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DEVELOPMENTS IN THE PREDICTION OF POTENTIAL
STRENGTH OF CONCRETE FROM
RESULTS OF EARLY TESTS

S. B. Hudson, Woodward-Gardner and Associates, Inc., Rockville, Maryland; and
G. W. Steele, Materials Control, Soil and Testing Division, West Virginia Department
of Highways

Relationships among degree hours of maturity and compressive strengths
of untreated, 1to 3-day-old concrete cylinders are used to develop equa-
tions for predicting minimum potential 28-day strength. The one-sided
confidence limit on values is approximately predicted at f, - 600 psi (f, -
4140 kPa). From the results of early tests, one equation produces pre-
dicted values for mixtures of the known maturity and the known cement
factor, one requires only that specimens be tested at a constant maturity,
and one requires only that the maturity be known. Equations are derived
by statistical methods and a regression analysis. The data were ob-
tained from a designed experiment made up of 200 cylinders, 4 cement
factors, and tests at 1, 2, 3,and 28 days. Equations are based on the non-
linear time-temperature, or maturity, concept of the rate of gain of
strength first advanced by Plowman. Predicted results are limited to 28
days and have an average coefficient of variation of 12 percent. Also dis-
cussed are the findings that predictions based onthe compressive strengths
of untreated cylinders, cured at about 73 F (22.8 C), are as accurate as
those based on cylinders conditioned by a 3/z-hour immersion in a 200 F
(93.3 C) water bath. It was found that the compressive strengths not
exceeding 1,800 psi (12 400 kPa)of early test specimens tested with Celotex
pressure pads are nearly equalto and have about the same standard devia-
tion as those tested with sulfur mortar caps.

eTHIS paper presents findings of a continuation of previously published work (_1_) to
investigate the practicality of using early tests of concrete cylinders for the quality
control of concrete. The scope of the study described includes concrete of four cement
constants proportioned to simulate field conditions where part of the cement was
inadvertently omitted. One to 3-day-old specimen cylinders were tested. Results of
tests, at early ages, based on sulfur mortar caps were compared with results based

on Celotex pressure pads. The findings indicate that 1 to 3-day-old specimens can be
tested without pretreatment or special conditioning to provide reliable estimates of
minimum compressive strengths at 28 days.

In addition, the findings indicate that these specimens can be prepared for tests by
means of disposable pressure pads in lieu of the usual sulfur mortar caps and at a
savings of time and equipment requirements. The data obtained made possible the
simplification of the previously developed prediction equation (1, 2) and the development
of two alternate prediction equations.

OBJECTIVES
The objectives of the work described were to determine the possibility of further in-

creasing the practicality of the applications of previous research (1, 2) and to develop
prediction equations for concrete mixtures not previously investigated.



The specific objectives established for our study are as follows:

1. To determine the feasibility of basing predictions of potential 28-day strength on
concrete cylinder specimens made and cured at ambient temperatures of approximately
73 F (23 C). In previous work (1, 2), the majority of the specimens were subjected to
conditioning by immersion in hot water or by heating in an oven or in an autoclave for
short periods before the test. Testing concrete compressive specimens without pre-
treatment accomplishes appreciable savings in time and equipment cost. This would
be particularly advantageous under field conditions where equipment and personnel for
pretreatment may not be available.

2. To determine the feasibility of substituting pressure pads of semicompressible
material for the usually specified sulfur mortar caps (AASHO T 231) with which test
specimens were prepared in previous work (1, 2). The purpose is to eliminate other-
wise required equipment or labor and to reduce the time involved in making early
tests.

3. To develop equations for predicting from the results of early tests the potential
minimum 28-day strength of concrete made with significantly reduced cement factors.
The purpose is to develop prediction equations appropriate for use when early tests
indicate abnormally low compressive strengths.

RESEARCH APPROACH

Prediction of Concrete Strength

Since the 1930s, much work has been done to determine whether or not concrete is of
satisfactory quality before the results of tests are made known a considerable time
after the placement of the concrete in construction. A report by the Ontario Department
of Highways (3) lists 87 references relating to methods for use in estimating the later
strength of concrete from early test results. Interest in these methods has been in-
tensified by the adoption of the concepts of quality assurance by many segments of the
highway construction industry. The availability of early test results, which can be
used as a basis for immediate action, is inherent to the optimization of quality as-
surance systems.

As previously mentioned, much work has been done in this area. Investigations by
others (4) have had various objectives and have resulted in procedures and prediction
equations appropriate to these objectives. In general, the underlying concept has been
that the gain of strength of concrete from the time of final set is a function of a non-
linear time-temperature relationship. Accordingly, previous work has involved ac-
celeration of the gain of strength by some method of increasing the temperature of the
concrete specimens after a short waiting period following their fabrication. This was
accomplished by immersion in hot-water baths, low-pressure steam curing, oven
heating, or autogenous curing (AASHO C684-71T). In some cases, where the objective
was to obtain an early estimate of the 28-day strength of laboratory-mixed design mix-
tures, the plastic concrete or concrete that had reached the condition of final set was
heated; in others the concrete was heated after curing at ambient temperatures. After
pretreatment, the specimens were usually tested in compression, and a mathematical
formula was used to predict the strength at some later period, usually 28 days. How-
ever, at least in one case an attempt was made to predict the ultimate strength of the
concrete (5).

A review of the literature indicated that most previous approaches to the problem
of relating the strength of concrete at an early age to that at 28 days suffered from
several deficiencies. Procedures often required that the early tests be made at fixed
intervals after the specimens were formed. Most of these procedures were not very
adaptable to conditions associated with highway construction where there are differences
in early curing temperatures and variations in the time required to transfer specimens
from the job site to the testing facility. The methods of preparing specimens for the



test were sometimes inconvenient or required extensive equipment. In addition, the
mathematical equations used for prediction of potential strength had not proved to be
entirely reliable, and the degree of confidence that could be placed in the prediction
was uncertain. However, in view of the normal variation of results of tests of concrete
made and cured under standard conditions and the knowledge that, for quality control
purposes, all that is required is a prediction of minimum potential strength with an
acceptable degree of confidence, it was believed that a satisfactory method could be
developed of evaluating concrete quality at early ages that would be comparable in
significance with 28-day tests.

Accordingly, a relatively new quality assurance procedure for determining the early
strength of concrete was developed and evaluated by laboratory experiment and a limited
amount of field application (1, 2). The evaluation of these investigations indicates
that the procedure used and the formula developed for predicting potential strength are
reliable over the range of conditions investigated.

In the work previously reported (1, 2), 0 to 72-hour-old specimens were pretreated
by heating in a water bath, oven, or autoclave before testing. It was found that the re-
sults of tests of specimens conditioned by any of these methods could be used for the
purpose of predicting 28-day strengths with acceptable accuracy. However, in one
series oftests wherethe cylinders weretestedat 24, 48, and 72 hours without any pre-
treatment or heating, predictions based onthe results were as accurate as, if not more
accurate than, those obtained from specimens pretreated by any of the heating methods.

The equation that was fitted to the experimental data was a modification of the
Plowman equation and has the form

Sy =Sa + b (log M - log m) (1)
where
Sy = predicted normal compressive strength at maturity M;
S: = measured compressive strength at maturity m;
= degree hours of maturity under standard conditions, i.e., when cured at about
73 F (23 C);
m = degree hours (F hours) of maturity of specimen at time of early test after con-

ditioning (hours of age Xambient temperature) + C;

C = degree hours (F hours) of maturity determined by autogenous heating, method
of preparation or conditioning, residual temperature at time of test, and pos-
sible unknown factors; and

b = slope of prediction line.

Equation 1 plots as a straight line on semilog graph paper and differs from the
Plowman equation in that the line of prediction is projected from the actual value of
the early test S, instead of from the intercept, which was given a constant value by
Plowman. This increases the accuracy of prediction since both early and 28-day
strengths are affected by sample-to-sample variation. Because of this variation,
plotted lines representing tests on different samples are not likely to have the same
intercept.

Capping of Concrete Test Specimens

The previous work proved the practicality of predicting the potential strength of the
normal concrete from the results of early tests with a reasonable degree of assurance
when sulfur mortar caps were used. It would appear that the practicality of the test
procedure for quality assurance purposes would be increased if it were further sim-
plified by eliminating the capping operation. This would result in a savings of time,
equipment, and materials and would be of particular advantage when tests were made
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in a field laboratory.

From Hudson's personal communication with Walker in the 1930s, it was learned
that some experimentation had been conducted using Celotex pressure pads with some
degree of success. A literature search failed to give any specific information on this
matter; however, there is some discussion to the effect that sheet materials had been
used, that there was a reduction in strength, and that the reduction was less when low-
strength cylinders were tested. Limited experimentation indicates that concrete with
1,900 to 3,700-psi (13 000 to 26 000-kPa) observed strengths will have observed
strengths reduced by approximately 8 percent when tested with corrugated cardboard
pads in lieu of standard sulfur mortar caps and that the coefficient of variation is less
than 10 percent. A reduction in observed strength of this magnitude would not be
unacceptable in this particular application since the objective is not necessarily to
obtain a precise measure of strength but a value from which future minimum strengths
can be predicted.

Prediction Equation 1

Although equation 1 developed in the course of the previously reported work (1, 2) has
been shown to produce reasonably accurate estimates of potential 28-day compressive
strengths, under normal conditions, there is a theoretical disadvantage. The increased
accuracy of prediction of this equation stems from the use of the early test results as
the start of the line of prediction. The size of the right side of the equation, representing
the estimate of the increased strength due to additional maturity, depends in part on
the cement constant of the concrete. Therefore, concrete that was seriously deficient
in cement content (evidenced by a very low early strength) could be shown by the equa-
tion to have a satisfactory 28-day predicted minimum strength since the rate of gain
of strength with increased maturity would be based on normal cement content. For
this reason, one of the objectives of this series of tests was to obtain data suitable

for deriving a prediction equation that would be applicable to concrete mixtures
deficient in cement.

Designed Experiments

The experiment designed to accomplish the objectives of the research reported here
was designated as series V. The primary purpose of series V was to determine the
effect of omitting cement from a concrete mixture designed for a six-bag cement con-
stant and to provide data for deriving an equation appropriate for predicting potential
minimum 28-day strength from the results of early tests under these conditions.

In addition to these primary objectives, the designed experiment included a pro-
vision for use of data from series V for determining the effects of substituting pres-
sure pads for sulfur mortar caps when early tests are made. The data were also
intended for use in testing the fit of equation 1 to tests made at early ages without
pretreatment of the specimens to accelerate the gain of early strength.

Specimen Preparation

The preparation, curing, and testing of concrete test specimens were conducted by the
Materials Control, Soil and Testing Division of the West Virginia Department of
Highways.

The order of making batches was pseudorandom so that there was no consistent
pattern of a batch with a certain cement content being made after a batch with another
cement content was made. Mix proportions are given in Table 1.

After mixing, the concrete from all batches was tested for slump and air content.
Concrete used for these purposes was discarded. Cylinders were made by the group
method in cardboard molds outside the moisture room and were then carried to the



Table 1. Mix proportions for series V.

Coarse Air Content,
Fine Aggregate, Master
Cement, Aggregate, No. 67 Builders
Marquette  Ohio River- Acme Vinsol Resin
Cement Constant Type 1 Sand Limestone City Water (percent)
Three bags 282 1,379 1,745 197 £ 7 7.5 to 10.4
Four bags 3175 1,379 1,745 226 + 4 5.5 to 8.1
Five bags 470 1,379 1,745 237 +3 5.7to 1.5
Six bags 564 1,283 1,690 265 + 3 5.2t05.8

Note: Values are in pounds per cubic yard. 1 Ib/yd® = 0.59 kg/m”

moisture room for curing at standard temperature of approximately 73 F (23 C). All
cylinders were tested without pretreatment and at storage temperature. One-half the
cylinders were prepared for test with sulfur mortar (Atlas Vitrobond) caps. The other
half were prepared by placing Celotex pressure pads % in. (12.7 mm) thick by 7 in.
(178 mm) square on both ends of cylinders at time of test.

Companion cylinders were made from 30 batches, and 120 comparisons were made
of the strengths obtained on 1 to 3-day-old specimens. The average strengths of
specimens made from the same batch and the standard deviations are given in Table 2.
The average strengths obtained by using sulfur mortar caps and pressure pads are
given in Table 3. The overall reduction in strength due to the use of the pressure pads
was less than 5 percent; most of the reduction in strength occurred in specimens test-
ing in excess of 1,800 psi (12 000 kPa) as shown in Figure 1. Variation in strength, as
measured by the standard deviation of tests within batches, was approximately the
same for the Celotex pressure pads as for the sulfur mortar caps over the entire range
of strengths. Because of the small differences, the two sets of data were pooled for
some purposes.

Prediction Equation 2

For predicting minimum potential compressive strength at 28 days, equation 1 sim-
plifies to

Szs = S, + b (4.699 - log m) @)

where 4.699 is the log of the maturity of the concrete specimens stored for 28 days at
approximately 73 F (23 C). The other parameters are the same as for equation 1 except
that in the previous work where the specimens were conditioned by heating in a 200 F
(93 C) water bath, it was necessary to determine a constant C, which accounted for the
effects of heating and other possible undefined variables in equations 1 and 2. In series
V, where no specimens were heated, the use of the constant C was not required for
practical applications. The value of b was found by simple regression and by sub-
stituting actual compressive strength values and actual maturities based on temperature
measurements in the equation Sy = b (log m) - a.

The graphical relationship of maturity (F hour) to compressive strength [psi (kPa)]
of the concrete at early ages and at 28 days for series V is shown in Figure 2. As
shown in the figure, equation 2 is capable of making reliable predictions of minimum
28-day strengths providing that the temperature history (maturity) and the cement con-
tent of the mixture are known.

Comparison of Measured and Predicted Compressive Strengths

A comparison was made of measured 28-day compressive strengths [psi (kPa)] deter-



Table 2. Compressive
strength of test
specimens.

Table 3. Average
compressive strengths
of concrete cylinders
with sulfur mortar
caps and pressure pads.

Figure 1. Compressive
strength results for
sulfur mortar caps
versus pressure pads.

24 Hours 48 Hours 72 Hours 28 Days
Cement Constant Measurement SM* Pp® SM* pp* SM* pp® S
Three bags Mean 273 282 503 458 657 670 1,572
Standard deviation 45 48 61 52 27 18 205
Coefficient of
variation 16.4 18.2 12.1 11.1 4.2 2.8 13.0
Four bags Mean 616 620 974 986 1,279 1,278 2,794
standard deviation 141 34 142 134 109 202 421
Coelficient of
variation 22.9 5.5 14.6 13.6 8.5 16.8 15.1
Five bags Mean 934 919 1,402 1,441 1,717 1,776 3,831
Standard deviation 142 13 110 K 182 102 247
Coefficient of
variation 15.2 7.9 1.8 5.3 10.6 5.8 6.4
Six bags Mean 1,631 1,566 2,446 2,339 2,894 2,673 5,182
Standard deviation 149 161 180 174 203 281 231
Coelficient of
variation 9.1 10.3 1.4 7.4 7.0 10.7 4.5
Note: Values are in pounds per square inch, 1 psi = 6.9 kPa
2Sulfur mortar caps. "Celotex pressure pads.
Distribution of Distribution of
Sulfur Differences Sulfur Differences
Mortar Pressure Mortar Pressure
Caps Pads Amount Percent® Caps Pads Amount Percent*
213 265 -8 -2.9 1,711 1,776 +59 +3.4
503 468 -35 -1.0 1,758 1,653 -105 -6.0
616 620 +4 +0.7 2,057 1,955 -102 -5.0
657 670 +13 +2.0 2,448 2,339 -109 -4.5
934 919 -15 -1.6 2,632 2,570 -62 -2.4
974 986 +12 +1.2 2,894 2,673 -221 -7.6
1,301 1,193 -108 -8.3 3,001 2,821 -180 -6.0
1,402 1,441 +39 +2.8 3,133 2,990 -143 -4.6
1,631 1,566 -65 -4.0 | 3,686 3,210 -476 -12.9
X =1,756 1,673 -83 -4.7
o =1,021 928 93 -9.1

Note: Results are based on averages of six or seven test results, Values are in pounds per square inch, 1 psi = 6.9 kPa

20Of sulfur mortar caps.
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Figure 2. Early and 28-day compressive strengths based on equation 2.
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mined in series V and the strengths estimated by equations 1 and 2. The distribution
of the differences A between the measured values and the predicted values is shown in
Figure 3. This shows that, if the predicted 28-day strength (Szs), computed by the
correct form of equation 2, exceeds the critical acceptance value L by 1.645 ¢, or 460
psi (3200 kPa), there is a 95 percent probability that the true average strength is
greater than L.

The standard deviation o, of differences between measured 28-day strengths and
the strengths predicted by equations 1 and 2 from the results of tests of specimens
not conditioned by heating is about 278 psi (1900 kPa). This is about 45 percent less
than the ¢, value of 493 psi (3400 kPa) obtained from the results of tests of specimens
condmo)ned by heating to 200 F (93 C) for 3 Y, hours as reported for the previous
work (1

Prediction Equation 3

As stated in the objectives, the primary purpose of series V was to obtain data that
could be used to derive an equation that would predict the potential strength of concrete
mixtures deficient in cement from the results of early tests. Equations 1 and 2 were
satisfactory for predicting the potential 28-day strength of concrete made with a known
cement constant but were unreliable when low strengths were due to a significant
deficiency of cement of unknown amount.

In studies made to determine the possibility of developing a prediction equation,
alternate to equations 1 and 2, it was found that results of early tests of concrete at a
particular maturity were highly correlated with 28-day compressive strengths (9). The
general form of the equation of relationship is for a parabola and can be written as

Seps = 2 (S, ®)

¢28

where

= compressive strength in psi (kPa) of specimens cured for 28 days under
standard conditions and prepared for test by means of sulfur mortar caps,
a = value of the intercept of the line of relationship with the Y ordinate on a log-
log plot,

S,. = compressive strength in psi (kPa) of specimens tested at a particular age or
degree of maturity without pretreatment and prepared for test with pressure
pads in place of sulfur mortar caps, and

b = slope of the line of relationship on a log-log plot.

As shown in Figure 4, equation 3 can be used to predict minimum 28-day strengths
independently of cement content, providing that the early~-age specimens are tested
after 24, 48, or 72 hours of curing at about 73 F (23 C). The distribution of the dif-
ferences between the measured values and the values predicted by equation 3 is
shown in Figure 5. This figure shows that, if the predicted 28-day strength exceeds
the critical acceptance limit L by 1.645 ¢, or 570 psi (3900 kPa), there is a 95 percent
probability that the true average strength is greater than L.

Prediction Equation 4

Since equations 1 and 2 appeared to be more suitable for predicting potential 28-day
compressive strength of concrete with a known cement content over a range of maturi~
ties, as shown in Figure 2, and equation 3 was suitable for prediction of potential 28-
day strength of concrete when tested at a particular maturity, as shown in Figure 4,



Figure 4, Early and 28-day compressive strengths of concrete based on equation 3.
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Figure 6. Nomograph for estimating potential 28-day compressive strength from
results of early tests.
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the three equations were combined to provide an equation of more general application.
This equation has the form log Sz = 2.9844 + 0.75 log S, - 0.51 log m, which may be
written as

SO-TB
Szs = 965 I—nﬂo—sl 4)
where
S2s = predicted 28-day compressive strength,
S, = compressive strength of specimens tested at an early age and having a

maturity m, and
m = degree hours of maturity at the time of the test.

Equation 4 is independent of the cement content of the concrete for three to six bags/
yd® = (3.9t0 7.8 bags/m®), and the early-strength specimens do not have to be tested at
any particular maturity. Equation 4 can be solved by using the log scales on a slide
rule, but, for frequent use, a nomograph similar to that shown in Figure 6 can be
constructed.

This nomograph was used to compute predicted values for comparison with measured
values. The distribution of the differences is shown in Figure 7. The standard devia-
tion of the differences is about 384 psi (2600 kPa); there is a 95 percent probability
that the true average strength exceeds the value of L.

Equations 1, 2, 3, and 4 illustrate types of mathematical relationships that can be
used to predict minimum potential 28-day strength of concrete under particular condi-
tions. Similar equations, with different parameters, can be developed for concrete
mixtures with proportions and kinds of cement and aggregate other than those used in
the mixtures reported here. The accuracy of the predictions will depend largely on
the use of correct and uniform procedures in the making of the early and 28-day test
specimens.

CONCLUSIONS
The findings of this experiment indicate the following:

1. Heat treatment or autogenous curing of concrete specimens that are more than
about 20 hours old before early testing is not necessary and may complicate the deriva-
tion of equations predicting potential minimum 28-day strength. Testing cylinders
after 1to 3 days of curing at normal temperatures can effect savings in equipment ex-
penditures and technical effort.

2. The use of sulfur mortar caps to prepare cylinders for test at early ages is not
required. The use of cardboard or Celotex pressure pads for specimens expected to
attain less than about 2,000 psi (13 800 kPa) can effect savings in material and equip-
ment costs. When combined with testing without prior conditioning, the use of pressure
pads greatly increases the practicality of the use of early compressive tests in the
field as one means of quality determination.

3. When definite early test procedures are established and a series of laboratory
tests have been performed, equations can be derived for predicting the minimum
potential strength of concrete at 28 days. A suitable equation can predict minimum
potential 28-day strength with sufficient accuracy to provide a valuable method for
use in quality assurance systems.
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CANADIAN EXPERIENCE IN THE USE
OF THE MODIFIED BOILING METHOD

V. M. Malhotra, Mines Branch,
Ottawa Department of Energy, Mines and Resources

This paper briefly reviews the history of accelerated-curing techniques
for quality control of concrete. In a modified boiling method that has been
developed by the Mines Branch, the test specimens are standard cured for
23 to 23’4 hours, then boiled for 2% hours, and tested for compression 17,
hours after being boiled. The totalelapsed time between molding and test-
ing of cylinders does not exceed 28.5 hours. This method is finding in-
creasing acceptance in Canada and has been adopted by the American
Society for Testing and Materials and the Canadian Standards Association.
The data from Hydro-Quebec, Acres-Bechtel, a ready-mix concrete com-
pany in Ottawa, and the University of Calgary, Alberta, show significant
correlations betweenthe results of the acceleratedand 28-day compressive
strength tests. The original regression equation reported by the Mines
Branch relating the compressive strength of accelerated-cured cylinders
to that of 28-day standard-cured cylinders has been compared with the
equation developed at the University of Calgary, and the two regression
lines are about identical. Each testing and control authority contemplating
the use of the modified boiling method is urged to develop its own correla-
tions for predicting 28-day compressive strengths and not to rely on the
correlations published by others.

eRAPID advances have been made in the processing and manufacture of mineral aggre-
gates and cements during the past 50 years. Unfortunately, little of the progress is
reflected in the techniques used for quality control of concrete in the field. The con-
crete industry is still burdened with control tests in which cylindrical specimens are
subjected to a compression test at 28 days. This waiting period is anachronistic when
multistory buildings are being completed in a matter of months.

Notwithstanding the fact that the compression test has successfully served the con-
struction industry for the past several decades, the faster pace of modern-day con-
struction practices requires new quality control tests in which the waiting period of
28 days is eliminated or considerably reduced. This paper traces the efforts of
earlier researchers to develop a rapid test to control the quality of concrete and
describes, in some detail, a new modified boiling procedure that is becoming in-
creasingly popular in Canada and several other countries.

BACKGROUND

Despite the perennial problems associated with the 28-day compression test, efforts
to develop rapid tests for quality control of concrete are recent. The pioneering work
in the field of accelerated-strength testing of concrete was done in the United States
between 1925 and 1935, One of the earliest publications on the subject was in 1927 by
Gerend (1), who showed that a rapid gain in conerete strength was achieved by sub-
jectin% 6 by 12-in. (152 by 305-mm) cylinders to a saturated steam bath at 80 to 100
1bf/in. (552 to 689 kPa). The need of an autoclave to increase the rate of strength
gain was an obvious drawback, and the procedure failed to gain acceptance.

The construction of the Hoover Dam in the 1930s caused the U.S. Bureau of
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Reclamation to investigate the use of an 8-hour, boiling-water accelerated strength
test (2). The boiling of 6 by 12-in. (152 by 305-mm) cylinders that had been molded

in special jackets was limited to 7 hours, and 1 hour was used for cooling, capping,

and testing the specimens. After several years of field trials, the test procedure was
considered unsatisfactory because of the lack of precision in the predicted 28-day com-
pressive strengths.

From the late 1930s until the early 1950s, no significant progress in the develop-
ment and use of accelerated strength testing of concrete was reported anywhere in the
world. At that time, a number of research papers dealing with rapid control tests
originated in the United Kingdom (3, 4, 5). Then, in 1963, the Réunion International des
Laboratoires d'Essais et de Recherches sur les Materlaux et les Constructions in
Paris sponsored an international correspondence symposium on the theme of accelerated
hardening of concrete and rapid control tests (6). In North America, Canada has been
in the forefront of the development of accelerated strength tests. Smce 1962, the Mines
Branch of the Ottawa Department of Energy, Mines and Resources has made significant
contributions in this field (7, 8, 9, 10, 11, 12).

MODIFIED BOILING METHOD

Malhotra et al. (7) adopted the modified boiling method originally proposed by Akroyd
(4) for further study and development and used 6 by 12-in. (152 by 305-mm) cylinders.
The salient features of this technique, which has now been accepted by the American
Society for Testing and Materials (ASTM C 684-73 T) and the Canadian Standards
Association (CSA A 23.2.26), are as follows:

1. Prepare two 6 by 12-in. (152 by 305-mm) test cylinders in steel molds using
standard molding methods. The delay between mixing concrete and preparing the test
specimens should not exceed 30 min.

2. Immediately after the cylinders are molded, close all molds tightly with steel
cover plates and place them in a moist-curing room or in a box maintained at about
73 £3 F (23 £ 1.7 C) and 100 percent relative humidity. If suitable moist-curing facili-
ties are not available, cover the molds with wet burlap and keep them wet for 23 hours.

3. At the end of the curing period, place the cylinders, complete with molds and
covers, in boiling water. Keep the temperature of water just below the boiling point
to avoid excessive evaporation.

4, After 3.5 hours of boiling, remove the cylinders from the boiling water, strip
the molds, and allow the specimens to cool for about one-half hour.

5. Weigh the test cylinders, cap them, and test them in compression 1 hour later.

The total elapsed time between molding and testing of the test cylinders is 28.5 hours.

FIELD USE OF MODIFIED BOILING METHOD

Since publication of the results of the original investigation by Malhotra et al. (7), the
modified boiling method has been adopted by a number of organizations in Canada and
elsewhere for routine quality control of concrete (9, 10, 11, 12, 13). The method is
probably widely accepted because it is simple and the curmg cycle can be controlled
easily.

Test data from a cross section of organizations that have used this method are
shown in Figures 1 (9), 2 (10), 3 (9), 4 (11), and 5 (12). The regression equations are
also shown where they were available. The test results for lightweight concrete are
shown in Figure 6 (13).
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Figure 1. Field data for accelerated versus 28-day compressive
strength for nine jobs from coast to coast in Canada using normal

portland cement concrete.
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Figure 2. Accelerated versus 91-day compressive
strength of concrete for Outardes-3 dam project.
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Figure 4. Accelerated versus 28-day compressive
strength of ready-mix concrete.
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concrete for a project in Calgary.
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GENERAL COMMENTS ON FIELD USE OF MODIFIED
BOILING METHOD

To date, the modified boiling method has primarily been used for trouble shooting and
quality control testing rather than for acceptance testing. The plots of test data (Fig-
ures 1, 2, 3, 4, 5, and 6) indicate that the modified boiling method can satisfactorily
predict the 28-day compressive strength of concrete. The available correlation coef-
ficients are greater than 0.86, indicating that correlations are significant. The test
method is equally applicable to normal and to lightweight concretes. The degree of
correlation does not appear to be affected by the use of high-early-strength and low-
heat cements.

The original regression equation by Malhotra and Zoldners (9), relating the com-
pressive strength of accelerated-cured cylinders to that of 28-day standard-cured
cylinders, has been compared with the equation developed by Rodway and Ward (Fig-
ure 7). It is gratifying to note that the two regression lines are about identical.

Despite the high degree of correlation, however, each testing and control authority
contemplating the use of the modified boiling method is urged to develop its own cor-
relations for predicting 28-day compressive strengths and not to rely on the correla-
tions published by others.

CONCLUDING REMARKS

The steadily increasing pace of modern construction demands the use of rapid evaluation
techniques to control the quality of concrete in construction. ASTM and CSA have now
published standard accelerated strength tests. Unfortunately, these tests, including

the modified boiling method, are still not rapid enough because they require a waiting
period of 24 to 48 hours; however, they are a vast improvement over the previous
waiting period of 7 or 28 days. It is hoped that accelerated tests, instead of the 28-

day test, will soon form the basis of design and the acceptance criterion and that
researchers will ultimately find a method for determining the potential strength of
concrete immediately after it has been mixed.
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PREDICTION OF STRENGTH DEVELOPMENT
IN CONCRETE STRUCTURES

B. M. Sadgrove,* Construction Industry Research and Information Association

Early removal of side forms from concrete members may cause mechnical
damage or lead to frost damage. Currently, achievement of a cube com-
pressive strength of 5 N/mm" is the criterion for avoiding such damage
but recent research indicates that the value may be reduced to 2 N/ mm*
Soffit forms may be removed when members have sufficient flexural strength
to withstand self-weight of the concrete and other applied loads. In addi-
tion, deflections must not be excessive. Research has shown that the pro-
portion of designload applied at early age should not exceed the proportion
of design compressive strength achieved at that age in the member under
consideration. The relationships between compressive strength and two
parameters, maturity equivalent and equivalent age, are discussed. Equiva-
lent age is shown to be useful for the prediction of strength from a known
temperature history at early age when the compressive strength develop-
ment is very sensitive to curing temperature. At later ages, maturity
equivalent may be more suitable for prediction purposes. A method of
prediction of temperature history in hydrating concrete members has been
combined with these methods of prediction of compressive strength to
determine the times at which formwork may be removed, based on the
criteria described.

*THE material cost of the formwork is a substantial part of the overall cost of a
reinforced concrete structure. In addition, delays in its reuse may lead to late com-
pletion of the structure and increased on-site costs. Considerable economy may
therefore be achieved by removing the formwork from a structural member and re-
using it as soon as possible.

The criteria for striking formwork depend on whether the formwork is used verti-
cally or horizontally, that is, as side forms or soffit forms. Side forms are only re-
quired to contain the concrete until such time as it is self-supporting. Thereafter,
they may be removed subject to avoiding damage in the process of removal and damage
caused by freezing of immature concrete in adverse weather conditions. Soffit forms,
however, must remain in place until the structural member is capable of carrying its
self-weight and any applied construction loads without risk of collapse or excessive
deflection.

The criteria for these situations, as discussed in this paper, may be related to the
development of the compressive strength of the concrete. This, in itself, depends
primarily on the concrete mix proportions and its temperature history. The latter
is, of course, determined by a number of factors including the dimensions of the
structural member, the thermal insulation value of the formwork, the ambient tem-
perature, the placing temperature of the concrete, and the cement type and content.

A method of temperature prediction that considers these parameters is available.
Provided that a suitable means can be found to relate the compressive strength of
concrete to its temperature history, the compressive strength development in a struc-
tural member and hence formwork striking times may be predicted.

*Mr. Sadgrove was with the Cement and Concrete Association, London, when this research was done.
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CRITERIA FOR STRIKING FORMWORK

Frost Damage

A number of researchers have reported that freezing concrete at early age may lead
to a considerable loss of potential strength. Mo&ller (1) summarized earlier work and
conducted his own experiments to determine at what age concrete is no longer suscep-
tible to frost damage (as distinct from freeze-thaw damage). Both he and Powers (2)
concluded that the required ages for concrete of various design strengths may be con- .
veniently related to the achievement of a given compressive strength. This conclusion
seems to have been the basis of various specification clauses. For example, the
British Code of Practice CP110 specifies that the temperature of concrete is unlikely
to be damaged when it has reached a cylinder strength of 3.4 N/mm®. Considering the
correlation factor between cube and cylinder strengths, these two criteria are in fairly
close agreement.

A point that must be emphasized is that these strength criteria are not indicative of
the ability of concrete to resist tensile forces created by the expansion that takes place
during the phase change of water to ice. They are related, as Powers (2) has suggested,
to a reduction in free water and the creation of pore spacetoaccommodate ice as it forms.

Sadgrove (3) has reexamined the strength criterion by determining the loss of
strength that occurs at 28 days and 91 days as a result of early freezing. He con-
cluded that minimal loss of strength would prevail if the concrete had achieved a cube
strength of 2 N/mm?® before freezing. This lower strength criterion may permit a
modest reduction in striking times.

Mechanical Damage

Before the work by Harrison (7), there seems to have been no experimental work re-
ported on this subject; an unsupported recommendation is given elsewhere (5). Har-
rison examined the damage caused by early striking of formwork to the surfaces and
arrises of concrete prisms. He concluded that the risk of damage was slight provided
that the concrete had achieved a cube strength of 2 N/mm?” for all but the very high-
strength mixes. For the latter, a minimum curing period was necessary. These
recommendations assumed that reasonable care was taken in removing the formwork.
Subsequent mechanical damage caused, for example, by site plant cannot be avoided by
a strength criterion; physical means of protection must be used.

Dead and Imposed Loading

Loads applied to beams or slabs at early age may cause failure through crushing of
the concrete or inadequate bond. Alternatively, the loads may be adequately supported
but give rise to excessive deflections. In determining the proportion of load that may
be applied at early age, Sadgrove studied the development of bond strength (6) and the
structural strength and deflection characteristics of beams loaded at early age (7).
From theoretical considerations, the ultimate moment of a balanced section, at any
age up to 28 days, should be directly proportional to the compressive strength of the
concrete at that age as shown in Figure 1 (1), and an underreinforced section will de-
velop flexural strength more rapidly at early ages. This has been confirmed experi-
mentally (7). Bond strength was also found to develop more rapidly than compressive
strength at early age (6). Thus it was shown that bond was unlikely to be a limiting
criterion for early loading if the assumption is made that all sections are balanced.
The shrinkage, elastic, and creep deflegtions at early age were measured (7). The
shrinkage deflection was independent of the age at which drying began. Elastic and
creep coefficients were much greater at early age. However, the limitation on the
load that can be applied at early age and the rapid decrease in the coefficients with



Figure 1. Development of ultimate moment of resistance, bond strength,
and compressive strength.
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increasing age effectively caused no significant increase in the deflections that might
be anticipated at later age with normal loading patterns.

The final conclusion is that the proportion of full working load that may be applied
to a structural member at early age is equal to the proportion of the design strength
of the concrete achieved at that age.

DEVELOPMENT OF COMPRESSIVE STRENGTH

A number of researchers (10, 11, 12, 13) have proposed that there is a relationship be-
tween the compressive strength of concrete and maturity that is defined as £(9 + 10)
At, where 6 = temperature of the concrete at any time and At = increment of time.

It is postulated that samples of the same concrete having equal maturities will have
equal compressive strengths, regardless of their temperature histories. The results
from various series of tests on the compressive strength of concretes cured over a
range of temperatures have, in general, validated this hypothesis, but most of the re-
sults considered have related to fairly mature concrete. Results have been reported
by Sadgrove (7) on concrete cured at constant temperature in the range of 1to 45 C
and tested in compression at ages of 5 hours to 28 days. When the compressive
strength values from these tests were plotted against maturity, it was found that,
although there was quite a good relationship for comparatively mature concrete, there
was considerable scatter at low values of maturity. This is shown in Figure 2, where
compressive strength is plotted against maturity equivalent, that is, simply maturity
divided by 30 C and expressed as days at 20 C, Examination of the pattern of the re-
sults at low maturity equivalent indicated that compressive strength is initially more
sensitive to changes in curing temperature than maturity suggests. A trial and error
method was therefore used to determine the factor related to temperature by which
actual age is related to age at 20 C. The factor finally proposed is

£ [B gelﬁ]z )

where @ is not less than -10 C.

The sum of the products of this factor and increments of time, that is, = FAt, is
called equivalent age and is expressed in days at 20 C.

The values of compressive strength shown in Figure 2 are replotted against equiva-
lent age in Figure 3. Much better agreement is now evident at strengths up to about
15 N/ mmz, and agreement beyond this level is fairly good. However, a given error in
equivalent age gives a larger difference in actual time than the same error in maturity
equivalent because the former depends on a second-order equation of temperature.
Equivalent age therefore appears to be most suitable as a parameter for the prediction
of strength at early age; maturity (or maturity equivalent) may be more appropriate at
later age (an arbitrary division might be made at 3 days equivalent age).

PREDICTION OF TEMPERATURE HISTORY

Weaver (12) has developed a method of predicting the temperature history of a hydrating
concrete element with a constant ambient temperature based on biaxial heat flow. For
a solution of the heat flow equation, values for the following are required:

1. Placing temperature of the concrete,
2. Ambient temperature,

3. Section dimensions,

4. Boundary conductances,

5. Thermal conductivity of the concrete,



Figure 3. Compressive strength versus equivalent age.
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Table 1. Striking times of portland cement concrete with
330-kg/m® cement content and 22.5-N/mm? characteristic
‘strength.

Characteristic Strength

Formwork Ambient Resistance Reached
Conductance Temperature to Damage
(W/m* deg C) (C) (N/mm?) 33 Percent 66 Percent
18.9 -5 -2 - =2
0 155 245 =
5 88 140 476
10 60 93 309
15 42 66 219
10.0 -5 = - —*
0 140 230 =
5 80 132 464
10 54 87 303
15 39 60 213
6.5 -5 -2 —* —*
0 120 208 -
5 69 120 447
10 48 8 292
15 36 56 206
5.0 -5 —* —= -
1] 105 192 -
5 62 110 434
10 44 T2 282
15 35 53 199
3.4 _5 —a e —a
0 81 156 -t
5 52 90 404
10 40 62 261
15 33 48 183
2.0 -5 68 156 -
0 48 81 570
5 40 60 316
10 35 50 201
15 32 43 142
1.3 -5 48 6 -
0 42 60 429
5 36 52 238
10 34 47 163
15 32 43 1217

2Concrete is frozen before it reaches D level of 5 N/mm?
bStrength level is not reached befare 1,000 hours.
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Specific heat of the concrete,

Density of the concrete,

Thermal diffusivity of the concrete,

Cement content, and

Heat evolved by the cement in a given time increment.

OWwW-JN

1

The latter value may be predicted from data giving the total heat evolved at any time
at a reference temperature and by using the time-temperature equation proposed by
Rastrup (13):

T, =2 Y @)

6 = reaction temperature (here assumed constant),

6: = reference temperature,
t = time (from start of hydration),
Tr = equivalent time at reference temperature, and
Y = reciprocal of the increase in temperature that doubles the rate of hydration.

The value of ¥ may be determined from the slope of the lines relating logarithm of time
to evolve given total quantities of heat to the difference between reaction and reference
temperatures. Thus heat evolution data are also needed at temperatures other than
the reference temperature.

PREDICTION OF STRIKING TIMES

A computer program has been written, based on the method derived by Weaver (12),
that predicts the temperature at the arris of a hydrating concrete element at given
time intervals. The temperature at the arris is the lowest that is likely to occur
within the element, and strength prediction based on the temperature at this point will
therefore be conservative. The equivalent age increment of each time interval is
calculated, and the total equivalent age is determined. This value is then compared
with the equivalent age required for a given concrete to achieve various levels of
compressive strength. When the required equivalent age is reached, the actual age
is tabulated. Thus a series of striking times have been produced (1_4).

In addition to the values required for the temperature prediction as given in the
previous section, the program must have input data relating to the concrete design
strength and the strength levels for which times are pred1cted The first set of tables
uses design cube strengths of 22.5, 30,and 37.5 N/mm” because the tables were pro-
duced to conform with the draft Code of Practice (15). A revision is envisaged that
would conform with the characteristic strengths specified in CP110, that is, 20, 25, 30
and 40 N/mm®. The strength levels are D, 33 percent, and 66 percent, as given in
Tables 1, 2, 3, 4, 5, and 6 (15). The placing temperature is 10 C. D indicates the
level at whlch concrete is unlikely to suffer frost or mechanical damage, for which a
strength of 5 N/ mm” is used; the second and third levels are percentages of the char-
acteristic strength. In the revised tables, 2 N/mm® would be used for the first level,
and a fourth level equal to 100 percent of de51gn strength may be introduced. However,
for the 66 and 100 percent levels, the parameter maturity equivalent would probably
be used in the prediction rather than equivalent age in view of the previous discussion.

A version of the striking times tables relatmg to current United States practice is
being prepared. The units are in the U.S. customary system, and American Concrete
Institute standards are used where relevant Because of the wider range of ambient
temperatures prevailing in the United States, the ranges have been selected as ap-
propriate to the form type. For instance, very low ambient temperatures are only
considered where high insulation values are used.



Table 2. Striking times of portland cement
concrete with 380-kg/m® cement content
and 22.5-N/mm? characteristic strength.

Table 3. Striking times of portland cement
concrete with 380-kg/m® cement content
and 30.0-N/mm? characteristic strength.

Characteristic Strength

Formwork Ambient Resistance Reached
Conductance Temperature to Damage
(W/m” deg C) () (N/mm?) 33 Percent 66 Percent
18.9 -5 - -2 ~
0 150 240 =t
5 88 140 472
10 57 93 309
15 42 63 219
10.0 -5 —2 - -
0 135 225 -t
5 80 128 460
10 51 84 300
15 36 60 210
6.5 -5 - - —*
4] 116 204 —-°
5 66 114 441
10 44 74 286
15 34 52 202
5.0 -5 - -* -
0 99 183 -
5 58 104 426
10 41 67 276
15 32 49 194
3.4 -5 - - -
0 T2 144 —®
5 48 82 392
10 31 57 250
15 31 44 174
2.0 -5 56 116 =
0 42 69 525
5 36 52 286
10 33 45 179
15 29 39 125
1.3 -5 40 64 -
0 36 51 357
5 34 46 196
10 31 42 138
15 29 38 110

"Concrete is frozen before it reaches D level of 5 N/mm?
tStrength level is not reached before 1,000 hours,

Characteristic Strength

Formwork Ambient Resistance Reached
Conductance Temperature to Damage
(W/m* deg C) ©) (N/mm?) 33 Percent 66 Percent
18.9 -5 -2 - -
0 115 240 ~b
5 64 140 452
10 42 93 297
15 30 63 210
10.0 -5 —e = =
0 100 225 -
5 56 128 440
10 36 84 285
15 27 60 201
6.5 -5 - — -
0 80 204 b
5 48 114 420
10 34 T4 274
15 26 52 192
5.0 -5 - -2 -
0 66 183 -t
5 42 104 406
10 32 67 262
15 26 49 184
3.4 -5 = - ~*
0 51 144 657
5 36 82 370
10 30 57 237
15 25 44 165
2.0 -5 40 116 b
0 36 69 489
5 30 52 266
10 27 45 167
15 25 39 118
1.3 -5 32 64 —b
0 30 51 321
5 28 46 180
10 26 42 129
15 25 38 104

#Cancrete is frozen before it reaches D level of 5 N/mm?
bStrength level is not reached before 1,000 hours.



Table 4. Striking times of portland cement Characteristic Strength

concrete with 450-kg/m3 cement content Formwork Ambient Resistance  Reached
| 2 racteristi Conductance Temperature to Damage
and 30.0-N/mm? cha ristic strength. (W/m* deg C) (C) (N/mm?) 33 Percent 66 Percent

18.9 -5 -2 —= -
0 110 240 =t

5 64 140 452

10 42 90 294

15 30 63 207
10.0 -5 - - -
0 95 220 -

5 52 124 436

10 36 81 282

15 27 57 198
6.5 -5 - -2 -t
0 72 196 -

5 42 108 414

10 30 68 266

15 24 48 186

5.0 -5 - - —8
0 57 171 —>

5 38 94 394

10 29 60 253

15 24 44 176

3.4 -5 — = —
0 42 123 633

5 32 10 352

10 27 49 222

15 23 39 152

2.0 -5 36 76 b
0 30 54 420

5 28 44 218

10 25 38 133

15 23 34 95

1.3 -5 28 48 576
0 27 42 213

o 26 40 130

10 24 36 101

15 23 33 85

2Concrete is frozen before it reaches D level of 5 N/mm?
bStrength level is not reached before 1,000 hours

Table 5. Striking times of portland cement Characteristic Strength

concrete with 450-kg/m® cement content Formwork Ambient Resistance  Reached
4 2 e il Conductance Temperature to Damage
and 37.5-N/mm? characteristic strength. (W/m deg ©)  (C) (N/mm?) R
18.9 -5 - = —
0 85 200 -t
5 52 116 432
10 33 75 282
15 24 54 198
10.0 -5 = —e —
0 70 180 —b
5 40 104 416
10 27 66 270
15 21 45 189
6.5 -5 — — —
0 52 156 S
5 33 87 396
10 24 56 256
15 20 40 178
5.0 -5 —a — =]
0 42 132 663
5 30 74 376
10 24 49 242
15 20 37 168
3.4 -5 52 220 —v
0 33 90 600
5 28 56 334
10 23 41 211
15 20 34 144
2.0 -5 32 60 b
0 27 45 393
5 24 38 202
10 22 34 124
15 21 31 90
1.8 <5 24 44 512
0 24 39 189
5 22 34 120
10 21 32 95
15 20 30 81

“Concrete is frozen before it reaches D level of 5 N/mm?
®Strength level is not reached before 1,000 hours.
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Table 6. Striking times of portland cement Charagteristic Strenath
concrete with 490-kg/m® cement content Formwork Ambient Resistance  Reached
2 P Conductance Temperature to Damage
and 37.5-N/mm? characteristic strength. (W/m* deg ©)  (C) F (N/mm?) T Tecal 00 Porost
18.9 -5 -t - -
0 85 200 P
5 48 116 432
10 33 5 282
15 21 51 198
10.0 -5 - - —n
0 70 180 b
5 40 100 416
10 27 63 270
15 21 45 189
6.5 -6 -2 -2 -t
0 52 152 -P
5 33 84 390
10 24 52 252
15 20 38 176
5.0 -5 - -~ -t
0 39 126 654
5 28 68 370
10 23 45 236
156 19 34 164
3.4 -5 48 200 b
0 33 81 585
5 26 50 322
10 22 38 201
15 20 31 136
2.0 -5 28 52 -"
0 24 42 345
5 22 36 170
10 21 32 106
15 20 29 8
1.3 -5 24 40 356
0 21 36 141
5 22 32 100
10 20 30 83
15 19 28 T2

°*Concrete is frozen before it reaches D level of 5 N/mm?
bStrength level is not reached before 1,000 hours

CONCLUSIONS

1. Methods of relating the compressive strength of concrete to time and temperature
have been combined with a method of temperature prediction in hydrating concrete
elements to predict the times at which certain levels of strength are reached in the
elements.

2. The times at which both side and soffit forms may be removed from a concrete
element can conveniently be related to the strength achieved in the element.
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ACCELERATED METHODS OF ESTIMATING
THE STRENGTH OF CONCRETE

V. Ramakrishnan, South Dakota School of Mines and Technology, Rapid City; and
J. Dietz, Chicago Bridge and Iron Company

This paper gives the results of an experimental investigation to develop
equations for estimating the potential strength of concrete by using the
accelerated-curing methods recommended by the American Society for
Testing and Materials. Cylinders made from 21 different batches of con-
crete were tested. Ranges of variables included in this investigation were
types of cements (1, 2, and K); types of molds (steel, plastic, and card-
board); water-cement ratios (by weight), 0.41 to 0.72; aggregate-cement
ratios (by weight), 2.5 to 4.1;maximum size of coarse aggregate, 1 in.
(25.4mm); and the 28-day compressive strengths, 3,400 to 6,800 psi (23 500
to 46 900 kPa). An equation and correlation curves are presented for the
locally used materials and mixes relating the strength of types 1, 2, and K
cement concretes obtained in the accelerated-curing metheds and the 28-
day strengthobtained with standard-curing conditions. Based on the results
from this investigation and those of other investigators from wvarious
parts of the world, an equation applicable universally with reasonable ac-
curacy is presented for estimating the potential strength of concrete by
using accelerated-curing methods. Equations based on maturity concept
are also presented to predict the strength of concrete when the water-
cement ratio, duration, and temperature of curing are known. The re-
sults of this investigation are compared and analyzed in relation to pub-
lished works.

®CONCRETE testing in the last 50 years has remained consistently the same; however,
the methods of production and placement have changed quite considerably. Develop-
ments such as high-capacity ready-mix concrete plants, transit-mixer trucks, pre-
fabricated forms, power vibrators and finishing equipment, conveyors, and concrete
pumps have enabled contractors to place and finish huge quantities of concrete, as
much as 120 to 400 yd® (92 to 306 m®) in an hour.

What are the consequences ? Buildings, roads, and bridges could be completed be-
fore one conventional 28-day, standard-cured concrete test cylinder can be tested. A
large quantity of inferior concrete could be placed in a key location of a structure and
become an integral part of the structure before it could be detected. It may then be too
late to remove the inferior concrete alone; thus the removal of the entire structure may
be needed. The problem therefore is to reduce the time required between the place-
ment of concrete and the determination of the strength. This can be achieved by re-
placing the standard 28-day moist curing (ASTM C 684-71T) with accelerated curing.
The accelerated curing reduces the waiting period from 28 days to 1 or 2 days (ASTM
C192-69). This alone is a sufficient and adequate reason for adopting accelerated-
curing procedures.

Earlier research of accelerated curing has helped to develop three main require-
ments (2) for an acceptable test method: (a) The test must be reproducible, (b) the
test must produce accelerated concrete strengths that can be easily related to a ref-
erence strength level (probably the 28-day standard-cured strength), and (c) the ac-
celerated strength must be a high percentage of the reference strength to ensure
that the test will be efficient. Recognizing the need for rapid test results, ASTM has
adopted three accelerated-curing procedures (ASTM C 192-69): the warm-water curing
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method, the boiling-water curing method, and the autogenous curing method.

The detailed accelerated-curing procedures are to be followed nationwide; however,
the correlation curves and the relationships for predicting the 28-day compression
strength of concrete will largely depend on the locally used materials and mixes.

In that type K expansive cement is the cement of the future (3), there is a need for
developing relationships for predicting the 28-day strength of this shrinkage-
compensating concrete by using accelerated-curing methods.

SPECIFIC AIMS

The specific aim of this research is to develop correlation curves for the locally used
materials, mixes, and methods relating the strength of portland cement concrete ob-
tained in the accelerated-curing methods and the 28-day strength obtained with standard-
curing procedures.

The correlation between the compressive strength obtained from the accelerated
method and from the 28-day standard-curing method will also be developed for the type
K, expansive cement concrete.

EARLIER RESEARCH

Theoretica! Basis

Concrete Hardening, The Curing Process

There are four distinct periods in the hardening or hydration process. The first period
occurs when cement and water are brought into contact. It is a period of rapid disso-
lution and exothermic chemical reactions lasting about 5 min. The rate of reactions
then subsides to a low level, and the second period, one of dormancy or plasticity,
lasts 40 to 120 min (depending on the cement characteristics). The third period, one
of rapid chemical reactions, then begins, usually lasting 3 to 6 hours, during which
the concrete loses its plasticity and sets. Final set commonly occurs by the sixth
hour after the cement first comes in contact with water. At that time approximately
85 percent of the hydration process is still remaining (2). After final set, the fourth
period begins, one in which the chemical reactions confinue at a diminishing rate until
the conditions necessary for the reactions to continue are no longer present.

When hydration occurs at a rapid pace, there is rapid hardening and rapid gain of
strength. Hydration, being an exothermal chemical reaction, gives off heat, and, if
heat is applied externally, hydration will accelerate. When the rate of heat evolution
is measured at normal temperature and at an elevated temperature (applying heat), it
can be seen that the heat evolution at elevated temperatures is greater than at normal
temperatures (4) (Figure 1). This implies that the hydration process is accelerated
and that the strength gain due to elevated temperatures is also accelerated.

Maturity Concept

The compressive strength of concrete increases with time; the temperature at which it
is cured also has a major influence. Previous research has shown the most accepted
datum temperature to be between 10 and 14 F (-12.2 and -10 C). It is at this tempera-
ture and above that hydration and hardening begin. The maturity concept is based on
this datum temperature, where

Maturity (M) = curing time (hours) X temperature of cure (deg F) - 14 (1)



Figure 1. Rate of heat evolution 20 |
versus time.

|
e Type 111 Cement, w/c = 0.40, Temperature @ 136.7°F

16 -
£ 14t
<
g
c.
S~
FERYE
v
c
2
s 10)
c i
o ! Type 11 Cement, w/c = 0.40, Temperature = 136.7°F
o Bp|!
il
s !
s I
© 6F| !
& l}

H Type 111 Cement, w/c = 0.40
af| ! / Temperature = 80.1°F
!

«——Type 11 Cement, w/c = 0.40 5
&5 Temperature = 80,1°F

10 20 30 40 50 60
Time, hours

Figure 2. Twenty-eight-day strength
versus maturity. Malhotra, w/c = 0.47, Cy1,
6
Wiley, w/c = 0,51, Cyl.
Malhotra, w/c = 0.59, Cytl.
w 5 "
v
=
A
o
e
4 Ramakrishnan,
2 4 w/c = 0.45, Cube
2
- Ramakrishnan, w/c - 0.55, Cube
2
=
s 3t
‘e _ Malhotra, w/c = 0.7, Cyl.
2 Ramakrishnan, w/c = 0.7, Cube
i
0
o~ 2 e
Ramakrishnan, w/c = 0,9, Cube
1 H
McDaniel, w/c = 0.7, Cyl.
i L i

1
10 20 30 40

Maturity, thousand °F-hours



32

The units of maturity are deg F hours (deg C hours).

The strength then of a given concrete mix can be defined by a single value, maturity,
all other conditions being equal. Figure 2 is based on the results of the research of
McDaniel (6), Wiley (7), Malhotra and Berwanger (8), and Ramakrishnan and Li (9) and
shows that The strengfh increase due to increasing maturity is not linear. If thesé same
curves are plotted by using logi(maturity) as the independent variable on the X-axis,
the curves become linear as shown in Figure 3. By using the maturity concept, it is
possible to determine the strength of a given concrete without physically testing a con-
crete specimen.

Maturity, then, is an additional tool in determining the concrete strength, but the
test data and results should not be used indiscriminately.

Findings

Previous research of boiling-water or high-temperature accelerated curing has shown
a wide variety of procedures and methods. Results of research by McGhee (2), Mal-
hotra and Berwanger (8), Smith and Chojnacki (11), Malhotra and Zoldners (I2), and
Vuorinen (13) are shown in Figure 4. The closé grouping of these curves is quite ex-
traordinary in spite of the fact that the testing was done in three countries and three
different test methods were used. It also shows the possibility of using a general curve
obtained from these curves to estimate the 28-day strength until a more accurate local
curve can be developed. A local curve must be found because of differences in aggre-
gate, sand, and cement in various regions.

The results of hot-water testing done by Malhotra (14) and McGhee (2) are shown in
Figure 5. It can be seen from these curves that there is a wide range of results. It
would not be possible to use an average equation to represent all the data; therefore
separate equations based on specific cement types are definitely required. Figure 6
shows curves developed by McGhee (2) that compare efficiency (ratio of accelerated
strength to 28-day strength) and the curing temperature. His testing and conclusions
%ndicated tl)lat the highest efficiencies are obtained at water temperatures of 165 to 180 F

74 to 82 C).

SCOPE

This investigation consisted of two parts. In the first part the mandatory ASTM pro-
cedures for accelerated curing (ASTM C 192-69) were followed. The second part con-
sisted of minor variations of ASTM procedures necessary to time scheduling properly
for testing and to improve the efficiency of the tests.

Included in the testing were 21 different batches of concrete obtained from local
ready-mix plants. Ranges of variable parameters included in this investigation were
water-cement ratios (by weight), 0.41 to 0.72; aggregate-cement ratios (by weight),
2.5 to 4.1; maximum size of coarse aggregate, 1in. (25.4 mm); and the 28-day com-
pressive strengths, 3,400 to 6,800 psi (23 500 to 46 900 kPa).

MATERIALS AND METHODS

The cements used were types 1, 2, and K portland cements. The fine aggregate used
was a coarse, washed river sand found along the Cheyenne River near Hot Springs,
South Dakota. The coarse aggregate used was crushed limestone from the local quar-
ries of Rapid City, South Dakota. Concrete using type K cement was made in the lab-
oratory. Concretes using types 1 and 2 cements were obtained from local ready-mix
concrete producers, one using the central-mixer technique and the other using the
transit-mixer operation.

The casting of the cylinders was done according to ASTM C192-69. Molds of steel,
cardboard, and plastic were used, and both manual and mechanical methods of consoli-



Figure 3. Twenty-eight-day strength versus log, , (maturity).
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Figure 5. Twenty-eight-day versus accelerated strength at low
and medium temperatures.
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dation were used. A ‘4-in.-diameter (12.7-mm) rod and a 1%-in. (31.75-mm) Stow
concrete vibrator (model 71E) were used in consolidating the concrete.

The curing of the concrete cylinders was done according to ASTM procedures for
standard curing (ASTM C192-69) and for accelerated curing (ASTM C 684-71T). Ad-
ditional accelerated-curing methods were also used, one of which was similar to the
ASTM warm-water method. In this method, the curing water temperature was higher,
167 F (75 C), the duration of the cure was 1 hour longer, and the concrete was allowed
to set for 2 hours before curing began. The other method was a slight variation of the
ASTM boiling-water method. In this method, the cylinders were placed in the boiling
water immediately after the cylinders from the hot-water test were removed. Because
of this procedure, the time at which curing began in the boiling-water method was 26
hours after casting instead of the 23 hours recommended by ASTM. Therefore, the age
at testing was also 3 hours later, at 31, hours instead of 284 hours. Table 1 gives the
curing methods used and their variations.

Testing of the cylinder specimens was done according to ASTM C39-71 on a 300,000-
1b (136 000-kg) capacity Tinius Olsen compression testing machine,

A minimum of nine cylinders were cast (all in the same type of mold) from each
batch (three in warm or hot water, three in boiling water, and three for 28 days).
Testing was also done on cylinders cast in different types of molds and from the same
batch. The data obtained from these tests were used in determining regression
equations.

DISCUSSION OF TEST RESULTS

The data obtained from the various test batches are given in Table 2.

Hot-Water Method

Tests 1 to 13 followed the hot-water procedure from Table 1. This method was rec-
ommended by an ASTM subcommittee and was effective July 1971. The resulting data
are shown in Figure 7. By using the method of least squares (17) in determining re-
gression equations, three equations representing different parameters were obtained
and are also given in Table 3.

In the hot-water method, when all the available results with different variables are
considered together, there are enough test results for a reasonable statistical analysis.
There is a good correlation between the 28-day strength and the accelerated strength
of concrete when the hot-water method is used. The efficiency fac./f2er (ratio of the
accelerated strength to the 28-day strength) is greater when the hot-water method is
used than when the other two methods are used. The efficiencies obtained for the hot-
water, warm-water, and boiling-water methods are 51, 33, and 41 percent respectively.

Warm-wWater Method

Tests 15 to 21 followed the warm-water procedure (Table 1) recommended by ASTM
C684-71T. Test results are shown in Figure 8, and corresponding regression equa-
tions are given in Table 3. From Table 3 and Figure 8, one can see that the different
types of cements are more sensitive to this type of cure than to the different types of
molds used. This is shown by the low correlation factors obtained when results based
on the use of different molds are individually analyzed. In the warm-water method,
even at a comparatively low temperature of 95 F (35 C), there was a definite increase
in the strength. There was also a consistent pattern in the rate of increase of strength
of concrete, even though a small number of tests and a small range of strengths were
used.

Among all the correlation coefficients found, the highest and lowest values occurred
when this test method was used. If this method is to be used, it is imperative that the
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Table 1. Curing methods used.

Curing
Temper-
Curing ature Age Curing Duration of Age at
Procedure Molds Medium (C) Begins Cure Testing
ASTM 28-day Reusable or Water 21 24 hours 28 days 29 days
standard single-use after casting
Hot-water Reusable or Water 75 2 hours 24 + % hours 28 + Y hours
single-use after casting
ASTM warm- Reusable or Water 35 Immediately 23% + % hours 24 + % hours
water single-use after casting
Boiling-water Reusable or Water 93 26 hours 3% + Y2 hours 31% + % hours
single-use after casting
ASTM boiling-  Reusable or ~ Water 930 23 hours 3% + */i» hours 28% + /4 hours

water

single-use

after casting

Test elevation = 3,230 ft (985 m}).

Table 2. Test data.

Test Type of

Avg Strength Results (psi)

Steel Molds

Plastic Molds

Paper Molds

No. Cement H-W B-W 28-D H-W B-W 28-D H-W B-W  28-D
1 1 2,118 1,681 3,657

2 1 2,192 1,630 3,498

3 1 1,620 1,691 4,233

4 1 1,630 1,750 4,292

5 1 1,375 3,545 1,435 3,637

6 1 3,682 5,237 3,554 4,977

7 K 4,424 2,980 6,783 2,642

8 1 1,896 1,753 3,896

9 1 1,940 1,970 4,565

10 K 4,346 2,567 6,443

11 1 1,655 1,482 4,197

12 1 1,687 3,836 1,599 3,538
13 1 1,939 4,244 1,189 4,069
14 1 2,167 4,721
15 1 1,416 1,802 4,234 1,308 1,611 4,054
16 K 1,198 1,747 4,900 4,638
17 1 1,490 1,610 4,200

18 2 1,323 1,984 5,662 2,099 6,054

19 K 2,120 5,860 2,064 5,736

20 1 2,307 4853 2,091 4798 2,004 4,636
21 K 1,652 2,617 5,497 1,544 2,424 5,048

Note: H-W = hot-water, B-W = boiling-water, and 28-D = 28-day. 1 psi = 6.9 kPa.



Figure 7. Twenty-eight-day versus accelerated-strength
results from the hot-water method.
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Table 3. Correlation equations.

Test Parameters

No. of Correlation

Method Cement Molds Tests Equations Coefficient
Hot-water 1 Steel 9 foe = 0.46 £, + 3,248 0.577

1 All 11 fas = 0.458 £, + 3,314 0.592

Al All 13 fog = 1,149 £, + 1,840 0.874
Warm-water Al Steel 6 fos = -0.0075 £, + 4,903  -0.013

All All 10 fae = 0.095 £, + 4,634 0.059

All Paper 3 fae = 0.581 £, + 3,639 0.425

K All 3 fze = 1.053 f,., + 3,605 0.838

1 All 6 f20 = 0,822 £, + 3,008 0.986

1 Steel 3 f2 =0.729 £, + 3,162 0.992
Boiling~water 1 Steel 11 fas = 2.204 £, . + 169 0.580

K All 8 fas = 1,158 £,,_ + 3,021 0.703

1 All 15 f25 = 1,404 £, + 1,644 0.735

K Steel 5 fa5 = 0.258 £, + 5,277 0.832

All All 25 f2s = 2.086 £, + 682 0.871

All Plastic 4 f20 = 2.088 £, + 1,077 0.879

1 Paper 3 f25 = 4.053 £, - 3,160 0.907

All Steel 17 f26 = 2.087 £, + 681 0.892

All Paper 4 fos = 1.571 £, + 1,276 0.954
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various parameters involved in the casting and curing be separately analyzed; other-
wise, the results of the regression equations will not be valid.

It also appears that the efficiency of a test is not an important consideration because
the efficiencies found in this test were the lowest at 33 percent. Further research
is needed to confirm the above-mentioned conclusions.

Boiling-Water Method

Two different boiling-water methods given in Table 1 were used. One method was
recommended by ASTM. In the other, curing begins 3 hours later than in the correct
ASTM procedure. Due to the close proximity of these methods, no differentiation will
be made between them and both are called the boiling-water method. As shown in Fig-
ure 9 and given in Table 3, this 3-hour variation in initial curing before boiling ap-
pears to have little effect on the outcome of the results.

The correlations obtained by using the boiling-water method are similar to those of
the results from the hot-water method when the same procedure was used for the analy-
ses. However, the boiling-water method is easier to conduct because

1. There is no soaking of molds in curing water, and hence there is less cleanup;

2. It is easier to conduct the procedure in the field since no sophisticated curing
tank is needed and any tank to hold boiling water is sufficient; and

3. It is possible to transport specimens for a short distance before curing beings.

The boiling-water method can be used when a variety of testing parameters and con-
ditions are encountered on a project. If only one type of mold is used throughout a
project but different cements are used, good correlation can be obtained (Table 3) by
using the boiling-water method. It appears that different types of molds have a greater
effect on the results than different types of cements. This is probably due to the 24-
hour time interval between casting and the starting of the accelerated curing of the
specimen. It allows the concrete enough time to reach the fourth stage of hydration,
when the rate of release of the heat of hydration is decreasing (Figure 1). At this time,
heat is supplied to the concrete by the boiling water, and the rate of strength develop-
ment is accelerated.

A universal equation, such as the one shown in Figure 10, could be used for pre-
dicting the 28-day strength when initial data are sparse (new project, new area) or
when cement types and molds are changing in a project. However, as Figure 9 shows,
when one type of cement is used throughout the project, an equation representing the
actual data will give a more accurate estimate of the 28-day strength. Figure 10 shows
a single curve and equation that can be used when the boiling-water method is used.

The lighter lines in Figure 10 are plots of equations from other investigators' work
obtained from various parts of the world (2, 8, 11,12, 13, 14).

and is quite easy to use. However, one disadvantage in this method is the overtime
work necessary if the cylinders are cast after 1 p.m. If the cylinders were cast at 5
p.m., they would have to be placed in the boiling water at 4 p.m. the following day, re-
moved at 7:30 p.m., and tested at 9:30 p.m. However, this overtime work is more
than compensated for because of the ease in testing and the good correlations resulting
even under adverse conditions. There is no overtime work involved in the use of the
warm-water method if it is used during working hours.

Expansive Cement

Data obtained from testing concrete cylinders made of type K cement are given in
Table 2. In the hot-water method, concrete made of type K cement developed higher
efficiencies (66 percent) than concrete made of type 1 cement (51 percent). In the
warm-water method concrete made of type K cement has an average efficiency of 27



Figure 8. Twenty-eight-day versus
accelerated-strength results from the

warm-water method.
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Figure 9. Twenty-eight-day versus accelerated-strength results from two procedures for boiling-

water method.
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Figure 10. Twenty-eight-day versus accelerated-strength
results from two equations for boiling-water method.
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Figure 11. Compressive strength versus log,, (maturity) for various concretes.
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percent versus 39 percent for type 1 cement concrete. In the boiling-water method,
type K cement concrete had an efficiency of 41 percent, which is about the same as that
of type 1 cement concrete (42 percent). In both hot-water and warm-water methods, the
test points were few; it is therefore difficult to make specific comments about the re-
sults. Expansive cement concrete behaves differently in the hot-water and warm-water
curing methods than type 1 cement concrete. Expansive cement concrete develops
higher efficiencies in the hot-water method and lower efficiencies in the warm-water
method than type 1 cement concrete, This shows that the rates of strength develop-
ment are different for types 1 and K cement concretes. These two accelerated-curing
methods (using hot and warm water) appear to accentuate the already inherent differ-
ences between types 1 and K cements that cause the cements to react differently.

When the boiling-water method is used, the data do not give a clear picture of any
specific trends. The trend appears to be similar to type 1 cement concrete; however,
more data points are needed to actually develop an equation that will estimate the 28-
day strength of expansive cement concrete. At present the general equation (Figure 10)
representing all cements and all molds for the area of Rapid City, South Dakota, ap-
pears to be able to estimate the 28-day strength of concrete made of types 1 and K
cement with reasonable accuracy.

The 28-day strengths obtained by using type K cement range from 4,600 to 6,780 psi
(31 700 to 46 780 kPa) with water-cement ratios ranging from 0.45 to 0.56. Further re-
search is needed in regard to the accelerated curing of expansive cement concrete.

Maturity Method

The compressive strengths obtained for the various concretes are plotted against their
logso (maturity) values in Figure 11, which shows that there is no linear relation be-
tween compressive strength and log;o (maturity). Some researchers (6,7, 8,9) have
recognized that the accuracy of the prediction of concrete strength based on the ma-
turity concept can be improved by including water-cement ratio as one of the parame-
ters in addition to the duration and temperature of curing. Ramakrishnan and Li (9)
have proposed equations, based on maturity concept, in which water-cement ratio,
duration and temperature of curing, and type of curing are the variables. The results
from this investigation are compared with the proposed equations (9) in Figure 12.
These equations show a reasonable agreement with the test results.

When the water-cement ratio is taken into consideration as shown in Figure 12, the
test results show a better correlation with the predicted strengths. Table 4 gives equa-
tions for a certain water-cement ratio range that can be used to estimate the 28-day
compressive strength. The accuracy of this method appears to be as good as that for
the accelerated methods. In this method (Figure 12), differences in molds, cements,
and curing have a pronounced effect on the results. As an example, ecylinders cast in
cardboard molds and cured for 28 days (standard cure) will have the same maturity
but lower strength (approximately 10 to 15 percent lower) than cylinders cast in steel
molds and cured 28 days (standard cure). Any equation derived to estimate the 28-day
compressive strength or strength at any other age must take into consideration all in-
fluencing parameters that affect the strength results.

Effect of Accelerated Curing

The major effect of accelerated curing is accelerating the strength development of con-
crete. This can be done at various rates, depending on the type of cure used.

An adverse effect that has not been adequately recognized in earlier research is the
fact that concrete cured by accelerated methods for a short period and then cured nor-
mally for the remaining period of 28 days in many cases will not develop the same
compressive strength as that of a similar cylinder cured by standard methods for
28 days.

A few pilot tests were conducted to examine the effects of accelerated curing on the



Figure 12. Compressive strength versus log,, (maturity) for various water-cement ratios.

e Ramakrishnan's Equation

——-——Test Results (Equations in Table 4)

Compressive Strength, ksi

3 ol
"
o o
N &
! of Jo°

0
Logyg Maturity { F hours)

Table 4. Strength estimation equations based on maturity and various water-cement ratio

ranges.
No. of Water-Cement Correlation
Cement Mold Tests Ratio Range Equations Coefficient
1, K Steel 16 0.45 to 0.50 f, = 1,431 loge(maturity) - 1,949 psi 0.844
Plastic
Paper
L, K Steel 23 0.50 to 0.55 {, = 2,033 logi(maturity) - 4,521 psi  0.889
Plastic
1, K Steel 23 0.55 to 0.60 f, = 2,065 log(maturity) - 5,194 psi  0.819
Plastic
Paper
1 Steel 10 0.60 to 0.65 f, = 1,969 logw(maturity) - 5,068 psi  0.880
Paper
0.65 t0 0.70 No test points in this range
1 Steel 5 0.70 to 0.75 f, = 2,284 logo(maturity) - 6,035 psi ~ 0.962
Paper

Note: 1 psi=6.9 kPa,

Table 5. Effects of ASTM accelerated curing on 28-day compressive strength.

Water- 1-Day Strength (psi) 28-Day Strength (psi)
Test Curing Cement No. of Cement
Batch Method Ratio Molds Tests Type Accelerated Normal Accelerated Normal
6 Hot-water 0.48 Steel 1 1 3,682 800 4,061 5,237
at 168 F
18 Warm-water 0.45 Steel 2 2 1,323 900 5,286 5,662
at 95 F
5 Boiling-water  0.56 Steel 2 1 1,375 500 2,732 3,545
at 199 F
14 Boiling-water 0.71 Paper 3 1 2,167 400 4,245 4,721
at 199 F
16 Boiling-water 0.56 Steel 2 K 1,747 700 4,948 4,900
at 199 F
17 Boiling-water 0.52 Steel 2 1 1,610 650 2,887 4,200
at 199 F

Note: 1psi=69kPa. 1F=1.8(C)+32
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28-day compressive strength. These results are given in Table 5 (19). It appears that
at higher curing temperatures the effects of accelerated curing are more pronounced.
The best time to begin curing appears to be 4 to 6 hours after casting; the lower curing
temperatures will have less long-term effect on concrete compressive strength (19, 20),

When accelerated methods are used in strength estimation, the previously mentioned
adverse effect need not be considered because it does not affect the results. If, how-
ever, accelerated methods are used for other purposes, such as achieving high early
strength in concrete by steam curing, high-temperature-immersion curing, or other
methods, this long-term effect should be considered.

CONCLUSIONS

1. The boiling-water method can be used when a variety of testing parameters and
conditions are encountered on a project. Currently, we recommend its use because of
the ease in testing, its satisfactory correlations with standard-curing methods, and the
shortage of information regarding the other accelerated methods.

2. There is need for more research work using the hot- and warm-water methods
over a greater range of strengths before any one method can be recommended. This
could be done in conjunction with work that will expand the maturity concept with actual
measurements of temperatures inside the cylinders.

3. Expansive cement concrete reacts favorably to accelerated curing. Because of
its inherent physical and chemical properties, expansive cement concrete has strength
development rates that are different from those of type 1 cement concrete. When ex-
pansive cement concrete becomes more widely accepted and used, separate correlation
curves should be developed.

4. Accelerated methods are needed and can benefit the owner, construction con-
tractor, and concrete producer in the form of reduced costs, less chance of construc-
tion delay due to testing uncertainty, and more uniform concrete throughout the project.

5. When the advantage of using accelerated testing is understood and accepted by all
engineers, contractors, and testing agencies, this could possibly be the only test used
as a measure of the strength of concrete.

6. Casting in steel molds resulted in concrete cylinder strengths 10 to 15 percent
higher than in paper molds and 3 to 6 percent higher than in plastic molds. These con-
clusions were reached by comparing concrete strengths obtained when different molds
were used in the same test batch.
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PRACTICAL APPLICATION OF THE MATURITY CONCEPT
TO DETERMINE IN SITU STRENGTH OF CONCRETE

John A. Bickley, Construction Testing Services Limited, Toronto

The C. N. Tower will be the h1ghest free-standmg structure in the world.
The foundations contain 10,000 yd® (7646 m®) of low-heat cement concrete,
and accelerated testing was used throughout the concreting period. The
sl1p-formed concrete superstructure is 1,464 ft (450 m) high and contains
40,000 yd (30 580 m®) of concrete. The accelerated test used during slip
formmg was the 48-hour autogenous test devised by Smith and Tiede. The
last 3 months of slip forming were carried out from December 1973 to
February 1974, the coldest period of the Canadian winter. Ambient condi-
tions as low as 1 F (-17 C) were experienced, and wind-chill factors at
heights above 1,000 ft (305 m) significantly increased the low-temperature
effects. Maturitytesting was done to checkthat, as the slip form rose, the
concrete exposed to winter conditions achieved adequate strength. Thermo-
couples inserted during every shift were monitored at intervals throughout
each 24-hour period, and in-place strengths were calculated. Monitoring
continued until acceptable strengths had been achieved at each level. Eval-
uation was based on cores drilled from the structure and cylinder tests.

eTHE C. N. Tower will be the hlghest free-standing structure in the world. The foun-
dations contain 10,000 yd® (7646 m®) of low~heat cement concrete, and accelerated
testing was used throughout the concreting period. The shp formed concrete super-
structure is 1,464 ft (450 m) high and contains 40,000 yd® (30,580 m®) of concrete. It
was cast in a m1xture of low-heat cement concrete portland cement concrete, and
concrete made with varying proportions of both cements. A fully equipped site lab-
oratory was operated 24 hours a day during slip forming and performed accelerated
tests around the clock. The accelerated test used was the 48-hour autogenous test
devised by Smith and Tiede. Altogether about 650 accelerated tests were made on this
project. Correlation and reliability data are available for all mixes used.

The last 3 months of slip forming were carried out from December 1973 to February
1974, the coldest period of the Canadian winter. Ambient conditions as low as 1 F
(-17 C) were experienced during this period, and wind-chill factors at heights above
1,000 £t (305 m) significantly increased the low-temperature effects.

Maturity testing was carried out to check that, as the slip form rose, the concrete
exposed to winter conditions achieved adequate strength. Thermocouples inserted
during every shift were monitored at intervals throughout each 24-hour period, and
in-place strengths were immediately calculated. Monitoring continued until an ac-
ceptable strength had been achieved at each level. Evaluation was based on cores
drilled from the structure as well as cylinder tests.

COLD WEATHER PROBLEMS

Problems presented by cold weather are threefold. First, the steady rise of the slip
form depends on the setting of the concrete proceeding normally during the few hours
the concrete is in the form. Second, the concrete is only in the form for a few hours
before it is exposed to the weather. Third, should the concrete on emerging into the
cold ambient conditions be cooled before it has achieved adequate strength, the con-
tinued rise of the slip form could result in a significant height of the C. N. Tower above
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a weak layer or layers of concrete.

The initial setting of the concrete for the C. N. Tower in Canada was falrly simply
controlled by the use of heated concrete and radiant heaters directed at the slip form
at the finishing level.

DESIGN OF PROTECTION

Protection of the concrete in the C. N. Tower after it had emerged from the form was
a little more complex. Three-dimensional calculations showed that without protection
the concrete would cool rapidly to ambient temperatures before it had gained adequate
strength (Figure 1). Two to 3 days of protection with 1 in. (25.4 mm) of polystyrene
would however give adequate strength. At a planned maximum rise of 12 ft/day

(3.65 m), this meant that about 36 ft (10.97 m) of protection would hang below the slip
form. However, the temperature gradients resulting as the concrete emerged into the
cold air could crack the concrete (Figure 2). The final configuration of the Qrotection
was therefore 20 ft (6.09 m) of 1-in. (25.4- mm) polystyrene, 9 ft (2.74 m) of /,-in.
(12.7-mm)polystyrene, and 8 ft (2.43 m) of Yi~in. (6.4-mm) plywood. This combination
provided adequate protection for initial strength gain. It also allowed the concrete to
cool sufficiently before it was exposed to the atmosphere to avoid temperature gradients
severe enough to cause cracking (Figure 3).

STANDARD AND ACCELERATED TESTING

Throughout the conereting program, sets of five test cylinders were cast for each 75
yd® (57 m®) of concrete.

Two cylinders were subjected to accelerated testing after 48 hours by use of the
autogenous method developed by Smith and Tiede. The remaining cylinders were given
standard laboratory fog-room curing. One was tested at 7 days, two were tested at
28 days, and one was tested at 90 days. Analysis of all standard cylinder tests gave
the following results [the superstructure is 620 1b (280 kg) of varying proportions of
types 1 and 4 cement per cubic yard (cubic meter) (1 psi = 6.9 kPa)l:

Age at Test Mean Strength Standard Deviation Coefficient

(Days) (psi) (psi) of Variation
i 5,190 432 8.3
28 6,900 432 6.1

Typical data devised from regression analysis for the relationships of accelerated
tests to standard 28-day cylinder tests were as follows (1 psi = 6.9 kPa):

95 Percent
Level of
Cement No. of Sy-x Correlation Signif-~
Type Tests y=mx+b (psi) Coefficient icance
1 43 y(28-day) = 341  0.8227 Yes
4 147 +1.3027 Ra(48- 356  0.7173 Yes
hour) + 1,392
y(28-day) =
0.9162 Ra(48-

hour) + 3,611



Figure 1. Temperature curves for walls; no protection below finishing

platform.
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Figure 2. Temperature curves for walls; 36 ft (10.97 m) of 1-in. (25.4-mm) polystyrene below
finishing platform.
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Figure 3. Temperature curves for
walls; 20 ft (6.09 m) of 1-in.
(25.4-mm) polystyrene, 9 ft
(2.74 m) of %-in. (12.7-mm)
polystyrene, and 8 ft (2.43 m)

of %-in. (6.4 mm) plywood below
finishing platform.

Figure 4. Strength-maturity
plots for three thermocouples.

Figure 5. Strength-maturity
curves for concrete mix used.

TEMPERATURE °F

TEMPERATURE °F

CCMPRESSIVE STRENTH,PSI

~~SURFACE

AGE IN DAYS

2

TEMPERATURE °C

20 o
-0
0=
1 1 1 1 —
0 I 3
AGE IN DAYS
6000
40
40°F (4-44°C)
ol — ‘;|7\
2 i [
5000 [~
——_40°F (444°C)
@
= 20
4000 |-
25
3000 |- bss
15
2000 ¢ 18 BROKE
T 0
1000 -
s
L | ! L 1 ] L
20 40 60 80 100 20 140 160

AGE , HOURS

TEMPERATURE °C



49

The concrete was uniform, and correlation coefficients for prediction of the 28-day
strength from accelerated tests were good.

MATURITY TESTING

Before continual maturity testing was started on the C. N. Tower, some preliminary
tests were made. Two cores drilled from the section of the structure chosen for the
experiment were both tested at 4,710 psi (32,5 MPa) and at 7 days. Corrected to allow
for the effect of overnight laboratory storage, these cores indicated in-place strength
of 4,400 psi (30.3 MPa). In-place strength predicted from thermocouple readings of
the same concrete was 4,250 psi (29.3 MPa).

After it was determined what strengths could be achieved, field checks were neces-
sary to ensure they were consistently achieved. During each shift, a number of
thermocouples were installed in the walls. Each thermocouple was on a free-turning
reel fixed to the formwork to support the framework. As the form rose, the thermo-
couple wire unwound into the rising concrete. Readings were taken a number of times
a day and were plotted on a standard form (Figure 4). Strength values were based on
a strength-maturity curve previously established for the mix in use (Figure 5). The
in-place strength of each shift of concrete was therefore known each day as it developed.

CONCLUSIONS

By the use of accelerated testing and in-place strength determinations, the adequacy
of the concrete and thus the safety of the structure were continuously monitored. The
results of the potential and actual strengths were available during the first 3 days after
the concrete was placed. The concrete in the C. N. Tower was therefore known to be
strong enough before it emerged from its protection.

Developments of this combination of advanced testing techniques offer great potential
to the industry for safety and economy.



FIELD EVALUATION OF EXPANDED POLYSTYRENE MOLDS
FOR SELF-CURED, ACCELERATED STRENGTH TESTING
OF CONCRETE

André Bisaillion, Concrete Laboratory Ltd., Montreal;
Guy Fréchette, Quebec Ministry of Transport; and
J. Hode Keyser, University of Montreal

An accelerated-curing method that offers the possibility of forecasting the
28-day strength of concrete 48 hours after sampling was evaluated in the
field. The method consists of casting and curing the concrete in styrofoam
molds and has the following advantages over conventional accelerated-curing
methods: (a) There is no change in the sampling and testing procedures
normally used for the standard 28-day test, (b) the test is done during nor-
mal working hours, (c) no special heating or curing equipment is needed,
(d) the concrete sample is protected from large curing-temperature varia-
tions that may occur during handling and transportation from the field to
the laboratory, (e) the test cylinder of green concrete is protected from
rough-handling damage, and (f) the technician is not exposed to injury by
heat. More than 1,300 cylinders of paving and structural concrete, pro-
duced by 4 suppliers, were tested. The study showed that (a) there is a
good correlation between 48-hour and 28-day test results, (b)the gain in
strength at 48 hours is more than 60 percent of the 28-day strength, (c)a
different 48-hour to 28-day strength regression equation was found for each
concrete supplier, and (d) the reliability of the strength test results of
cured samples obtained by using the expanded polystyrene mold method is
of the same order as that obtained by more elaborate accelerated-curing
methods.

eTHE advantage of early determination of concrete strength potential has been
recognized for many years. Accelerated strength tests for concrete have been used
since 1920, and a considerable amount of work has been done in the 1960s (1, 2, 3, 4).
In 1963, the Canadian Standards Association (CSA) and the American Society for Test-
ing and Materials (ASTM) appointed subcommittees to study the development of ac-
celerated strength tests for concrete. It was not until the beginning of 1970 that CSA
and ASTM adopted tentative methods for making, curing, and determining the compres-
sive strength of accelerated-cured concrete test specimens (CSA A 23.2-1973 and
ASTM C 684-73T).

CSA A 23.2-1973 offers a modified boiling-water method and an autogenous curing
method (CSA A23.2.26). ASTM C 684-73T also included the warm-water method. A
brief description of the three accelerated-curing procedures is given in Table 1.

Although it is evident that an early strength test, in lieu of the 28-day test, is an
effective tool to improve quality control and promote early decision making, none of
the standardized procedures have come into general use. The proposed methods re-
quire special equipment and curing procedures, they complicate testing, they are
awkward to perform, and they increase the cost of testing significantly.

SCOPE

The purpose of this study was to determine if a truly simple accelerated strength test
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method could be achieved by using a single-use expanded polystyrene mold such as the
one originally developed to protect concrete test cylinders from frost or handling
damage (§). The inherent insulating property of the mold is used to accelerate the cur-
ing of the concrete so that the potential 28-day compressive strength can be predicted
from the 48-hour self-accelerated strength.

The study is divided into two main parts:

1. Evaluation of the self-cured accelerated strength test results, and
2. Comparison between the results of the proposed method and other accelerated
strength test methods.

The evaluation was based on testing of a large number of field-sampled specimens
of ready-mixed concrete, for which the sampling technicians received no special in-
structions. The concrete was produced for paving and structural works by four sup-
pliers. All concretes used portland cement concrete (CSA type 10 or ASTM type 1),
limestone coarse aggregates, natural or manufactured sand, and air-entraining and
water-reducing admixtures (CSA type WN or ASTM type A).

EQUIPMENT AND TEST PROCEDURES

Figure 1 shows the commercially available expanded polystyrene mold used in this
experiment. It meets all CSA and ASTM requirements for single-use molds.
The main features of the mold pertinent to this study are as follows:

1. It is made of expanded polystyrene so that the heat generated by the exothermic
chemical reaction during cement hydration can be partially retained within the concrete
to accelerate the curing, and

2. 1t has tight press-fit cover to prevent heat and moisture losses.

Standard procedures are followed for molding the specimens, which are curedintheir
molds at room temperature [ 60 to 80 F (15.6 to 26.7 C)] at the job site or the central
laboratory until testing. No special curing facilities are required; the insulation of the
mold provides for the self-accelerated curing. Cylinders are demolded immediately
before testing, and CSA or ASTM procedures are used for capping and load testing.
The concrete specimens are tested at, or about, 48 hours. A correction factor may be
applied for discrepancies in testing time. However, in this study, corrections based
on the strength-time curve of laboratory mix concrete (see Appendix) have not indi-
cated any substantial improvement in the accuracy of the method. A strength-time
curve up to 96 hours based on the self-cured method should be established to eliminate
weekend testing and to reduce testing expenses.

FIELD EXPERIMENT

Description

The experiment was carried out during construction of different contract sections

of the Trans-Canada Highway through the city of Montreal, which includes elevated and
depressed roadways and a unique multilevel underground interchange. The concrete,
supplied by four producers, consisted of several classes of concrete with different
strength or durability requirements based on water-cement ratios. All concrete sam-
ples were collected at the job site as a part of normal field control work. The tempera-
ture, slump, and air content of each concrete sample were obtained before molding.
Five 6 by 12-in. (15 by 30-cm) cylinders were molded from each concrete sample by
using standard methods. Expanded polystyrene molds were used for the two accelerated-
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Table 1. Accelerated-curing procedures.

Accelerated Age Duration of
Accelerated Curing Accelerated Accelerated Age at
Curing Temperature Curing Curing Testing
Procedure Molds Medium (F) Begins (hours, min) (hours, min)
Warm-water Reusable or Water 95 Immediately 23%, %30 24, £15
single-use after casting
of cylinder
Boiling-water ~ Reusable or Water 212 23 hours after 3'%, +5 284, +15
single-use casting
Autogenous Single-use Heat of Initial concrete Immediately 48, +15 49, +15
hydration temperature after casting

augmented by
heat of hydration

Note: 1F =18 (C)+32

Figure 1. Commercially available expanded
polystyrene mold used in test.

Table 2. Number of samples and cylinders
tested for each contractor.

Supplier No. of Samples No. of Cylinders

A 100 500
B 35 115
¢ 30 150
D 48 240

Total 213 1,065
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cured cylinders; standard paraffin-cardboard molds were used for one normal-cured,
T-day cylinder and two normal-cured, 28-day cylinders.

All concrete samples were kept at room temperature in the field laboratory for the
first 20 to 30 hours before they were transported to the central laboratory for testing.
The 7-day and 28-day cylinders were cured normally; the samples cast in the expanded
polystyrene molds were demolded immediately before testing at 48 (+5) hours.

The slight discrepancies between the actual and the target testing time were accepted
to avoid overtime and to accommodate laboratory procedures.

The number of samples and cylinders tested for each contractor is given in Table 2.

Analysis of Test Results

The statistical analysis of all test results obtained for each supplier is given in Table 3.
The analysis includes all results from concretes of widely different strength levels,
slump, and air content requirements.

A summary of the statistical analysis of strength test results of different classes of
concrete from each supplier is given in Table 4. The results show that the concretes
sampled in this investigation may be rated good to excellent.

The repeatability of results of the accelerated strength test and the normal 28-day
compression test obtained with concrete from different suppliers is given in Table 5.
The repeatability is expressed in terms of coefficient of variation, which is esti-
mated from the mean strength of all cylinders and the mean range calculated from in-
dividual range values of companion cylinders.

From the test results, we can conclude that the within-test variation of the field
control is good to excellent and that the proposed accelerated strengths have a lower
standard deviation than the normal 28-day strengths; however, the coefficients of varia-
tion are approximately the same.

Correlation Between Accelerated and Normal 28-Day Strengths

A series of linear correlations have been made to find the relationships among the ac-
celerated strength, the 7-day strength, and the 28-day strength.

Table 6 shows the best fit lines for the uncorrected-accelerated and 28-day strengths,
the corrected-accelerated and 28-day strengths, and the 7-day and 28-day strengths for
each of the four suppliers. The regression equations, standard errors of estimate, and
the correlation coefficients are also given.

The uncorrected value is the strength obtained at time of test (48 hours +5), and the
corrected value is the strength results obtained at the time of test other than 48 hours,
corrected to represent exactly 48 hours. The corrections are based on the data in
Table 7. In relation to the data in Tables 6 and 7, the following observations can be
made:

1. A different equation was used for each concrete supplier.

2. The correlation coefficient and the standard error of estimate are both improved
when the 7-day strength values are used to predict the 28-day strength.

3. In general, a supplier with a good coefficient of correlation between 7-day and
28-day strengths will also have a good coefficient of correlation between the accelerated
and the 28-day strengths. This also appears valid for the standard error of estimate.

4. The corrected results have little influence on the nature or the error of corre-
lation.

The percentage ratios of the accelerated and 28-day strengths and the 7-day and
28-day strengths (strength gained) obtained for concretes produced by different sup-
pliers are given below.
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Table 3. Statistical analysis of strength test results.

Compressive Strength (psi)

Accelerated Curing Concrete
Normal Curing Air Tempera-
No Time Time _ Slump Content ture
Supplier  Value Correction Correction 7-Day 28-Day (in.) (percent) (F)
A Mean 2,910 2,910 3,900 4,745 3.31 5.47 69.3
Minimum 1,310 1,370 2,120 2,615 1.25 1.50 58.0
Maximum 4,425 4,410 5,300 6,065 8.00 8.00 8.0
Range 3,115 3,040 3,180 3,450 6.175 6.50 20.0
Standard
deviation 596 081 571 608 1.00 1.30 3.5
B Mean 3,505 3,530 4,245 5,055 3.12 5.70 2.4
Minimum 2,795 2,780 3,110 4,385 2.50 4.40 60.0
Maximum 4,370 4,430 4,920 5,625 4.25 7.30 82.0
Range 1,575 1,650 1,210 1,240 1.75 2.90 22.0
Standard
deviation 355 370 282 339 0.48 0.75 5.7
C Mean 3,045 3,075 3,920 4,740 3.54 5.54 70.2
Minimum 1,890 1,950 2,550 3,080 2.00 2.40 52.0
Maximum 3,920 4,000 4,880 5,605 4,50 7.90 80.0
Range 2,030 2,050 2,330 2,525 2.50 5.50 28.0
Standard
deviation 405 400 430 476 0.59 1.14 7.18
D Mean 2,780 2,780 3,625 4,400 3.17 4.72 68.9
Minimum 1,630 1,620 2,510 3,415 1.75 1.00 60.0
Maximum 3,505 3,565 4,420 5,440 7.00 7.80 80.0
Range 1,875 1,945 1,910 2,025 5.25 6.20 20.0
Standard
deviation 505 506 483 495 0.79 1.35 4.9
All data Mean 2,980 2,990 3,880 4,695 3.31 5.47 69.3
Minimum 1,310 1,370 2,120 2,615 1.25 1.50 58.0
Maximum 4,425 4,430 5,300 6,065 8.00 8.00 78.0
Range 3,115 3,060 3,180 3,450 6.75 6.50 20.0
Standard
deviation 559 557 522 561 1.004 1.29 3.5

Note: 1psi=6.9kPa. 1in.=25cm. 1 F=1.8{(C)+32.

Table 4. Concrete quality.

Mean

Water- Strength, Standard Coellicient Rating of

Cement 28-Day Deviation ol Variation Concrete
Supplier Ratio (psi) (psi) (percent) Control®
A 0.49 5,025 331 6.6 Excellent
A 0.53 4,900 407 8.3 Excellent
A 0.70 3,715 498 13.2 Good
B 0.49 5,020 328 6.5 Excellent
€ 0.47 4,820 344 Tk Excellent
D 0.47 4,525 264 5.8 Excellent
D 0.63 4,020 533 13.3 Good

Note: 1 psi=6.9 kPa.
2ACI 214,



Table 5. Repeatability of results of accelerated and normal strength tests.

Accelerated Curing

Normal 28-Day Curing

Mean Standard Coefficient Mean Standard Coefficient
Range Deviation of Variation Range Deviation of Variation

Supplier  (psi) (psi) (percent) (psi) (psi) (percent)

A 157 139 4.69 203 180 3.18

B 125 111 3.30 201 178 3.60

(o} 171 152 4.91 236 209 4.43

D 135 120 4.217 195 173 3.98

Avg 145 129 4.32 211 192 4.11

Note: 1 psi=6.9 kPa.

Table 6. Relationships of uncorrected-accelerated and 28-day strengths, corrected-
accelerated and 28-day strengths, and 7-day and 28-day strengths.

Regression Standard
Equation Error of
Number Estimate Correlation
Strength Supplier of Samples Constant Slope  (psi) Coefficient
Uncorrected- A 100 2,190 0.88 310 0.86
accelerated B 35 3,040 0.57 275 0.60
and 28-day* C 30 2,134 0.86 333 0.73
D 48 2,405 0.72 339 0.73
All data 213 2,284 0.80 333 0.80
Corrected- A 100 2,118 0.90 309 0.86
accelerated B 35 3,024 0.57 268 0.63
and 28-day* € 30 2,238 0.81 355 0.68
D 48 2,381 0.72 335 0.74
All data 213 2,263 0.81 333 0.80
Seven- and A 100 1,027 0.95 272 0.90
28-day" B 35 1,758 0.78 263 0.65
C 30 1,145 0.92 272 0.83
D 48 1,322 0.85 279 0.83
All data 213 1,030 0.94 269 0.87

Note: 1 psi=86.9 kPa.

#Regression equation for 28-day strength = constant + slope X (accelerated strength).
°Regression equation for 28-day strength = constant + slope X (7-day strength).

Table 7. Correction factors for discrepancies in

testing time.

Age at Correction Age at Correction
Test Factor Test Factor
(hours) (psi) (hours) (psi)
36 275 49 -17
37 250 50 -34
38 225 51 -50
39 200 52 -67
40 175 53 -84
41 150 54 -100
42 125 55 -112
43 100 56 -125
44 80 57 -137
45 60 58 -150
46 40 59 -167
41 20 60 -185
48 0

Note: 1 psi= 6.9 kPa,
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Supplier Accelerated/28-Day 7-Day/28-Day

A 61 81
B 69 84
c 64 83
D 63 82
All data 63 83

The 7-day strengths slightly exceed 80 percent of the 28-day strengths, and the ac-
celerated tests vary from 60 to 68 percent.

Figures 2 and 3 show the combined data for tests of accelerated versus 28-day
strengths and 7-day versus 28-day strengths.

ACCELERATED STRENGTH TESTS VERSUS METHOD
USING EXPANDED POLYSTYRENE MOLD

The results of field evaluation of accelerated strength tests reported by Smith and
Tiede (2), Malhotra and Zoldners (3), and Rodway and Ward (4) are compared with
those of the present investigation. The method used and the correlations obtained by
different investigations are given in Table 8. Although the slopes and the constant of
the regression equation are quite different, the correlation coefficients are all between
0.8 and 0.9, and the standard error of the correlation in all three cases is in the range
of 300 to 350 psi (2068 to 2413 kPa). The slightly lower correlation coefficient obtained
in this study (0.8) may be attributable to the narrow range in results of 28-day compres-
sive t)ests of the concrete used to establish the relationship (i.e., maximum/minimum
value).

The relationships between accelerated and 28-day tests, from different studies, are
shown in Figure 4. Although there is a general agreement in the trend, the origins
[at 1,000 psi (6895 kPa)l or the slopes of the lines are quite different. This is not sur-
prising since the procedures of the accelerated-curing methods used are different and
the cement and concrete characteristics vary with localities.

CONCLUSIONS

Expanded polystyrene molds, such as those used to protect concrete cylinders against
frost and jarring damage, can be used for field evaluation of self-cured, accelerated
strengths of concrete specimens in routine quality control of concrete. Under the con-
ditions in this study, the field evaluation indicated that the method is simple, practical,
and reliable because

1. It makes use of expanded polystyrene molds of normal dimensions and involves
no special equipment and procedures,

2. The complete test can be done during normal working hours,

3. The repeatability of test is equal to or better than the presently accepted stan-
dard 28-day strength test, and

4. The reliability of this method compares favorably with that of other accelerated
test methods in predicting the 28-day strength.

This study indicates that an accelerated testing procedure using expanded polystyrene
molds shows considerable promise and that further study should be made to investigate
the effects of special environmental conditions and concrete mixes.



Figure 2. Two-day
uncorrected-accelerated
versus 28-day strength
results.

Figure 3. Seven-day versus
28-day strength results.
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Table 8. Results of various field evaluations of accelerated strength.

Standard
Sample Correlation Deviation
Investigators Method Used Size Regression Equation Coefficient (psi)
Smith and Tiede Autogenous - Raze = 1.35 R, + 1,180 psi - 301
Rodway and Ward Modified 265 Rzp = 1.03 R, + 2,280 psi 0.89 514
boiling
method
Malhotra and Zoldners Modified 9 Rz = 1.29 R, + 1,801 psi 0.87 348
boiling
method
Bisaillon, Fréchette, Expanded 213 Res = 0.81 R, + 2,263 psi 0.80 333
and Keyser polystyrene
mold

Note: 1 psi=6.9 kPa

Figure 4. Accelerated and 28-day strength results from different studies.
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Table 9. Test variables investigated.

Curing Time (hours)

In Mold at
Series Room In Curing
of Test Mold Type Temperature Room
1 Cardboard 24 24
2 Cardboard Until tested Nil
3 Expanded
polystyrene Until tested Nil

Figure 5. Curing time versus strength for three curing conditions.
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APPENDIX

STRENGTH GAIN OF CONCRETE CURED IN EXPANDED
POLYSTYRENE VERSUS CARDBOARD MOLDS

Three series of concrete cylinders were molded and tested at 24, 48, 72, and 96 hours
and at 28 days. The test variables investigated are given in Table 9.

The results of curing time and various compressive strengths are shown in Figure5.
Each point represents the average of six tests. The effect of self-cured accelerating
action of the expanded polystyrene mold on the compressive strength of concrete at
very early ages (less than 2 days) is clearly shown.



EARLY STRENGTH TEST FOR
QUALITY CONTROL OF CONCRETE

Thomas W, Brockenbrough, College of Engineering, University of Delaware; and
Robert R. Larason, William G. Major Associates, Inc.

The time-honored approachto ensure quality of concrete is totake samples
at the job site, to mold test cylinders, and then to cure the cylinders under
standard conditions for 28 days before testing. The procedure is con-
venient, the test is simple, and the equipment is dependable. The dis-
advantage of the 28-day curing is the delay time that neither leads to the
early correction of a material problem nor facilitates the prompt removal
of defective concrete. Several researchers have demonstrated the fea-
sibility of 24-hour tests to ensure quality control of concrete. Most early
tests have been accelerated strength tests employing hot air, steam, or
water for curing. The higher temperatures require special equipment,
make the specimens difficult to handle, and introduce special problems
when air-entraining agents and other additives are used. The merits of a
simple 24-hour,100 F (37.8C) hot-water curing and testing procedure are
described. Results achievedwith the procedure are presentedand analyzed.
It is concluded that a hot-water curing temperature of 100 F (37.8 C) is
adequate. The temperature is low enough tobe completely safe for person-
nel involved and to permit careful handling of test specimens. The equip-
ment required is simple and inexpensive.

eTHE principal aspects of early strength testing of portland cement concrete are cur-
ing time, curing temperature, and experimental procedure. A curing time of 24 hours
has considerable merit because it is convenient and leads to prompt results. The
curing temperature is much more arbitrary. Initial tests were run to observe the
effects of curing temperature on the level and reliability of 24-hour compressive
strength.

TESTS PERFORMED

The study of curing temperatures was made by comparing results obtained from curing
similar batches of concrete in different water temperatures. The strength correla-
tions were achieved by curing and testing various grades of concrete by both the 28-
day standard procedure and the accelerated hot-water procedure.

The concrete mix design used is given in Table 1. Tests were conducted by using
hot-water curing temperatures of 90, 110, 130, and 150 F (32.2, 43.3, 54.4, and 65.6 C).
Three 6-in.-diameter (15.2-cm) cylinders were molded from various batches of con-
crete and cured for 24 hours before testing. The 24-hour strength versus the curing
temperature is shown in Figure 1. From the same batches of concrete, three addi-
tional cylinders were cast, cured for 28 days in a moist room, and then tested.

ANALYSIS OF RESULTS
The average compressive strengths of the cylinders cured at 90, 110, 130 and 150 F

(32.2, 43.3, 54.4, and 65.6 C) were 1,879, 2,822, 2,990, and 3,107 psi (13, 19.5, 20.6,
and 21.4 MPa) repectively. The results are shown in Figure 2.
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Table 1. Concrete mix design.

Figure 1. Twenty-four-hour strength
versus curing temperature.

Figure 2. Percentage of strength
gained in 24 hours versus curing
temperature.

Water-
Mix Cement Cement Coarse
Desig- Water Factor Ratio Sand Aggrcgale
nation (tb/yd®) (sacks/yd®)  (by weight)  (Ib/yd®) (lb/yd’)
A 325 7.30 0.488 1,320 1,710
B 325 7.27 0.477 1,200 1,820
G 325 6.08 0.570 1,310 1,800
D 325 5.20 0.667 1,400 1,770
E 325 4.53 0.766 1,490 1,740
Note: 1 Ib/yd® = 0,593 kg/m°.
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The tests demonstrate a substantial strength gain in 24 hours at a temperature as
low as 100 F (37.8 C). Since these results were sufficiently interesting, we performed
additional hot-water curing tests at 100 F (37.8 C). The 100 F (37.8 C) temperature is
low enough to be regarded as a normal rather than an elevated temperature for ac-
celerated curing. The merits of avoiding excessive temperatures are numerous and
readily apparent. Since there is no threat to the safety of technicians, they are able
to handle the specimens with care. When abnormal temperatures are not used, ques-
tions about thermal shock, the expansion of entrained air, and artificial changes in the
hardening process do not arise. The equipment should add neither excessive heat nor
humidity to the testing laboratory.

PROPOSED EARLY STRENGTH TEST

Procedure

The description of the procedure followed in conducting the early strength tests is
recommended for further tests leading to the eventual adoption of standard specifi-
cations.

When mixing was completed, the properties of the plastic concrete were determined
in accordance with ASTM specifications. Six standard 6 by 12-in. (15.2 by 30-cm)
cylinders were prepared in cast-iron molds by following the procedure of ASTM C 192,
The molds were capped with 7z-in.-thick (1.27-cm) steel plates. They were turned on
their sides and tapped several times at each end.

Fifteen min after the molding began, three cylinders were placed in the hot-water
bath and three were placed in a moist room, where a standard temperature of 73.4 +
3 F (23 C) was maintained. The cylinders placed in the hot-water bath were cured for
23" hours. They were then removed, stripped, and tested at 24 hours according to
ASTM C39. The cylinders placed in the moist room were cured for 28 days and then
removed, stripped, and tested in accordance with ASTM C 39.

The procedure produced cylinders with very good ends; no capping was needed.

Equipment

Perhaps the only equipment of interest is the hot-water bath, which is shown in Figure 3.
The bath was simply constructed in our shop. The base to support the tank was con-
structed of 2 by 2 by %-in. (5.1 by 5.1 by 0.6-cm) steel angles. The tank was made of
0.13-in. (0.32-cm) steel plates welded together along their edges. The top was fitted
with a wooden lid. The 16-ft* (0.45-m®) tank is large enough to hold 14 cylinders. Cir-
culation of the water is provided by a small electric impeller. Heat is supplied by a
6-in. (15.2-cm) ring gas burner. A solonoid valve is activated by a metallic expansion
thermometer. The tank and its lid were insulated because the testing program in-
cluded curing temperatures as high as 150 F (65.6 C). The tank was large enough for
the tests conducted and provided temperature control for the water. Tanks of other
sizes and shapes should perform equally well.

Additional equipment for producing and testing concrete conformed to ASTM C 31-66,
C39-66, C 143-66, C 192-62, and C 192-65. The cast-iron cylinder molds were fitted
with e-in. (1.3-cm) plates that could easily be swung into position and clamped. The
end plates led to cylinders with good ends and eliminated the need for capping.

EARLY STRENGTH TEST EXPERIMENTS

Testing Program

Tests were performed to observe the merits of the 24-hour, 100 F (37.8 C) hot-water
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Figure 3. Hot-water bath.
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Figure 4. Twenty-four-hour strength versus 28-day strength.
6,0
5, 4’
904 Talarance Limitd
ol
S o
L4
2 3,000
4
-l
-
;
@ l 00
» il
‘ Type 1 Powtlan@ cement, no admixtures
8 Regression Equation
Y = 495 + 2.933x - 0.000456x2
1,000,
Q
o 1,000 2,000 3,000 4,000

2l Hour Comprrasive Strength (p.e.1.)




Figure 5. Compressive strength versus
water-cement ratio.

Figure 6. Effect of admixtures on
strength correlation.
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Figure 7. Effect of retarder on correlation between strength
and water-cement ratio.
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Table 2. Statistical analysis of results for each mix.
Average
Compressive Standard Limits of
Mix Strength Deviation Coefficient Uncertainty*
Design Test (psi) (psi) of Variation (psi)
B 24-hour  2,796.7 112.0 4.004 +73.9
B 28-day 5,147.6 170.4 3.310 +112.5
C 24-hour 1,691.4 78.8 4.658 +52.0
C 28-day 4,205.2 176.7 4.201 +116.6
D 24-hour 1,357.3 65.5 4.825 +43.2
D 28-day 3,701.0 121.1 3.272 +79.9
E 24-hour 1,058.0 31.9 3.015 +21.1
E 28-day 3,006.0 179.2 5.961 +118.3

Note: 1 psi= 6.9 kPa.

P =0.9.
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curing. They were planned to determine (a) the correlation between the 24-hour test
and the standard 28-day test (Figure 4) and (b) the correlation between 24-hour and
28-day compressive strength and the water-cement ratio (Figure 5).

Ninety standard cylinders were molded from the mixes without admixtures (Table 1).
Thirty-six cylinders were prepared with a commercial retarder-densifier additive,
and 12 were prepared with a commercial air-entraining agent. Figure 6 shows the
effect of a retarder and an air-entraining agent on strength correlation, and Figure 7
shows the effect of a retarder on the correlation between strength and the water-
cement ratio. The air content ranged between 6 and 7.5 percent. The procedure
described previously was followed.

Analysis of Test Results

The compressive strength of each cylinder, the average strength, the standard devia-
tions, and the coefficients of variation are given elsewhere (13). Table 2 gives the
average compressive strengths, standard deviations, coefficients of variation, and
limits of uncertainty obtained for each mix used. As the average 28-day strength in-
creased from 3,006 to 5,148 psi (20.7 to 35.5 MPa), the strength gained in the 24 hours
increased from 35 to 54 percent of the 28-day strength. It is noteworthy that the
coefficients of variation (ratio of standard deviation to compressive strength) of the
24-hour strengths and 28-day strengths were much alike. The average values were
4.13 and 4.19 percent respectively.

CONCLUSIONS AND RECOMMENDATIONS
This experimental study leads to the following conclusions:

1. Twenty-four-hour compressive strengths can be used to predict 28-day strengths
with good precision;

2. A hot-water curing temperatur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>