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cases, being 16 with 0 percent and 21 with 1.5 percent of calcium
chloride.

This increase in flow indicates increased workability. Thus, by
adding calcium chloride less water may be used and a flow equal
to that of plain concrete may still be obtained. Therefore, not
only an increase in strength due directly to the addition of calcium
chloride, but also a further increase in strength due to a decreased
content of mixing water can be obtained.

V. DISCUSSION AND RECOMMENDATIONS

A comparison of figures 8 and 9 shows that the plastic-mortar
strengths at 70° I is sufficiently close to the concrete strengths to
be comparable at the early ages. If at 40 and 90° F curing the
plastic-mortar strengths are also comparable to the concrete strengths,
the data of figure 9 clearly show the marked effect of curing tempera-
ture on the strength of the concrete. That the plastic-mortar
strengths are comparable to the concrete strengths at 40° F is indi-
cated by data secured by the Highway Laboratory of the District
of Columbia (13).

The strength, particularly at early ages, decreases very markedly
as the temperature approaches the freezing point. Referring to
figure 9, we see that at 90° F the 1-day strength is 1,140 1lb/in.%
at 70° ¥, 520 lb/in.2, while at 40° F the strength is 50 lb/in.? The
difference in strength at these 3 temperatures decreased with in-
creasing age until at 28 days the strengths were 4,000 pounds at
90, 4,400 pounds at 70, and 3,300 pounds at 40° F. 'The proportional
effect of adding calcium chloride is much larger at the lower tem-
peratures. Although the strength at 3 days is increased only 28
percent at 90° F, it is increased 60 percent at 70° F, and 115 percent
at 40° F. Thus, it is evident that the lower the temperature, the
more effective is the use of calcium chloride as an admixture to
produce early strength. Referring again to figure 9, we see that
up to 90 days, 2 percent of commercial calcium chloride is approxi-
mately as effective as 3 percent. There is no economic advantage,
then, in using more than 2 percent integrally in the concrete.

There is an added advantage in using calcium chloride in cold
weather in the increased rapidity with which it causes the develop-
ment of heat. Construction at low temperature requires special
measures to assure a rate of hydration of the cement that will
develop early strengths. In thin concrete slabs, where the heat
may be readily dissipated, this increased rapidity of heat develop-
ment will compensate for some of the heat lost and will decrease
the curing time and the time necessary for the use of coverings, or
other means of maintaining a satisfactory temperature for hydra-
tion (11, 12).

Figure 11 has been prepared to show the length of time that will
be required for representative standard and high-early-strength
cements, both with and without calcium chloride, at placing and
curing temperatures of 40, 70, and 90° F, to obtain a strength of
2,500 Ib/in.2. It will be noted from the data (fig. 11) that the amounts
of calcium chloride added to the cements at the higher tempera-
tures were less than at the lower temperature. Several factors
contributed to the choice of the amounts used.
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Lerch and Bogue (3), in a study of the heat of hydration of port-
land-cement paste, found that higher initial temperatures acceler-
ate the reactions of hydration and increase the quantity of heat
liberated from the cements at early ages. Figure 12, which gives
a typical graph of the effect of initial temperature on the heat of
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Figure 11.—Effect of curing temperature and addition of calcium chloride on length
of time required for concrete to attain 2,500 1b/inl strength (based on plastic
mortar strength).

hydration, shows that as the initial temperature is increased the
maximum temperature attained is increased, and the time required
to reach the maximum temperature is decreased.
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Ficure 12.—Typical curves showing the effect of initial temperature on the rate
of evolution of heat from portland cement.

(Reproduced by permission of the Portland Cement Association Fellowship.)

Added to this accelerating effect of the higher temperatures is
the accelerating action of calcium chloride which, according to a
comparison of heat tests previously mentioned and figure 12, is
of equal importance to the acceleration caused by raising the tem-
perature from 70 to 95° F. Therefore, when calcium chloride is
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added to cement at a higher temperature, two accelerating actions,
which are additive, are superimposed. Several investigators (2, 3,
and 14) have shown that there is a direct relation between the rate
of evolution of heat, or temperature rise, aud the rate of hardening
or set. Too great an increase in either, or both, of the accelerating
factors, therefore, is likely to cause a time of set so rapid that finish-
ing of the placed concrete would be difficult.

An initial stiffening of the mix occurred at 90° ¥ during the mixing
and molding of the plastic-mortar specimens when as much as 3
percent of commercial calcium chloride was added. This made
the finishing of some of the specimens difficult. Although with 2
percent of calcium chloride no stiffening was noted, the workability
of the mortar, when molded at 90° F, appeared to be at its maxi-
mum with only 1.5 percent of commercial calcium chloride present.
Mortar with less admixture was less workable.

The recommended amount to be added to the standard and white
portland cements at 40 and 70° F was found to be 2 percent of
commercial calcium chloride; at 90° F the amount should be de-
creased to 1.5 percent. Since it has been shown that the accelerating
action of both increased initial temperature and calcium chloride is
greater for the high-early-strength cement, not more than 1.5 per-
cent of commercial calcium chloride is recommended for high-early-
strength cement at either 70 or 90° ¥ (15).

VI. SUMMARY

The following conclusions have been drawn from the investigation:

1. The heat contributed by the 4 major compounds of portland
cement during the first 24 hours was determined on neat cement
pastes and also with the pastes to which 1 percent of anhydrous
calectum chloride was added. Factors are given from which the heat
evolved in 24 hours by a portland cement may be computed from its
compound composition, either with no calcium chloride or when 1
percent of anhydrous calcium chloride is present. The addition of
calcium chloride increased the heat contributed by dicalcium silicate
and tetracalcium alumino-ferrite, decreased the heat from tricalcium
aluminate, and had little or no effect on the heat contributed by tri-
calcium silicate.

2. The addition of calcium chloride increased the heat evolved by
each of the cements tested up to 24 hours, even though that part of
the total heat developed by the tricalcium aluminate was decreased.
Although there was not much change in the total heat evolved in 24
hours, the addition of calcium chloride markedly increased the rapidity
with which this heat was evolved.

3. Sixty experimental portland cements were grouped according to
the amount of heat evolved during the first 24 hours of hydration.
It was found that for the group that developed only 30 to 40 calories
per gram, the addition of 1 percent of anhydrous calcium chloride
increased the heat 7 calories per gram. Groups which evolve greater
amounts of heat liberate less and less heat with the addition of calcium
chloride, until in that group liberating from 70 to 80 calories per gram
the addition of calcium chloride lowers the amount of heat liberated
by 2 calories per gram.
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4. The study (at 70° F) of the mortar strengths of 60 experimental
portland cements of widely varying composition at ages up to 28 days,
beyond which no measurements were made, shows:

(a) Corroborating the findings of other investigators, the compound
composition of portland cement greatly influences its strength. The
strength contributed by each of the four major components has been
computed.

(b) Calcium chloride increased the strengths of cement mortars,
especially marked when the composition of the cement was within the
range encountered in commercial portland cements.

(¢) The addition of calcium chloride increased the strength con-
tributed by dicalcium and tricalcium silicates.

(d) The addition of calcium chloride increased the strength con-
tributed by tricalcium aluminate for the first few days, but after this
time decreased the strength contributed by this compound.

(e) The contribution of tetracalcium alumino-ferrite to the strength
issmall. The addition of calcium chloride appears to make this factor
slightly negative at all ages.

5. The tests of 8 standard, 2 white and 1 high-early-strength com-
mercial portland cements, selected to obtain large variations in
composition, show:

(a) The setting times of cement at 70° F were decreased by the
addition of increasing amounts of calcium chloride.

(b) The addition of calcium chloride increased the strength of each
of the cements at all ages up to 1 year, beyond which tests were not
made. Not only were the early strengths greatly increased by the
addition of calcium chloride, but the 1-year strengths were appreciably
increased. Tests at 40 and 90° F also showed an increased strength
at all ages up to 90 days, at which time the tests were terminated.

(¢) At 70° F the flow or workability of the concrete was increased
by the addition of calcium chloride up to and including 3 percent of
commercial calcium chloride.

(d) Tests at 40, 70, and 90° I showed that the lower the initial cur-
ing temperatures the more effective is the use of calcium chloride as an
admixture in increasing the early strength.

(e) Integral use of calcium chloride was effective in accelerating the
curing of all the cements. 1t is, therefore, of value in cold-weather con-
struction in decreasing the time necessary for protecting the concrete.

6. A tabulation is given showing the time required for normal port-
land and high-early-strength portland cements to attain a compressive
strength of 2,500 Ib/in.2 The effects of different curing temperatures,
both with and without calcium chloride, are given. The optimum
amount of calcium chloride which should be used at the three curing
temperatures studied, was found to be:

Commercial
Temperatures| calcium Type of cement
chloride
on Percent
40 2 All cements.

&)

70 { Normal and white.
L5 High early.
90 15 All cements.




Rapp]

Effect of Calcium Chloride on Portland Cement 517

In carrying out the work in connection with this paper the author
wishes to thank C. A. Hogentogler, Jr., for his help in preparing many
of the test specimens, W. D. Foster in calculating many of the heat
data, and P. W. Downey for his assistance in preparing the report.
Thanks are also expressed to P. H. Bates, L. S. Wells, and H. F.
Clemmer for their assistance in the progress of this research.

VII. REFERENCES

Proc.Highway Research Board 13, 291 (Dec. 1933).

Proc.Am.Concrete Inst. 26, 65 (1930).

J.Research NBS 12, 645 (1934) RP684.

Ind.Eng.Chem. 1, (Anal. ed.) 192 (1929).

Proc.Am.Concrete Inst. 30, 9 (1934).

Ind.Eng.Chem. 24, 1207 (1932).

Proc.Am.Soc.Testing Materials 34, (part II) 244 (1934).

Eng.News-Record 107, 130 (1931).

Federal Specification SS-C-91 for Cement, Portland, Am.Soc.Testing
Materials Serial Designation C77-32.

Proc.Am.Soc.Testing Materials 28, (part II) 43 (1928).

Proc.Am.Soc.Testing Materials 31, (part I) 347 (1931).

Proc.Highway Research Board 9, (part I) 369 (Dec. 1929).

Am.Road Builders Assn.Bul. 42 (1934).

Chimieet industrie 31, 1291 (1934).

Am.Soc.Testing Materials Designation C82-34.

WasHINGTON, January 29, 1935.



