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THE Engineering Experiment Station was established by act of

the Board of Trustees, December 8, 1903. It is the purpose of

the Station to carry on investigations along various lines of engi-

neering and to study problems of importance to professional engineers

and to the manufacturing, railway, mining, constructional, and indus-

trial interests of the State.

The control of the Engineering Experiment Station is vested in

the heads of the several departments of the College of Engineering.

These constitute the Station Staff and, with the Director, determine

the character of the investigations to be undertaken. The work is

carried on under the supervision of the staff, sometimes by research

fellows as graduate work, sometimes by members of the instructional

staff of the College of Engineering, but more frequently by investi-

gators belonging to the Station corps.

The results of these investigations are published in the form of

bulletins, which record mostly the experiments of the ^Station's own

staff of investigators. There will also be issued from time to time in

the form of circulars, compilations giving the results of the -experi-

ments of engineers, industrial works, teclinical institutions, and

governmental testing departments.

The volume and number at the top of the title page of the cover

are merely arbitrary numbers and refer to the general publications of

the University of Illinois; either above the title or below the seal is

given the number of the* Engineeringt Experiment Station bulletin or

circular which should be used in.vef&vring to these publications.

For copies of bulletins, circulars, or pther information address the

Engineering Experiment Station, Urb'ana* Illinois.
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INFLUENCE OF TEMPERATURE ON THE STRENGTH OF
CONCRETE

I. INTRODUCTION.

1. Preliminary. The general use of concrete in various kinds of

construction and at all seasons of the year renders important a knowl-

edge of the effect of temperature upon the strength of this material.

It is of special economic importance to the contractor or the builder

to be informed concerning the strength of concrete at early ages under

different temperature conditions so that he may know when to remove

forms and what loads may be safely applied to the different parts of

a structure.

2. Scope of Bulletin. It is the purpose of this bulletin to fur-

nish some information concerning the influence of temperature on

the attainment of strength in concrete.

Three groups of tests were made, viz.
; forty-five 6 by 6-in. cylind-

ers; fifty-one 6-in. cubes; and sixty 8 by 16-in. cylinders.

The temperature conditions were limited by available facilities.

3. Acknowledgment. The tests reported herein were made in the

Laboratory of Applied Mechanics of the University of Illinois. The

work was done under the supervision of the writer. Special ac-

knowledgment is due to the Department of Theoretical and Applied
Mechanics for the use of material and apparatus. The writer is in-

debted to A. N. Talbot, Professor in Charge of Theoretical and Ap-
plied Mechanics, and to Ira 0. Baker, Professor of Civil Engineering,

for their co-operation in planning the tests and in interpreting the

data.

The tests of Groups I and II 1913 Series were made by J. Al-

bert Anderson and W. J. Bublitz, senior civil engineering students

of the class of 1914; and furnished the subject matter of their bac-

calaureate thesis. The tests of Group III 1914 Series were made

by J. Albert Anderson, a graduate student in the Department of Civil

Engineering ;
and special credit is due Mr. Anderson for the prepara-

tion of the tables and diagrams. All the tests were made with pain-

staking care and faithful attention to uniformity and accuracy of

manipulation.
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II. MATERIALS, FORM OP TEST PIECES, AND METHODS OF STORING AND
TESTING.

4. Materials. The materials were of the same character and

quality as those used for other concrete and reinforced concrete speci-

mens made and tested by the Engineering Experiment Station dur-

ing the past five years. The quality of the materials may be taken

as representative of that used in first-class concrete work in the Mid-

dle West.

Cement. All of the test specimens were made with Universal

Portland cement. Samples were taken at the beginning of each

series and were tested for fineness, soundness, and tensile strength.

The cement passed the requirements of the Standard Specifications

of the American Society for Testing Materials. The tensile strength

tests of neat and 1 : 3 mortar briquettes made of a sample of the ce-

ment used in Group III of the 1914 Series gave average values of

542 and 609 Ib. per sq. in. for the neat cement at seven and twenty-

eight days, respectively ;
and 174 and 295 Ib. per sq. in. for the 1 : 3

mortar at seven and twenty-eight days, respectively.

Sand. The sand used came from a deposit of glacial drift near

the Wabash River at Attica, Indiana. The sand was clean and well

graded. The sand of the 1913 Series was somewhat coarser than that

of the 1914 lot. The sand used in Group III 1914 Series gave a

density of 1.79, a specific gravity of 2.65, and contained 32 per cent

voids.

Stone. The crushed limestone came from Kankakee, Illinois. The

stone used in the 1913 Series contained 87 per cent" material smaller

than one-half inch and 46 per cent material smaller than one-fourth

inch. The stone used in the 1914 series was well graded. It con-

tained 49 per cent voids, and had a density of 1.35 and a specific grav-

ity of 2.65. It was carefully screened over a ^-in. screen before use,

and contained 10 per cent of material smaller than one-fourth inch.

5. Concrete. All the concrete was composed of one part cement,

2 parts sand, and 4 parts broken stone, by weight; corresponding to

1 part cement, 2.2 parts sand, and 3.6 parts broken stone, by volume.

The materials for each specimen were weighed out separately and

then mixed.

The mixing of the concrete for the 1913 series was done with a

trowel in a large galvanized iron pan. The cement and sand were

first mixed dry to a uniform color and spread out in a layer of uni-
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TABLE 1.

DESCRIPTION OF TEST SPECIMENS

Series
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Molding. The specimens of Group I of the 1913 Series were

molded in the storage rooms under the following temperatures : Set A
at 32F., Set B at 65F., and Set C at 84F. The specimens of Group
IT of the 1913 Series were molded in the cement laboratory at the fol-

lowing temperatures: Set D at 77F., Set E at 75F., and Set F at

71F. The specimens of Group III 1914 Series were molded in

the concrete room of the Engineering Experiment Station at a tem-

perature of 68F. The specimens of Group II and Group III were

moved to their respective storage rooms after a set of six hours.

The forms used for Group I were sheet-iron cylinders 6 in. in

diameter and 6 in. high. The specimens of Group II were molded in

three-gang cube forms made up of two 6-in. channels and plates

placed 6 in. apart. The forms for the specimens of Group III were

sections of standard 8-in. wrought iron pipe, 16 in. long. The forms

were removed from the specimens after a storage of two days.

Table 2 shows the weight of the dry materials, the per cent of

water in terms of the total dry materials, the temperature of the room

and of the concrete, and the average time of molding.

Storage. The temperature of the storage room was determined by

daily readings of the maximum and minimum thermometers. The

temperatures for the several groups are shown in Fig. 1-10.

Set A was stored in the ice-storage room of the Smith Ice Company
in Urbana, at an average temperature of 30 F. Set B was stored in

the meat storage room of the Smith Ice Company in Urbana, at an

average temperature of 48.5F. Set C was stored in the cement labo-

ratory of the University of Illinois at an average temperature of 72.8F.

Set D was stored in the cement laboratory of the University of

Illinois at an average temperature of 68F. Set E was stored in the

ice chest of the Dairy Department of the University of Illinois at an

average temperature of 35.5F. Set F was stored in the ice-storage

room of the Twin City Ice and Cold Storage Company of Champaign,
at an average temperature of 27.1F.

Set G was stored in the ice-storage room of the Twin City Ice and

Cold Storage Company at Champaign, at an average temperature of

26.5F. Set H was stored in the ice chest of the Dairy Department
of the University of Illinois at an average temperature of 34.7 F. Set

I was stored in an interior heated room of the Twin City Ice and

Cold Storage Company of Champaign, at an average temperature of

71.8 F. Set M was stored in a chamber of the conduit tunnel under

the Floriculture building of the University of Illinois, at an average

temperature of 95.6F.
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All the specimens while in storage were covered with several layers

of moist sacking, which was sprinkled daily.

7. Method of Testing. All the specimens of Group I were taken

from their storage places to the Laboratory of Applied Mechanics of

the University of Illinois the day before they were tested. They were

measured and weighed, their bearing surfaces coated with plaster of

paris, and then were left in the open air of the laboratory for about

twenty hours under a temperature of about 70F.
The specimens of Group II were tested after about one hour from

the time of their removal from the storage rooms. Two specimens
of Set F, designated as F17 and F18 ,

after being stored under an aver-

age mean daily temperature of 27.1 F. for forty-four days, were

stored in the testing laboratory under an average mean daily tem-

perature of 70F., the former for seven days and the latter for twenty-
one days.

The specimens of Group III were brought to the testing labora-

tory from their storage places, weighed, measured, plastered, and
tested within one hour. The specimens of Set G, which were stored

under freezing temperatures, were allowed to thaw out before being
tested.

In the tests a spherical-seated bearing block was used.

III. THE DATA.

8. Observed Results. The results of the tests are given in Tables

3 to 11, pages 8 to 16, and in Fig. 1-10.

9. Standardized Strength. Since a cube or a cylinder having a

height equal to its diameter, tested for compressive strength, may be

expected to give a value which is higher than the representative com-

pressive strength of the material, it seems desirable for the purposes
of comparison to reduce the obse-rved values for the cubes and short

cylinders of Groups I and II to what may be considered as the equiva-
lent values which would be obtained from cylinders of height equal to

twice their diameter. To do this the values for the cubes and cylinders
have been multiplied by 0.73, which is the ratio of strength of prisms
to strength of cubes determined by the Committee on Specifications

and Methods of Tests for Concrete Materials of the American Con-

crete Institute. The reduced values are designated as the standardized

strengths in Table 3 to 11, and are shown by the lower curve in Fig.
1-10.
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TABLE 3.

COMPRESSIVE STRENGTH AGE 7 DAYS

Group I. 6 x 6-in. Cylinders

Set

A
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TABLE 4.

COMPRESSIVE STRENGTH AGE 14 DAYS

Group I. 6 x 6-in. Cylinders

Set
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TABLE 5.

COMPRESSIVE STRENGTH AGE 28 DAYS

Group I. 6x6-in. Cylinders

Set
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TABLE 6.

CoMPRESsrvE STRENGTH AGE 4 DAYS

Group II. 6-in. Cubes

Set
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TABLE 7.

COMPRESSIVE STRENGTH AGE 7 DAYS

Group II. 6-in. Cubes

Set
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TABLE 8.

COMPRESSIVE STRENGTH AGE 11 DAYS

Group II. 6-in. Cubes

Set
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TABLE 9.

COMPRESSIVE STRENGTH AGE 14 DAYS

Group II. 6-in. Cubes

Set
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TABLE 10.

COMPRESSIVE STRENGTH AGE 28 DAYS

Group II. 6-in. Cubes

Set
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TABLE 11.

COMPRESSIVE STRENGTH AGE 42 DAYS

Group II. 6-in. Cubes.

Set
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TABLE 12.

COMPRESSIVE STRENGTH AGE 3 DAYS

Group III 1914 Series 8 x 16-in. Cylinders

Set
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TABLE 13.

COMPRESSIVE STRENGTH AGE 7 DAYS

Group III 1914 Series 8 x 16-in. Cylinders

Set
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TABLE 16.

COMPRESSIVE STRENGTH AGE 28 DAYS

Group III 1914 Series 8 x 16-in. Cylinders

Set
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10. Group 7. The results of the tests of Group I, 6 by 6-in.

cylinders, are given in Table 3, 4, and 5; and the relation between

strength and age is shown in Fig. 1, 2, and 3, pages 8, 9, and 10. The

curves are drawn through the average values for each group of five

specimens for 7, 14, and 28 days. At the top of each figure is shown

the temperature conditions for that set
;
the maximum, the minimum,

and the mean temperatures.

11. Group II. The results of the tests of Group II, 6-in. cubes,

are given in Tables 6-11
;
and the relation between strength and age

is shown in Fig. 4, 5, and 6, pages 11, 12, and 13. The strength and

temperature curves are drawn as stated for Group I.

The Sets D and E, Fig. 4 and 5, pages 11 and 12, were stored under

substantially uniform temperature conditions, and give results of prac-

tically the same character as those of Group I.

The specimens of Set F were stored in a room where it was known
the temperature would not be uniform. All of the specimens tested

at 11 days were slightly disintegrated on the surface, and those tested

at 28 days were badly disintegrated; while of those reserved to be

tested at 42 days only one could be tested at that date, the remaining

specimens, F17 and F18 , being very badly disintegrated. Specimen
F17 was tested at 49 days, and F18 at 63 days. Since there was only

one specimen at each of these ages, and since none of the other groups
contained specimens at corresponding ages, the results of these two

tests are not plotted in Fig. 6, and are not further considered.

The results of Set F, indicate that the low temperature retarded

the hardening action of the concrete, and that the alternations above

and below freezing caused a softening and crumbling of the material.

12. Group III. The results of the tests of Group III, 8 by 16-in.

cylinders, are given in Tables 12-16
;
and the relation between strength

and age is shown graphically in Fig. 7-10. It is noteworthy that

under a temperature slightly below freezing the concrete gained

strength continuously, see Fig. 7, page 14. It is also interesting to

note that the curve for a mean temperature of 26.5 F. is substantially

of the same character as that for a mean temperature of 71.2, com-

pare Fig. 7 and Fig. 9.

13. Summary. The results for the three sets of Group I are pre-

sented in Fig. 11, page 19
;
and the corresponding values for Groups

II and III are given in Fig. 12 and 13. Fig. 11-13 show the relation

between strength and age for the several mean temperatures.

In Group I the test specimens were cylinders 6 inches in diameter

and 6 inches high, and in Group II the specimens were 6-inch cubes
;
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and owing to the effect of the restraint of the pressing surfaces of

the testing machine, the results of these tests are not further consid-

ered.

In Group III the test specimens were cylinders 8 inches in diam-

eter and 16 inches high, and the interpolated results for these tests are

presented in Fig. 14 to show the relation between strength and temper-
ature for the several ages. Fig. 14 may be employed to determine (1)

the strength which the concrete attained at different ages under a con-

stant temperature, (2) the age at which a particular strength was

gained under the different temperatures, and (3) the strength which

may be expected at different ages under different temperatures. The

relative strength attained by concrete at different temperatures dur-

ing hardening and at different ages may be expected to vary some-

what with differences in cements, aggregates, and consistencies; but

1600

O 15 JO 45 GO 75 90 1O5

Average Mean Temperature- Degrees Fahr.

FIG. 14. KELATION OF STRENGTH TO TEMPERATURE FOR DIFFERENT AGES.
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it is thought that the values in Fig. 14 may be taken to represent the

effect of the variation in the temperatures during hardening upon
the strength.

Fig. 15 has been drawn by taking values from the curves in Fig.
14. It shows in a general way, the relation between the strength at

28 days under 70 F. and the strength attained at various ages under

varying temperatures. Fig. 15 can be used in substantially the same

way as Fig. 14.

The tests summarized in Fig. 14 and 15 cover a wide range of

temperature conditions, the average temperature varying from 20.4F.
to 90.6F., and are fairly consistent; and hence it is believed these

values are sufficiently accurate to furnish suggestive information

which may be useful in determining the time when forms may be re-

moved and loads applied.

90

GO

30

ZO

fe

The temperatures given are
the mean temperatures.

.0246 8 10 12 14 IG 18 ZQ ZZ 4 Zt 28

Age-Days.
FIG. 15. PERCENTAGES OF STRENGTH FOR DIFFERENT TEMPERATURES.
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IV. CONCLUSIONS

14. General Conclusions. It is believed the following general con-

clusions are justifiable.

1. Under uniform temperature conditions, there was an increase

of strength with age within the limits of the tests. For any tempera-

ture the rate of increase decreases with the age of the specimen ;
and

this rate of increase is less correspondingly at the lower temperature
conditions. For the specimens tested, under normal hardening tem-

perature conditions of from 60 to 70F., the compressive strength of

the concrete subjected to a uniform temperature at the ages of 7, 14,

and 21 days may be taken as approximately 50 per cent, 75 per cent,

and 90 per cent of the strength at twenty-eight days, respectively.

For lower temperatures the percentage values are less
;
and for higher

temperatures the percentages are higher. The relation between the

percentage values at the ages of 7, 14, 21, and 28 days is nearly the

same for temperature conditions from 30 to 70 F. However, the

values for the lower temperatures should be used with caution.

2. Concrete which is maintained at a temperature of 60 to 70 F.

will at the age of one week have practically double the strength of the

same material which is kept at a temperature of 32 to 40 F.

3. Fig. 14 and 15 may be used to determine the representative

strength of concrete similar to that used in these tests, for various

temperature conditions and for ages up to 28 days. These diagrams

may be used with a fair degree of approximation to ascertain the rel^

ative strengths which concrete of ordinary practice may be expected to

attain at the different temperatures. It should be noted that gener-

ally in this investigation the specimens were stored under tempera-
tures which were nearly uniform during the whole storage period.

In set F the variations in temperature include a number of alterna-

tions above and below the freezing point and the specimens were seri-

ously injured. The results accord with the well-known effect of freez-

ing and thawing upon green concrete.
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