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A review of past research on the effect of heat
curing on strength, frost resistance, and AASHTO
T 277 {(also ASTM C 1202) “coulomb” values is
presented, and the research experience compared
to present-day codes, specifications, and test
methods. Historically, properly heat-cured
concretes produced at fow 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.

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-atr-
entrained concretes and improperly steam-cured or heat-
cured concretes.
Part 1 of this two-part report will review the specific

S ince 1950, the engineering profession has observed



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 (PCT) 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),>** PCL*™** 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 /s 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'/> to 7'/: per-
cent air for severe exposures and 3'/;
to 6'/: percent air for moderate expo-
sures. The 1995 ACI 318 Table 4.2.1
allows the use of | percent less total
air content for concretes with specified
compressive strengths greater than
5000 psi (34.5 MPa). Therefore,
higher strength */s in. (19 mm) nominal
aggregate precast concretes could
have about 3'/: to 6'/: percent air for
severe exposures, and 2'/> to 5'/: 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 1o 0.4
moist-cured concretes™ and on low wic
(0.33) simulated steam-cured concrete

Table 1. Typical freezing and thawing test data for air-entrained, 0.43 w/c

Type IlIA cement concrete.

Age when ASTM C 290+ Weight
i freezing and thawing Durability | Expansiont ;| changes

Cure type* ] tests started factor: {percent) \ (percent)
28-day moist 31 days 95 0.019 . 07
14-day moist and [4-day 91 ks 102 0.017 +0.4
air dry
16 hours at 160°F (71°C)
and 14-day air dry . 18 days ; 107 0.022 +0.3
e T i .
16 hours at 160°F (71°C) '
and 7-day moist and 25 days 103 0.025 +0.5
14-day air dry

* All four eure types had 3 days of watcr soaking to saturate the concrete prism just prior 1o the freczing-thawing

ests 1 water.
T New part of ASTM C 666,
& After 300 freezing and thawing cycles in water.

and moist-cured concrete’ 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 abhsorption, chloride 1on
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
wic but allowed a 0.45 w/c if their
Section 7.7 minimum clear cover re-
quirements were increased by (.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 ACT 318R. For cast-

in-place concrete, ACI 318-95
(R.7.7.3) recommends a minimum
cover of 2 in. (50 mm) for walls and
slabs and 2'/> in. (64 mm) for other
members. A > 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 (.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, Klieger undertook a com-
prehensive study® at PCA of resistance
of concrete to freezing and thawing to
determine the effects of simulated
steam curing of concrete at [60°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 (.33 and 0.43 w/c, respectively,



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 IIIA ce-
ment concrete.

These data show that the air-
entrained concrete, when properly
heat cured at 16{)°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 IA and IIIA 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 itmprove
the frost resistance of steam-cured
concreles 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 1A and IIIA cements also
needed this air-drying period to
achieve durability factors greater than
100 percent.

Higginson (1961)

The 1961 paper by Higginson'' 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" 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
Klieger’ for durable concretes.

Essentially, none of the 5-bag
(279 kg/m?*} 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/m?) 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
paper® and data developed by other re-
searchers after 1961, as further dis-
cussed in this paper.

Hanson (1963)

The classic study at PCA by Hanson’
in 1963 clearly showed in photographs
that visible macro-cracking would
occur in properly air-entrained 0.32
and (.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 11l cement concretes
achieved 28-day strengths of about
90 percent of the continuously moist-
cured concrete and contained no visi-
ble cracks.



ACl 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'' and
1963 Hanson’ 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" of the Virginia
Highway Research Council used the
penetration resistance method (ASTM
C 403) to determine the time of initial
setting.'? 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 t-hour delay period caused

Table 2. Typical concrete strength toss data for different delay periods.

Strength loss at 28 days* (percent)
Curing temperature, °F ("EI). -
Delay period (hours) 113+ (45) 149 (65) 176 80) |
BT 18 2 56
2.5 13 7 41
40 17 33 46
[ 5.5 7 4 2
7.0 9 4 3

* As compared to continuous moisi-cured concrete at 68°F (20°C), wic = 0.50.
‘t  Specimens put into bath immediately following delay period at 68°F (20°C).

Table 3. Typical restrained concrete strength loss data for '/>-hour delay period.

Strength loss at 28 days* (percent)
Curing temperature, °F (°C)

86 | 104 | 122 | 140 . 158 | 176 | 194 | 212
Delay period thour) | (30) | 40) | (50) | 60) | (70) | B30  (90) | (100)
'f2 3 1 1 6 5 1 5 ‘ 3

*  As compared to continuous moist-cured concrete at 68°F (20°C), w/c = 0.30.
1 Sealed specimens put into water bath immediately following '/2-hour delay period at 68°F (20°C).

substantial early-age and 28-day
strength losses.

Alexanderson (1972)

Alexanderson" 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 7.0-hour delays. His tests
also demonstrated 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
'/» 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 I — Con-
struction, Section 4 “Concrete Struc-
tures,” Article 2.4.33 “Prestressed



Table 4, Strength comparison of 28-day heat-cured specimens incorporating
40°F (22.2°C) per hour rate of rise after preset period with 28-day maist-cured

specimens.
‘ Average 28-day heat-cured
Mixture Ll temE l:atqre Heating period strength as percentage of
type °F °C) (hours) moist-cured strength (percent)
110 (43) 3 99
I 145 (63) G 96
180 (82) 14 101
110 (43) 3 103
11 145 (63) 6 106
180 (82) 15 106
I+ 110 43 3 94
145 (63} 6 94
* )
HRWRA 180 62 | 14 93

* High range water reducing agent.

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

This 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.”” 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 & 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.’® 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
'J2 to 1 hour, suffered significant
strength losses at 28 and 90 days, as
would be expected. When companion

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 report® 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 study’ was
conducted vsing concretes with w/c
from (.30 to (.43, 6.75 bags per cu yd
(376 kg/m*) of Types I and III ce-
ments, 3 in. (75 mm) slump, proper
preset or delay perieds, and heat cur-
ing at 110 to 180°F (43 to §2°C).

The initial set and delay periods de-
termined, using ASTM C 403, were 3
and 4 hours for the Types I and I1I ce-
ments, respectively. Twelve different

curing cycles with different heating
periods and maximum air tempera-
tures were evaluated, The 28-day
moist-cured strengths ranged from
5900 to 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 continucusly 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 suggested 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 — Construction, Section 8§
“Concrete Structures,” Subsection
8.11 “Curing Concrete” discusses the
curing of concrete."” 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 10-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



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 FHWA study' on
corresion and chloride permeability of
moist-cured and heat-cured AASHTO-
grade (0.44 wic concrete following se-
vere |-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 PCA® 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 l-year
cyclic salt water exposure.

The Part 2 report of this study found
similar improved permeability perfor-
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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
burtap 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.”"® The 1989 pro-
visions'’ 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 permeabiiity 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 AASHTO'" and
1995 ACI 318" 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
lower w/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
Jonger 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 project'?! on moist-cured and
heat-cured conventional concretes was
undertaken. Fig. 1 shows the average
measured chloride ion content profiles
after 44 weceks 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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{Refs. 1 and 22).

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

| 1-year chloride ion content
(percent by mass of concrete)
Member Number Y2im. 1in. 1¥4in.
type Curetype | Concrete type ofcores | (13mm) | (25mm) | (44 mm)

Columns Moist Conventional 16 0.571 0.300 0.027
Beams Moist Conventional 12 0.533 0.263 0.009
Columns Moist Calcium nitrite | 0698 0.319 0.016
Bridge deck Heat Conventional 4 L0347 0.119 0.004
Bridge deck Heat Calcium nitrite 2 : 0.435 (.161 0.004

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
FHWA corrosion studies in Virginia
were reported in 1976.7 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 FHWA
outdoor tests as compared to those of
the indoor FHWA study shown in

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 FHWA 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 FHWA study on 19 rela-
tively full-sized beams, columns,
piles, and subdeck panels included a
I-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/m*) Type I cement content,
and a 6 + '/> 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/m*). The ASTM
C 403 time of initial setting for the
conventional concrete was about
4 hours.

The specimens were subjected to a



I-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 '/;, 1, and
1% 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
1-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 '/ in.
(13 mm)} depth, the chloride reductions
were about 30 to 40 percent.

The Coulomb Test
{1983 to 1993)

1983 — The AASHTO Test Method
T277, “Rapid Determination of the
Chloride Permeability of Concrete,””
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 lon Penetration.”™

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 C1202 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 profiles in moist-cured and heat-cured concretes from

FHWA study (Ref. 1).

Table 6. Comparison of percent reduction of chloride levels in heat-cured concrete

compared with moist-cured concrete.

Percent reduction in chloride
in heat-cured concrete when
compared to moist-cured concrete

Member type* Concrete type* 14 in. (13 mm) 1 in. (25 mm)
Columns ) Conventional 7 39 60 ]
Columns Calcium nitrite 28 50

Beams Conventional 35 55 o

* Moist-cured member type.

published in 1988.” This paper con-
tained estimated chloride gradients in
a parking deck at age 40 years, and
also for concrete piles in a marine en-
vircnment 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 1b per cu yd (18
kg/m?) 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.

In November 1988, a document®
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-



30

25

20

CHILORIDE CONCENTRATION {ibs./yd?)
o
T

1in. = 254 mm
1 Ibfyd® = 0.593 kg/m*

LEGEND: WIC =045

W/C =0.40

coulombs = 600
coulombs = 300

OBD+<>D><

= colombs

)

A\ 0.45 W/C
10 —

()

Ll 0.40 W/C

5 L 0.35
600 ¢~ W/C
. _300 ¢
| | | l }
0 0.5 1.0 1.5 2.0 25 3.0

CONCRETE COVER (inches)

W/C = 0.35 {roughly 1000 coulcmbs)

= water/cement ratic

Fig. 4. Estimated chloride profiles in moist-cured concretes with various water-
cement ratios and coulomb values, at age 40 years in a parking garage environment

{Refs. 25 to 27).

Table 7. Estimated chloride content for moist-cured 0.25 w/c and 600-coulomb

concretes.
Estimated chloride content at 40 years, Ibs per cu yd (kg/m*}
Concrete type 1in. (25 mm) " ':in. (38 mm) 2in. (51 mm)
0.35 wic 16.5 (9_.8) 10.8 (6.4) 66 3.9)
600-coulomb 13.7 (8.1} . 7.6 (4.5) 4.0 (24)

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

Estimated chioride content at 40 years, lbs per cu yd (kg/m*)

concretes.
Concrete type 1 in.“ (25 mlﬁ)
0.35 wic 16.5 (9.8)
1000-coulomb 16.2 (9.6)

1'2 in. (38 mm) 2in. (51 mm)
10.8 (6.4) 6.6 (3.9)7
10.5 (6.2) 6.3(3.7)

ues far exceed the corrosion threshold
for black reinforcing steel of about
1 to 2 1b per cu yd (0.6 to 1.2 kg/m?).!
1990 — In late 1990, another docu-
ment?” was distributed that presented
the same chloride gradients previously
published** but included a “1000-

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 [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 paper” shows that the tested (.37
and .38 w/c conventional concretes
had “coulomb vatues” 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 these previous docu-
mentS.ZS,ZhJ?

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 earty 1990s, signif-
icant papers™** from the United
States, Spain, and Denmark were criti-
cal of the 6-hour “coulomb” test
method. The author of the 1981
FHWA report” on the development of
the coulomb test procedure was co-
author of a follow-up report in 1992.*
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
FHWA. As a further caution, in Ap-
pendix 1 of the FHWA 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-



tors have not been evaluated. We
recommend that persons using this
procedure prepare a set of concretes
from local materials and vse 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 paper” in 1994 that re-
viewed these other recently published
papers and the original 1981 FHWA-
funded study® that was used to de-
velop the AASHTO T277 test method
in 1983. As part of this review, the
five papers” ™ referenced in
ASTM C1202,* which purportedly
substantiated the use of the ASTM
C1202 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
paper* follow, because they attempt to
explain the dilemma of this 6-hour
rapid test method.

* Reliable and proper correlations do
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Fig. 5. Estimated chloride profiles in moist-cured concretes with various w/c and
coulomb values, at age 40 years in a parking garage environment (Ref. 27).

not exist between the 6-hour rapid
chloride permeabitlity 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
fauit. As stated in ASTM C1202, 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
stlica fume or slag cement. Much of



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
te 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 C1202 specifi-
cation should be removed because
this “classification™ system based
upon coulombs passed values is in-

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 letters***' 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
arnounts 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 vanous
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
gvery concrete mixture.

The widely used 1000-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
limited to conventional concretes with
no silica fume additions.

A rtotal 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 C1202.
The results of this comprehensive
laboratory study are presented in Part
2 of this report.



. Pfeifer, D., Landgren, J. R., and

Zoob, A, “Protective Systems for
New Prestressed and Substructure
Concrete,” FHWA Final Report No.
FHW A/RD-86/193, Federal Highway
Administration, April 1987, 126 pp.

. Klieger. P., “Some Aspects of Dura-

bility and Volume Change of Con-
crete for Prestressing,” Journal, PCA
Research and Development Laborato-
ries, V. 2, No. 3, September 1960, pp.
2-12. Also Research Department Bul-
letin 118, Portland Cement Associa-
tion, Skokie, IL.

. Hanson, I. A, “Optimum Steam-

Curing Procedures in Precasting
Plants,” ACI Journal, V. 60, No. 1,
January 1963. Also PCA Bulletin
Da2.

. Hanson, J. A, “Optimum Steam-Cur-

ing Procedures for Structural
Lightweight Concrete,” ACI Journal,
V. 62, No. 6, June 1965, p. 661. Also
PCA Bulletin D92.

. Hanson, I. A., “Prestress Loss as Af-

fected by Type of Curing,” PCI
JOURNAL, V. 9, No. 2, April 1964,
pp. 69-93. Also PCA Balletin D75.

. Pfeifer, D. W., “Maximum Strength

of Heat-Cured Concrete in Relation to
the Delay Period and Penetrometer
Strength of Mortar Extract,” Notes
from PCI Energy Conservation in
Curing, Precast/Prestressed Concrete
Institute, Chicago, IL, March 1980.

. Pfeifer, D. W., and Landgren, I. R,

“Energy-Efficient Accelerated Curing
of Concrete: A Laboratory Study for
Plant Produced Prestressed Con-
crete,” Technical Report No. 1, Pre-
cast/Prestressed Concrete Institute,
Chicago, IL, December 1981.

. Pfeifer, D. W., and Marusin, S. L.,

“Energy-Efficient Accelerated Curing
of Concrete: A State-of-the-Art Re-
view,” Technical Report No. 1, Pre-
cast/Prestressed Concrete Institute,
Chicago, IL, March 1981.

. Pfeifer, D. W., and Landgren, R. I,

“Energy-Efficient Accelerated Curing
of Concrete for Plant-Produced Pre-
stressed Concrete,” PCI JOURNAL,
V. 27, No. 2, March-April 1982,
pp. 94-107.

. Perenchio, W. F., and Klieger, P.,

“Some Physical Properties of High
Strength Concrete,” PCA Bulletin
RDO56, Porttand Cement Associa-
tion, Skokie, IL, 1978.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

REFERENCES

. Higginson, E. C., “Effect of Steam-

Curing on the Important Properties of
Concrete,” AC Journal, V. 58, No. 3,
September 1961, pp. 281-298.

“Time of Setting of Concrete Mix-
tures by Penetration Resistance,”
ASTM Designation C 403, ASTM
Annual Book of Standards, V. 4.02,
American Society for Testing and
Materials, Philadelphia, PA, 1995.

Brown, H. E., “An Investigation of
the Delay Period and Related Factors
in Steam-Cured Concrete,” Virginia
Council of Highway Investigation and
Research and U.S. Department of
Commerce, Washington, D.C., 1965.

Alexanderson, J., “Strength Losses in
Heat-Cured Concrete,” Proceedings,
Swedish Cement and Concrete Re-
search Institute, No. 43, Stockholm,
Sweden, 1972,

AASHTO, “Accelerated Curing with
Low Pressure Steam or Radiant
Heat,” Srandard Specifications for
Highway Bridges, Section 2.4.33,
Prestressed Concrete, Subsection E,
American Association of State High-
way and Transportation Officials,
Washington, D.C., 1977.

Soroka, I., Jaegermann, H., and Ben-
tur, A., “Short-Term Steam Curing
and Concrete Later-Age Strength,”
Materials and Structures, E & FN
Spon, London, England, March-April
1978.

AASHTOQ, “Curing Concrete,” Stan-
dard Specifications for Highway
Bridges, Division II, Construction,
Section 8.11, American Association
of State Highway and Transportation
Officials, Washington, D.C., 1989,

AASHTO, “Curing Concrete,” Stan-
dard Specifications for Highway
Bridges, Division II, Construction,
Section 8.11, 15th Edition, American
Association of State Highway and
Transportation Officials, Washington,
D.C., 1992.

AASHTO, Standard Specifications
for Highway Bridges, 15th Edition,
Washington D.C., 1992.

ACI Committee 318, “Building Code
Requirements for Structural Concrete
(ACI 318-95) and Commentary (ACI
318R-95),” American Concrete Insti-
tute, Farmington Hills, MI, 1995.
Pfeifer, D. W., Landgren, J. R.. and
Perenchio, W. F., “Concrete, Chlo-
rides, Cover and Corrosion,” PCI

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

JOURNAL, V. 31, No. 4, July-August
1986, pp. 42-53.

Clear, K. C., “Time-to-Corrosion of
Reinforcing Steel in Concrete Slabs:
V. 3, Performance After 830 Daily
Salt Applications,” Report No.
FHWA-RD-76/70, Federal Highway
Administration, Washington, D.C.,
1976.

“Rapid Determination of the Chloride
Permeability of Concrete,” AASHTO
Designation T-277-93, American As-
sociation of State Highway and
Transportation Officials, AASHTO
Standard Specification — Part 11
Tests, Washington, D.C., 1993.

“Electrical Indication of Concrete’s
Ability to Resist Chloride Ion Pene-
tration,” ASTM Designation C1202-
91, ASTM Standards Volume 04.02,
American Society for Testing and
Materials, Philadelphia, PA, 1992,

Berke, N. S., Pfeifer, D. W., and
Weil, T. G., “Protection Against
Chloride-Induced Corrosion,” Con-
crete International, V. 10, No. 12,
December 1988,

Guide to Corrosion Protection Sys-
tems for Parking Structures, Grace
Engineering Services Group, Con-
struction Products Division, W.R,
Grace & Company, Cambridge, MA,
November 1988.

The Economics of Corrosion Protec-
tion Systems for Parking Structures,
Grace Engineering Services Group,
Construction Products Division, W.R.
Grace & Company, Cambridge, MA,
November 1990,

Whiting, D., and Mitchell, T. M.,
“A History of the Rapid Chloride Per-
meability Test,” Transportation Re-
search Record 1335, Washington,
D.C, 1992,

Andrade, C., “Calculation of Chloride
Diffusion Coefficients in Concrete
from lonic Migration Measurements,”
Cement and Concrete Research,
V.23, 1993,

Arup, H., Sorensen, B., Frederiksen,
J., and Thaulow, N., “The Rapid
Chloride Permeation Test — An As-
sessment,” presented at NACE Corro-
sion "93, New Orleans, LA, March
7-12, 1993,

Whiting, D., “Rapid Determination of
the Chloride Permeability of Con-
crete,” Final Report No. FHWA/RD-
81/119, Federal Highway Administra-



32

33,

tion, Washington, D.C., August 1981,
NTIS No. PB 82130724,

Pfeifer, D. W, McDonald, D. B., and
Krauss, P. D., “The Rapid Chloride
Permeability Test and Its Correlation
to the 90-Day Chloride Ponding
Test,” PCI JOURNAL, V. 39, No. 1,
January-February 1994, pp. 38-47.
Whiting, D,, “Permeability of Se-
lected Concretes,” Permeability of
Concrete, SP-108, American Concrete
Institute, Farmington Hills, M1, 1988.

. Whiting, D., and Dziedzic, W., “Re-

sistance to Chloride Infiltration of Su-
perplasticized Concrete as Compared
With Currently Used Concrete Over-
lay Systems.” Final Report
No. FHWA/OH-89/009. Construction
Technology Laboratories, Skokie, IL,
May 1989.

35.

36.

38.

Ozyildirim, C.. and Halstead, W. J.,
“Use of Admixtures to Attain Low
Permeability Concretes.” Final Report
No. FHWA/VA-88-R11, Virginia
Transportation Research Council,
February 1988. Available as NTIS
No. PB88201264 from National
Technical Information Service,
Springfield, VA,

Stretcher, P, E., and Alexander M. G.,
“A Chloride Conduction Test for

Concrete,” Cement and Concrete Re-
search, V.25, No. 6, 1995,

. Torii, K., and Kawamura, M., “Pore

Structure and Chleride Ion Permeabil-
ity of Mortars Containing Silica
Fume,” Cement and Concrete Com-
position, V. 10, 1994,

Cement and Concrete Association of
New Zealand, January 27, 1994 letter

39.

40.

41.

to ASTM Standards Coordination
Committee regarding ASTM Desig-
nation C1202-91, negative ballot.

“Concrete Technology Today —
Proper Use of RCPT Results,” Port-
land Cement Association, Skokie, IL,
November 1994,

Scanlon, J. M., and Sherman, M. R.,
“Use of Fly Ash to Improve Concrete
Durability by Reducing Permeabil-
ity,” The Third National Concrete and
Masonry Engineering Conference,
San Francisco, CA, 1995,

Scanlon, J. M., and Sherman, M. R.,
“Use of Fly Ash to Improve Concrete
Durability by Reducing Permeabil-
ity,” CANMET/ACI Fifth Interna-
tional Conference on Fly Ash, Silica
Fume, Slag and Natural Pozzolans in
Concrete, Milwaukee, W1, June 1995,

DISCUSSION NOTE

The Editors welcome discussion of reports and papers
published in the PCI JOURNAL. The comments must be
confined to the scope of the article being discussed. Please
note that discussion of papers appearing in this issue must
be received at PCl Headquarters by November 1, 1996.




SPECIAL REPORT

Durability Aspects of
Precast Prestressed Concrete
Part 2: Chloride Permeability Study

Matthew R. Sherman

Project Engineer

Wiss, Janney, Elstner Associates, Inc.
Narthbrook, llinois

A laboratory study was undertaken fto investigate
the good past performance of low water-cement
ratio, heat-cured precast, prestressed concrete in
highway bridges, parking garages, and other
applications. The study included saft water
ponding testing, AASHTO T 277 or ASTM C 1202
l “coulomb” tests, compressive strength tests, and
absorption and volume of permeable voids tests.
Heat-cured, water-cured, and moist-cured
concretes with water-cementitious ratio values of
David B. McDonald, Ph.D. 0.46, 0.37 and 0.32 with and without silica fume
Project Materials Scientist were tested. Using the measured chloride contents,
;. \ﬁéihéigziyluﬁlrig:? Associates, Inc. chloride diffusion coefficients were calculated and
estimates of the time-to-corrosion were developed.
The water-cement ratio was found to be the most
important influence on the performance of the
concrete, with low w/c, heat-cured conventional
concretes having comparable performance to
realistic silica furne concretes having 0.37 to 0.46
water-cementitious ratios. It was also found that
the use of heat curing could reduce the
permeability of AASHTO-grade, 0.46 w/c concrete
by 40 to 50 percent. The addition of silica fume to
concrete caused an increase in the absorption and
volume of permeable voids in concrete, while heat
curing was seen to decrease the absorption and
volume of permeable voids in concrete.

Donald W. Pfeifer, S.E.

Vice President
Wiss, Janney, Elstner Associates, Inc.
Northbrook, llinois




he excellent durability of heat-
T cured, precast, prestressed con-

crete bridge and parking garage
structures over the past 45 years, re-
sulting from the use of water-cement
ratios (w/c) between 0.30 and (.40, is
discussed in Part 1 of this report.’

In Part 1, a review of literature from
1960 to 1994 was performed to ex-
plain the history and past performance
of precast, prestressed concrete high-
way, parking, and other structural con-
crete systems exposed to large
amounts of chloride, and freezing and
thawing. Essentially, all of these pre-
cast, prestressed concrete structural
members were heat cured or steam
cured without any in-plant supplemen-
tal moist curing following the
overnight heat curing.

A 1987 Federal Highway Adminis-
tration (FHWA) study’® showed that
the chloride permeabilities of heat-
cured AASHTO-grade 0.44 w/c con-
cretes with or without calcium nitrite
were about 50 percent lower at the 1
in. (25 mm) depth, when compared to
identical moist-cured conventional
0.44 w/c concrete after a severe 1-year
cyclic salt water and air-drying test pe-
riod on full-sized columns, beams, and
bridge deck panels.

To verify this performance, the
Precast/Prestressed Concrete Institute
(PCI) funded this comprehensive
1-year laboratory study to answer
questions relating to chloride perme-
ability, water absorption, volume
of permeable voids, compressive
strength, coulomb values, diffusion
coefficients, and times-to-corrosion
for a wide range of heat-cured and
moist-cured concretes.

The water-cement (w/c) values used
for the conventional concretes were
0.46, 0.37, and 0.32, representative of
typical AASHTO (.45 w/c concrete,
and of 0.37 to 0.32 w/c values com-
monly used in the precast concrete in-
dustry. Silica fume additions of 5.0
and 7.5 percent by mass of cement
were also studied. The three conven-
tional concretes were cured either in a
water tank, under weltted burlap, or
under wetted burlap in a heated cham-
ber, while the silica fume concretes
were cured under wetted burlap only.

While silica fume additions were
used at all three water-cementitious

matenials ratos (w/cm), it is well rec-
ognized that silica fume concretes
with 0.37 to .32 w/cm require more
effort, experience, and knowledge to
place and finish due to stickiness,
slump loss, air loss, and a lack of
bleed water, particularly when used
for jobsite flatwork. In addition, if
proper curing procedures are not fol-
lowed, concretes containing silica
fume with w/cm levels of less than
0.39 are more susceptible to cracking
that has been ascribed to plastic
shrinkage and self-desiccation.’

Field experience indicates that prac-
tical silica fume mixtures for cast-in-
place concrete flatwork use w/cm val-
ues of about 0.40 to 0.45. Therefore,
although this laboratory study used
0.32, 0.37, and 0.46 w/cm levels with
both silica fume addition rates, the re-
alistic corrosion performance compar-
isons should acknowledge that the
Tower 0.37 to 0.32 w/cm silica fume
mixtures can be difficult to handle,
consolidate and cure, especially with
flatwork.

The main focus of the study was to
determine chloride ingress of the vari-
ous concretes subjected to salt water
ponding. These tests were conducted
using the AASHTO T 259 procedure,*
except that the normal 90-day ponding
period was increased 1o 365 days to
provide more accurate chloride diffu-
sion data. The 90-day period is too
short to allow appreciable chloride
ingress into these high quality con-
cretes and to allow the calculation of
diffusion coefficients. AASHTO
T 277 or ASTM C 1202 “coulomb”
tests,™ ASTM C 32 compressive
strength tests, and ASTM C 642 ab-
sorption and volume of permeable
voids tests” were also performed.

MIXTURE PROPORTIONS
AND SPECIMEN
PREPARATION

Fifteen concrete conditions were
tested to determine the influence of
curing and silica fume additions on
concrete permeability. When silica
fume was used, the portland cement
content was unchanged and silica
fume solids were added to the constant
cement contents at 5.0 and 7.5 percent
by mass of cement. The testing matrix

consisted of five groups of mixes,

each tested at three different w/cm.

These groups are:

* Conventional concrete — tank cure

* 5 percent silica fume concrete —
burlap cure

® 7.5 percent silica fume concrete —
burlap cure

® Conventional concrete — burlap
cure

* Conventional concrete — heat cure

Materials

The same aggregate, sand, cement,
and silica fume were used for all of
the mixtures. The cement was LaFarge
Type 1. The high-range water-reducing
admixture (HRWRA) was WRDA-19
and the air-entraining admixture
(AEA) was Daravair. The coarse ag-
gregate was a chloride-free river
gravel from Eau Claire, Wisconsin,
with a nominal maximum size of ¥4 in.
{19 mm). The fine aggregate was a
river sand, also trom Eau Claire, Wis-
consin. The silica fume was Force-
10,000, supplied in a densified powder
form.

During batching, the silica fume
was premixed with an equal mass of
water using a high speed electric
mixer to form a slurry. The slurry was
slowly added to the concrete during
mixing. The water mixed with the sil-
ica fume was accounted for in the
batch quantities. The mixes were cast
in groups, with all three w/cm con-
cretes of a given group being cast dur-
ng the same moeming.

Mixture Proportions and Plastic
Concrete Characteristics

The concrete proportions are
shown in Table 1, as well as the mea-
sured slump, air, and unit weight. The
aggregate moisture contents were de-
termined immediately prior to cast-
ing. All quantities are the saturated
surface-dry (SSD) quantities. The
quantities have been corrected to ac-
count for the water present in the
AEA dilution, but not for the water in
the original AEA or HRWRA. All
mixtures were proportioned to con-
tain the same amount of coarse aggre-
gate, compensating for changes in ce-
ment content by changing the amount
of fine aggregate.



Table 1. Mixture proportions (580 guantities |b per cu vd) and unhardened concrete properties.

5 percent 7.5 percent | ‘
Curing silica fume silica fume |
type Tank cure burlap cure burlap cure ! Burlap cure Heat cure
Mixture i g
number 1 2 3 4 5 6 7 8 9 10 11 12 | 13 14 | 15
Cement 808 679 527 TI6 689 540 805 691 540 793 694 535 . 802 686 543
Silica fume 0 0 0 40 34 27 60 52 40 0 0 6 0 0 0
Water 253 248 241 273 271 263 284 275 268 251 254 245 254 252 251
Sand 1258 1331 1445 1161 1278 1426 1136 1247 1393 1235 1361 1475 1249 1345 1498
¥4 stone 586 575 570 577 583 588 584 586 588 575 588 582 582 581 591
/2 stone 639 646 641 649 656 661 657 659 661 647 661 635 654 653 6635
*fs stone 416 408 404 409 414 417 414 415 417 408 417 413 413 412 419 )
AEA 22 26 19 4.9 4.5 2.6 5.1 3.6 2.3 2.8 2.8 1.5 2.8 31 2.2
(ozfowt)* . J . / : d : ! ; 32 g . . . .
RRAY 25.6 15.1 13.9 22.8 16.7 129 292 252 ! 99 19.8 14.8 7.6 11.5 15.0 16.2
{ozfcwy*
wicm 0.31 0.37 046 i 0.33 0.38 0.46 0.33 0.37 0.46 0.32 0.37 0.46 0.32 037 | 046
Air 525 | 600 | 630 560 | 580 | 600 | 600 | 610 | 600 | 720 | 550 | 630 | 620 . 660 | 5.60
(percent)
Slump
(in) 5.75 5.50 6.50 2.75 3.00 3.25 5.00 5.75 5.75 6.25 400 | 425 6.25 6.25 | 475
Unit weight :
(?tlxs/‘::lt‘"gl) 1474 | 1439 | 14177 1446 | 1454 | 1452 | 146.0 | 1454 | 1447 1447 | 1473 1446 | 1464 ° 1455 | 147.0

Note: | in. =254 mm. | b percu fi = 16,018 kg/m; | b per cu yd = 0.593 kg/m's 1 oz/ewt = 65198 mL/100 kg.

* Computed based on the mass of cement.

Table 2. Cement content for concrete mixtures without silica fume.

Coefficient of ;
Average variation (CV) : Portland cemfnt_ content CV of portland cement
wicm of w/cm (percent) bags/cuyd | kg/me content (percent)
0.32 2.6 8.52 476 0.8
037 12 7.32 409 0.8
(.46 0.0 5.70 318 1.4

Table 3. Slump, air content and unit weight of concrete mixtures.

Average Range
Slump, in. (mm) 5.00 (127 +1.25,-2.25 (+32,-37)
B Adr content, percent 6.03 +1.1';'-,-;(.).;.’S
Fresh unit weight, Ib per cu ft (kgfmw) 1454 (2329) 120,37 (432,-59)

The mixtures without silica fume
were proportioned to have essentially
the same water content while the ce-
ment contents varied according to the
w/cm, as shown in Table 2.

The average water content of the
mixtures and their coefficient of varia-
tion (CV) were as follows:

* Conventional = 30.0 gal per cu yd

(149 liters/m’), 1.8 percent CV
® 5 percent fume = 32.3 gal per cu yd

(159 liters/m*), 2.0 percent CV
* 7.5 percent fume = 33.1 gal per cu

yd (164 liters/m?), 2.9 percent CV

The air contents, slumps, and plastic
unit weights were carefully controlled,
as shown in Table 3.

Mixing

The concrete was mixed in a hori-
zontal rotary-pan mixer using a mix-
ing sequence of 3 minutes, followed
by 3 minutes of rest, and an additional
2 minutes of mixing. After the second
mixing period, the concrete was tested

to determine the air content, unit
weight, and slump. If necessary, the
AEA and HRWRA dosages were ad-
justed and the concrete remixed and
retested.

Three 12 x 12 x 5 in. (300 x 300 x
125 mm) slabs and four 4 x 8 in, (100
x 200 mm) cylinders were cast from
each batch, and a sample of mortar
was sieved and retained for the ASTM
C 403 time of setting tests.® For the
heat-cured mixtures, an additional four
cylinders were cast to determine the
effect of the heat curing on concrete
strength. All test slabs and cylinders
from this single batch were compacted
on a table vibrator and finished with a
wooden float.

Curing and Specimen Preparation

The lime-saturated water and wet
burlap cure duration was selected as
7 days in accordance with the
1992 AASHTO requirements in Sec-
tion 8.11" and in accordance with the
1995 ACT requirements given in Sec-
tion 5.11 of ACI1 318."

The overnight heat cure, followed
by no moist curing, was in accordance



with the 1992 AASHTO Section
8.11.3.5 requirements, which do not
require any moist curing after the
overnight heat curing. This represents
the typical heat curing that has taken
place for decades in precast concrete
plants. A supplemental 6-day moist
curing was required in the 1989
AASHTO specification if the heat-
cured concrete was to be eventually
exposed to salt water; otherwise, no
additional moist curing was required.
The supplemental moist curing re-
quirement in the 1989 specification
was not previously required" and it
has once again been eliminated in
1992,

For the first 24 hours after casting,
the water tank-cured and burlap-cured
specimens were left in forms and cov-
ered with wet burlap. When they were
stripped, the burlap-cured slabs (in-
cluding all of the silica fume mixtures)
were wrapped in wet burlap and plas-
tic and kept continuously wet until the
concrete was 7 days old. The water
tank-cured slabs were placed in lime
saturated water for 3'/2 days atter they
were stripped. After 3'/2 days in the
tank, they were removed and wrapped
in wet burlap for another 2'/> days.

After removing the burlap at 7 days,
all of these slabs were transferred to a
controlled climate room {CCR) held at
72°F (22°C) and 50 percent relative
humidity until further testing. All of
the cylinders for the water tank-cured
and burlap-cured mixes were placed in
the lime saturated waler curing tank
after they were stripped at an age of
1 day and remained in the tank until
age 28 days, at which time they were
tested or moved into the CCR until
testing at 180 days.

In accordance with Section 3.4.2 of
the PCI Manual for Quality Control,"
the specimens to be heat cured were
held under wet burlap and plastic
sheeting at the laboratory temperature
until the concrete had reached time-
of-initial setting as defined in ASTM
C 403. The wailing period ranged
trom 3.7 to 4.5 hours. The three slabs
and four cylinders were then brought
at a rate of 30°F per hour (17°C/hour)
in a controlled-environment chamber
to an air temperature of 145°F
(63°C). The concrete was held at
145°F (63°C) for 7.5 hours, then al-

Table 4. Time of setting of concrete mixtures,

Time of setting
Cure and Mixture As-mixed {hours)

mixture type number wicm Initial Final

1 031 o —
Tank cure 2 06.37 7.7 —

3 0.46 — —
Burlap cure 4 033 6.0 —
5 percent 5 0.38 4.7 —
silica fume 6 0.46 4.4 -
Burlap cure 7 0.33 ‘ 53 ]
7.5 percent 8 0.37 4.7 —
silica fume 9 0.46 3.7 —

10 032 73 —
Burlap cure ' 11 0.37 5.5 =

L 12 0.46 4.7 _‘ —

13 0.32 45 f 3.7
Heat cure 14 0.37 f 4.2 ’ 5.2

15 0.46 37 : 4.6

lowed to cool to ambient temperature.

Twenty-four hours after they were
cast, all of the heat-cured slabs and
cylinders were moved into the CCR
without any further moist curing. For
direct comparison to the strength
cylinders cast from the other mixtures,
four cylinders from the heat-cured
mixtures were allowed to cure at room
temperature in their molds for
24 hours, after which they were
placed into lime-saturated water,
where they remained until age
28 days.

At 28 days, the slabs were lightly
sandblasted to remove surface lai-
tance. Acrylic plastic dikes were at-
tached to the surfaces of two
of the three slabs and their sides were
coated with a two-part epoxy. Al an
age of 37 days, two 4 in. (102 mm) di-
ameter by 5 in. (127 mm) long cores
were removed from the third undiked
slab for later use in the rapid chloride
permeability testing (AASHTO T 277
or ASTM C 1202).

TEST RESULTS

Tests performed on the unhardened
and hardened concrete included time
of setting, compressive strength, ab-
sorption and volume of permeable
voids, AASHTO T 277 or ASTM
C 1202 coulomb testing, and long-
term chloride content at different
depths.

Time of Setting

All concrete mixtures were tested
according to ASTM C 403, “Standard
Test Method for Time of Setting of
Concrete Mixtures by Penetration Re-
sistance.” Only the times of initial set-
ting were generally determined, as
shown in Table 4. The times of initial
setting of Mixtures 13, 14, and 15 were
considerably shorter than the compan-
ion mixes without silica fume. This
was due to the higher ambient temper-
ature that day. The times of initial set-
ting for all of the 0.32 w/cm mixtures
were significantly longer than the 0.37
or (.46 w/cm concretes due to the use
of larger dosages of HRWRA required
to achieve the lowest w/cm.

Compressive Strength

Cylinders from all 15 mixtures were
tested to determine their 28-day, water-
cured compressive strengths, as well as
their 180-day strengths. These 60 test
cylinders were all cured in the lime
water tank until a concrete age of
28 days, except for four extra heat-
cured cylinders cast from each of Mix-
tures 13, 14, and 15 that were placed
into the CCR immediately after being
removed from the heat-curing cham-
ber. These 12 heat-cured cylinders
were tested to determine if the preset
period was sufficient to prevent
28-day strength damage to the concrete
due to the heating process. To properly



Table 5. Compressive strength test results.

Average 28-day Average 180-day
Cure and P compressive strength (psi} compressive strength (psi)
mixture type wl/em Tank cure Heat cure Tank cure | Heat cure
0.31 6960 — 9330 —
Tank cure 0.37 6520 — : 7640 —
| 046 5170 — 5910 —
Burlap cure 0.33 7280 — 9050 —
5 percent 0.38 5370 — 7160 —
silica fume 0.46 5250 _ 6110 —
Burlap cure 033 3060 — 8650 =
7.5 percent 0.37 7200 — 8150 —
silica fume 0.46 5270 = 5770 =
0.32 6880 — 9150 = |
Burlap cure 0.37 6960 = 6880 =
0.46 5390 — 6260 —
0.32 6560 6050* 7880 6600
Heat cure 0.37 6560 5630* 6320 6440
0.46 5550 5090* 6560 5170

Note: 1000 psi = 6.895 MPa.
* 10 percent less than measured strengti.

account for the dry condition of the
heat-cured cylinders at the time of test-
ing, the 28-day measured strengths
have been reduced by 10 percent.” The
test results are listed in Table 5.

All of the 28-day strengths were
over 5000 psi (34.5 MPa). with the
lower w/cm concretes having the
higher strengths, as expected. The ef-
fects of the silica fume addition on
the 28-day strengths were varied. As
compared to the burlap-cured con-
ventional concrete control speci-
mens, the addition of 5 percent silica
fume resulted in 28-day strength
changes of 5.8, -22.8, and -2.6 per-
cent for the 0.33, 0.38, and 0.46
w/cm concretes, respectively. The
poor performance of the (.38 w/cm 5
percent silica fume is unexpected and
unusual. This mixture did not exhibit
any similarly unexpected results in
other tests conducted in the program.

The addition of 7.5 percent silica
fume resulted in strength changes of
17, 3.5, and -2.2 percent for the 0.33,
0.37, and 0.46 w/cm concretes, as
compared to the burlap-cured conven-
tional concrete specimens. The nega-
tive effect of the silica fume addition to
the 0.38 and 0.46 w/cm mixtures is in-
teresting, because the addition of silica
fume material is typically expected
to increase the concrete strength. Pos-
sibly, the additional water added to

these silica fume mixtures to maintain
the w/cm with the added silica fume
material offset the normally expected
strength increase. The 28-day strengths
of all of the conventional water-cured
mixtures were within é percent of the
burlap-cured conventional concrete.

All of the 180-day strengths were
over 5700 psi (39.3 MPa), with the
lower w/cm concretes having the
higher strengths, as expected. The ef-
fects of the silica fume addition on the
180-day strengths were again varied.
As compared to the burlap-cured con-
ventional concrete specimens, the ad-
dition of 5 percent silica fume resulted
in 180-day strength changes of -1.1,
4.1, and -2.4 percent for the 0.33, 0.38,
and 0.46 w/cm concretes, respectively.
The addition of 7.5 percent silica fume
resulted in strength changes of -5.5,
19.1, and -7.9 percent for the 0.33,
0.37, and 0.46 w/cm concretes, respec-
tively, as compared to the burlap-cured
conventional concrete specimens.

The overall negative effect of the
silica fume addition to the 0.33 and
0.46 w/cm mixtures is again interest-
ing, because the additional silica fume
is typically expected to increase the
concrete strength, especially at later
concrete ages. The 180-day strengths
of the tank-cured cylinders of the con-
ventional concrete mixtures were
within 11 percent of the nominally

identical burlap-cured conventional
concrete. This is a larger variation
than was seen for the 28-day strengths.

The effect of heat curing was inves-
tigated by comparing the compressive
strength test results from the heat-
cured cylinders to the tank-cured
cylinders from the same batch. Be-
cause normal weight concrete stored at
10 to 75 percent relative humidity
after 7 days of initial moist curing can
have 28-day compressive strengths
about 10 percent higher than continu-
ously moist-cured concrete,” the 28-
day strengths of the heat-cured cylin-
der were reduced by 10 percent to
account for the 27 days of air drying at
50 percent relative humidity following
the overnight heat curing.

The 28-day strengths of the heat-
cured cylinders (after 10 percent re-
duction) were 92, 86, and 91 percent
of the companion tank-cured cylinders
for the 0.32, 0.37, and 0.46 w/c con-
cretes, respectively. The heat curing
created no significant strength loss at
28 days and indicates that the preset
period was appropriate. However, the
180-day strengths of the heat-cured
specimens were 83, 102, and 79 per-
cent of the tank-cured control concrete
specimens for the 0.32, 0.37, and 0.46
wic concretes, respectively.

Apparently, the tank-cured speci-
mens continued to gain strength after
being removed from the water curing
tank at an age of 28 days, while the
heat-cured specimens, when stored for
179 days in the controlled climate room
drying environment at 73°F (22°C) and
50 percent relative humidity, remained
at a nearly constant strength, with 180-
day strengths 98, 103, and 92 percent
of their 28-day strengths for the (.32,
0.37, and 0.46 w/c concretes, respec-
tively. Such long-term constant drying
at 50 percent relative humidity would
not occur outdoors and, therefore, these
180-day strengths are not typical as re-
lated to outdoor conditions.

Absorption and Volume
of Permeable Voids

All 15 mixtures were tested accord-
ing to ASTM C 642, “Standard Test
Method for Specific Gravity, Absorp-
tion, and Voids in Hardened Con-
crete” to determine the water absorp-



tion after immersion, water absorption
after immersion and boiling, and the
volume of permeable voids in the con-
crete. This test was chosen to serve as
an indicator of the short-term absorp-
tion characteristics of the concrete, as
opposed to the long-term diffusion pre-
dominantly measured by the
AASHTO T 259 long-term ponding
tests. The test is performed by oven-
drying the concrete specimen, immers-
ing it in water for 48 hours, and finally
testing it in waler that is raised to boil-
ing and held for 5 hours, weighing the
specimen after each step. At the con-
clusion of the testing, the specimen is
weighed while suspended in water.

The tests were conducted on two
specimens for each mixture at a con-
crete age of 42 days. The test speci-
mens consisted of the lower 3 in. (75
mn ) portion of the 4 in, (100 mm) di-
ameter cores laken from the unponded
5 in. (125 mm) test slab for conduct-
ing the rapid chloride permeability
test. The results are listed in Table 6.

Very low absorptions and permeable
void volumes of the heat-cured speci-
mens were observed. The three heat-
cured conventional concretes at all
three w/c levels had lower absorptions
and volumes of permeable voids than
all the other 12 moist-cured mixtures,
including all six of the moist-cured sil-
ica fume mixtures. The heat-cured
specimens had absorptions and perme-
able void volumes 25 to 40 percent
lower than the companion burlap-cured
mixes, indicating that heat curing re-
duces the absorption and permeable
void volume at all three w/c levels.

A 1994 paper by Gillott and Czar-
necki" may help explain the absorption
differences between these burlap-cured
or tank-cured and heat-cured con-
cretes. Their research determined that
the microcracking of the 28-day fog-
cured (.35, 0.40, and 0.45 w/c conven-
tional concretes was always greater
than 28-day-old concrete that was fog-
cured to 28 days after overnight heat-
ing to 185°F {85°C). The crack counts
in their continuously fog-cured con-
cretes during petrographic studies were
about 135, 50, and 80 percent greater
than the accelerated heat-cured con-
cretes for the 0.35, 0.40, and 0.45 w/c
concretes, respectively.

The 5 and 7.5 percent silica fume

Table 6. Average concrete absorptions and permeable void volumes, sorted in order

of decreasing boiling absorption.

Absorption ‘
i Absorption after Volume of
: after immersion permeable
Cure and As-mixed immersion and boiling voids Slump

mixture type wicm (percent) (percent) (percent) (im.)
Burlap cure )
5 percent silica fume et 49 = b S
Burlap cure AR 4 64
5 percent silica fume : 6 ’ e 3
Burlap cure 3
e efthes Brigis 033 3.9 55 12.5 2%
Burlap cure ,
7.5 percent silica fume 046 AU 5.3 LLt F
Burlap cure (.46 4.5 4.7 10.7 A
Tank cure 0.46 4.1 4.4 9.9 i
Burlap cure \
7.5 percent silica fume 037 4.2 e 99 5h
Burlap cure 0.37 40 42 | o8 4
Burlap cure
7.5 percent silica fume 0.33 40 42 9.6 5
Burlap cure 0.32 38 4.0 9.3 6'fa
Tank cure 0.37 3.6 3.9 8.9 5'h
Tank cure 0.31 34 3.7 8.5 51
Heat cure 0.46 32 3.5 8.0 6'/4
Heat cure 0.37 2.7 2.9 6.8 6'4
Heat cure 0.32 23 2.5 5.8 Pl

Note: 1 in. =254 mm.

mixtures had average volume of per-
meable voids that were about 100 and
50 percent greater, respectively, than
the heat-cured mixtures, irrespective
of their w/cm. The higher absorption
and volume of permeable voids may
be related to the higher susceptibility
to cracking of low w/cm conventional
and silica fume concretes.*"*''* Within
each concrete mixture group, the ab-
sorptions and permeable void volumes
were seen to be increasing with in-
creasing wfcm, as would be expected.
This observation serves to discount the
effect of slump on the test results, be-
cause within each group the absorp-
tions and permeable void volume in-
creased in order of decreasing w/cm,
regardless of slump.

AASHTO T 277 or
ASTM C 1202 Testing

At a concrete age of 42 days, two
specimens were tested according to
AASHTO T 277 “Rapid Determina-
tion of the Chloride Permeability of

Concrete” or ASTM C 1202 “Electri-
cal Indication of Concrete’s Ability to
Resist Chloride Ion Penetration.” To
provide the best indication of the in-
service condition of the concrete, the
test specimens consisted of the top
2 in. (50 mm} portion of 4 in. {100
mm) diameter cores removed from the
center portion of the unponded 5 in.
(125 mm) test slab. The lower 3 in.
{75 mm) portion of the core was tested
to determine the absorption and per-
meable void volume, as previously
described.

The average test results are summa-
rized in Table 7 and ranged from 637
to 3410 coulombs, in the range ex-
pected. At a given w/cm, the heat-
cured slabs exhibited the highest
coulomb values, while the silica fume
concretes exhibited the lowest. There
were no substantial or consistent dif-
ferences in coulombs between the
5 and 7.5 percent silica fume addition
rates. The 5 percent silica fume con-
crete had the lower coulomb value for
the 0.33 and 0.46 w/cm mixtures and



Table 7. Average AASHTO T 277 or
ASTM C 1202 test results. —~ 055
Cure and As-mixed 42-day ! 0.50
mixture type w/cm coulomb value E 0.45 l
B [}
031 431 bR -
Tank cure 0.37 2004 § 0.35
T 04 Y, | 0.30 -
046 2909 §\ o] IS NN
Burlap cure 0.33 . 637 _ | a 0.20 \\ %
5 percent 0.38 943 | & - TN TN
silica fume 0.46 1484 s’ N
I o ao - 0-10
Burlap cure r 0.33 678 % 0.05+ -
7.5 percent 0.37 726 O 0.00 T T T T T H T 3
silicafume | .46 1696 00 02 04 06 08 10 12 14 16 18
) e | T Center of Sample Depth (in.)
Burlap cure 0.37 1965
0.46 3041
‘ 012 e —®— Tank-Cured ~+ Burlap-Cured —%— Heat-Cured
—- —=— F = 7.
o coe s 279 5% Silica Fume 7.5% Silica Fume
0.46 3410

Fig. 1. Slab after coring to remove
chloride samples.

Fig. 2. Chloride profiles of 0.46 water-cementitious ratic concretes.

the 7.5 percent silica fume concrete
had the lower coulomb value for the
0.37 w/cm mixture.

The effect of curing can be observed
by comparing the three conventional
concrete mixtures. The tank-cured and
burlap-cured specimens had essen-
tially the same coulomb values, while
the heat-cured specimens had some-
what higher coulomb values. Appar-
ently, the early rapid curing of the
heat-cured concrete, followed by a pe-
riod of limited hydration while stored

Table 8. One-year cancrete chloride content (percent by concrete mass).

in air for 41 days in the CCR, resulted
in a concrete with a lower electrical
resistance and higher coulomb value
than the identically preopertioned
7-day water tank-cured and burlap-
cured conventional concretes.

Note also that many of these low
w/c concretes had higher coulomb val-
ues than would have been anticipated,
based on Table | featured in the
AASHTO T 277 or ASTM C 1202
specifications describing concretes as
having high, moderate, low, very low,

Cure and As-mixed 0to fain. depth 12 to /s in. depth 1to 1% in. depth
mixture type wicm SlabA | SlabB | Average | SlabA | SlabB  Average  SlabA ’ Slab B ‘ Average
0.31 0.394 0.558 0.476 <0.007 0.010 0.009 <0007 <0007 <0007
Tank cure 0.37 0417 | 0522 0.469 0106 0091 0099 | <0007 | <0007 | <0007 |
0.46 0.416 0.337 0.377 0.262 0.291 0.277 0.075 0.089 0.082
Budapoure | 033 0.464 0.379 0422 | <0007 | <0007 <0007 <0007 | <0007  <0.007
S percent 0.38 0.393 0.563 0.478 0.010 <0.007 0.009 <0007 <0007 | <0007
silica fume T 046 0,450 0.422 0.436 0.047 0.068 0.058 < 0,007 < 0.007 < 0.007
Emane 033 | 0337 0372 0.355 <0007 <0007 | <0007 | <0007 | <0.007 | <0007
7.5 percent 0.37 0.398 0.300 0.349 0.010 0.010 0.010 < 0.007 < 0.007 < 0.007
silica fume 0.46 0.439 0.420 0.430 0.054 0.050 0.052 <0007 | <0007 | <0.007
0.32 — — 0506 0013 0025 | 0019 <0.007 <0007 <0007
Burlap cure 0.37 — — 0.457 0.045 0.046 0046 | <0007 | <0007  <0.007
0.46 0.445 0.392 0.419 0.244 0.262 0.253 0.074 0.102 0.088
0.32 0.421 0.392 0.407 0.008 0.030 0.019 <0007 = <0007 | <0007
Heat cure 037 | — — 0.364 0.073 0.052 0.063 <0007 <0007 <0.007
046 | — —  02% 0.146 0.113 0.130 0.039 0.038 0.039

Note: [in. =254 mm.



or negligible chloride penetrability, as
also observed in other research.'’” "

Chloride Content Testing

One year after the continuous pond-
ing started, the two slabs for each mix-
ture were cored and tested to deter-
mine the chloride content in the
following depth regions: /2 to /s in.,
1to 1% in., and 1'% to 175 in. (13 to
22 mm, 25 to 35 mm, and 38 to
48 mm). To reduce variability due to
the sample size or aggregate concen-
trations, two 3 in. (75 mm) diameter
cores were removed from the center of
each slab and sliced into the depth in-
crements described above.

After the two cores were sliced, the
slices taken from the same depth re-
gion were pulverized, combined and
analyzed using an acid-digestion po-
tentiometric titration technique to de-
termine acid-soluble chloride con-
tent essentially according to ASTM
C 1152." Following this testing, fur-
ther work was performed to determine
the chloride content in the uppermost
Y4 in. (6 mm) of the concrete slabs.
For this testing, a 4 in. (100 mm) di-
ameter core was removed from each
slab, sliced, ground, and analyzed. A
slab after all the sampling is shown in
Fig. 1.

For the initial portion of this addi-
tional work (Mixtures 10, 11, 14, and
15), one core was removed from each
pair of slabs, and the two slices were
interground to form a single sample.
For the subsequent testing, the two
slices were analyzed separately. Using
this technique, the lower limit of de-
tectable chloride was 0.007 percent by
concrete mass, None of the 15 mix-
tures had measurable chloride in the
1'/2 to Vs in. (38 to 48 mm) depth in-
crement. The testing generally pro-
duced two measured chloride contents
for each mixture, which were then av-
eraged as listed in Table &,

The results for the five different
0.46 w/cm concretes are shown in
Fig. 2. The chloride profiles for the
two silica fume concretes are clearly
different than the three conventional
concretes. Despite having chloride
contents approximately 20 percent of
the tank-cured or burlap-cured con-
ventional concretes in the /2 to /s in.

Chioride (% by concrete mass)
i)
[\~ ]
o

Center of Sample Depth (In.)

1. 12 14 16 18

—a— Tank-Cured
—&— 5% Silica Fume

=+~ Burlap-Cured
—>— 7.5% Silica Fume

—#—- Heat-Curad

Fig. 3. Chloride profiles of 0.37 water-cementitious ratio concretes.

Chioride (% by concrete maas)
b
8
)
7

00 02 04 08

— =
08 1.0 1.2
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14 16 1.8

—&— Tank-Cured
—=- 5% Silica Fume

~=+- Burlap-Cured
—»— 7.5% Silica Fuma

~#— Heat-Cured

Fig. 4. Chloride profiles of 0.32 water-cementitious ratio concretes,

(13 to 22 mm) depth interval, the sil-
ica fume mixtures had similar or
higher chloride contents in the 0 to
'+ in. (0 to 6 mm) depth interval. This
may be explained by the significantly
higher absorption and velume of per-
meable voids of the 0.46 w/cm ratio
silica fume concretes, as previously
discussed. Apparently, the improved
chloride resistance associated with the
addition of silica fume does not apply
to the uppermost portion of the con-
crete, where absorption dominates

over the slower diffusion process.

The chloride content in the 0 to
'Ya in. (0 to 6 mm) depth interval for
the heat-cured conventional concrete
was the lowest of all five 0.46 w/cm
mixtures, and about 35 percent lower
than the two silica fume mixtures. The
heat-cured conventional concrete had
50 percent reductions in chloride con-
tent, as compared to the water tank-
cured and burlap-cured conventional
concretes at the ¥4 to 1'/2in. (19 to 38
mm) depth levels. This confirms the
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Fig. 6. Chloride profiles of heat-cured conventional concretes.

earlier work performed as part of the
1987 FHWA “Protective Systems for
New Prestressed and Substructure
Concrete” study? where similar 30 to
50 percent reductions in chloride in-
trusion into heat-cured AASHTO-
grade concrete were observed, when
compared to 3-day moist-cured,
AASHTO-grade concrete.

At the 0.37 w/cm, the performances

of the five different concretes were
more similar, as shown by the similar
shapes of the chloride profiles in
Fig. 3. All concretes exhibited a sig-
nificant drop in chloride content be-
tween the uppermost two-depth inter-
vals, an observation only seen with the
silica fume-modified concretes at the
0.46 w/cm.

As before, the two silica fume con-

cretes had lower chloride contents
than the other three conventional con-
cretes, but the apparent improvement
was dramatically less than with the
0.46 w/cm concretes. The heat-cured
concrete had lower chloride contents
than the burlap-cured concrete in the
uppermost portion of the slab, but es-
sentially identical chloride contents in
the lower portion of the slabs.

For these five concretes, the 5 per-
cent silica fume concrete had the same
chloride content in the 0 to /s in.
depth interval as the tank-cured and
burlap-cured control concretes, while
the 7.5 percent silica fume concrete
and the heat-cured concrete had signif-
icantly lower chloride content in the
uppermost concrete level. The heat-
cured concrete had a similar chloride
level in the uppermost portion of the
concrete to the 7.5 percent silica fume
concrete.

At the 0.32 w/cm, all concretes had
similar chloride profiles, as shown in
Fig. 4. The only appreciable differ-
ences were the chloride concentrations
in the near-surface region In this sur-
face region, the 7.5 percent silica fume
concrete had the lowest chloride con-
tent, followed by the heat-cured con-
crete and the 5 percent silica fume
concrete. The burlap-cured and tank-
cured conventional concretes had the
highest near-surface chloride contents,

The dramatic change in the chloride
profiles between the five different
concretes from the 0.46 to the 0.37
and 0.32 w/cm ratio shows the over-
powering effect of w/em. At the low-
est w/cm values, the beneficial effects
of silica fume and heat curing of con-
ventional concrete could not be seen
due to the major reduction in chloride
penetration caused solely by the de-
crease in the w/cm to 0.32.

The effect of the w/cm was pro-
nounced, with the chloride contents of
the 0.32 w/c and w/cm concretes at
least 85 percent less than those of the
comparable (.46 w/c and w/cm con-
crete mixtures at the Yz to /s in. {13 to
22 mm) depth. This can be clearly
seen in Figs. 5, 6, and 7, which show
the chloride profiles for the burlap-
cured conventional concretes, heat-
cured conventional concretes, and
burlap-cured 7.5 percent silica fume
concretes, respectively.



Note that in Figs. 5 and 6 for the
burlap-cured and heat-cured conven-
ticnal concretes, there is a reversal of
relative chloride contents in the near-
surface region of the slab, with the
concretes with less chloride at depth
having higher chloride contents near
the surface. The reason for this is not
known, but it probably relates to
poorer surface characteristics of the
lower w/cm concretes or more micro-
cracks due to shrinkage of the higher
cement content, lower w/cm con-
cretes, as previously discussed. All
15 concretes had very high near-
surface chlorides, ranging from about
11 to 20 lbs per cu yd (6.6 to
12 kg/m?).

Chloride Diffusion
Coefficient Calculations

A least-squares curve fitting tech-
nique was used to calculate the chlo-
ride diffusion coefficients and the salt
water exposed surface chloride con-
centration. The calculation was per-
formed assuming Fick’s law of ditfu-
sion*?" according to the following
equation:

X
Cix,t,C,,D,. |=C,| 1 -erf o
( ) 2.[1Dy
where
x =sample depth
r=time

D, g =effective diffusion coefficient
C, =surface chloride concentration
ert =error function

During the curve fitting, the mea-
sured chloride concentrations at the
four tested depths, x, were used to de-
termine a least-squares fit for the ef-
fective diffusion coefficient, D,z and
the surface chloride concentration, C,,
at a time, #, of 1 year. For Mixtures
4 and 7, the undetectable chloride in
the '/2 to /s in. (13 to 22 mm) depth
interval was assumed to be zero.

The surface chloride concentration
reflects the chloride concentration C,
at the exterior surface of the concrete.
The diffusion coefficient indicates the
permeability of the concrete, with a
smaller number indicating a less per-
meable concrete. The results of the
calculations are shown in Table 9.

As shown in Table 9, the calcula-
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Fig. 7. Chloride profiles of 7.5

percent silica fume concretes.

Table 9. Calculated diffusion coefficients and surface chloride concentration.

Surface chloride
concentration
Cure and Mixture Diffusion coefficient (percent by
mixture type number (mm?/s x 10+) concrete mass)
1 L 0.77 0734
Tank cure 2 251 0.586
3 10.9 0.444
Burlap cure 4 0.74 0.657
5.5 percent 5 077 0.737
silica fume 6 1.81 0.569
Burlap cure 7 0.56 0.600*
7.5 percent 8 (.88 0.521
silica fume 9 1.69 0.567
10 0.97 0.739
Burlap cure 11 1.52 0.613
12 8.79 0.483
13 1.06 0.583
Heat cure 14 ) 2.15 0.464
15 6.19 0.331

* A surface chloride of 0.600 was assum
lack of chloride data a1 and below the |

Table 10. Calculated average

ed for Mixture 7 to allow a reasonable curve-fit to be performed despite a
f21in. (13 mm} depth interval.

surface concentration for given w/cm.

Average chloride content at surface, C,
Coefficient of variation

w/iem Cure type Ib per cu yd kg/my (percent)
032 Burlap and tank* 278 16.5 6.5

' Heat 22.8 13.5 —
037 Burlap and tank* 24.0 14.2 14.7

' Heat 18.2 10.8 —
0.46 Burlap and tank* 20.2 12.0 121

’ Heat 13.0 N —

* Conventional and silica fume mixtures,

three or four mixtures.




Table 11. Estimated time-to-corrosion for continuously ponded specimens

with 2 in. (50 mm) cover.

Cure type, ‘ Mixture Time-to-
w/cm percent silica f“'_'_"i | number corrpsion (yeal? ]
0.46 Tank — 0 ) 3 1
0.46 Burlap -0 12 1 7
0.46 Heat—0 15 2 |
037 Tank — 0 4
0.46 Burlap — 5 6 5
037 Heat—0 14 5
0.46 Buzlap — 7.5 9 6 |
B ”0.37 Burlap — ¢ 11 6
03_2 . ;leal —0 13 9
032 Burlap — 0 10 9
[ e Tank — 0 . 1
037 | Burlap — 7.5 i 8 1 7
0.37 Burlap ;75 5 11 ]
032 | Burlap—3 4 12
0.32 Bl;l']ﬂp — 175 :.’ 17

Table 12. Estimated time-to-corrosion for continuously ponded specimens

with 3 in. (75 mm) cover.

Cure type, Mixture Time-to-
wicm percent silica fume number corrosion (year)
0.46 Tank — 0 3 2
046 ' Buslap —0 12 3
0.46  Heat—0 15 4
0.37 Tank — 0 2 9
037 Heat — 0 14 11
| 046 ' Burlap—5 12
B _0.46 : Burlap — 7.5 13
0.37 Burlap — 0 T ’ 14
0.32 Burlap — 0 10 ' 20
0.32 Heat — 0 13 w
0.37 Burlap — 7.5 8 N 25
0.37 Burlap—5 5 25
032 " Tank—o 26
032 ' Budap—>5 4 28 )
0.32 J Baurlap — 7.5 38

tions indicate that the heat-cured con-
cretes have between 18 and 36 percent
less surface chloride than the average
water tank-cured and burlap-cured
conventional and silica fume con-
cretes. Tables 9 and 10 further show
that the low w/em concretes generally
have higher surface chloride concen-
trations than the higher w/cm mix-
tures, and that the coefficients of vari-
ation of the surface chlorides of
burlap-cured and tank-cured conven-

tional and silica fume concretes are
low at 6 to I35 percent. All of these
surface concentrations are less than
the 30 lbs per cu yd (17.8 kg/m?) dis-
cussed and used in other corrosion-re-
lated documents. 821323

Time-to-Corrosion Calculations

The Fick’s law diffusion model was
used to compare the relative perme-
ability of the different concretes. This

method is superior to earlier methods
such as computing an “integral chlo-
ride,”"” or comparing chloride contents
at specific depth intervals,” as the dif-
fusion equation serves to appropriately
characterize the different chloride con-
tents. Using Fick’s law and the sur-
face chloride concentrations and diffu-
sion coefficients determined during
the curve fitting, the chloride diffusion
over periods longer than 1 year can be
estimated.

The calculation assumes that the C,
surface concentration calculated after
the 1-year ponding period will remain
constant and that the diffusion coeffi-
cient does not change with time as the
concrete matures. These assumptions
are valid over short time periods, but
very little research has investigated the
time dependence of the diffusion pa-
rameters, so the long-term indications
should be applied with care.

A 1'2 and 2 in. (38 and 50 mm)
cover is recommended by the 1995
ACI 318-95R" for precast concrete for
walls and slabs, and for other mem-
bers, respectively, when exposed to
corrosive environments. These ACI
recommended values are 2 and 22 in.
{50 and 62 mm) for cast-in-place con-
crete walls and slabs, and for other
members, respectively, for the same
environment.

The 1992 AASHTQ" minimum
cover for deck slabs exposed to deic-
ing salts that have no positive corro-
sion protection is 2'/2 in. (64 mm) for
top reinforcement and 1 in. (25 mm)
for bottom reinforcement. For pre-
stressed concrete, the AASHTO mini-
mum cover for prestressing steel and
mild reinforcing steel its 2 in.
(50 mm} for top of slab when deicers
are used. AASHTO also states
that when deicers are used, and where
constant deicer contact cannot be
avoided with the girders, or in loca-
tions where members are exposed to
salt water, salt spray, or chemical
vapor, additional cover should be
provided.

AASHTO" also requires in Sec-
tion 8.6.6 in Division Il — Construc-
tton that cast-in-place concrete when
exposed to salt water should have a
4 in. (100 mm}) clear cover, unless in-
dicated otherwise on the plans.
AASHTO Sections 4.5.16.7 and



4.5.17.8 in Division 1 — Design call
for 3 in. (76 mm) clear cover for pre-
cast piles and cast-in-place concrete
piles when in a corrosive or marine
environment or in alkali soils.

The time-to-corroston for each of
the 15 mixes was computed assuming
a 2 and 3 in. (50 and 75 mm) cover
over the reinforcing bars and a corro-
sion threshold of 0.022 percent acid-
soluble chloride ion by concrete
mass. The results are shown in
Tables 11 and 12. Note that these
times-to-corrosion are for continu-
ously ponded specimens and are ex-
pected to be conservative eslimates
for parking garages, bridge decks,
bridge substructures, and other struc-
tures that receive intermittent expo-
sure to chloride.

The estimated time-to-corrosion cal-
culations for 2 in. (50 mm) cover
ranges from 1 to 17 years. The time-
to-corrosion for all AASHTO-grade
0.46 w/cm concretes including the sil-
ica fume concretes are very low, rang-
ing from 1 to 6 years. The benefits of
using low wicm concretes (0.37 to
0.32) with and without silica fume is
easily seen with 7 of the 10 lower
w/cm mixtures having time-to-corro-
sion of 9 to 17 years.

The time-to-corrosion estimates for
the 0.46 and 0.37 w/cm silica fume
concretes used in the construction of
parking garages, bridge decks, and
other members, were about 5 and
L1 years, respectively. These values
are much greater than the 1 year for
the water tank-cured and burlap-cured
AASHTO-grade 0.46 w/c conven-
tional concretes.

The heat-cured conventional con-
cretes with 0.37 and 0.32 w/c had esti-
mated values of 5 and 9 years, respec-
tively. These values are equivalent to
the 5 to tt years for the 0.46 to
0.37 w/cm silica fume concretes and
essentially equal for 0.45 to 0.40 w/cm
silica fume concretes typically used
on current construction projects. Al-
though the 12- to 17-year estimates
for the 0.32 w/cm with the 5 and
7.5 percent silica fume mixtures were
the longest computed time-to-corro-
sion estimates, these two concretes
would be very difficult to use in typi-
cal construction projects where cast-
in-place concrete operations and sig-

Table 13. Increase in time-to-corrosion.

! Increase in time-to-corrosion (years}
Cure type, Mixture 7772 in. (50 mm) vs. 3in. {75 mm) vs.
wicm percent silica fume number 1in. (25 mm} 2 in. (50 mm)
0.46 Tank — 0 3 1 1
0.46 Burlap — 0O 12 1 . 2
0.46 Heat — 0 15 2 2
037 Tank — 0 2 3 5
0.37 Heat—0 14 4 6 |
0.46 Burlap — 5 ) 6 4 7
[ 046 Burlap — 7.5 9 4 7
037 Burlap — 0 1 5 8
0.32 Burlap — 0 10 7 11
0.32 Heat — 0 13 7 11
0.37 Burlap— 7.5 8 9 4
0.38 Burlap — 5 5 9 14
031  Tank —0 I 9 s
i 0.33 Burlap — 5 4 9 . 16
033 | Bulp—75 | 1 3 2

nificant flatwork are required.

For more severe exposure, such as
precast piles in salt water or alkali
soils, or cast-in-place concrete in a
corrosive or marine environment,
AASHTQ" requires the use of 3 to
4 in. (75 to 100 mm) of cover. The es-
timated time-to-corrosion for 3 in. (75
mm) cover ranges from 2 to 38 years.
The conventional AASHTO-quality
0.46 w/c concretes with tank cure,
burlap cure, or heat cure had time-to-
corrosion estimates of 2 to 4 years. All
of the 12 other concretes performed
better, with estimates ranging from
9 to 38 years.

The 5 and 7.5 percent silica fume
mixtures with w/cm of 0.46 to 0.37
have estimates of 12 to 25 years, es-
sentially equal to the 11 to 20 years of
the heat-cured 0.37 to 0.32 w/c con-
ventional concretes. Among the other
mixes, the 0.37 to 0.32 w/c burlap-
cured conventional concretes had esti-
mates of 14 to 20 years, and the
0.32 wfc tank-cured conventional con-
crete had an estimate of 26 years.
These are about the same as the silica
fume and heat-cured concretes already
discussed. The 0.32 w/cm silica fume
mixtures with 5 and 7.5 percent silica
fume have the longest estimates of
28 to 38 years.

The benefits of using 2 in. (50 mm)
cover vs. | in. (25 mm), or 3 in. {75

mm) cover vs, 2 in. (50 mm) cover in
time-to-corrosion are shown in
Table 13. The dramatic increase in the
calculated times-to-corrosion illu-
strate that the time-to-corrosion of
AASHTO-grade burlap-cured 0.46 w/c
concrete is only marginally increased
by 1 to 2 years when the cover is in-
creased from 1 to 2 in. (25 to 50 mm)
or from 2 to 3 in. (50 to 75 mm).

With commonty used 0.37 to
0.32 w/c heat-cured conventional con-
cretes, the increases are about 5 to
10 times greater for the same cover in-
creases. With 0.46 to 0.37 w/cm silica
fume mixtures, the increases are about
6 to 12 times greater for the same
cover increases. These data indicate
that if increasing cover is to be nsed to
increase the time-to-corrosion, it will
be most effective when used with a
low w/cm heat-cured conventional
concrete or burlap-cured silica-fume
concrete,

DISCUSSION OF
TEST RESULTS

In this section, the effects of water-
cementitious matenals ratio, heat cur-
ing and silica fume together with com-
parable end-use concretes and validity
of AASHTQ and ASTM specifica-
tions are discussed.



Table 14. Comparison of chloride content reductions due to lowered water-cement

ratios (FHWA? and present investigations).
!

Reduction in chloride at
Study Change in w/c 1 in. (25 mm) depth {percent)
1987 FHWA 0.51 10 0.40 80
Present 0.46 to 0.37 » 80
1987 FHWA 0.51t0 0.28 95
Present 0.46t0 0.32 94
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Fig. 8. Comparison of concretes with different silica fume dosages.

Effect of Water-Cementitious
Materials Ratio

The most important conclusion
gained from this work is the effective-
ness of a low w/c or w/cm in decreas-
ing the chloride permeability of con-
crete. As shown in Fig. 4, all five
mixtures using a (.32 w/cm had very
low chloride contents of less than 0.020
percent by concrete mass in the '/ to
fs in. (13 to 22 mm) depth region.

In addition, all five mixtures pro-
duced using a w/cm of 0.37 had sig-
nificantly lower chloride contents than
their companion mixtures produced at
a wicm of 0.46, as shown in Figs. 2
and 3, The effect of low w/cm can also
be seen in the very low chloride con-
tent in the 1 to 1% in. (25 to 35 mm)
depth for all 10 mixtures with 0.32
and (.37 w/cm, as shown in Table &,

The overwhelming evidence of im-
proved performance through lowering

the w/c matches conclusions reached
by Pfeifer et al., in a 1987 FHWA
study.” A comparison of the chloride
content reductions due to lowered w/c
in that study and in the present study
is shown in Table 14.

Effect of Heat Curing

The results show that the heat-cured
conventional concretes at 0.32, 0.37,
and 0.46 w/c produced water absorp-
tions and volume of permeable voids
that were much lower than the
12 moist- and tank-cured mixtures that
contained 0, 5, and 7.5 percent silica
fume and were moist-cured for 7 days.
In fact, at all w/cm, the silica fume
concretes had volume of permeable
voids that were, on average, 100 and
50 percent greater than the heat-cured
conventional concretes for the 5 and
7.5 percent silica fume addition rates,
respectively.

The highest volume of permeable
voids for heat-cured conventional con-
crete was only 8.0 percent, a value
17 percent lower than the 9.6 percent
voids of the best performing silica
fume mixture (0.33 w/cm with
7.5 percent silica fume), and 46 per-
cent lower than the 14.70 percent
voids of the worst performing silica
fume concrete (0.46 w/cm with
5.0 percent silica fume). These high
absorption values for all of the silica
fume concretes may explain the high
surface chloride concentrations for
these silica fume concretes observed
during the long-term ponding tests.

The long-term ponding tests showed
that the AASHTO-grade 0.46 w/c
heat-cured concrete had the lowest
near-surface chloride concentration
when compared to the 0.46 w/cm
moist-cured concretes, including the
5.0 and 7.5 percent silica fume mix-
tures. These surface chlorides for the
0.46 w/c heat-cured concrete averaged
about 36 percent less than the four
other moist-cured 0.46 w/cm concretes
with or without silica fume.

The long-term ponding tests also in-
dicate that the heat-cured conventional
concretes at 0.32, 0.37, and 0.46 w/c
had lower or essentially equal chloride
contents at all measured depths when
compared to the burlap-cured or water
tank-cured conventional concretes at
the same w/c.

These current observations confirm
similar conclusions about the benefi-
cial effects of heat curing on chloride
profiles in .44 w/c AASHTO-grade
concrete studied in the 1987 FHWA
study of heat-cured vs. moist-cured
0.44 w/c concrete.? This current study
also showed that the 28-day compres-
sive strength of properly heat-cured
concrete was not significantly lowered
by heat curing, even when the cylin-
ders did not receive any supplemental
wet or moist curing after the initial
overnight heat curing.

This conclusion, in conjunction with
the lower water and chloride absorp-
tion, lower volume of permeable voids,
lower 1-year chloride content profiles,
and comparable estimated time-to-cor-
rosion values, indicates that heat-cured
conventional concretes are far more
impervious to water and chloride
ingress than the same moist-cured



AASHTO-grade 0.46 w/c concretes.
The 0.37 and 0.32 w/c heat-cured con-
ventional concretes alse had equal or
greater resistance to water and chloride
ingress than moist-cured conventional
concretes with equal w/c levels.

The observations from these two
major studies indicate that the removal
of the AASHTO requirement for
6 days of supplemental moist curing
of heat-cured concrete in 1992 was
Justifiable and appropriate.

Effect of Silica Fume

The addition of silica fume to the
(.46 w/cm specimens was seen to be
highly beneficial in reducing chloride
ingress. After the long-term ponding
test, the chloride at '/2 to 7/z in. (13 to
22 mm) in these concretes were at least
78 percent lower than that in the con-
ventional 0.46 w/c concrete. The addi-
tion of the silica fume prevented the
measurable ingress of chloride to the
1 to /s in. (25 to 35 mm) depth region.

The benetits of the silica fume were
also apparent in the (.37 w/cm mixes,
where the 5 and 7.5 percent silica
fume concrete had 75 to 80 percent
less chloride than the companion
burlap-cured conventional concrete in
the /2 to /s in. (13 to 22 mm) depth
interval. The benefits of the silica
fume were difficult to determine in the
(.32 w/cm mixes, because all of the
0.32 w/c and w/cm mixes had ex-
tremely low chlorides at all depths, ex-
cept the near-surface region.

As shown in Fig. 8, chloride concen-
trations after ponding for the 5 and
7.5 percent silica fume mixes were sim-
ilar for each w/cm. The 7.5 percent sil-
ica fume concretes also required higher
admixture dosages, although they did
have slightly higher slumps than the 5
percent silica fume mixtures. The com-
pressive strength and coulombs values
for the 7.5 percent silica fume mixes
were not always better than the 5 per-
cent silica fume mixes.

Comparable End-Use Concretes

The dramatic and overpowering ef-
fect of the w/c on the chloride perme-
ability of concrete requires that the po-
tential advantages of so-called “high
performance” concretes, such as low
w/c heat-cured concretes or those con-

Table 15. Measured and calculated concrete

properties of four different mixtures.

1

1 Time-to-
‘ corrosion
Volume of Calculated {years)
Diffusion permeable | surface chloride |-—-———
Mixture coefficient voids concentration Cover
number | w/emn | Coulombs | mm/s x 10+ | (percent) {percent) 2in. | 3in,
12 0.46 3040 8.8 107 0.48 1 3
6% 0.46 1484 18 14.7 0.57 5 12
o 0.46 1690 1.7 93 0.57 6 13
14 0.37 2794 2.2 6.8 0.46 5 11

Note: !in, = 25.4 mm.
* 5 percent silica fume.
+ 7.5 percent silica fume.

(.46 w/c conventional concrete {Mixture 12} with 7 days of burlap cure.
(.46 w/cm silica fume concretes {Mixtures 6 and 9) with 7 days of burlap cure.
0.37 wic conventioral concrete (Mixture 14) with overnight heat curing and no supplemental moist curing.
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Fig. 9. Chioride profiles of comparable “conventional” systems.

taining admixtures such as silica fume,
be examined using realistic w/cm val-
ues for project application.

When comparing heat-cured precast
concrete to moist-cured, cast-in-place
concrete, it must be recognized that
precast concrete typically must have a
lower w/cm due to the need to strip
and recycle the forms in short time pe-
riods. Two examples are given here;
others could be constructed, keeping
in mind the project requirements.

One such comparison would be of a
conventional parking garage or bridge
with only a minimal emphasis on cor-
rosion protection for which no spe-

cialty contractors, extra effort, or ma-
terials would be required. Such struc-
tures are currently being built and re-
quire few changes in construction or
production methods. The comparable
concrete systems used in this hypo-
thetical bridge or garage are: 0.46 w/c
buriap-cured conventional concrete,
0.46 w/cm burlap-cured concrete with
5 or 7.5 percent silica fume, and a 0.37
w/c heat-cured conventional precast
concrete. The measured and calculated
properties of these four concretes are
shown in Table 15,

The chlonde profiles for these more
easily constructed systems, along with



Table 16. Measured and calculated concrete properties of four different mixtures.

Time-to-
corrosion

Volume of Calculated (years)

Diffusion | permeable | surface chloride ——
Mixture coefficient voids concentration Cover
number | w/em | Coulombs | mm#¥s x 10+ | (percent) (percent) 2in. | 3in.

11 037 1965 1.5 98 0.61 6 14
5 037 i 943 0.3 14.4 0.74 11| 25
g 0.37 726 0.9 99 0.52 11 25
13 0.32 1841 1.1 5.8 0.58 | 9 20

Note: 1 in. =254 mm.
* 5 percent silica fume.
+ 1.5 percent silica fume,

0.37 wic conventional concrete (Mixture 1) with 7 days of burlap cure.
0.37 w/em silica fume concretes (Mixtures 5 and 8) with 7 days of burlap cure.
.32 w/c conventional concrete (Mixture 13) with overnight beat curing and no supplemental moist curing.
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Fig. 10. Chloride profiles of comparable “higher quality” systems.

their coulomb values, are shown in
Fig. 9. The silica fume and heat-cured
precast concrete have essentially iden-
tical diffusion coefficients and times-
to-corrosion, and both offer a substan-
tial advantage over the conventional
0.46 w/c concrete.

Any of these three higher perfor-
mance concretes with low ditfusion
coefficients of about 2.0 x 10°
mm?/s would be a good choice for
prolonging the life of the concrete
structure. This is true despite the
1200-coulomb difference between
2800-coulomb value for the heat-
cured conventional concrete and the
average 1600-coulomb value from the

two silica fume concretes.

As another comparison, consider the
concretes specified for significantly
improved corrosion protection, shown
in Table 16, that could be placed with
more effort on the part of the concrete
material suppliers and the contractor’s
workers. These concretes would in-
clude a 0.37 w/c burlap-cured conven-
tional conerete, a (.37 w/cm burlap-
cured concrete containing 5 or
7.5 percent silica fume, or a heat-
cured conventional concrete with a
w/c of (132

The resulting chloride profiles for
these concretes are shown in Fig. 10.
Either the addition of silica fume or

the use of low 0.32 w/c heat-cured
concrete results in substantially im-
proved diffusion coefficients of about
1 x 10° mm?s and times-to-corrosion.
This similar and substantial reduction
in chloride penetration occurs despite
a two-fold difference (830 vs. 1840) in
the coulomb values of these concretes.

The increases in the time-to-
corrosion were not reflected by
these coulomb values. In fact, this
low-permeability (.32 w/c heat-cured
concrete, with a coulomb value of
1840, would not have passed the
1000-coulomb cutoff used sometimes
in project specifications.

Accuracy and Validity of AASHTO
T 277 or ASTM C 1202 Testing

Comparison of the AASHTO T 277
or ASTM C 1202 coulomb values, the
I-year ponding test results, the diffu-
sion coefficients, the surface chloride
concentration C,, and the calculated
times-to-corrosion raises a number of
serious questions regarding the accu-
racy of the T 277 or ASTM C 1202
tests and the permeability correlations
presented in Table 1 of T 277 and
C 1202, currently used in concrete
specifications in an effort to ensure
low-permeability concrete. The use of
the T 277 or C 1202 test in an attempt
to ensure long-term service life as-
sumes incorrectly that the coulomb
value is directly related to the long-
term diffusion properties and the sur-
face chloride concentration C,, which
in turn control Fick’s law of diffusion
of chloride through concrete.

The data in Tables 7 and 10 clearly
indicate that there is no correlation be-
tween coulomb value and surface
chloride concentration C,,.

The relationship between the calcu-
lated diffusion coefficient and the
measured coulomb value for the
15 concretes tested during this study is
shown in Fig. 11. Although there is an
apparent relationship with lower
coulomb values and lower diffusion
coetficients, there is a large amount of
scatter in the data and an apparent ex-
treme sensitivity of the diffusion coef-
ficient to the coulomb value. This is
shown by Mixtures 1, 4, 5, 7, 8, 10,
and 13, which have essentially the
same very low diffusion coefficients



ranging from 0.6 to 1.1 x 10% mm%s
and coulomb values ranging from 600
to 1800 coulombs.

Similarly, Mixtures 6 and 9 (0.46
w/cm with silica fume contents of
5 and 7.5 percent, respectively) have
essentially the same diffusion coeffi-
cient as Mixture 14 (.37 w/c conven-
tional heat-cured), of about 1.7 to
2.1 x 10® mm?/s, yet there is a differ-
ence of 1200 coulombs.

A similar difference occurs between
Mixture 4 (0.32 w/cm and 5 percent
silica fume) and Mixture 1 (0.32 w/c
conventional water tank-cured), with
both mixes having the same very low
diffusion coefficient of 0.75 X
10r® mm?/s and an 800 coulomb differ-
ence. These cumulative data show that
there can be an 800 to 1200 coulomb
decrease when silica fume is added
and that essentially equal diffusion co-
efficients for 0.32 and 0.37 w/c con-
ventional concretes can be obtained
despite this 800 to 1200 coulomb dif-
ference. This same observation has
been made in other research studies.”

To expand this lack of correlation,
the data from these 15 concretes were
combined with the data from a 1988
chloride diffusion study' of nine con-
cretes with and without calcium nitrite
with w/cm values ranging from .38 to
0.48 and silica fume contents of 0, 7.5,
and 15 percent, as shown in Fig. 12
Four concretes with very high silica
fume contents of 15 percent had
coulomb values of only 75 to 253. The
one concrete with 7.5 percent silica
fume had a very low coulomb value of
380. The other four concretes con-
tained no silica fume,

The data from these 24 con-
cretes tn Fig. 12 show that there is a
dramatic change in the relationship at
a coulomb level of about 2500 to
3000, not at 1000 coulomb as implied
by Table 1 in the AASHTO T 277 and
ASTM C 1202 specifications. In both
studies, very low diffusion coefficients
of 2.0 to 1.0 x 10®* mm?¥s were
achieved using practical concretes
with coulomb values less than 3500,
with the majority tess than 2000
coulombs.

These very low diffusion coeffi-
cients of 2 to 1 x 10 mm?%s are 80 to
90 percent lower than the 11 x
10% mm?/s diffusion coefficients of the
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Fig. 12. Relationship between diffusion coefficient and coulomb value.

0.46 to 0.48 w/c conventional moist-
cured concretes used as controls in
these two studies. Yet, two of these
14 practical concretes, one from each
study, had coulomb values of 2800 to
3500 with very low diffusion coeffi-
cients of 2 x 10°* mm?s.

The approximate relationship be-
tween the coulomb value and time-to-

corrosion [assuming a 2 in. (50 mm)
cover] results from the lack of correla-
tion of the surface chloride concentra-
tion C, to the coulomb value and the
high sensitivity of the time-to-corro-
sion to the diffusion coefficient,
shown in Fig, 13,

Because of these two factors, the
small scatter in the data shown in Fig.
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Fig. 14. Example of comparable concretes with different coulomb values.

11 is increased when the time-to-
corrosion is calculated, resulting in the
large scatter in the bounded area
shown in Fig. 13. As a result, the cal-
culated time-to-corrosion when using
a coulomb-based estimate of the diffu-
sion coefficient can cover a range
of approximately 3 to 5 years for
coulomb values of 500, 1000,
and 2000. Conversely, given a con-

stant time-to-corrosion, the estimated
coulomb values can vary by 700 to
1200 coulombs.

As shown in Fig. 12, the combined
data from these 24 concretes from
these two studies do not appear to be
correctly represented by the correla-
tion equation developed from data
from the 1988 paper™ and presented in
a 1994 paper.”

This sensitivity of calculated time-
to-corrosion indicates that the diffu-
sion coefficients and C, factors should
be determined using long-term pond-
ing studies, rather than coulomb-based
estimates, which determine neither of
these two factors. An example of the
error arising from using coulomb val-
ues to attempt to predict long-term
performance is shown in Fig. 14. The
0.37 w/cm concrete with 7.5 percent
silica fume and the 0.32 w/c heat-
cured concrete had essentially identi-
cal chloride profiles, yet had more
than a 1000 coulomb difference.

In addition to similarly performing
concretes having very different
coulomb values, some differently per-
forming concretes can have very simi-
lar coulomb values. Another example
of this error is shown in Fig. 15,
where the 0.46 w/c burlap-cured con-
crete has a very similar coulomb
value of 3000 to a 0.37 w/c heat-cured
concrete with a coulomb value of
2800, yet their chloride profiles and
their diffusion coefficients were
vastly different, and their C, values
were essentially equal. Had the
coulomb value been solely relied
upon to indicate the relative perme-
ability of the concrete and time-to-
corrosion, grossly incorrect conclu-
sions would have been reached, with
the heat-cured 0.37 w/c conventional
concrete being improperly classified.

These cumulative data from two
studies illustrate that the 1000-
coulomb cutoff level for discriminat-
ing between “real world” concrete dif-
fusion coefficient, surface chloride
concentrations and time-to-corrosion
is unjustified and inappropriate. It is
important to note that numerous con-
crete projects in the past with speci-
fied coulombs of 600 to 1000 have
created jobsite construction problems
and cracking, based on the authors’
experience.

Based on this extensive study and
the requirement for “constructable”
projects with minimal concrete finish-
ing, curing, cracking, and permeability
problems, it is clear that concrete with
coulomb levels of 1000 to 3000 can
produce low permeability concretes.
In fact, for concretes with coulombs
below 300(), both studies discussed
above show diffusion coefficients that



are at least 80 percent lower than the
0.46 w/c AASHTO-quality conven-
tional concrete Mixture 3 used in this
study and the 0.48 w/c conventional
concrete used in the other referenced
study,”™*" which both had coulomb
values of 2900 to 3700 for these
AASHTO-quality concretes.

CONCLUDING REMARKS

The major conclusions, observa-
tions, recommendations, and concerns
from this time-to-corrosion and chlo-
ride permeability study are as follows:

1. The low 0.32 w/cm mixtures had
tonger times of initial setting, proba-
bly related to the higher HRWRA re-
quirements to achieve this very low
wi/cm value. This increase could range
from about 1 hour to 1.5 hours when
compared to the 0.46 w/cm mixtures.
This setting time increase influences
jobsite construction and finishing op-
erations and heat curing preset periods
for precasting plants.

2. The four 0.46 and 0.37 w/cm sil-
ica fume mixtures produced 28- and
180-day compressive strengths that es-
sentially equaled the 28- and 180-day
strengths of equal w/c ratio, conven-
tional concretes.

3. The 28-day strength of heat-
cured conventional concretes with no
suppiemental moist curing after the
overnight heat curing averaged 90 per-
cent of their companion 28-day water
tank-cured cylinders for the three wic
levels. Therefore, proper heat curing
created no significant strength loss at
28 days at all three w/c levels.

4. The three heat-cured conven-
tional concrete mixtures had the low-
est water absorptions and volume of
permeable voids when compared to
the 12 water tank-cured or burlap-
cured concretes with or without stlica
fume. The concretes with 5 and 7.5 per-
cent silica fume additions had average
volumes of permeable voids that were
about 100 and 50 percent greater, re-
spectively, than the heat-cured con-
ventional concretes.

5. All 15 concrete mixtures pro-
duced very high near-surface chloride
concentrations after the 365-day pond-
ing. The lowest w/cm mixtures pro-
duced on average the highest calcu-
lated C, surface chloride concen-
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Fig. 15. Example of comparable concrete with similar coulomb values.

trations, and the highest w/cm mix-
tures produced the lowest calculated
C, surface chlonide concentrations.

6. The heat-cured concretes had the
lowest water absorptions and volume
of permeable voids at age 42 days.
The 365-day long-term ponding tests
also indicate that the heat-cured slabs
generally had 18 to 36 percent lower
near-surface chloride concentration
than the overall average of the burlap-
cured and water tank-cured concretes
with and without silica fume, at all
wicm levels.

7. The surface chloride concentra-
tions of 13 to 23 Ibs per cu yd (7.7 10
13.6 kg/m*} for the heat-cured con-
cretes are significantly lower than the
30 1bs per cu yd (17.8 kg/m*) assumed
in other published corrosion research
studies pertaining to long-term life
estimates.

8. This present study and a 1987
FHWA study indicate that the con-
crete w/c ratio is the dominant factor
in reducing chloride permeability.
When the w/c is reduced from
AASHTO-quality 0.46 to 0.51 w/c
levels to 0.37 to 0.40 levels, the chlo-
ride reduction at the 1 in. (25 mm)
depth level after severe l-year salt
water exposure testing was about
80 percent. When the w/c is reduced
further to 0.28 to 0.32 levels, the

chloride reductions were about
95 percent of the AASHTO-quality
0.46 to 0.51 w/c concrete.

9. The 5 and 7.5 percent burlap-
cured silica fume mixtures with 0.46
to 0.37 w/cm have estimated times-
to-corrosion similar to those of heat-
cured 0.37 to 0.32 w/c conventional
concretes. These four silica fume
mixtures produced very low diffusion
coefficients of 0.8 to 1.8 x 10
mm?/s, and the two heat-cured con-
ventional concretes produced similar
diffusion coefficients of 1.1 to 2.2 x
10°* mm?/s. Typical burlap-cured
AASHTO-grade 0.46 w/c conven-
tional concrete produced a high diffu-
sion coefficient of 8.8 x 10°° mm?/s, a
value 4 to 10 times greater than
the six low-permeability concretes
discussed above. The lowest average
diffusion coefficient of 0.65 x 10¢
mm?/s was from the 0.32 w/cm silica
fume concretes with 5 and 7.5 per-
cent fume. The typical AASHTO-
grade 0.46 w/c conventional burlap-
cured concrete diffusion coefficient is
about 14 times this lowest coetficient
measured on this difficult to use 0.32
w/cm concrete.

10. An increase in cover to improve
corrosion performance is significantly
more effective when low w/c con-
cretes are used.



11. This investigation of the
AASHTO T 277 and the ASTM
C 1202 test methods revealed that sig-
nificant and serious questions remain
regarding their appropriateness for use
in concrete qualification and project
specifications. The correlation be-
tween long-term chloride diffusion,
the surface chloride concentration C,,,
the time-to-corrosicn and the coulomb
test recommended in the ASTM C 1202
test appears to be highly variable and
requires individual correlations be-
tween these two types of tests for
every concrete mixture. The widely
used 1000 coulomb cut-off limit was
found to be arbitrary and misleading
for many concretes, due to the widely
different chloride permeabilities and
C, factors observed for concretes both
meeting and failing such a coulomb
limit-based specification. The C, chlo-
ride surface concentration did not cor-
relate to the coulomb value. The use
of heat curing was found in this study
to increase the coulomb values of con-
crete without increasing its actual
chloride permeability.

12, When similar end-use concretes
are compared using estimated time-to-
corrosion and long-term chloride
ingress, low w/c heat-cured conven-
tional concrete performs as well as
practical w/cm concretes containing
silica fume.

13. The best way to improve current
concrele is to specify lower w/c con-
cretes and enforce the specification re-
gquirements. Concrete should be speci-
fied to have a low chloride diffusion
coefficient and a low C, surface chlo-
ride concentration, as determined by
long-term ponding tests. The 6-hour
AASHTO T 277 and ASTM C 1202
tests for determining coulomb values
only should not be used for specifica-
tion purposes due to the variable ef-
fects of curing and other factors on the
coulomb value. The test must only be
used when proper correlations be-
tween coulomb values and long-term
ponding test results have been estab-
lished for the individual concretes
under test, as already required in the
ASTM C 1202.

14. To meet these new demands, ma-
terials suppliers, the precast concrete
industry, and all other suppliers to the
concrete industry should carry out

long-term ponding tests (with at least
I year of ponding) to demonstrate the
performance of their specific materials
and end product to the purchaser. By
taking a long-term view of the con-
crete performance, the durability of all
structures can be increased, lessening
the need for repair and maintaining
concrete as a state-of-the-art building
material of choice for the transporta-
tion and construction industry.

During the testing described in this
report, certain inconsistencies and
weaknesses in the standardized tests
were noted and reported by others.
The following recommendations and
concerns to users of the test proce-
dures have been provided in an effort
to improve future specifications and
testing of similar high performance
concretes.

AASHTO Section 8.11
Curing Specifications

Except for top slabs of structures
serving as finished pavements, the
1992 AASHTO specifications permit
the moist curing to be terminated in
less than 7 days, once the field-cured
cylinders reach 70 percent of their de-
sign strength. With today’s cement
and lower w/c values, this permits the
termination of moist curing from
piers, columns, beams, parapets, walls,
median barriers, and sound barriers,
and other components that will be ex-
posed to salt water during their life
after as little as 1 to 3 days, based on
the authors’ experience. This proce-
dure could result in improper moist
curing for a number of highway struc-
tures that receive deicers.

AASHTO T 259 Ponding Test

Modifications to the AASHTO
T 259 test procedures are required to
enable the performance of high quality
concretes to be differentiated. These
modifications include:

1. Provision of a more realistic cur-
ing period, The T 259 recommended
14-day moist curing is unrealistic; a 7-
day period is realistic because both
ACT and AASHTO utilize this 7-day
period.

2. Use of a higher chloride concen-
tration for the ponding solution. The
recommended 3 percent NaCl solu-

tion models sea water; however, it
does not accurately model deicing
salt solutions that frequently have
significantly higher chloride concen-
trations. If a 15 percent salt solution
is used, the measured chloride in the
slabs will be greater, providing in-
creased accuracy in the determination
of the chloride contents and improved
diffusion modeling.

3. Increase the ponding period. The
90-day test is only appropriate for dis-
tinguishing relatively porous and per-
meable concretes. A minimum test pe-
riod of 365 days is recommended. As
the test does not require extensive su-
pervision or work during the ponding
period, this extended period will have
little impact on the cost of the tests.

4. Use of an increased number of
chloride samples. The test procedure
recommends only two chloride mea-
surements to be made at depths e to
'f>in. (1.6 to 13 mm) and at '/2to 1 in.
{13 to 25 mm). Two data points are to-
tally insufficient to determine diffu-
sion coefficients required for predic-
tion of chloride concentrations during
the life of the structure, and at least
four depths should be used.

5. Use of core samples, rather than
drilled samples. It is significantly bet-
ter o use large samples cored from the
slabs than to use small drilled powder
samples that are usually subjected to
errors from contamination and inaccu-
rate drilling depths.

AASHTO T 277

This test method should be replaced
with the newly revised ASTM C 1202
test method in order to specifically re-
quire correlation to long-term ponding
data and to eliminate the misleading
interpretation of Table 1.

ASTM C 1202

A number of changes should be
made to reflect the changing state-of-
the-knowledge reflected by this Part 2
paper and other papers on this contro-
versial test method. These changes are:

1. The age of the concrete for con-
ducting the coulomb tests should be
specified when laboratory produced
concrete mixtures are being evalu-
ated and correlated to long-term
ponding tests.



2. All laboratory produced speci-
mens for coulomb testing and long-
term ponding should have realistic
motst curing of no longer than 7 days,
as per ACI and AASHTO specifica-
tions for construction sites. Continu-
ous motist curing to ages of 28 to
90 days prior to coulomb testing or
pending should be prohibited.

3. The long-term ponding used to
correlate the material-specific perfor-
mance of the concrete should be speci-
fied in ASTM C 1202 to be at least
365 days and should use a salt water so-
lution of I3 percent, in order to obtain
more accurate diffusion coefficients
and surtace chloride concentrations.

4. Table 1 showing correlation of
coulombs to permeability should be
removed.

General Concern

The authors of this paper are con-
cerned about specifications that re-
quire the ASTM C 1202 or AASHTO
T 277 “coulomb test” for the concrete
acceptance for a project, vet which
also prohibit the use of the “coulomb
test” on drilled cores from the project
to determine if the Owner actually ob-
tained his specified “coulomb value.”
This reluctance to test the jobsite con-
crete is undoubtedly based on con-
cerns about jobsite concrete consolida-
tion and curing factors.
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