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The general requirements for producing satisfactory concrete during
cold weather are discussed, and methods for satisfying these require-
ments are described. One of the objectives of cold weather concret-
ing practice is to provide protection of the concrete at early ages to
prevent damage from freezing. For many structural concretes, pro-
tection considerably in excess of that required to prevent damage by
early freezing is needed to assure development of adequate strength.
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CHAPTER 1 - INTRODUCTION
1.1 - Definition of cold weather

This report describes construction procedures which,
if properly followed, can result in concrete placed in
cold weather of sufficient strength and durability to
satisfy intended service requirements. Concrete placed
during cold weather will develop these qualities only if
it is properly produced, placed, and protected. The
necessary degree of protection increases as the ambient
temperature decreases.

Cold wesather is defined as a period when, for more
than 3 consecutive days, the following conditions exist:
1) the average daly air temperature is less than 40 F
(5 C) and 2) the air temperature is not greater than 50
F (10 C) for more than one-half of any 24-hr period.*
The average daily air temperature is the average of the
highest and the lowest temperatures occurring during
the period from midnight to midnight. Cold wesather, as
defined in this report, usually starts during fall and
usualy continues until spring.

1.2 - Standard specification

If requirements for cold weather concreting are
needed in specification form, ACl 306.1 should be ref-
erenced; if necessary, appropriate modifications should
be added to the contract documents after consulting the
specification  checklist.

1.3 - Objectives

The objectives of cold weather concreting practices
are to:

1.3.1 - prevent damage to concrete due to freezing
a early ages. When no external water is available, the
degree of saturation of newly placed concrete decreases

*The values in S| units are direct conversions of the in.-lb values. They do
nor necessarily represent common metric ranges or sizes. For practical applica-
tion. The user should adjust them to conform with local practice.
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as the concrete gains maturity and the mixing water
combines with cement during hydration. Under such
conditions, the degree of saturation falls below the
critical level (the degree of water saturation where a
single cycle of freezing would cause damage) at ap-
proximately the time that the concrete attains a com-
pressive strength of 500 psi (3.5 MPa) (Powers 1962).
At 50 F (10 C), most well-proportioned concrete mix-
tures reach this strength during the second day.

1.3.2 - assure that the concrete develops the re-
quired strength for safe removal of forms, for safe re-
moval of shores and reshores, and for safe loading of
the structure during and after construction.

1.3.3 - maintain curing conditions that foster nor-
mal strength development without using excessive heat
and without causing critical saturation of the concrete
a the end of the protection period.

1.3.4 - limit rapid temperature changes, particu-
larly before the concrete has developed sufficient
strength to withstand induced thermal stresses. Rapid
cooling of concrete surfaces or large temperature dif-
ferences between exterior and interior members of the
structure can cause cracking, which can be detrimenta
to strength and durability. At the end of the required
period, insulation or other means of protection should
be removed gradually so that the surface temperature
decreases gradually during the subsequent 24-hr period
(see Section 5.5).

1.3.5 - provide protection consistent with the in-
tended serviceability of the structure. Concrete struc-
tures are intended for a useful life of many years. The
attainment of satisfactory strength for 28-day, stan-
dard-cured cylinders is irrelevant if the structure has
corners damaged by freezing; dehydrated areas; and
cracking from overheating because of inadequate pro-
tection, improper curing, or careless workmanship.
Similarly, early concrete strength achieved by indis-
criminate use of excessive calcium chloride is of no
aval if the concrete becomes excessively cracked in later
years because of the likelihood of disruptive internal
expansion due to akali-aggregate reaction or of possi-
ble corrosion of reinforcement (see Section 9.2). Short-
term construction economy should not be obtained at
the expense of long-term durability.

1.4 - Principles

This report presents recommendations to achieve the
objectives listed in Section 1.3 (Schnarr and Young
1934a and 1934b). The practices and procedures de-
scribed in this report stem from the following princi-
ples concerning cold weather concreting:

141 - Concrete that is protected from freezing un-
til it has attained a compressive strength of at least 500
psi (3.5 MPa) will not be damaged by exposure to a
single freezing cycle (Powers 1962).

1.4.2 - Concrete that is protected as in Section 1.4.1
will mature to its potential strength despite subsequent
exposure to cold weather (Malhotra and Berwanger
1973). No further protection is necessary unless a cer-
tain strength must be attained in less time.
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Table 3.1 - Recommended concrete temperatures

Section size, minimum dimension, in. (mm)

<12in. 12-36 in. 36-72in. >72in.

Line Air temperature (300 mm) (300-900 mm) (900-1800 mm) (1800 mm)
Minimum concrete temperature as placed and maintained
1 - | ssFasc) | soF@oc | 45F@7c | 40FG0
Minimum concrete temperature as mixed for indicated air temperature*

2 Above 30 F (-1 C) 60 F (16 C) 55F (13 C) 50 F (10 C) 45F (7C)

3 0to30F 65 F (18 C) 60 F (16 C) 55 F (13 C) 50 F (10 C)
(-18 to -1 C)
4 Below 0 F 70F (21 C) 65 F (18 C) 60 F (16 C) 55 F (13 C)
(-18C)

Maximum alowable gradua temperature drop in first 24 hr after end of protection

5| -

| soF@sc) | 4w0F@o |

0F@17C) | 20F(110)

*For colder weather a greater margin in temperature is provided between concrete as mixed and required minimum

temperature of fresh concrete in place.

1.4.3 - Where a specified concrete strength must be
atained in a few days or weeks, protection at temper-
atures above 50 F (10 C) is required. See Chapters 5
and 6.

1.4.4 - Except within heated protective enclosures,
litle or no external supply of moisture is required for
curing during cold weather. See Chapter 8.

1.4.5 - Under certain conditions, calcium chloride
should not be used to accelerate setting and hardening
because of the increased chances of corrosion of metas
embedded in concrete or other adverse effects. See
Chapter 9.

Times and temperatures given in this report are not
exact values for all situations and they should not be
used as such. The user should keep in mind the pri-
mary intent of these recommendations and should use
discretion in deciding what is adequate for each partic-
ular circumstance.

1.5 - Economy

Experience has shown that the overal costs of ade-
guate protection for cold weather concreting are not
excessive, considering what is required and the result-
ing benefits. The owner must decide whether the extra
costs involved in cold weather concreting operations are
a profitable investment or if it is more cost effective to
wait for mild weather. Neglect of protection against
early freezing can cause immediate destruction or per-
manently weakened concrete. Therefore, if cold
weather concreting is performed, adequate protection
from low temperatures and proper curing are essential.

CHAPTER 2 - GENERAL REQUIREMENTS
2.1 - Planning

It is recommended that the concrete contractor, con-
crete supplier, and owner (or architect/engineer) meet
in a precongtruction conference to define in clear terms
how cold weather concreting methods will be used. This
report provides a basis for the contractor to select spe-
cific methods to satisfy the minimum requirements
during cold weather concreting,

Plans to protect fresh concrete from freezing and to
maintain temperatures above the recommended mini-
mum vaues should be made well before freezing tem-
peratures are expected to occur. Necessary equipment
and materials should be at the work site before cold
weather is likely to occur, not after concrete has been
placed and its temperature begins to approach the
freezing point.

2.2 - Protection during fall and spring

During periods not defined as cold weather, such as
in fall or spring, but when heavy frost or freezing is
forecast at the job site* al concrete surfaces should be
protected from freezing for at least the first 24 hr after
placement. Concrete protected in this manner will be
safe from damage by freezing at an early age. If the
concrete is air entrained and properly cured, the ulti-
mate strength and durability of the concrete will be un-
impaired. Protection from freezing during the first 24
hr does not assure a satisfactory rate of strength devel-
opment, particularly when followed by considerably
colder weather. Protection and curing should continue
long enough - and at a temperature sufficiently above
freezing - to produce the strength required for form
removal or structural safety (see Chapters 5 and 6).

2.3 - Concrete temperature

During cold weather, the concrete temperature at the
time of placement should not be lower than the values
given in Chapter 3. In action, to prevent freezing at
early ages, the concrete temperature should be main-
tained at not less than the recommended placement
temperature for the length of time given in Chapter 5.
This length of time depends on the type and amount of
cement, whether an accelerating admixture is used, and
the service category.

The recommended minimum placement temperatures
given in Table 3.1 in Chapter 3 apply to norma weight

*Charts showing mean dates of freezing weather in the United States may be
obtained from the National Climatic Center, Federal Building, Ashville, NC
28801
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concrete. Experience indicates that freshly mixed light-
weight concrete loses heat more slowly than freshly
mixed normal-weight concrete. Lighter weight insulat-
ing concretes lose heat even more slowly. However,
when exposed to freezing temperatures, such concretes
are more susceptible to damage from surface freezing.

The temperature of concrete at the time of place-
ment should aways be near the minimum temperatures
given in Chapter 3, Table 3.1. Placement temperatures
should not be higher than these minimum values by
more than 20 F (11 C). One should take advantage of
the opportunity provided by cold weather to place low-
temperature concrete. Concrete that is placed at low
temperatures [40 to 55 F (5 to 13 C)] is protected
against freezing and receives long-time curing, thus de-
veloping a higher ultimate strength (Klieger 1958) and
greater durability. It is, therefore, less subject to ther-
mal cracking than similar concrete placed at higher
temperatures. Placement at higher temperatures may
expedite finishing in cold weather, but it will impair
long-term concrete properties.

2.4 - Temperature records

The actua temperature at the concrete surface deter-
mines the effectiveness of protection, regardless of air
temperature. Therefore, it is desirable to monitor and
record the concrete temperature. Temperature record-
ing and monitoring must consider the following:

24.1 - The corners and edges of concrete are more
vulnerable to freezing and usudly are more difficult to
maintain at the required temperature, therefore, their
temperature should be monitored to evaluate and ver-
ify the effectiveness of the protection provided.

2.4.2 - Inspection personnel should keep a record of
the date, time, outside air temperature, temperature of
concrete as placed, and weather conditions (calm,
windy, clear, cloudy, etc.). Temperatures of concrete
and the outdoor air should be recorded at regular time
intervals but not less than twice per 24-hr period. The
record should include temperatures at several points
within the enclosure and on the concrete surface, cor-
ners, and edges. There should be a sufficient number of
temperature measurement locations to show the range
of concrete temperatures. Temperature measuring de-
vices embedded in the concrete surface are ideal, but
satisfactory accuracy and greater flexibility of observa
tion can be obtained by placing thermometers against
the concrete under temporary covers of heavy insulat-
ing material until constant temperatures are indicated.

2.4.3 - Maximum and minimum temperature read-
ings in each 24-hr period should be recorded. Data re-
corded should clearly show the temperature history of
each section of concrete cast. A copy of the tempera-
ture readings should be included in the permanent job
records. It is preferable to measure the temperature of
concrete at more than one location in the section cast
and use the lowest reading to represent the temperature
of that section. Internal temperature of concrete should
be monitored to insure that excessive heating does not
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occur (see Section 7.4). For this, expendable thermis-
tors or thermocouples cast in the concrete may be used.

2.5 - Heated enclosures

Heated enclosures must be strong enough to be
windproof and weatherproof. Otherwise, proper tem-
peratures at corners, edges, and in thin sections may
not be maintained despite high energy consumption.
Combustion heaters should be vented and they should
not be permitted to heat or to dry the concrete locally.
Fresh concrete surfaces exposed to carbon dioxide, re-
sulting from the use of salamanders or other combus-
tion heaters that exhaust flue gases into an enclosed
area, may be damaged by carbonation of the concrete.
Carbonation may result in soft surfaces or surface
crazing depending on the concentration of carbon
dioxide, the concrete temperature, and the relative hu-
midity (see Section 7.4). Carbon monoxide, which can
result from partial combustion, and high levels of car-
bon dioxide are potentia hazards to workers.

In addition, strict fire prevention measures should be
enforced. Fire can destroy the protective enclosures as
well as damage the concrete. Concrete can be damaged
by fire a any age. However, a a very early age addi-
tiona damage can occur by subsequent freezing of the
concrete before new protective enclosures are provided.

2.6 - Exposure to freezing and thawing

If, during construction, it is likely that the concrete
will be exposed to cycles of freezing and thawing while
it is in a saturated condition, it should be properly air
entrained even though it will not be exposed to freezing
and thawing in service. The water-cement ratio should
not exceed the limits recommended in ACl 201.2R, and
the concrete should not be alowed to freeze and thaw
in a saturated condition before developing a compres-
sive strength of 3500 psi (24 MPa). Therefore, new
sidewalks and other flatwork exposed to melting snow
during daytime and freezing during nighttime should be
air entrained and protected from freezing until a
strength of at least 3500 psi (24 MPa) has been at-
tained.

2.7 - Concrete slump

Concrete with a dump lower than norma [less than
4 in. (100 mm)] is particularly desirable in cold weather
for flatwork; bleeding of water is minimized and set-
ting occurs earlier. During cold weather, bleed water
may reman on the surface for such a long period that
it interferes with proper finishing. If the bleed water is
mixed into the concrete during trowelling, the resulting
surface will have a lower strength and may be prone to
dusting and subsequent freeze-thaw damage if exposed.
Thus, during cold weather, the concrete mixture should
be proportioned so that bleeding is minimized as much
as practicable. If bleedwater is present on flatwork, it
should be skimmed off prior to trowelling by using a
rope or hose.
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CHAPTER 3 - TEMPERATURE OF CONCRETE
AS MIXED AND PLACED AND HEATING OF
MATERIALS

3.1 - Placement temperature

During cold weather, the concrete mixing tempera-
ture should be controlled as described in Section 3.2 so
that when the concrete is placed its temperature is not
below the values shown in Line 1 of Table 3.1. The
placement temperature of concrete should be deter-
mined according to ASTM C 1064. The more massive
the concrete section, the less rapidly it loses heat;
therefore, lower minimum placement temperatures are
recommended as concrete sections become larger. For
massive structures, it is especidly beneficia to have low
placement temperatures (see ACI 207.1R). Concrete
temperatures that are much higher than the values in
Line 1 do not result in a proportionally longer protec-
tion against freezing because the rate of heat loss is
greater for larger temperature differentials.

In addition, higher temperatures require more mix-
ing water, increase the rate of slump loss, may cause
quick setting, and increase thermal contraction. Rapid
moisture loss from exposed surfaces of flatwork may
cause plastic shrinkage cracks. Rapid moisture loss can
occur from surfaces exposed to cold weather because
the warm concrete heats the surrounding cold air and
reduces its relative humidity (see AC1 302.1R). There-
fore, the temperature of concrete as placed should be
kept as close to the recommended minimum vaue as is
practicable. Placement temperatures should not be
higher than these minimum values by more than 20 F
(110).

3.2 - Mixing temperature

The recommended minimum temperature of con-
crete at the time of mixing is shown in Lines 2, 3, and
4 of Table 3.1. As the ambient air temperature de-
creases, the concrete temperature during mixing should
be increased to offset the heat lost in the interva be-
tween mixing and placing. The mixing temperature
should not be more than 15 F (8 C) above the recom-
mended vaues in Lines 2, 3, and 4. While it is difficult
to heat aggregates uniformly to a predetermined tem-
perature, the mixing water temperature can be adjusted
easily by blending hot and cold water to obtain a con-
crete temperature within 10 F (5 C) of the required
temperature.

3.3 - Heating mixing water

Mixing water should be available at a consistent,
regulated temperature, and in sufficient quantity to
avoid appreciable fluctuations in temperature of the
concrete from batch to batch. Since the temperature of
concrete affects the rate of dump loss and may affect
the performance of admixtures, temperature fluctua-
tions can result in variable behavior of individual
batches.

Premature contact of very hot water and concen-
trated quantities of cement has been reported to cause
flash set and cement balls in truck mixers. When water
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above 140 F (80 C) is used, it may be necessary to ad-
just the order in which ingredients are blended. It may
be helpful to add the hot water and coarse aggregate
ahead of the cement and to stop or dow down the ad-
dition of water while the cement and aggregate are
loaded.

If the cement is batched separately from the aggre-
gate, mixing may be more difficult. To facilitate mix-
ing, about three-fourths of the added hot water should
be placed in the drum either ahead of the aggregates or
with them. To prevent packing at the end of the mixer,
coarse aggregate should be added first. The cement
should be added after the aggregates. As the final in-
gredient, the remaining one-fourth of the mixing water
should be placed into the drum at a moderate rate.

Water with a temperature as high as the boiling point
may be used provided that resulting concrete tempera-
tures are within the limits discussed in Section 3.2 and
no flash setting occurs. If loss of effectiveness of the
air-entraining admixture is noted due to an initial con-
tact with hot water, the admixture must be added to the
batch after the water temperature has been reduced by
contact with the cooler solid materials.

3.4 - Heating aggregates

When aggregates are free of ice and frozen lumps,
the desired temperature of the concrete during mixing
can usually be obtained by heating only the mixing wa
ter, but when air temperatures are consistently below
25 F (-4 C),itisusualy necessary to aso heat the ag-
gregates. Heating aggregates to temperatures higher
than 60 F (15 C) is rarely necessary if the mixing water
is heated to 140 F (60 C). If the coarse aggregate is dry
and free of frodt, ice, and frozen lumps, adequate tem-
peratures of freshly mixed concrete can be obtained by
increasing the temperature of only the sand, which sd-
dom has to be above about 105 F (40 C), if mixing wa
ter is heated to 140 F (60 C). Seasona variations must
be considered, as average aggregate temperatures can
be substantially higher than ar temperature during au-
tumn, while the reverse may occur during spring.

3.5 - Steam heating of aggregates

Circulating steam in pipes is recommended for hesat-
ing aggregates. For small jobs, aggregates may be
thawed by heating them carefully over culvert pipes in
which fires are maintained. When aggregates are
thawed or heated by circulating steam in pipes, ex-
posed surfaces of aggregate should be covered with tar-
paulins as much as is practicable to maintain a uniform
distribution of heat and to prevent formation of ice
crusts. Steam jets liberated in aggregate may cause
troublesome moisture variation, but this method is the
most thermally efficient procedure to heat aggregate. If
steam is confined in a pipe-heating system, difficulties
from variable moisture in aggregates are avoided, but
the likelihood of localized hot, dry spots is increased.
Wear and corrosion of steam pipes in aggregates will
eventually cause leaks, which may lead to the same
moisture variation problem caused by steam jets. Peri-
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odic inspection of the pipes and replacement as neces
sary ae recommended.

When conditions require thawing of substantial
guantities of extremely low temperature aggregates,
steam jets may be the only practicable means of pro-
viding the necessary heat. In such a case, thawing must
be done as far in advance of batching as is possible to
achieve substantial equilibrium in both moisture con-
tent and temperature. After thawing is completed, the
steam supply can be reduced to the minimum that will
prevent further freezing, thereby reducing to some ex-
tent the problems arising from variable moisture con-
tent. Nevertheless, under such conditions, mixing water
control must be largely on an individual batch adjust-
ment basis. Dry hot air instead of steam has been used
to keep aggregates ice free.

3.6 - Overheating of aggregates

Aggregates should be heated sufficiently to eliminate
ice, snow, and frozen lumps of aggregate. Often 3-in.
(76-mm) frozen lumps will survive mixing and remain
in the concrete after placing. Overheating should be
avoided so that spot temperatures do not exceed 212 F
(100 C) and the average temperature does not exceed
150 F (65 C) when the aggregates are added to the
batch. Either of these temperatures is considerably
higher than is necessary for obtaining desirable temper-
atures of freshly mixed concrete. Materials should be
heated uniformly since considerable variation in their
temperature will significantly vary the water require-
ment, air entrainment, rate of setting, and slump of the
concrete.

Extra care is required when batching the first few
loads of concrete following a prolonged period of
steaming the aggregates in storage bins. Many concrete
producers recycle the first few tons of very hot aggre-
gates. This material is normally discharged and recy-
cled by placing it on top of the aggregates in the stor-
age hins.

3.7 - Calculation of mixture temperature

If the weights and temperatures of all constituents
and the moisture content of the aggregates are known,
the final temperature of the concrete mixture may be
estimated from the formula

T= [0.22(TWs+ TaWa+ ToWe) + TuWi+ TWus+ TaWi]
[022 (WS+ Wa+ WC) + WW+ Wwa+ WWS]
(31)

where

T = final temperature of concrete mixture (deg F or
C

tem)perature of cement (deg F or C)

emperature of fine aggregate (deg F or C)

temperature of coarse aggregate (deg F or C)

temperature of added mixing water (deg F or C)

W_= weight of cement (Ib or kg)

W,= saturated surface-dry weight of fine aggregate

(Ib or kg)

—
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W, = saturated surface-dry weight of coarse aggregate
(Ib or kg)

W, = weight of mixing water (Ib or kg)

W, = weight of free water on fine aggregate (Ib or kg)

W, = weight of free water on coarse aggregate (Ib or
k)

Eq. (3-1) is derived by considering the equilibrium heat
balance of the materiads before and after mixing and by
assuming that the specific heats of the cement and ag-
gregates are equal to 0.22 Btu/(lb F) [0.22 kca/(kg C)].

If the temperature of one or both of the aggregates is
below 32 F (0 C), the free water will be frozen, and Eq.
(3-1) must be modified to take into account the heat re-
quired to raise the temperature of the ice to 32 F (0 C),
to change the ice into water, and to raise the tempera-
ture of the free water to the fina mixture temperature.
The specific heat of ice is 0.5 Btu/(lb F) [0.5 kcal/(kg
C)] and the heat of fusion of ice is 144 Btu/lb (80 kcal/
kg). Thus Eqg. (3-1) is modified by substituting the fol-
lowing expressions for TW,or T,W,, or both, de-
pending on whether the fine aggregate or coarse aggre-
gate, or both, are below 32 F (0 C).

For in.-Ib units
for T,W,, substitute W, (0.50T,- 128) (3-2)
for T,W,, substitute W,, (0.50T_,- 128) (3-3)
For Sl units
for T,W,, substitute W, (0.50T,- 80) (3-4)
for T, W,, substitute W,,(0.50T,- 80) (3-5)

In these equations, the numbers 128 and 80 are ob-
tained from the heat of fusion needed to melt the ice,
the specific heat of the ice, and the melting tempera-
ture of ice.

3.8 - Temperature loss during delivery

The Swedish Cement and Concrete Research Insti-
tute (Petersons 1966) performed tests to determine the
expected decrease in concrete temperature during deliv-
ery in cold weather. Their studies included revolving
drum mixers, covered-dump bodies, and open-dump
bodies. Approximate temperature drop for a delivery
time of 1 hr can be computed using Eq. (3-6)-(3-8). For
revolving drum mixers

T=0.25(t-t) (3-6)
For covered-dump body

T=0.10 (t-t) (3-7)
For open-dump body

T = 0.20 (t-t) (3-9)
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where

T = temperature drop to be expected during a 1-hr
delivery time, deg F or C. (This value must be
added to t to determine the required tempera-
ture of concrete at the plant.)

t, = concrete temperature required at the job, deg F
or C.

t,= ambient air temperature, deg F or C.

The values from these equations are proportionaly ad-
justed for delivery times greater than or less than one
hour.

3.9.1 - The following examples illustrate the appli-
cation of these approximate equations:

1. Concrete is to be continuoudy agitated in a re-
volving drum mixer during a 1-hr delivery period. The
air temperature is 20 F and the concrete at delivery
must be at least 50 F. From Eq. (3-6)

T=025(0-20)=75F

Therefore, alowance must be made for a 7.5-deg tem-
perature drop, and the concrete at the plant must have
a temperature of at least (50 + 7.5 F), or about 58 F.

2. For the same temperature conditions given in
Example 1, the concrete will be delivered within 1 hr
and the drum will not be revolved except for initial
mixing and again briefly a the time of discharge. As
suming that Eqg. (3-7) represents this situation best, the
temperature drop is

T=010 (50 - 20) = 3 F

Thus provisons must be made for a concrete tempera
ture of (50 + 3 F), or 53 F, at the plant.

The advantage of covered dump bodies over revolv-
ing drums suggests that temperature losses can be min-
imized by not revolving the drum more than is abso-
lutely necessary during delivery.

CHAPTER 4 - PREPARATION BEFORE
CONCRETING

4.1 - Temperature of surfaces in contact with
fresh concrete

Preparation for concreting, other than mentioned in
Section 2.1, consists primarily of insuring that al sur-
faces that will be in contact with newly placed concrete
are a temperatures that cannot cause early freezing or
seriously prolong setting of the concrete. Ordinarily,
the temperatures of these contact surfaces, including
subgrade materials, need not be higher than a few de-
grees above freezing, say 35 F (2 C), and preferably not
more than 10 F (5 C) higher than the minimum place-
ment temperatures given in Line 1 of Table 3.1.

4.2 - Metallic embedments

The placement of concrete around massive metallic
embedments that are at temperatures below the freez-
ing point of the water in concrete may result in loca
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freezing of the concrete at the interface. If the interface
remains frozen beyond the time of fina vibration, there
will be a permanent decrease in the interfacial bond
strength. Whether freezing will occur, the volume of
frozen water, and the duration of the frozen period de-
pend primarily upon the placement temperature of
concrete, the relative volumes of the concrete and the
embedment, and the temperature of the embedment.
An anaytica study, using the finite element method to
solve the heat flow problem, has been reported (Su-
prenant and Basham 1985). Two cases were investi-
gated: a No. 9 bar in a slab and a square steel tube
filled with concrete. Based on that limited study, it was
suggested that steel embedments having a cross-sec-
tiona area greater than 1 in’(650 mm®) should have a
temperature of at least 10 F (- 12 C) immediately be-
fore being surrounded by fresh concrete a a tempera
ture of at least 55 F (13 C). Additional study is re-
quired before definitive recommendations can be for-
mulated. The engineer/architect should determine
whether the structure contains large embedments that
pose potential problems. If heating is required, the
heating process should not alter the mechanical or met-
allurgical properties of the metal. The contractor
should submit the plan for heating to the engineer for
approval.

4.3 - Removal of snow and ice

All snow, ice, and frost must be removed so that it
does not occupy space intended to be filled with con-
crete. Hot-air jets can be used to remove frost, snow,
and ice from forms, reinforcement, and other embed-
ments. Unless the work area is housed, this work
should be done immediately prior to concrete place-
ment to prevent refreezing.

4.4 - Condition of subgrade

Concrete should not be placed on frozen subgrade
material. The subgrade sometimes can be thawed ac-
ceptably by covering it with insulating material for a
few days before the concrete placement, but in most
cases external heat must be applied. Experimenting at
the site will show what combinations of insulation and
time causes subsurface heat to thaw the subgrade ma-
terial. If necessary, the thawed material should be re-
compacted.

CHAPTER 5 - PROTECTION AGAINST
FREEZING AND PROTECTION FOR CONCRETE
NOT REQUIRING CONSTRUCTION SUPPORTS
5.1 - Protection to prevent early-age freezing
To prevent early-age freezing, protection must be
provided immediately after concrete placement. Ar-
rangements for covering, insulating, housing, or heat-
ing newly placed concrete should be made before
placement. The protection that is provided should be

adequate to achieve, in al sections of the concrete cast,
the temperature and moisture conditions recommended
in this report. In cold weather, the temperature of the
newly placed concrete should be kept close to the val-
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Table 5.1 - Length of protection period required
to prevent damage from early-age freezing of air-

MANUAL OF CONCRETE PRACTICE

Table 5.3 - Length of protection period for

concrete placed during cold weather

entrained concrete Protection period at temperature
Protection period at temperature indicated in indicated in Line 1 of Table 3.1, days*
Line 1 of Table 3.1, days* Type 11l cement, or
Type Il cement, or accelerating accelerating admixture, or
[Type | or II|admixture, or 100 Ib/yd® (60 kg/m?) Service Type | or 1l 100 Iblyd® (60 kg/m3) of
Lind Exposure cement of additional cement Line category cement additional cement
1 |Not exposed 2 1 1 | - no load, 2 1
2 Exposed 3 2 not exposed
*A day is a 24-hr period. 2 2 - no load, 3 2
exposed
ues shown in Line 1 of Table 3.1 for the lengths of time 3 | 3- patid 6 4
indicated in Table 5.1 for protection against early-age ;’(ac:)’%d
freezing. The length of the protection period may be P
reduced by: (1) using Type Il cement; (2) using an ac- 4 [ 4- Ml loxd See Chapter 6

celerating admixture; or (3) using 100 Ib/yd® (60 kg/ms)
of cement in excess of the design cement content. Line
1 of Table 5.1 refers to concrete that will be exposed to
little or no freezing and thawing in service or during
construction, such as in foundations and substructures.
Line 2 refers to concrete that will be exposed to the
weather in service or during construction.

It has been shown that when there is no external
source of curing water, concrete that has attained a
strength of 500 psi will not be damaged by one cycle of
freezing and thawing (Powers 1962; Hoff and Buck
1983). The protection periods given in Table 5.1 may be
reduced if it is verified that the concrete, including cor-
ners and edges, has attained in in-place compressive
strength of at least 500 psi (3.5 MPa), and will not be
expected to be exposed to more than one cycle of freez-
ing and thawing before being buried or backfilled.
Techniques for estimating the in-place strength are dis-
cussed in Chapter 6. To protect massive concrete
against thermal cracking, a longer protection period
than given in Table 5.1 is required. For concrete with a
low cement content, a longer protection period may be
needed to reach a strength of 500 psi (3.5 MPa).

5.2 - Need for additional protection

The comparatively short periods of protection shown
in Table 5.1 are for air-entrained concrete having the
air content recommended in ACl 211.1. These are the
minimum protection requirements to prevent damage
from one early cycle of freezing and thawing* and
thereby assure that there is no impairment to the ulti-
mate durability of the concrete. These short periods are
permissible only when: (1) there is sufficient subse-
guent curing (see Chapter 8) and protection to develop
the required safe strength for the specific service cate-
gory (see Section 5.3); and (2) the concrete is not sub-
ject to freezing in a criticaly saturated condition. When
there are early-age strength requirements, it is neces-
sary to extend the protection period beyond the mini-
mum duration given in Table 5.1.

*Since non-air-entrained concrete should not be used where freezing and
thawing occur, this concrete is not covered in the recommendations. However,
the limited durability potential of non-air-entrained concrete is best achieved by
using a protection period that is at least twice that indicated in Table 5.1.

*A day is a 24-hr period.

5.3 - Length of protection period

The length of the required protection period depends
on the type and amount of cement, whether an accel-
erating admixture is used, and the service category
(Sturrup and Clendening 1962). Table 5.3 gives the
minimum length of the protection period at the tem-
peratures given in Line 1 of Table 3.1. These minimum
protection periods are recommended unless the in-place
strength of the concrete has attained a previously es-
tablished value. The service categories are as follows:

5.3.1 Category 1. No load, not exposed - This cat-
egory includes foundations and substructures that are
not subject to early load, and, because they are buried
deep within the ground or are backfilled, will undergo
little or no freezing and thawing in service. For con-
crete in this service category, conditions are favorable
for continued natural curing. This concrete requires
only the protection time recommended for Category 1
(Line 1) in Table 5.3. It is seen that for Category 1, the
length of the protection period in Table 5.3 is the same
as the requirement for protection against early-age
freezing given in Line 1 of Table 5.1. Thus, for this
service category, only protection against early-age
freezing is necessary.

5.3.2 Category 2. No load exposed - This category
includes massive piers and dams that have surfaces ex-
posed to freezing and weathering in service but have no
early strength requirements. Interior portions of these
structures are self-curing. Exterior surfaces will con-
tinue to cure when natural conditions are favorable. To
provide initial curing and insure durability of surfaces
and edges, the concrete should receive at least the
length of protection recommended for Category 2 (Line
2) in Table 5.3. It is seen that for Category 2, the length
of the protection period in Table 5.3 is the same as the
requirement for protection against early-age freezing
given in Line 2 of Table 5.1. Thus, for this service cat-
egory, only protection against early-age freezing is nec-
essary.

5.3.3 Category 3. Partial load, exposed - The third
category includes structures exposed to the weather that
may be subjected to small, early-age loads compared
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Table 5.5 - Maximum allowable temperature drop
during first 24 hr after end of protection period

Section size, minimum dimensions, in. (mm)

< 12 in. 12 to 36 in. 36 to 72 in. > 72 in.
(< 300 mm) | (300 to 900 mm)| (900 to 1800 mm)|(> 1800 mm)
50 F (28 C)| 40 F (22 C) 30 F (17 ©) 20F(110C)

with their design strengths and will have an opportu-
nity for additional strength development prior to the
application of design loads. In such cases, the concrete
should have at least the length of protection recom-
mended for Category 3 in Table 5.3.

5.3.4 Category 4: Full load - This category includes
structural concrete requiring temporary construction
supports to safely resist construction loads. Protection
requirements for this category are discussed in Chapter
6.

5.4 - Stripping of forms

During cold weather, protection afforded by forms,
except those made of steel, is often of great signifi-
cance. In heated enclosures, forms serve to evenly dis-
tribute the heat. In many cases, if suitable insulation or
insulated forms are used, the forms, including those
made of steel, would provide adeguate protection with-
out supplemental heating. Thus it is often advanta-
geous to keep forms in place for at least the required
minimum period of protection. However, an economi-
ca construction schedule often dictates their removal at
the earliest practicable time. In such cases, forms can
be removed at the earliest age that will not cause dam-
age or danger to the concrete. Refer to Chapter 6 and
ACI 347 for additional information on form removal.

If wedges are used to separate forms from young
concrete, they should be made of wood. Usudly, if the
concrete is sufficiently strong, corners and edges will
not be damaged during stripping. The minimum time
before stripping can best be determined by experience,
since it is influenced by severa job factors, including
type and amount of cement and other aspects of the
concrete mixture, curing temperature, type of struc-
ture, design of forms, and skill of workers. After re-
moval of forms, concrete should be covered with insu-
lating-blankets or protected by heated enclosures for
the time recommended in Table 5.3. If interna heating
by embedded electrical coils is used, concrete should be
covered with an impervious sheet and heating contin-
ued for the recommended time.

In the case of retaining walls, basement walls, or
other structures where one side could be subjected to
hydrostatic pressure, hasty removal of forms while the
concrete is dtill relatively young may dislodge the form
ties and create channels through which water can flow.

5.5 - Temperature drop after removal of
protection

At the end of the protection period, concrete should
be cooled gradualy to reduce crack-inducing differen-
tial strains between the interior and exterior of the

structure. The temperature drop of concrete surfaces
should not exceed the rates indicated in Table 5.5. This
can be accomplished by slowly reducing sources of
heat, or by dlowing insulation to remain until the con-
crete has essentialy reached equilibrium with the mean
ambient temperatures. Insulated forms, however, can
present some difficulties in lowering the surface tem-
peratures. Initial loosening of forms away from the
concrete and covering with polyethylene sheets to allow
some air circulation can alleviate the problem. As
shown in Table 5.5, the maximum allowable cooling
rates for surfaces of mass concrete are lower than for
thinner members.

5.6 - Allowable temperature differential

Although concrete should be cooled to ambient tem-
peratures to avoid thermal cracking, a temperature dif-
ferential may be permitted when protection is discon-
tinued. For example, Fig. 5.6 can be used to determine
the maximum allowable difference between the con-
crete temperature in a wall and the ambient air temper-
ature (winds not exceeding 15 mph [24 km/h]). These
curves compensate for the thickness of the wall and its
shape restraint factor, which is governed by the ratio of
wall length to wall height.

CHAPTER 6 - PROTECTION FOR STRUCTURAL
CONCRETE REQUIRING CONSTRUCTION
SUPPORTS

6.1 - Introduction

For structural concrete, where a considerable level of
design strength must be attained before safe removal of
forms and shores is permitted, additional protection
time must be provided beyond the minimums given in
Table 5.1, since these minimum times are not sufficient
to alow adequate strength gain. The criteria for re-
moval of forms and shores from structural concrete
should be based on the in-place strength of the con-
crete rather than on an arbitrary time duration. The
recommendations in this chapter are based on job con-
ditions meeting the requirements listed in Section 6.10.

6.2 - Tests of field-cured specimens

One method used to verify attainment of sufficient
in-place strength before support is reduced, changed, or
removed, and before curing and protection are discon-
tinued, is to cast at least six field-cured test specimens
from the last 100 yd’(75 m®) of concrete. However, at
least three specimens should be cast for each 2 hr of the
entire placing time, or for each 100 yd’(75 m’) of con-
crete, whichever provides the greater number of speci-
mens. The specimens should be made in accordance
with ASTM C 31, following the procedures given for
“Curing Cylinders for Determining Form Removal
Time or When a Structure May be Put into Service.”
The specimens should be protected immediately from
the cold weather until they can be placed under the
same protection provided for the parts of the structure
they represent. After demolding, the cylinders should





306R-10

1. ENTER WITH LENGTH TO HEIGHT RATIO, MOVE UP.
2. MOVE RIGHT TO THICKNESS OF WALL .

3. MOVE DOWN TO MAXIMUM ALLOWABLE TEMPERA;I’URE
o]

DROP TO AVOID CRACKING.
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Fig. 5.6 - Graphical determination of safe differential temperature for walls (Mus-

tard and Ghosh 1979)

be capped and tested in accordance with the applicable
sections of ASTM C 31 and ASTM C 39.

For flatwork, field-cured test specimens can be ob-
tained by using specia cylindrical molds that are posi-
tioned in the formwork and filled during the placement
of concrete in the structure (ASTM C 873). Since the
test specimens are cured in the structure, they experi-
ence the same temperature history as the structure.
When a strength determination is required, the molds
are extracted from the structure and the cylinder is pre-
pared for testing according to ASTM C 39. The holes
remaining in the structure would be filled with con-
crete.

6.3 - In-place testing

In-place and nondestructive concrete strength testing
(Mahotra 1976), when correlated with field-cured and
standard-cured (ASTM C 192) cylinder test results, is
another method that can be used to verify attainment
of strength. These tests are performed on the concrete
in the structure using portable, hand-held instruments,
and they offer advantages compared with testing field-
cured specimens. For example, in-place testing elimi-
nates the difficulty of trying to prepare test specimens
that truly experience the same temperature history as
the concrete in the structure. Hence, they are usually
preferable to testing field-cured specimens prepared ac-
cording to ASTM C 31. Applicable in-place test meth-
ods include the probe penetration method (ASTM C
803) and the pullout test method (ASTM C 900). The
architect/engineer should review and accept the pro-
posed method, including appropriate correlation data,
for estimating in-place strength.

6.4 - Maturity method

Since strength gain of concrete is a function of time
and temperature, estimation of strength development of
concrete in a structure also can be made by relating the
time-temperature history of field concrete to the
strength of cylinders of the same concrete mixture
cured under standard conditions in a laboratory. This
relationship has been established (Bergstrom 1953) by
use of a maturity factor M expressed as

M=S(T-T,)Dt (6-)

where
M = maturity factor, deg-hr
T = temperature of concrete, deg F (C)
= datum temperature, deg F (C)
Dt = duration of curing period at temperature T, hr

When concrete temperature is constant, as in labora-
tory curing methods, the summation sign in Eq. (6-) is
not necessary. The appropriate value for the datum
temperature T,depends on the type of cement, the type
and quantity of admixture, and the range of the curing
temperature. A value of 23 F (-5 C) is suggested (Car-
ino 1984) for concrete made with Type | cement and
cured within the range of 32 to 70 F (0 to 20 C). This
vaue may not be applicable to other types of cements
or to Type | cement in combination with liquid or min-
eral admixtures. A procedure for experimental deter-
mination of the datum temperature is given in ASTM
C 1074.

6.4.1 - The principle of the maturity method is that
the strength of a given concrete mixture can be related
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Table 6.4.4 Calculation
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of maturity factor and estimated in-place

strength
1 2 3 4 5 6 7 8 9 10
Average Maturity | Corresponding
Elapsed | Temperature | téMperature | cq| 5  Time |Col. 6x| factor | compressive
time |[in structure, [N _STUCre | 4 5 ¢ linterval | Col. 7 S Col. 8,| strength
Date h, hr F F C C h, hr Chr Chr psi
Sept. 1 1(2) :g 50 | 10 | 15 12 180 180 .
2 21 50 50 10 15 12 180 260 _
48 8.9 139 6 83
30 46 443 400
3 47 8.3 133 18 240
48 48 683 1080
47 8.3 133 12 160
60 46 843 1400
4 45 7.2 12.2 12 146
72 44 989 1600
43 6.1 111 96 1065
8 168 42 2054 2600
42 5.6 10.6 72 763
11 240 42 m 56| 106 72 763 2817 3100
14 312 42 ' ' 3580 3400
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Fig. 6.4.4 - Example of a strength-maturity factor re-
lationship for laboratory-cured cylinders (22.8 C)

to the value of the maturity factor. To use this tech-
nigue, a strength versus maturity factor curve is estab-
lished by performing compressive strength tests at var-
ious ages on a series of cylinders made with concrete
similar to that which will be used in construction. The
specimens are usually cured at room temperature and
the temperature history of the concrete is recorded to
compute the maturity factor at the time of testing. The
average cylinder strengths and corresponding maturity
factors a each test age are plotted, and a smooth curve
is fitted to the data.

6.4.2 - The in-place strength of properly cured con-
crete a a particular location and at a particular time is
predicted by determining the maturity factor at that
time and reading the corresponding strength on the
strength-maturity factor curve. The in-place maturity
factor at a particular location is determined by measur-
ing the temperature of the concrete at closely spaced
time intervals and using Eq. (6-1) to sum the successive
products of the time intervals and the corresponding
average concrete temperature above the datum temper-
ature.

Temperatures can be measured with expendable
thermistors or thermocouples cast in the concrete. The
temperature sensors should be embedded in the struc-
ture at critical locations in terms of severity of expo-
sure and loading conditions. Electronic instruments
known as maturity meters are available that permit di-
rect and continuous determination of the maturity fac-
tor at a particular location in the structure. These in-
struments use a probe inserted into a tube embedded in
the concrete to measure the temperature, and they au-
tomatically compute and display the maturity factor in
degree-hours.

6.4.3 - Strength prediction based on the maturity
factor assumes that the in-place concrete has the same
strength potential as the concrete used to develop the
strength-maturity factor curve. Prior to removing
forms or shores, it is necessary to determine whether
the in-place concrete has the assumed strength poten-
tial. This may be done by additiona testing of the con-
crete in question, such as by testing standard-cured cyl-
inders at early ages, by using accelerated strength tests
as described in ASTM C 684, by testing field-cured cyl-
inders for which the maturity factor has been moni-
tored, or by using one of the in-place tests listed in 6.3.

6.4.4 Example - The following example illustrates
the use of the maturity factor method:

In anticipation of cold weather, a contractor in-
staled thermocouples at critical locations in a concrete
wall placed at 9:00 A.m. on Sept. 1. A history of the
strength gain for the particular concrete mixture to be
used in the wall had been developed under laboratory
conditions, and the strength-maturity factor curve,
which is shown in Fig. 6.4.4, had been established. A
record of the in-place concrete temperature was main-
tained as indicated in Columns 2 and 3 of Table 6.4.4.

After 3 days (72 hr), the contractor needed to know
the in-place strength of the concrete in the wall. Using
the temperature record, the contractor calculated the
average temperature (Column 5) during the various
time intervals and the cumulative maturity factors at
different ages (Column 9). Based on the strength-ma-
turity factor curve (Fig. 6.4.4), the predicted in-place
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Fig. 6.5 - Compressive strength of concrete dried in
laboratory air after preliminary moist curing (Price
1951)

strength (Column 10) at 72 hr is 1600 psi (11.0 MPa).
By continuing the procedure, strength at later ages can
be predicted.

6.5 - Attainment of design strength

Generally there is little opportunity for further cur-
ing of structural concrete beyond that provided ini-
tially. Fig. 6.5 illustrates the strength development of
concrete specimens removed from moist curing at var-
ious ages and subsequently exposed to laboratory air. It
is seen that as the specimens dry out, strength gain
ceases. For this reason, early strengths high enough to
assure later attainment of design strength must be at-
tained before temporarily supported structural con-
cretes can be safely released from cold weather protec-
tion and exposed to freezing weather.

6.6 - Increasing early strength

The time needed for concrete to attain the strength
required for safe removal of shores is influenced by
many factors. Most important among them are those
that affect the rate and level of strength development,
such as the initial temperature of the concrete when
placed, the temperature at which the concrete is main-
tained after placing, the type of cement, the type and
amount of accelerating admixture or other admixtures
used, and the conditions of protection and curing.
Economic considerations may dictate an accelerated
construction schedule even though the resulting con-
crete may be of lesser quality in terms of reduced long-
term ultimate strength or increased thermal cracking. In
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Fig. 6.6.1 - Effect of temperature conditions on the
strength development of concrete (Type | cement)
(Kleiger 1958)

such cases, the duration of protection may be substan-
tialy reduced by:

6.6.1 - holding the temperature during protection
and curing a a higher level than that indicated in Line
1 of Table 3.1. Fig. 6.6.1 illustrates the effects of cur-
ing temperature on strength development, where
strength is expressed as a percentage of the strength at
the same age for curing a 73 F (23 C). Type | and Il
cements give somewhat higher strengths than Type Il at
early ages. Because of variaions in the performance of
any one given cement, the data in Fig. 6.6.1 should be
used only as a guide.

6.6.2 - usng types and compositions of cement that
exhibit higher earlier strength development and by us
ing a higher cement content with a lower water-cement
ratio (see Section 9.1).

6.6.3 - using an accelerating admixture conforming
to ASTM C 494, Type C (accelerating), or Type E (wa
ter-reducing and accelerating). The several items for
concern mentioned in Chapter 9 should be reviewed
before using calcium chloride or Type C or Type E ad-
mixtures containing calcium chloride. Due to variation
in performance with different brands and types of ce-
ment, tests should be performed in advance at the an-
ticipated curing temperature using the cement, aggre-
gates, and admixtures proposed for use.

6.7 - Cooling of concrete

To lower the likelihood of cracking due to thermal
stresses, precautions should be taken to assure gradua
cooling of concrete surfaces at the termination of the
protection period (see Section 5.5).

6.8 - Estimating strength development

There may be times when conservative estimates of
concrete strength must be made when adequate curing
and protection was provided but no actions were taken
to determine the level of strength development. In such
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Table 6.8 - Duration of recommended protection
for percentage of standard-cured 28-day
strength*

At SO F (10 O), At 70 F (21 C),
days days

Percentage of

standard-cured Type of cement

Type of cement

28-day strength 1 11 [11 I 11 111
50 6 9 3 4 6 3
65 11 14 S 8 10 14
85 21 28 16 16 18 12
95 29 35 26 23 24 20

*The data in this table were derived from concretes with strengths from 3000
to 5000 ps (20.7 to 34.4 MPa) after 28 days of curing & 70 + 3 F (21 + 1.7
C). The 28-day strength for each type of cement was considered as 100 percent
in determining the times to reach various percentages of this strength for cur-
in? a 50 F (10 C) and 70 F (21 C). These times are only approximate, and spe-
cific values should be obtained for he concrete used on the job.

cases, Table 6.8 may be used as a guide to determine
the recommended duration of curing and protection at
50 or 70 F (10 or 21 C) to achieve different percentages
of the standard-cured 28-day strength.

6.9 - Removal of forms and supports

The removal of forms and supports and the placing
and remova of reshores should be in accordance with
the recommendations of ACI 347:

6.9.1 - The in-place strength of concrete that is re-
quired to permit removal of forms and shores should be
specified by the engineer/architect.

6.9.2 - Suitable tests of field-cured concrete speci-
mens or of concrete in place should be made (see Sec-
tions 6.2 and 6.3).

6.9.3 - Methods for evaluating the results of con-
crete strength tests and the minimum strength required
for form and shore removal should be completely pre-
scribed in the specifications.

6.9.4 - The results of al tests, as well as records of
weather conditions and other pertinent information,
should be recorded and used by the engineer/architect
in deciding when to remove forms and shores.

6.9.5 - The reshoring procedure, which is one of the
most critical operations in formwork, should be
planned in advance and reviewed by the engineer. This
operation should be performed so that large areas of
new construction are not subjected to combined dead
and construction loads in excess of their capacity, as
determined by the in-place concrete strength at the time
of form removal and reshoring.

6.10 - Requirements

The recommendations made in this chapter and in
Table 6.8 are based on job conditions meeting the fol-
lowing reguirements:

6.10.1 - The interna concrete temperature is at least
50 F (10 C) after the concrete is in place. To reduce
subsequent thermal contractions, this temperature
should be exceeded as little as is practicable.

6.10.2 - Facilities are available to maintain the con-
crete temperature throughout the structure at 50 F (10
C) or above until protection can be safely discontin-
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ued. Such facilities should incorporate, as required, the
following:

a suitable protection from wind and loss of heat

b. effective and sufficient heating equipment and
personnel to maintain al parts of the concrete at the
required temperature

c. necessary fire protection equipment

d. protection and heating to include the top surface
of newly placed dabs or floors

e. venting and circulation to maintain an even tem-
perature at the top and the bottom of vertical units
such as walls, piers, and columns

6.10.3 - Reshores are left in place as long as is nec-
essary to safeguard all members of the structure. The
number of tiers reshored below the tier being placed
and how long such reshores remain in place should be
based on reliable evidence that sufficient strength exists
to safely carry the applied loads.

6.10.4 - The concrete is made with Type I, II, or Il
portland cement.

6.10.5 - Proper curing is used, particularly to avoid
drying of the concrete in heated enclosures.

6.10.6 - Inspections are performed to check com-
pliance with the construction requirements of ACI 301,
ACI 318, and other ACI standards for construction
practices.

CHAPTER 7 - MATERIALS AND METHODS OF
PROTECTION

7.1 - Introduction

Concrete placed during cold weather should be
maintained as close as possible to the recommended
temperatures in Line 1 of Table 3.1 and for the length
of times recommended in Table 5.3 unless the in-place
strength has reached a previously established target
value. The specific protection system required to main-
tain the recommended temperatures depends on such
factors as the ambient weather conditions, the geome-
try of the structure, and the concrete mixture propor-
tions. In some cases, it may only be necessary to cover
the concrete with insulating materials and use the nat-
ural heat of hydration to maintain the temperature at
the recommended levels. In more extreme cases, it may
be necessary to build enclosures and use heating units
to maintain the desired temperatures.

7.2 - Insulating materials

Since most of the heat of hydration of the cement is
generated during the first 3 days, heating from externa
sources may not be required to prevent freezing of the
concrete if the generated heat is retained. Heat of hy-
dration may be retained by using insulating blankets on
unformed surfaces and by using insulating forms
(Tuthill, et a. 1951; Wallace 1954; Mustard and Ghosh
1979). Insulation must be kept in close contact with the
concrete or the form surface to be effective. Some
commonly used insulating materials include:

7.2.1 Polystyrene foam sheets - These may be cut to
shape and wedged between the studs of the forms or
glued into place.
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7.2.2 Urethane foam - This foam may be sprayed
onto the surface of forms making a continuous insulat-
ing layer. A good weather-resistant enamel should be
sprayed over urethane foam to reduce water absorption
and protect it from the deteriorating effect of ultravi-
olet rays. Urethane foam should be used with caution
because it generates highly noxious fumes when ex-
posed to fire.

7.2.3 Foamed vinyl blankets - These materials are
pliable blankets of foamed vinyl with an extruded vinyl
backing. They aso may have eectric wires embedded in
the foam to provide additional heat. Blankets without
embedded wires are available in rolls of standard
widths. Heated blankets must be custom ordered.

7.2.4 Mineral wool or cellulose fibers - Generdly,
mineral wool or cellulose fibers are encased in heavy
polyethylene liners and formed into large mats or rolls.
The plastic liners are sometimes given a rough surface
finish to reduce the risk of dipping. They may be laid
flat to cover slabs or they may be draped over other
structural elements.

7.25 Sraw - Straw is ill popular athough it is not
as effective as blankets or mats Disadvantages of straw
are its bulk, its flammability, and the need to protect it
from moisture. Tarpaulins, polyethylene sheets, or wa
terproof paper must be used as a protective cover to in-
hibit wind convection and to keep the straw dry and in
place.

7.2.6 Blanket or batt insulation - Commercial blan-
ket or batt insulation must be adequately protected
from wind, rain, snow, or other moisture by means of
tough, moistureproof cover material because wetting
will impair its insulating value. Closed-cell materid is
particularly advantageous because of its resistance to
wetting.

7.3 - Selection of insulation

Concrete temperature records revea the effectiveness
of different amounts or kinds of insulation and of
other methods of protection for various types of con-
crete work under different weather conditions. Using
these temperature records, appropriate modifications
can be made to the protection method or selected ma-
terials. Additional methods for estimating the temper-
atures that can be maintained by various insulation ar-
rangements under given weather conditions have been
published (Tuthill et al. 1951; Mustard and Ghosh
1979).

As was mentioned in Section 7.2, the heat of hydra
tion is high during the first few days after placement
and it then gradually decreases with age. Thus, to
maintain a specified temperature throughout the pro-
tection period, the amount of required insulation is
greater for a long protection period than for a shorter
period. Conversely, for a giver insulation system, con-
crete that is to be protected for a short period, such as
3 days, can be exposed to a lower ambient temperature
than concrete that is to be protected for a longer pe-
riod, such as 7 days.
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Based on the requirements of this report, Tables
7.3.1, 7.3.2, 7.3.3, and 7.3.4 and Fig. 7.3.1, 7.3.2,
7.3.3, and 7.3.4 indicate the minimum ambient air
temperatures to which concrete walls or dabs of differ-
ent thicknesses may be exposed for different vaues of
thermal resistance R, for different cement contents, and
for protection periods of 3 or 7 days. For protection
periods less than 3 days, the tables or figures for 3 days
should be used. For protection periods between 3 and 7
days, interpolation between the vaues in the tables or
figures should be used. For these figures and tables it is
assumed that the concrete temperature as placed is 50 F
(10 C).

These tables and figures can also be used to deter-
mine the required therma resistance R under different
conditions. The thickness of the chosen insulating ma-
teria that is needed to obtain the required thermal re-
sistance can be caculated using the insulation values in
Table 7.3.5. The thermal resistance of the various in-
sulating materials have been calculated under the as-
sumption that the insulation is applied to the exterior
surfaces of sted forms. When 3/4-in. (20-mm) plywood
forms are used, an R vaue of 0.94 (0.17) for the ply-
wood form should be added to the R-value of the
added insulation. The values shown in the tables and
figures are based on the assumption that wind speeds
are not greater than 15 mph (24 km/h). With higher
wind speeds, the effectiveness of a given thickness of
insulation diminishes. However, a a wind speed of 30
mph (48 km/h), the decrease in the effective thermal
resistance amounts to less than an R - value of 0.1. Thus,
for al practical purposes, the effects of wind speed may
be neglected in determining the required thickness of
added insulation.

Corners and edges are particularly vulnerable during
cold weather. Therefore, the thickness of insulation for
these parts should be about three times the thickness
that is required for walls or dabs. In addition, the ta
bles and figures are for cement having a heat of hydra
tion similar to Type | portland cement. For Type Il ce-
ment and blended hydraulic cements with moderate
heat of hydration, the insulation requirements given in
the tables and figures should be increased by about 30
percent. Where other types of cements or blends of ce-
ment and other cementitious materials are used,* simi-
lar proportional adjustments should be made to the
amount of insulation (Tuthill et a. 1951; Mustard and
Ghosh 1979). Insulation beyond the required amount
should not be used because it may raise the interna
temperature of the concrete above recommended lev-
els, which will lengthen the gradual cooling period, in-
crease thermal shrinkage, and increase the risk of
cracking due to therma shock.

7.3.1 Example - The following example illustrates
how to determine the required thickness of insulation
for a given condition.

*Typica heat of hydration curves for various cements can be found in
“Concrete for Massive Structures,” Bulletin No. 1S128T, Portland Cement
Association, Skokie, IL.
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Fig. 7.3.1- Minimum exposure temperatures for concrete slabs above ground and
walls as a function of member thickness, R-value, and cement content. Concrete
placed and surface temperature maintained at 50 F (10 C) for 7 days
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Table 7.3.1 - Minimum exposure temperatures for concrete slabs above ground and walls for concrete
placed and surface temperature maintained at 50 F (10 C) for 7 days

wall or dab Minimum ambient air temperature, deg F (C) dlowable when insulation having these values of

thickness, thermal resistance R, hreft’F/Btu (m’K/W). is used

in. (mm) R=2(0.35) R= 4 (0.70) R =6 (1.06) | R= 8 (1.41)
Cement content = 300 Ib/yd’ (178 kg/m®)

6 (0.15) 48 (9 46 )] 43 (6) 0 (4

12 (0.30) 45 7 39 (4 32 (9) 25 (-4)

18 (0.46) 4 (5) 3 (-1 21 (-6) 1 (-12)

24 (0.61) 38 (3 24 (-4) 10 (-12) -2 (-19)

36 (0.91) 32 (0) 12 (-11) -8 (-22) -28 (-33)

48 (12) 26 (-3 3 (-16) -17 - (-27) -37 (-38)

60 (15) 26 (-3) 3 (-16) -17  (-27) -37 (-38)
Cement content = 400 Ib/yd® (237 kg/m?)

6 (0.15) 47 (9 4 (7 0 (4 36 (2

12 (0.30) 43 (6) 3B (2 26 (-3) 17 (-8)

18 (0.46) 9 (4 25 (-4) 1 (-12) -2 (-19)

24 (0.61) 3 () 16 (-8) -2 (-19) -20 (-29)

36 50.91) 25 g-4g -1 g-lsg -27 (-31) -53 (-47)

48 (12 18 (-8 -10 (-23 38 (-39) +

60 (L5) 18 (-8) -10 (-23) -38 (-39) *
Cement content = 500 Ib/yd® (296 kg/m?)

6 (015 4ar- (8 43 (6) 38 (3 3 (1)

12 (0.30) 42 () 31 D 20 (-7) 9 (-13)

18 (046) 36 (2 19 (-7) 2 (-17) -15  (-26)

24 (0.61) 30 (-1) 7 (-14) -16  (-27) -39 (-39)

36 (0.91) 18 (-8) -15 5-263 -46 5-433 -79 (-62)

48 (1.2 10 (-12) -25 (-32 -60 (-51 *

60 (15) 10 (-12) 25 (-32) ’ '
Cement content = 600 Ib/yd’® (356 kg/m?)

6 (015 46 8 a 5 35 2 29 (-2)

12 (0.30) 40 §4§ 28 (-(2)) 14 (- {03 0 (-18)

18 (0.46) 33 (1) 13 (-11) -7 (-22) -29 (-34)

24 (0.61) 2% (-3 -1 5-183 -28 g-ssg -55 (-48)

36 (0.91) 12 (-11) -27 (-31 -66 (-54 +

48 (12) 4 (-16) -40  (-40) ’ ’

60 (15) 4 (-16) -40 (-40) 4 *

*<< 60 F (-51 O).
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Fig. 7.3.2 - Minimum exposure temperatures for concrete slabs above ground and
walls as a function of member thickness, R-value, and cement content. Concrete
placed and surface temperature maintained at 50 F (10 C) for 3 days

Table 7.3.2 - Minimum exposure temperatures for concrete slabs above ground and walls for concrete
placed and surface temperature maintained at 50 F (10 C) for 3 days

wadl or dab Minimum ambient air temperature, deg F (C) alowable when insulation having these vaues of

thickness, thermal resistance R, hrsft’F/Btu (m’K/W), is used

in. (mm) R =2 (0.35) | R = 4 (0.70) | R = 6 (106) | R = 8 (141)
Cement content = 300 Ib/yd’ (178 kg/m’)

6 (0.15) 46 (8 41 (5) 36 (2 32 (0

12 (0.30) 41 (5) 31 (-1) 21 (-6) 11 (-12)

18 (0.46) 36 (2 21 (-6) 8 (-13) -5 (-21)

24 (0.61) 31 (-1) 14 (-10) -3 (-19) 21 (-29)

36 (0.91) 26 (-3) 8 (-13) -14 (-26) -36 (-38)

48 (1.2) 26 (-3) 3 (-16) -17  (-27) -37 (-38)

60 (1.5 26 (-3) 3 (-16) -17  (-27) -37 (-38)
Cement content = 400 Ib/yd® (237 kg/m’)

6 (0.15) 44 (7 38 (3) 32 (0] 26 (-3)

12 (0.30) 37 (3) 24 (-4) 12 (-11) 0 (-18)

18 (0.46) 30 (-1) 12 (-11) -6 (-21) 24 (-31)

24 (0.61) 25 (-4) 2 (-17) -21  (-29) -44 (-42)

36 20.91) 20 (-7) -9 g-ZSg -36 (-38) -63 (-53)

48 (1.2 18 (-8) -10 (-23 -38 (-39) *

60 (1.5) 18 (-8) -10 (-23) .38 (-39) +
Cement content = 500 Ib/yd® (296 kg/m?)

6 (0.15) 43 (6) 3B (2 28 (-2) 20 (-7)

12 (0.30) 34 1) 18  (-8) 3 (-16) -12  (-24)

18 (0.46) 25 (-4) 2 (-16) 21 (-29) -44  (-42)

24 50.613 18 (-8; -10 {-233 -38 (-39) -68 (-56)

36 (091 12 (-11 -23 (-31 60 (-51) ‘

48 (12 13 (-12) -25 (-32) * '

60 (L5) 13 (-12) 25 (-32) * *
Cement content = 600 Ib/yd’(356 kg/m®)

6 (0.15) 4 (5 2 (0 23 (-5) 14 (-10)

12 (0.30) 31 (-1) 12 (-11) -7 (-22) -26 (-32)

18 (0.46) 21 (-6) -7 (-22) -35 (-37) -63 (-53)

24 (0.61) 11 (-12) -24  (-31) -59*(-51) .

36 (0.91) 1 (-16) -36  (-38) N

48 (1.2) 1 (-16) -40 (-40) *

60 (15) 1 (-16) -40 (-40) * "

* << -60 F (-51 C).
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Fig. 7.3.3. - Minimum exposure temperatures for concrete flatwork placed on the
ground as a function of member thickness, R-value, and cement content. Concrete
placed and surface temperature maintained at 50 F (10 C) for 7 days on ground at

35F (2 C)

Table 7.3.3 - Minimum exposure temperatures for concrete flatwork placed on the ground for concrete
placed and surface temperature maintained at 50 F (10 C) for 7 days on ground at 35 F (2 C)

Wall or dab Minimum ambient air temperature, deg F (C) allowable when insulation having these values of
thickness, thermal resistance R, hreft’»F/Btu (m’K/W), is used
in. (mm) R=2(0.35) | R=4(070) | R = 6 (1.06) [ R=8(L41)
Cement content = 300 Ib/yd*(178 kg/m’)
4 (0.10) * * * *
8 (0.20) * * * *
12 (0.31) * * * *
18 (0.46) 46  (8) 42 (6 <)) 30 (-1)
24 (061) 40 (4 31 (-1) 22 (-6) 11 (-12)
30 (0.76) 3B (2 2 (-6) 7 (-14) -8 (-22)
36 (0.91) 31 (-1) 13 (-11) -5 (-21) -23 (-31)
Cement content = 400 Iblyd’ (237 kg/m’)
4 (0.10) * * * .
8 (0.20) . * *
12 (0.31) * " 50  (10)
18 (0.46) 4 ©) 32 (0 22 (-6) 12 (-11)
24 (0.61) 3B Q2 19 (-7) -1 (-17) 15 (-26)
30 (0.76) 28 (-2) 8 (-13) -14  (-26) -36 (-38)
36 (091) 23 (-5) -4 (-20) 29 (-34) -54 (-48)
Cement content = 500 Iblyd*(296 kg/m)
4 (0.10) * * *
8 (0.20) * * * "
12 (0.31) 48 (9 a4 (7 40 (4 36 ()
18 (0.46) 3% (2 22 (-6) 8 (-13) -6 (-21)
24 (061) 28 (-2) 6 (-14) 16 (-27) -38 (-39)
30 (0.76) 22 (-6) -7 (-22) -36 (-38) -64 (-53)
36 (0.91) 16 (-9) -18 (-28) -50 (-46) T
Cement content = 600 Ib/yd*(356 kg/m’)
4 (010) ® g 2
8 (0.20) * * *
12 (0.31) 44 (7) 38 (3 32 (0 26 (-3)
18 (0.46) 3 (-1) 14 (-10) -5 (-21) -24 (-31)
24 EO 61; 22 (-6; -5 5-213 -32 5-363 -61 1(-52)
30 (0.76 14 (- 10 -19 (-28 -67 (-55
36 (0.91) 7 (-14) -30 (-34) t t

T<< -60

90 C} additiona heat required.
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Fig. 7.3.4 - Minimum exposure temperatures for concrete flatwork placed on the
ground as a function of member thickness, R-value, and cement content. Concrete
placed and surface temperature maintained at 50 F (10 C) for 3 days on ground at
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Table 7.3.4 - Minimum exposure temperatures for concrete flatwork placed on the ground for concrete

placed and surface temperature maintained at 50 F (10 C) for 3 days on ground at 35 F (2 C)

Minimum ambient air temperature, deg F (C) allowable when insulation having these values of

Slab thickness, thermal resistance R, hreft’F/Bru (m’K/W), is used
in. (m) R=2(035) | R=4(070) | R =6 (1.06) R=8(1.41)
Cement content = 300 Ib/yd®*(178 kg/m’)
4 (0.10) " * * *
8 (020 . . . .
12 (031)
18 (0.46) 42 (9) 38 (3 2 () 26 (-3
24 (0.61) 37 (3 25 (-4) 11 (-12) -3 (-19)
30 (0.76) 31 (-1) 15 (-9) -1 (-18) -17 (-27)
36 (0.91) 31 (-1) 12 (-11) -5 (-21) -22 (-30)
Cement content = 400 Ib/yd’(237 kg/m’)
Z (010 * 3 3 3
8 (0.20) * ¥ ¥ ¥
12 (031 46 (9 44 (7) 42 (6 0 @
18 (0.46) % (2 22 (-6) 8 (-13) -6 (-21)
24 (0.61) 28 (-2) 9 (-13) -10 (-23) -29 (-34)
30 (0.76) 21 (-6) 0 (-18) 21 (-29) -42  (-41)
36 (0.91) 21 (-6) -4 (-20) 29 (-34) -50 (-46)
Cement content = 500 Iblyd’(296 kg/m)
4 (0.10) x x : *
8 (0.20) * *
12 (031) 42 (6 % (2 30 (-1) 24 (-4)
18 (0.46) 30 (-1) 12 (-11) -6 (-21) -22 (-30)
23 (061) 11 (-6) -5 (-21) 31 (-35) -50 (-46)
30 (0.76) 16 (-9) -10 (-23) -42  (-41) -74 (-59)
36 (0.91) 16 (-9) -18 (-28) -50 (-46)
Cement content = 600 Iblyd’(356 kg/m3)
4 (0.10) % P % *
8 (0.20)
12 (0.31) 38 @ 26 (-3) 14 (- 10) 2 (-17)
18 (0.46) 24 (-1) 0 (-18) .24 (-31) -48  (-44)
24 (0.61) 14 (-10) -16  (-27) -46  (-33) -82 (-63)
30 (0.76) 10 (-12) -20 (-29) 62 (-52) T
36 (0.91) 7 (-14) -30 (-34) t t

* > 52 F610 C):_additional heat required

t<<-60 F (:51 C)
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Table 7.3.5 - Thermal resistance of various
insulating materials

Thermal resistance R
for these thicknesses of
material*
1in, 10 mm,
hreft®F/ m*K/W
Insulating material Btu
Boards and slabs
Expanded polyurethane (R- 11 exp.) 6.25 0.438
Expanded polystyrene extruded (R - 12
Expanded polystyrene extruded,
plain 4.00 0.277
Glass fiber, organic bonded 4.00 0.277
Expanded polystyrene, molded beads 3.57 0.247
Mineral fiber with resin binder 3.45 0.239
Minera fiber board, wet felted 2.94 0.204
Sheathing, regular density 2.63 0.182
Cellular glass 2.63 0.182
Laminated paperboard 2.00 0.139
Particle board (low density) 1.85 0.128
Plywood 1.25 0.087
Blanket
Minerd fiber, fibrous form
processed from rock, slag, cr glass 3.23 0.224
Loose fill
Wood fiber, soft woods 3.33 0.231
Mineral fiber (rock, slag, or glass) 2.50 0.173
Perlite (expanded) 2.70 0.187
Vermiculite (exfoliated) 2.20 0.152
Sawdust or shavings 2.22 0.154

*Velues from ASHRAE Handbook of Fundamentals, 1977, American

\S(oglrﬁy of Hesting, Refrigerating, and Air-Conditioning Engineers, New

Problem - A contractor anticipates having to
place an 18 in. (0.46 m) thick concrete wall when the
ambient temperature will be about O F ( - 18 C). The
concrete will have a cement content of 500 Ib/yd’(296
kg/m’). There will be no early-age strength require-
ments for the concrete; therefore, a 3-day protection
period will be used. The forms are made of 3/4-in. ply-
wood. The contractor would like to use plain expanded
polystyrene boards for insulation. What should be the
thickness of the polystyrene boards?

Solution - Table 7.3.2 or Fig. 7.3.2 may be used
to solve the problem. According to Table 7.3.2, an R-
value of 4 (0.7) is sufficient for an ambient tempera-
ture of 2 F (- 16 C), which will be assumed to be close
enough to the expected ambient temperature. Since the
plywood forms will provide some of this insulation, the
required added insulation must have an R-value of
4 - 094 = 3.06 (0.70 - 0.17 = 0.53). Referring to Ta
ble 7.3.5, it is seen that a 1 in. (25 mm) plain polysty-
rene board has an R-value of 4 (0.7). Therefore, 3/4-in.
(19 mm) thick polystyrene boards will provide the
needed additional insulation.

7.4 - Enclosures

Enclosures are probably the most effective means of
protection, but they are also the most expensive. The
need for enclosures is dependent on the nature of the
structure and the weather conditions (wind and snow).
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Experience has shown that they are generally required
for placing operations when the air temperature is less
than - 5 F ( - 20 C). Builders attempting to place con-
crete at such low temperatures without enclosures will
encounter manpower and equipment difficulties that
will result in inferior constructions.

Enclosures block the wind, keep out the cold air, and
conserve heat. They can be made with any suitable ma-
terial such as wood, canvas, building board, or plastic
sheet. Enclosures made with flexible materiads are less
expensive and easier to build and remove. Enclosures
built with rigid materials are more effective in blocking
wind and maintaining perimeter temperatures. Enclo-
sures should be capable of withstanding wind and snow
loads and be reasonably airtight. Sufficient space
should be provided between the concrete and the enclo-
sure to permit free circulation of the warmed air. Suf-
ficient headroom should be provided, so that workers
can work efficiently.

Heat can be supplied to the enclosures by live steam,
forced hot ar, or combustion heaters of various types.
Although live steam heating provides an ideal curing
environment, it offers less than ideal working condi-
tions and can cause icing problems around the perime-
ter of the enclosure. Heaters and ducts should be posi-
tioned so as not to cause areas of overheating or drying
of the concrete surface. During the protection period,
concrete surfaces should not be exposed to air a more
than 20 F (11 C) above the minimum placement tem-
peratures given in Line 1 of Table 3.1 unless higher
values are required by an accepted curing method.

Combustion heaters should be vented to prevent re-
action of the carbon dioxide in the exhaust gases with
the exposed surfaces of newly placed concrete. Carbon
dioxide reacts with calcium hydroxide in the concrete
and forms calcium carbonate (Kauer and Freeman
1955) resulting in a weak dusty surface.

Combustion heaters called vented heaters have a heat
exchanger in the firebox so that none of the products of
combustion are blown into the heated area. The ex-
haust gases are vented from the firebox to the outside
atmosphere. Even though they use energy inefficiently
compared to direct firebox heaters, vented heaters must
be used to maintain concrete floor finish quality and
for safety. The fact that a conventional combustion
heater is located outside the enclosed concreting area
and hot air is blown into the enclosure through ducts
does not mean that the heater is vented, since the hot
air may contain carbon dioxide.

Operation of combustion heaters should be super-
vised continuously, and adequate fire fighting equip-
ment should be available a the job site at all times.

7.5 - Internal electric heating

Concrete can be heated internally by using embedded
coiled and insulated electrical resistors. Low voltage
current is passed through the coils, which are embed-
ded near the surfaces of the section in a predetermined
pattern. Internal concrete temperature may be raised to
any required level by selecting the appropriate spacing
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or pitch of the coils. Gradual cooling may be con-
trolled by intermittently interrupting the current pass-
ing through the coils. Heating usually begins after a
presetting period of 4 to 5 hr depending on the setting
characteristics of the concrete. Therefore, insulated
forms are required only to prevent freezing of concrete
during the presetting period and to minimize heat dis-
sipation from surfaces where coils are not used. Mois-
ture loss due to evaporation from unformed surfaces
should be prevented by covering the surfaces with plas-
tic sheets. Concrete temperatures must be monitored so
that the recommended values are not exceeded.

7.6 - Covering after placement

Tarpaulins or other easily movable coverings, sup-
ported on sawhorses or on other framework, should
follow closely the finishing of the concrete. The tar-
paulins should be arranged so that heated air can cir-
culate freely on both the top and, where exposed, the
bottom of the dab. Layers of insulating materia placed
directly on the concrete are also effective in preventing
freezing. This protection is pa-titularly important in the
case of lightweight structura concrete. The lower rate
of heat diffusion of lightweight concrete allows more
rapid freezing of surfaces to occur compared to normal
weight concrete.

7.7 - Temporary removal of protection

Housing and enclosures should be left in place for
the entire recommended protection period. Sections
may be temporarily removed to permit placing addi-
tional forms or concrete, but scheduling of this work
must insure that the previoudy placed concrete does not
freeze. Sections that are removed should be replaced as
soon as forms or concrete are in their final position.
The time during which protection is temporarily re-
moved should not be considered as part of the protec-
tion period. Time lost from the required period of pro-
tection should be made up with twice the number of
lost degree-hours before protection is discontinued. For
example, if protection was temporarily removed for 6
hr and the surface temperature dropped 15 F (8 C) be-
low the minimum value given in Table 3.1, the defi-
ciency in protection would be 90 F-hr (48 C-hr). There-
fore, the protection period should be extended for 180
F-hr (96 C-hr).

7.8 - Insulated forms

When insulated forms are used in addition to heated
enclosures, the interior temperature as well as the sur-
face temperature of the concrete should be monitored
to insure that the concrete is not heated more than is
necessary. This recommendation applies particularly to
mass concrete.

CHAPTER 8 - CURING REQUIREMENTS
AND METHODS
8.1 - Introduction
Newly placed concrete must be protected from drying
so that adequate hydration can occur. Normally, mea-
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sures must be taken to prevent evaporation of moisture
from concrete. During cold weather, when the air tem-
perature is below 50 F (10 C), atmospheric conditions
in most areas will not cause excessive drying. However,
new concrete is vulnerable to freezing when it is in a
critically saturated condition. Therefore, if concrete has
been saturated during the protection period, it should
be allowed to undergo some drying before being ex-
posed to freezing temperatures.

8.2 - Curing during the protection period

Concrete exposed to cold weather is not likely to dry
at an undesirable rate; however, this may not be true
for concrete that is being protected from cold weather.
As long as forms remain in place, concrete surfaces ad-
jacent to the forms will retain adequate moisture. On
the other hand, exposed horizontal surfaces, particu-
larly finished floors, are prone to rapid drying in a
heated enclosure.

When concrete that is warmer than 60 F (16 C) is ex-
posed to air a 50 F (10 C) or higher, it is essential that
measures be taken to prevent drying. The preferred
technique is to use steam for both heating and prevent-
ing excessive evaporation. When dry heating is used,
the concrete should be covered with an approved im-
pervious material or a curing compound meeting the
requirements of ASTM C 309, or it may be water
cured. However, water curing is not recommended and
is the least desirable method, since during periods of
subfreezing temperatures it produces icing problems
where water runs out of the enclosure or where there is
a poor sed. It aso increases the likelihood of the con-
crete freezing in a nearly saturated condition when pro-
tection is removed. If water or steam curing are used,
they should be terminated 12 hr before the end of the
temperature protection period, and the concrete should
be permitted to dry prior to and during the period of
gradual adjustment to ambient cold weather condi-
tions, as discussed in Section 5.5.

When the air temperature within the enclosure has
falen to 50 F (10 C), the concrete can be exposed to the
air provided the relative humidity is not less than 40
percent. During very cold weather, it is aways neces
sary to add moisture to heated air to maintain this hu-
midity. For example, if the outside temperature is 10 F
(-12 C), the relative humidity of the air within the
heated enclosure will be less than 20 percent if no
moisture is added.

8.3 - Curing following the protection period

Following the removal of the temperature protec-
tion, it is usualy not necessary to provide measures to
prevent excessive drying as long as the air temperature
remains below 50 F (10 C), except when concrete is
placed in extremely arid regions. If a curing compound
is applied during the first period of above-freezing
temperature after protection is removed, the need to
conduct further curing operations if the temperature
should rise above 50 F (10 C) is eliminated.
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The severity of drying is dependent on four factors:
(1) the temperature of the concrete, (2) the temperature
of the air, (3) the wind speed, and (4) the relative hu-
midity of the air. For example, drying will be excessive
if concrete at 50 F (20 C) is exposed to air having a
temperature of 50 F (10 C) and a relative humidity less
than 40 percent. As the air temperature decreases, the
air requires a higher relative humidity to prevent exces-
sive drying. For example, if concrete a 50 F (10 C) is
exposed to air having a temperature of 40 F (5 C), the
air must have a relative humidity greater than 60 per-
cent to prevent excessive drying. However, when the
concrete temperature has dropped to 40 F (5 C), an
ambient air temperature of 40 F (5 C) with a relative
humidity of 11 percent can be tolerated. For air tem-
peratures above 50 F (10 C), the rate of drying in-
creases rapidly.

If excessive drying is anticipated, concrete may be
water cured when no freezing is expected. Otherwise,
the use of curing compounds or an impervious cover is
the preferred procedure. During cold weather periods
when freezing occurs, occasional peak temperatures
above 50 F (10 C) should not be a cause of concern.
However, when temperatures above 50 F (10 C) occur
during more than half of any 24-hr period for three
consecutive days, the concrete should no longer be re-
garded as cold weather concrete and normal curing
practice should apply (see ACI 308).

CHAPTER 9 - ACCELERATION OF SETTING
AND STRENGTH DEVELOPMENT
9.1 - Introduction

If proper precautions are taken, acceerating admix-
tures, Type Il cement (high early strength), or addi-
tional cement can be used to shorten the times needed
to achieve setting and required strength. The reduction
in setting time and the acceleration of strength gain
often result in savings due to a shorter protection pe-
riod, faster reuse of forms, earlier removal of shores,
or less labor in finishing flatwork (see ACI 302). The
strength development of concrete in massive structures,
in which internal temperature rise is critica, should not
be accelerated.

Methods used to obtain high early strength concrete
increase the heat of hydration, which can be favorable
in some instances. When resistance to sulfate attack is
not a concern, cement having higher percentages of tri-
calcium silicate and tricalcium aluminate may be ad-
vantageous in cold weather because these compounds
contribute to earlier strength development and higher
heat of hydration. Cements of the same type and even
of the same brand name, however, can have wide vari-
aions in their setting times and rates of strength devel-
opment. Tests on concrete made with the cements to be
used for a particular job are recommended to show
which of the alternatives will produce the desired prop-
erties. Additional information on the subject of accel-
erating setting and strength development may be found
in ACI 212.
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9.2 - Calcium chloride as an accelerating
admixture

9.2.1 - Calcium chloride is a popular and widely
used accelerating admixture that reduces the setting
time and increases the rate of early-age strength devel-
opment. The use and effects of calcium chloride are
discussed in ACI 212, ACI 201, and Shidder (1952).
The maximum chloride ion content of concrete is pre-
scribed in ACI 318, and these limits govern where the
code is in use.

Calcium chloride should not be used under certain
conditions; these restrictions are as follows:

a. Calcium chloride should not be used in pre-
stressed concrete because of its potential for accelerat-
ing the rate of stress corrosion (Monfore and Verbeck
1960).

b. The presence of chlorides has been associated
with galvanic corrosion between galvanized and plain
steed when galvanizing is used on permanent forms for
roof decks or embedded parts. Cacium chloride should
not be used in such construction (Wright and Jencks
1963).

c. Galvanic corrosion of metas embedded in con-
crete is intensified by addition of calcium chloride to
the concrete. Examples of this occurrence are as fol-
lows (Wright and Jencks 1963):

1. When aluminum and steel sheets embedded in
concrete were connected externaly, the galvanic corro-
sion of the auminum was proportional to the concen-
tration of calcium chloride.

2. Where large dabs of reinforced concrete were
cast with aluminum conduit electrically connected to
embedded steel, the results showed that calcium chlo-
ride promoted galvanic corrosion.

d. Calcium chloride should not be used where sul-
fate resisting concrete is required.

e. Cacium chloride has been found to increase the
expansion caused by cement akali-silica reaction (Shi-
deler 1952).

f. Varying the calcium chloride content of con-
crete in a single structural unit because of changes in
weather conditions may create concentration cells and,
in the presence of moisture, may promote corrosion of
reinforcing steel in the areas of higher chloride ion
concentration. This practice is dangerous and should
not be permitted in structures where continuity of re-
inforcement exists.

g. Even where a uniform dosage of calcium chlo-
ride has been used throughout a structural element,
galvanic cells can develop within the reinforcing net-
work due solely to differences in moisture contents.
The relatively dry portions can act as cathodes, due to
greater amounts of available oxygen, and the reatively
damp portions can act as anodes where corrosion oc-
curs. The degree of dampness required to support an-
odic activity has not been established definitively; it is
believed that relative humidities above 70 percent may
be sufficient (Tuutti 1982).

9.2.2 - Calcium chloride, and most other chemical
admixtures, added to the concrete mixture in permissi-
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ble quantities will not lower the freezing point of water
in concrete to any significant degree. To avoid mis-
placed confidence in such a practice, and to avoid use
of harmful materias, any attempt to lower the freezing
point of the water in concrete by the use of calcium
chloride should not be permitted.

9.3 - Other accelerating admixtures

9.3.1 - Some water-reducing accelerating admix-
tures, conforming to Type E in ASTM C 494, have
been found to accelerate setting and strength gain at
ambient temperatures of 50 F (10 C) and below, and
aso to reduce the required water content of the mix-
ture. Some Type E admixtures contain small percent-
ages of calcium chloride, usualy amounting to less than
0.2 percent by weight of the cement when used at rec-
ommended dosage rates (see Section 9.3.2). This
amount by itself has a limited effect on early strength
development of the concrete. Tests indicate, however,
that other Type E water-reducing accelerating admix-
tures, meeting the requirements of ASTM C 494, will
substantially improve the 24-hr strength of concrete
maintained at 50 F (10 C). The strength of concrete
containing these admixtures approaches the strength
obtained by using 2 percent calcium chloride and will
be appreciably greater than for some, but not al, con-
cretes made with Type Ill cements. The data also indi-
cate that water-reducing accelerating admixtures may
reduce setting time as well as produce substantial
strength increases at al later ages.

9.3.2 - If adequate information or past perfor-
mance records are not available, tests should be made
to evaluate the effect of a patitular admixture or ad-
mixtures on the concrete for the job. These tests should
be carried out at the expected job temperatures using
the materials approved for the job. The manufacturers
of many proprietary admixtures claim accelerated set-
ting and strength developmen properties. It should be
determined whether the admixture under consideration
contains chloride. If chloride is present, the percentage
of chloride, by weight of cement, that would be intro-
duced into the concrete if the admixture were to be used
should be determined and compared with the permis-
sible limits given in ACI 201, or ACI 318. The admix-
ture should not be used if the limits are exceeded.

Not all accelerating admixtures contain added chlo-
rides. If job requirements prohibit the use of admix-
tures containing added chloride, noncorrosive acceler-
ating admixtures are available

CHAPTER 10 - REFERENCES

10.1 - Recommended references

The documents of the various standards-producing
organizations referenced in this report are listed with
their serial designation, including year of adoption or
revision. The documents listed were the latest effort at
the time this report was revised. Since some of these
documents are revised frequently, usually in minor de-
tail only, the user of this report should check directly
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with the sponsoring group if it is desired to refer to the
latest revision.

American Concrete Institute

201.2R-77 Guide to Durable Concrete
207.1R-70 Mass Concrete for Dams and
(Reapproved 1980) Other Massive Structures
211.1-81 Standard Practice for Selecting
Proportions for Normal, Heavy-
weight, and Mass Concrete
Guide for Use of Admixtures in
Concrete

Specifications for Structural Con-
crete for Buildings

Guide for Concrete Floor and Slab
Construction

Standard Specification for Cold
Weather Concreting

Standard Practice for Curing
Concrete

Building Code Requirements for
Reinforced Concrete

347-78 Recommended Practice for Con-
(Reapproved 1984) crete Formwork

212.2R-81
301-84
302.1R-80
306.1-87
308-81

318-83

ASTM
C 31-87a Standard Practice for Making and
Curing Concrete Test Specimens
in the Feld

Standard Test Method for Com-
pressive Strength of Cylindrical
Concrete  Specimens

Standard Method of Making Cur-
ing Concrete Test Specimens in the
Laboratory

Standard Specification for Liquid
Membrane-Forming Compounds
for Curing Concrete

Standard Specification for Chemi-
cal Admixtures for Concrete
Standard Method of Making, Ac-
celerated Curing, and Testing of
Concrete Compression Test Speci-
mens

Standard Test Method for Pene-
tration Resistance of Hardened
Concrete

Standard Test Method for Com-
pressive Strength of Concrete Cyl-
inders Cast in Place in Cylindrica
Molds

Standard Test Method for Pullout
Strength of Hardened Concrete
Standard Test Method for Tem-
perature of Freshly Mixed Port-
land-cement Concrete

Standard Practice for Estimating
Concrete Strength by the Maturity
Method

C 39-86

C 19281

C 309-81

C 494-82

C 684-81

C 803-82

C 873-85

C 900-87

C 1064-86

C 1074-87
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These publications are available from the following
organizations:

American Concrete Institute
P.O. Box 19150
Detroit, Ml 48219-0150

ASTM
1916 Race Street
Philadelphia, PA 19103
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