mean, o - Standard Deviation, V - Coef. Variation
Note: 1. Moist cure is continuous submersion in water
i 2. All concrete contained 6 sacks cement per
cubic yard

*¥Days of under water curing




Table 7

Curing Time Study
Steam Plus Water Cure

Days to Active Potential

Batch 2 days* 1§ days® B days® 16 days¥ 32 daysF¥
1 23 56 23 © 55 94
9 6 8 34 49
6 10 28 22 53
23 19 37 30 49
7 ] 12 29 56
2 13 10 29 61 53
19 27 19 54 62
12 21 33 28 72
8 38 37 26 80
8 14 33 23 89
3 5 18 20 - b0 70
13 17 20 35 70
9 11 28 33 63
5 12 16 47 61
5 35 28 34 59 -
y 19 10 21 51 52
26 7 34 36 - 75
13 7 16 55 59
5 31 34 68 101
13 19 29 55 52
X 12 19 25 41 66
o 6.7 13.1 8.5 13.7 15.3
\ 55.4 70.5 33.5 15.3 - 23.2
¥Days of under water curing
X - Mean o - Standard Deviation V - Coef. of Variation
Note: 1. Concrete steam cure for 16 hours, then under

water cure

All concrete contains 6 sacks of cement per
cubic yard




Tablc 8

Admixture-Inhibitor Study
Water Cure

Days to Active Potential
15 Lbs. 30 Lbs. 1% Sodium 2% Sodium
Batech Pozzolan Pozzolan 2% Lime 44 Lime Benzoate Benzoates=s

1 ¢ 387 67 90 120 193 174

s 130 137 106 137 169 197

485 139 82 69 151 172

134 64 g2 116 69 75

: 61 67 67 75 71 145

2 " 55 62 143 87 141 - 185

: 62 62 66 106 146 162

66 561 77 70 188 181

146 62 99 104 136 118

174 - 62 77 62 176 92

3 54 62 89 119 247 168

; 63 54 93 107 151 177

58 53 56 62 177 257

62 Ly 110 100 128 226

. - 62 54 98 86 161 243

T 46 L77 148 85 109 237

i3 50 477 120 95 307 179

b6 48 129 29 151 218

46 54 61 109 158 270

; 319 57 134 124 57 61

5. 475 69 69 - 106 120 188

. 349 43 104 90 125 106

% 225 69 - 84 111 141 120

: 80 69 86 78 132 183

; 69 77 106 69 55 84

X 148 135 95 . 92.6 142 169
o 141 160 25.2 24,6 51.4 57.3
v 95 118 26.5 26.6 36.1 34,0

X - Mean o - Standard Deviation V - Coef. of Variation
Note{ 1. - A1l measures are by weight of cement

2. Concrete is 6-sacks per cubic yard and cured
under water for 28 days _

The most slgnificant varilable in postponlng concrete cracking

caused by corrosion of black or galvanized steel was to lncrease
the cement factor.




Table 9

Admixture-Inhibitor Study
Steam Plus Water Cure

Days to Active Potential

15 Lbs. 30 Lbs. 1% Sodium 27% Sodium
Batch Pozzolan Pozzolan 2% Lime 4% Lime Benzoate Benzoate
1 281 566 49 54 95 88
211 515 - 48 47 88 60
172 517 50 71 75 75
176 268 60 64 88 104
274 71 69 54 137 67
2 195 265 55 55 101 70
181 36 66 37 62 - 73
164 220 64 55 101 35
159 468 59 48 55 70
97 48 50 64 64 66
3 17 516 51 8k 89 96
13 376 62 160 98 124
170 247 75 58 126 107
56 448 33 62 51 98
247 322 58 62 54 151
4 26 316 5 39 179 190
165 431 5 61 181 139
190 272 64 57 151 176
90 517 61 50 151 124
218 57 43 61 83 134
X 169 324 58 62 101 102
(4] 65.3 174 11.5 25.3 40.2 40.8
v 38.5 53.8 19.9 40.7 40.8 39.9

X - Mean o - Standard Deviation V - Coef. of Variation

Note: 1. All measures are by weight of cement
2. All concrete contains 6 sacks of cement per
cubic yard '
3. Concrete first steam cured and then post
"cured by submersion in water for 28 days

The most slgnificant varlable in postpeonling concrete cracking

caused by corrosion of black or galvanized steel was to increase
the cement factor.




Cbncrete Shrinkage Results

‘rable 10 ©

Cement

14-day Drying Shrinage

Admixture, | 3x3x11-1/8" Bars. of 3 Bars
Factor Type and Dosage % Shrinkage % Control
6. oo’_'None .023 100
5. 99"’ Pozzolan .033 143
15 1bs./sk.
5.9? Pozzolan . 047 205
7 30 1b./sk.
 6.00 Hydrated Lime .025 109
b 1.89 Lbs./sk.
: (2%)
5.98. Hydrated Lime .025 109
3 (ug)
5.96. Na Benzoate .027 117
14 0.94 1b./sk. '
6&64; ‘Na Benzoate .021 92
© 1.88,1bs./sk.
g ‘(2%)
5.02  None 1021 92
7.51  None .025 109
9.01 None .030 130

The most slignificant varilable in postponing concrete cracking
caused by corrosion of black or galvanlzed steel was to lncrease

the cement factor.

+ + +




