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A review of past research on the effect of heat 
curing on strength, frost resistance, and AASHTO 
T 277 (a lso ASTM C 1202) 11COulomb 11 values is 
presented, and the research experience compared 
to present-day codes, specifications, and test 
methods. Historically, properly heat-cured 
concretes produced at low water-cement ratios 
have been found to have strength and frost 
resistance properties equal to or better than 
conventionally-cured concretes. The AASHTO 
T 277 test and the similar ASTM C 1202 test were 
also reviewed as they relate to precast concrete, 
revealing that significant questions remain 
regarding their appropriateness for use in concrete 
project materials qualifications and specifications. 

S 
ince 1950, the engineering profession has observed 
that weather-exposed precast, reinforced concrete 
structures and precast, prestressed concrete structures 

with adequate air-void systems have exhibited excellent 
durability. The resistance of precast concrete to freezing 
and thawing and to corrosion of reinforcement has also 
been researched extensively since 1960. Some studies 
were made on properly air-entrained and properly steam
cured or heat-cured concretes, while other studies were 
performed on improperly air-entrained or non-air
entrained concretes and improperly steam-cured or heat
cured concretes. 

Part l of this two-part report will review the specific 
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conclusions of these previous studies 
that relate to the present state-of-the
art and specifications. 

Part 2 presents comprehensive test 
results of a 1-year chloride ion perme
ability and coulomb study of heat
cured and moist-cured concretes with 
and without silica fume, subjected to 
various curing procedures. This inves
tigation was funded by the Precast/ 
Prestressed Concrete Institute (PCI) in 
1994 and 1995. The comprehensive 
data from Part 2 further elucidate the 
excellent durability of heat-cured, low 
water-cement ratio (w/c) conventional 
concretes as used in the United States 
for the last 45 years. 

BACKGROUND 

Numerous durability and concrete 
compressive strength studies on 
steam-cured or heat-cured concretes 
have been funded by the Federal 
Highway Administration (FHWA), ' 
the Portland Cement Association 
(PCA) ,2·3.4.s PCJ,6.7.8·9 and many other 
agencies and companies. These studies 
have established that resistance to 
freezing and thawing relates primarily 
to proper air entrainment, as recom
mended by American Concrete Insti
tute (ACI) Committee 201. 

For 3
/ • in. (19 mm) nominal maxi

mum size aggregate concretes with 
specified strengths of 5000 psi 
(34.5 MPa) and below, Table 4.2.1 of 
ACI 318-95 indicates 4 '/2 to 7'h per
cent air for severe exposures and 31/2 
to 6'/2 percent air for moderate expo
sures. The 1995 ACT 318 Table 4.2.1 
allows the use of I percent less total 
air content for concretes with specified 
compressive strengths greater than 
5000 psi (34.5 MPa). Therefore, 
higher strength 3

/ . in. (19 mm) nominal 
aggregate precast concretes could 
have about 3'h to 6 'h percent air for 
severe exposures, and 2'h to 5'h per
cent air for moderate exposures. 

These air contents in air-entrained 
concretes have been shown in numer
ous studies to provide excellent resis
tance to freezing and thawing. How
ever, significant PCA-funded studies 
in 1960 and 1978 on low water
cement ratio (w/c) (0.30 to 0.40) 
moist-cured concretes 10 and on low w/c 
(0.33) simulated steam-cured concrete 
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Table 1. Typical freezing and thawing test data for air-entrained, 0.43 w/c 
Type IliA cement concrete. 

I Age when ASTM C 290' I Weight 
freezing and thawing Durability Expansion• change• 

Cure type* tests started factor• (percent) (percent) 
-- -

I 

~ay mo_i" ":1 3 1 days 95 0.019 -0.7 
-- ~-

14-day moist and 14-day 
31 days 

~ 
0.017 +0.4 

air dry 
r---- --

16 hours at 160°F (7 1 °C) 
18 days 0.022 +0.3 

and 14-day air dry 
7 

-
16 hours at 160°F (7 1 °C) 
and 7-day moist and 25 days 103 0.025 +0.5 
14-day air dry I I 

* All four cure types had 3 days of water soakmg to saturate the concrete pnsm JUSt pnor to the freez1ng-thawmg 
tests in water. 

t Now part of ASTM C 666. 
§ After 300 freezing and thawing cycles in water. 

and moist-cured concrete2 showed that 
even non-air-entrained concretes were 
also very frost resistant when allowed 
an air-drying period before freezing 
and thawing tests in water. 

The water absorption, chloride ion 
ingress, and frost resistant properties 
of concrete relate directly to the w/c. 
For decades , precast concretes have 
commonly had very low 0.30 to 0.40 
w/c. These low w/c concretes were 
necessary to achieve the high early
age compressive and tensile strengths 
mandated by ACI 318, AASHTO, and 
PCI, which enabled early-age pre
stressing, stripping , and handling, 
often in periods less than 16 hours. 

These low w/c contrast with the 
higher 0.45 to 0.60 w/c commonly 
used in cast-in-place concrete con
struction during the last 45 years. In 
1989, ACI 318 mandated a maximum 
0.45 w/c for all concrete exposed to 
freezing and thawing conditions. For 
corrosion protection from deicing 
salts, salt water, brine, and other harm
ful agents, ACI 318-89 required a 0.40 
w/c but allowed a 0.45 w/c if their 
Section 7.7 minimum clear cover re
quirements were increased by 0.5 in. 
(13 mm). This 0.45 w/c alternative 
provision was eliminated in 1992. The 
1995 AASHTO w/c maximum re
quirement for corrosive environments 
is 0.45. 

The ACI 318-89 minimum clear 
covers were not revised in 1992 or 
1995, nor were the ACI 318R-89 
greater minimum clear covers sug
gested in the Corrosive Environment 
Commentary in ACI 318R. For cast-

in -place concrete, ACI 318-95 
(R.7.7.5) recommends a minimum 
cover of 2 in. (50 mm) for walls and 
slabs and 2'h in. (64 mm) for other 
members. A 'h in. ( 13 mm) reduction 
of cover is allowed by ACI 318R for 
precast concrete. 

These current code practices illus
trate that corrosion and frost resis 
tance require properly air-entrained 
concretes with a maximum w/c of 
0.40 or 0.45 , depending on the expo
sure environment and which code is 
used. The following review of signifi
cant published research papers since 
1960 was conducted to determine how 
the current 1995 ACI and AASHTO 
durability code requirements were de
veloped, as related to precast, pre
stressed concrete. 

HISTORICAL REVIEW 
Presented here in chronological 

order is a review of resistance to freez
ing and thawing, compressive strength 
and heat curing investigations: 

Klieger (1960) 

In 1960, KJieger undertook a com
prehensive study2 at PCA of resistance 
of concrete to freezing and thawing to 
determine the effects of simulated 
steam curing of concrete at 160°F 
(71 °C), continuous moist curing at 
73°F (23 °C), and a combination of 
continuous moist curing followed by 
air drying at 73°F (23 °C). Non-air
entrained and air-entrained concretes 
with 0.33 and 0.43 w/c, respectively, 
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were tested. A preset time of 3 to 
4 hours was used prior to the heat cur
ing. The average temperature rise was 
about 20°F (11 °C) per hour, and the 
maximum heating period at 160°F 
(71 °C) was 11 hours. Typical freezing 
and thawing test data from this study 
are shown in Table 1 for the properly 
air-entrained, 0.43 w/c Type IliA ce
ment concrete. 

These data show that the air
entrained concrete, when properly 
heat cured at 160°F (71 °C) and al
lowed a 14-day air-drying period 
after heat curing, exhibited the high
est durability factor of 107 percent 
after 300 cycles of freezing and 
thawing in water. This exceeded both 
of the continuous moist-cured dura
bility factors of 95 and 102 percent. 
It also exceeded the 103 percent 
durability factor of the heat-cured 
concrete that was moist cured for 7 
days after steam curing. 

These data show that subsequent 
moist curing of the steam-cured con
crete decreased the durability factor. 
Similar conclusions regarding the 
lack of benefit from 7 days of sup
plemental moist curing were reached 
for the other Type lA and IliA ce
ment concretes tested in this PCA 
study on heat-cured air-entrained 
concretes. This study reached similar 
conclusions when 0.33 w/c no
slump, non-air-entrained concretes 
with air contents of 2.2 to 2.4 percent 
were tested. Therefore, this PCA 
study showed that 7 days of supple
mental moist curing did not improve 
the frost resistance of steam-cured 
concretes given a reasonable 3- to 4-
hour delay period and some air dry
ing prior to freezing. 

Klieger commented on the benefit 
of air drying, "This drying will nor
mally occur prior to exposure and 
therefore from a practical standpoint 
this situation should be of little con
cern." Under the conditions of these 
severe 300 cycles of freezing and 
thawing conducted with the air
entrained concrete specimen always 
under water or ice, the companion 
continuously moist-cured concretes 
with Types lA and IliA cements also 
needed this air-drying period to 
achieve durability factors greater than 
100 percent. 
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Higginson (1961) 

The 1961 paper by Higginson 11 ti
tled "Effect of Steam Curing on the 
Important Properties of Concrete" 
suggested that supplemental fog cur
ing after steam curing is necessary to 
improve the durability of steam-cured 
concrete. Unfortunately, this study 
was based on improper steam curing 
that included preset periods of only 1 
and 3 hours. Therefore, the heat was 
applied prior to time of initial setting 
and a proper delay or preset, as used 
by Klieger in 1960, was not used. The 
report contains no data of initial set
ting time. 

The 28-day strengths of Higginson's 
steam-cured concrete to 100, 130, and 
160°F (38, 54 and 71°C) with a 1-hour 
delay averaged 68 percent of the 
moist-cured concrete with a coeffi
cient of variation (CV) of 8.7 percent. 
The 28-day strengths of the steam
cured concrete with a 3-hour delay av
eraged 73 percent of the moist-cured 
concrete strengths, with a CV of 
9.7 percent. Therefore, the 1- and 3-
hour delays created on average 32 and 
27 percent strength losses at 28 days, 
respectively, when compared to the 
continuously moist-cured concretes. 

These strength reductions are now 
known to be related to the application 
of heat at ages before the ASTM 
C 403 12 time of initial setting had been 
achieved. As discussed later, the early
age application of heat creates large 
volume increases in fresh concrete, 
creating micro- and macro-cracks and 
permanent volume increases. Such 
cracked and expanded concretes would 
be expected to have poor frost resis
tance. These vital issues were appar
ently not widely recognized in 1961. 

Higginson also used marginally air
entrained or possibly non-air-entrained 
concretes, with air contents stated to 
be 3 percent. No specific air contents 
were provided. The w/c of the con
cretes were also not provided nor dis
cussed. The reported freezing and 
thawing data indicate that all of the 
moist-cured and steam-cured concretes 
were of highly questionable durability, 
because the failure criteria selected 
were based on a concrete weight loss 
of 25 percent. This extremely large 
weight loss contrasts with minor 

weight gains reported in 1960 by 
Klieger2 for durable concretes. 

Essentially, none of the 5-bag 
(279 kg/m3) moist-cured or steam
cured concretes reached 300 cycles of 
freezing and thawing without suffer
ing a 25 percent weight loss -
unquestionably, non-durable concrete. 
The 7-bag (391 kg/m3) concretes were 
shown to be more durable, yet even 
here the moist-cured concrete given 7 
and 21 days of air drying did not reach 
the 300 cycles without a 25 percent 
weight loss, again indicating non
durable concrete. 

The durability of steam-cured con
crete should not be compared with 
moist-cured concrete, based on Hig
ginson's paper, due to the use of only 
1- and 3-hour delay or preset periods, 
which created severe strength losses at 
28 days, the associated internal and 
surface cracks, and volume changes 
now known to be associated with 
these strength losses, as well as the 
questionable air contents. Therefore, 
Higginson's recommendation of sup
plemental 7 days of fog curing is inap
propriate, based on Klieger' s 1960 
paper2 and data developed by other re
searchers after 1961, as further dis
cussed in this paper. 

Hanson (1963) 

The classic study at PCA by Hanson3 

in 1963 clearly showed in photographs 
that visible macro-cracking would 
occur in properly air-entrained 0.32 
and 0.39 w/c concretes, when allowed 
only a 1-hour preset period prior to 
steam curing to air temperatures of 
125 to 175°F (52 to 79°C). These con
cretes also suffered significant 28-day 
strength losses, ranging up to 50 per
cent. Macro-cracking was not detected 
in any concretes given the 3-, 5-, or 7-
hour preset periods, even when cured 
at 175°F (79°C). 

Hanson concluded that a delay pe
riod of about 5 hours, combined with a 
temperature rise of 40°F (22°C) per 
hour to about 150°F (66°C), would be 
optimum. These properly steam-cured 
Types I and III cement concretes 
achieved 28-day strengths of about 
90 percent of the continuously moist
cured concrete and contained no visi
ble cracks. 
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ACI Committee 517 (1963) 

The ACI Committee 517 report 
"Low Pressure Steam Curing" was 
published in August 1963. A total of 
30 published papers were reviewed, 
including the 1961 Higginson 11 and 
1963 Hanson3 papers. The report did 
not recommend the use of " supple
mental moist curing" of any length 
after steam curing. The report also in
cluded the following observation: 

"As stated previously , the ulti
mate compressive strength of 
steam-cured concrete is not as 
great as that of concrete continu
ously moist cured at lower tem
perature; however, in actual prac
tice concrete is often given very 
little moist curing so that the ad
vantage of steam curing may be 
considerably greater than would 
be apparent from comparison with 
28-day moist curing." 

This statement is still true today. It 
is probably even more relevant today 
because less effective liquid curing 
compounds have all but replaced 7-
day continuous moist curing at many 
jobsites. 

Brown (1963) 

In 1963 , Brown 13 of the Virginia 
Highway Research Council used the 
penetration resistance method (ASTM 
C 403) to determine the time of initial 
setting. 12 His investigations concluded 
that the time at initial setting was a 
scientific method for determining a 
proper delay period, accounting for 
the differences in factors such as ce
ment type and composition, w/c, sea
sonal temperatures, and the use of 
admixtures. 

Hanson (1965) 

In 1965, Hanson• extended his stud
ies and concluded that a 3- to 5-hour 
delay period prior to steam curing was 
optimum, for structural lightweight 
concrete , to achieve the greatest 
18-hour strength. For maximum com
pressive strength after 12 hours , he 
concluded that a 3-hour delay was bet
ter than a 5-hour delay. His work on 
lightweight concrete also concluded 
that the 1-hour delay period caused 
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Table 2. Typical concrete strength loss data for different delay periods. 

Strength loss at 28 days* (percent) 

Curing temperature, °F (0 C) 

Delay period (hours) 113• (45) 149• (65) 176• (80) 

1.0 18 22 56 

2.5 13 27 4 1 

4.0 17 33 46 

5.5 7 -4 2 

7.0 9 -4 3 

* As compared to continuous moist-cured concrete at 68°F (20°C), w/c = 0.50. 
Specimens put into bath immediately following delay period at 68°F (20°C). 

Table 3. Typical restrained concrete strength loss data for 1/2-hour delay period . 

Strength loss at 28 days* (percent) 

Curing temperature, °F (0 C) 

86• 104• 122• 140• 158• 176• 194• 212• 
Delay period (hour) (30) (40) (50) (60) (70) (80) (90) (100) 

lh 3 I I 6 -5 I 5 3 

* As compared to continuous moist-cured concrete at 68°F (20°C), w/c = 0.50. 
Sealed specimens put into water bath immediately following 112-hour delay period at 68°F (20°C). 

substantial early-age and 28-day 
strength losses. 

Alexanderson (1972) 

Alexanderson 14 reported on numer
ous heat curing tests using different 
delay periods, w/c, mixture propor
tions, cement types, air contents, and 
maximum temperatures of curing . 
Typical concrete strength loss data 
from his tests are shown in Table 2. 

His experiments showed that a volu
metric increase of the fresh concrete 
during heat curing is caused by pres
sure increases in the pores. By provid
ing a proper delay period, the tensile 
strength of the fresh concrete increases 
so that during heating the pore pres
sures can be resisted by the higher ten
sile strength. 

Cracking and strength loss could 
thus be minimized or totally pre 
vented as shown in Table 2 for the 
5.5- and 9.0-hour delays. His tests 
also demons,trated that the strength 
losses were greater with air-entrained 
concretes compared to non-air
entrained concretes. 

Alexanderson also performed addi
tional tests in which he prevented vol
umetric increases in the fresh concrete 
by using vertically restrained and 
sealed steel molds to show that the 

strength losses were caused by physi
cal expansion and cracking, not by 
chemical effects. These tests used an 
extremely short delay period of 
1/2 hour, a procedure that would nor
mally cause severe volume increases, 
cracking, and strength loss. Typical 
data from this restrained concrete test 
series are shown in Table 3. 

The data in Table 3 show that a 28-
day strength loss did not occur when 
these restrained concrete specimens 
were tested at any temperature from 
86 to 212°F (30 to 100°C). These data 
show that chemical causes for strength 
loss clearly play a secondary role dur
ing heat curing. They also establish 
the role of physical expansion in 
strength loss for heat-cured concrete, 
and illustrate the critical role that a 
proper delay period plays in the heat 
curing cycle. 

AASHTO (1974) 

In 1973, PCI, along with the 
AASHTO Subcommittee on Pre
stressed Concrete, prepared a pro
posed change to the Steam Curing 
Specification contained in the 
AASHTO Standard Specification for 
Highway Bridges, Division II - Con
struction, Section 4 "Concrete Struc
tures ," Article 2.4.33 "Prestressed 
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Table 4. Strength comparison of 28-day heat-cured specimens incorporating 
40°F (22.2°() per hour rate of rise after preset period with 28-day moist-cured 
specimens. 

Average 28-day heat-cured 
Mixture Cure temperature Heating period strength as percentage of 

type OF (oC) (hours) moist-cured strength (percent) 
-

11 0 (43) 
I 145 (63) 

180 (82) 

110 (43) 
111 145 (63) 

180 (82) I 

I + 
110 (43) 

HRWRA* 
145 (63) 

I 
180 

I 
(82) 

* H1gh range water reducmg agent. 

Concrete," Subarticle E "Steam Cur
ing." The revised Article 2.4.33 was 
retitled "Accelerated Curing with Low 
Pressure Steam or Radiant Heat." 

Thi s proposed change introduced 
for the first time the use of ASTM C 
403 "Standard Test Method for Time 
of Setting of Concrete Mixtures by 
Penetration Resistance."' 2 This test 
technique had not been previously rec
ommended in AASHTO, ACI, PCI, or 
other highway department specifica
tions, although most previous specifi
cations did require some degree of 
delay period prior to applying signifi
cant heat to the concrete. 

This proposed change was adopted 
and included in the 1974 Interim 
Specification, Bridges, as Interim No. 
18. It was subsequently included in the 
1977 AASHTO Standard Specifica
tions for Highway Bridges, Twelfth 
Edition, in Section 2.4.33, Section E. " 
This change also removed the require
ment that 6 days of additional water 
curing must be provided after the ac
celerated curing and that accelerated
cured concrete should not be exposed 
to temperatures below freezing for 6 
days after accelerated curing. 

Soroka et al. (1978) 

Soroka et al.' 6 showed in three dif
ferent series of tests that concretes 
that were improperly heat cured to 
temperatures of 140 to 175°F (60 to 
79°C), after delay periods of only 
'l z to 1 hour , suffered significant 
strength losses at 28 and 90 days, as 
would be expected. When companion 
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3 
6 
14 

3 
6 
15 

3 
6 
14 

99 
96 
101 

103 
106 
106 

94 
94 
93 

concretes were cured in water at 68°F 
(20°C) for 7 days immediately after 
heat curing, the 28- and 90-day 
strength losses did not occur in most 
of their tests, indicating that the mi
crocracks caused by the improper heat 
curing process were repaired by auto
genous healing during the supplemen
tary water curing period. 

ACI Committee 517 (1980) 

The ACI Committee 517 prepared a 
state-of-the-art report titled "Acceler
ated Curing of Concrete at Atmo
spheric Pressure." This document did 
not suggest "supplemental fog or 
moist curing" following accelerated 
curing, nor did it recommend the use 
of the ASTM C 403 time of initial set
ting test to determine the delay period. 

Pfeifer et al. (1981 ) 

A comprehensive state-of-the-art lit
erature review report8 on accelerated 
heat curing of precast concrete for the 
1950 to 1980 period was published by 
PCI. Numerous relevant observations 
are discussed in this 182-page PCI 
Technical Report No. 1. In addition, a 
comprehensive laboratory study7 was 
conducted using concretes with w/c 
from 0.30 to 0.43, 6.75 bags per cu yd 
(3 76 kg/m3 ) of Types I and III ce
ments, 3 in. (75 mm) slump, proper 
preset or delay periods, and heat cur
ing at 110 to 180°F (43 to 82°C). 

The initial set and delay periods de
termined, using ASTM C 403, were 3 
and 4 hours for the Types I and III ce
ments , respectively. Twelve different 

curing cycles with different heating 
periods and maximum air tempera
tures were evaluated. The 28-day 
moi st-cured stren gths ranged from 
5900 t::> 9100 psi (40.6 to 62.7 MPa). 
The average 28-day strength of the 
heat-cured specimens that incorpo
rated the 40°F (22.2°C) per hour rate 
of rise after the preset period, as com
pared to the continuously moist-cured 
specimens at an age of 28 days, are 
given in Table 4. 

These data show that properly heat
cured concrete suffered essentially no 
28-day strength decrease compared to 
the continuously moist-cured con
cretes when stored as per AASHTO 
and ASTM procedures in saturated 
lime water after heat curing. 

ACI Committee 517 (1987) 

In 1987, ACI Committee 517 up
dated their state-of-the-art report , 
" Accelerated Curing of Concrete at 
Atmosphere Pressure." This document 
also did not suggest "supplemental fog 
or moist curing" following accelerated 
curing , but sug ges ted the ASTM 
C 403 time of initial setting test for 
use in precasting plants. 

AASHTO (1989) 

The 1989 AASHTO Standard Spec
ifications for Highway Bridges, Divi
sion II - Construc tion , Section 8 
"Concrete Structures," Subsection 
8.11 "Curing Concrete" discusses the 
curing of concrete. 17 The moist curing 
was specified as follows : 
• Seven days of continuous curing for 

conventional concretes. 
• Ten days of continuous curing for 

concretes when pozzolans in excess 
of 10 percent of the cement mass are 
used. 

• The above curing periods may be re
duced to the age when the concrete 
compressive strength reaches at 
least 70 percent of the specified 
strength for all structures, other than 
the top slabs of structures serving as 
finished pavements. 
While the above 7- and 1 0-day 

moist-curing periods are appropriate, 
the provision of allowing the curing to 
end at the age when the jobsite con
crete reaches 70 percent of the design 
strength is questionable for concrete 
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walls, piers , abutments, columns, 
beams, barriers, and other components 
that will receive salt water splash, 
flow, and other exposures during their 
life. 

With specified 28-day AASHTO 
compressive strengths at 4000 psi 
(27.6 MPa), the provision allows the 
curing to end when the strength is 
2800 psi (19.3 MPa) . This strength 
can easily be reached in 1 to 3 days 
with today 's lower w/c required by the 
DOTs and AASHTO. While decks 
still require 7 to 10 days of moist cur
ing, these other members such as 
columns, piers, walls, abutments, di
viders , and barriers, which will also 
receive chlorides in their service life, 
can be put into service with minimal 
curing. 

The steam or radiant heat curing 
was specified as follows : 
• The steam-cured or heat-cured 

members shall be protected from 
freezing until 7 days after casting. 

• The steam-cured or heat-cured 
members that will be exposed to salt 
water shall be kept wet for not less 
than 7 days including the heat
curing period. Otherwise, additional 
moist curing is not required. 
The above two AASHTO require

ments for steam-cured or heat-cured 
concretes were inconsistent with the 
published research data from the 1960 
PCA freezing and thawing study' and 
the 1984 to 1987 FHW A study' on 
corrosion and chloride permeability of 
moist-cured and heat-cured AASHTO
grade 0.44 w/c concrete following se
vere 1-year salt water cycle tests. These 
previous studies indicate no need for 
7 days of protection from freezing 
weather nor 6 days of additional wet 
curing following heat curing. 

The supplemental wet or moist cur
ing was in fact slightly detrimental in 
the 1960 PCN study of air-entrained 
concretes because the concrete was 
somewhat wetter when subjected to 
the freezing and thawing tests . The 
1987 FHWA study ' indicated clearly 
that the chloride permeability of heat
cured concrete was about 50 percent 
less when compared to 3-day moist
cured concretes after a severe 1-year 
cyclic salt water exposure. 

The Part 2 report of this study found 
similar improved permeability perfor-
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W/C = 0.51 

CHLORIDE ION 
THRESHOLD 
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CHLORIDE SAMPLE DEPTH, In 

Fig. 1. Measured chloride profiles in moist-cured concretes from FHWA study (Ref. 1 ). 

mance of heat-cured AASHTO-grade 
concretes over AASHTO-grade con
cretes cured in water or under wet 
burlap for 7 days during subsequent 
!-year exposure to continuous salt 
water ponding. 

AASHTO (1992) 

The 1992 AASHTO Standard Spec
ification for Highway Bridges, Divi
sion II - Construction, Section 8.11 
"Curing Concrete" has removed the 
requirements for 6 days of supplemen
tal wet curing and no exposure to . 
freezing conditions for 7 days in Sub
section 8.11.3.5 "Steam or Radiant 
Heat Curing Method." 18 The 1989 pro
visions '7 for allowing jobsite curing to 
be discontinued when jobsite concrete 
reaches 70 percent of the specified 
strength are still present in 1992. 

PERMEABILITY ASPECTS 
The foregoing studies have dealt 

with effects of steam or heat curing on 
compressive strength and resistance to 
freezing and thawing. None studied 
the chloride ion permeability and cor
rosion protection offered by properly 
heat-cured concrete . The following 
discussions provide chloride ion per
meability data from moist-cured and 
properly heat-cured concretes from 
1984 to 1995. 

While the 1992 AAS HTO 19 and 
1995 ACI 31820 specification require
ments call for maximum 0.45 and 0.40 
w/c, respectively, for corrosion protec
tion purposes , published data on 
moist-cured concrete demonstrate 
much better corrosion protection at 
lowerw/c. 

Low w/c precast concrete has been 
produced for decades, in most cases 
with 0.30 to 0.40 w/c and proper heat 
curing. These very low w/c concretes 
can be easily handled in precasting 
plants because the mixing and casting 
time periods are very short. The 
longer mixing, hauling and casting 
time requirements can make these 
same concretes more difficult to han
dle , finish and cure in cast-in-place 
concrete operations due to slump and 
air content losses, stickiness, and lack 
of bleeding. 

Pfeifer et aL (1984 to 1987) 

Between 1984 and 1987, an FHWA 
research project1.2 ' on moist-cured and 
heat-cured conventional concretes was 
undertaken. Fig. 1 shows the average 
measured chloride ion content profiles 
after 44 weeks of testing from 90 con
ventional concrete slabs that were 
given 3 days of moist curing and had 
0.51, 0.40, and 0.28 w/c. The corro
sion threshold for reinforcing steel of 
0.025 to 0.040 percent acid-soluble 
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Fig. 2. Measured chloride profiles in moist-cured concretes from two FHWA studies 
(Refs . 1 and 22). 

Table 5. 1-year chloride ion content of moist-cured and heat-cured specimens. 

Member 
type Cure type Concrete type 

Columns Moist Conventional 

Beams Moist Conventional 
-

Columns Moist Calcium nitrite 

Bridge deck Heat Conventional 

Bridge deck Heat Calcium nitrite 

chloride ion content by mass of con
crete determined in this study is also 
shown in Fig. 1. These data were gen
erated during an indoor accelerated 
laboratory study using a 15 percent 
NaCl solution applied to the slabs for 
a 4-day period each week at about 60 
to 80°F (16 to 27°C), followed by a 
3-day air-drying period per week at 
100°F (38°C). 

Similar measured chloride ion con
tent profiles after 2.3 years of outdoor 
FHW A corrosion studies in Virginia 
were reported in 1976.22 These 7-day 
moist-cured conventional concrete 
slabs had w/c of 0.60, 0.50, and 0.40 
and were ponded with 3 percent NaCl 
solutions on a daily basis for 830 days. 

Fig. 2 depicts the measured chloride 
ion content profiles from the FHW A 
outdoor tests as compared to those of 
the indoor FHW A study shown in 
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1-year chloride ion content 
(percent by mass of concrete) 

Number 1hin. lin. 13
/• in. 

of cores (13mm) (25 mm) (44 mm) 

16 0.57 1 0.300 0.027 

12 0.533 0.263 0.009 

4 0.608 0.3 19 0.016 

4 0.347 0.1 19 0.004 

2 0.435 0.1 61 0.004 

Fig. 1. A review of the data from these 
two studies reveals: 
• The studies produced similar chlo

ride ion content profiles at a given 
w/c at the conclusion of their long
term testing. However, higher chlo
ride contents at the 1 in. (25 mm) 
depth were noted at the conclusion 
of the 1-year cyclic wet/dry test 
used during 1984 to 1987. 

• With both studies, the 0.40 w/c con
crete at the 1 in. (25 mm) depth ab
sorbed only 14 to 20 percent of the 
chloride compared to the companion 
0.50 w/c concrete. 

• The 0.28 w/c concrete exhibited a 
chloride content at the 1 in. (25 mm) 
depth level that was only 5 percent 
of that in the 0.51 w/c ratio concrete 
tested in the 1984 to 1987 study. 
These two concretes had 28-day 
strengths of about 7500 and 5000 

psi (51. 7 and 34.5 MPa), respec
tively, yet a 95 percent reduction in 
chloride was measured between 
these two concretes. 
Both of these long-term corrosion 

studies demonstrate that very low 0.30 
to 0.40 w/c moist-cured concretes can 
dramatically reduce the chloride ion 
ingress and, consequently, signifi
cantly reduce the risk of steel corro
sion when compared to conventional 
0.45 to 0.50 w/c ratio moist-cured 
concretes. 

None of the many corrosion studies 
reported before 1987 properly investi
gated the actual chloride permeability 
of heat-cured or steam-cured concrete. 
The 1984 to 1987 FHW A study' in
cluded a 1-year actual chloride perme
ability and corrosion study on properly 
heat-cured concrete vs. 3-day moist
cured concretes. The sponsors of this 
study specifically requested this com
parison because there was a complete 
lack of measured chloride permeabil
ity data on heat-cured, low w/c con
cretes. This FHW A study on 19 rela
tively full-sized beams, columns, 
piles, and subdeck panels included a 
1-year test series that compared 0.44 
w/c heat-cured and moist-cured con
cretes. The 28-day strengths were ap
proximately 6000 psi (41.4 MPa). 

The full-sized columns and beams 
were moist cured for 3 days, while the 
full-sized precast, prestressed piles 
and bridge deck subpanels were only 
heat cured overnight at 130 to 140°F 
(54 to 60°C) for their total curing. The 
heat-cured members did not receive 
any supplemental moist curing after 
the overnight heat curing. These com
parison tests were made with conven
tional concrete and with concrete con
taining a calcium nitrite corrosion 
inhibitor. The full-sized members 
were all cast with the 0.44 w/c re
quired by AASHTO in 1984. 

The concrete used in these members 
contained a nominal 6 bags per cu yd 
(334 kg/m3) Type I cement content, 
and a 6 ± '/2 percent air content, and 
had a 3 to 5 in. (75 to 125 mm) slump. 
The calcium nitrite dose was 5.4 gal 
per cu yd (27 liters/m3). The ASTM 
C 403 time of initial setting for the 
conventional concrete was about 
4 hours . 

The specimens were subjected to a 
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1-year wetting and drying cycle con
sisting of 4 hours per day under a 
flowing 15 percent NaCl solution fol
lowed by normal laboratory air drying 
for 20 hours a day, all at 60 to 80°F 
(16 to 27°C). At the end of this 1-year 
test, the chloride ion contents were 
measured from cut slices centered on 
0.50, 1.00, 1.75, 2.50 and 3.25 in. (13, 
25, 44, 64 and 83 mm) depths from 
duplicate cores. The results are given 
in Table 5. 

A plot that compares the 28 chloride 
ion contents from the moist-cured con
ventional concrete columns and beams 
vs . the four heat-cured conventional 
concrete bridge deck panel chloride 
ion contents is shown in Fig. 3. This 
plot and the other chloride data clearly 
show that the heat-cured conventional 
and heat-cured calcium nitrite con
cretes have substantially lower chlo
ride ion permeability at the 'h, 1, and 
13

/ 4 in. (13 , 25, and 44 mm) depth lev
els compared to identical 3-day moist
cured concrete. Table 6 shows the per
centage reductions in chloride 
achieved by the heat-cured concretes. 

These data show that at the 1 in. 
(25 mm) depth level after a severe 
!-year cyclic test, the heat-cured con
crete had about 50 to 60 percent less 
chloride than the same moist-cured con
crete, with either 0.44 w/c conventional 
or calcium nitrite concretes. At the '/2 in. 
(13 mm) depth, the chloride reductions 
were about 30 to 40 percent. 

The Coulomb Test 
(1983 to 1995) 

1983 - The AASHTO Test Method 
T277, "Rapid Determination of the 
Chloride Permeability of Concrete,"23 

was adopted in 1983. Virtually the same 
test procedure was designated in 1991 
by ASTM as ASTM C1202, "Electrical 
Indication of Concrete's Ability to Re
sist Chloride Ion Penetration."24 

1988 - During the late 1980s and 
early 1990s, project specifications 
were starting to limit concrete mix
ture proportions for corrosive envi
ronments to those with AASHTO 
T277 or ASTM C 1202 coulomb val
ues less than 1000, based on the 
Table 1 "Coulomb passed" ratings in 
AASHTO T277 and ASTM C1202. 

At the same time, an ACI paper was 
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Fig. 3. Measured chloride profi les in moist-cured and heat-cured concretes from 
FHWA study (Ref. 1 ). 

Tab le 6. Comparison of percent reduction of chloride levels in heat-cured concrete 
compared with moist-cured concrete. 

Member type* Concrete type* 

Columns Conventional 

Columns Calcium nitrite 

Beams Conventional 

* Moist-cured member type. 

published in 1988.25 This paper con
tained estimated chloride gradients in 
a parking deck at age 40 years, and 
also for concrete piles in a marine en
vironment at age 50 years for 0.45 , 
0.40, and 0.35 w/c concretes and 600 
and 300-coulomb-rated concretes. The 
estimated chloride profiles in the 
garage are shown in Fig. 4. These esti
mated chloride gradients, based on 
Fick's law of diffusion , and the as
sumed constant 30 lb per cu yd (18 
kg/m3) concentration of chloride ion 
on the exterior surface, showed that 
conventional 0 .35 w/c moist-cured 
concretes have reasonably similar esti
mated chloride gradients to a "600-
coulomb" moist-cured concrete. 

Percent reduction in chloride 
in heat-cured concrete when 

compared to moist-cured concrete 
1h in. (13 mm) I in. (25 mm) 

39 60 

28 50 

35 55 

In November 1988, a document26 

based on the December 1988 ACI 
paper was distributed. This document 
contained the same estimated chloride 
gradients for the parking deck at 40 
years and other estimated chloride gra
dients at 15, 40 and 75 years for 0.35 
and 0.40 w/c ratio conventional moist
cured concretes and the "600-coulomb
rated" concrete. These estimated chlo
ride gradients also showed that the 
0.35 w/c ratio conventional concrete 
was reasonably similar to the "600-
coulomb-rated" concrete at 40 years, 
and that both concretes contained 
large quantities of chloride at 40 years, 
as shown in Table 7. 

All of these estimated chloride val-
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Table 7. Estimated chloride content for moist-cured 0.35 w/c and 600-cou lomb 
concretes. 

Estimated chloride content at 40 years, lbs per cu yd (kg/m') 

Concrete type 1 in. (25 mm) 1112 in. (38 mm) 2 in. (51 mm) 

0.35 w/c 16.5 (9.8) 10.8 (6.4) 6.6 (3.9) 

600-coulomb 13.7 (8.1) 7.6 (4.5) 4.0 (2.4) 

Tab le 8. Estimated chloride content for moist-cured 0.35 w/c and 1000-coulomb 
concretes. 

Estimated chloride content at 40 years, lbs per cu yd (kg/m') 

Concrete type 1 in. (25 mm) 

0.35 w/c 16.5 (9.8) 

1000-coulomb 16.2 (9.6) 

ues far exceed the corrosion threshold 
for black reinforcing steel of about 
1 to 2 lb per cu yd (0.6 to 1.2 kg/m3).' 

1990 - In late 1990, another docu
ment27 was distributed that presented 
the same chloride gradients previously 
published25

·
26 but included a " 1000-
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1112 in. (38 mm) 2 in. (51 mm) 

10.8 (6.4) 6.6 (3 .9) 

10.5 (6.2) 6.3 (3.7) 

coulomb" concrete estimated chloride 
gradient as shown in Fig. 5. This fig
ure showed that the hypothetical 0.35 
w/c ratio conventional concrete was 
essentially the same as the " 1000-
coulomb" concrete in the estimated 
chloride gradient at age 40 years. 

These 1 000-coulomb concrete data 
show that the estimated chloride con
tents are essentially the same as 0.35 
w/c conventional concrete and all are 
very high, as shown in Table 8. 

These various estimated chloride 
content plots in Figs. 4 and 5 did not 
indicate the measured "coulomb rat
ings" for the hypothetical 0.45 , 0.40, 
and 0.35 w/c ratio conventional con
cretes . A review of the December 
1988 paper25 shows that the tested 0.37 
and 0.38 w/c conventional concretes 
had "coulomb values" of 2440, 2868, 
and 3485 - values much greater than 
1000. These data suggest that a 0.35 
w/c conventional concrete will not 
have a coulomb value of 1000, as sug
gested in the se previous docu
ments. 2s.26,21 

The 1994 to 1995 tests performed 
during this present PCI-funded perme
ability study, as discussed in Part 2 
of this report, substantiate the above 
observations. 

1992 to 1995 - Routine testing in 
the early 1990s on properly heat-cured 
conventional concretes with w/c of 
0.30 to 0.37 resulted in coulomb val
ues in excess of 1000. Typical mea
sured coulomb values were 1500 to 
2500. These high quality conventional 
concretes would not meet project 
specifications requiring 1000 coulomb 
values. During the early 1990s, signif
icant papers 28

·
29

•
30 from the United 

States, Spain, and Denmark were criti
cal of the 6-hou r "coulomb" test 
method. The author of the 1981 
FHW A report3

' on the development of 
the coulomb test procedure was co
author of a follow-up report in 1992.28 

The following are quotations from this 
paper: 
• Many users of the method believe 

that these values represent a large 
data base of concrete tests and are 
typical of what to expect in testing 
concretes of the types described. In 
fact, the table was constructed from 
results obtained on single cores of 
each concrete type, taken from the 
slabs originally supplied by the 
FHW A. As a further caution, in Ap
pendix 1 of the FHW A report, the 
following advice is given: "The ef
fect of such variables as aggregate 
type and size, cement content and 
composition, density, and other fac-
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tors have not been evaluated. We 
recommend that persons using this 
procedure prepare a set of concretes 
from local materials and use these to 
establish their own correlation be
tween charge passed and known 
chloride permeability for their own 
particular materials." 

• A word of caution is advised, how
ever, as the quantity measured by 
the RCPT is not permeability in the 
strictest sense, but an indication of 
permeability based on the ability of 
a given concrete specimen to con
duct electric current. Any materials 
that cause concrete to be more (or 
less) conductive will increase (or 
decrease) the value obtained using 
the RCPT, irrespective of the ef
fects which such materials or treat
ments have on actual permeability, 
diffusion, or other mass transport 
phenomena. 

• In the authors' opinion, further work 
on definition of acceptable limits, on 
development of statistical acceptance 
schemes, and on improvement in the 
precision of the test must be done be
fore this technique can be equitably 
applied to acceptance of silica fume 
and other types of concretes. Users 
must also recognize that chloride per
meability depends not only on the 
mix design and the component mate
rials, but also on aspects of construc
tion such as degree of consolidation 
and type and extent of curing. 
Two of the authors of this paper 

were among the three authors of an
other critical paper32 in 1994 that re
viewed these other recently published 
papers and the original 1981 FHWA
funded study3' that was used to de
velop the AASHTO T277 test method 
in 1983. As part of this review, the 
five papers 25

·
3 u 3

•
34

•
35 referenced in 

ASTM C1202,24 which purportedly 
substantiated the use of the ASTM 
C 1202 test method , and numerous 
other published papers that used the 6-
hour coulomb test method to estimate 
broad chloride permeability classifica
tions of concrete were examined. 

The conclusions and recommenda
tions from the present authors' 1994 
pape~2 follow, because they attempt to 
explain the dilemma of this 6-hour 
rapid test method. 
• Reliable and proper correlations do 
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cou lomb va lues, at age 40 years in a parking garage environment (Ref. 27). 

not exist between the 6-hour rapid 
chloride permeability test results 
and the 90-day ponding test results 
when different studies are com
pared. This lack of correlation is 
based upon numerous factors that 
are briefly discussed in this paper 
and more extensively discussed in 
other recent papers. 

• The rapid test was never intended as 
a predictor of the quantitative 
amount of chloride that would pene
trate into any given concrete. Those 
specifiers who are using the rapid 
test method for this purpose are at 
fault. As stated in ASTM Cl202, the 
rapid test should not be used unless 
proper correlations are made with 
long-term ponding tests. 

• Use of the rapid electrical test 
method to specify silica fume-modi
fied and other pozzolan modified 
concrete, with their naturally high 
electrical resistivity, is premature. 
Adequate correlations, as required in 
ASTM C1202, between the rapid 
electrical tests method and the 90-
day ponding tests do not exist for 
these concretes. Of great concern is 
the specification and use of higher 
w/c ratio concretes when based 
solely on the low "coulombs 
passed" values. 

• Conventional concretes made with 
only portland cement may have 
coulomb values of 6 to 15 times 
higher than the same mixture with 
silica fume or slag cement. Much of 

71 



this difference is due to the inherent 
high electrical resistivity of these 
modified concretes. Typical conven
tional concrete may have a 5- to 10-
fold decrease in coulombs passed 
when 7 percent silica fume is added, 
while the actual chloride ingress 
after 90-day ponding tests may de
crease only one or two times. 

• Chloride penetrability into concrete 
is dominated by the concrete w/c 
ratio, with additional benefits when 
silica fume, fly ash, latex and slag 
additions are used. The studies re
viewed show that virtually imper
meable conventional concretes can 
be produced with very low w/c ra
tios of 0.30 to 0.32, even though 
their coulomb values may range 
from 1000 to 5000. These data indi
cate that, during project bidding 
phases or during construction, the 
elimination of concretes with 
coulomb values of higher than 700 
to 1000 based solely on ASTM 
C1202 is not appropriate. 

• While further research regarding the 
general subject of chloride penetra
tion of concrete is beneficial, it is 
essential in the case of the rapid 
chloride test. The concerns of 
ASTM C1202 regarding the correla
tion of the rapid chloride test and the 
90-day ponding test for silica fume 
concrete have not been met ade
quately, making this application of 
the rapid chloride test highly ques
tionable. Material selection for the 
design of low permeability concrete 
should be based on 90-day or longer 
ponding tests (AASHTO T259) and 
not ASTM C1202. 

• Engineers continue to require rapid 
chloride tests of silica fume con
crete, sometimes on a scale ap
proaching that of routine jobsite 
quality control testing. Such indis
criminate use of the rapid chloride 
test - without development of ini
tial correlation data on specific con
cretes - should be stopped. 

• Table 1 in the ASTM Cl202 specifi
cation should be removed because 
this "classification" system based 
upon coulombs passed values is in-
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correct and is not the intent origi
nally proposed by the designers of 
the test procedure. 
Since 1993, a number of other pa

pers, articles, and letters36-
41 from the 

United States and other countries 
(South Africa, New Zealand, and 
Japan) have been distributed or pub
lished that are critical of the rapid 
coulomb test method. 

CONCLUDING REMARKS 
A review of the pertinent literature 

was performed to determine the his
tory and past performance of concrete 
curing and composition effects as they 
have affected the performance of high
way, parking, and other structural con
crete systems exposed to large 
amounts of chloride, and freezing and 
thawing. 

Historically, properly heat-cured 
concretes produced at low water
cement ratios have been found to have 
strength and frost resistance properties 
equal to or better than conventionally
cured concretes. When a proper heat 
curing procedure was followed, this 
improved durability was not found to 
be improved by supplemental moist 
curing of the precast concrete mem
bers after heat curing. The supplemen
tal moist curing was only beneficial 
when improper heat curing was used. 

A review of the effects of various 
parameters controlling the actual chlo
ride permeability of concrete found 
that the most important aspect was the 
water-cement ratio. It was also found 
that the use of heat curing could re
duce the permeability of AASHTO
grade 0.44 w/c concrete by 30 to 
60 percent when compared to identical 
moist-cured concrete. 

This decrease in chloride permeabil
ity was obtained with a concrete that 
received no supplemental moist curing 
after the heat-curing period, indicating 
that requirements for supplemental 
moist curing are unnecessary and 
probably undesirable. However, addi
tional onsite curing of concrete be
yond that required in the 1992 

AASHTO curing specification should 
be required for moist-cured concrete 
to reflect the results of recent research. 

This review of the AASHTO T277 
test, and the similar ASTM C 1202 
test, revealed that significant and seri
ous questions remain regarding their 
appropriateness for use in concrete 
project materials qualifications and 
specifications. The correlation be
tween long-term chloride permeability 
and results of the coulomb test appears 
to be highly variable and, as stated in 
ASTM C 1202, requires individual 
correlations between the tests for 
every concrete mixture. 

The widely used 1 000-coulomb 
limit for many specifications was 
found to be arbitrary for many con
cretes due to the widely different 
chloride permeabilities observed for 
concretes both meeting and failing 
such a limit-based specification. In 
fact, the coulomb test results often of
fered misleading and erroneous indi
cations of chloride permeability. The 
test is known to be influenced by fac
tors outside the concrete permeability. 
For example, the addition of other 
chemicals such as calcium nitrite is 
believed to increase the coulomb 
value, apparently without an increase 
in permeability. 

These serious questions and their 
consequences resulted in the undertak
ing of a comprehensive long-term chlo
ride permeability study of 7-day moist
cured concretes using two moist -curing 
techniques and overnight heat curing 
techniques with w/c of about 0.32, 0.37 
and 0.46 that contain 0, 5 and 7.5 per
cent silica fume. The heat curing was 
liglited to conventional concretes with 
no silica fume additions. 

A total of 15 conditions were stud
ied during 365-day constant salt 
water ponding according to AASHTO 
T259, water absorption and volume 
of permeable pore tests according 
to ASTM C642, and rapid chloride 
permeability tests according to 
AASHTO T277 and ASTM CI202. 
The results of this comprehensive 
laboratory study are presented in Part 
2 of this report. 
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