Technical Report Documentation Page

1. REPORT No. 2. GOVERNMENT ACCESSION No. 3. RECIPIENT'S CATALOG No.
CA-DOT-TL-5182-1-75-22

4. TITLE AND SUBTITLE 5. REPORT DATE
Accelerated Test Development For Portland Cement April 1976
Concrete

6. PERFORMING ORGANIZATION

7. AUTHOR(S)
S.N. Bailey and B.F. Neal 8. PERFORMING ORGANIZATION REPORT No.

19503-635182

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. WORK UNIT No.

Office of Transportation Laboratory

California Department of Transportation

Sacramento, California 95819 11. CONTRACT OR GRANT No.
F-4-23

13. TYPE OF REPORT & PERIOD COVERED
12. SPONSORING AGENCY NAME AND ADDRESS Final
California Depart.men.t of Transportation 14. SPONSORING AGENCY CODE
Sacramento, California 95807
15. SUPPLEMENTARY NOTES
Conducted in cooperation with the U.S. Department of Transportation, Federal Highway Administration, "Accelerated Test
Development".

16. ABSTRACT

A satisfactory accelerated concrete strength test method has been developed. The method, called "autogenous curing", consists of
placing a fresh 6 x 12-inch concrete cylinder in an insulated enclosure for a 48-hour curing period, then testing for compressive
strength. the developed 48-hour compressive strengths are 40 to 75 percent of the 28-day standard moist cured compressive
strengths. This method can be used for concrete quality control and acceptance.

In the laboratory, a series of tests were designed to determine the magnitude and direction that changes in cement quantity and
types, aggregates, temperature, and admixtures would have on the correlation between the 48-hour cure strength and the 28-day
standard moist cured strength. Analyses of the data indicated that a new strength correlation curve should be established when any
changes are made in the concrete.

17. KEYWORDS
PCC Pavement, Autogenous Cure, Accelerated Concrete Test, Quality Control

18. No. OF PAGES: 19. DRI WEBSITE LINK

63 http://lwww.dot.ca.gov/hg/research/researchreports/1974-1975/75-22.pdf
20. FILE NAME
75-22.pdf

This page was created to provide searchable keywords and abstract text for older scanned research reports.
November 2005, Division of Research and Innovation




DIVISION OF STRUCTURES AND ENGINEERING SERVICES

LABORATORY

TRANSPORTATION

RESEARCH  REPORT

Cooperation with the U.S. Department of Transportation,

n

Prepared

Federal Highway Administration

3
5
:
2
3

>0m

[10.c

wavw fas

ClibhPDF -



http://www.fastio.com/

~
C
(@]
I~
C-
n



http://www.fastio.com/

ClibhPDF -

TECHNICAL REPORT STANDARD TITLE PAGE

1 REFORT NO. 2. GOVERNMENT ACCESSION NO.

CA-DOT-TL~-5182~1~75=22

3. RECIPIENT'S CATALOG NQ,

4. TITLE AND SUBTITLE

ACCELERATED TEST DEVELOPMENT FOR PORTLAND
CEMENT CONCRETE

5. REFCORT DATE

April, 1976

- sttt e s -
8. PERFORMING QRGANIZATION CODE

7 AUTHORI(S)

S« N. Bailey and B. ¥, Neal

8. PERFORMING ORGAMIZATION REPORT NOC.I

19503~635182

9. PERFORMING ORGANIZATION NAME AND ADDRESS

Office of Transportation Laboratory
California Department of Transportation
Sacramento, California 95819

160, WORK UNIT NO.

11. CONTRACT OR GRANT NO.

F-4-23

12. SPONSORING AGENCY NAME AND ADDRESS

California Department of Trénsportation
Sacramento, California 95807

13. TYFE OF REPORT & PERICD COVERED

Pinal

14. SPONSORING AGENCY CODE

15. SUPPLEMENTARY NOYES

Conducted in cooperation with the U, S, Department of Transportation,
Federal Highway Administration, "Accelerated Test Development".

16. ABSTRACT

developed.

strength.

strength.

in the concrete,

A satisfactory accelerated concrete strength test method has been
The method, called "autogenous curing", consists of
placing a fresh 6 x 1l2-~lnch concrete cylinder in an insulated
enclosure for a 48-hour curing period, then testing for compressive
The developed 48-hour compressive strengths are 40 to

75 percent of the 28-day standard moist cured compressive strengths.
This method can be used for conecrete quality control and acceptance.

In the laboratory, a series of tests were designed to determine the
magnltude and direction that changes in cement quantity and types,
aggregates, temperature, and admlixtures would have on the correlation
between the 48-hour cure strength and the 28-day standard moist cured
Analyses of the data indicated that a new strength
correlatlon curve should be establlished when any changes are made

17. KEY WORDS

PCC Pavement, Autogenous Cure,
Accelerated Concrete Test,
Quality Control

18. DISTRIBUTION STATEMENT
No restrilctions.

avalillable to the public through
the Natignal Technical Information
Service, Springfield, VA 22161.

This document is

Unclassified Unclassified

19, SECURITY GLASSIF. [OF THIS REPORT) 20. BECURITY CLASSIF, {OF THIS PAGE] J?1. NO. OF PAGES

22. PRICE

63

HMRT = 1242 (ORIG. 8/72}

www . fastio.com


http://www.fastio.com/

k cor b
: B » : R i .
.

nvw . fast



http://www.fastio.com/

STATE OF CALIFORNIA
DEPARTMENT OF TRANSPORTATION
DIVISION OF STRUCTURES & ENGINEERING SERVICES
OFFICE OF TRANSPORTATION LABORATORY

April 1976

TL No. 635182
Item No. F-4-23

Mr. C. E. Forbes
Chief Engineer

Dear Sir:

I have approved and now submit for your information this final
research project report titled:

ACCELERATED TEST DEVELOPMENT FOR
PORTLAND CEMENT CONCRETE

Study made DY « 4 o o o o o ¢ + « o« » « « « » Roadbed and Concrete Branch

Under the Supervision of . . . . . ¢« 4+ « + « D. L. Spellman

Prineipal Investigator .« ., + + + ¢« « + « . . S. N, Bailey
Co=INVestigator + « o o o o o o « o o o o o o B, ¥, Neal
Report Prepared By + ¢« « o+ o ¢ ¢« ¢« » o » « « S. N. Bailey
Assisted DY -« o o ¢ o ¢ ¢ o = s s o o o « »« » B, F, Neal

Very/;ruly yours,

‘GEORGE 4/ HILL
Chief, (§ffice of Transportation Laboratory

Attachment
SNB/BFN:bjs

ClihPDF - www .fastio.com


http://www.fastio.com/

C

IhPDF -

Wy fe

ST



http://www.fastio.com/

ClibhPDF -

TABLE OF CONTENTS

INTRODUCTION
CONCLUSIONS
IMPLEMENTATION
PRELIMINARY STUDY
RESEARCH STUDY
Equipment -~ (Laboratory Study of
Factors Affecting

Accelerated Tests)

Field Tests ~ (Using Laboratory
Personnel)

Field Tests - (Using Field Personnel)
DISCUSSION
REFERENCES
APPENDIX A

APPENDIX B

www . fastio.com

27

30
34
39
4o


http://www.fastio.com/

Jud
Ty
ST

www.fastio.com

C

ihPD


http://www.fastio.com/

Table

la and
1b

LS B = U

10

11

12

13

LIST OF TABLES

Strength Results of Preliminary TeSting
Program

Strength Data from Corona Project
Strength Data from Pleasanton Project
Strength Data from Boron Project

Summary of Latin Square Analysis of Variance
(Individual 48~hour Autogenous Cured and 28-
day Moist Cured Concrete)

Summary of Latin Sguare Analysis of Variance
(28=~day Concrete Strength Prediction

from Ratio of 48-~hour Autogenous Cured

and 28-day Molst Cured Cylinders)

Range in Compressive Strengths due to
Different W/C Ratios

Field Test Data (Laboratory Personnel)

Field Test Data (Laboratory Personnel).
Comparison of the Difference Between the
Actual 28-day Compressive Strength and

the Calculated 28-day Compressive Strength
from the 48-hour Autogenous Cured
Accelerated Compressive Strength

Field Test Data (Field Personnel).
Comparison of the Difference Between
the Actual 28-day Compressilve Strength
and the Calculated 28-day Compressive
Strength from the 48-hour Autogenous
Cured Accelerated Compressive Strength
(one type conerete only)

Field Test Data (Field Personnel).
Comparison of the Difference Between
the Actual 28-day Compressive Strength
and the Calculated 28-day Compressive
Strength from the 48-hour Autogenous
Curved Accelerated Compressive Strength
(all concrete)

CompariSonﬁ%%ZCore Strengths to Cylinder
Strengths (Project

Comparison of Core Strengths to Oylfnder
Strengths (Project 7)

¥

1d 0 et

ClibhPDF -

www . fastio.com

11
12

22

24

a5

29
31

32

33

37

38


http://www.fastio.com/

nyw fastio.com



http://www.fastio.com/

LIST OF FIGURE

Number Page
- 1 Experiment Design 16
3 Latin Square "A" Results 17
3 Latin Squaré "B" Results 18
b Plot of Data from Latin.Square upn 19
5 Plot of Data from Latin Square "B" 20
6 Plot of Data from Different W/C Ratios 26
7 Plot of Field Data (Laboratory Personnel) 28
8 Composite Plot of Test Data 35

iii

ClihPDF - www .fastio.com


http://www.fastio.com/

N

\STUO.CO

Vv T e

mPfor

C


http://www.fastio.com/

ClibhPDF -

ACKNOWLEDGMENTS

The authors of this report wish to express their appreciation
to Professor Michael A. Taylor, University of California at
Davis, and the late Harry Bennenson, Statistician, both of
whom worked as statistical consultants in the initial phase
of this project.

The contents of this report reflect the views of the-
Transportation Laboratory which is responsible for the facts
and the accuracy of the data presented herein. The contents
do not necessarily reflect the officiallviews or policies of
the State of California, or the Federal Highway Administration.
This report does not constitute a standard, specification, or
regulation, N
Since the initial distribution of this report in May, 1975,
questions have been raised regarding certain aspects of the
statistical analyses. At the suggestion of Mr. Howard T, Arni,
Materials Division, FHWA, this revised version has been prepared.

iv

www . fastio.com


http://www.fastio.com/



http://www.fastio.com/

INTRODUCTION

The most commonly accepted measure of concrete "quality" is the
28-day compressive strength, Since the strength is not determined
until 28 days after the conerete is produced, the opportunity to
make corrective adjustments in mix design ir necessary, must walt,
This delay at times creates a problem in quality contfol,and
specification enforcement. Often decisions must be made to either
accept concrete different from that specified, or to remove it,
elther of which can prove very costly.

Accelerated methods for determining the 28-day strength potential
at an early age have been sought for many years. Most accelerated
methods attempted have involved hot water or steam since heat
accelerates the hydration of portland cement that results in
rapid curing or concrete. While these trials resulted in some
measure of success, they were never widely accepted. More
recently, Ontariol reported on an accelerated method referred to
as "autogenous cure", so-called because the heat used to
accelerate curing 1s that generated by the hydration Process and
retained by insulated containers. Advantages of this method are _
" the simple equipment required and the elimination of safety hazards
inherent in the hot water or steam methods. The correlation
between 48-hour autogenous cured cylinder strengths and 28-day
standard moist cured cylinder strengths were Judged to be
satisfactory. This procedure has how been published as Procedure
C in ASTM Designation: Co84~74, Standard Method of Making,
Accelerated Curing, and Testing of Concrete Compression Test
Specimens.

To evaluate the autogenous method, a preliminary series of tests
wew made on a paving project. As a result of these tests,
three more series of field tests were made, and then a full

1

lRefers to references at end of report
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scale research proaeef Was=initiated which included both laboratory
and fleld work. The objectives of the progect were to (1) determine
the feasibility of an. accelerated test for quality control of
structhral concrete, (2) investigate the feagibility of using the
autqgehous curing method to predict paving concrete strength
potential,-and (3) supplement or replace the flexural strength
method now. used for quality control and for determining when a
pavement may be opened to traffic. The need for early knowledge

of the adegquacy of a paV1ng concrete mix design is just as great

as for structural concrete. On paving projects the Contractor
places much of the concrete before any flexural strengths are
.avallable for evaluation of the concrete.

i
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CONCLUSIONS

1. The autogenous curing method is a practical accelerated
e : strength test procedure and 1s feasible for guality assurance
of concrete production.

2. A 48-hour to 28-day strength relationship must be developed
for each basic mix design. ‘

3. The determination of when traffic can be allowed on new
concrete pavement could be made from compressive strength tests
of cylinders subjected to the same environmental conditions as
the pavement.

4. The use of core strengths or impact hammer results would
not be acceptable for determining pavement strength on a routine
basis.

ClihPDF - www .fastio.com
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 IMPLEMENTATION

it ié recommended that the accelerated strength test using
autqgenous curing be implemented on several large concrete
projects in parallel with conventional testing methods. This
would not only provide concrete producers and State personnel
witﬁivaluable Information on concrete quality at an early date,
but would also provide background to determine feasibility of
convgrting fo the accelerated test for quality acceptance.
Curihg containers and, where needed, testing equipment could
be Shpplied by the Laboratory. Cost to do the additional
testing would be small. '

ChihPDF - www.fastio.com
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PRELIMINARY STUDY

The purpose of these preliminary tests was to. study the possibility
of using compressive strengths of cylinders in lieu of the flexursal
beam Test to determine when a pavement could be opened to traffic,
and also whether autogenous cured cylinders might be feasible for
quality assurance tests, Before a pavement may be opened to
traffic, California specifications redquire that the concrete attain
a minimum flexural strength of 550 psi based on beams broken by
centerpoint loading. '

Testing was carried out on a paving project about 25 miles east

of Sacramento. It was thus convenient to bring some of the
specimens into the laboratory for controlled curing. For autogenous
curing, four cylindqrs were fabricated once each day for four days.
These were placed in an insulated curing box about an hour after
sampling and left until tested. Two were tested at 48-hours and

two at 10-days. The curing boxes were constructed of 3/4-inch
plywood with 2-inches of polyurethane foam for insulation. Each
box could hold six cylinders.

For standard compressive strength tests, nine sets of 10 cylinders
each were fabricated over a 5-day period. All were left next to
the pavement until the morning following fabrication. Of the 10
cylinders, four were cured in the laboratory moist room; two each
were tested in the field at ages 10, 14 and 28-days, using a
portable testing machine. The lab cured cylinders were tested at
age 10 and li-days.

Beams for contract control are normally cast in sets of three, two
sets for each day of paving, then cured and tested at the jobsite.
During this study, an additional set of 3 beams was cast for
laboratory testing using the third-point loading method. Two of
the 3 beams were cured in the moist room for 10 and li4-day breaks
and the third was cured in wet sand in the field and tested at
1l0-days, also with third point loading.

5
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The strengtﬁ results are shown in Tables la and 1b. All specimens
for a given round were cast from one sample taken from a single
batch of concrete. Each compressive strength value shown is an

average of two cylinders, while each beam strength represents a
single break.

Field and Lab Data

Tﬁe felationship between compressive strengths of 2-day autogenous
Cured:cylinders and those of laboratory or field cured cylinders,
appedred to be reasonably consistent. The ratio of 10-day
(labqratory'cured) to 2-day strengths averaged 2.00 ranging from
1.88?%0 2.05. The li-day (laboratory cured) 2-day ratio was

2.2l ranging from 2.15 to 2.28. The field cured cylinders were
considerably loweér in strength due, in part at least, to cool
curing temperatures. The highs for the testing period did not

“exceed 70°F and lows approached freezing. The flexural strengths

of field cured specimens did not appear to be affected appreciably
by the low curing temperatures.

Resuifs of flexurai’strenéths“for 10—déy'field cured specimens
ShOW“the center point test 4is approximately 100 psi, or 20 percent,
greaﬂér than the third point test on the same concrete. This
relaﬁionship ls attributed to the fact that in center point load-
ing the weakest point in the beam may not be at the point of
maxiﬁﬁm bending moment while 1n the case of third point loading

'the bending moment is uniform over the middle third of the beam

and ﬁhe break occurs at the weakest point within that area.

Whilé the testing program left a number of gquestions unanswered,
it did indicate that both obJectives -- using autogenous curing
to pfedict strength, and cylinders to replace the beam test —-
mighﬁﬁbe'feasible.

Additional Field Tests (Preliminary Study)

To déVelop further information and verify previous findings,
testing was performed on three additional paving projects. The
projécts were widely scattered around the state and concrete
aggrégates were of entirely different types from that used on
the first project.
: : 5
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TABLE la

Strength Results of Preliminary Testing Program

"""""'"'ébmgressiva'§Ekengths;”§§1‘(E§1inders)
Autoganous Laboratory .
: Cured, Days Cured, Days Field Cured, Days
Round 210 10 l¢ " 10 Y4 28
1 1730 2570 3520 3810 2610 3200 3800
2 w——=  (3170) (2230) (2560) =~——
3 (3160) (3590) (2440) (2800) (3230)
4 1790 2870 3610 3840 2670 3000 3520
5 1540 2730 3160 - 3510 2410 25860 3280
6 (2970) (3440) (2520) (2780) (3070)
7 (2740) (3330} (2320) (2840) (3010)
8 1510 2600 2840 3370 2390 2680 3270
9 - (2620) (2950) (2200) (2410) (2780)
*AVg . 1640 2690 3280 3630 2520 2860 3470
AV . .
of all 1640 2690 3080 3430 2420 2760 3240

( ) No companion autogenous cured specimens,

* Omits ( ) results.

Nota:

www . fastio.com

Each value shown above is the average of two oylinder breaks.
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' TABLE 1b

Strength Results of Preliminary Testing Program

Flexural'Strengths;'PSI

Third Point Loading Center Point Loading

Field Laboratory

: Cured, Cured, Days Field Cured, Days
Round 10 Days 10 14 10 14 28
1 600 560 515 — 735 -

2  (505) (530) (500)  (635) (645) ——m
3 (530) (510) (560)  (620) (705) (755)

4 500 610 575 615 625 785

5 535 560 605 665 685 825
6 (540) (475) (605) (680) (695) (735)

7 (485) (485)  (510) (570) (625) (740)

8 470 510 485 620 655 720

9 (450) (390) (440) (520) (640) (585)
Aﬁg.*’ 525 560 545 635 700 775
Avg, of all 515 . 515 535 615 680 735
. : 10 day 14 day 28 day

Ratio © Ctr, Pt. Flex, Str (Field Cured) = 615 680 735

Comp. Str. (Field Cured) 2420 2760 3240
(25.4%) (24.6%) (22.7%)

( ) No companion autogenous cured specimens.

® Omits ( ) results.,

ClihPDF - wyaw.faslio.com
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The testing procedure was essentially that reported above. However,
except for the autogenous cured cylinders, all specimens were cured
on the job until time to be tested. Both beams and cylinders were
then transported to Sacramento (in wet sand) and tested on
laboratory testing machines. Contract control beam data were not
collected. The test'results are shown in Tables 2, 3, and &4.

Ratios of flexural to compressive strengths at various test ages
for the aggregates tested are shown on Tables 1 to 4. It can be
seen that there is some difference in ratios with different
aggregate sources, although with the aggregates tested this
difference is not very great. The ratio is reduced as age
increases. I'rom existing knowledge of the ratio between flexural
and compressive strength it can be stated that the ratio is

reduced as the cement content is increased. The explanation for
both of these conditions is that compressive strength 1s influenced
to a greater degree by age and cement content than is flexural
strength. With the latter strength parameter the aggregate

becomes more of a controlling factor in flexural strengths achieved.

From these tests, it appears that for a given concrete mix, the
ratlio of beam strengths to cylinder strengths, with specimens
cured in similar manner, is reasonably constant. Also, the
autogenous cured cylinders gave a reasonable estimate of later
compressive strength in spite of the varied environmental
conditions.

www . fastio.com
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TABLE 2

Strength Data from Corona Project (PSI)

' Cylinders ' ' ‘ Beams**

Autogenoug#* L ,
Curxed, Days Field Cured, Days Field Cured, Days
2 days 10 14 28 10 14 28
1460 2090 2470 2920 500 530 570
11540 2190 2540 2920 480 500 490
1830 2530 3070 3590 500 550 640
1790 2760 2830 3570 540 585 580
_?1820 | 2240 2620 3520 590 475 535
'Qiaso 2350 2620 2690 540 530 600
1740 2570 2830 3180 530 585 620
1730 27191* 2810 2930 540 615 610
2010 2810 3000 3620 560 620 735
2050 2740 3220 3890 ~— 565 705
1920 2630 2850 3180 -—— 560 535
1790 2760 2830 3360 c— - 520
Avg. 1800 2530 2810 3280 530 560 595
: K 10 day 14 day 28 day
Ratio Third Pt Flex., Str, (Field Cured) = 530 560 595

Comp, Str, (Field Cured) 2530 2810 3280
- (21.0%) (19.9%) (18.1%)

* Tesied at Jobaite
**Third point loading

10
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TABLE 3

Strength Data from Pleaganton Project

Cylinders Beamg %%

Autogenous® -
Cured, Days ~_Field cCured, Days Field Cured, Days

2 days 1o 14 2g 10 14 28

2100 2830 3290 4130 510 565 790

2100 2770 3150 4240 575 615 760

1960 2650 3250 3940 555 625 725

1840 2990 3230 4060 580 635 765

1860 2560 3250 3800 535 660 750

1980 2830 2930 3600 525 700 750

1890 2790 3000 3780 525 580 820

1890 2650 3550 4280 465 600 575

1840 2860 3150 4290 535 580 645

1770 ——— 2850 4100 630 560 690

1800 - 2810 4210 600 580 675

Avg, 1910 2750 3140 4030 545 605 725

10 day 14 day 28 day
Ratio Third Pt. Flex. Str. (Field Cured) 545 605 725
Comp, Str, (Field Cured) 2750 3140 4030
(19.8%) (19.3%) (18.0%)

*Tested at Jobsite
**Third Point Loading

nvw L fastio.com
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" TABLE 4

Strength Data £rom Boron Project

N — Cylinders Beams*¥
Autogencus¥®
Cured, Days Field cCured, Days Field Cured, Days
2 days 10 14 28 10 14 28
Aggregate A
1710 2950 3410 3650 475 580 675
1680 3180 3360 3750 535 590 590
1640 2880 3360 3600 545 595 640
1640 2630 3230 3900 530 590 615
1780 2780 3010 4060 505 635 620
1730 2740 3220 3500 575 540 650
2080 2790 3070 3980 580 640 620
2060 2860 3480 3850 620 555 715
2850 3270 3790 545 590 640

Avg.1790

Ratio ~_Third Pt. Flex., Str (Field Cured)

10 day 14 day 28 day

545 590 640
Comp. Str. (Field Cured) 2850 3270 3790
(19.1%) (18,0%) (16.9%)
P Aggregate B
1440 2810 2950 3750 495 510 590
1470 2850 2910 3590 470 535 590
1890 2650 3020 3180 465 505 610
1890 2510 2860 3200 485 555 560
Avg.1670 2710, 2940 3430 480 525 590
- : ' 10 day 14 day 28 day
Ratio =~ Third Pt, Flex. Str. (Field Cured) 480 525 590
Comp. Str, (Field Cured) 2710 2940 3430

*Tegted at Jobsite

**Third point loading

.
W fastio.com
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RESEARCH STUDY

Equipment

The 1nitial autogenous cure testing was performed with existing
insulated curing boxes which held several cylinders. From the
Ontarid'report and correspondence with Virginia researchers,

it was considered advisable to use individual contalners with
more positive seals to retain heat.

To check on heat retention characteristies, three different sizes
of boxes were made in the laboratory shop. FEach had a plywood
shell, but the poured polyurethane foam insulation was constructed
x0 3, 4, and 5 inches in minimum thickness. The containers were
constructed in half sections for ease in handling cylinders. Two
adjustable clamps were attached for holding the two portions
together and a soft foam layer was used between the two halves

X0 provide more positive seals.

Tests were made on each container to determine heat loss. The
additional heat retained was minimal using 4 and 5 inches of
insulation. The box with 3 inches of insulation had heat loss
well within the limitatlons recommended by Ontario and Virginia,
and was consldered adequate and preferable to the more bulky
containers. Thirty of these containers were then constructed
for conducting concrete testing. Steps in construction of the
container are shown 1n Figures 1 through 6 in Appendix A.

Laboratory Study of Factors Affecting Accelerated Tests

For this study at least five parameters were considered to have

some effect on the relationship between 48~hour autogenous cured

and 28-day standard moist cured cylinders. Based on California
needs, the following selections were made., These were considered
the minimum number of variables necessary to evaluate each parameter.

13
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5.

¥ Pactors to Study ' Variables

| ﬁégregate Quality (6) 2 low, 2 medium, and 2 high
: ' (strength producing)
Type of Cement (3) Types IT, III, and II Prestress¥
Qément‘Factors - (3) 5, 6, and 7-1/2 sack/cu yd
Admixtures - (3) A water-reducing agent, an alr-—

entraining agent, and a control
containing no admixture

Temperature of . (3) 50°F, 70°F, and 90Q°F
Fresh Concrete :

To COﬁduct a factorialﬂexpériment with the above parameters and
the nebessary replicatipns, was not considered practical.
However, two Latlin square experiments were designed which did

include all the Variabiés. _Latin square A was an evaluation

of:

1.

2

3.

Three aggregates of low, medium, and high strength producing
properties, '

fhree éeﬁént typ?s - Type IL, IIT, and IL Prestress#,

Pageu o g i .

ﬁhree fresh.cpngféte tempefétures - 50°, 70°, and 90°F,

Latin square B was an evaluation of:

l.

ClibPDF - wavw . [aslio.com

fﬁree aggregates kdiffetent from A) of low, medium, and

high strength produecing propertles,

Three admixtures - a water~reducer, an air-entraining
agent, and a control.

Threé cement contents of 5, 6, and 7-1/2 sacks per
cublc yard.

14
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The experimental block design for Latin squares A and B are shown
on Figure 1. For each block, a random mixing schedule was followed
and included replication for each mix. Four cylinders were
fabricated from each batch of concrete mix; two for autogenous
curing, and two for 28-day moist curing. The compressive strength
test results are shown on Figures 2 and 3, and alsoc the data are
plotted on Figures 4 and 5 for Latin squares A and B respectively.
For each round of tests, a separate analysis was made on the
48-~hour autogenous and the 28-day moist cured strength test
results. In addlition, an analysls was made on the strength ratio
factor of the 28-day to 48-hour strength.

#"Type II Prestress™ is California's designation for cement used
primarily by prestress and concrete pipe plants to obtain higher
early strengths. The cement meets Type II requirements but is
more filnely ground than that normally used in pavements and
structures,.
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EXPERIMENT DESIGN

ClihPDF - www . fastio.com

Latin?Sguafe A -
Cement ' . Relative Aggregate Strength
Types Low " - Medium ‘ High
it 50°F T0°F 90°F
III 70°F 90°F 50°F
II Prestress 90°F 50°F 70°F
‘Latin Square B _
B R Relative Aggregate Strength
Admixture Low " Medlum High
Water—3educing
Set-Retarding 5 gk/cu ya 6 gk/cu yd 7-1/2 sBk/cu va
(R) i
None B
Control 6 sks/cu yd 7=1/2 sk/cy 5 sks/cu yd
) . .
' Air entraining 7-1/2 sk/cy 5 sk/cy 6 ak/cy
(a) 3
Figure 1
e . o -
. 16
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Round 1

Round 2

28-day Moist Cured, psi

LATIN SQUARE
Compressive Strength, psi

IIAII

RESULTS

48-hour Autogenous Cured, psi

= Strength Ratio

Cement Rilative Aggregate Strength Quality
Tvpes Low ‘ Madium ' High
II 50°F 70°F 90°F
4180 4920 5370 .
TII 70°F 90°F 5Q°F
4745 5655 _ 6165 _
5555 = L1.60 575 = 1.42 =5 = 1.83
ITI Pre. 9Q°F 50°F 70°F
| 4435 _ 6295 5290 _
Iz 50°F 70°F 90°F
4375 _ 5240 5195 _
1660 2.63 3360 2.22 3470 2.10
III 70°F go°oF 50°F
4750 5795 5970 _
355t = l.44 Titg = L.40 T595 = L-36
IT Pre. 9Q°F 50°F 70°F
4170 6140 5395 _
7770 = 153 3555 = 1.62 555 = L.66

11 Pre = Type II - Prestress (Calif. Specs.)

www . fastio.com

Figure 2
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'IATIN SQUARE "B" RESULTS

Compressive Strength,

28=day Moist Cured, psi

psi

48-hour Autogenous Cured, psi

= Strangth Ratio

Relative Aggregate Strength Quality

Admixtures Low " Medaium "~ High
Water-reducing 5-sk/cy 6~ak/cy 7=1/2 sk/cy
and Set 3550 _ 6475 7435 _
Retarding 1600 ~ 2+22 397g = 1.66 gyiz = 1.45

Round i None 6~sk/cy 7=-1/2 sk/cy 5-sk/cy

(Contzol) 2282 = 2,03 %%%% = 1,72 %%%% n 2,71

Air Entraining 7-1/2 sk/cy 5-sk/cy 6=sk/cy

3950 ' 4575 _ 4715
7700 = 1-64 1355 = 2.49 iz = 2.01
Water-reducing~ 5-sk/cy 6-sk/cy 7-1/2 sk/cy
Retarding 1345 * 8835 * 5300 *

Round 2 None 6 sk/cy 7-1/2 sk/cy 5=sk/cy
+ (Control) 282 = 2,37 Te9% = 1.78 1930 = 2.65

Aix Entraining 7-1/2 sk/cy 5-sk/cy 6-sk/cy
3888 = 1.66 2883 = 2.33 %%% = 2,12

- Figure 3
ig
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PLOT OF DATA FROM
LATIN SQUARE f'A"

8000 —

7000 —

6000 p—

5000 —

4000 f—

MOIST CURED
28 DAY COMPRESSIVE STRENGTH -PS!

3000 p—

2000p—

000 | | | | | 1
0

1000 2000 3000 4000 5000 6000
AUTOGENOUS CURED
48 HRS. COMPRESSIVE STRENGTH -PSlI
_Fig. 4
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PLOT OF DATA FROM
LATIN SQUARE "B"

8000 —
© 7000 p—
6000 |—

5000 |—

MOIST CURED
28 DAY COMPRESSIVE STRENGTH -PS!

4000f—

3000f—

20@70 —
ool 1 1 | L |
0 IOOO e 20(_)0 3000 4000 8000 6000

~ AUTOGENOUS CURED
48 HRS. COMPRESSIVE STRENGTH - PSI
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The results of the analysis can be found in Appendix B and are
summarized in Table 5.

For the Latin Square analysis those parameters for which a
significant effect was detected in the data analyzed are
identified by the magnitude of the "F" ratio. In our case,
which involved only two degrees of freedom for each variable,

the F ratio would have to be 19 or larger to indicate significance

at the 5 percent level. In Table 5 the following results are
indicated: '

Cement type was significant for the 48-hour cure in
Round 2 but not in Round 1, and in neilther round for the
28-day cure,

Aggregate quality was significant in Latin Square A for
both curing conditions in Round 2 but for neither curing

condition in Round 1. In Latin Square B, aggregate quality

was significant for both rounds for the 28-day cure but
for neither for the U48-hour cure.

Temperature of the mix was not significant in any of the
four cases.

Cement content was signlficant in all four cases.

Admixtures were significant in both rounds for the 28-day
cure but in neither round for the U48-hour cure.

It is present practice by some Resldent Engineers to use early
normally cured strength test results to estimate the ultimate
28-day strength. This estimation or prediction of the 28-day
strength is made by an establiShed or assumed strength ratio

21
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between the early and later tests. Considering the ratio between
the 28-day strength and the 48-hour autogenous cured strength as a
factor by which this prediction could be made and analyzing

this ratio in Latin squares A and B, it could possibly give some
insight of how these parameters affect the strength ratio. The
computer analysis is summarized in Table 6. Here it may he

seen again that the temperature is not silgnificant at the 5%

level and cement content is significant at the 5% level,

In Tables 5 and 6 whefe there are differences between Round 1
and Round 2 as to the parameters being significant or not
significant, it may be attributed to the variations in the
materials themselves. This indicates some doubt and suggests
that a new strength relation curve should be established when
the aggregate source is changed or when admlxtures are used.

Table 7 and Figure 6 show results of 4 sets of tests in which
water-cement ratio was varied from 0.4 to 0.7. Cement type and
source, aggregate source and slump were held constant. The amount
of sand in each mix was adjusted to attain the same volume.
Cement content varied from 7 sacks per cubic yard (w/c 0.4) to

4 sacks per cubic yard (w/c 0. 7). As seen in Figure 6, the
variation between actual data points and the strength relatlon
regression line is small in comparison with that shown in
Figures 4 and 5., This experiment verified the conclusions from
the Latin Square analysis which indicated that varying only the
cement content, or water-cement ratio, would not change the
strength relationship between 48~hour autogenous cured specimens
and 28-day moist cured Specimens.
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Table 7

Range in Compressive Strengths Due to
Different W/C Ratios

W/C 2~day Avy, 28~day Avyg.,
Series  Ratio 2=-day cure S, S,g 528/52
(All Moist,
Room Curing)
TPL-1 0.5  Outside 2400 5000 2.08
Ingide 2300 2,15
TP1l-2 0.5 Outsgide 2500 5320 2.11
Inside 2670 1,99
TP2=-1 0.6 Outside 2180 4820 2.21
Inside 2340 2.06
TP2=-2 0.6 Outside’ 2160 4670 2.16
Inside 2050 2.28
TP3-1 0.4 Outside 3370 5960 1.77
Inside 3670 l.62
TP3-2 0.4 Qutside 3650 5880 l.61
Inside 35990 l.64
TP4-1 0.7 Outaide 1450 3510 2.42
Ingide 1240 2,83
TP4=-2 0.7 Outside 1580 3640 2.30
Inside 1510 2.41
Average X 2419.4 4850 2,10
Note: Inside temperature was Lab, 73+3°F,

Outside temperature varied from 49° to 93°F

www . fastio.com
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~ PLOT OF DATA
DIFFERENT W/C RATIOS
a_od‘_o-r— '
7006 —

“ 6000 }—

5000 |—

MOIST CURED
28 DAY COMPRESSIVE STRENGTH -PS!

4000}~

3000}—

2000t—

o | | | | | |
O 1000 2000 ' 3000 4000 5000 6000
AUTOGENOQUS CURED

48 HRS. COMPRESSIVE STRENGTH - PSI

Fig. 6
26

ClihPDF - wyw.fastio.com


http://www.fastio.com/

ClibhPDF -

" Field Tests ~ (Using Laboratory Personnel)

After the completion of the laboratory study, the next phase of
this investigation was to go to the field and perform the tests
under job conditions. For the first phase, the laboratory
personnel who conducted the laboratory series made the cylinders
and performed the tests in the field. This series consisted of
eight separate days of sampling and testing from six separate
projects throughout the state. Two of the projects were used
twice. During the course of the day, six batches of concrete
were sampled. Four cylinders, two for 48-hour autogenous cure
and two for 28-day moist cure were cast from each batch sampled,
In addition, at some locations, two additional sets of cylinders
were also cast from each bateh and placed in wet sand and in a
shaded area for a l0-day curing period in the field. During this
period, the cylinders were left in thelr sheet metal molds with the
lids sealed with tape. These cylinders were made for five of the
eight projects to serve as a means of collecting additional data
for considering the feasibility of changing from the present
beam test requirement to concrete cylinder strength test. These
cylinder strengths could then be used to defermine when the
pavement had gained sufficlent strength to be opened te traffic,
The test data developed during this study 1s shown in Table 8

and plotted on Figure 7.

The prime purpose of the fleld study was to verify the equipment
and technique in the field on different projects under various
working conditions. A secondary purpose was to obtain data that
represented many different types of concrete materials. As may

be expected, from what was found in the iaboratory experiments
when different aggregates, cements, and admixtures are used, a
greater scatter would exist around any strength relationship line
developed from these data. This may be seen on Flgure 7 which

has magnitudes of variation from the prediction line of the actual
data point upwards to 1000 psi. This again verified the fact

that an individual strength relationship curve should be established
for a specific concrete mix. The relationship should be re-
established whenever the mix design parameters are significantly
changed.,
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PLOT OF FIELD DATA
(LABORATORY PERSONNEL)
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7000 {—
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Fig. 7
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Takble 8

Field Test Data
{Laboratory Personnel)

Autogenous Moist
Project Cure, Wet Sand Shade Cure
Numberx 48-hours* 10-day# 1Q~day¥* 28-day
1 2540 3590 3480 4420
Sacto., 2480 3380 3150 4430
I-80 2460 3450 3250 4310
2300 3100 3040 4100
2100 2970 3020 4090
. 2000 2960 2960 3960
Avarage C 2320 s 3240 ) 3150 4320
2 2570 3530 3550 4850
Sacto., 2350 3380 3140 4520
I-80 2380 3200 3270 4340
2470 3110 2940 4280
2210 3120 3060 4140
2570 3410 3140 4530
Average 2430 3290 3180 4440
3 2460 5460
Davig, 2440 : 5300
I-80 2430 5190
2440 5260
2490 5430
2460 5180
Average = 2450 0 ] o 5303
4 3780 5980
Riverbank, 3820 5940
Rte, 108 4010 5870
3950 5700
3680 ’ 5760
3700 5790
Average ~ 3820 o ~ 5840
5 1980 3540
Woodland, 1900 3490
I-5 1880 3580
' 1800 3270
1810 3240
1820 3430
Average 1870 ) s S 3430 °
6 2020 3010 2800 3480
Woedland, 1680 : 2460 2260 3410
I-5 1910 2750 2630 3700
1800 2690 2700 3290
1960 2720 2470 3500
1860 2610 2640 3570
Average 1870 2710 2580 3490
7 3160 3370 3450 4020
San Diego 2810 3220 3210 3850
I-805 3290 3590 3550 4140
2780 3110 3010 3870
2950 3470 3370 4220
- 2650 3170 3020 3900
Average 2940 3320 3270 4000
8 2460 3190 3290 4560
Shasta, 2310 3030 3140 4120
I-5 2660 3430 3440 4750
2530 3430 33920 4530
2140 - 3020 2870 4210
2190 3050 2860 4210
Average j - 2380 o 3180 C 3170 ’ 4400

*Left in can molds until day tested.
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work is shown in Table 9 for each of the 8 projects. The equation
which relates the 48—hour and 28-day strength was developed in

the form y =mx + b, This is shown in the column of Y. The
dlfference between the calculated and actual 28-day strength is
analyzed as 4 source of error, By squaring these differences

and summing the squares, it is poSsible to compute a standard
deviatlon of{the‘errOrs-with two -degrees of freedom.

Field Tests-(Using_Field Personnel)

- As a means Eo venify that the test procedure and equipment were
satisfactory for use on state projects by field personnel, a test
seriesgwas af%anged for a relatively large on~golng project (the
Stockton Crosstown Viaduet). This project had concrete placements
spanning“seeral~months. All the materlals and equipment needed
to con&uct_the autogenously cured tests were provided to the field
forces. This included a portable testing machine, capping materials,
a. capplng plate, and autogenous curing insulated boxes. Normally,
cyllnders from the field are forwarded to the laboratory for moist
curing and testing, this same procedure was followed for the 28-
day test. Over a period of several months the data shown in
Table lO were collected and were analyzed by the same method
used for the field data in Table 9. Since these data were
rcollecfed'over a long period of time, 1t must be expected
to include some variations due to materials. The standard
deviation of the difference between the actual test results and
the st%ength curve for ﬁhis serlies was determined to be 252 psi.
Table 10 includes onl&'the 6-sk/cu yd concrete. Table 1l includes
the same data shown in Table 10, 6sks/cu yd as well as concrete
consisting of 6-1/4 sks/cu yd With a water-reducing admixture,
and a 7—sk/cu yd concrete.

Analyzing these data in Table 11 by considering the difference
between the actual 28-day compressive strength and the calculated
'28—day;compressive strength results in a standard deviation of
294 psi.

30
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Table 9
Fileld Test Data (Lab Personnel)
Comparison of the difference {(e) between the actual 28-day compressive
strength (Y28D) and the calculated 28-day compressive strength (%) from
the U8-hr autogehnously cured, accelerated compressive strength (XMBH)

Actﬁal'"\
Strength .
- 2
- . X480 Ya28D ¥ &= Yoy =Y €
Sacramento I-80 2540 4420 4404 18 256
N 2480 4420 4355 65 4225
. Y op = 2299 + .828BX, .. 2460 4310 4338 -28 784
2300 4100 4206 =106 11236
Rotated Axis m = 1 2100 4090 4040 50 2500
~ . .
¥op = 1904 + ()X 2000 3960 3957 3 9
Sacramentc I-80 " 2570 4850 4634 216 46656
~ 2350 4520 4343 177 3laze
Yogp = 1240 + 1,321X, .. 2380 4340 4383 -48 1849
2470 4280 4502 . =222 49284
Rotated Axis m = 1 2210 4135 4159 -24 576
ﬁzsu = 2017 + (L)X 2570 . 4530 4634 -104 10816
Davig, I-80 2460 5460 5337 123 15129
~ 2400 5300 5256 44 1936
Yogp = 4698 + 4.079%,.. 2430 5190 5215 = =25 625
: 2440 5260 5256 4 16
Rotated Axis m = 1 2480 5430 5419 11 121
- 2460 5180 5337 =157 24649
?2an 2851 + (1)X :
Riverbank, Rte. 108 3780 _ 5980 5840 140 19600
- : 3820 5935 5840 95 3025
Yogp = 5877 =.0LK, o0 4010 5870 5837 33 1089
3950 5700 5838 -138 19044
Rotated Axis m = 1 3680 5760 5841 -81 6561
8 - 3700 5790 5840 =50 2500
?280 2016 + (L)X
Woodland, I-5 . 2020 3480 3565 -85 7225
~ 1680 3410 3397 13 169
Yygp = 2568 + .4937K,g. 1910 3700 3511 189 35721
1800 3290 3456 -166 27556
Rotated Axis m = 1 1960 3500 3535 =35 1225
8 1860 - 3570 3486 84 7056
Qzen = 1619 + (L)X
Woodland, I-5 1980 3540 3607 ~67 4489
~ 1900 3490 3480 .10 100
Yoon = 478 + 1.508%,0y 1880 3580 3449 131 17161
1800 3270 3322 -52 2704
Rotated Axis m = 1 1810 3240 3338 ~98 9604
N
?ZSD = 1560 + (1)X 1820 3430 3354 76 5776
San Diego, IL-805 3160 4020 4092 -72 5184
~ _ 2810 3850 3945 =95 9025
Yogp = 2766 + »4197X, o, 3290 4140 4147 -7 49
2780 3870 3933 -63 3969
Rotated Axia m = 1 2950 4220 4004 216 46656
-3
$ o 1060 + (L)X 2650 3900 3878 22 484
28D ’
Shasta, I-5 2460 4560 4487 73 5329
- 2310 4120 4317 -197 38809
Yoop = 1697 + 1.1345X,... 2660 4750 4714 36 1296
. 2520 4530 4555 -25 625
Rotated Axis m = 1 2140 4210 4124 86 7396
fzan = 2017 + (L)X 2190 4210 4181 29 841
. Totalas = LE +2 498264
Averages %€ .04
13
Standard Deviations Ieg? 104
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" Table 10
Field Test Data (Field Personnel)
COmparisbn of the diiﬁerence () between the actual 28~day
compreésng stréngth‘(Y:BD) and the calculated 28-day compressive

strength (Y) from the 48-hr autogenously cured accelerated
compressive strength (X,gy)+ One type concrete only.
& A A

2
X480 Yaep Y € = Yogp ¥ ©
Stockton Cross 2360 4450 4548 -98 9604
Town Viaduct 2010 3760 4095 -334 111556
= 2000 4110 4081 29 841
All data from 2210 4750 4353 397 157609
6-sk/cy 2530 4550 4768 -218 47524
concrete : 2490 4890 4716 174 30276
~ . 2470 4760 4690 .70 4900
Y28D’#§l490 + 2580 5110 4833 277 76729
1.206%. 2090 4410 4198 212 44944
¢ 48H - 21000 3920 4211 -291 84681
4 ' 2280 4480 4444 36 1296
2820 4890 5144 -254 64516
Avg € = 0 Tel= 634,476
Average AV 2330 4510 4510
Standard ' ' o
i Deviation © 257 . 4lo 333
Coeff, of ' .
‘Variation V Lls 9% 7%
3 - 2 ' i (0] .
€ o LEZ = 634,476 =" =w 252 psi

n-2 - 12-2
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Table 11
Field Test Dota (Field Personnel)

Compaxison of the difference (¢) between the actual 28-day
compresszve strength (YZSD) and the calculated 28-day compressive
strength (Y) from the 48-hour autogenously cured accelerated
compressive strength (x48H) (all concrete).

X b4 § € = ¥

48H 28D 280" ¥ e
Stockton Crogs 2360 4450 4511 -6l 3721
Town Viaduct 2010 3760 4134 -374 139876
2000 4110 4123 -13 169
Data consists - 2210 4750 4350 400 160000
of the 2530 4550 4694 ~144 20736
following: 2490 4890 4651 239 57121
2470 4760 4630 130 16900
6 sks/cy 2580 5110 4748 362 131044
6=1/4 sk/cy 2090 44190 4220 190 36100
with water 2100 3220 4231 =311 96721
reducer 2280 4480 4425 55 3025
admixture 2820 4890 5007 =117 13689
7 sk/cy 2720 4750 4899 =149 22201
2520 4560 4684 ~124 15376
2660 5100 4835 265 : 70225
3470 5655 5707 -52 2704
3280 5290 5503 -213 45369
3760 5830 6020 -190 36100
3630 5740 5880 =140 12600
4120 6170 6408 -238 56644
3945 6690 6219 471 221841
3455 5600 56920 -91 8281
4800 7410 7141 269 7236l
6010 8590 8445 145 21025
5660 8330 8067 263 69169
5450 7490 7841 =35] 123201
5320 7480 7701 -221 48841
Average 3290 5510 5510 Meant = 0 e? a 2,163,340
g 1220 1337 1315
A" 37% 24% 24%
2
0. o Le o 2163340 294 psei

. n=-2 T 27=2
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" DISCUSSION

The oﬁjectives of this study were to develeop test procedures
which would provide (1) a means of predicting 28-day compressive
strength from results of short time (48-hour) tests; (2) a
methoi‘of monitoring the quality of concrete produced throughout
a project and (3) the development of a procedure which might be
used to replace the present flexure beam test which is used as

a control for concrete pavement.

The re%ults of this study indicate that the aceelerated autogenous
curing?test is a practical method for predicting the 28-day com-
pressi#e strength of concrete from 48-hr tests. Figure 8 shows

a ploti of all the data developed by Laboratory personnel, one
hundred data polints, from which the regression line or strength
curve ﬁas dréwn. An inspection of the large scatter of these
actual;data points about the line reflects the difference in

the various concretes used in this set of tests. Whereas the

line dBes give a trend and possibly an indication of the 28-day
strength from the accelerated test, it is far from exact and would
not begof much use for a particular concrete. The large scatter
of data points would make this method unacceptable for general
applicétibn. This study showed the scatter of data points about
the stbength curve can be made much smaller by keeping the
concre#e materials constant.

The tentative method adopted by ASTM Designation C684 (Procedure
C), fof making and accelerating curing of concrete compressive

test eéecimens provides an adequate procedure that could be used
for sp%cifying and using the autogenous test method. Equlpment
developed in this study complies with reguirements of the ASTM
method and could be used to evaluate concrete produced in the field.
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COMPOSITE PLOT OF TEST DATA
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‘Othér “possibilities investigated for replacing the beam flexural

strenéfh tests for pavements were impact hammer readings and
compreésive Strength tests of cores. The impact hammer readings
taken on concrete at various ages had such wide variations they
were cbnsidered completely unacceptable. Cores taken from
projects 6 and 7 were broken at age 10 days and compared to
strength data from test cylinders made in the same general area.
Results are shown in Tables 12 and 13. The large varliation found
in the core strengths themselves indicate that this method would
not be reliable enough to be acceptable. The relationship between
cores and cylinders has been studied by many researchers with

no conclusive results. Core strengths are affected by the inter-
action of aggregate and cement raste at the exposed surface of.
the cores. The properties of aggregate surface texture, shape,
bond of aggregate to paste, and volume change of individual
particles, can be factors causing wide differences in compressive
streng%hs of cores and cylinders of the same concrete. Differences
in cufing conditions constitute another large variable.

orf thé;methods investigated, the compresslve strength as determined
from ﬁield—cured cylinders i1s the only test judged as an acceptable
test mbthod to replace the beam flexural strength test. The two
advant?ges of cylinder testing in lieu of beam testing are: (1) the
cylin&%r test is more reproducible than the beam test, and (2)
fabricgting ahd handling of e¢ylinders is easlier than making and
testi@g_beams.

“www fastio.com


http://www.fastio.com/

Table 12
Comparison of Core Sirengthg to Cylinder Strengths

Project 6

‘ Cylinders = pgi*% ~~
Cores* 2-day 28-day
" psi at Autogenous l0~day, l0-day, Moist
Area l0~days Cured Wet Sand Shade Cura

3220
3580
X 3540
3780
4180
3580

AvVg, = 3650 1860 TG T 3530 3450

4 = 318

3380
3110
2 3220
3180
3300
3420

Avg, = 32*7_0 Clgen T DT ey 2870 T 3500

(o] = 120

3380
3420
3 3420
3300
3180

Avg. = 3340 1910 @670 2560 3540

o = 102
AVY. -

of = 3340 1880 2710 2580 3490
all

G AV = 180

*5~inch diameter -~ corrected to L/D of 2
** Average of 2 cylinders per test
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' Tablé 13
Comparison of Core Strengths to Cylinder Strengths

Project 7

..... @linder‘s‘-**

Coxes* 2-day 28~-day
L p8i at Autogenous l1¢-day, l0-day, Moist
Area . l0-days Curad Waet Sand _Shade Cure

3410

: 2810

1 . 2950
. 3390

3550

3440

Avg. =? 3260 "2910;::'"::f:'f:3270:: """ 3240 ----- 3960
o = 301

3610

: 2920

2 2330
v 5040

3160

3930

Avg. = 3500 ~ __3080 T 33103380 4000

a = 937

3660
. 2920
3 ol 3520
v 3680
3550
4330 e

L

AVg. 3610 270 3290 3196 4040

g
Avg - )

of = 3450 2930 3320 3270 4000
All . ‘ :

450

1L

G AV = 563

*S-incﬁ diameter = corrected to L/D of 2
** 2 cylinders per test result
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FABRICATION OF AUTOGENOUS CURING CONTAINERS

Figure 1

Figure 2

Pouring polyurethane into shell

ClihPDF - www .fastio.com



http://www.fastio.com/

Figure 3

Polyurethane poured and cured

Figure 4

Removing excess polyurethane
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Figure,S ~ Finished Container Parts

Figure 6

Completed
Assembly
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LATIN SQUARE AMALYSIS OF VARTANCE

48 HOURS - A ROUND 1- TEMPERATURE

TREATMENT

LEVEL AGGREGATE

1

2
3

GRAND MEAN =

SOURCE OF
VARTATION

AGGREGATE
CEMENT TYPE
TEMPERATURE

RESIDUAL

T TOTAL

LATIN SQUARE

¥ *x ¥k ME A NS % % %

CEMENT TYPE TEMPERATURE
2.,66000E+03 2.28233E403 3.,20867E+03
3.62600E+03 3.57033E+03 3.07067E+03
3.08600E+03 3.51933E+03 3.09267€+03
3.12400E4+03

SUMS OF DEG. OF MEAN F
SQUARES FREEDOM SQUARES RATTO
1.40625E+06 2 7.03124E+05 2.7413
3.19173E406 2 1.59%87E+06 6.2218
3.30000E+04 2 1.65000E+04 . 0643

5.12994E+05 2 2.56497E+05
5, 14397E+06 8

ANAL YSIS 0OF VARTANCE

48 HOURS - A ROUND 2 = TEMPERATURE

TREATMENT

LEVEL AGGREGATE

1
2
3

GRAND MEAN =

SOURCE 0OF
VARIATION

AGGREGATE
CEMENT TYPE
TEMPERATURE

RESIDUAL,

TOTAL

nvw L fastio.com

¥ % * ME A NS % % %

2.55967E+03
3.43000E+03
3.37400E+03

3.12122E+03
SUMS OF
SQUARES
1.42375E+06
4.84084E+06
1.40914E+05
4, 29483E+04

H.44845E+06

CEMENT TYPE

TEMPERATURE

2.16400E+03 3.,27733E+03
J.9U567E+0D 2.97100E+03
3.25400E+03 3.11533E+03
DEG. OF MEAN F
FREEDOM SQUARES RATIO
2 7.11876E+05 33,1504
? 2.42042E+06 112.7130
2 7. 04568E+04 3.2810
2 2147H2E4+04
A
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UATIN SQUARE ANALYSIS OF' VARIANCE

28 DAY - A ROUND 1 - TEMPERATURE

TREATMENT . _ * % * ME ANGS * % *
LEVEL AGGREGATE _CEMENT TYPE TEMPERATURE
1 4, 45333E+03 4,82333E+03 5 4 bUHATEHD 3
2 . 5.62333E+03 5.52167E+03 4,98500E+03
3 5.60833E+03 5¢34000E+03 5.15333E403
GRAND MEAN = 5,22B33E+03
SOURCE OF .  SUMS OF  DEG. OF MEAN F
VARTATION SQUARES FREEDOM SQUARES RATIO
AGGREGATE 2,70313E406 2 1.35156E+06 9,3571
CEMENT TYPE 7.87593E+05 2 %.93797E+05 2.7263
TEMPERATUIRE 4. 9RUO3ZE+05S 2 2, 4924T7E+05 1.7256
RESIDUAL 2.88886E+05 2 1.44443E+05

=

TOTAL 4.27810E+06

LATIN SQUARE ANALYSIS OF VARIANCE
28 DAY - A ROUND 2 - TEMPERATURE

TREATMENT Cx x *x ME ANS % % %

“LEVEL AGGREGATE CEMENT TYPE TEMPERATURE
S 4. 43167E+03 4 93667E+DD 5. 49RNOE+0S
2  5.72500E+03 5.50500E+03  5.12B33E+03
3 5.52000E403 5,23500E+03 5.05333E40%
GRAND MEAM = 5.22556E+03
SOURCE OF SUMS OF NEG. OF MEAN K
VARTATION SQUARES FREEDOM SQUARES RATIO
 AGGREGATE 2.89919E+06 2 1.44060E+06 32,5374
CEMENT TYPE 4. BUBISE+0S 2 2 LOLLTEFDS 5.4010
TEMPERATURE 3,35129E+05 2 1.67564E+05 3.7611
RESIDUAL 8.91034E+04 2 4,45517E+0L
A

TOTAL 3.80832E+06
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LATIN SQUARE ANALYSIS OF VARTANCE

48 HOURS = 8 ROUND 1t - CEMENT CONTENT

TREATMENT *¥ ¥ ¥ ME A NS % * x
LEVEL AGGREGATES ADMIXTURES SKS, CEM,
1 1.90467E+03 3 5U3AZE403 1.,73433E+03
2 3.12567E+03 2,37000E+03 2,.65800E+03
3 3.,07867E+03 2.19567E+03 3. 71667E+03
GRAND MEAN 2.70300E+03
SOURCE OF SUMS OF  DEG. OF MEAN F
VARIATION SAUARES FREEDOM SQUARES RATIO
AGGREGATES 2.87133E4+06 2 1.43566E+06 14,6075
ADMIXTURES 3.,22331E+06 2 1.61165E+06 16.3982
SKS. CEM. 5.90358E+06 2 2.95179E+06 30,0337
RESIDUAL 1,96565E+05 2 9,82825E+04
TOTAL 1,2194B8E+07 A
LATIN SQUARE ANALYSIS OF VARIANCE
48 HOURS = B ROUND 2 -~ CEMENT CONTENT
TREATMENT * * ¥ ME A NGS % x %
LEVEL AGGREGATES ADMIXTURES SKS, CEM,
1 1.75600E+03 3,49333E403 1.56633E+03
2 3.04733E403 2.32900E+03 2.53233E+03
3 3, 06467E+03 2,04567E+03 3.76933E+03
GRAND MEAN 2.62267E4+03
SOURCE OF SUMS OF DEG. OF ME AN ¢
VARIATION SQUARES FREEDOM SQUARES RATIO
AGGREGATES 3,38044E+06 2 1.69022E+06 11.4558
ADMIXTURES 3.53168E+06 2 1.76584E+06 11.9683
SKS, CEM, 7.31653E+06 2 3.65826E4+06 24,7946
RESINUAL 2.95085E405 2 1.47543E+05
TOTAL 1.45237E+07 8
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"LATIN SQUARE ANALYSIS OF VARTANCE |

28 DAYS =~ B8 ROUND 1 = CEMENT CONTENT

TREATMENT 5 Tk kXA MEANS % % %
LEVEL. AGGREGATES ADMIXTURES SKS. CEM,
1 3.65500E+03 5.82100E+03 4.30167E+03
2. . . 5.76167E+03.. . 4.82667E+03 - G4.RAG00E+03
3 5,6U4533E+03 4 41433E+03 5.R7433E+03

G@ANU MEAN = 5,02067E+03

SOURCE OF SUMS OF  DEG. OF ME AN

TOTAL 1.61179E407

Wiy faslio.com

. F
VARIATION SQUARES FREEDOM SQUARES RATIO
AGGREGATES - R.41298E+06 2 4.20649E+06 49,8557
ADMIXTURES 3,13 740E+06 2 1,56B70E+06
18,5924
RESIDUAL 1,68746E+05 2 A, 43732E+04
TOTAL 1.55106E+07 8
LATIN SQUARE ANALYSIS OF VARIANCE
28 DAYS - B ROUND 2 CEMENT CONTENT
TREATMENT ; % % x ME ANS * % %
LEVEL AGGREGATES ADMIXTURES SKS. CEM,
o 3.70233E+03 5.71633E+03 3.94067E+03
2 5.67167E+03 4.,95500E+03 5,01333E+03
3 5.39567E+03 4,09833E+03 5,81567E+03
GRAND MEAN = 4,923226+03
SOURCE OF SUMS OF  "DEG. OF ME AN F
VARIATION SQUARES FREEDOM SQUARES RATIO
AGGREGATES ' 6,82182E+06 2 3.41091E+06 124.7785
ADMIXTURES  3.93143E+06 2 1.96571E406 71.9100
SKS. CEM, '5.30998E+06 2 2 .65499E+06A 07,1251
RESTIDUAL . 5.46715E+04 2 2.,73357E+04
A
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LATTN S JARE ANALYSTS 0OF VARTANCE

ROUINDG 1 -

TREATMENT
LEVFEL

[ B

GRAND MFAN =

SHIRCE GF
VARTATION

AGGREGATE
CEMENT TyYoE
TEMBPERATURK

RESTDUAL

TOTAL

TEMPERATURE = A

{(28-day/48 hrs. Strength
Ratio)

* ko M E A NS * x %

AGGREGATE
1L.7H2AT

1.A0267
1.84201"

1.73811

SuMs F
SHIARES

R.3BAN3IF~ND

609}”763'1:"01
H5.721R82E=-02
3.RR037E=-02

BaAU271E-N1

. CEMENT TYPF

2s.12800
1.H5400
1.,53233

NEG, CF
FREEDOM

ASIEAC IV NN

D

LATIN SOUARE ANALYSIS OF VYARTANCE

RCUND 2 -

TREATMENT
LEVEL

AN -

GRAND MEAN =
SOURCE &F
VARTATTGN
AGGREGATE
CEMENT TyRFE-
TEMPERATURE
RESIDUAL

TGTAL

nvw L fastio.com

TEMPERAT JRE

- A

b,

3.
2

1.

TEMFERAT!IRE

¥ % # ME A NS % % %

AGGREGATE

L.86867
1.74767
1.70567

177500
S IMS GF
SRUARES

4.29736E=N2

1.39%24

54 723A0E=02

£+56275E~02

1.5A508

CEMENT TYPE

2431900
1,32933
1.60367
NEG, OF
FREEDGM
2 2.
2 5
2 24
2 3
8
B-5

1.84567
165500
1,71367
MEAN o
SOUARES RATTG
1A4NZE=02 2.,1673
42381E=01 17.7355
BANGLE=02 1.4820
33049E-02
TEMPERATURE
1.87200
1.77333
1.A7ARAT
MEAN . F
SRUARFS RATIC
14868E=02 sHSUA
99620E~01 21,3209
86180F-02 8721
28138502
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LATIN 30

RZUND 1 - ANBITIVE B

TREATMENT
LEVEL

_b{N}A

GRAND MEAN =

SOURCE GF
VARTATICN

AGGREGATE
ADNDITIVE
CEMFNT: CONT.
RESTDUAL

-~ TOTAL |

JARE ANALYSTS ©F VARTANCE

(28-day/48~Hrs. Strength Ratio)

ok k k ME ANS k% % *x

LATIN SOUARE ANALYSIS OF VARIANCE

GIUND 2 - ADDITIVE B

TREATMENT
LEVEL

SR\ N

GRAND 'MEAN =

SGURCE GF
VARTATIGN

AGGREGATF.
ADDITIVE
CEMFNT. CONT.
RESTNUAL

TGTAIL -

Wy fastio.com

AGGREGATE ANDITIVE CEMENT
Content
1,95620N 1.77567 2.47200
1.95533 2.14833 1,89533
2,05700 2.04833 1.60500
1..99079
GUMS GF NEG., OF ME AN £
SAUARFS FREFDOM SOUARES RATTC
1.8A275F=N2 2 0.31373E=03 - 33.0216
2,23228E=01 2 1.11A14E=01 395,7255
1.16853 - 2 5.AU264FE=01 2071 .436R8
5 e AUNORE=0Y 2 2 . 82049E-~04
1.41095 A
x k x ME ANGS % % * |
AGGREGATE ADDITIVE CEMENT
o Content
2,20200 187300 2.516A7
1.95000 2.26U467 2,07600
2.03067 2,03900 1,53000
2,0608% i
) i
$MS OF, NEG, OF MEAN F
SOUARES 'FREENGM SAUARES RATIC
2.93584F=-02 2 U .96722E~02 2, 2880
2,252R7E=01 2 1.12628E-01 5.1872
1.2890% 2 6o LBy LHE=0] 29,6852
b+ 34253E=02 2 2,17127€=-02
1465713 A
BfG
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CLEAST S00'nRES LINEAR REGRESSION ANALYSIS

LATIN SQUARE A

REGRESSION FEQUATION: Y=3241.64+,635748%X

SLOPE

REGRESSION EQUATION:

Y=3241 .64+ .635748%X

NUMBER OF OBSERVATIONS = 18
5TD. FERROR OF Y ON X = 460.821
INDEX OF DETERMINATION = .580023
COEFF. OF CORRELATION = ,761593
SOURCE S5 DF MS F
REGRESSION 46925187 1 LH4692651E7 22,0974
RESIDUAL «33977E7 i6 +212356E6
TOTAL .8090Z1E7 17
VAR, ME AN VARIANCE STD. DEV.,
3122.78 +6829U5F6  826.405
5226.94 .475895€6 689,851
STD. ERROR 95% CONFIDENCE LIMITS
YINTCPT 436,078 2317,19 416641
2135243 « 349041 . 922455

X=ACTUAL Y=ACTUAL Y~CALC
1830 4180 4405.06
1660 4370 4296,99
3380 4750 5390.47
3295 4750 5336443
2775 4435 5005.85
2720 4170 4970.88
2480 4920 4818.3
2360 5240 4742.01
3970 5655 5765,56
4150 5795 5880
4430 6295 6058,01
3780 6140 5644,77
2535 5370 4853.27
2470 5195 4811,94

\ 3370 6165 5384,12
4390 5970 6032,58
3355 5290 5374.58

. _ 3260 5395 5314.18

B~7
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LATIN SQUARE B

LEAST SQUARES LINEAR REGRESSION ANALYSIS

REGRESSION EQUATION: YZ2249,50+1.02233%X

NUMBER OF OBSERVATIONS
ERROR OF Y ON X
INDEX OF DETERMINATION
COEFF. OF CORRELATION

STD.

SOURCE

REGRESSION

RESIDUAL

TOTAL

VAR. MEAN
2662.89
4971 ,94
STD. ERROR

YINTCPT 272.839

SLOPE +931617E-1

LATIN SQUARE B KK)

REGRESSION EQUATION:
. X=ACTUAL

1600
1345
1713
1590
2402
2332
3913
3835
3630
3675
1835
1632
5118
5300
1768
1722
2350
2172

www fastio.com

= 18 _

= 481.826

= 882717

= 93953

SS DF

«279568E8 1
«37145E7 16
«316713E8 17
VARIANCE STD. DEV.
<157346E7  1254.38
+186301E7  1364,92

95% CONFIDENCE LIMITS

1671.19
« 824833

2827.99

1.21983

YZ2240. 5041 ¢ 02233%X

Y=ACTUAL

3550
3462
3465
3765
3950
3880
6475
6665
6235
6545
4575
3805
7438
7022
4780
8555
4718
4610

Y=CALC

3885,32
3624 .63
4000.84
H705.23
L633.67
6249,97
6170.23
5960, 65
6006466
4125,57
3918,04
7481_- a8
7667’84
4057.07
4010.05
4652.07
4470,09

mMS

« 279568E8
+232156E6

F

120.422
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LEAST SQUARE: LINEAR REGRESSION ANALYSIS

(CHANGE IN WATER-CEMENT RATIO)

COMP. STRENGTHS

REGRESSION EQUATIONS: Y=2281.23+1,06312%X

- www.fastio.com

NUMBER OF OBSERVATIONS = 16
STD. ERROR OF Y ON X = 246,005
INDEX OF DETERMINATTION = .927329
COEFF. OF CORRELATION = .962079
SOURCE sS DF MS F
REGRESSION .108115E8 1 10811568  178.648
RESTIDUAL .B4T259E6 14 60518.5
TOTAL <116588E8 15
VAR, ME AN VARTANCE STD. DEV.

2416,25 «637718BE6 798,573

4850 .777253E6  881.62

STD. ERROR 95% CONFIDENCE LIMITS
YINTCPT 201.788 184842 2714403
SLOPE «795397E~1 ,B892523 1.23372
COMP., STRENGTHS KK
REGRESSION EQUATION: Y=Z2281,23+1.06312%X

X=ACTUAL Y~ACTUAL Y=CALC

2400 5000 4832.72

2300 5000 4726,41

2500 5320 4939, 04

2670 5320 5119,77

2180 4820 4598, 84

2340 4820 4768.94

2160 4670 4577,57

2050 4670 BLED .63

3370 5960 5863 .95

3670 5960 6182.86

3650 5880 616163

3590 5880 6097.8L

1450 3510 3822.76

1240 3510 3599,5

1580 3640 3960, 96

1510 3640 3886.54
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TABLE 9

<oy - L ,3;-:‘-“":3‘;1“.._‘5? e

LEAST SQUARES ‘LINEAR REGRESSION ANALYSIS

(FIELD DATA ~ LAB PERSONNEL)

REGhESSION EQUATION? Y=1805,38+1.03015%X

NIUMBER OF OBSERVATIONS

'STD., ERROR OF Y ON X
INDEX OF DETERMINATIO
COEFF. OF CORRELATION

SOURCE

REGRESSION
RESIDUAL
TOTAL
VAR MEAN
‘ 2509.79
4390.83
| STD. ERROR
YINTCPT 310,929
.120425

QLOEE

ClihPD Wy [aslio.com

= 48
= 505,698
N = .614016
= ,783592
- 8% DF MS
«187133E8 1 ' «187133E8
+117636E8 46 «255731E6
«30477E8 47
VARIANCE STD. DEV,
37T5194E6 612.53
e 6UBLUEEG

805.262

95% CONFIDENCE LIMITS

1179,51
« 787745

B-10

2431.25
1.27255

F

73.1759
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LEAST SQUARES LINEAR REw.SSSION ANALYSIS

GRAND TOTAL (ALL DATA)

REGRESSION EQUATION? Y=2168,2+,969037%X

NUMBER OF OBSERVATIONS = 100
STD. ERROR OF Y ON X = 516.219
INDEX OF DETERMINATION = «719603
COEFF. OF CORRELATION = .84829y
SOURCE DF MS
REGRESSION +670216F8 1 «670216E8
RESIDUAL +261153E8 98 + 266482E6
TOTAL «931369E8 99
" VAR, MEAN VARTANCE STD. DEV.
X 2632,72 « 72094E6 849,082
Y H719.4 +O40B776E6 969.936
STD. ERROR 95% CONFIDENCE LIMITS
YINTCPT 168.948 1832,93 2503.47
+611036E~1 ,847779 1.09029

SLOPE

www . fastio.com

F

251.505
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LEAST SQUARES LINEAR REGRESSION ANALYSIS
GRAND TOTAL

REGRESSTION EQUATION? Y=Z2168.2+.969037%X

X-=ACTUAL Y=ACTUAL Y=CALC

1830 4180 3941.53
1660 4370 3776.8
3380 4750 544354
3295 4750 . 5361.17
2775 4435 4857.27
2720 4170 4803,98
2480 4920 457141
2360 5240 B455,12
3970 5655 6015,27
4150 5795 6189.7
4430 6295 A461,03
3780 6140 5831.16
2535 5370 4624.71
2470 5195 4561472
3370 6165 5433.85
4390 5970 6422.27
3355 5290 5419,32
3260 5395 5327.26
2400 5000 4493, 89
2300 5600 4396.98
2500 . . 5320 4590,79
2670 5320 4755.53
2180 4820 4280.7
2340 4820 4435, 74
2160 4670 4261.32
2050 4670 4154,72
3370 5960 5433.85
3670 5960 5724.56
3650 5880 5705.18
3590 5880 5647.04
1450 3510 3573.3
1240 3510 3369.8
1580 3640 3699.28
1510 3640 3631 44
1600 3550 3718.66
1345 3462 3471.55
1713 3465 3828.16
1590 3765 3708.97
2402 3950 4495,82
- 3 2332 3880 4427,99
~ : 3913 6475 5960. 04
~ 3835 6665 5884 ,45
3630 6235 5685.8
3675 6545 5729.41
1835 4575 3946.38

Continued on next page
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lod?
5118
5300
1768
1722
2350
2172
2550
2480
2460
2310
2100
2000
2570
2350
2390
2470
2210
2570
2470
2440
2430
2440

2490 .

2460
3780
3820
4010
3930
3680
3700
1980
1900
1890
1800
1810
1830
2030
1690
1910
1810
1960
1860
3170
2810
3240
2780
2950
2650
2460
2310
2660
2530
2140
2190

3805
7438
7022
4780
4555
4718
4610
4420
4Lu30
4310
4100
4090
3990
4850
4520
4340
5280
4140
4530
5460
5300
5140
5270
5480
5180
5980
59490
5870
5710
5760
5790
3540
3490
3580
3270
3240
3430
3480
3410
3700
3290
3500
3570
4020
3850
4140
3860
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