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ABSTRACT

Data were obtained on the properties of 12 commercial high-early-strength
cements, and on various mortars and concretes made from them.

All of the cements gave early strengths higher than those of ordinary portland
cements. The strength of 1:2:4 conerete with C/W ratio of 1.50 by weight varied
from 560 to 1,120 Ib/in.2 at 1 day, and from 1,590 to 2,590 1b/in.2 at 3 days.
Concrete stored during the first 24 hours at 90 and 110° F was greater in strength
than concrete stored at 70° F. Damp-stored specimens gave the highest strengths
after 28 days. Concrete subjected to 300 alternations of freezing and thawing
had slightly lower strengths than concrete stored 1 year in the damp room.
Freezing and thawing combined with drying and soaking caused severe spalling
on mortars and conecretes made from some of the cements.

Certain mortar specimens made with the same C/W ratio as concrete cylinders
were about equal in strength to the cylinders at early ages.

The heat evolved by the cements was computed from the rise in temperature
of concrete in an adiabatic calorimeter. At 90 days the heat evolved varied from
104 to 130 cal/g of cement.

No definite relation was found between cement compound composition and
strength, length changes, or resistance to freezing, thawing, drying, and soaking
of mortars and concretes.
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I. INTRODUCTION

The compressive strength of the high-early-strength cements in
various concretes hardened at normal temperatures is known. Infor-
mation regarding the strength when hardened at higher temperatures,
and comparison of the composition and fineness of the cements with
such physical properties as strength, volume changes, resistance to freez-
ing and thawing, heat evolution during hardening, etc., are lacking

The studies included in this investigation were undertaken to secure
data for making these comparisons.

II. OUTLINE OF TESTS
1. CEMENTS AND MORTARS

Twelve samples of cement were received from different mills, but
some of the samples were of the same brand. KEach sample of about
8 barrels was well mixed and then stored in metal drums sealed with
paraffin.

The weight per cubic foot of the cement, time of set, amount re-
tained on sieves nos. 200 and 325, and on a specially prepared sieve
designated no. 450, specific surface (by the Wagner turbidimeter),
soundness, and chemical composition were determined. The follow-
ing mortar specimens were made: (1) standard briquets, (2) 2-inch
cubes made of a 1:3 mortar using standard Ottawa sand, (3) 2-inch
cubes made of a 1:2.74 mortar, using quarry-run Ottawa sand, with
cement-water ratio of 1.89, equivalent to 6 gallons per sack, (4)
2-inch cubes of a 1:5 by weight mix of cement with an aggregate
proportioned 1 part quarry-run Ottawa sand, 2 parts standard
Ottawa sand, 3 parts of Potomac River sand retained on a no. 8
and passing a no. 4 sieve, and (5) prisms 1% by 1% by 4 inches, of the
same mix as (3). One set of the prisms was tested in compression,
with the load parallel to the long axis, and one set tested transversely
on a 3-inch span with the load applied at the midspan. The halves
from the transverse test were tested in compression by applying a
load through steel plates 1%-inches wide, placed on opposite sides of
the specimen, so that the loaded area was a square 1% inches on a
side. Two ends of the specimen in this test projected somewhat
beyond the loading plates. The load was perpendicular to the original
long axis of the prism. This type of test has been used in Europe,t
and is now being considered by Committee C-1 of the American
Society for Testing Materials.

2. CONCRETES
(a) MIXING AND STORAGE

The 6- by 12-inch concrete cylinders were made of cement, Potomac
River sand, and Potomac River gravel. The sand had a fineness
modulus of 2.8. The proportions of cement, sand, and gravel are
given in table 1.

1Proc. Int. Soc, Testing Materials, 6th Congress, 2nd sec, part 13 (1912),
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TaBLE 1.—Proportions of cement, sand, and gravel in 6- by 12-inch concrete
cylinders

Proportions by—

Material Remarks
Weight Volume
emeny e s e T 1.00 1.00 | 94 1b of cement, as-
sumed equal in bulk
to 1 cu ft.
BandaSro st ot shuke A e teaddS 130 2.00 | Dry-rodded volume.
14 to 34 inch__ o 9
Gravel{ 35 to 34 inch_. o 4.00 combined Do.
M torltinehE s s ir o odie fi el R 0

Specimens were made using cement-water ratios (C/W ratio) of
1.73, 1.50, and 1.33, by weight (6.5, 7.5, and 8.5 gallons of water per
94 pounds of cement), except that for the adiabatic storage, only the
1.50 cement-water ratio was used. Specimens were made in triplicate.

The materials for each cylinder were mixed dry by hand, the water
added, and then mixed for 2 minutes. Flow and slump tests were
made on those batches which were mixed at 70° F. The temperature
of the mixes and the conditions of storage during the first 24 hours
after making were:

(1) Mixes at 70° F, stored in air at 70° F.

(2) Mixes at 90° F, stored in air at 90° F.

(3) Mixes at 110° F, stored in air at 110° F.

(4) Mixes at 70° F, stored in a thermally insulated cabinet.

(5) Mixes at 70° F, stored adiabatically.

After the first 24 hours, under the first four conditions, specimens
for compressive-strength and linear-change determinations were
treated as follows: (1) Stored in a damp room at 70° K, (2) stored in
the air of a laboratory maintained at 70° F, (3) stored outdoors until
tested at the end of 1 year, and (4) subjected to 300 cycles of alternate
freezing and thawing (each cycle being completed in 24 hours).

Temperatures during the first 24 hours after making were measured
on one of each set of three cylinders by a copper-constantan thermo-
element, consisting of three couples in series. EKach set of three junc-
tions was tied together. One set was inserted at the center of the
cylinder, the other in melting ice. In the 90 and 110° F storages the
temperatures were measured by a recording galvanometer, and in the
70° I and insulated storages by a recording potentiometer. The use
of three couples in series was for the purpose of securing greater
accuracy where the temperature rise was small. For the specimens
stored at 90 and 110° F during the first 24 hours, the temperature
within the storage box was automatically maintained by electric
heaters over which the air of the cabinet was continually circulated.

The cylinders to be stored at 70, 90, and 110° F were cast in steel
molds, with steel top and bottom plates. Those for storage in the
insulated cabinet were cast in paraflined paper molds, and the filled
mold placed in a metal cylinder surrounded by a thickness of 9 inches
of diatomaceous silica. The cylinders to be stored adiabatically were
cast in tinned sheet-iron molds which were hermetically sealed.
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(b) EXPANSION MEASUREMENTS

The apparatus for expansion measurements consisted of a metal
cradle into which the cylinder was so placed in a definite horizontal
position that a fine line scratched on a glass plate cast in one end of
the cylinder was in contact with a blunt-pointed screw attached to
the stand, while the stem of a dial micrometer touched a glass plate
in the other end. Measurements were made on two such sets of glass
plates that were placed in the ends of each cylinder. Readings on
the cylinders in the 90° F, 110° F, and insulated storages were taken
both on the removal from the molds and after cooling to 70° F. The
temperature within the cylinders, which were stored in air at 70° F,
was generally slightly higher than 70° F at the end of 24 hours; no
measurements were made before these cylinders had cooled to 70° F'.
All specimens were then placed in the designated storages for subse-
quent tests. After the initial measurements were made the cylinders
stored in the damp room and in the laboratory air were measured at
the ages of 7 and 28 days, 6 months, 1 year, etc.; those stored out-
doors were measured only at 1 year (after storing for the last 10 days
in the air of the laboratory at 70° F). The specimens subjected to
freezing and thawing were measured at 1 year and at 300 cycles. All
expansions and contractions were based upon the length of the
cylinders at 1 day, measured at 70° F.

(¢) FREEZING, THAWING, DRYING, AND SOAKING TESTS

Three- by six-inch concrete cylinders, with a C/W ratio of 1.50 (7.5
gallons of water per sack) were made for determining the effect of
cycles of drying and soaking, and of freezing, thawing, drying, and
soaking on the strengths of the concretes of the different cements.
The mix was the same as for the 6- by 12-inch cylinders, except that
the aggregate had a maximum size of % inch, and for a unit weight of
cement was proportioned as follows:

3 Proportions,

Size of gravel by weight 4
1400 38 molE o oay ST 2.52
S5to B dneh tle cm fe T TS e 1.99

The ratio of the weights of the %- to %-inch gravel and %- to %-inch
gravel was the same as in the 6- by 12-inch cylinders.

All specimens were kept in the molds for 48 hours, then in water
for 24 hours, and then started in the specified treatment.

For each cement, cylinders were made for three different treat-
ments:

(1) One freezing and one thawing daily for 3 successive days, then

3 days’ drying at 150° F, then 1 day storage in water.

(2) Drying 3 days at 150° F, soaking 4 days.

(3) Damp storage.

The drying took place in an oven maintained at 150° F, through
which air was blown after passing through heaters. Fresh air was
continuously drawn into the oven.

Specimens were tested in compression after 15, 25, 50, and 100
cycles of treatments (1) and (2), and after damp storage for corre-
sponding ages.
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Specimens for expansion measurements, subjected to the same
treatments as the 3- by 6-inch cylinders, were made from each cement,
in the form of 2- by 12-inch cylinders with glass plates as reference
marks set in the ends. The mix used was the same as that used in
the 1:5 mortar cubes (see cements and mortars). This gave a mortar
of about the same consistency as the mix used for the 3- by 6-inch
cylinders. The expansion measurements were made in an apparatus
similar to that used for the 6- by 12-inch cylinders. Observations
were taken after each set of three freezings and thawings, after drying,
and after soaking. The damp-stored specimens were measured at
the same ages as the corresponding specimens in the other treat-
ments. All specimens were allowed to reach 70° F before measuring.

(d) COMPRESSIVE STRENGTH

The loads were applied at the rate of approximately 1,000 Ib/in.?
per minute. The specimens in damp storage and those subjected
to freezing and thawing were tested in the wet condition. The
specimens stored outdoors were stored in the air of the laboratory
at 70° K for 10 days before testing. The air-stored specimens were
tested without further treatment.

Most of the specimens were prepared for testing by grinding the
ends. In those cases where the cylinder ends could not be trued by
grinding, as those with glass plates inserted in the ends, plaster caps
were applied.

III. TEST RESULTS

1. TESTS OF CEMENTS AND SMALL SPECIMENS

The chemical composition, calculated compound composition,
fineness, specific surface, time of setting, and weight per cubic foot
of each cement are given in table 2.

The calculated compound compositions of the cements differ
widely. The tricalcium-silicate content ranges from 34 to 70 percent,
dicalcium silicate from 0 to 38 percent, the tricalcium aluminate from
7 to 17 percent, and the tetracalcium alumino ferrite from 6 to 10
percent. It is noteworthy that one of the cements (no. 12) contains
more dicalcium silicate than tricalcium silicate.

The fineness also varies considerably; the specific surface values
are considerably higher than similar values for standard portland
cement. Kor example, in one cement, the weight of the fraction
containing particles less than 10 microns in diameter exceeded 40
percent of the total weight of the sample. With the possible excep-
tion of an earlier final set, the setting characteristics are similar to
those of the slower-hardening cements. The weights per cubic foot
show how much these depart from the commonly accepted figure of
94 pounds.

133113—35——86



TABLE 2.—Chemical and compound composition, fineness, time of set, and weight of the cements

All of the cements were satisfactory in the steaming test for soundness
C38=3Ca0.8i0;; C:8=2Ca0.8i0; C3A=3Ca.0.Al0; CsAF=4Ca0.Al:03. Fe;03

Fineness Weight Mixing | Time of
s g Calculated compound com- water setting
Chemical compositions positions Retained for (Gilmore
etained on normal | method)
Ce- sieve no.— Specific consist-
ment su(:gace (e(}lcyi
no. o 3 O
Ints)(l)l- Loss X %50 b Wagr(xfr Rodded°|Loosed| 4.0 >
: uble on Tee wet | turbidi- cement, ni- 4
CaO | MgO| Al;O3 | Fe:03| SiOz | SOz | C1 i igni- | Ca0» C38 | 028 | CsA | C4AF | CaSO4 | 200 | 325 | ooy meter) by ’| tial | Final
HCI | tion od) weight
%2l % | %1% | %% % 2.1 %| 2 |%|%|%| % | % |%|%| %_ | em¥e | bjts | byits br | hr
: Eiethels 66.2 | 1.1 83| 31170 2.4 (0.0 0204 170 ), 4 %) - 85 0 17 10 4113785 157 1990 783 | 67.8 25.0 | 2.5 4.5
gua 66. 6 1.0 6.2 1.9 1 20.6 | 2.5 | .0 20 1 1.6 57 16 13 6 4.2]3.1]|83 16.3 1910 74.6 63.6 27.0 | 3.0 6.0
3f____| 66.6 2.5 4.7 $: 131220563 13 |43 .5 2.4 .3 70 i 7 9 2.2128| 8.8 16.6 1770 78.7 69.8 25.6 | 4.5 6.5
;e 65.7 2.5 5.6 2.3 119.3 22| .02 i 2.1 2.7 62 8 11 7 3,801 | BT 13.2 2030 74.8 65. 6 26.0 | 3.5 5.5
HILTI 64.2 3.4 7.2 2.5 (18.5 | 2.4 | .04 .2 18 .6 61 i 15 8 (- U T A B 14.2 1760 74.8 62.7 25.0 | 3.5 6.0
(1 3aCy 62.9 2.9 (] 2.3 120.3(26].08 2.3 1.6 ey 45 24 15 7 4.4 27|84 15.2 2050 75.8 64.6 25.4 | 4.5 6.5
v ARL 65.7 16 6.6 2.7119.3(21].03 .4 1.8 1.5 57 14 13 8 3.6 (1358 11.8 1970 74.2 63. 4 26.0 | 3.0 5.6
B 65. 4 2.7 6.4 1.9]119.3|23]|.0 .2 107 4.2 51 1 13 6 &9 117 |9.6 13.6 2180 76.1 €3.1 24.4 | 1.75 3.5
..... 66.2 | 2.2 44| 28(21.6|19].0 K 1 e P .41 65| 13 7 9 3.2|L7]|75]| 122 2120 75.6 | 67.2 24.0 | 3.0 5.5
305 - 62.3 3.4 Tk 2.8|18.5)256]|.0 .o 2.7 1.9 47 18 14 9 423888 20.4 1930 79.5 67.8 25.0 | 2.5 6.0
i LB 63.3 3.5 6.4 2564 10 1=412.6 1" 07 .4 1.9 1.2 54 14 13 8 4.4(21]51 11.2 2150 75.0 63.2 25.0 ] 3.0 5.0
DI 60.6 | 4.8 48| 2421927 /.0 B O ) 9| 34| 38 9 7 463966 50 2490 74.3 | 63.8 25.0 | 3.0 5.5

a Free CaO determined by the method of Emley, Trans. Am. Ceram. Soc. 17, 720 (1915).

b Sieve no. 450 was produced by electroplating the cloth of a no. 325 sieve, which reduced the average size of opening from .044 mm to .031 mm. If the standard sieve series were
extended the .031 size would correspond to a no. 450 sieve.

¢ According to ASTM Standard Method of Test for Unit Weight of Aggregate for Concrete C29-27.

d According to Rogers’ method, BS J. Research 13, 811 (1934) RP 746.

e The value for the free CaO for cement no. 1 was analytically determined. However, in calculating the compound composition it was found that the excess CaO over that re-
quired for the compounds was 1.9 percent.

f Contains a water-repellent material.
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TABLE 3.—Slirength of small test specimens

[All values are given in 1b/in.2}

5 Transverse strength of
: . Compressive strength of .
» Compressive strength Compressive strength 3 i plastic mortar.s | Compressive strength of
'1;?111§131es§;2e§5t£ of 1:3 standard Corg}p;iaasss:;;els’;‘.;%:gl.} of 1:5 mortar.b gl;it;f_ b’;gfit;r i;risggé) (1%-by 1%- by 4-in. halves from transverse
Ot an BRiGats mortar. (2-in. (2-in. cubes.) ‘ (2in. cubes.) Touded Sacallel to Ion.g prisms.) Modulus test.» Loaded on 1}¢-in.
al cubes.) :, g C/W=1.50 Sas b of rupture—3-in. square areac
span
«Cement
no.
Tested at Tested at Tested at Tested at Tested at Tested at Tested at
0 0 a 1 12 2 2] 0 ﬁ 2 0 2 [ ©® B

0 <3 R - W S < < - o BlE|I R 8] ]| B Tl |»BlBlE|8ln|lB[B]lS] &

[} < QS | o D £} ] S | o D < s | o k- < ) L=} 3 ] =) < | o 1] < < < = )

Qoo |- hlo|(o|o ES o |- |- |- SR B o B - o el R O B - g e S

] FHp s i o A R By DE) el o W HA

§ } 7 days

2550(3710|4120{5010,5090| 1380|3310 38004450 3920 2040‘25102980'2990 1630| 3060 3930/ 4020 620 795 895 945/ 860/ 1730/ 3230, 3610 4230 4370
1750(4060! 5650|5860 5690| 965 35004690/ 5030|4850 2220(3490/4320 4820, 1150 3380| 4700| 5590 6350 380 770| 945(1040 1000 1250 3800 5190| 6290/ 6530
3905|1260, 2580(3550| 4690 6560| 925 2650 3950(4350 5490 1580/ 2250 2870 4290|1140 42450, 43410{44890] 45390( 4360|4665 4820|4985 41000 | 41290, 42970 43500 45000 46330

P
<
k=1
:
780
i
370/ 2100|4030/ 4890 5990|6310 1150/ 4090| 5660(6440|6720| 740| 2360|3730| 4810|4850, 1380| 3660| 5000{ 5860/ 5910\ 465| 780| 950| 960 935 1590, 3840 5310, 60S0| 6090
630
540
765
820

>
S35 | Lyear

| AT 255|385 515445 425(1730| 3870|5420 6950, 7430|1360 4010 5500 68307470 2430 3840 5180'5260 1130| 3610| 4840{ 6180/ 6110{ 380, 81010601100/ 102D 1310{ 3830{ 5380| 6320 6750
1740|3670| 51306220/ 6310|1130| 3420|4680 .5280 6210 ‘1700 2680 4270‘5090 905( 2620| 3730 5620, 6600| 365 710/ 885/1160] 1085 935 3020 4380, 5670 6530
1860|3430/ 5260|4290|6130 1570|3140 5080 5110/6200 2150 3160 4920 5750| 1370| 3590| 4880/ 5780, 5650, 445/ 82510001110 1000, 1570 3910, 5180 6200 6340
440|420 1720/4040|4880 6170 6170, 1030 3430,47% 5790'6090 19703330 4620 4840| 1270| 3320( 4620, 6050 4980, 395 755 1020{1180; 985 1350, 3510/ 4810, 6560 5610

470|460| 2000|4320/ 5240|8050, 7420/ 1400|3360 5670 6970 6650|1010 2280 3730|5010 5480| 1020| 3380| 4040, 59201 5870/ 415/ 730| 9351080 1070 1260{ 3280/ 4930, 6660, 7160
420/400{1700, 3030|4110/ 5490 5110 1240 129903820 4970 6340| 710/2020/2830(3970(4730| 950 2310| 2410, 4320, 4430| 395/ 750 920 1030 1040 1370| 2720, 3660| 4630 5280
435/385| 2660|4550/ 6210|7270/ 7010/ 1450 3900 4910, 6060 5950|1000, 2560 3760 4910/5020, 1420 3340 4830| 5320, 5050| 550| 885 107010801 1020, 1870 3790 4900 6190 5500
500|455/ 216036505110 5850@990 1220‘2810‘4080 6410*7540 6301440 22504350 5690, 880 1920 2860, 3990 6410, 370{ 650; 8851080, 1170{ 1100 2430 3450‘ 5550, 6900

450)415|1940| 3740|4960 5990‘6350 1230;3430}4720 5640 6120, 740/2060/3130 43504900, 1190, 3050, 4060, 5290, 564(}| 430, 760 950,1060| 1010| 1380, 3360| 4530, 5780 6150

l )

a 300 g of cement, 822 g of pit-run Ottawa sand, 159 ml of water. C/W=1.89. Fineness modulus of sand about 1.8.

b Aggregate 1:2:3 mix of pit-run Ottawa sand, Standard Ottawa sand, and no. 8 to no. 4 Potomae River sand. Fineness modulus of aggregate about 3.8.
¢ Load axis perpendicular to original long axis of prism.

d Cement no. 3 plastic-mortar prisms made with C/W=2.02 on account of too high a flow for C/W=1.89.
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Table 3 presents the results of the strength tests of the mortar
specimens. The average values for each type specimen are also
given.

Although tension and compression tests only are required in the
United States in strength specifications for cement, transverse tests
also are being used or considered in seme countries. In these studies
transverse tests were made, and the resultant halves of the specimens
were tested in compression.
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Ficure 1.—Relation of compressive strength of concretes and mortars.

The results of the tensile tests are typical in that there is in all but
one case a retrogression after 28 days, a phenomenon not typical of
cement mortars or concrete tested in compression at corresponding
ages. It is to be noted that eight of the cements do not meet the
1-day requirement of the ASTM tentative specification (C74-30T)
for high-early-strength cement and five do not meet the 3-day require-
ment. Some manufacturers are now producing cements with greater
tensile strengths, but, as shown by data collected in another investiga-
tion, the requirements of 275 and 375 1b./in.2 at 1 and 3 days, respec-
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tively, are not being exceeded by an appreciable margin. The
transverse-test results are somewhat similar to those for the tension
tests in that there is frequently a retrogression at the later ages.
Two-inch cubes of plastic mortar have been proposed as test
specimens for portland cement, on the assumption that they will
have the same strength as conerete when made with the same cement-
water ratio and of about the same consistency as the concrete.
While most of the mortar specimens tested approximately justify this
assumption the 1:5 cubes and the 1%- by 1%- by 4-inch prisms tested in
compression with the load parallel to the long axis gave strengths more
nearly equal to the concrete strength at all ages. If the concrete
and mortar strengths at all ages were identical, the points for each
cement in figure 1 would lie on the lines drawn at 45°. The average
strength of the prisms tends to be higher than the average strength
of the concrete after 1 day, the difference increasing up to 28 days,
but becoming negligible at 1 year. The cement-water ratio of the
prisms could not be changed to bring the strengths at all ages into
equality. Although the 2-inch cubes and the concrete cylinders
under discussion were of the same cement-water ratio and the strengths
of the two are in better accord than the strengths of the concrete and
the mortar prisms, the cube strengths also tend to be higher at the
later ages than those of the concrete. The values obtained on the
halves from the transverse-test specimens at any age, were, on the
average, about 10 percent higher than the strengths of the corre-
sponding prisms tested with the load parallel to the long axis. Com-
pared to the 2-inch cubes of the same mortar, the strengths of the
halves were, on the average, about equal in strength to those of the
cubes; but individual differences were often large, and were not

consistent.
2. FLOW AND SLUMP

The flow and slump measurements are given in table 4. There is no
apparent relation between the flow or slump and composition or

TasLe 4.—Flow and slump

Flow and slump of (igné:rete for 6- by 12-inch
cylinders Flowsa of
concrete for | F1oW® of
3- by 6- quafiry-ruu
Do b C/W 1.73 C/W 1.50 C/W 1.33 inch | Sand mor-
cylinders; 189
C/W-150 '
Flow | Slump | Flow | Slump | Flow | Slump
% in. % in. % in. % %

16 0.3 40 3.6 84 6.7 36 103
30 .2 51 1.3 83 5.0 45 101
46 4 £ B 7| et 75 { 5
29 .2 51 2.4 80 5.5 54 102
30 .2 53 1.6 72 3.6 43 114
31 .2 54 3.9 78 5.5 56 104
28 ) 43 Vi | 67 4.6 48 129
22 .2 39 1.4 66 5.6 49 113
28 Cs 50 1.5 77 5.9 58 113
27 A 51 1.4 80 5.8 50 102
35 & 57 2.3 93 7.2 66 124
19 .3 43 19 79 6.9 58 123

s Using large flow table and fifteen }4-inch drops.

b Using small flow table and twenty-five }$-inch drops.

¢ C/W =1.89 was too wet for this cement. The values for flow of 103 and those given for strength in table 3
are for /W =2.02, which gives a flow value nearer to that of the other cements.
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fineness (table 2). Cement no. 3 has a flow markedly greater than
any of the others, because the water repellent therein increases the

flow.
3. TEMPERATURE RISE

The data on temperature rise of the concrete under the different
storage conditions are given in table 5. The concretes with dif-

TABLE 5.—Rise tn temperature of the concrete

STORED AT 70° F DURING FIRST 24 | STORED AT 90° F DURING FIRST 24
HOURS HOURS

C/W=1.73 C/W=1.50 C/W=1.33 C/W=173 C/W=1.50 C/W=1.33
Cement no.
Time Time Time Time Time Time
Max to Max to Max to Max to Max to Max to
rise in | reach |rise in | reach | rise in | reach | rise in | reach | rise in | reach |rise in | reach
temp | max | temp | max | temp | max | temp | max | temp | max | temp | max
temp temp temp temp temp temp
L hr o hr =T hr Ly hr e hr °F hr
15 9 10 9 12 11 16 4.5 12 4.5 13 4
6 13.5 b 13 6 14 9 7.5 8 8 8 8
4 8.5 Ak 2| 12.5 7 6.5 6 7.5 T e
5 10.5 4 10 4 11.5 14 6.5 11 6.5 11 6.5
5 11 b 11.5 6 12.5 6 5.5 6 6 6 7
8| 12.5 6| 13 8| 13.5 6 7 4 i 4 8
5 9 4 14 7 13 % 5.5 5 6 5 7
6 12 4 12 4 12 313 7 9 7 6 7.5
31 12 3| 13 4| 13.5 9 8 8 8 7 8.5
7| 10.5 5| 11 6| 12 11 5 10 6 10 6
4 12 6 12 4 12.5 7 i 5 7.5 5 8.5
4| 14 4| 18 4| 15 6 7 5 8 4 8
STORED AT 110° F DURING FIRST THERMALLY INSULATED DURING
24 HOURS FIRST 24 HOURS
_____________ 12 3.5 7i 3 10 3.5 31 8 30 8 27 7.5
______ 10 5 vf 5 10 5.5 25| 15 23| 13 22 13
______ 11 5.5 10 6 11 7 17 14 17 13 16 16
,,,,,, 11 3.5 8 4 8 4 23 14 21 11 19 14
,,,,,,,, 11 4 10 4 9 4.5 23 14 21 13 22 15
,,,,,, 10 5.5 8 5 7 5 21 12 18 13 20 12
________ 10 4 8 4 5 4 22 16 21 il g 19 18
______ 12 3 10 3 9 3 25 12 24 12 22 12
______ 10 6 9 6 10 6.5 20 16 19 17 18 18
______ 11 4 9 5 9 4 21 10 21 12 19 13
______ 11 4.5 9 5 10 5 22 12 21 13.5 18 14
____________ 9 5 7 5 T 6 18| 15 18| 15.5 17 15

STORED ADIABATICALLY

C/W=1.50 C/W=1.50
Cement no. Ratio of Cement no. Ratio of
Temp rise| Temp rise| 24-hr rise Temp rise| Temp rise| 24-hr rise
at 24 hr |at 87 days| to 87-day at 24 hr |at87 days| to 87-day
rise rise
°F o S 23R
78 102 (VR 2 b v e e et 57 95 0. 60
46 87 e s e S S s e X 69 90 76
46 85 BEAHEOE = e i See e 56 92 61
59 96 bl P RO e T T 60 85 64
67 97 2 21 P o o N KD SRy 64 94 69
55 86 BERHINT - e o 48 80 60

ferent cement-water ratios did not differ much in temperature rise.
In insulated storage, the average temperature rise for the lowest



TaBLE 6.—Compressive strength (Ib/in.?) of 6- by 12-inch concrete eylinders

Storage I Storage Storage Storage
glrlsréni Subsequent storage condition g;’srt’%% Subsequent storage condition g;‘srggg Subsequent storage condition g:‘srt”%i Subsequent storage condition
hr hr hr hr
2 - 50 R T o Stored adiabatically for
87 days
Freez- Freez- Freez- Freez-
70° F Damp Laboratory air gogfﬂs ut’ga?-d 90° F Damp Laboratory air d%%f-s ’fﬁa“v'vl_d 110° B Damp Laboratory air (g)%ﬁ; hgl?a%?-d {zx;]tselg Damp Laboratory air %&ﬁ; utngaszg_d
in; in; n in;
Ce- | C/W e £ ¢ g
ment [ (by i 3%
Lo R Tested at—
1 year
1 3 7 28 1 7 28 1 1 300 1 3 4 28 1 7 28 1 1 300 1 3 7 28 1 7 28 1 1 300 1 3 7 28 1 7 28 1 1 300 90 Stored un-
day |days | days | days | year | days | days | year year | cycles | day |days|days|days| year | days | days | year year | cycles | day |days | days|days| year|days|days | year| year cycles | day |days |days|days | year | days | days | year year | cycles | days sgl od
Sealed damp room
after 87 days
1.73 1470 | 3100 | 3430 | 3840 | 3880 | 3170 | 3930 | 4190 3020 3890 2150 | 2760 | 3330 | 3100 ' 3650 | 3280 | 3780 | 3880 3820 3750 | 21620 | 2080 | 2350 | 2350 | 3420 | 2170 | 2430 | 3050 3380 3460 2380 3140 | 3480 | 3500 | 3120 | 3890 | 3820 3420
' PANENEY 1. 50 1120 | 1880 | 2830 | 3240 | 2780 | 2480 | 3390 | 3140 2930 3430 2000 | 2600 | 3010 | 2880 | 3140 | 2560 | 3050 | 2990 2710 2870 1780 | 2190 | 2680 | 3100 | 3550 | 2810 | 2910 | 2960 3540 3490 1800 | 2100 | 2430 | 2660 | 2720 | 2550 | 2850 | 2930 2420
L33 550 | 1250 | 1570 | 1980 | 2120 | 1740 | 2350 | 2230 1990 2220 1280 | 1520 | 1810 | 1930 | 2100 | 1620 | 2310 | 2400 1990 2090 1410 | 1800 | 2090 | 2200 | 2630 | 1980 | 2290 | 2140 2430 2580 1070 | 1490 | 1510 | 1970 | 2090 | 1740 | 2100 | 2180 1830
1.73 1150 | 2610 | 3510 | 4340 | 6140 | 3210 | 3900 | 4090 4110 4950 1940 | 2760 | 3350 | 3750 | 5070 | 3350 | 2850 | 3940 4450 4710 2330 | 2980 | 2980 | 3020 | 4890 | 3320 | 3660 | 3890 4040 4450 1680 | 2600 | 3160 | 3470 | 4430 | 3080 | 3620 | 3710 4170
|l 1.50 760 | 2200 | 2600 | 3620 | 4850 | 2570 | 2890 | 2950 3070 3950 1380 | 2050 | 2780 | 2930 | 3690 | 2510 | 3450 | 2920 3670 4130 1610 | 2110 | 2550 | 2670 | 4100 | 2440 | 3140 | 2600 3520 3770 1260 | 2070 | 2120 | 2890 | 3140 | 2080 | 2510 | 2420 3520
1,33 470 | 1320 | 1940 | 2620 | 3050 | 1730 | 2330 | 2150 2570 2650 860 | 1320 | 1680 | 2140 | 2880 | 1640 | 2640 | 2180 2850 2770 1480 | 1630 | 1960 | 2120 | 3540 | 2060 | 2220 | 2180 2910 2960 820 | 1430 | 1730 | 1930 | 2340 | 1470 | 1770 | 1600 2340
1,73 990 | 2220 | 3010 | 3690 | 4490 | 2930 | 3660 | 3150 3860 4120 1780 | 2450 | 2860 | 3790 | 4310 | 2800 | 3720 | 3280 4520 3960 2470 | 3010 | 3360 | 3520 | 4610 | 3490 | 4160 | 4080 4570 4810 1270 | 1990 | 2430 | 3020 | 4140 | 2670 | 3060 | 2670 3860
Bidews 1,50 620 | 1590 | 2050 | 2520 | 3660 | 2050 | 3010 | 2450 3030 3660 1140 | 1540 | 1880 | 28C0 | 3290 | 2040 | 2680 | 2460 3430 3250 1650 | 2440 | 2630 | 2710 | 3750 | 2420 | 2810 | 2940 3740 3610 830 | 1400 | 1540 | 2130 | 3040 | 1640 | 1980 | 1750 2870
$ 133 410 | 990 | 1510 | 1930 | 2640 | 1470 | 2030 | 1620 1980 2710 700 | 1020 | 1260 | 2010 | 2280 | 1150 | 1660 | 1500 2200 2310 1250 | 1550 | 1910 | 2080 | 2640 | 1710 | 2220 | 2060 2750 3100 480 | 860 | 1140 | 1610 | 2160 | 1030 | 1650 | 1190
173 1190 | 2940 | 3900 | 4310 | 5340 | 4020 | 4660 | 4320 4970 5010 2180 | 3060 | 3750 | 4500 | 5150 | 3460 | 4270 | 4160 5340 4870 2360 | 2490 | 3070 | 4390 | 4380 | 3540 | 4090 | 3830 5560 3930 2150 | 3010 | 3280 | 3700 | 4270 | 3180 | 3850 | 3730 4510
| B 1,50 760 | 2360 | 3030 | 3720 | 3910 | 2880 | 3960 | 3010 3960 4310 1540 | 2230 | 2610 | 3270 | 3640 | 2800 | 3020 | 2730 3880 3800 1800 | 2290 | 2540 | 3420 | 3980 | 2720 | 3680 | 3250 4120 3870 1180 | 2080 | 2590 | 3230 | 3560 | 2640 | 2780 | 2560 4010
1.33 460 | 1540 | 2390 | 2820 | 3010 | 2220 | 2880 | 2070 2910 3270 1100 | 1790 | 1770 | 2640 | 2720 | 1960 | 2350 | 1930 2610 2660 1430 | 1810 | 2150 | 2330 | 8170 20 | 2920 | 2320 3480 3340 870 | 1610 | 1860 | 2580 | 2760 | 2080 | 2510 | 1800 2660
1.73 1160 | 3080 | 3810 | 4880 | 5240 | 3270 | 4600 | 4370 5100 5010 1990 | 2840 | 3320 | 4140 | 4260 | 2750 | 4160 | 4210 4790 4340 2300 | 2850 | 2720 | 3530 | 3760 | 2620 | 3580 | 3380 3500 3420 1600 | 2790 | 2910 | 3590 | 4240 | 3080 | 3680 | 3620 5090
- il 1. 50 770 | 2200 | 2800 | 3840 | 4150 | 2470 | 3740 | 3400 4470 3600 1410 | 2100 | 2740 | 3260 | 3570 | 2660 | 3230 | 2050 4210 3690 1660 | 2130 | 2430 | 3010 | 3520 | 2560 | 3010 | 3120 4020 3570 1280 | 2020 | 2760 | 3050 | 3300 | 2430 | 3200 | 2740 4030
1,33 530 | 1710 | 2470 | 3180 | 3130 | 2130 | 2830 | 2600 3460 2840 960 | 1750 | 2030 | 2560 | 3170 | 2080 | 2480 | 2180 3410 2770 1240 | 1560 | 1900 | 2480 | 2980 | 1740 | 2410 | 2410 3760 3050 830 | 1670 | 2200 | 2480 | 2690 | 1880 | 2550 | 2080 3320
1.73 900 | 2480 | 3470 | 4520 | 6370 | 3050 | 4030 | 4280 4970 5340 1520 | 2840 | 3540 | 4650 | 5830 | 3300 | 4700 | 4600 4680 4760 | 1640 | 1530 | 2240 | 3070 | 3460 | 3170 | 2010 | 2840 4390 3250 1350 | 2460 | 3030 | 3590 | 4990 | 2930 | 3580 | 3530 4680
6. e 1,50 560 | 1750 | 2630 | 3650 | 5110 | 2200 | 3140 | 3020 4340 4370 1150 | 1860 | 2540 | 3570 | 4850 | 2330 | 3380 | 3120 4330 4320 1740 | 2280 | 2700 | 3390 | 4650 | 2600 | 3480 | 3040 4190 4200 1000 | 1950 | 2420 | 3400 | 3890 | 2300 | 2910 | 2530 4160
1,33 390 | 1230 | 2090 | 2900 | 3860 | 1760 | 2470 | 2070 3500 3160 770 | 1460 | 2090 | 3 3960 | 2000 | 2600 | 2310 3570 3680 1250 | 1840 | 2170 | 3030 | 4250 | 2120 | 2610 | 2320 3630 3780 640 | 1140 | 1910 | 2600 | 3000 | 1650 | 2070 | 2050 3000
1.73 1320 | 3090 | 4370 | 5100 | 6410 | 3710 | 4360 | 3970 5560 4900 2210 | 3180 | 4310 | 4000 | 4800 | 4030 | 4200 | 4080 4990 4650 | @ 1690 | 2460 | 2580 | 2740 | 3070 | 2410 | 4140 | 3740 3310 3020 2040 | 3100 | 3850 | 4160 | 5180 | 3800 | 4370 | 4050 4650
y PR ENALY 1.50 950 | 2330 | 3600 | 4300 | 5200 | 2810 | 3530 | 3290 4670 4210 1630 | 2470 | 3390 | 3920 | 4320 | 3260 | 3770 | 3570 4640 4190 2240 | 2850 | 3360 | 3840 | 4970 | 32€0 | 3870 | 3390 4390 3860 1470 | 2300 | 3150 | 4000 | 4080 | 2790 | 3380 | 2940 4440
133 590 | 1740 | 2760 | 3320 | 4280 | 2210 | 2650 | 2360 3960 3250 1130 | 1760 | 2410 | 2950 | 3490 | 2250 | 2370 | 1960 3120 3360 1600 | 2120 | 2690 | 3140 | 4010 | 2530 | 2930 | 2650 3480 3420 1020 | 1730 | 1600 | 2070 | 2120 | 2180 | 2660 | 2030 3230
1.73 1320 | 2670 | 4070 | 5100 | 5910 | 3550 | 4370 | 4290 5300 5700 2000 | 3190 | 3600 | 4690 | 5210 | 3660 | 4480 | 4260 5520 4890 | 2010 | 1650 | 2560 | 3580 | 4650 | 3220 | 3300 | 3430 5080 3160 1870 | 2670 | 3450 | 3840 | 4820 | 3150 | 4460 | 3840 5600
Bl hals 1,50 840 | 2090 ' 3320 | 4100 | 4380 | 2720 | 3410 | 3490 4960 4510 1440 | 2140 | 2680 | 3810 | 4520 | 2670 | 3430 | 3200 4250 4210 1970 | 2170 | 3010 ; 3760 | 4470 ; 3050 | 3730 | 3710 4680 4180 1270 | 2050 | 3340 | 3820 | 3720 | 2120 ! 3350 | 3050 4350
1.33 570 | 1430 | 2440 | 3440 | 3890 | 2060 | 2710 | 2710 3620 3040 970 | 1560 | 2460 | 3220 | 3340 | 2110 | 2470 | 2450 3300 3340 1460 | 1960 | 2230 | 3160 | 3740 | 2380 | 2780 | 3000 3830 3360 910 | 1710 | 2290 | 3170 | 3160 | 1950 | 2710 | 2350 3800
1.78 1150 | 2780 | 8940 | 5560 | 5800 | 4150 | 4830 | 4300 4730 5470 2430 | 3560 | 4100 | 4840 3880 | 4850 | 4120 6100 5380 2680 | 3 4010 | 4980 | 5330 | 3880 | 4930 | 4710 6140 5320 2120 | 3350 | 3640 | 4210 | 4290 | 3720 | 4560 | 3320 5460
L TR 1. 50 820 | 2590 | 3050 | 4930 | 5190 | 2570 | 3550 | 3050 4340 4970 1570 | 2310 | 2920 | 3880 | 4010 | 2830 | 3350 | 3600 4570 4350 2290 | 2840 | 3500 | 3650 | 4580 | 3500 | 3910 | 3750 5840 4550 1030 | 2070 | 3130 | 3800 | 4480 | 2240 | 3240 | 2960 4420
1.33 560 | 1530 | 2290 | 3450 | 3510 | 1820 | 2440 | 2120 3670 3170 1060 | 1610 | 2260 | 2700 | 3400 | 2030 | 2600 | 2020 3540 3050 1620 | 2320 | 2750 | 3400 | 4060 | 2880 | 3220 | 2830 4130 3220 660 | 1420 | 2110 | 2970 | 3370 | 1750 | 2430 | 1730 3060
1.78 1040 | 2410 | 2860 | 4190 | 4800 | 2690 | 3760 | 3790 5400 4580 1560 | 2160 | 3050 | 3670 | 5170 | 2860 | 3650 | 3700 4840 4230 1760 | 2060 | 2690 | 3180 | 3960 | 2770 | 3220 | 3600 4490 3700 1420 | 1920 | 2810 | 2930 | 4280 3200 | 3150 4420
{1 Mg 1. 50 700 | 1770 | 2210 | 3500 | 4300 | 2190 | 2850 | 2720 4110 4020 1240 | 1800 | 2140 | 2990 | 4040 | 1970 | 2710 | 2810 4100 3830 1650 | 1770 | 2170 | 2560 | 3330 | 2140 | 2730 | 3210 4110 3470 940 | 1560 | 1870 | 2530 | 3460 | 1770 | 2640 | 2240 3370
1,33 390 | 1210 | 1790 | 2500 | 3100 | 1490 | 2300 | 2070 3260 2920 710 | 1160 | 1330 | 2430 | 2990 | 1430 | 1980 | 2010 2690 3140 1020 | 1370 | 1610 | 2070 | 2770 | 1440 | 2020 | 2190 3240 2330 660 | 1110 | 1340 | 2250 | 2610 | 1370 | 1750 | 1680 2660
1.73 1520 | 2940 | 4400 | 5130 | 5810 | 3750 | 4020 | 4920 5770 5600 2230 | 3610 | 3750 | 5300 | 5980 | 3930 | 4910 | 4790 5380 5510 2900 | 3160 | 3870 | 4940 | 5520 | 3880 | 4730 | 4350 5470 3910 1930 | 2850 | 3590 | 4010 | 4580 | 3610 | 3950 | 3670 4770
: i BRELTY 1. 50 1070 | 2120 | 3440 | 3770 | 4780 | 2870 | 3480 | 3570 4570 4600 1560 | 2360 | 3070 | 3980 | 5050 | 2900 | 3760 | 3370 4580 4420 2080 | 2670 | 3340 | 3900 | 4760 | 3770 | 3670 | 3820 4290 4230 1250 | 1930 | 2770 | 3520 | 4050 | 2170 | 3090 | 2970 3940
1.33 630 | 1600 | 2470 | 3040 | 3430 | 2290 | 2670 | 2790 3850 2960 860 | 1440 | 2220 | 2620 | 3450 | 1950 | 2730 | 2580 3650 3060 1520 | 2100 | 2420 | 3180 | 3540 | 2380 | 2940 | 2810 3600 3450 700 | 1280 | 1920 | 2460 | 2610 | 1740 | 2670 | 2140 3050
L73 1090 | 2420 | 3390 | 4640 | 6130 | 3080 | 3960 | 4230 6320 5660 1810 | 2070 | 3060 | 4670 | 6240 | 3320 | 4000 | 4260 6020 5260 | 1330 | 1600 | 1940 | 2470 | 4340 | 2110 | 2680 | 2750 3560 3200 1310 | 2130 | 2960 | 4240 | 5460 | 2450 | 3850 | 3860 4860
j > 1. 50 820 | 1680 | 2540 | 3990 | 5020 | 2310 | 2890 | 3070 5310 5200 1160 | 1890 | 2350 | 3020 | 4700 | 2120 | 2890 | 3170 4640 4530 1560 | 2100 | 2310 | 3570 | 5180 | 2570 | 3210 | 3590 5450 4480 940 | 1520 | 2200 | 3340 | 4320 | 1920 | 3080 | 3200 4170
1.33 560 | 1230 | 1790 | 2770 | 3660 | 1650 | 2200 | 2250 4320 3490 760 | 1200 | 1670 | 2460 | 3480 | 1480 | 2430 | 2230 3540 3660 1030 | 1470 | 1880 | 2890 | 4070 | 2020 | 2560 | 2700 4430 3680 580 | 1140 | 1650 | 2910 | 3430 | 1410 | 1740 | 1930 33560
@ Cylinders for this cement, made at 110° F, C/W=1.73, were honeycombed.

133113—35.

(Face p. 732.)
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C/W ratio was about 10 percent less than for the highest C/W ratio.
This is to be expected, since the heat capacity of the concrete was
increased only about 10 percent by increasing the water from the
highest to lowest cement-water ratio.

The average temperature rise of all cements in storage under three
temperatures was in the order of the temperature of storage, the
highest storage temperature giving the greatest rise of temperature
in the concrete. For the concretes with a C/W ratio of 1.50 the
average temperature rise for the different conditions of storage was
as follows: 70° F storage, 5° rise; 90° F storage, 7.4° rise; 110° I
storage, 8.5° rise; thermally insulated, 21° rise; and adiabatic storage,
59° rise. It is to be noted that cements nos. 1 and 4 were exceptions
in that the highest temperature rise was obtained in 90° F storage.

The data in tables 2 and 5 may be studied to obtain some idea re-
garding the effect of composition and fineness on the temperature rise
produced by the reaction of the cements and water. Maximum
temperatures attained in the insulated storage seem to depend mainly
on the tricalcium-aluminate content. The low-aluminate cements
(nos. 3, 9, and 12) gave the lowest maximum temperatures. No
doubt the fineness of the cements also influences the temperatures
attained during the first 24 hours. Under the section devoted to
strength, the results of the use of an equation derived from similar
data will be presented in some detail.

4. COMPRESSIVE STRENGTHS OF CONCRETES

The results of the compression tests on concrete cylinders are given
in tables 6, 7, and 8.

(a) EFFECT OF TYPE OF STORAGE DURING THE FIRST TWENTY-FOUR HOURS

The storage temperature during the first 24 hours greatly affects the
1-day strength (table 7). Cylinders stored at 90° I during the first
24 hours have strengths nearly twice those of eylinders stored at 70° F.
Storing at 110° F further increases the early strength, while cylinders
thermally insulated, where the maximum temperature averaged ap-
proximately 90° I, gave compressive-strength values somewhat lower
than those of the cylinders kept for the entire 24 hours in the 90° I
cabinet. The higher temperatures during the first 24 hours do not
affect the strength appreciably beyond 3 days. Indeed, the average
strength of the specimens stored in the damp room is greater at 1 year
for those stored at 70° F than for those exposed to higher temperatures
during the first-day storage. The results obtained on specimens
stored adiabatically are discussed in section 1I1-6.

(b) EFFECT OF TYPE OF STORAGE AFTER THE FIRST TWENTY-FOUR HOURS

With a few exceptions the specimens stored in the damp room, at
70°+3° I and relative humidity not less than 95 percent, developed
the highest strengths. Cement no. 1 showed practically no gain
after 28 days. Most of the other cements showed considerable in-
crease in strength up to 1 year, when stored in a damp atmosphere.
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TaBLE 7.=Compressive strength of 6- by 12-inch cylinders
(Average for 12 cements)
COMPRESSIVE STRENGTH—AGED 1 DAY
Initial storage
: Type of storage
W 2ave afier frst 24 hre
70°F | 90°F | 116° F |Insulated
1b/in.2 1b/in.2 1b/in.2 1b/in.2
Ty RS, SR A LA L E L s B R S il 1190 1990 2090 1760
: 815 1440 1840 1190
510 935 1360 710

COMPRESSIVE STRENGTH—AGED 1 YEAR OR AGFTER 300 CYCLES OF FREEZING AND

THAWIN
5530 5140 4280
4930 5040 4460
5020 4690 3800
4160 4110 3640
4440 4070 4240
4150 4080 4320
4240 3970 3940
3100 3030 3290
3310 3110 3450
3260 3060 3470
2680 3030 3190
2250 2150 2470

4520

¢ D=damp storage; OD=outdoor storage; FT=([reezing and thawing; L A=Ilaboratory air at 70° F.



TaBLE 8.—Results of tests of 3- by 6-inch concreie cylinders after certain treatments

ICompressive strength (Ib/in.?)

Compressive strength (1b/in.?)

Compressive strength (1b/in.2)

Effect of freezing and thawing, drying, and soaking

?ﬁ?;gg&?ﬁggd thawing, dry- after drying and soaking after continuous damp storage
Cementno.
Cyecles at which tested Cyecles at which tested ‘Weeks at which tested
15 25 50 100 15 25 50 100 15 25 50 100
| PREAE e 1670 2060 2200 | Spalled 2080 2400 2400 3110 2930 3040 3310 3610
it SUC Sl 2950 3010 3170 23120 2930 3090 3290 3550 3490 3640 3590 3870
Dbl o 2660 2550 2780 3200 2550 2630 3030 3710 2730 3010 3730 4020
IR 2820 2860 3180 | Spalled 3300 2980 3560 3920 3370 3450 4060 4210
B & Som s 2960 3470 3700 2 4420 3300 3280 3730 4070 3940 3960 4370 4400
Bty 3220 3620 3850 4030 3550 3780 3810 3950 3890 4280 4490 4460
LA Y S5 2830 2990 3460 | Spalled 3370 3000 3480 3770 3730 3890 4620 3930
B340 T 3140 3310 4650 5300 3360 3440 4210 5450 4510 4230 3950 4750
| AR S 3090 5420 | Spailed | Spalled 3260 3410 4120 3870 4240 4570 4540 4300
A0S T 2070 2620 a 2220 | Spalled 2600 2680 3320 3370 3250 3460 3320 3560
Tl s o 3470 2560 | Spalled | Spalled 3660 3170 3580 3930 4220 3940 4340 4170
3 JR S e 3610 3130 3600 3490 3410 3360 3820 4130 4120 4020 4380 4940
A S T 2830 2970 25600 | . coas 3110 3100 3530 3900 3700 3790 4060 4190

Began spalling at about 35 cycles. Considerable spalling
from 50 to 70 cycles.

Showed slight spalling at about 70 cycles. Considerable
spalling at 90 cycles.

No spalling up to 90 cycles.

Showed slight spalling at about 70 cycles. Considerably
spalled at 90 cycles.

Showed slight spalling at about 70 cycles. Considerable
spalling after 80 cycles.

Slight spalling after 80 cycles.

Began spalling at about 40 cycles. Considerable spalling
from 50 to 70 cycles.

Slight spalling after 75 cycles.

Severe spalling from about 35 to 50 cycles.

Began spalling at about 35 cycles. Considerably spailed a
40 cycles.

Severe spalling from about 35 to 50 cycles.

No spalling up to 80 cycles.

& Only 1 specimen tested—others too badly spalled.

[ 01dDSIT
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It has been assumed that this type of cement is characterized by a
strength at early ages indicative of its name, but not by good gains
with age. If the concrete is stored in & humidity that permits hard-
ening without drying, there is considerable gain in strength with age.

In the majority of cases specimens stored in the air of the laboratory
at 70°43° ¥ had nearly the same strengths at 7 days as those stored
in the damp room. The air-stored specimens gain relatively little
with age after 28 days because of the lack of water.

The average compressive strengths of the concrete test specimens
stores outdoors for 1 year under natural conditions of temperature,
humidity, and precipitation were but little different from those of
specimens stored in the damp room for the same length of time, with
the exception of those made with a C/W ratio of 1.73, and stored at
70° F for the first 24 hours (table 7). The specimens stored out-
doors for 1 year gave strengths distinctly higher than those stored
in the air of the laboratory.

The specimens subjected to freezing and thawing were given 300
freezings at 0 to 20° F, alternated with thawings in water at 50 to
80° F. While it was originally hoped that the 300 cycles of freezing
and thawing would require about a year and therefore data obtained
would be directly comparable with the 1 -year tests of specimens in
other storages, interruption because of the necessary periodic defrost-
ing of the freezing room extended the time required to carry out
these tests about 3 months. The treatment, as shown in tables 6
and 7, did not markedly reduce the strength of any of the concrete be-
low that of specimens stored damp. In fact, of the specimens ther-
mally insulated during the first 24 hours, those frozen and thawed had
slightly greater strengths than those stored in the damp room.

It had been noted in other studies that a drying out of the concrete,
even if carried out below the boiling point of water, between the freez-
ing and thawing cycles, tended to materially increase the severity of
so-called freezing tests. In some cases, freezing tests showed that
although a temperature of 10° to 15° F below freezing was attained,
no typical freezing curve was obtained. There was no indication
through a rise of temperature that later the supercooled water froze.
But this phenomenon was not always noted; in general, a typical
freezing curve was indicated. The reason for this is not certain.
Also it should be remembered that water with considerable amounts
of salts in solution, as in concrete, seldom freezes to a solid mass, but
tends to freeze more as slush of small ice crystals in the salt solution.
However, during a cycle of drying, the salts, especially the hydrated
lime, would crystallize out of solution. When the concrete is reim-
mersed in water, the amount of these salts which would dissolve in the
first 24 hours of soaking will probably be less than had crystallized
during the drying. A freezing immediately following a drying and
soaking would therefore be more characteristic of a true freezing of
pure water with the development of large crystals.
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From such reasoning, plus the additional fact that most structures
submitted to the weather undergo drying as well as freezing, the
drying cycles have been included in the freezing and thawing tests.
Three- by six-inch cylindrical specimens were prepared, which were
submitted only to drying and soaking, and these alternations carried
out so that the number was equal to the number of dryings undergone
by the freezing, thawing, drying, and soaking specimens. A third set
of test pieces was stored continuously in the damp-room. Other
work had shown that it is not necessary to carry out such tests to
destruction, but that testing in compression from time to time would
yield valuable data. Hence, in the present study, sets of concrete
cylinders were tested at 15, 25, 50, and 100 cycles (each cycle requiring
1 week) of freezing, thawing, drying, and soaking. Damp-stored
specimens were tested at the same ages.

The wide variations in results for different cements under the
freezing, thawing, drying, and soaking treatment cannot be adequately
explained by differences in composition or early strength, as can be
seen from a comparison of tables 2, 6, and 8. Cements nos. 3 and 12
were among the few giving excellent results. Cement no. 3 has a
high C;S content, the lowest C,S; cement no. 12 the highest C,S and
lowest C;S content; the C3A content of neither is high. Cement no. 6,
one of the most resistant, had a very high C;A content, namely, 15
percent.

Table 8 also shows that after cycles of drying and soaking the
strengths are lower than those of specimens of the same age stored in
the damp room. The difference in the average strength is approxi-
mately 600 Ib/in.? at the end of 15 weeks (15 cycles) and less at later
ages. 'The specimens, after cvcles of drying and soaking, have greater
strengths than specimens subjected to the same number of cycles of
freezing, thawing, drying, and soaking.

(c) EFFECT OF CEMENT-WATER RATIO

The data presented in table 7, showing the relation of C/W ratio to
compressive strengths of concrete at two different ages, are plotted
in figure 2. The strengths decrease with decrease in C/W ratio; and
the relation is approximately linear. Concrete specimens made with
a C/W ratio of 1.73 and stored at 110° F for the first 24 hours were
badly honeycombed, and hence the values for these do not show a
linear relationship; this concrete stiffened so rapidly that the speci-
mens could not be properly placed. Approximate linear relationships
as given in figure 2 hold also for specimens in other storages at other
ages.

From the data of table 7 the increase in strength obtained by high
initial storage temperature may be compared with that obtained by
increasing the C/W ratio. Using the average strength of concrete
specimens at 1 day with a C/W ratio of 1.73 stored at 70° ¥ as a basis
of comparison, the average strength of those with a C/W ratio of
1.50, but stored at 90°, was about 20-percent greater; those with a
C/W ratio of 1.50 stored at 110° averaged about 55-percent greater;
those with a C/W ratio of 1.50 stored in the insulated cabinet were of
equal strength. After 1 day, however, the strengths were lower for
the C/W ratio of 1.50 even when these specimens were initially stored
at higher temperatures.
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TaABLE 9.—Relation of observed to calculated compressive strength
6- by 12-inch concrete cylinders: cement-water ratio=1.5, by weight
3-day strength calculated from equation: strength=40.9 C3S+24.5 C2S+22.9 C3A-123.5 CsAF.
28-day strength calculated from equation: strength=54.8 C3S-+66.7 C25+39.35 C3A-117.4 CsAF.
For derivation of equation see text.

C38=3Ca0.810s; Cy8=2Ca0.8i0;; C3A=3Ca0.A1;0;5; C4AF=4Ca0.A1;0;.Fe;0;3

3-day strength 28-day strength
Deviation Deviation
Cement no. lof %a}cu- lof (&a}cu—
ated from ated from

Observed | Calculated observed in| OPserved Calculated | Jv 0 ood in

terms of terms of

observed observed

1b/in.? 1b/in.2 Percent 1bsin.2 1b/in.? Percent
_____________________________ 1880 1860 1 3240 3100 4.3
_____ 2200 2310 4.8 3620 3950 9.0
..... 1590 2060 30.0 2520 3460 37.3
..... 2360 2150 8.9 3720 3600 3.2
_____ 2200 2000 9.3 3840 3450 10.0
_____ 1750 1880 7.4 3650 3830 4.9
_____ 2330 2000 14.2 4300 3620 15.8
..... 2090 2080 0.7 4100 3800 7.3
_____ 2590 2090 19.4 4930 3700 25.0
_____ 1770 1610 9.3 3500 3310 5.6
_____ 2120 1890 10.6 3770 3510 6.9
____________________________ 1680 1580 6.2 3990 3830 4.0

(d) EFFECT OF CEMENT COMPOSITIONS

Attempts have been made by several investigators ? to develop
equations that would express the contribution to the strength of the
cement of each percent of the four major compounds (C;S, CsS, CsA,
and C(AF) in the cement. A similar attempt was made in this
mvest]gatmn The equations gave calculated strengths that agreed
fairly well with the observed streng*hs for eight of the cements listed
in table 2, but the coeflicients as given in table 9 for the individual
compounds were widely different from those found by others. Since
all portland cements may contain the same four major compounds
it is obvious that any equation of this type must be applicable over the
whole range of portland-cement compositions to have any real signifi-
cance. Apparently such variables as fineness, percent ignition loss,
insoluble residue, ete., have such an important effect on strength that
they cannot be left out of consideration in any such caleulation.

2 Woods, Starke, and Steinour, Eng. News-Record 109, 435 (Oct. 13, 1932); R. E. Davis and coworkers

Proc. Am. Concrete Inst. 29, 413 (1933); R. F'. Blanks, Proc. Am. Concrete Inst. 39, 9, (1934); H. F. Gon-
nerman, Proc. Am. Soc. Testmg Materials 34, part II, 244 (1934).
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5. EXPANSION AND CONTRACTION

Table 10 presents some of the data on changes in length of the 6-
by 12-inch concrete cylinders. Although measurements were made
at several earlier ages, only those obtained at 1 year are given, since
the former showed like changes of less magnitude.

St e e [
N Stored during first 24 br af 70°F
8 5500 S e e x v 24hr v G90°F X
& ——  « i insulated box e
'\?~ 5000 ////x
K : e L e
3 / ///
‘Q\ 4500 > - g% X
N - o
'§ X// /'/
S, 4000 — >
- ‘{ il =
® S ef AT iy <5 =
S N 8‘ / g i =7 3
§ 3500|— BB |——— —~ A =
S BN x4 ~ e — 5
S B ool ] / e
W 3000f— ¢ Q& e 2
Y o g g T e
;Q = L x~ /z e =l
~ >
© | g e
2500}—« | - :
S N} L~ - A
Q SRSy X/// o
= 5 E X< /'/
3 ¥ :
g\ 2000 — %5 3= X7
8 54 Saaillw
— .
“ =8 Q A P o e
v. 1500 — CEpET ="
3 L ol T et
> o e Sl X
§ 1000 §r B e T //‘T B s
% (Y x/ Sbes /)](//
§ w/ x S
S = |_—
v 500 NES
D N
N ML
N 0 |
1G5 = 1r30-581.35 140 145 1:50" . 1.55 1.60 1.65 170 115

Cernent-water ratio by weight

Ficure 2.—Relation between C/W ratio and average compressive sirength of
concrete.

The specimens stored outdoors did not give consistent results.
The conditions of temperature and humidity during early hardening
or at periods immediately preceding a set of observations may have
been markedly different for one set of specimens than for another,
affecting the length of the various cylinders differently. Briefly, it
can be said that there was a tendency for the concrete so stored to
contract.
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TaBLE 10.—Expansions or coniractions of 6- by 12-inch concrete cylinders at one
year

[Expressed in percent of the length at 24 hours, measured at 70° F.]

Storage during first 24 hr—
n(]]e- C/W | 70° | 90°|110° | Ins. | 70° {90°|110°|Ins.| 70° |90°|110° | Ins.| 70° | 90° | 110° | Ins.
ent :
ratio
no.
Subsequent damp | Subsequent labora- | Subsequent freezing Subsequent outdoor
storage tory air storage and thawing storage
1.73|0. 007|. 008/0. 008|0. 013|0. 030|. 037|0. 040|0. 038|0. 023|. 020/0. 017(0. 031| 0.010| .006| 0.009| 0. 013
Je =ik 1.50( .001].009| .004| .005( .039.038| .044| .035| .012|.011| .016| .009| .012| .007| .010| .009
1.33| . 006|. 010 . 002 .003| .044[.041| .047| .040| .012{. 011 .019| .013| .022| .011] .009| .013
1.73| . 004|. 003| . 007| .005| .032|.030| .030| .030| .008|.016| .012| .012| .010, .009| .003| .000
AR 1.50( .007(.004| .004| .003| .037|.028| .028| .029| .008[.017| .009| .016| .005 .003|-.001|+. 002
1.33] .003|.013| .006| .012/ .031|.027| .033| .026| .018].017| .015/ .020 .009| .005 .009| .000
1.73| .017].007| .009| .014| . 040(.037| .037| .035 .019|.025| .014| .020( .015/ .002| .009| .O011
e 1.50| . 011} 012| ,008| .015| .035|.042| .037| .034| .024|.020| .015| .023| .004| .011| .007| .005
1.33| .013].007| .010| .017| .033|.040| .028| .038| .024|.022| .018| .022| .003|4.003| .020| .007
1.73| .018/.012| .011| . 004/ .025/.025 .027| .026| .013|.013| .023| .012| .003| .008| .003| .012
4. S-o 1.50( . 012.007| .004| .011| ,028/.034| .029| .035| .015|.012| .018| .012| .010| .010| .014| .008
1.33| . 013].008| . 003 .009| ,027(.034| .037| .034| .012|.019| .015| .019| .007| .009| .009| .003
1.73| .014|.017| .013| .015| .030(.033| .034| .031| .023|. 025/ .018| .024| .017| .015| .013| .015
= td 1.50| . 013].016| .013| .017| .032].030| .038| .032| .026[.029| .024| .034| .013| .004| .009| .010
1.33| .017|.017( . 011 .018| .030{.030| .038| .037| .022|.021| .022{ .023| .012|..___. .014( .007
1.73{ .012[.006| .010| .013| . 045|.043| .043| .040| .010[.017|_____ .022| .011| .006] .008| .013
(i BT N 1.50| .009].008| .011| ,007| .047|.040| .049| ,037| ,013[.018| .018| .019| .013| .003|+.002| .014
1.33] .008]. 008| .013| .008| . 038|.037| ,052| .051| .015[.011| .024| .022|+. 004|+. 008|+. 002
1.73| .013].007| .010| .010] .037|.037| .040| .042| .012[.012| .014| .017| .002| .011{ .001| .007
Fooro i 1.50| .008/.010| .008| .011| .040|.037| .043| .037| .015|. 014| .004| .018| .009| .010{ .003| .009
1.33| .012].010( .006| . 014 .041|.040| .045| .036| .012|.017| .017| .014| .002|+.002| .000| .010
1.73| .014[.013| .005| .007| .034(.039] .043| .037| .013[.012| .030| .017| .007| .017| .008| .003
(- ST 1.50| .014|.012| . 009 .012| ,038|.044| .045 .040| .017|.022| .020| .014| .000| .011| .014| .010
1.33| .009].011| . 008| .008| .039|. 045 .051| .047| .023[.018| .022| .021| .008| .003| .015| .009
1.73| . 013]. 004| . 005 .009| . 044|.040| .037| .040| .003|.014| .010| .010| .027| .022| .01l .017
L PR ol 1.50| .006|. 004 .003| .003| . 043|.047| .040| .047| .007|.011| .008| .012| .027| .021| .016| .022
1.33] .003.004| .003| .003| .044].041| .043| .042| .012|.011| .015| .014| .025 .022| .022( .019
1.73| .012{.009( .006| .009| .040[.042| .041| .040| .017[.029| .023| .024| .017| .010[ .013| .008
105 1.50| .012/.008| .004| ____ .040(.047| .044| .045| .023|.021| .013| .019| .012| .008| .010|--__._
1.33| .012|. 008 .005| .010| . 042(.045| .046| .047| ____ SRRt e, i) S5 ) (B . 008
1.73| .003|.005|__-_- .006| .037|.045| _____ SOAD s o FLL 1 s N e | B R
s 1. 50| . 008|. 005|._._- .004] .042(.044|_____ %
1.33| .008|.006|_____ .007| .045].042|_____ %
1.73| .009|.010( . 007 .018| .037|.042| .047| .043| .011|. 014 ____|_____ . 007
122 2 1.50] .011/.008| . 010{ . 005! . 039].045| .051| .048| .007|.018| . 016 ____ S OR = : 5
1.33| .005].008| .004| .008| .053|.044| .053| .053| .015/.016| .013| .016/ .007| .009| .009| .006
NoTES.—

Ins.=Thermally insulated for first 24 hours.

All specimens in damp storage expanded.

All specimens in laboratory air storage contracted.

All specimens subjected to freezing and thawing expanded.

All specimens stored outdoors contracted, except the few indicated by a -+ sign, which expanded.

Neither the differences in temperature of initial storage (during
the first 24 hours) nor the differences in C/W ratio perceptibly affected
the change in length; but the conditions of later storage had profound
effects. The greatest change in length was the contraction during
air storage. 'The expansion due to alternate freezing and thawing
is larger, in general, than that resulting from storage in the damp
room.

The changes of length of the 2- by 12-inch cylinders after various
treatments are given in table 11 under five subheadings. Under
subheading (1) there is given the contraction from the original length
to the least dry length. In the case of ten cements this maximum



TaBLE 11.—Length changes (in percent) due to freezing, thawing, drying, and soaking

(2- by 12-inch cylinders)

FTDS="Freezing and thawing, daily on 3 successive days, then drying at 150° F. for 3 days, then soaking 24 hours before freezing.

DS=Drying 3 days at 150° F. followed by soaking for 4 days.

All values except those under heading (1) are positive (expansion) unless negative (contraction) sign appears.
The figure in parentheses is the number of the cycle at which this contraction occurred.

@ (2 3) @) (5)
Expansion o Y Expansion from original length

Contraction from | ©Onsoaking Change from original length, when dried after— ggil_sed by soaking, after drying | g xpansion from

Cement |  original length to fol]low}negn (;ggéggge;gh

cycle giv -

o tesndryloneii under head- age at—
ing (1) 10 cycles 25 cycles 50 cycles 100 cycles 10 cycles 100 cycles
FTDS DS - Q " 10 100

specimens | specimens FTDS| DS |FTDS| DS FTDS DS FTDS DS FTDS DS |FTDS| DS FTDS b i e
......... (2) 0.050 | (2) 0.059 | 0.024 |0.029 [—0.031 [—0.051 —0.019 |—0.029 | Spalling |—0.026 | Spalling | —. 027 0.010 | 0.016 | Spalling | 0.003 | 0.012 0.012
S| (1) .036 | (3) .042 .024 | .022 | —. 028 [ —.033 —.012 | —.017 | Spalling | —. 013 | Spalling | —. 007 . 014 .017 | Spalling . 005 . 007 . 007
-1 (2 .031 | (1) .034 .026 | .020 | —. 021 | —. 034 —.017 | —.022 —0.007 | —.022 —0.002 | —. 028 .015 | .018 . 007 | .008 . 008 . 009
2] (2).029 |- (2) 033 .027 | .026 | —.003 | —.022 .006 | —.008 | Spalling 000 | Spalling . 007 . 014 020 | Spalling . 005 . 006 . 008
S| (3) .042 | (3) .042 .030 | .024 | —. 032 | —.030 —.012 | —. 014 .018 000 | Spalling [ —.003 .021 | .015 | Spalling | .006 005 .010
o (@) .042 | (1) .042 .034 |1.030 | —.019 [ —.024 —.004 | —.008 .015 | —.007 018 71" —.006 . 020 015 . 009 . 008 010 . 012
-1 (1) 027 | A2): 030 026 | .025 .007 | —.002 . 022 012 | Spalling 013 | Spalling .017 . 012 010 | Spalling . 005 008 .011
] AB) W% 087.I° (1) .087 027 | .030 | —. 021 | —. 024 —.012 | —. 013 | Spalling | —. 006 | Spalling | —.003 . 021 .017 | Spalling . 005 004 . 004
-1 @) .0356 | (1)- .039 .023 | .028 | —. 021 | —. 032 | Spalling | —. 029 | Spalling | —. 025 | Spalling | —. 022 . 018 .015 | Spalling .006 | —.002 —. 001
-1 (2) .040 | (2) .048 .026 | .028 | —. 024 | —.031 —.017 | —.014 | Spalling | —. 001 | Spalling . 003 . 013 .020 . 004 . 008 008 . 009
- (2 .037 | (1) .044 .027 | .029 [ —.025 | —. 031 .015 | —. 023 | Spalling | —.012 | Spalling | —. 003 .019 | .019 | Spalling | .004 007 . 006
________ (1) .039 | (2) .034 028 | .025 | —. 005 | —.013 .013 | —.002 .022 | —.003 .025 | —. 001 012 | .014 .008 | .006 005 . 008

[ 08T
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contraction occurred either after the first or second drying and in the
case of the other two cements after the third drying. Under sub-
heading (2) there is given the percent expansion on soaking after the
drying referred to. These data are given for the specimens subjected
to freezing, thawing, drying, and soaking, and for those subjected to
drying and soaking. In no case did the subsequent soaking bring
the specimens back to their length before drying, though in two cases
they returned very closely to the original length.

The change from the original length of the specimens dried after
10, 25, 50, and 100 cycles of each of the two treatments is given under
subheading (3). It is evident that the contraction decreased as the
number of cycles increased ; in other words, the effect of the treatment
was to cause the specimens to expand. For example, at 25 cycles,
even in the dry condition, the specimens of four of the cements sub-
jected to freezing, thawing, drying, and soaking, were longer than
originally; one expanded sufficiently to start spalling. At 50 cycles
specimens of only one cement were shorter than originally, and the
others were either longer or had spalled. The magnitude of the
expansion, however, cannot be taken as an indication of the tendency
to spall. The changes in length produced by cycles of drying and
soaking were in the same direction as those produced by freezing,
thawing, drying, and soaking, but the magnitude of the former is
much less than the latter.

The data under subheading (4) show the percent expansion during
the first soaking after drying at 10 and 100 cycles. It is seen that the
magnitude of the expansion due to soaking decreases with successive
cycles. The effect of these treatments is that the specimen first
contracts and then gradually expands until its final length is almost
equal to or greater than its original length.

The changes in length at two different periods under continuous
damp storage are given in table 11 for comparison. It is evident
that changes in length are much less under this condition than under
the cyclic treatments.

There does not appear to be any marked relation between the
changes in length of these specimens and the chemical composition
or physical properties of the cements from which they are made.

6. ADIABATIC STORAGE

The apparatus for the adiabatic storage was designed by C. H.
Jumper and G. Kalousek. All of the tests for this storage were
made by them, and their assistance is gratefully acknowledged.

The concrete mix for the adiabatically stored specimens was
identical with that used in the other strength tests, but the specimens
were made with only one C/W ratio, namely, 1.50. Only enough
material was mixed at one time to fill a mold, which was then her-
metically sealed. The pan, trowels, tamping rod, and gloves were
weighed before and after the molding in order to determine the
amount of mortar adhering to them. After separation of the con-
stituents of this mortar by wet sieving, the weights of sand and
cement were determined and the amounts of gravel, sand, cement,
and water in the mold computed. Table 12 gives the weights and
shows the actual change of the proportions from the ncminal 1:2:4
mix, and also how the C/W ratio has changed from 1.50.
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TABLE 12.—Data obtained on concrete stored adiabatically

Cumulative 2 g
g kb Gain in weight e )
Heat evolution (calories per gram ng‘;glt()g):;r (,li[:] (in grams) on g o7
of cement) after— Brosns Vg soaking following o g
after 90 days Areinn H 5T
storage ying EREs &8
S8 8B
Se; = R T B
n:rxlent = | Additional 5 g3 Ly
0 & [storage time b0 g -, £8
g ataodel | & | H |'H AR @8
= o kel < = Bg
4 ] 2 2 L9
ele|BlE] 5 | e g 53
ala|8|8(gld(|s|8|a|d|a|2[4]| ¢ §°
i Feyl ks B SR Rl BNl B | B 2 © - 3 ™~ o] o
16| 60| 80| 100| 115| 119| 125| 130| 221 366 443 190| 404 484| 1:2.09:4.26 1. 56
10| 31 1( 99| 107| 112| 114| 177| 303 362 149 321 339| 1:2.11:4.23 1,47
10| 27| 40{ 60| 86| 96| 105 110{ 101 182 239 114| 209 249( 1:2.08:4. 25 1. 50
4| 17| 44| 77| 109 116| 125| 125 170| 307 355 148/ 356 375 1:2.09:4.23 1.48
11| 25| 50| 86| 111 117 121| 125 179 306 386 193 368 434| 1:2.09:4.28 1.53
5| 12| 40| 72( 104| 108| 108| 111| 157 284 331 13 311 332 1:2.10:4.22 1.49
6| 20| 49| 73| 96| 105 116| 122| 162 286 366 155 314 390| 1:2.09:4.25 1. 55
13| 33| 63| 89| 112 116 117| 117| 167 264 336 162 324 367 1:2.09:4.26 1.55
7| 23| 45| 73| 100 105| 105 105 138 240 305 131 269 318| 1:2.09:4.39 1. 56
10| 28| 53| 78| 100| 106/ 110{ 110| 165 262 344 170, 330 358 1:2.10:4.29 1. 56
8 25| 49| 83| 111 116/ 120{ 121 163 254 335 160 3156 338| 1:2.09:4.29 1.57
10| 23 41| 62 78| 88| 100| 104 133 234 297 138 201 324| 1:2.07:4.26 1.53

1 Proportions as weighed out were 1:2:4 by volume.
2 Cement-water ratio of the concrete as mixed was 1.50.

Twelve specimens for each cement were stored adiabatically at one
time. After 87 days, 3 days were allowed for cooling. The molds
were then removed from three cylinders, which were tested in com-
pression. Three other cylinders were removed from the molds and
weighed. Losses of water were then determined after storage at 68°
F for 24 hours and then after storage at 104° F for 48 hours and for
6 days. The specimens were then placed in water, and the absorp-
tion determined after 1 hour, 24 hours, and 7 days. The specimens
were then placed in the damp room and tested at 1 year. The other
six cylinders of each cement were placed in the 70° F storage room;
half of these were tested on unsealing at 1 year and the other half
are being held sealed for later tests.

The loss of water during drying of the concrete after the adiabatic
storage is of much interest. Taking cement no. 1, there was in the
mold approximately 950 g of water. During the first 24 hours after
the 90-day storage, the specimen lost about 220 g at a temperature
of about 68° F. During the next 6 days at 104° F this loss was
doubled. Hence, 440 of the original 950 ¢ of water were lost at a
temperature so low that it might be considered as void filling or free
water. If it is assumed that the 500 g remaining is combined with
the 1,472 g of cement present, then the cement has taken up about
one-third of its dry weight in hardening under adiabatic storage.
The loss of 440 g of water indicates the creating of 440 cc of voids or
about 27 cu in. 1n 339 (volume of a 6- by 12-inch cylinder).

An attempt to correlate percentage losses of water in drying with
the compound composition of the cements used in the conerete leads
to contradictions that are apparently irreconcilable. For instance,
cement no. 1, which had the greatest loss in water, contained a large
amount of C3S, while cement no. 3, with the greatest amount of CsS,
showed the least loss. Cement no. 9 also showed a small loss, although
it contained a large amount of C3S. There also appears to be no con-
sistent relation between tricalcium-aluminate content and water loss.

133113—85—7
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The compressive strengths of the concrete specimens stored
adiabatically are given in table 6. Since these were the only speci-
mens tested at the age of 90 days, there can be no direct comparison
at this age with specimens in other storage conditions. A com-
parison of the specimens stored in the damp room for 28 days with
those adiabatically stored for 90 days shows that for 10 of the 12
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cements the strength of the adiabatically stored specimens is less
than those stored in the damp room. When the specimens stored
adiabatically for 87 days were then stored sealed at 70° F until 9
months further had elapsed, the average gain in strength was slight
and the values on the average were about 500 1b/in.? less than those
obtained for a full year storage at 70° F in the damp room. The
adiabatically stored specimens which were taken out of their sealed
molds and placed in the damp room for a further 9 months, changed
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but slightly, and the average strength was still less than that of the
1-year specimens stored in the damp room.

The number of cements used in this investigation was too small to
enable the derivation of a satisfactory equation relating heat evolu-
tion with composition. The calculated values for some of these
cements, using factors obtained by others, may be of interest. Taking
the factors used by Woods ? for calculating the heat evolution from
the chemical composition, and assuming that the cements of this inves-
tigation were of equal fineness, it is found that cement no. 1 gives a
calculated heat evolution at 90 days of 115 cal/g, whereas the ob-
served heat in concrete in the adiabatic calorimeter was 130 cal/g
(table 12). Similar differences between calculated and observed
values were also found for the other cements. Cement no. 12, which
is unusual for a high-early-strength cement in that it contains a large
amount of C,S relative to the amount of C;S, has a calculated heat
evolution of 81 cal/g and an observed heat of 104 cal/g. Cement
no. 12 is also of interest because it is much finer than the others.
This is perhaps one of the reasons that the observed heat is greater
than the calculated. Cement no. 4 has a specific surface 270 cm?/g
greater than that of no. 5. These two cements have nearly the same
compositions, and the same observed heats, viz, 125 cal/g. Their cal-
culated heats were 104 and 110 cal/g, respectively. These cements
were finer than those used in Woods’ studies, which probably explains
why the evolved heats were greater than those calculated from com-
pound compositions.

A comparison of the evolved heat with the compressive strengths
of concretes made with the same cements (table 6 and fig. 3) shows
that it is not a general rule that at any age the cement which has
developed the greatest heat will develop the greatest strength.

IV. SUMMARY

(1) Twelve commercial high-early-strength cements were studied
in this investigation. The data obtained include the chemical and
compound compositions; fineness measured by the turbidimeter and
on the nos. 200, 325, and 450 sieves; weight per cubic foot; tensile,
compressive, and transverse strengths of one or more kinds of mor-
tars; compressive strength of 1:2:4 concrete of three C/W ratios stored
at four different temperatures during the first 24 hours and different
conditions of temperature or humidity thereafter; the effect of freez-
ing, thawing, drying, and soaking upon concrete specimens; the
length changes in concrete induced by different conditions of storage;
the heat of hardening of concrete specimens; and the effect of adia-
batic storage.

(2) The calculated compound compositions of the cements varied
widely from one containing more dicalcium than tricalcium silicate
to one with no dicalcium silicate. The percentage of tricalcium alu-
minate varied over a wide range.

(8) The amount of material retained by the no. 200 sieve is too
small to have significance. Kven when sieved wet with a sieve having
such small openings as the no. 450, the amount retained was still

2 Woods, Steinour, and Starke, Heat evolved by cement during hardening. Eng. News-Record (Oct. 6
and 13, 1932, and April 6, 1933).
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small, varying from 7.7 to 20.4 percent. The specific surface * as de-
terrzr/lined by the Wagner turbidimeter, ranged from 1,760 to 2,490
cm?/g.

(4) The standard mortar briquets of only three of the cements
passed the present tentative ASTM requirement, at 24 hours, of 275
Ib; seven met the 3-day requirements.

(5) Of the several kinds of mortars and mortar specimens studied,
those which seemed to predict most satisfactorily the strength of
concrete at all ages were the 2-inch 1:5-mortar cubes, and the 1}%- by
1%- by 4-inch mortar prisms tested in compression.

(6) The proportions and grading of the aggregates used were
such as to permit a C/W ratio approaching that used in practice,
but avoiding what might be called a “sloppy” or too “wet’” mix.
Hence, at 24 hours the concrete strengths were relatively low—all
under 1,500 lb/in.>—compared with strengths reported as being
attained by such cements. The results show all the cements were of
the true high-early-strength type and developed early strengths con-
siderably greater than those attained by standard portland cements
for corresponding mixes and C/W ratios.

(7) A linear relation was found to exist between the C/W ratio and
the strength of the concrete, for any particular age or storage condi-
tion, except for some specimens which could not be properly molded.

(8) The weight per cubic foot of the cements varied from 63 to 80
pounds according to the degree of compaction used.

(9) Concrete cylinders stored at 90° F developed nearly double the
1-day strength of specimens stored at 70° F. Storage at 110° F still
further increased the 1-day strength. At ages after 3 days the
strengths were unaffected or somewhat decreased by the higher initial
temperatures. Specimens stored adiabatically for 87 days and then
in the damp room gave lower strengths at 1 year than specimens
stored at 70° F in the damp room for 1 year.

(10) After the first 24 hours, damp storage gave the highest
strengths. Specimens stored in laboratory air gained little or no
strength after 28 days. Those stored outdoors had slightly lower
strengths than those stored in the damp room.

(11) Three hundred cyclés of freezing and thawing reduced the
strengths of concrete cylinders of all C/W ratios and kinds of storage
during the first 24 hours, on the average, about 10 percent below the
1-year strength of cylinders stored in the damp room at 70° F.

(12) Cyecles of freezing, thawing, drying, and soaking produced
pronounced effects on concrete cylinders. Less than 100 cycles
caused spalling to the extent that compressive tests could not be
made on specimens from six of the twelve cements. Specimens sub-
jected to cycles of drying and soaking were lower in strength on the
average than those stored in the damp room.

(13) Concrete cylinders in damp storage expanded from 0.001 to
0.018 percent in 1 year. Cylinders in air storage contracted from
0.025 to 0.053 percent in 1 year. Cylinders subjected to alternate
freezing and thawing expanded from 0.003 to 0.031 percent in 1 year.
Freezing, thawing, drying, and soaking of the 2- by 12-inch cylinders
caused so much spalling that few data were obtained after the 25th
cycle.
mr 28 brands of high-early-strength cements of recent manufacture was determined by the

turbidimeter and the specific surface was found to vary from 1,990 to 2,860 cm.2?/g with an average value of
2,360.
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(14) The total heat evolved at the end of 8 hours of adiabatic
storage of concrete made with a C/W ratio of 1.5 and hermetically
sealed, ranged from 10 to 60 cal/g of cement; at the end of 24 hours,
from 60 to 100 cal/g, and at the end of 87 days from 104 to 130 cal/g.
In general, the higher the tricalcium-silicate and tricalcium- aluminate
content, the greater the amount of the heat developed.

(15) No satisfactory equation could be derived showing the rela-
tion between composition and heat evolution, strength, or linear
changes of the cements.

(16) Specimens of concrete of all cements hermetically sealed and
stored adiabatically for 87 days were all found to contain free water
varying in amount from one-quarter to one-half of the original mixing
water.

The authors desire to express their appreciation to P. H. Bates,
who outlined the investigation and directed the work; and alsc to
G. W. Walker, who initiated the concrete tests.

WasaiNnagToNn, March 6, 1935
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