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PREFACE 1111

The Research Council's studies of early determination of compressive strength
of concrete stored in water baths at elevated temperatures were initiated in 1967 as a
part of the State funded research program. The results of this research were presented
by K. H. McGhee in his report entitled "Water Bath Accelerated Curing of Concrete'.

Under the work plan by L. M. Cook entitled ""An Investigation of the Moisture-
Temperature Relationships — Autogenous Accelerated Curing for Early Determination
of Concrete Strength Potential", the study was extended to autogenous curing. The ex—
tended study was approved for financing under Federal Highway Planning and Research
Funds on May 14, 1969. The objectives of this project were:

1. To extend knowledge of the thermal and moisture behavior of concrete
subjected to high curing temperatures during autogenous curing.

2. To examine the influence that variables such as cement typc, cement
factor, water-cement ratio, and admixtures have on moisture and
temperature.

3. To correlate the accelerated strengths of autogenously cured cylinders
with those of 28 and 91 day old moist cured cylinders.

Concurrently with the Council's research project, ASTM Committee C-9 was
developing standard methods of testing. Several questions raised during the ASTM efforts
were closely related to the Council's work. As a result of a discussion with Federal High-
way Administration personnel in October, 1969 a limited study of the curing container
characteristics and the influence of initial mixture temperatures on the strength results
was undertaken.

The project ultimately involved preparation of approximately 300 batches of con-
crete in the laboratory with all of the necessary testing. Calibration of moisture measuring
instrumentation and continuous recording of temperature and moisture for the test speci-
mens resulted in voluminous data.

For maximum intelligibility and usefulness, the report on this project has been
subdivided into five parts as follows:

Part I.  Strength Results

Part II. Development of a Moisture Measuring Method
Part III. Temperature Relationships

Part IV. Moisture Relationships

Part V. The Influence of Container and Storage Characteristics and Initial
Mixture Temperature

iii
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Each report contains sufficient background information to enable it to stand
alone a= cuverage of the aspect of the project reflected in its title. The titles, in
geny . vaftact the project objectives. Taken together, these five reports represent
the final voport on the study of Autogenous Accelerated Curing of Concrete Cylinders.

ek Lol
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SUMMARY

Forty-eight different concrete mixes were designed to investigate the influence
of cement types (II, III, and V), cement contents (450, 550, and 650 lb. per cu.yd.),
water-cement ratios (0.4, 0.5, and 0.6), admixtures (accelerator, retarder, and air
entraining agent), and initial mixture temperatures (50°F, 70°F, and 90°F) on the
strengths of autogenous accelerated cured concrete cylinders.

A total of 940 cylinders were made incorporating autogenously cured cylinders,
28 day, 91 day, and 1 year moist cured cylinders, and autogenously cured cylinders
instrumented for moisture and temperature measurements.

The project involved routine testing for slump, unit weight, air content, time of
set, and compressive strengths. Additional measurements of moisture movement and
temperature development were made.

The project also encompassed the design and fabrication of the autogenous curing
containers and the AC ohmmeter used in moisture measurements.

The report lists fourteen observations and conclusions along with recommendations
for further research.
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FINAL, REPORT
AUTOGENOUE ACCELERATED CURING OF CONCRETE CYLINDERS
Part 1
Strength Results
by

Larry M. Cook
Highway Engineer Traince

INTRODUCTION

At the present time, the evaluation of most concrete is based on the results
of compressive strength tests on cylinders that are conventionally moist cured for
7, 14, or 28 days before testing.

The rapid pace at which concrete is being placed and the trend toward "end
result” specifications have emphasized the need for an accelerated test to determine
the compressive sirength of concrete.

Strength data obtained at the earliest possible time after placement would aid
in achieving greater uniformity, which would result in savings in cost and improvements
in concrete performance. It would also provide a rapid means of evaluating material
sources.

The Research Council has evaluated several methods in which the acceleration
of strength development is accomplished by external heat with water baths. These
studies were reported by McGhee. (1)

It has been shown that curing a concrete cylinder autogenously (by a self-generated
increase in curing temperature) inside a container sufficiently insulated to prevent heat
and moisture loss will provide accelerated strengths comparable to those obtained by
applying external heat. This method has been used experimentally in Canada, (2)

An acceptable accelerated curing procedure should fulfill the following require-
ments: (2, 3)

1. Possess a high degree of repeatability and reproducibility.
2. Provide an acceptable correlation with ultimate strength values.

3. Possess a high efficiency (i.e., accelerated strength must be a
high percentage of ultimate strength).

4. Involve simple procedures and equipment.
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5. Require no overtime work.
&, Permit curing to be complete as soon as possible.

The results reported to date suggest that all of the accelerated curing methods
shout the same degree of reliability and predictive capacity so that the choice
will wly =y be based upon simplicity, rather than technical considerations. Bv
reason of itz simplicity, the autogenous method offers many advantages and thus was
selected for further study as veported herein,

provide

OBJECTIVES
The objectives of this investigation were as follows:
1. To examine the influence that concrete mixture variables such
as cement type, cement factor, water-cement rvatio, and ad-

mixtures have on the strength of autogenously cured concrete
cylinders.

2. To examine the influence of initial mixture temperature over a
range from 50°F to 90OF on the strength as related to the concrete
mixture variables.

3. To correlate the accelerated autogenous curing strengths with those
of moist cured cylinders tested at 28 days and 91 days.

4, To design the autogenous curing container used in this investigation
and to evaluate its efficiency.

The scoFe of the investigation was restricted to the autogenous accelerated
curing method. 2) Earlier work by McGhee(1) had developed similar data for methods
utilizing water baths.

AUTOGENOUS CURING CONTAINER

Design and Fabrication

One main advantage of the autogenous curing method is the simplicity of the equip-
ment needed to conduct the test. The insulated container has no moving parts, which
makes it much easier to maintain than the elaborate water curing tanks and moist rooms.
The autogenous container also serves as a safe means of handling, shipping, and storing
cylinders prior to testing.

After studying the work of Smith and Tiede(2’4) on autogenous curing, the in-
vestigator postulated that if a container could be designed having better insulating prop-
erties, then the accelerated strengths should increase. The subsequent strength increase
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would increase the efficiency, i.e., the ratio of accelerated strength to 28-day moist

cured strength, and the increased efficiency would greatly enhance the probability of
wide acceptance by operating units.

The basic guide lines for the construction of autogenous containers are contained
in the Canadian "Provisional Specification for Autogenous Concrete Cylinder Curing
Containers"(9). A container was designed by the investigator and manufactured by Dacar

Chemical Company, Pittsburgh, Pennsylvania, under the supervision of Dr. J. N. Datesh.
The dimensions of the container are shown in Figure 1.

e 14
I —
POAN PASTENED TO LID
£=3/4"
—a—
-
1/4" 1-3/4 i
M F
Heat seal
(1/2* oom-
pressible
foam) 6 x 12¢
Conorete cylinder
le—3=3/4" —
POAM FOAM
14-5/8%
1/8"
4
Ay
Linoleum bearing plate
3-7/8"
POAN

Figure 1. Cutaway front view of autogenous curing container.
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The outer container iz = ' “i-cauce steel drum, 14 in. in diameter and
22 in. high, with straight sidc. . .. 'k, ring type lid, as shown in Figure 2.

Figure 2. ~rioo container,

The flat lid lifts completely off to y:rovidie full access to the inner container (Figure. 3(a)).
The lid has a compressible rubbci =cl cronnd its perimeter, as pictured in Figure 3(b).
A piece of 1/16 in. thick linolcur: (s the inner lining and bottom of the container
(Figure 3(a)) and is securely {a=tcios Lo o ioam to prevent damage to the insulation.
The area around and below the inuers iining (Figure 3(a)) is filled with foamed polyure-
thane having a density of 3 1b. /cu.{t. On top of this polyurethane foam is a 1/2 in. thick
compressible polyurethane foam gusic: }\m g a density of 2 1b./cu.ft., which is used as

a heat seal. The heat seal was place ¢ iz depth inside the container to prevent the
heat or-hot air from having a diveos o <l avenue of escape. This location of the

heat seal, rather than its beins v~ v it 1id, also protected it from being damaged
or becoming contaminated witl «ivi. - foreign materials which would have reduced
its effectiveness in retaining b . -=u 53 in, of foam fastened to it, which is

in Figure 3(b). A well, 63 in. in diameter

protected by a 20-gauge steel b,_r_m,;' A A e
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(b)
Figure 3. Lid and interior of autogenous curing container.
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by 1-2 in, deep, was formed in the top (Figure 3(b)) to accommodate the top portion of

the concrewe cylinder mold; then the top was sealed with thin, white, high impact poly-
atyrene plastic, as shown in Figure 3(b). A thermometer well was also formed in the
L and ways hilled in with a dark colored foam, as shown in Figure 3(b).

some of the containers were modified by a hole drilled in the outer container
level of the heat seal to accommodate a thermocouple wire which could be inserted
ineo the corcrele cylinder,

A dotal of 25 containers were purchased at an individual cost of $34.50 FGI3,
Carnegie, Pennsylvania.

In order to assure completely random, unbiased numbering (the reasons for which
will become apparent in the following paragraphs), the packing containers were given
consecutive numbers from 1 to 25 as they were removed from the freight truck. These
numbers were also subsequently painted on the respective autogenous containers therein.
The numbers of the containers to be used for a special study of temperature and moisture
were selected prior to arrival of the containers.

Tests for Heat Retention

The Canadian Provisional Specification(5) states the maximum heat loss require-
ments as follows:

5.3 Heat Retention

A watertight container with internal dimensions of 12 in,
high and 6 in. diameter shall be filled to the brim with hot water
at a temperature of 180°F (82°C) while within the autogenous
curing container. A thermocouple shall be installed in the water
and the temperature of the water shall be measured by an electrical
potentiometer. The water container shall then be sealed with a
plastic cap or bag at the top. The autogenous curing container
shall then be closed.

When the autogenous curing container is standing in an
ambient temperature of 70°F (21°C) + 20F (1°C), in still air, the
foliowing drop in temperatures of the water shall not be exceeded:

After 12 hrs. from 180°F (820C) to 150°F (66°C)
24 hrs. from 180°F (820C) to 130°F (54°C)
48 hrs. from 180°F (82°C) to 115°F (46°C)
72 hrs. from 180°F (82°C) to 95°F (350C)

Because of the strict controls under which the containers were manufactured, it
was decided that checking one-fifth of the total number of containers for heat rctention
would be sufficient, provided the temperature differential among all five containers for
the same conditions was less than an arbitrarily selected value of 3°F. Before the
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autogenous containers were received, numbers 1, 6, 11, 16, and 21 were selected for
testing. The  numerical results of the heat retention tests are presented in Table I

and show that the temperature differentials among the 5 containers were 1°F for 12 hours
and 24 hours and 2°F for 48 hours and 72 hours. Since the temperature differential values
obtained were less than the allowable 3°F, additional containers were not tested for heat
retention. The actual and provisional heat retention curves are shown in Figure 4.

TABLE I

RESULTS OF TEMPERATURE TESTS FOR HEAT RETENTION
CAPABILITIES OF AUTOGENOUS CONTAINERS

Container Temperature reached at —
Number 12 hr. 24 hr. 48 hr. 72 hr,
1 159°F 148°F 130°F 113°F
6 160 148 128 113
11 159 149 128 113
16 160 149 128 114
21 160 148 128 112
Average 159.6 148.4 128.4 113
180
170

Virginia Highway
150 ~ BResearch Council —

\(/ container

perature, °F
[y
-4

>
~
130 \‘"\
8120 S N
’ Minimum Tempermrg.r\)\!\ .\
110 Canadian Provisional i
Speatfications \
100 — _x
% (] 12 24 36 L] 60 72
Time, hours

Figure 4. Heat retention curves for autogenous contaners..
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NXPERIMENTAL TEST MATERIALS AND PROCEDURES

Variabies

Tahic 1 lists the concrete mixture variables investigated in the experiment
io determine their influence on autogenous strength development. The air content
wass held constant at 5.5 ¢ 0.5 percent for all mixtures. :

TABLE IT

CONCRETE VARIABLES INVESTIGATED

Initial mixture temperatures. .. 500]?‘, 7OOF, 90°F
Heats of hydration.......... .. Low, medium, high : o

Cement factors........vcovvoe 450 1b/cu yd, 556 Ib/co yd, 656 40/ w xi

Water-cement ratios....... oo 0.4, 0.5, 0.6
Admixtures c v .o vvveeveneen. .. Accelerator, retarder
Materials
Cements

In order to provide a range of heat liberation during curing, three types of
poertland cement were used in this experiment. The chemical analysis and (:01n(§)1;tm'l
compound compositions of the cements used (as determined by ASTM C 114-67(%) and
ASTM C 150-68, (7) respectively) are listed in Table IIl. One of the three cements met
each of the specifications for types II, III, or V portland cement as set forth in ASTM
C 150-68.

Heat evolution tests were conducted by the Portland Cement Association on all /a
three cements at temperatures of 50°F, 70°F, and 90°F using a conduction calorimcier, {8)
and the results of these tests are shown in Figures 5, 6, and 7.



TABLE III

CHEMICAL ANALYSIS OF PORTI.AND CEMENTS

et

Chemical analysis

Percentage of portland cement

Laboratory number, Cement type

69~18, 69-16, 68-17,
Type V Type 11 Type II
Oxides:*
SiO2 23.50% 22.00% 20.88%
A1203 3.68 4,60 5.64
Fe203 3.50 4,10 2.22
MgO 1.45 2.90 2.54
SO3 1.88 1.80 3.34
Loss on ignition 0.93 0.80 0.93
Insoluble residue 0.19 0.17 0.32
Computed compounds:
czs 30.78 26,86 21.00
CSS* 48.50 48.00 51.60
C3A 3.80 5.20 11.19
C4AF 10.65 12.48 6.75
Surface area, cm2/ gm
Fineness* (Blaine) 3,830 3,580 4,815

*Data from cement manufacturer's test report.

n
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Figure 5. Rate of heat evolution plotted against time for type V
cement and water-cement ratio of 0.4. -
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Figure 6. Rate of heat evolution plotted against time for type II

cement and water-cement ratio of 0.4.
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[} 10 20
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ko 48

Figure 7. Rate of heat evolution plotted against time for type III cement

and water-cement ratio of 0.4.

Aggregates

A crushed granite gneiss having a maximum size of 1 in. was used as coarse
aggregate. The same type of aggregate, graded artificially, and recombined in quan-
tities necessary for a single batch, was used throughout the experiment. The coarse
aggregate gradation, in conformance with ASTM standard C 136-67(7), was as follows:

Coarse aggregate, number 57

Sieve Perceint Cumulative percent
size retained retained
1 in. 0 0*
Coarse aggregate 2 in. 20 20
gradation used 3 in, 37 57*
in coucrete 2 in. 33 90
#4 10 100
#8 100 100
#16 100 100
#30 100 100
#50 100 160
#100 100 100

Fineness modulus .ceoeceeeeee 7.10

*Not included in fineness modulus.

Specific gravity = 2.84

-11 -
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All coarse aggregate was utilized in the saturated, surface-dry condition,

T dine ageregate was a washed, natural silica sand conforming to ASTM
standard O as-67. ) The fine aggregate gradation was as follows:

Fine agpregate

Percent Cumulative

retained percent

) retained
4 1.91 1.91
8 11.00 12.91
16 15.72 28,63
30 23.25 51. 88
50 24,606 76,64

100 19.80 96, 34

Finencss modulus = 2,068

Specific gravity = 2,59

The same type and gradation of fine aggregate was used for the entire projeci.

The air-entraining : ﬁent was commercially marketed neutralized cinsol resin
conforming to ASTM C 260. )

The retarding admixture was a water-reducing, retarding, nonair -entraining,
metallic salt of hydroxylated carboxylic acid conforming to ASTM C 444, Type D, {(7)
The fcilowing proportions were used:

Ahove 85°F; 4 fi. oz. per bag of cement
657 to 85°F: 3 fl. oz. per bag of cement
Below 65°F: 2 fl. oz. per bag of cement

Calcium chloride (CaCly) flakes conforming to ASTM C 494, Type E and ASTM

Type 1 were used as the accelerator. The dosage rate used in the experiment was 1.7

percent by weight of cement.

Water

[

The mixing water was from the Charlottesville, Virginia,water supply and was

RN 2
brd
El

used at various temperatures as necessitated by the several initial mixture temperatares.

12 -
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soncrete Muxiure Design

. . . . . 9
recommended practice for selecting proportions for concrete (ACI 613-—54)( )
WS U sy the proportioning of all mixtures. The concrete mixture schedules and
syecimen prepacation schedules for this experiment are presented in Appendices A and

T respeciively.

Mixing and Testing Procedures

Mixing and testing were in accordunce with ASTM C 192. Mixing was accomplished
in a Lancaster pan mixer as foilows:

1. Fine aggregate and cement were placed in the mixer and
mixed for 30 seconds.

2. Water was added and mixed for 1 minute.

3. Coarse aggregate was added and mixed for 2 minutes.
Thus, the total initial mixing time was 33 minutes.

When a retarding or accelerating admixture was used, part of the mixing water
contained the retarder or accelerator and the remaining water contained the air-entraining
admixture. Immediately after initial mixing, the temperature of the concrete was recorded,
then tests for slump, air content, and density were conducted in accordance with ASTM C 143,
C 231, and C 138, respectively. ('?) If the results of these tests did not meet the requirements
previously established for the project, the batch was discarded. Provided the requirements
were met, the concrete from the slump test was returned to the mixer and the concrete was
remixed for 1 minute. Concrete used in the air test was always discarded.

All cylinders were made according to ASTM C 192 procedures. The two cylinders
from each batch for autogenous curing were cast simultaneously so that fluctuations in
temperature would be the same for both. The cylinders designated for moist curing were
stored in a moist room meeting the requirements of ASTM C 511 and were cured according
to ASTM C 192 procedures. For Phases I and III, test specimens were made at the time
of cylinder molding for use in conducting time-of-set tests in accordance with ASTM C 403
procedures.

The cylinders for autogenous curing were formed in single-use molds, sealed with
metal lids, and then placed inside three plastic bags. The plastic bags were used to en~
sure no moisture loss, to reduce further the volume of air between the cylinder and inner
lining of the autogenous container, and to act as a handle for removing the cylinder from
the autogenous container.

The cylinder, in the plastic bags, was lowered into the autogenous container, and
the plastic bags were sealed with a wire tie. As soon as the plastic bags were sealed, the
autogenous container was closed and sealed with the lever-lock ring. All autogenous cur-
ing containers were sealed in less than 30 minutes after iime ZERO* and were then stored

*Time "ZERO" is the time at which the mixing water is added to the cement.

- 138 -
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in a room in which the ambient temperature was the same as the initial mixture temperature
of the concrete. For Phase III the room temperature was kept at 50°F, 70°F, or 90° F,
to correspond to the respective initial mixture temperature.

Autogenous cylinders were cured for 47 hours, then were removed from the
containers and allowed to cool at room temperature for 1 hour before capping. The
cylinders were. capped at 48 hours and tested in compression at 49 hours, ‘according to
ASTM C 617 and C 39 procedures, respectively. At the prescribed time of test, the
standard moist cured cylinders were removed from the moist room, capped, and tested
according to ASTM C 617 and C 39.

Temperature Monitoring

A pilot study was undertaken to determine the number of thermocouples needed in
each cylinder to describe accurately the autogenous adiabatic temperature rise. Seven
cylinders were made in metal single-use molds for investigation of various facets of
temperature and moisture in concrete cylinders.

Two of these cylinders were instrumented with six thermocouples each, as shown
in Figure 8, The initial concrete temperature was 670F and the tests were conducted
at a room temperature of 72°F. The only difference between the two cylinders was that
one was cured in still air while the other was cured in the draft of a low speed fan at a
distance of approximately 7 feet from the fan, which represented a more severe curing
condition. Temperature data were recorded for 2 days, and the results showed an
average differential of 0. 9OF between the interior and exterior thermocouples in the
draft cured cylinder. The range in differential temperatures was from 0°F to 2.5°F.
The makimum concrete temperature was 80°F, and the maxinmm difference between the
bottom and top thermocouples was 1.5°F., The temperature in the top of the cylinder was
less than in the bottom, and the bottom temperature was less than that in the middle of the
cylinder.

I

10! . -
T [
6!0
Thermocouple
location T N
60'
v
1 . ¥
= L

Side view

Figure 8. Locations of thermocouples in concrete cylinders
used in temperature pilot study.

- 14 -
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In the cylinder cured in still air, the maximum temperature differential be-
tween the interior and exterior was 0.2°F, with a range from 0°F to 1°F. Again,
the maximum concrete temperature was 80°F, and the maximum difference between
the top and bottom of the cylinder was 1.5°F. The temperatures in the top and bottom
of the cylinder were equal but below the temperature in the middle of the cylinder.

As a result of this pilot study, one copper-constantan thermocouple located in
the center of the cylinder at a depth of 6 in. into the cylinder was used to record tem-
peratures for the main investigation. The test results from the pilot study also showed
that the temperature readings taken every hour would be sufficient; but since the tem-
perature readings were recorded automatically, the interval was set for every half-
hour.

All 96 thermocouples used in the experiment were tested under various controlled
temperature conditions to check fabrication and variability. The maximum variability
as recorded by the Honeywell multipoint temperature recorder was +3°F.

RESULTS

The purpose of this section is to analyze the relationships between strengths of
accelerated autogenously cured cylinders and those of moist cured cylinders at 28 days
and 91 days, and to examine the influence that variables such as cement type, cement
factor, water-cement ratio, admixtures, and initial mixture temperature have on these
strengths.

Variability

In order to reduce the within-batch and between-batch variabilities, 74 batches of
concrete were discardedfor failing to meet the requirements previously established for
the project. This procedure reduced the variation resulting from improper proportions,
mixing procedures, and other factors. Testing variations for air content and slump
determination were minimized by employing the same operators for each test throughout
the project. The initiation of autogenous and moist curing procedures and the times for
removing, capping, and testing cylinders were all within +15 minutes of the designated
times.

The precision statement for ASTM proposed ""Tentative Method of Accelerated
Strength Testing'" for Procedure C (autogenous curing method) is as follows:

Z.1 The single-laboratory coefficient of variation (18%)
has been determined as 3.6 percent for a pair of cylinders
cast from the same batch. Therefore, results of two properly
conducted strength tests by the same laboratory on the same
materials should not differ by more than 10. 0 percent of their
average.

- 15 -
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Z.2 The single~laboratory, multi-day coeflicient of
variation (158%) has been determined as 8.7 percent for the
average of pairs of cylinders cast from single batches mixed
on two days. Thercfore, results of two properly conducterd
strength tests by the same laboratory on the same materiais
should rof differ by more than 25,0 percent of their average
(D28%).

Ches Lowmat for this precision statement was taken from the proposed YRecosni-
mendedd Pvdpuce for Preparing Precision Statements for Test Methods for Cong!ruuction
Iateriais™, which supplements ASTM Recommended Practice E-177, "Use of the Terms
Precision and Accuracy as Applied to Measurement of & Property of a Materiai', {T) The
numerical values were established from the round robin testing program condusied by
Subcommittee I1-i of ASTM Committee C-9.

The maximum allowable range for within-batch variation is X + EX, where
E = 10.0 percent, which is the error of the average of th: sample, and X - the sverase
strength value; the maximum allowable range for between-batch variation ¢ X+ EX
where K = 25,0 percent.,

Tabie IV lists the ranges of E values and the average £ values obtaii ! {or cach
of the three phases in the experiment,

The within-batch variations for the autogenously cured cylinders and the 28-davy
moist cured cylinders are shown in Table V. It is interesting to note the variability be-
tween the autogenous and 28-day cylinders. The 28-day strengths arc approximately 2.3
times as variable as the autogenous strengths inasmuch as the curing time is greater for
the 28-day moist cured cylinders; the longer curing period allowed more time for vari-
ations in curing conditions to take place. In Table V the error of the average (E) used
in Table IV is expressed in pounds per square inch instead of percent. For example:
For a total of 24 batches (batches 1 and 2 for the 12 mixtures) in Phase 1, the actual
average range (E) was +25 psi, with the values of E ranging from 10 psi to +119 psi.

It is evident from Tables IV and V that the variability resulting from experimental
procedurcs was held to a minimum.

- 16 -



TABLE IV

STATISTICAL VARIATION OF CONCRETE STRENGTHS FOR
PHASES I, II, AND III

Phase Actual values of E, percent
Within batch Between batch
Batch 1 Batch 2
a a a
Average Range Average Range Average Range
1| 0.6 0-0.9° 1.0 0-2.3 1.8 0.3 - 2.0°
1I 1.4 0-3.3 0.8 O~2.1d 4.6 0.1~ 13.8
II1 0.8 0-2.3 1.7 0—3.3f 2.5 0.3 - 6.2

V]

Q0 T

One exception,

e

One exception,

One exception,

One exception, 3.4%.

One exception, 4.8%.

4. 3%0
24.6%.
4.7%.

TABLE V

""Average' value includes exception value, but "Range' does not.

WITHIN-BATCH VARIATIONS FOR AUTOGENOUSLY CURED CYLINDERS AND
28 DAY MOIST CURED CYLINDERS IN TERMS OF ERROR OF AVERAGE (E),
EXPRESSED IN POUNDS PER SQUARE INCH FOR PHASES I, II, AND III

Phase Error of average, Cylinder strength, psi
X = E
Autogenous cured 28-day moist cured

1 Average E +25 +60

24 batches Range E +0 to £110 +5 to +145
II Average E +38 +85

36 batches Range E +0 to +135 +0 to +540
111 Average E +32 +77

36 batches Range E +0 to +115 +5 to +275

- 17 -
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Correlaiion Between Autogenous Cured Strengths and Moist Cured Strengths
for 28 and 91 Days

“ineu different concretes have dilferent strength potentials, it is meaningful to

. tho strength test results in terms of the efficiency (strength ratioj ol the autog-
« mathod rather than in terms of actual strengths. The efficiency is

rctd am the ratio of accelerated strength to moist cured strength.

:w-day etficiencies obtained are shown in Table VI for all phases of the
The range ot efficiencies for the experiment was from 30.7 to 76.7 per-

em, w:ﬂh an average of 62 percent for all mixture variables, including initial miure
wemperature.

TABLE VI

INFLUENCE OF MIXTURE VARIABLES ON EFFICENCY OF
AUTOGENOUS CURING

{nitia) mixture | Cement 28-day efficiency, percent
temperature, type
Up Cement content, Water-cement Admixtires
1b/cu yd ratio
450 550 650 0.4 | 0.5 0.6 A A~R A-A
v 31.1 30.7
50 I 35.3 38.3
1 66.1 66.6
v 47.0 47.9 L
70 11 49,8 | 62,1 70.6]66.3 | 64.2 | 59.9 59.71 66.5H 70,2
I 70.3 | 72.4 74.3|74.1 ) 72.2]70.2 69.6) T1.7 75.2
\ 51.6 51.9
90 11 56. 6 58.9 )
m 68.9 64.6

For an increase in cement content and a decrease in the water-cement ratio. the
cfficiency increased. For the type V cement the efficiency increased as the IMT increased;
jor types II and III there was an increase in efficiency between 50°F and 70°F, bui a de-
crease occurred between 70°F and 90°F. The efficiency increased as the admixtures were
changed from air only to air plus retarder to air plus accelerator. The ¢fficiencias for
the type III cement were the least affected by the mixture variables.
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The efficiency of the autogenous method of curing was higher than the effi-
ciencies ¢f the three water-bath accelerated curing methods applied to similar
mixiures by McGhee. (1) For comparable mixtures, the efficiencies for each of the
four accelerated methods are shown in Table VII.

TABLE VII

EFFICIENCIES OF FOUR METHODS OF ACCELERATED CURING

Method Curing Age Duration of Efficiency,
temperature accelerated accelerated percent
curing began curing
A Water 95°F Immediately 24 hours 40
B Water 212°F 23 hours 31 hours 48
C Water 212°F 4 to 6 hours 15 hours 61
D Autogenous % hour 463 hours 67

As noted earlier,selected cylinders were instrumented for continuous measure-
ment of temperature during the auto(genous curing period. These temperature data are
discussed in Part III of this report. 10) Because of their important influences on the
measured strengths, two aspects of the temperature data, i.e., maximum autogenous
temperature and the total heat generated, will be discussed here. A typical time-~
temperature curve is shown in Figure 9, on which the following important parameters are
defined:
= Maximum autogenous temperature, o
= Autogenous temperature increase (+ AT, °F
= Autogenous temperature decrease (- AT), oF
= Time to maximum temperature, hours
= Initial rate of temperature rise, °F per hour
Average time of initial rate of temperature rise, hours
= Final rate of temperature rise, oF per hour
= Average time of final rate of temperature rise, hours
= Change from initial to final rate of temperature rise, hours

= Rate of temperature rise between initial and final set, OF per hour

7R T =~ B O B> B <> B w B @ B v B
I

= Total heat generated, i.e., measured area, °F x hours

-19 -
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Figure 9. Typical temperature~time curve for autogenously
cured concrete cylinder.

The data points in Figures 10 through 15 are the average of either two or four
values, as follows:

Average of 2 values Averzge of 4 values

Maximum autogenous temperature
Autogenous temperature increase
Total heat generated

28-day efficiency
28-day strength
91-day efficieucy
Autogencus strength

Figures 10 and 11 show typical results for two temperature parameters,
maximum autogenous temperature and total heat generated; the remaining temperature
parameters were closely related to these two, as can be deduced from Figure 9.

The efficiencies for this experiment reached maximum values and showed a
trend toward decreasing for subsequent increases for various temperature factors.
From the data presented in Figure 10, it is estimated that the 28-day efficiency reaches
a maximum value of approximately 75 percent + 5 percent at a maximum autogenous
temperature of 145°F + 50F, This temperature level was not attained in Phase II. The

same maximum efficiency value is reached for a total heat genevrated from 45 to 50 square
inches (2,2500F x hr. to 2,500°F x hr.), as shown in Figure 11.
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Figure 10. Relationship between maximum autogenous temperature and
28-day efficiency for all phases.
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Figure 11. Relationship between total heat generated (measured area) and
' - 28-day efficiency for all phases.

- 292 -



1139

80 l l
Cement type
75 6 I s
J‘ D III d Ua a
AV N
© 2] /
70 Lo
/
» o]
565 8 %
& o |,
260 ° e /
- /
o Z/ /
§ 55 Ao //
° ,
wd 4 a4 Q@
g 5 T—F
& /.. /
sus AL
© / s
a
40 A vl
/@ 7
35 //
/
30

20 25 30 35 4o 45 35 55 60 65 70 75
9l-day efficiency, percent

Figure 12. Relationship between 28-day and 91-day efficiencies for
all phases.
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Figure 13. Relationship of autogenous temperature increase (+ AT), 28-day
efficiency, and initial mix temperature to three cement types used
~ in Phase III.
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This same maximum efficiency value of 75 percent was reached for the
following temperature and moisture variable values as discussed in detail in Parts
TIY and 1V of this report. (105

. .0

Initial rate of temperature risc: 6 F per hour
., . )
Autogenous temperature increase (+/\ T): 65 F

Time to maximum autogenous temperature: 10 to 15 hours

Total water fixed: approximately 2.9 percent

The 75 percent efficiency value corresponded to an autogenous cylinder strength tevel
from 5,000 to 5,500 psi. The investigator postulates that for concrete mixes designed
for higher strengths than those tested, the maximum efficiency would be reached at a
somewhat higher strength level than obtained in this experiment but that the 75 ¢ rcent
efficiency level will not fluctuate substantially.

The water-bath methods, as reported by McGhee, showed that a water—-bath
curing temperature between 165° and 180°F represented an optimum curing tenuperature
for the mixtures tested. (1) For the autogenous method, the optimum maximum auto-
genous temperature was between 140°F and 150°F for the mixtures tested.

The existence of an optimum temperature is not unexpected and may be the result
of several mechanisms. One would be the result of the reduced sotubility of the gypsum
as the curing temperature increases. As the concrete curing temperature rises, the
setting process is accelerated by the high curing temperatures, which resulfs in in-
creased strength. This increased rate of reaction requires, for the proper retardation
of the CgA, that the availability of gypsum be increased beyond thai necessary for the
proper setting of normal moist cured concrete, (12) Nevertheless, with increasing
temperatures the solubility of gypsum decreases rather than increases. (12,13) Brown(12}
showed that the solubility of gypsum reaches a maximum at approximately 100°F and
begins to decrease rapidly at approximately 150°F. In addition to the insolubility ot
the gypsum, the reduction in strength is further aggravated by the formation of a thick,
dense layer, or shell, around the cement grains (CoS and CgS), which retards the
subsequent hydration and strength development.

The relationship between autogenous cylinder strength and 8- and 91-day moist
cured strengths is shown in Figure 12 in terms of the relationship between 28~ and 91-day
efficiencies. The range of 91-day efficiencies for all phases was from 23.8 to 70.0 per-
cent with an average of 55.8 percent, which is 6.2 percent below the average efficiency
for 28-day strengths.

Figure 13 shows the relationships among autogenous temperature increase (+AT),
28-day efficiency, and IMT for the three cement types and two cement contents used in
Phase III. It can be seen that low initial mixture temperatures have a significant influence
on the efficiency (strength ratio) at 28 days. As shown in Figure 13 the type II cement is
the least affected by temperature purameters in that the range of autogenous temperature
increase (+ /AT) is only 4°F for the different IMT's, as compared with 129F and 200F
for types V and II, respectively. The differential in efficiency ( /A %) for type Il is 5,2
percent, as compared with 21.2 and 21.4 percent for types V and 11, respectively.
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s1sa, for the type III cement, the efficiency reaches a maximum and then

as shown by the fact that the IMT data points no longer are in ascending

- vype 1II cement and a cement content of 550 1b/cu yd, the 90VF IMT
setween the 500F and T0°F points; but as the + AT increases from approxi-
2§ to approximately 68°F (cement content, 650 1b/cu yd), the $G6YF IMT point
ow oih the 509F and 70°9F points. This phenomenon was expizined in the
digenssion of Figures 10 and 11.

&tve ngth results can also be considered in terms of the correlation herweon

»d and 28~day concrete strengths. Standard statistical methods (9, 15, 16, 17}
were used to determine the line of hest fit for predicting standard moist cured Zx-day
strengths from autogenous 48-hour strengths. Coiaputer regression analysis furnished
the solid straight line through the data points presented in Figures 14 and 15.

SCCEIeTE

Table VIII shows the breakdown of data used in correiating the strengtic resuits
from all phases of the experiment, and the results of the regression analyses.

highly 51gn1f10ant Even the results of Phdse I (c'omputes run numbu é,:’?. ‘I"al
which displayed relatively wide dispersion, yielded a significant correlation 'H\io tdis
persion of Phase III data is attributable to the different initial mix temperatires;. “his
high degree of correlation for data from all phases reduces the severity of the ¢
IMT on strength when comparisons are made with the range of correlation coe

*ﬁcwuc‘;
obtained by other investigators using various accelerated curing methods. The ranges
of correlation coefficients and standard errors, as reported in references 1, 2, 3, and
20, are 0.52 to 0.98 and 200 to 600 psi, respectively.

Figure 14 shows the relationships between autogenous and 28-day strengths for
Phases I and II. These are very similar to those presented by others.

Figure 15 shows the relationships between autogenous and 28--day strengths for
Fiaase III, in which the effect of the IMT on strength is evident. For an VMT of 569F
there is no relationship between the two measures of strength. This resulied from the
fact that the IMT influenced the autogenous strength of the concretie but had no intluence
on the 28~day strengths since they were cured at 7T30F. At an IMT of 76°F, the rela-
tionship between strengths was similar to those relationships shown in Figure 14.
Note that in Figure 15 the IMT's of 50°F and 70°F had little influence on the 28-day
strengths for cement types II and V but there was an influence on the 28 day strengths
of the type III cement. When the IMT was increased from 50°F to 7 0°F, there was an
increase in 28-day strength for the type IIl cement of approximately 900 psi. For an
IMT of 90°F the influence of the IMT on the strength relationship was the same for both
autogenous cured and 28-day cured cylinders. Figure 15 also shows the strength
relationship for all IMT data combined and indicates that changes in initial mix tewe-
perature tend to decrease the slope of the regression curve.
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The influence of the IMT on autogenous strength in terms of the percent change

i strength as the IMT increases from one level to a higher level is shown in Table IX.
ne positive (+) values indicate an increase in strength, whereas the negative () values

aie o decrease. In other words, at lower temperatures the magnitude of the strength
e is inversely proportional to the potential of the mixture to evolve hcat. The

; ircvease for the type V cement was one-quarter as great from 70°F to 90°F as

3 50°F to TOCF. For the type II cement, the autogenous strength increase from
“¥F was one-seventh as great as it was from 50°F to 70°F, and ior the ¢
nt there was a 22 percent increase from 50°F to 70°F and an 11 percent decraase in
sth from 700F to 90°F, -

]

TABLE IX

INFLUENCE OF INITIAL MIXTURE TEMPERATURES ON
AUTOGENOUS STRENGTHS IN TERMS OF PERCENT CHANGE
IN STRENGTH AS INITIAL MIXTURE TEMPERATURE INCREASES

Cement Cement Percent change in strength

type content, as initial mixture temperature
1b/cu yd increases from —-
50°F to 70°F 70°F to 90°F

\Y% 550 +53. 8 +17.2
650 +54, 4 + 7.4
11 550 +53. 7 + 3.5
650 +36.3 +10.1
i 550 +22.7 - 7.0
650 +20.4 ~-14.0

the more widely used accelerated strength testing procedures, Curve represents the
line of equality equal to an efficiencz/ of 100 percegt. Curve is that of Smith and Tiede
for autogenous accelerated curing(2 , and curve @represents the results obtained by
the investigator for all data of Phases I and II (computer run 12, Table VIII), which are
comparable to that obtained by Smith for an IMT of 73°F. The remaining curves in
Figure 16 are as follows:

Figure 16 presents a comparison of correlating curves developeépfor some of

@ — ASTM, Committee C-9, average of round robin results (autogenous)

@ ~—~  Thompson (24 hours hot water at 95°F; cubes)

@ —  Akroyd modified boiling (24 hours normal curing + 33 hours boiling:
cubes)
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Figure 16. Comparison of some of the more promising or widely used
accelerated strength testing procedures.

The efficiency indicated by curve is considerably higher than those reflected
by the other curves. In comparing curves (2)and @ , the difference in efficiencies
probably is due primarily to the increased insulating properties of the autogenous
containers used in this experiment and not necessarily to the methods and/or materials
used in making the concrete cylinders. For an.accelerated compressive strength of

1, 000 psi the efficiency of both curves (25and is approximately 41 percent but at

5, 000 psi the efficiencies for curves @ and are 63 percent and 75 percent,respectively.
Since the heat evolved in curing 5, 000 psi concrete is much greater than that of 1, 000 psi
concrete, the influence of the insulating ability of the autogenous container to retain the
heat evolved is more prevalent for 5,000 psi concrete than for 1,000 psi concrete. In
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wane of efficiencies is less among all the curves for an accelerated strength
Gooona o conerets than it is for 5, 000 psi concrete.

toen nee of Mixture Variskbles and Curing Parameters on Strength

wixture variables and temperature parameters on sutogenous
i Dost 71 of this report(10) and the influence of moistire pavam-

Ciees On eulsoeaous strength is presented in Pact 1V, 'Y

o

OBSERVATIONS AND CONCLUSIONS

The range of efficiencies (ratio of accelervated strength to 28-day moist cuvesd
strengths) obtained in this investigation for autogenons curing for all mixtures
was from 30,7 to 76.7 percent, with an average of 62 percent,

The range of etficiencies for all tests at an initial mixture temperature of 709F
was from 47.0 to 76.7 perceni, with an average of 65.¢ percent,

The efficiency of the autogenous method of curing was higher than the aificwencies
of the various water-bath accelerated curing methods investigated by Moithee arad
others. (1’ 29 3543 189 199 20)

For given materials the efficiencies were not constant. For an increase in cement
content or a decrease in water-cement ratio, the efficiency with respeci to 28~day

moist cured cylinders increased,the cement content having the predominant influence.

For the type V cement the efficiency increased as the initial mixture temperature
increased; for types II and IlI there was an increase in efficiency between initial
mixture temperatures of 50°F and 700F, but a decrease occurred between 70°F
and 90°F. The efficiencies for the type III cemeni were the least affected by the
iixture variables.

The autogenous accelerated curing method resulted in a very high degree of
corrajation with the 28-day moist curing method. As shown in Table VIii, the
correiation coefficients, for the initial mixture temperature of 70°F, ranged irom
J. 9568 to 0,9987, with an average value of 0.9804.

As the initial mixture temperature increased from 50°F to 70°F, the autcgenous
temperature increase (+/\T), total heat generated, and autogenous sirength in-
creased. But as the initial mixture temperature increased from 70°9F to 90°F,
these three parameters decreased. This reduction in strength as temperature
increases beyond 70°F can be atiributed primarily to the reduced solubility of the
gypsum and the encapsulation of the cement grains.

For comparable concretes, greater strengths were obtained with the autogenous
container used in this investigation than those obtained in Canadian studies. (2, %)
These increases in strength resulted from the container's increased ability to
retain the heat of hydration and was not a result of differences in laboratory pro-
cedures or materials.
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The time of initial set can be used to predict the time to maximum autogenous
temperature within 20 percent for test procedures similar to those used in
this investigation.

There is evidence to show that the 28-day efficiency, at least for the autogenous
containers used in this experiment, reached a maximum value of approximately
75 percent at the corresponding values for moisture and temperature variables,
as fcllows:

Maximum autogenous temperature = 145°F + 5°F

Total heat generated (measured area) = 2, 250°F x hr. to 2,500013‘ x hr.
Initial rate of temperature rise = 6°F per hour

Autogenous temperature increase (+HT) = 65°F

Time to maximum temperature = 10 to 15 hours

Total water fixed = 2.9 + 0.4 percent

Autogenous cylinder strength level = 5,000 to 5,500 psi

It is postulated that for concrete mixtures proportioned for higher strengths than
those tested, the maximum efficiency would be reached at a somewhat higher
strength level than was obtained in this experiment but that the maximum efficiency
level will not fluctuate substantially from 75 percent.

For increases in initial mixture temperature, the autogenous strength increase was
one-quarter as great from 70°F to 90°F for the type V cement as it was from 500F
to 70°F. For the type II cement the autogenous sirength increase from 70°F to 90°F
was one-seventh as great as it was from 50°F to 700F, and for the type III cement
there was a 22 percent increase from 50°F to 70°F and an 11 percent decrease in
strength from 70°F to 90°F.

The reduction of the total length of time for autogenous curing by at least 8 hours
seems feasible.

The correlation coefficient for all phases of the experiment and for all initial mixture
temperatures investigated was 0.8319, which is significant. This high degree of
correlation for all phases reduces the severity of the effect of initial mixture temper-
ature on strength when compared with the range of correlation coefficients obtained
by other investigators using various accelerated curing methods. However, the
results of the regression analysis (computer runs 14, 15, 16, and 17) on the data
from Phase III shown in Figure 15 indicated that a nonlinear curve would be
desirable if one general regression equation were to be used for a large range of
initial mixture temperatures, including temperatures (Fahrenheit degrees) in the

high 40's and low 50's.
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5

The investigator found the autogenous method to provide very uniform curing

with regard to moisture and temperature gradients within the curing cylinders,
The autogenous test results are highly reproducible and the equipment is relatively
wenance free.  As a result of the interrelation of rate of temperature rise,
szrature increase above initial mixture temperature, maximum autogenous
-ature reached, and total heat generated on the concrete strength developed,
cneluded that a more efficient autogenous container could be developed which
wonld more nearly utilize the optimum values of the aforementioned temperature
parameters,

Tie autogenous curing procedure, a3 followed in this investigation, is a siupie,
efficient, and reliable method to accelerate the curing of concrete for the vurpose
of estimating the strength of concrete at later ages.

RECOMMENDATIONS FOR FURTHER RESEARCH

With regard to development of an optimum autogenous curing contuiney | the

following questions should be answered:

1. For a constant maximum autogenous temperature, what is the vange
of times to maximum temperature ?

2. Which variables change the time to maximum temperature? How?
Why ?

3. What degree of influence do the maximum temperature, temperature
increase, and total heat generated have on autogenous strengtix development?

4., How can the autogenous container be designed to utilize the maximum
potential of each temperature variable to develop the highest degree of
efficiency ?

5. What factors cause the autogenous temperature decrease (-~ AT) defined in
Figure 9? Are these factors related to the concrete or the autogenous
container ?

6. For the same maximum autogenous temperature, why do different
temperature decreases result?

7. What is the influence of autogenous temperature increase (+A T) and time
to maximum temperature on the autogenous temperature decrease (-AT)?

8. What is the influence of autogenous temperature decrease (A T) on strength?
Other recommendations for further research are as follows:
1. An investigation of the influence of extended curing periods (greatey than

47 hours) on strength to determine if the additional curing time causes an
increase in strength.
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An investigation of the effect of the curing period between maximum 1 151
temperature and 47 hours on strength development to determine if the

total curing period can be shortened. The possibility of reducing the

total length of time for autogenous curing by at least 8 hours seems
feasible.

A more exhaustive study of the influence of initial mixture temperature
on autogenous strength.
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Mixture Schedules

The experiment was divided into three ghases. (21} Phase I was patterned
after the ASTM Cooperative Testing Program!( 2) so ihat the resulis of this investi-
gation could be related to the ASTM resulfs. Phases II and III were designed such
that the main variables were water-cement ratio and initial mixture temperature,
respectively.

The constants in Phase 1 were

Initial mixture temperature = 73°F
Slump = 2 to 3 in.

Air content = 5 to 6 percent

The mixture schedules for Phase 1 are given in Table X.

TABLE X
MIXTURE SCHEDULES FOR PHASE I
Type II cement Type III cement

Mixture Cement, Admixtures* Mixfure Cement, Admixtures*
Number 1b/cu yd Number Ib/cu yd

I-a 450 A ‘ I-g 450 A

I-b 450 A-R I-a 450 A-R

I-c 550 A I=2 550 A

I-d 550 A-R I-j 550 A-R

I-e 650 A I-k 650 A

I-f 650 A-R T=-1 650 A-R

*A = Air-entraining agent; R = Retarder.
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The constants in Phase Il were
Initial mixture temperature = 73°F
Cement factor = 550 1b/cu yd

Air content = 5 to 6 percent

The mixture schedules for Phase II are given in Table XI.

TABLE XI

MIXTURE SCHEDULES FOR PHASE II

4
>
I

Air and accelerator.

Type II cement Type III cement

Mixture w/C Admixtures* Mixture w/C Admixtures*
Number ratio Number ratio

II-a 0.4 A II~j 0.4 A

II-b 0.4 A-R II-k 0.4 A-R

¢ 0.4 A-A II-1 0.4 A-A

n-d 0.5 A II-m 0.5 A

II-e 0.5 A-R II-n 0.5 A-R

11-f 0.5 A-A II-o 0.5 A-A

1-g 0.6 A II-p 0.6 A

11-h 0.6 A-R II-q 0.6 A-R

1-i 0.6 A-A 1I-r 0.6 A-A

¥ A = Air only;
A-R = Air and retarder;

The constants in Phase III were
Water—-cement ratio = 0.5
Admixture = Air only

Air content = 5 to 6 percent




The mixture schedules for Phase III are given in Table XII.
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TABLE XII
MIXTURE SCHEDULES FOR PHASE III
Hnitial mixture Cement type
temperature II 111 \%
Mixture Cement, Mixture | Cement, - Mixture Cement
number | 1b/cu yd number | 1b/cu yd number | 1b/cu yd
o III-a 450%* Im-d 450% II-g 450*
50" F III-b 550 II-e 550 III-h 550
II-c 650 III-£f 650 II-i 650
o III-j 450* II-m 450%* III-p 450%*
73°F -k 550 III-n 550 III-q 550
III-1 650 I-o 650 III-r 650
o III-s 450%* II-v 450* -y 450%*
90" F II-t 550 I-w 550 II-z 550
II-u 650 III-x 650 1I-z1 650

*The mixtures having a cement factor of 450 1b/cu yd were so stiff (Slump = 0) that it
was impossible to make properly formed cylinders. In order to use a cement factor
of 450 1b/cu yd different aggregate gradations would have to be used and the mixtures
redesigned. Since aggregate gradation was a constant, mixtures Ill-a, d, g, j, m, p,
s, v, and y were not made.

The temperature of the mixtures was reduced to 50°F by substitution of ice for a
portion of the mixing water. The temperature of the mixtures was raised to 90°F by using
water heated to 170° F.
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Specimen Preparation Schedules

Phase I comprised the following:
Total number of mixtures = 12
Total number of batches = 36
Total cylinders per mixture = 20
Total cylinders = 240

The schedule for specimen preparation for Phase I is shown in Table XIlI. There
were three batches for each mixture.

TABLE XIII
SPECIMEN PREPARATION SCHEDULE FOR PHASE 1
Type of curing Number of Cylinders Total Total
per batch cylinders cylinders,
per Phase
Batch 1 Batch 2 Batch 3 | mixture 1

Autogenous 2 2 4 48
28-day standard* 2 2 4 48
91-day standard 2 2 4 48
1-year standard 2 2 4 48
2~day standard 2 24
Autogenous temperature** 2 24
Time-of-set test*** - - —

Totals 8 8 4 20 240

*"Standard'" means normal moist curing conditions.

k11 Autogenous temperature'' denotes cylinders instrumented for temperature
measurements. A total of 24 thermocouples were used. Results of the
temperature study are presented in Part III of this report.

**+*+Cement-sand mortar for time-of-set test, in accordance with ASTM C 403, ()
was taken from the third batch of each mixture. A total of 12 time-of-set tests
were conducted.
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Phase II comprised the following:
Total number o mixtures = 18
Total number of batches = 54
Total cylinders per mixture = 20
Total cylinders = 360

The schedule for specimen preparation for Phase II is shown in Table XIV,
There were three batches for each mixture.

TABLE XIV
SPECIMEN PREPARATION SCHEDULE FOR PHASE II
Type of curing Number of cylinders Total Total
per batch cylinders cylinders,

per Phase
Batch 1 Batch 2 Batch 3 mixture II
Autogenous 2 2 4 72
28-day standard 2 2 4 72
91-day standard 2 2 4 72
1-year standard 2 2 4 72
Autogenous moisture* 2 36
Autogenous temperature 2 36
Totals 8 8 4 20 360

*""Autogenous moisture' denotes cylinders instrumented for moisture
measurement. Two moisture gages were embedded in each cylinder;
there were a total of 72 moisture gages used in Phase II. A total of
36 thermocouples were needed for Phase II. Results of the moisture
study are presented in Part IV of this report. (11)

Phase III comprised the following:
Total number of mixtures = 18
Total number of batches = 54
Total cylinders per mixture = 20

Total cylinders = 340
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The schedule for specimen preparation for Phase III is shown in Table XV.
There were three batches for each mixture.

TABLE XV
SPECIMEN PREPARATION SCHEDULE FOR PHASE III
Tvpe of curing Number of cylinders Total Total
per batch cylinders cylinders,
per Phase
Batch 1 | Batch 2| Batch 3 mixture 11
Autogenous 2 2 4 72
28-day standard 2 2 4 72
91-day standard 2 2 4 72
1-year standard 2 2 4 72
[Autogenous moisture* 2 2 16
Autogenous temperature 2 36
Time-of-set test - - —
Totals 8 8 4 20 340
* Autogenous moisture cylinders were made only for mixtures III-f,k,1,n,
o,q,r, and X, requiring a total of 32 moisture gages. A total of 36
thermocouples were needed for Phase III.

To summarize, the totals for Phases I, II, and III were
Total number of mixtures = 48
Total number of batches = 144
Total number of cylinders = 940

A total of 218 batches of concrete were made in the laboratory, of which 74 batches
did not meet the air content or slump requirements established for the project.






