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- ELASTIC AND STRENGTH: PROPERTIES OF HANFORD CONCRETE

MIXES AT ROOM AND ELEVATED TEMPERATURES
. by
Melvin S. Abrams, Michael Gillen,
and Donald H. Campbell*
HIGHLIGHTS

Tests were conducted on two Hanford concréte-mixes to deter-
mine the modulus of elasticity, Poisson's ratio, compressive
strength, and splitting tensile strength at room temperature. and
‘elevated temperatures. All tests were made on‘6-in.:diameter X
12-in. long cylinders. Modulus of elasticity and Poisson's
ratio. were determined by sonic (dynamic) and static test methods
at room temperature and by a static ﬁest.metﬁéd*at elevated tem-
peratures. Variables of the program were the effect of fa) tem-
perature and (b) lenéth of'exposﬁre to elevated temperatures.
Petrographic and fractographic analyses also were. conducted.

Generally, sonic and static moduli of elasticity.at 73F .
increasedvslightlvaitbAagé for the 3K and 4.5K concrete mixes.
sonic values were about 20% higher than the static values. For
both concrete mixes, the modulus of elasticity dropped shérply
dﬁring.the first 30 days of heating. From that point on, the
drop of modulus was much more gradual. Effects of temperature
on the concretes with regard to the modulus of elasticity were

very pronounced. The lowest values were obtained at 450F.

* Manager and Research Engineer, respectively, Fire Research
Section, Engineering Development Department, and Supervisor,
Petrographic Service, Administrative and Technlcal Services,
Portland Cement Asscociation, Skokie, Illinois.
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Poisson's rgtio valpes determined by the sonic method for
the 3K and 4.5K mixes are nearly the same, ranging from 0.20
and 0.23. Sonic Poisson's ratio is greater in all cases than
the ratio determined by;the static method. At elevated temper-.
atures, Poisson's ratio data were very eiratic for both mixes.
However, notﬁithstanding these variations, the high témpefature
value for Poisson's ratio varied betweén.o.lz and 0.14. Length .
of exposure and temperature did not have a significant effect‘
on the values obtained for Pbisson's ratio,

For both mixes, 5plitting.tensile sﬁrength of the concrete
moist cured at 73F increased rapidly up to 200 days.énd
decreased to about 350 days. Beyond that point, splitting ten-
sile strength leveled off or increased. Splitting tepsile-
strength of each mix generally decreased with both length of
exposure and temperature.' The'greatést decrease in .tensile
splitting strength was obtained at 4S50F after about 900 days of
exposure. ' |

At room temperature, the moist-cured concrete's compressive
strength increased with age. The greatest increase was between
30 and 200 days. Beyond this point, the increase was much
smaller. The observed strength increase‘is representative for
these concrete mixes. Compressive strength data for the 3K and
-4.5K concretes heated at 250F, 350F, and 450F for over 900 days
were very erratic. However, for most cases, strength decreased

with increasing length of exposure. Also, strength decreased



RHO-C-28

with increasing temperature. The lowest compressive strength
values were obtained at 450F after 900 days exposure. However
these reduced strengths were barely below the minimum specified
levels of 3050 and 4500 psi. “

Results of the petrographic examination,shoﬁ no-cleafLy
" defined correlation with the temperature of storage or time of
exposure. Information obtained suggests.a possibility that real
differences-existvinAthe concrete due to these two variables.
Bowever, the necessity for additional data was demonstréted}
Data obtained from fractographic examination suggest the possi-
‘bility.of major effects of both temperature and time on the type
of fracture produced in compressive and splitting tensile tests.
However, the examination was conducted after the cylinders had
cooled to room temperature. The cooling probably produced a |
poorly understood relaxation effect .on the paste aggregate bond
thch ﬁay-have weakened the concrete. Consequently, the effects
of temperature and time of exposure at elevated temperatures |

could not be evaluated conclusively.

INTRODUCTION

The purpose of this test program was to determine the
effects of long-term exposure to elevated temperatures on the
physical properties of concrete mixes used in Hanford radio-
active waste storage tanks. Information gained from the program
will be dseful in several ways. It can be used to determine how

much thermally induced degradation has occurred in the concrete
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used in existing wéste tanks, thus helping to evaluate the ade-
.quacy of these tanks }or continued waste storage. Property |
information for the Hanford materials can also be qsed4t0?opti-
mize.and.plén'fOr maximum safety in the design,of new waste
tanks. Finally, at the present time, published literature on
the long~term effects of élevated temperatures on Hanford con-
cretes- is not available. The program has provided data gener-
ally applicable to the use of concreté at elevated temperatures

for prolonged periods of time. This information should be of

value in several ongoing and planned programs at Eanford.

TEST PROGRAM

The experimental:test»program was conducted at the Construc- .
tion Technology Laboratories‘of the Portland Cement Association
in Skokie, Illinois. 'All tests were made on 6-in. diameter x
12-in. long cylinders of two concrete mixes designated 3K and
4.5K. Details of mix designs are given in Table 1. Materials
for the mixes and mix design information were furnished by the
sponsor. Raw materials used were from the same sources as for
tank construction, Sand and gravel wére obtained from the
Hanford batch plant. Type II low alkaline portland cement was
furnished by Lone Star Indu#tries in Seattle. Test cylinders
were fabricated following the procedures outlined in ASTM

Designation: c192. (1)

(1) Numbers 1in raised parentheses refer to references on page 70.

-4-
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TABLE 1 MIX DESIGNS

ITEM

QUANTITY (lb/cu/vd)

Portland Cement,Type II
Aggfegate'
Sand
Water
Darek, 2% Solution
Air (Percent by
Volume) ‘

Water/Cement Ratip

3000 Psi Mix (3K) | 4500 Psi Mix (4.5K)

493 a 653
2096 - - 1880
1213 . 1240
271 . 286

30z - 4.50 oz
5 5
0.54 . 0.43
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Details concerning the fabrication of the test cylinders
are given in Appendix A. |

Table 2 gives the schedule for the sonic test program. All
tests were made on the same two specimens of the 3K and 4.5K.
mixes. Modulus of elasticity and Poisson's ratio were obtained
‘at room temperature on moist-cured specimens at ages ranging
from 32 to 1204 days.

Schedules for room temperature and elevated temperature
tests usiné the static method are given in Table 3. Tests were
made at room temperéture on one or two épecimens-of the 3K and
4.5K mixes. Two specimens of each of the two mixes were tested
at each of the elevated temperatures. Modulus of elasticity,
Poisson's ratio, compressive strength, and splitting tensile
strength were obtained at each of the test dates.

Information concerning petrographic and Eractographic anal-
yses is given in Appendix 2. Birefringence studies were made
on specimens of Bi and 4.5K mixes that-were:exposed to tempera-
tures of 250F, 350F, and 450F for periods ranging from. 3 to 270
days. Air content estimated on broken surfaces and the tenacity
of paste-aggregate bond were also determined on specimens heated
at 250F, 350F, and 450F for'periods ranging from 3 to 270 d§ys.
A fractographic analysis of broken surfaces was made on speci-
mens of both mixes stored in the moist room at 73F for periods
ranging from 30 to 679 days. Also, fractographic studies were
made on specimens heated at 256?, 350F, and 450F for periods

ranging from 3 to 487 days.
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TABLE 2 SONIC METHOD TEST -
SCHEDULE

Test Date; Age at Test,
Mo.-day-yr.- . Days
6-23-75 . | 32
7-21-75 60
"8-20-75 . : 90 -
12-3-75 | 193
1-19-76 » 240
5-16-76 - 360
10~5-76 502
3-30~-77 678
11-11-77 873
5-9-78 - 1083
9-6-78 1204




TABLE 3 ELASTIC CONSTANTS (STATIC METHOD) AND STRENGTHS TEST SCHEDULES

. Time in Oven, Days
Temperature - Test Date, Time in Fog Room,| Age at Test, | E,p, Compressive]| Splitting Tensile
at Test,F Mo.-day-yr. | Days Days Strength Strength
73 6-21-75 30 30 0 0
73 12-2-75 194 194 0 0
73 1-19-76 240 240 0 0
73 5-17-76 361 361 0 0
73 3-31-77 679 679 0 0
73 11-18-77 880 880 0 0
73 9-6-78 1204 1204 0 0
250 12-4-75 1193 196 3 3
250 12-11-75 193 203 10 10
250 12-31-75 193 223 30 30
250 © 2-19-76 193 273 80 80
250 4-29-76 193 343 150 150
250 8-27-76 193 463 270 270
250 4-1-77 283 679 396 396
250 . 9-29-77 283 861 578 - 578
250 9-1-78 270,276 1198 922,928 922,928
350 12-5-75 193 197 4 4
350 12-11-75 193 203 10 10
350 12-31-75 193 223 30 30
350 2-19-76 193 273 80 80
350 4-29-76 193 343 150 150

8¢-0-OHd



TABLE 3 ELASTIC CONSTANTS (STATIC METHOD) AND STRENGTHS TEST SCHEDULES (Cdntinued)

Time in Oven, Days

Temperature Test Date, Time in Fog Room, | Age at Test, | E, u, Compressive| Splitting Tensile
at Test,F Mo.-day-yr. Days Days Strength Strength

350 8-27-76 ", 193 463 270 270
350 4-1-77 276 679 403 . 403
350 9~-30-77 276 851 585 585
350 9-1-78 276 1198 922 -
350 9-5-78 276 1202 - 926
450 12-11-75 197 203 6 6
450 12-15-75 197 207 10 10
450 12-23-75 197 215 18 18
450 1-7-76 197 230 33 33
450 2-3-76 197 257 60 60
450 3-15~-76 197 297 100 100
450 5-24-76- 197 367 170 170
450 9-30-76 197 497 300 300
450 3-31-77 270 679 409 409
450 9-29-77 270 861 591 591
450 9-1-78 283 1198 915 -

9-6-78 - 920

450

283

1203

8¢-0-0OHY
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" TEST PROCEDURES

The height, diameter, and weight of cylinders were measured"
prior to being placed in the oven for heating. This informa-
tion is listed in Table 4. Cylinder lengths and diameters are
the average of two or three measurements-as‘requiréd by ASTM
Designations c39, (%) ca1s,(3) c469, 4 cags. ()

All specimens were transported from the oven to. the test
area in a well-insulated container. Tests were performed as
quickly as possible to prevent heat loss.. Specimens not tested
to destruction were,returhéd to the oven in the insulated
container.

Specimens. tested at elevated temperatures'were heated to
test temperatures at a rate of,70-75F.pgr day. _EiveAtemﬁera-
ture changes over the 24-hr period were made to obtain the
70-75F temperature rise. ARequired temperature variation limits
of + 15F at 250F and 350F and # 20F at 450F were easily main-
tained. A cohtinuous record of_ovén-temperatures'was‘maintained
during the temperature;rise and‘soak,periods.

Modulus of Elasticity,and Poisson's Ratio

Elastic constants of test cylinders were obtained using a
dynamic and static method. A description of each method
follows:

Sonic (Dynamic) Method

Modulus of elasticity and Poisson's ratio were obtained on

-10-
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TABLE 4 DIMENSIONS AND WEIGHTS OF CYLINDERS
AT AMBIENT TEMPERATURE

Specimen Diameter, ' Height ' Weight,

No. in. . in. 1b.
3K3-1 - 6.00 11.99 30.15
3K3-3 . 6.02 12.00 30.24
3K3-5 5.98 . 11.95 - 30.32
3K3-7 5.99 12.15 30.56
3K3-8 ‘ 6.01 - 11.97 30.40
3K3-9 . 6.03 . 12.15 30.40

~ 3K3-10 . 6.01 11.99 30.31°
3K3-11 - 6.01 - 11.94 - 30.22
3K3-12 © 6.00 12.02 30.29
3K3-13 6.01 12.15 30.48
3K3-14 6.01 12.05 30.35
3K3-17 . 6.02 11.95 30.21
3K3-20 6.02 11.93 - 30.18
3K3-23 5.99 11.98 30.16
3K3-25 6.01 11.99 29.33
3K3-26 6.03 11.96 30.39
3K3-27 6.01 12.00 30.00
3K4-1 6.04 ©12.00 29.60
3R4-2 6.04 12.11 29.74
3R4-3 . .6.05 11.98 29.60
3R4-4 . 6.02 12.12 29.75
3K4-5 6.01 11.98 29.54
3R4-7 5.99 11.99 29.65
3K4-8 | 6.03 | 11.96 29.50
3K4-9 6.02 11.97 29.64
3K4-10 6.00 ~ 12.05 29.71
3R4-11 '6.02 11.95 29.65 -
3R4-14 6.02 11.98 29.65
3R4-15 6.00 11.97 29.58
3K4-16 6.03 11.96 29.43
3R4-17 5.99 11.97 29.55
3K4-18 .6.00 » 12.12 29.70
3K4-19 v 6.03 11.99 29.51
3R4-20 6.06 12.00 29.62
3K4-23 6.06 12.01 29.66
3K4-24 6.03 11.99 29.55
3R4-25 5.98 12.10° 29.65
3R4-26 6.01 . 12.05 29.72
3K4-27 6.02 12.05 29.93
3K4-28 5.98 12.06 29.68
3K4-29 6.01 12.08 29.70
3K4-30 6.01 ~ 12.08 29.63

-11-
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TABLE 4 DIMENSIONS AND WEIGHTS OF CYLINDERS .
AT AMBIENT TEMPERATURE (Continued)

Specimen Diameter, Height, Weight,
No. ~in. in. 1b.
3K5-2 6.04 11.93 - 29.59
3K5-3 . - 6.00 12.01 29.76
3K5-4 6.02 - 11.97 29.77
3K5-5 - . 6.03: 11.99 29.64
3K5-7 - 6.01 . : 12.11 29.97
3K5-8 6.01 11.97 © 29.86
3K5-9 - 6.00 _ +11.95 | 29.81

3K5-10 :
3K5-~-11 - 5.98 11.93 : 29.82
3K5-12 6.01 12,11 : 29.88
3K5-13. 6.02 o 12,13 30.16
3K5-14 6.01 . 11.97 29.87
3K5-17 . 6.01 12,00 29.94
3K5-20 5.99 o 11.97 - 29.84
3K5-23 5.99 11.96 29.76
3K5=-25" 6.01 12.00 29.70
3K5-27 - 6.00 12.00 - 29.74
3K5-28 6.01 - 12.00 29.69
3K6-1 6.03. . 11.99 - 29.59
3K6-3 6.03 11.98 . 29.50
3K6-4 6.03 12.12 29.58
. 3R6-5 6.01 12.00 29.61
3K6-6 6.01 : 12.15 29.62
3K6-8 6.01 11.99 29.57
3K6-10 . 6.00 12.13 29.95
3K6-11 6.02 11.94 29,51
3K6-14 . 6.00 11.98 29.55
3K6-16 6.00 12.10 29.77
3K6-17 6.00 : 11.99 29.53
3K6-19 ‘ 6.03 . 11.98 29.66
3K6-23 6.04 12.00 © 29.53
3K6-24 . 6.01 : 12.15 29.64
3K6-25 6.01 11.97 29.55
3K6-26 6.00 12.10 29.74
3K6-27 5.98 12.01 29.64
3K6-28 5.99 11.99. 29.63
- 3K6-30 6.02 11.98 29.62
3K7-1 6.00 , 12.01 29.13
3K7-2 6.01 11.95 28.94 .
3K7-3 6.08 12.01 29.11

-;2-
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TABLE 4 DIMENSIONS:AND'WEIGHTS OF CYLINDERS
. AT AMBIENT TEMPERATURE (Continued)

Specimen Diameter, Height, Weight,

No. . in. in. 1b.
3K7-4 6.00" - 12.07 - 29.16
3K7-5 6.03 11.97 28.95
3K7-6 6.00 - . 12.09 . 29.21
3K7-7 6.02 - 12.12 29.41
3K7-8 6.03 11.97 28.84
3K7~-9 6.07 12.12 29.14
3K7-10 . 6.02 11.98 28.99
3K7-11 6.02. 1l1.96 29.09
3K7-14 ‘6.00 11.97 28.90
3K7-17 6.01 11.98 29.07
3K7-19 6.01 11.95 . 29.27
3K7-20 - 6.02 12.00 28.97
3K7-21 6.00 - 11.98 . 29.12
3K7-22 5.98 12.11 29.04
3K7-23 . 6.02 - 11.99 29.28
3K7-24 - 6.04 12.13 - 29.40
3K7-25 6.03 - - - 11.99 -29.10
3K7-27 6.03 ‘ 11.97 29.04
3K7-28 6.02 0 12.13 28.35
3K8-1 - 6.01 11.98 : 29.49
3K8-3 6.02 11.99 : 29.56
3K8-4 : 6.01 12.10 . 29.48 .
3K8-5 6.06 11.98 29.45
3K8-6 ' 6.00 12.17 . 29.67
3K8-8 6.02 . 11.98 29.55
3r8-11 6.01 11.99 29.59
3K8-13 6.05 12.17 29.59
3K8-14 6.03 11.98 29.43
3K8-15 .- - -
3K8-~17 6.03 : 11.98 . 29.57
3K8-18 - - - -
3KR8-21 5.96 ' 11.97 29.38
3K8=-22 6.00 12.01 29.61
3K8-23 - g - ' -
3K8~-24 6.00 - 11.98 29.62
3KR8-25 6.03 12.00 29.51
3K8-26 6.00 12.17 29.69 .
3K8-28 6.01 12.03 29.67
3K8-29 - - .-
3K8-30 6.00 11.97 29.57
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TABLE 4 .DIMENSIONS AND WEIGHTS OF CYLINDERS
AT AMBIENT TEMPERATURE (Continued)

“Specimen  Diameter, Height, Weight,.
No. in. in. ' 1lb.
3K9-1 6.01 11.96 29.51

" 3K9-2 5.98 . 12.10 -29.84
3K9-3 - 6.05 11.94 29.37 -
3K9-5 ; 6.01 11.99 29.56
3K9=8 5.99 -. 11.99 29.61
3K9-9 6.04 12.13 ‘ 29.72
3K9-10 5.99. 12.11 29.72
3R9-11 = 6.03 . 11.97. 29.62
3K9-12 - 5.99 12.09 R 29.76
3K9-14 6.01 - 11.97 29.63
3K9-17 6.01 11.99 29.64
3K9-20 6.00 . 11.96 29.46
3K9-23 6.03 : 11.98 29.62
3K9-25 - 6.00 11.97 - 29.54
3K9-~-28 6.03. . 11.98 . 29.54
3K9-29 - .5.,99 12.10 29.64
4.5K3-1 6.01 ‘ 12.01 29.45 -
4,5R3-2 6€.02 12.06 , 29.63
4.5K3<3 6.00 12.02 129,46
4.5K3-5 6.00 12.01 29.37
4.5KR3=-7 6.02 ' 12.11 : 29.75
4 .5K3-8 5.99 11.97 29.37
4.5K3-11 6.01 12.01 29.42
4.5R3-14 5.98 11.98 29.36
4,5K3-15 6.03 12.11 29.57
4.5K3~-17 6.01 12.01 29.43
4.5K3-18 6.01 12.08 29.57
4 ,5K3-19 h 6.03 - - 11.99 29.40
4,5K3-21 6.01 11.99 29.32°
4.5K3-22 . 5.00 - - 11.95 29.36
4.5K3-23 6.02 11.99 29.45
4.5K3~-25 6.05 11.98 29.44

'4,5K3=-27. 5.98 . 12.01 29.31
4,5K4-1 ‘6.00 11.97 29.45
4.5K4-3 6.02 . 11.92 29.41
4 .5K4-4 5.98 12.01 29.58
4.5R4-6 . 6.05 12.11 29.64
4.5K4-7 6.03 11.99 29.63

4.5K4-8 6.02 11.95 29.43
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TABLE 4 DIMENSIONS AND WEIGHTS OF CYLINDERS

AT AMBIENT TEMPERATURE (Continued)

Specimen Diameter, ~ Height, Weight, .
No. . in. in. 1b.
4,.5K4-10 - 6.01 . - 12:15 29.48
4.5K4-11 6.07 11.97 29.44
4.5K4-12 - 6.00 - 12.00 29.52
4,.5K4-13 5.99 12.04 29.60
4.5K4-14 6.00 11.97 29.72
4.5K4-15 6.02 12.02 29.82
4.5K4-17 6.03 12.00 . 29.73
4.5K4-19 6.05 12.13 29.70
4.5K4-20 6.02 11.96 29.58
4.5K4-21 6.01 11.95 29.64
4,.5K4-23" 6.04 11.93 29.57
4.5K4-24 6.02 12.02 29.74
4.5K4-26 6.00 12.08 29.66
4.5K4~-28 6.01 12.06 29.50
4 .5K4-29 5.95 12.09 29.62
4.5K4-30 5.99 '12.09 29.73
4.5K5-1 5.99 . -11.92 29.47
4 .5K5-2 5.99 11.96 29.60
4,5K5~3 . 6.01: 11.98 29.60
4.5K5-5 5.99 12.00 29.66
4.5K5-6 6.00 12.14 29.80
4.5K5-7 6.00 11.96 29.47
4 ,5K5-8 5.98 12.02 29.62
4.5K5~-9 - 5.98 . 11.99 29.41
4.5K5-10 5.96 12.12 29.65
4.5K5-11 6.00 11.99 . 29.43
4.5K5-13 6.02 12.06 29.69
4,.5K5=-14 6.03 11.97 29.46
4.5K5-16 6.03 11.93 29.45
4.5K5~20 5.98 12.01 29.30
4.5K5-23 5.99 11.95 29.25
4 .5K5-25 6.04 12.00 - 29.53
4 .5K5-27 6.02 12.14 29.67
4.5K5-28 6.00 12.14 29.80
4.5K6-2 6.01 12.09 29.35
4.5K6-3 6.01 11.96 29.12
4.5KR6-6 6.00 11.97 29.14
4.5KR6-7 6.03 12.11 29.21
4,5K6-8 6.02 11.99 29.09

-]lS=-
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TABLE 4 DIMENSIONS AND WEIGHTS OF CYLINDERS
AT AMBIENT TEMPERATURE (Continued)
Specimen Diameter, Height, Weight,
No. in. in. 1b.
4.5K6~11 6.03 . 12.02 29.23
4.5R6~12 6.01 11.95 29,28
4.5K6-14 6.01" 11.99 - 29.17
" 4.5K6-17 6.03 12.02. 29.30
4,.5K6~-18 " 6.02 - 11.97 29.23
4.5R6-19 6.02 12.14 29.43
4.5K6-20 6.00 12.00 29.30
4.5K6-23 6.03 - 11.98 29.25
4.5K6-24 . 6.04 12.07 29.48
4 .5K6-25 6.03 11.94 29.12
4.5K6~-26 6.00 12.00 29.25
4.5K6-27 6.04 11.97 29.16
4.5K6-28 6.02 . 11.99 . 29.29
4.5K6-29 6.01 12.12 29.39
4.5K7-1 5.94 11.97 29.01
4.5K7-2 6.01 12.09 29.37
4 .5K7-3 5.96 11.98 29.11
4,5K7-4 6.01 12.01 29.05
4 .5K7-5 5.99 12.09 29.24
4.5K7-8 5.98 ©11.97 28.97
4.5K7-9 6.05 12.13 29.35
4.5K7-10 6.03 11.98 29.16
4.5K7~-12 6.02 12.12 29.25
4.5K7-15 . 6.01 12.00 29.06
4.5K7-17 6.02 11.95 29.07
4,.5K7-18 5.99 11.97 29.05
4.5K7-19 6.01 12.12 29.21
4.5K7-20 6.02 11.96 28.98
4.5K7-21 5.99 -11.96 28.99
4 ,5K7-22 5.98 11.99 28.95
. 4.5K7-23 6.02 11.98. 29.10
4,5K7-24 6.03 11.97 29.09
4.5K7-25 6.02 11.98 29.19
4.5K7-27 5.98 11.99 29.01
4.5K7-28" 6.01 12.13 29.36 .
4 .5K7-29 6.02 12.13 29.19
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TABLE 4 DIMENSIONS AND WEIGHTS OF CYLINDERS
AT AMBIENT TEMPERATURE (Continued)
Specimen Diameter, Height, Weight,
No. in. in. 1b.
4.5K8~1 6.07 11.98 29.50
4,.5K8-2 - - -
4.5K8~3 - 12.01 29.55
4,5K8~-5 - - ' -
4.5K8-6 6.01 -11.97 29.42
4.5K8-8 5.99 11.97 .- 29.53
4.5K8-10 6.02 11.93 29.43
4.5K8-11 © 6.02 11.96 29.46
4.5K8~-12 - . 6.02 12.16 29.72
4.5K8~-13 . g
4.5K8-14 6.03 12.00 29.66
4.5K8-15 - 6.02 12.12 29.60
4.5K8-16 6.01 - 11.95 29.41
4.5K8~-17 6.03 11.96 29.70
_ 4.5K8-18 - 6.03 12.13 29.75
4.5K8-20 . - - -
‘4 ,5R8~-22 6.02 .-11.96 29.46
4.5K8-23 - 5.96 11.97 29.48
4.5K8-24 - - -
4.5K8-25 " 6.00 12.00 29.51
- 4,5K8-26 6.02 12.16 29.71
4.5K8-27 6.00 11.98 29.50
4.5K8-28 6.00 11.97 29.43
4.5K8-29 6.01 11.99 29.54
4.5K8-30 6.01. 12.00 29.66
4.5K9-1 6.01 - 11.94 29.29
4.5K9-2 6.02. 12.14 29.46
~ 4,5K9-3 6.05 11.97 29.40
4,5K9-5 5.99 11.98 29.46
4.5K9-8 6.03 12.03 29.54
4.5K9~11 5.98 . 11.99 - 29.38
4.5K9-14 - 6.05 11.94 . 29.34
4.5K9-15. 6.02 12.15 29.60
4 .5K9-17 6.00 11.99 29.49
4.5K9-24 6.01 12.17 29.68
4.5K9-25 6.04 11.98 29.31
4.5K9-29 6.03 12.13 29.65
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specimens cured in the moist room at 70F by following the gen-
eral provisions given in ASTM DesignationACle;(3) The
equipment consisted of a variable frequency audio-oscillator,
amplifiers,; a driver unit, a pick-up unit, and meter type and
cathode ray oscilloscope indicators. Specimens were supported
at the quarter points. The driving force was applied normal to
the specimen surface near one end. Fundamental, transverse,
and torsional frequencies were obtained. The driving force
also was applied normal to the surface»midway between the ends
of the specimen. The fundamental transfer frequency can be.
obtained in this manner and was used to check the vaiue
"obtained by driving the specimen by one end. Frequency
determination required about 1 min. The test eqdipment with
te#t cylinder in place is shown in Fig. 1.

Static Method °

The provisions of ASTM Designation: C469(4) were‘followiné
in determining the-elastic-constants.by'this method. A compress-
ometer fitted-with‘differential.transfo:mers were used to measure -
longitudinal and lateral strains. During elevated temperature:
tests, thé transformers were protecied with asbestos heat
shields. A differential transformer was also used to indicate
ldad. Qutputs from the differential transformers were recorded
on ‘an XYY recorder. Thus, the stress-longitudinal strain and
stress-lateral strain curves were obtained simultaneously during
each loading of the specimens. Surfaces of the specimens used

for ‘determining the elastic constants were lapped.

-18-~
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Fig.l Sonic Test Method For
Elastic Constants

-19-
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Specimens were loaded three or four times for determination
of elastic constants. The first loading was a seating loading,
and the information obtained from it was not used. Elastic con-
stants were calculated for subseguent loadings and averaged.
Specimens were usually loaded to 40 to 50 percent of ultimate for
obtaining elastic constants data. Typical stress-strain curves
obtained during a loading are shown in Fig. 2. Fitting the
specimen with the compressometer, balancing the electrical
circuits, and loading the specimen required from 10 to 15 min.
Figure 3 shows a test cylinder subjected to the static load test
for elastic constants determination.

Compressive Strength

Compressive strength at room and elevated temperatures was
obtained by following the general guideline of ASTM Designation:
C39.(2) Surfaces of cylinders used to obtain cylinder strength
were lapped. Elevated temperature strength determinations were
made on cylinders used for obtaining elastic constants by the
static method. After the elastic constants were obtained, the
cylinders were returned to the oven for at least 2 hr before
being tested. The compressive strength test took about 5 min.

Splitting Tensile Strengty

To determine splitting tensile strength, the prdbisions of
ASTM Designation C496(5) were followed. At each test date,
one of the two specimens of each mix design tested at elevated

temperatures was used for determining elastic constants. Test

~20-
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Fig.3 Static Test Method For Determining
Elastic Constants and Compressive
Strength

-22-
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specimens were removed from the fog room or oven, marked with
diametral lihes; pqsitioned»inlthe tes£ing machine, and loaded
to failure. The 1/8-in. thick plywood bearing strips were not
affected by the heat from the test specimens.. The time required
for this test procedure did not exceed 10 -min. .-

Petrographic Analysis

Cylinders representing specified time. and temperature combi-
nations were removed from the ovens. After a few hours 6f
cooling at room temperature, a l-in. thick slice was cut: trans-
versely using a water-cooled saw. A sméll block cut from  the
interior of the slice with an air-cooled saw was lapped, dried
at 122F, and mountédvon a standard petrographic slide with
epoxy adhesive. Thin sections were ground to approximately. 10
to 20 microns thickness and protected with cover glass loose-
mounted in epoxi. The thin sections Qefe labeled and were
numerically coded so that they could be described without prior
bias as to duration of storage and temperature.

Birefringence is the numerical difference between the maxi-~
mum and minimum indices of refraction of an anisotropic crys-
talline solid and is related to the'crystal thickness (thin sec-

tion thickness) by the following equation:

¢ = ~Ig5 /B

=23~
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where
A = wavelength of transmitted light, 'in millimicrons (540)
® = analyzer rotation on the microscope, in degrees
B = birefringence of the crystal solid
t = thickness, in microns

Assuming a quartz birefringence of 0.009, thickness of -the
concrete thin section was determined by averaging several mea-
surements of g on 6 to 8 graips of quartz. . Using. this calcu-
lated value of thickness, the average birefringence of calcium
hydroxide in the same thin section was determined by examination
of 8 to 10 crystals in the portland cement paste of the con-
crete. More information on the petrographic and fractographié

analyses is given in Appendix 2.

TEST RESULTS

Test results for all room and elevated temperature tests are
given in Tables 5 to 7 and Figs. 4 to 22.

Modulus of Elasticity

Modulus of elasticity data at room temperature determined by
the sonic and static methods for the 3K and 4,5K mixes are given
in Tables 5 and 6 and shown in Figs. 4 and 5. For both mixes,
sonic modulus increased with increasing moisture period. The
largest increases occurred between 30 and 200 days. Over the
next 1000 days, the increase in modulus was quite small.

BEigher values of the sonic médulds were obtained for the 4.5K
mix at room temperature., The increase in modulus at room tem-

perature did not differ appreciably for either mix.
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TABLE 5 ELASTIC CONSTANTS AT ROOM TEMPERATURE - SONIC METHOD

Modulus of Elasticity,

Specimen Date of Test, Age at Test, Weight at Poisson's
No. Mo.-day-yr. Days! " Test, 1lb psi, Millions Ratio
3K4-25 6-23-75 32 29.66" 5.16 0.22
3K4-27 6-23-75 32 29.94 5.45 0.22
4.5K4-25 6-23-75 32 29.60 5.38 0.20
4.5K4-27 6-23-75 32 29.80 5.66 0.23
3K4-25 7-21-75 60 29.67 5.29 0.22
3K4-27 7-21-75 60 29.95 5.51 0.21
4.5K4-25 7-21-75 60 29.61 5.54 0.21
4.5K4-27 7-21-75 60 29.80 5.64 0.19
3K4-25 8-20-75 90 29.69 5.38 0.19
IK4-27 8-20-75 90 29.96 5.65 0.22
4.5K4-25 4-20-75 90 29.63 5.65 0.21
4.5K4-27 8-20-75 90 29.70 5.93 0.23
3JK4-25 12-3-75 193 29.69 5.50 0.21
- 3K4-27 12-3-75 193 29.96 5.76 0.22
4.5K4-25 12-3-75 193 29.64 5.81 0.21
4.5K4-27 12-3-75 193 29.72 6.11 0.25
3K4-25 1-19-76 240 29.69 5.50 0.30
3K4-27 1-19-76 240 29.97 5.70 0.20
4.5K4-25 1-19-76 240 29.65 5.82 0.22
4.5K4-27 1-19-76 240 29,72 6.11 0.31
3K4-25 5-15-76 360 29,72 5.63 0.23
3K4-27 5-15-76 360 29.99 5.86 0.23
4,.5K4-25 5-15-76 360 29.67 5.86 0.22
4.5K4~-27 . 5-15-76 360 29.75 6.18 0.24

'specimens in fog room at 100% relétive humidity and 73F

'8¢-0-0OHHE



TABLE 5 ELASTIC CONSTANTS AT ROOM TEMPERATURE - SONIC METHOD (con'd)

Specimen Date of Test, Age at Test, Welght at Modulus of Elasticity, Poisson's

92—

1204

29.79

No. Mo.-day-yr. Days' Test,1lb psi, Millions ' Ratio
3K4-25 10-5-76 502 29.73 5.64 0.22
3K4-27 10-5-76 502 29.99 5.87 0.23
4.5K4-25 10-5-76 502 29.70 5.89 - 0.21
4.5K4-27 10-5-76 502 29.76 6.23 0.25
3K4-25 3-30-77 678 29.74 5.74 0.23

- 3K4~27 3-30-77 678 30.00 5.92 0.22
4.5K4-25 3-30-77 678 29,72 .5.99 0.22
4.5K4-27 3-30-77 678 29.78 6.30 0.25
3K4-25 11-11-77 873 29.73 5.66 0.20
3K4-27 11-11-77 873 29.99 5.91 . 0.22
4.5K4-25 11-11-77 873 29.71 5.99 0.22
4.5K4-27 11-11-77 873 29.77 6.30 0.24
3K4-25 5-9-78 - 1083 29.75 5.71 0.20
3K4-27 5-9-78 1083 30.03 5.97 0.22
4.5K4-25 5-9-78 1083 29.73 6.11 0.23
4.5K4-27 5-9-78 1083 29.82 6.33 0.22
3K4-25 9-6-78 1204 29.73 5.69 0.21
3K4-27 9-6-78 1204 30.00 5.93 0.20
4.5K4-25 9-6-78 1204 29.71 6.02 0.20
4 .5K4-27 9-6-78 6.33 0.24

!specimens in fog room at 100% relative humidity and 73F

SZ‘D-OHHA
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TABLE 6 - COMPRESSIVE SBTRENGTH AND ELASTIC PROPERTIES (STATIC METHOD)
AT ROOM AND ELBV&TBD TEHPBRATURBS

Bpecimen . Date of Test, Age at Test, - Time in Time in Temperature Waeight Compressive Modulus of Poisson's
Number Mo.-day~-yr. Days Fog Room, Oven at Test, at Test, Strength, Elasticity, Ratio
_ i ) Daya’ pays? F 1b . psi million psi
JK4-28 6-21-75 30 30 0 73 29.62 4430 §.38 0.15
3IK4-30 6-21-15 30 3o 0 73 29.49 4250 4.05 0.15
4.5K4-28 6-21-15 30 30 0 13 29.37 5160 4.32 0.15
4.5K4-30 6-21-75 30 30 - 0 73 - 29.68 5510° " 4.58 0.16
JK9-1 12-2-75% 194 194 0 73 29.51 5570 : 4.65 0.16
3K9-3 12-2-75 194 194 0 B K 29.37 5480 4.76 0.16.
4.5K9-1 12-2-75 : 194 194 0 73 29.29 6450 . 5,00 0.16
4.5K9-3 12-2-15 194 194 0 n 29.40 6320 5.02 0.18
IK6-~-2S 1-19-76 240 240 0 73 29.55 5680 4.87 0.17
4.5K6-25 1-19-76 240 - 240 0 73 29.12 6530 5.03 0.16
3IK6-28 5-17-76 361 . 361 0 13 29.64 5410 4.38 0.17
4.5K6-28 5-17-76 361 361 0 73 29.31 6790 4.46 0.17
3KS5~28 3-31-7M 679 679 (1] kR 29.71 5860 . S5.06 0.15
3IK8-28 3-31-n . 679 679 ] 73 29.68 -? 4.92 0.16
4.5K5-9 3-3k-M 679 679 0 13 29,43 6640 5.64 0.18
4.5K8-29 3-31-1Mm 679 679 0 73 29.56 - 5.44 0.18
IK4-9 11-18-77 B8O 880 o 73 - 29.64 5750 4.61 0.15
IK4-15 11-28-77 B8O 880 0 73 29.58 : - 4.83 0.17
4.5K4-7 . 11-18-77 880 880 0 73 29.63 5950 5.71 0.18
4.5K4-12 11-18-77 880 880 0 13 29.5)3 - ] 5.39 0.17
IK8-15 9-6-78 . 1204 1204 0 73 : 6070 4.98 0.16
3K6~-18 9-6-79 1204 1204 0 73 _ - 5.21 0.18
IKR9-29 9-6-78 1204 12048 ] 73 6150 _— 5.06 0.16
4.5K8-5 9-6-79 1204 1204 ] 73 - 5.65 0.19
4.5K8-20 9-6-78 1204 1204 -0 73 ’ 7728 '5.48 0.20
4.5K8-24 9-6-78 1204 1204 0

73 : 8120 5.79 0.19

87 -0-OHY

'Specimens in fog room at 100% relative humidity and 73F
!Specimens tested at 250, 350, and 450F heated in oven at 75¢/day to test‘temperature

'Designates that specimen was used for sblittlnq tensile test after elastic conatants were determined



- -8Z-

TABLE 6 {con'd) - COMPRESSIVE STRENGTH AND ELASTIC PROPERTIES (STATIC METHOD)
AT ROOM AND ELEVATED TEMPERATURES

Specimen Date of Test, Age at Test, Time in Time in  Temperature = HWeight Compressivae Modulus of Poisson's

Number Mo,~day-yr. . Days . Fog Room, Oven at Test, at Test, Strength, Elasticity, Ratlo
Days' Daya? F 1b peil . million psi ’

3K3-1 12-4-75% 196 193 k) 250 29.15 5600 -~ 3.82 0.14
IK3-5 12~-4-75 196 193 k) 250 - 29.34 5590 ’ - 4,03 0.13
3K3-3 . 12-4-715 196. 193 3 250 - 29.23 - _ 3.80 0.13
4.5K3-3 12-4-75 196 193 k) 250 28,58 5320 3.02 0.12
4.5K3-5 12~4-75 196 193 3 250 28.54 5230 - 4.04 0.14
4.5K3-1 12-4-75 196 193 - k) 250 . 28.70 - 3.91 . 0.12
IK8-3 12-11-75 203 193 : 10 250 27.81 5665 . J.66 0.15
JK8~-5 12-11-75 203 193 ) 10 250 27.74 5420 ' i.n 0.14
3xe-1 12-11~75 203 193 10 250 27.74 - ‘3.71 “0.11
4.5K8-1 12-11-75 203 193 10 250 27.79 6920 4.36 0.14
4.5K8-6 12-11-75 203 193 10 250 27.72 6780 4.04 0.14
4.5K8-3 12-11-75 203 193 10 250 27.94 -! 4.11 0.14
3K7-1 12-32-175 223 193 30 250 27.33 5295 3J.02 0.12
IK7-5 12-31-75 g 223 193 30 250 27.16 5250 .04 0.13
3K7-) 12-31-75 22) 193 30 250 27.29 - . 3.14 0.15
4.5K7-) 12-31-75 223 193 30 250 27.32 6055 3.1 0.15
4.5K7-~4 12-31-75 22) 193 ) 30 250 27.24 5930 3.42 0.14
4.5K7-1 © 12-31-7% 22) . 193 3o 250 27.22 - 4.06 0.19
3R4-1 " 2-19-76 273 19) 80 .~ 250 27.72 $170 3.13 0.15
3IK4-) 2-19-76 27 193 80 250 271.75 5160 3.08 0.13
3K4-5 . 2-19-76 273 193 80 250 27.67 - - ’ 3.24 0.13
4.5K4-3 2-19-76 2713 193 80 250 27.61 6290 3.40 0.12
4.5K4-4 2-19-76 273 193 - 80 250 27.80 6020 3.42 0.15
4,.5K4-1 - 2-19-76 273 193 80 250 27.59 . - 3.34 0.12
JIK5-~3 4-29-76 - 34) 193 150 - 250 27.95 5710 3.15 0.11
IK5-5 4-29-76 343 - 193 150 250 27.82 5510 309 0.12

8¢-0-0HY

‘Specimens in fog room at 100% relative humidity and 73¢

!Specimens tested at 250, 350, and 450P heated in oven at 75F/day to test temperatu?e

'Daslgnatea thaf specimen was used for spllttlhg tensile test after elastic constants were determined
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TABLE 6 (con'd) - COMPRESSIVE STRENGTH AND ELASTIC PROPERTIES (STATIC HE’I‘HOD)
AT ROOM AND ELEVATED TEMPERATURES

Specimen Date of Test, Age at Test, Time in Time in Temperature Welght Compressive Modulus of Poisson's
Number Mo.-day-yr. Days Fog Room, Oven " at Test, at Test, Btrength, .Elasticity, ‘Ratio’
. Days' pays? | 2 - 1b - pa million psi ,
IKS-2 4-29-76 343 193 150 - 250 27.84 - 3.13 0.12
4.5K5-3 4-29-76 343 193 150 250 27.72 6160 3.41 -0.14
4.5K5-5 . 4-29-76 - 343 . 193 150 - 250 27.76 6180 3.18 0.11
4.5K5-1 4-29-76 343 193 150 250 T 27.64 - . ‘3.12 0.12
IK6-3 8-27-76 463 193 270 250 27.711 5250 3.09 0.14
IK6-5 8-27-176 463 193 270 250 27.84 5080 3.00 0.12
3K6-1 8-27-76 463 193 270 250 27.80 - . 2.84 0.14
4.5K6-3 8-27-716 463 193 270 - 250 . 21.11 5020 . 3.16 0.12
4.5K6-6 8-27-76 , - 463 193 270 250 27.14 5990 3.07 0.1)
4.5K6~-8 8-27-76 463 193 270 . 250 27.04 - 3.68 0.14
IK9-14 : 4-1-77 679 - 283 ° 396 250 27.717 5190 3.17 0.13
3K9-20 4-1-77 679 283 396 250 . 21.59 4990 3.08 0.13
3K9-17 4-1-77 679 283 396 250 27.78 - 3.15 0.13
4.5K8-25 4-1-77 679 283 396 - . 250 27.64 6470 3.36 0.13
4.5K8~28 4-1-77 679 - 283 396 250 27.49 7020 3.48 0.12
4.5K8-16 4-1-77 679 203 396 250 27.50 - 3.41 0.11
3K9-25 . 9-29~77 861 2083 578 250 27.69 5300 3.07 ' 0.14
3K9-28 9-29-77 861 283 578 250 27.68 5080 . 3.03 0.14
3IK9-23 9-29-17 861 28) 578 250 27.76 - 2.99 0.18
4.5Kk8-10 - 9-29-717 861 283 578 250 27.54 6620 . 3.32 0.12
4.5K0-27 9-29-77 861 283 570 250 27.54 6425 3.21 0.12
4.5K8-22 9-29-717 861 283 578 . 250 27.57 = j.21 0.12
3K8-21 9-1-76 1198 276 922 250 . . 4530 2.4 0.11
3K8-25 9-1-78 1198 276 922 250 4625 2.60 0.1)
IK8-30 9-1-79 1198 276 922 250 - 2.71 0.14

87-0-0Hd

'specimens in fog room at 1008 relative humidity snd 73
!specimens tested at 250, 350, and 450F heated in oven at 75F/day to test temperature

‘pesignates that specimen was used for.splitting tensile test after elastic constants were determined
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TABLE 6 {(con'd) - COMPRESSIVE STRENGTH AND ELASTIC PROPERTIES (STATIC METIIOD)
AT ROOH AND ELEVATED TEMPERATURES '

Specimen Date of Test, Aga at Test, Time in Time in  Temperature  Weight Compressive Modulus of Polsson's

Number Mo.-day-yr. . Days " Fog Room, Oven at Test, at Test, Btrength, - .Elasticity, Ratio
, Days' pays® F 1b ] | "million psei .

4.5K9-5 9-1-79 1198 - 270 928 . 250 -! 4.01 0.14
4.5K9-8 9-1-78 1198 270 928 250 5855 3.29 -0.13
4.5K9-25 - 9-1-78 . 1198 270 928 250 5890 3.3 0.13
JK3-8 12-5-75 197 193 4 350 28,64 6100 3.47 0.12
3K3-~-14 12-5-75 - 197 193 4 350 26.53 5780 3.38 0.09
3K3-11 12-5-75 - 197 193 4 350 208.37 - 3.53 0.10
4.5K3-8 12-5-75 197 193 4 350 27.63 5600 : 4.04 0.17
4.5K3-14 12-5-75 197 193 4 350 27.65 5430 . 3.3 0.14
4.5K3-11 12-5-75 197 193 4 350 27.55 . - 3.46 0.12
IK4-8 12-11-75 203 193 | 10 350 27.53 5150 2.69 0.10
3K4-11 12-1:-75 203 : 193 10 - 3so 27.58 4740 . 2.62 0.12
IK4-14 12-11-75 203 193 10 350 .21, C - . 2.73 0.14
4.5K4-8 12-11-75 203 193 10 350 - 27.50 6520 : 3.09 : 0.11
4.5K4-11. 12-11-75 203 193 16 - 350 © 27,50 6330 : 3.40 0.10
- 4.5K4-14 12-11-75 203 , 193 10 350 27.80 - 3.04 0.09
IKS-11 12-31-75 223 193 30 350 27.90 5480 ° 2.72 0.14
3K5-14 12-31-75 . 2 193 30 350 27.93 $540 2.59 . 0.11
3K5-8 12-31~75 223 193 30 350 27.94 - : 2.74 - 0.12
4.5K5-8 12-31-75 223 193 30 350 27.65 5280 2.75 0.13
4.5K5-11 12-31-75 223 193 30 350 . 27.45 5675 2.77 ' 0.13
4.5K5-14 12-31-78% 223 193 3o - 350 27.43 - 2.94 : 0.1)
3K6-11 2-19-76 273 193 80 350 27.54 4780 2.56 . 0.10
3K6-14 - 2-19-76 273 193 - 80 350 27.56 4810 2.38 0.11
3K6-8 2-19-76 2713 . 193 80 350 27.61 - 2.51 0.13
4.5K6~11 2-19-76 273 193 80 350 - 127,19 5430 . 2.74 0.14

8¢-0-0HY

'gpecimens in fog room at 100% relative humidity and 3¢
gpacimens tested at 250, 350, and 450F heated in ern at 75F/day to test temperature

pesignates that specimen was used for splitting tensile test after elastic constants were'determlnqd
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TABLE 6 (con'd) - COMPRESSIVE STRENGTHl AND ELASTIC PROPERTIES (STATIC METIIOD)
AT ROOM AND ELEVATED TEMPERATURES

Specimen Date of Test, Age at Tast, Time in Time in Temperature  Weight Compressive ;. Modulus of - Poisson's

Number Mo.~day-yr. Days ) Fog Room, Oven_ - . at Test, at Test, . Bttenzth,“: ‘wElasticity, . Ratlo
. : . Daya' Daya? R 1b ~ psl’ - " 'million psi i .

4.5K6-14 © 2-19-76 . 273 193 - 80 350 27.13 52]5 . - 2.72 . 0.14
4.5K6~-12 2-19-76 273 193 80 350 27.24 - - - 2.66 0.14
3K7-8 4-29-76 N 193 150 350 26.87 4410 2.11 0.15
IJK7-11 4-29-76 34 193 150 350 27.11 4675 2.29 0.14
3K7-14 4-29-76 34 193 150 350 26.9) - 2.17 0.14
4.5K7-8 4-29-76 343 193 . 150 350 26.92 5490 2.34 . , 0.12
4.5K7-10 4-29-76 34) 193 150 350 27.11 4890 . 2.29 ' 0.15
4.5K7-18 4-29-76 34 19 150 © 350 26.99 .- . 2.32 . ©0.14
3k8-8 8-27-76 463 193 270 - 350 27.55 4910 2.52 0.13
3K8-~11 8-27-76 461 193 | 270 350 27.66 4960 2.51 0.14
IK8-14 8-27-76 463 193 270 350 27.39 - 2.52 0.14
4.5K8-8 8-27-76 463 193 270 350 . 27.46 6190 - 2.78 0.11
4.5K8-11 8-27-76 463 193 270 350 27.317 6300 . 3.14 : 0.11
4.5X8-14 8-27-76 46) ] 193 270 - 350 27.61 - ! 2.78 0.11
. 3K6-24 . 4-1-77. 679 276 403 350 27.65 4650 2.37 0.13
JK6-30 4-1-77 " 679 276 403 350 27.65 4430 2.17 0.15
IK6-27 4-1-77 679 276 403 350 27.65 - 2.20 0.12
4.5K6~-186 - 4-1-77 679 2176 403 350 27.12 5450 2.4) 0.12
4.5K6-26 4-1-77 679 276 403 350 27.18 5160 2.46 ¢.12
4.5K6-27 4-1-717 679 276 403 350 27.07 - 2.3 0.16
. IKT-19 9-30-77 B6l 276 585 350 27.31 © 4390 2.33 0.16
3K7-25 $-30-77 861 276 585 3s0 27.10 4320 2.32 0.15
JK7-10 9-30-177 861 276 58S ’ 350 26,917 - 2.16 0.14
4.5K7-24 9-30-77 861 276 585 350 20.01 5100 2.32 0.14

4.5K7-25 - 9-30-77 861 276 585 50 128,12 5500 ) 2.4 0.14

8¢-0-0HY

‘specimens in fog room at 1008 relative humidity and 73F
!Specimens tested at 250, 350, and 450F heated in oven at 75F/day to test temperature

'Deélgnates that specimen was used for apilttlhg tenslle tedt”attet elastic conetants were determined



TADLE 6 (con‘d) - COMPRESSIVE STRENGTH AND ELASTIC FROPERTIES (STATIC METHOD)
AT ROOM AND ELEVATED TEMPERATURBB

Specimen .Date of Teat, Age at Test, . Time in Time in Tewperature Weight Compressive Modulus of Polgson‘'s
Number Mo.-day-yr. Days Pog Room, Oven at Test,  at Test, Strength, .Elasticity, Ratio
: . : Days' pays? P 1b psl million psi
3K7-17 ' 1-7-76 230 197 kX 450 - 27.01 4280 2.08 0.18
3K7-23 1-7-76 230 197 33 450 27.22 4455 2.06 0.17
3IK7-20 1-7-76 230 197 33 450 26.80 -2 . 2.06 0.16
4.5K7-18 1-7-76 " 230 197 R & | 450 26.89 5165 2.18 0.14
4.5K7-20 1-7-76 230 197 33 " . 450 26.84 5110 2.20 0.14
4.5K7-23 1-7-76 230 197 13 450 26.7) - 2.28 0.09
3K8-17 2-3-76 257 197 60 450 27.44 4780 2.29 0.15
3K8-22 2-3-76 257 197 60 450 . 27.35 4630 2.34 0.16
IK8-24 2-3-76 257 197 . 60 450 27.37 - 2.17 0.14
4.5K8-17 2-3-76 257 197 60 450 22.51 5560 2.37 0.13
4.5K8-30 2-3-76 257 197 60 450 27.50 5130 . 2.27 0.09
4.5K8-23 - 2=3-76 257 197 60 450 27.30 - 2.28 0.14
3K9-5 3-15-76 297 197 100 450 27.54 4350 1.93 0.16
3K9-8 3-15-76 297 197 100 450 27.41 4415 2.08 0.15
JK9-11 3-15-76 297 197 100 .. 450 27.53 - 2.04 0.21
4.5K9-11 3-15-76 297 197 100 450 27.26 5270 2.14 0.10
4.5K9-17 3-15-76 297 197 100 ) 450 27.41 5210 2.08 0.10
4.5K9-14 3-15-76 297 197 100 450 27.20 - 2,12 0.15
3K3~-25 - , 5-24-76 367 197 170 : 450 27.25 5140 2.06 0.09
3K5-25 5-24-76 367 197 170 - 450 27.52 4560 1.91 0.14
IK4-24 5-24-76 367 197 170 450 27.52 - 1.84 0.16
4,5K3-25 5-24-76 367 197 170 450 27.43 48B0 1.73 0.12
4,5K4r-24 . 5-24-76 367 197 170 450 27.60 . 5340 1.70 0.13
4.5K5-25 5-24-716 367 ’ 197 170 450 27.40 - 1.84 0.12

3K3-20 9-30-76 497 197 . 300 450 28.09 5920 1.94 0.10

8¢-0-0MHd

"Specimena in fog room at 1008 relative humidity and 73°
'Specimens tested at 250, 350, and 450P heated in oven at 1SP/day to test temperatura

'pDesignates that specimen was used for splitting teﬁalle test after elastic constants were determined



-2~

TABLE 6 (con'd) - COMPRESSIVE STRENGTIl AND ELASTIC PROPERTIES (STATXC METIIOD)

AT ROOM AND ELEVATED TEMPERATURES

Welght

Bpecimen .Date of Test, Age at Test, Time in Time in Temperature Compressive Modulus of Poisson'a
Number Mo.-day-yr. Days Fog Room, Oven ~at Test, at Test, Strength, .Elasticity, Ratio
Daya' pDaya® v 1b ps million psi
4.5K7-17 9-30-717 861 276 585 350 27.01 -? 2.41 0.09
3K7-2 9-1-78 1198 276 922 350 4525 2.46 0.12
IK7-21 9-1-78 1198 276 922 350 4350 2.47 0.13
3K7-27 9-1-78 1198 276 922 350 - 2.53 0.13
4.5K7-21 9-1-78 1198 276 922 350 4680 2.58 0.13
4.5K7-22 9-1-78 1198 276 922 350 4770 2.62 0.11
4.5K7-27 9-1-78 1198 276 922 350 - 2.56 0.10
IK4-20 12-11-75 203 197 6 450 27.59 4540 .2.39 0.15
3K4-23 - 12-11-7§ 202 197 6 450 27.60 4930 2.26 0.14
IK4-17 12-11-75 203 197 6 450 27.52 ~ 2.41 0.14
4.5K4-17 12-11-75 203 197 6 450 21.170 5760 2.75 0.12
4.5K4-20 12-11-7§ 203 ‘197 6 450 27.57 5820 2.69 0.08
4.5K4-23 12-11-75 . 203 197 6 450 27.56 - 2.82 0.13
IKS-20 12-15-75 207 197 10 450 27.85 4995 2.26 0.13
JKS5-23 12-15-75 207 197 10 450 +27.74 4830 2.3 0.13
IKS5-17 12-15-75 207 197 10 450 - 27.86 - 2.16 0.09
4.5K5-16 12-15-75 207 197 10 450 27.29 5990 2.60 0.12
4.5K5-20 12-15-75 207 197 10 450 27.30 5150 2.26 0.13
4.5K5-23 12-15-75 207 197 10 450 27.37 - 2.67 0.13
3K6-17 12-23-75 215 197 18 450 27.47 4540 2.13 0.13
IK6-23 12-23-75 215 197 18 450 27.43 4320 2.23 0.14
JK6-19 12-23-75 218 ‘197 18 450 27.65 - 2.09 0.12
4.5K6-17 12-23~75 215 197 18 450 27.06 5255 2.13 0.10
4.5K6-23 12-23-75 215 197 18 450 27.00 5430 2.24 0.11
4.5K6-20 215 197 . 18 450 - 2.35 0.14

12-23-75

27.15

'specimens in fog room at 1008 relative hunidity and 73¢

!gpecimens tested at 250, 150, andf‘SO? heated in oven at 75F/day to test temperature

'Dasignates that specimen was used for gplitting tensile test after elastic constants were determined

87-0-0OHY
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TABLR 6 (con®d) - COMPRESSIVE STRENGTH AND ELASTIC PROPERTIES (STATIC METHOD)
AT llOOM AND ELEVATED TEMPERATURES

8pecimen . Date of Teast, Age at Test, Tine in Time in Temperature Welight Conpresaive Modulus of Polsson's
Number Mo.-day-yr. Days Fog Room. Oven at Test,- at Test, Strength, .Elasticity, Ratio
' : . pDays® pays? F 1b psl million psi
JK3-23 9-30-76 497 197 3oo 450 28.04 5150 2.14 0.12
3K3-17 9-30-76 497 - 197 300 450 26.11 -! 2.62 0.10
4.5K3-19 9-30-76 497 197 300 450 27.36 - 4620 1.75 0.17
4.5K3-23 9-30-76 497 : 197 ’ 300 450 . 27.40 4340 1.67 0.16
4.5K3~-17 9-30-76 497 197 300 450 . 27.39 - 1.74 0.09
3K3-10 3-31-717 679 : 270 409 450 28.20 4720 1.91 0.15
IK3-12 3-31-717 679. 270 409 450 28.17 4590 1.84 0.18
3K3-27 3-31-17 679 270 409 450 27.91 - 1.90 -0.14
4.5K3-27 3-31-17 679 270 . 409 450 - 27.25 . 4850 1.79 .16
4.5K3-21 3-31-77 679 270 409 450 28.29 4950 1.77 0.15
4.5K3-22 3-31-17 679 270 409 450 27.32 . - 1.96 0.15
3K4-16 T 9-29-77 861 270 591° : 450 27.20 3540 1.28 0.16
IK4-19 9-29-77 861 - 270 ’ - 591 450 27.32 . 3630 . 1.29 0.18
IR4-7 9-29-77 861 270 591 450 27.44. - 1.51 0.20
4.5K4-15 9-29-77 861 ‘ 270 591 450 : 27.50 4240 1.50 0.12
4.5K4-21 9-29-17 861 270 591 450 21.37 4500 1.54 0.09
4.5K4~19 9-29-77 861 270 591 450 27.36 - 1.46 0.13
IK5-4 9-1-78 1198 283 91§ 450 27.¢60 - : 1.55 0.14
IK5-9 9-1-78 1198 283 915 450. 3850 1.52 0.12
3K5-27 9-1-178 1198 : 263 915 450 3605 1.42 0.15
4.5K5-2 9-1-78 - 1198 o 283 - 915 450 . 27.39 - 1.55 0.11
4.5K5-7 9-1-78 1198 L. 283 91§ 450 4100 1.40 0.11
4.5K5-28 9-1-78

1198 B 283 915 450 : : 4165 1.46 0.10

' 87-0-0HY

‘Specimens in fog room At 1008 relative humidity and 73P
’Spoclmena tested at 250, 350, and 450F heated in oven at TSP/day to test temperature'

‘pesignates that specimen was used tnf splitting tensile test after elastic constants were determined
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All of the sonic modulus values were determined from tests
-0f the same cylinders for each mix. Consequently; in-batch and
batch-to-batch variations of the test specimens did not affect
the sonic modulus-age relétionships'of:the two concrete mixes.

Static modulus of elasticity of the'moist-curedfcéncretes
also generally increased with age. Eigher values of static
modulus were‘obtaihed for ‘the 4.5K mixiat room temperature. The
increase in modulus of elasticity did not differ appreciably fof
either mix. Static values at all ages were lower than corres-
ponding values obtained by the sonic method.

Modulus of elasticity values obtained from tests of cylin-
ders heated at 250F, 350F, and 450F for periods~ranginglfrom
3 to 926 days are given in Tables 6 and shown in Pigs. 6, 7,
and 8. Generally, the modulus of elasticity‘for both concrete
mixes decreased as the heating time increased. At all tempera-
tures, the rate of decrease in modulus was greatest between 3
and about: 150 days. Lower values of the modulus of elasticity
were generally obtained for the 3K mix than for the 4.5K mix at
all three temperatures. However, the data ‘are not as clearly
defiﬁed at- 450F. -

Temperature had a very significant effect on the elastié :
modulus of the concretes,; At 250F, values of the elastic mod-
ulus dropped from an aver&gé initial value of 4.3 million psi to
about 3.8 million psi. After 926 days, the averagé modulus for
both mixes was about 3 million psi. At 350F, the initial mod-

ulus value of 4.3 million psi was reduced to 3.5 million psi,
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| after three days of heating. After 926 days of heating, the
modulus values were about 2.5 million psi. The decrease in mod-
ulus at 450F after only three days of heating was very signif- |
icant. After three days of heating, the modulus- of elasticity
was about 2.5 million psi as compared with an original value of
4.3 million psi. At the end of about 922 da¥§.ofAheating, mod-
ulus values for the 3K and 4.5K mixes were about 1.5 million psi.

Poisson's Ratio

Information on Poisson's ratio obtained by the sonic and
static methods at 73F for both mixes over a'period of ‘1204 days
ié shown in Figs. 9 and 10 and-Tabies 5 and 6.

Poisson's ratio determined by the sonic method remained
relatively constant for both mixes. With the exception of the
data obtainéd at 240 days, Poisson's ratio for .the 3K mix
‘varied from 0.21 to 0.25. For the 4.5K mix, values of Poisson's
ratio determined sonically ranged from 0.20 to 0.27. Generally,
higher values were obtained for the 4.$K mix.

Pigure ld shows the information -on Poisson'é-ratio ét 73F
determined by  the static method. Poisson's ratio appears to
increase somewhat with age. Generally, higher values were
obtained for the 4.5K mix than for the 3K mix.

At all test dates, the static Poisson's ratio is smaller
than the ratio determined by the sonic method. PFor the 3K mix,
static values ranged from 0.15 to 0.17. The range of values for

the 4.5K mix was 0.16 to 0.19.

-4]l-
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Figures 11, 12, and 13 and Table 6 show data for Poissdn's
ratio determined by the static method at temperatures of 250, .
350, and 450F, respectively. Poissoh's ratio data were very
erratic., The largest fluctuation in the data occurred at 450F.
There are numerous cross-overs in the Poisson's ratio curves for
the 3K and 4.5K mixes at all three temperatures. Eowever, not-
withstanding these wvariations, the high temperature values for
Poisson's ratio varied between 0.10 and 0.14. 1In general, age
and temperature did not haVe'ailarge effeqt on the values of
Poisson's ratio obtained at the various.test dates.

Splitting Tensile Strength.

Splitting tensile strength information of moist-cured
cylinders of both mixes, over a period of 1204 days, is shown
in Fig. 14 and Table 7. For both mixes, the splitting tensile
strength increased rapidly up to about 190 days of age. Beyond
that point, strength decreased to about 350 days, and either
leveled off or increased from that point on. The rapid incteaée
followed by a decrease during the first 400 days of moisture
cure at room temperature is not easily explained. Generally, it
would be expected that the splitting tensile strength would
increase with age during the moist-curing period. .It is possi-
ble that the in-batch and batch-to-batch variations of the test
cylinders affected the test results, Notwithstanding the
irregularities in the data, the 1204 day strength values are

higher by over 100 psi than the values obtained at 30 days.

44~
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TABLE 7 - SPLITTING TENSILE STRENGTH AT ROOM AND ELEVATED TEMPERATURES

Age at Test,

8pecimen Date of Test, Time in Time in Temperature Welight 8plitting Tensile
Number Mo.~day-yr. Days Fog Room, Oven‘ at Test, at Test, Btrength
. Days’® Days F 1b pei
3IK4-26 6-21-75 30 30 0 73 29.73 412
3Kk4-29 6-21-75 o 30 0 73 29.69 418
4.5K8-26 6-21-75 30 k)] 0 73 29.67 457
4.5K48-29 6-21-75 30 3o 0 73 29.6) 522
IK9-2 12-2-715 . 194 194 0 13 29.94 548
IK9~10 12-2-75 194 194 0 73 29.72 513
4,.5K9-2 12-2-75 194 194 0 73 29.46 622
4.5K9-15 12-2-75% 194 194 [ I 73 29.62 644
3K7-28 1-19-76 240 240 0 n 28.35 470
4.5K7-29 1-19-76 240 240 0 73 28.19 550
IK?7-7 5-17-76 361 361 0 73 29.41 451
4.5K7-28 5-17-76 3161 35l 0 73 29.36 525
JKe-28 3-31-717 679 679 0 73 29.68 519
4.5KB-29 3-31-717 €79 679 0 73 29.56 525
JK4-15 11-18-77 880 880 0 73 29.58 491
4.564-12 11-18-77 880 880 0 k) 29.53 592
3Kk8-18 9-7-78 1204 1204 0 73 512
JKe-23 9-T7-78 1204 1204 0 13 561
4.5KB-5 9-7-78 1204 1204 0 73 591
4.5KB-13 9-7-78 1204 1204 0 73 . 642
IK3I-3 12-4-75 196 193 3 250 29.23 502
IK3-7 12-4-75 196 193 k) 250 29.51. - 550
4.5K3-1 12-4-75 196 193 k 250 28.70 547
4.5K3-7 12-4-75 196 193 k] 250 28.71 529
3Ke~-1 12-11-75% 203 193 10 250 27.74 476
IK8-4 12-31-75 203 193 10 250 27.68 476
4.5K8-2 12-11-75 203 193 10 250 27.94 568
4.5K8-3 12-11-75 203 193 10 250 27.8)3 499
IK7-3 12-31-75 223 193 3o 250 434

27.29

'Specimens in fog room at -1008 relative humidity and 73F

gpecimens tested at 250, 350, and 450F heated in oven &t 75F/day to test temperature

Q7 -0-0Hd
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TABLE 7 (con'd) - SPLITTING TENSILE STRENGTU AT ROOM AND ELEVATED TEMPERATURES

Weight

Specimen Date of Test, Age at Test, Time in Time in - Temperature Splitting Tensile
Number Mo, -day-yr. Days ' Fog Room, Ovenl at Test, at Test, " Strength,

B Dayse' . Days . F 1b psi
IK7-1 12-31-75 221 193 30 250 27.37 453
4.5K7-1 . -12-31-75% 221 193 30 250 27.22 496
4.5K7-9 12-31-75 221 193 30 250 27.55 478
JIK4-2 2-19-76 273 193 80 250 27.84 441
IK4-5 2-19-76 271 193 80 250 27.67 423
4.5K4-1 -2-19-76 271 193 80 250 27.59 497
4.5K1-6 2-19-76 271 193 80 250 27.682 490
IKS-2 4-29-76 343 193 150 250 27.84 441
IKS-7 4-29-76 kL K] 193 150 250 28.17 498
4.5K5-1 4-29-76 M) 193 150 250 27.64 - 497
4.5K5-6 4-29-76 kLK 193 150 250 27.93 506
JK6-1 8-27-76 461 193 270 250 27.80 412
3K6-~-14 8-27-76 461 193 270 250 27.77 395
4.5K6-2 8-27-76 461 193 270 250 27.31 471
4.5K56-8 8-27-716 461 193 270 250 27.04 430
3K9-17 4-1-717 679 283 396 250 27.78 451
JK9-29 4-1-17 679 283 396 250 27.73 417
4.5K3-16 4-1-17 67% 283 396 250 27.50 460
4.5K3-26 4-1-17 679 28) 396 250 27.80 417
3K9-9 9-29-77 861 283 "~ 578 250 27.87 484
3K9~-23 9-29-77 861 283 578 250 27.76 396
4.5K3-12 9-29-77 861 283 578 250 27.82 504
4.5K3-22 9-29-77 861 283 578 250 27.57 464
JKB-26 9-1-78 11489 276 922 250 408
JK8-30 9-1~-78 1198 276 922 250 400
4.5K9-5 9-1-78 1158 270 928 250 3713
4.5K9-29 9-1-78 1198 270 928 250 491
IRI-H 12-5-75 197 193 4 350 28.589 495
12-5-75 197 193 4 350 20.37 546

IKI-11

‘Speclmens in fog room at 100% relative humidity and 73F

'gpecimens tested at 250, 350, and 450F heated in oven ay 75F/day to test-temperature

8¢-0-0HYd
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TABLE 7 (con®d) -~ SPLITTING TENSILE STRENGTH AT ROOM AND ELEVATED TEMPERATURES

Specimen Date of Test, Age at Test, Time in Time in Temperature Welght Splitting Tensile
Number Mo.-day-yr. - Days Pog Room, Oven‘ at Test, at Test, Strength,
‘ pays' . Days F ib pal
4.5K3-11 12-5-715 197 193 4 350 27.55 498
4.5K3-1$ 12-5-178% 197 193 4 350 27.65 576
IK4-4 12-11-75 203, 193 10 350 27.75 450
IR4-14 12-11-75 203 193 10 3150 27.71 392
4.5K4-10 12-11-75 203 193 10 350 27.74 515
4.5K4-14 12-11-75 203 193 10 350 27.80 511
3K5-8 12-31-75 223 193 30 350 27.94 478
3K5-12 12-31~-758 22) 193 30 350 27.94 496
4.5R5-10 12-31-75 223 193 30 350 27.65 470
4.5K5-14 12-31-7% 22) 193 30 350 27.4) 499
3K6-6 2-19-~-76 273 193 80 350 27.54 390
JK6-8 2-19-76 273 193 80 350 27.61 389
4.586-7 2-19-16 2713 193 80 350 27,06 427
4.5K6~12 2-19-76 273 193 80 350 *27.24 400
3K7-9 4-29-76 343 193 150 350 27.11 375
3K7-14 4-29-76 34] -193 150 350 26.9) 38l
4.5K7-12 4-29-76 34 193 150 350 27.117 393
4.5K7-15 4-29-76 343 193 150 350 26.99 412
Ix8-6 8-27-76 463 193 270 350 27.66 409
3Ke-14 8-27-76 463 193 270 350 27.39 395
4.5E6-14 8-27-76 463 193 270 350 27.61 424
4.5E8-15 8-27-76 - 463 193 270 150 27.54 435
3K6-26 4-1-77 679 276 401 350 27.75 435
IK6-27 4-1-77 679 276 403 350 27.65 393
4.5K6-24 4-1-17 6719 276 403 350 27.35 433
4.5K6-27 4-1-717 679 276 40) 350 27.07 380
3K7-10 9-30-77 861 276 585 350 26.97 34
IK7-24 9-30-77 861 276 585 350 27.42 380
4.5K7-5 9-30-77 276 585 350 27.17 459

'8C-0-0HY

‘specimens in fog room at 100% relative hnmldlty and 73F

Ispecimens tested at 250, 350, and 450F heated in oven ay 75F/day to test temperature
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TABLE 7 (con‘'d) - SPLITTING TENSILE STRENGTH AT NOOM AND ELEVATED TEMPERATURES

of Test Aga at Test, Time in Time in Temperature Welight splitting Tenslle

s£:;é::n D;:?-day-yr.' 9 Days Fog Room, Oven‘ at Test, at Test, Strength,

. Naya' Dayse P " 1b psi
4.5K7-17 9-30-77 861 276 505 350 27.01 441
IK7-6 ’ 9-5-78 1202 276 926 350 27.19° 424
3IK7-27 %-5-78 1202 276 926 350 424
4.5K7-2 $-5~78 1202 276 926 350 27.31 394
4.5K7-27 9-5-78 1202 276 926 350 . 378
3IK4-17 12-11-7S 203 197 6 450 27.52 393
IK4-18 12-11-75 203 197 6 450 27.64 392
4.5%4-19 12-11-75 203 197 6 450 27.69 469
4.5K4-23 12-11-75 203 197 6 450 27.56 477
IKS5-13 12-18-78 207 197 10 450 28.14 425
IK5-17 312-15-75 207 197 10 450 27.86 387
4.5K5-23 12-15-75 207 197 10 450 27.37 424
4.5K5-27 12-15-75 207 197 10 450 27.53 463
3K6-10 12-23-715 @15 197 18 450 27.92 © 392
3K6-19 12-23-1715 il5 197 18 450 27.47 399
4.5K6-19 - 12-23-75 15 197 18 450 27.29 440
4.5K6-20 12-23-75 215 197 18 450 27.15 407
3IK7-20 1-7-76 130 197 3 450 26.80 387
IK7-22 1-7-76 330 197 33 450 27.03 407
4.5K7-19 1-7-76 130 197 33 450 26.92 436
4.5K7-23 1-7-76 130 197 "33 450 26.73 425
3KB-13 2-3-76 as57 197 60 450 27.44 396
IK8-24 2-3-76 257 197 60 450 27.37 355
4.5x8-18 2-3-76 57 197 60 450 27.64 - 426
4.5K8-23 2-3-76 257 197 60 450 27.30 416
IK9-11 3-15-76 297 197 100 450 27.5) 393
JK9-12 3-15-76 197 197 100 450 27.62 396
4.5K9-14 3-15-76 297 197 100 450 27.28. 396
4.5x9-24 3-15-16 297 197 100 27.54 409

450

87-0-0Hd

‘Spacimens in fog room at 1008 relative humidity and 73F

!specimens tested at 250, 350, and 450F heated in oven ay 75F/day to test temperatuka



TABLE 7 (con'd) - SPLITTING TENSILE STRENGTH AT ROOM AND ELEVATED TEMPERATURES

Pime ipn

Splitting Tensile

pec imen Date of Test Age at Test, Time in Temperature Welight
skzﬁbe: Mo.-day-yr.. ’ Days Fog Room, Ovan’ at Test, at Test, Strength,
: : pays' Days ©F ib psl
IK4-24 5-24-76 - 367 197 170 450 27.60 349
JK6-186 5-24-76 367 197 170 450 27.61 391
4.5K5-25 5-24-76 367 . 197 170 450 27.40 410
4.5K6-29 5-24-76 367 197 170 450 27.18 390
3IK3-13 9-30-76 497 197 300 450 20.41 433
3K3-17 9-30-76 497 197 3oo 450 28.11 424
4.5K3-17 9-30-76 497 197 300 450 27,39 425
4.5K3-18 9-30-76 497 197 3oo 450 27.54 451
IK3I-26 3-31-77 679 270 409 450 28.27 357
IK3-27 3-31-717 679 270 409 450 27.25 391
4.5K3-2 3-31-17 679 270 409 450 27.59 424
4.5K3-22 3-31-77 679 270 409 450 27.91 407
IK4-7 9-29-17 861 270 591 450 27.44 285
IK4-~-1D 9-29-717 . B6L 270 591 450 27.51 264
4.5K4-13 9-29-77 861 270 591 450 27.40 " 355
4.5K4-19" 9-29-717 86% 270 591 450 27.36 347
IKS—4 9-6-78 1203 283 920 450 27.60 261
JK5-10 9-6-78 1203 283 920 450 27.73 ky2
4.5K5-2 9-6-78 1201 283 . 920 450 27.39 341
4.5K5-13 9-6-78 1203 283 920 450 366

27.44

'gpecimens in fog room at 100\ relative humidity and 73F

’Spéclmena tested at 258, 350, and 4SOF heated in oven ay 75F/day to test temperature

87-0-0OHd
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Figures 15, 16, and 17 show the effect of heat soaking the
specimens at temperatures of 250F, 350F, and 450F for over
900 days. Although there were some crossovers in the data,
generally the tensile splitting strength of the mizxes decreased
with inéreased»time at elevated temperatures. Generally, the
splitting tensile strength decreased with temperature. The
greatest decrease was obtainedlat the 450F level. For the 3K
mix, the splitting tensile strength was 295 psi after 920 days
in'the oven, This compares with an initial value prior to heat-
ing of .about 460 psi. Splitting tensile strength of the 4.5K
mix dropped from an initial value of 540 psi to a final value
of 352 psi.

Compressive Strength

Compressive strengths of the two concrete mixes deter-
mined at 73F on moist-cure cylinders are shown in Fig. 18 and
given in Table 6. Generally, compressive strength. increased
with age. The greatest increase was betweeh 30 ‘and 200 days.
Beyond this point, the increase was much smaller. This type of
strength increase is normal for these concrete mixes., Figure 19
shows a rep:esentativé age-streﬁgth relationship for moist-cured
concrete expressed as percentages of that obtained at 28 days.
This curve represents results of many tests obtained over a
period of years at the Portland Cement Association. It cﬁn be
seen that the most rapid increase in strength occurs during the
first 180 days of the period. Beyond that point, strength

increases at a much slower rate.
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Figures 20, 21, and 22 show compressive strength test data.
for the 3K and 4.5K mixes heated at 250, 250, and 450F for
about 920 days. These data are also given in Table 6. For the
most part, the compressive strength_data is very erratic. For
the 3K mix, strength decreased with increasing age at all three
temperatures with the exception of the data at 4S0F between 100
and 400 days of exposure to heat. Generally, the compressive
strength of the 4.SK concrete decreased with. increasing time at
elevated temperaturés.: This trend is most pronounced at the
450F temperature. . |

Strength decreased also with increasing temperature. The
decrease was most pronounced at 450F. - The lowest strength
values obtained wé:e those after about 920 days at 450F. It is
interesting to note that even after over 900 days exposure at a
temperature of 450F, the coﬁpressive strengths of both mixes
barely decreased below the specification levels of 3000 and
4500 psi. | |

Reasons for the fluctuations in some of the test data,
particularly the compfessive strength data, are not clearly
defined. Some variations in test results are probably due to
testing at elevated temperatures. Usually, test results
obtained at elevated temperatures show more scatter than those
obtained at room temperature.

.The greatest difficulty in analyzing the data probably .

results from batch~to-batch and in-batch variations in the
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original strength of the specimens. Tests were made .on two

‘ cylinders of each of the batches of the 3K and 4.5K mixes after
879 days of moist-curing to determine the room temperature
strengths.

For the 3K mix, strengths varied from about 4200 to 6200
psi; for the 4.5K mix, variations in strength were from about
5100 psi to around 7200 psi. In-batch variations ranged from
about 200 psi to 1300 psi. Undoubtedly, these variations in
strength affected. the test results. It is possible that these
variations in strength are masking the indicated downward trend
of compressive strength with increasing time of exposure to
elevated temperatures. - For example, if the 3-day strengths were
determined on cylinders having compressive strength at the lower
range of ini;ial strengths, arid the 900-day strengths were
determined on cylindeis having initially high compressive
strengths, the-effecﬁ of exposure time and temperature on .the
compressive strength would be difficult to évaluate.

Petrographic and Fractographic Analyses

Detailed information concerning the petrographic and fracto-
graphic work is given in Appendix 2. A summary of the major
findings of these analyses follows.

Petrographic Analysis.

Samples of 28 cylinders of laboratory-prepared concrete,
stored at various temperatures for different lengths of time,

were examined with a polarized light microscope and stereomicro-
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scope to determine the microstructural effects on the paste and
the paste-aggregate bond. An attempt was made to discern the
progressive chénges in microcrystalline texturé of the paste as
functions of duration and temperaﬁure of storage. The duration
of storage ranged from -3 to 270 days.  Temperatures were 250F,
350?,.and 450F.

From the test, it was concluded that calcium hydroxide bire-
fringencies showed no clearly defined correlation with tempera-
ture of storage. A "t" test for.significant difference between
the 250F andA350F data when compared with the 450F data gives
a value of 1.28. This suggests the possibility that a real dif-
ference exists, but implies the necessity for additional data.
In terms of storage time, samples stored»ét 270 . days. revealed
relatively high birefringencies. A "t" test for significant
difference in the birefringencies of the 1 to 100-day samples
as compared with 150 to 270-day samples results in a value of
1.37. This again suggests a defined relationship and need for
additional data. ‘

Both "t" tests show correlations at a 90% probability level,
but better relationshiés are required.

The . fractured surfaces of the petrographic samples were
broken with a hammer and revealed an obvious weakening of the
paste-aggregate bond. It appeared that a significant reduction
of the strength of the paste-aggregate bond occurred after

cooling and returning to room temperature conditions.
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Fractographic Analysis -

Fractured surfaces of 202 cylinders broken by compression
and by splitting tensile methods were examined. The cylinders
represented concrete stored at various lengths of time at tem-
peratures of 73, 250, 350, 450F..

Data obtained from this examination suggests the possibility
of major effects of both temperature and time on the type of
fracture produced in compression.and splitting tensile tests.
However, the fractographic examination was .conducted after the -
cylinders had cooled. to room temperature. Cooling probably '
produced a poorly understood relaxation effect on the paste- -
aggregate bond. This may have weakened the concrete. Results ..

are inconclusive at. this time.

SUMMARY

The following observations are based on results of tests on
6-in. diameter.x 12-in. long cylinders of 3K and 4.5K Hanford
concrete mixes. |

Tests were made to determine modulus of elasticity and
Poisson's ratio. These constants were determined at room tem-
perature using sonic (dynamic) and static test methods. Ele-
vated temperature tests were made using the static method.
Compressive‘%trength and splitting tensile strenth were also
determined by the static test method at room and elevated
temperatureg. Petrographic énd fractographic analyses were

made on cylinders that were tested at room and elevated
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temperatures. These anaiysés were made -after the concrete had
cooled to room temperature.‘

1. The modulus of elasticity of moist<cured speci-
mens increased with age. BEigher values.wereuobtained.for.,
the 4.5K mix. Also, higher values were obtained by the
sonic method.

2 The modulus of elasticity of each concrete mix
decreased with inc;easing exposure time to elevated tem-
peratures., The largest dec:eaéé occurred during the first
30 days of exposure..

3. The modulus of elasticity decreased with
increasing temperature. At 250F, after over 900 days of
exposure, moduluszvalueé~averaged only about 50% of the
initial values. At 350F, final average modulus values were
45% of'the‘iniﬁial values. After over 900 days exposure aﬁ
450F, modulus values for the two concréte mixes were only
30% of the initial wvalues.

4. With the exception of the data at 240 days, values
of Poisson's ratio obtained for both concretes by the sonic
method remained relatively constant over the 1204 day moist-
cure exposure period at 73F. Values obtained were slightly
higher for the 4.5K mix than for the 3K mix.

5. Poisson's ratio obtained by the static method on
room temperature specimens moist-cured for 1204 days
increased slightly with increasing age. Higher values were

obtained for the 4.5K mix than for the 3K mix. Values
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ranged from about 0.15 to 0.19. Values obtained by the
static method were smaller than those obtained by the sonic
method.

6. Elevated temperature Poisson's ratio data were
very erratic with<numerous crossovers in the curves for the
3K and 4.5K mixes. BHigh temperature values for Poisson's
ratio varied betwéen 0.10 and 0.14. In general, age and
tempefature did - not have a large effect on the values
obtained for Poisson's ratio. -

7. For both mixes, splitting tensile strength at
room-temperature.increased~rapidly up to 200 days and then
decreased to about 350 days. - Beyond this point, strengths
either levéled'off or -increased.

8. Althoughvtheté-was some fluctuation in the data
at the three elevated test temperatures; generally the
tensile splitting strength of both mixes decreased with -
increasing age and higher temperature. The largest
‘decrease in splitting tensile strength was obtained at the
450F temperature, after over 900 days of exposure.

9. Compressive strength obtained from both c¢on-
cretes moist-cured at 73? for 1204 days ‘increased with
increasing age. The most rapid strength increase occurred
during the first 200 days.

10. qupressive strength test data for the two con-
cretes heated at 250F, 350F, and 450F were very err;tic. |

For most cases, strength decreased with increasing time of
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exposure and also decreased with increasing temperatures.
The lowest values obtained were at 450F after over 900 déys
exposure. It is significant to note that after this
extended period of exposure  to thése-elevated temperatures,
compressive strengths of both mixes were barely below the
specified minimum levels of 3000 and 4500 psi.

11. Samples of both concretes stored from 3 to. 270
days at 250, 350, 450F were examined to determine the. micro-
structural effects of temperature and duration of exposure
on the paste and paste-aggregate bond. Prom these studies
it was concluded that calcium hydroxide birefringencies
showed no clearly defined correlation with temperature of
storage or with length of storage.

12. Data were obtained from the fractographic
examination of over 200 cyliqders broken in compression or
by the split tensile method.' These results suggest the
possibility of major effects of both temperature and time
of storage at these temperatures on the .type of fracture
produced. These tests were performed on cylinders exposed
for various lengths of time to temperatures of 73F, 250F,
350F, and 450F. Since the fractographic efamination was
condqcted after the cylinders had cooled to room
temperature, it appears that a poorly understood relaxation
effect on the paste~aggregate bond due to cooling may have
weakened the concrete. Thus, it was difficult to interpret

the results of the fractographic examination.
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PETROGRAPHIC ANALYSIS OF HEATED TEST SPECIMENS

Samples of 28 cylinders of lab-prepared concrete,
'stored at various temperatures for different lengths. of
time, have been studied with a polar;zed-light microscope- -
and stereomicroscope to determine the microstructural effects
‘on the paste and the"paste-aggregate'bond; An attempt was
made to discern the'progressive changes in microcrystalline
texture of thé pastes as functions of duration and tempera-
ture of storage. Duration of storage ranged ffom 3 to 270"
days (after a 193-day initial cure at 73F and 100% RH). Tem- -
peratures were 250, 350 and 450F. |

METHODS

Cylinders representing épecified time and tempera-
ture combinations were withdrawﬁ from storage'ovens and,
after a few hours of cooling in the lab atmosphere, a
 2.5 cm-thick élice was cut transversly on a water-cooled
saw. A small block cut from the interior of the slice
4with an cil-cooled saw, was lapped dried at 50°c, and
mounted on standard éetrographic glass slides with epoxy .
Thin sections were ground to approximately 10-20-microns thick-
ness and protected with cover glass loose-mounted in epoxy. .
The thin sections were labeled and most were'numericélly'
coded so that they could be described without prior bias
as to duration of storage and temperature.

Optical properties of any solid material are
functions of chemical composition and conditions of for-

mation (temperature and pressure). After genesis, some phases
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- are thermodynamically sensitive to changes in these con-
ditions, with consequent changes in some -optical properties.
Calcium hydroxide, one of the principal hydration products
of portland cement, normally occurs in crystal sizes large
enough for optical examination in polarized light and
determination of birefringence.

Birefringence is the numerical difference between
the maximum and minimum indices of refraction of an anisotro-
pic crystalline solid and can be related to the crystal

thickness (thin-section thickness) in the following equation:

t = I35 /B
where
A = wavelength of transmitted light in millimicrons (540)
8 = degrees of analyzer rotation on the microscope
B = bi:efringence'of the crystalline ‘solid
t = thickness

Assuming @ quartz birefringence of. .009, thickness
of the concrete thin section was détermined by. averaging
Several measurements of 8 on 6 to 8 grains of quartz. Using
" this calculated value of thickness, the average birefringence
of calcium hydroxide in the same thin section was determined
by examinétion of 8 to 10 crystals in the portland cement
paste of the concrete. Birefringence data are given in
Table 1.

Data groups in terms of temperature and duration

of storage are presented in Table 2.
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DESCRIPTION OF THE CONCRETE

Coarse aggregates in the concrete are principally -
basalt, dolerite, and gabbro, with lesser amounts of
quartz,jplagiéclose, and biotite gueiss. Fine aggregates
are fragments of the above-mentioned rocks; and in addition, -
metasandstones of various types, metagquartzite, quartz
diorite, and argillite. No reaction products of potentially
reactive aggregates were noted.

The paste, which is formed by the combination
of water and cement contains, in additién'to hydration
products, unhydrated portland cement grains (UPC's) and
air voids. Hydration products are primarily calcium sili-
cate hydrates. and calcium-hydroxide, the latter having
crystals large enough in normal concrete for determination
of dptical properties.

Calcium hydroxide occurs in pastes as 1) . aggre-
gate fringes, - 2) ‘concentrations in"the'pasté, 3) finely
dispersed4amids£ other hydration products, and 4) air-
.void fillings. Only the first two occurrences are con-
sidered in this report. Calcium hydroxide, in pure form,
is assumed to have the properties listed in Taylor (1964)

p. 352: |
| Hexazonal system ‘
Refractive indices of 1.573 and 1.545
Birefringence = 0.028
It is clear that the birefringence determined

for calcium hydroxide in the present report does not equal

~Al=3~
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-

*
that stated by Taylor, even for the "control" specimen

(thin section No. 2).
The products of'hydration,are aggregated in
paste to form a microcrystalline mosaic-an intimate inter- .
. growth of principally calcium silicate hydrate and -calcium
hydroxide -'the‘amounts'of~which'are<determinedAlar§ely
by the quantities of cement and water. Individual-cr&stals
comprising the microscrystalline mosaic are normally in
the range of 0.1-10.0 microns, with a submicron average.
The average size is beyond;re§olution in a polarized-light
microscope, thus all of the calcium hydroxide birefringence
measurements in the present study were made on relatively
large,‘probébly impure crystals or groups of crystals. |
| It is thought that the nodal crystal sizes of
calcium silicaté hydfatevand calcium hydroxide would show
progressive changés with temperature and duration of
storage. However,; because of the small érystalASize and
optically indefinite crystal boundaries, measurements could
' not be reliably made. Perhaps, examination of a poiished
and etched.surface.wiﬁh a scanning electron microscope (SEM)
would show progressive changes in crystal size. .The SEM
allows only observation of size and morphology (form) to the
exclusion of other optical propertieé, thus the method
has some limitationms. |
During sample prepération for thin sectioning,

slight differences .in tenacity of paste-aggregate bond were

*Taylor, H.F.W., Chemistry of Cements, Academic Press, New
York, 1976 ‘ o
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noted. Thus, using tﬁe categories given below on hand speci- -
mens (slices 2.5-3.0 in. ﬁhiék) broken with a small hammer,
the relative differences of paste-aggregate tenacity were
deterﬁinea.

Rank.

1.0 all‘coarsé aggregates sheared -
2.0 most sheared, a few not broken
3.0 approximately equal~§ropdrtions of sheared
and non-broken aggregates |
4.0 most aggregates not sheared (pullouts common),
but a few aggregateé broken
5.0 -All coarse aggregates remain unbroken
(pullouts abundant)
Of 40 samples examined . (Table 3), tenaéity of
the paste~aggregate bond average$r4.62(std. dev. = 0.52),
thus in almost all of the samples pullouts and unbroken
aggregates characterize the hammer-fractured ‘surface. - Samples
giving relatively low values are:
' 4.5K/350°/4days~ 3.0
3K Control- - 3.2 (no heat treatment)
3K/450°/6 days - 3.5
Thus, it appears that significant reduction of the
strength of the paste-aggregate bond oécurs after cooling and
returning to room temperafure conditions.
Air contents, estimated on broken surfaces of 40

cylinder samples have én average of 2.8% (std. dev.= (.86%).
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Comparatively high tenacity values generally correlate with
relatively high air contents.

CONCLUSIONS

Calcium hydroxide birefringences show no clearly
defined correlation with temperature of storage, judging
from the averages given in Table 2. A "t" test for a signi-
ficant difference between the 250 + 350F vs. 450F data gives
a value of 1..28 which suggests the possibility that a real
differgncé exists, but implies the necessity for additional
Adata. In terms of storage times, samples stored fof 270
days revealed relatively high birefringence. A "t" test for
significant difference in.thé birefringences of the 1-100
days vs. 150-270 day samples results in a value of 1.37
which, again, suggests a poérly defined relationship and the
need for additional data. Both "t" tests show correlation at.
90% probability-level, buﬁ better relationships are. usually
reéuired. ’

Examination of the fracture surfaces of samples
broken with a hammer reveal -an obvious weakening of the
paste aggregate bond. Aéparently, desiccation of the concrete
‘during storage for appreciablg ;engthS»of time at moderately
high ﬁemperatures dehydrates the cement hydration brodugts,
resulting in submicroscopic contraction of the paste, and
consequently weakening its bond with aggregate after cooling.
' An additional factor coﬁtribﬁting to rupture of the bond may

be related to relaxation of thermally induced stresses arising
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from differential expansion of various aggregate minerals.

at the paste contact.
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TABLE 1

THIN SECTION LIST AND BIREFRINGENCE OF CALCIUM HYDROXIDE

Code No. Concrete - Temperature:. Time . . ‘Average
‘ F___ Days Birefringence
1 4.5K 450 100 | .0125
2 3K - Control ' .0202
Specimen
3 3K 450 100 ~ .0108
4 4.5K . 450 6 .0208 -
5 3k : 450 6 L0159
6 3K 350 4 .0120
7 4.5K . 350 4 .0197
8 3K . - 350 ° - 150 .0113
9 3K 250 150 .0142
10 4.5K - 250 , 3 . .0173
11 3K 450 10 .0091
12 3K 250 3 .0178
13 3K. 450 170 .0179
14 4.5K . 450 - 10 - . . .0117
15 4.5K 350° 150 .0203
16 N 3k 250 100 .0187 -
17 . 4.5k " 450 170 ~ .0187
18 4.5K : 450 * 60 .0117
19 _ 3K 450 60 .0090
20 4.5k . 250 . 150 .0087
21 , 3K : 250 . 3 - .0186
22 4.5K 250 100. .0123
23 . . 3K 350 . 270 .0160
24 . _4.5K . _ .250 . .270 .. . .. .0182
25 3K 250 270 .0176
26 4.5K . 350 270 .0198
27 4.5K . 450 270 .0202

28 3K . 450" 270 .0123
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TABLE 2

250F 350F 450F
.0142 .0120 .0125
.0173 . .0197 .0108
.0178 .0113 .0208
.0187 .0203 .0159
- .0087 .0160 .0091
.0186 .0198 .0179:
.0123 n=6¢6 . 40117
.0182 o = .0041 .0187
.0176 X = .0165 .0117
n =9 ' .0090
= ,0035 .0202
= .0159 .0123
n= 12
g = .0043
x = .0142
60-100 days - 150=-170 days
.0125 .0l13
.0108 .0142
.0187 . .0l79
.0117 .0203
.0090 .0187
.0123 .0087
n==s ‘n=26
¢ = .0032 g = .0046
x X = .0152

= ,0125

eAl=9g- .

- BIREFRINGENCE VS. TEMPERATURE AND DURATION OF STORAGE

270 days

..0160
.0182
.0176
.0198
.0202"
.0123
n==a

o= .0029

x = .0174



Specimen No. .

4.5K 350/44
3K Control
3K 450/64 ..
4.5K 350/808
4.5K 250/34
3K 350/44
4.5K 450/64 .
3K 250/1504 -
4.5K 250/6
3K 450/184
4.5 450/184
3K 350/104
4.5K 450/104

4.5K- 45071004 -

3K 450/101d
4.5K250/150d
4.5K 350/1504
3K 450/33d

3K 450/ -
4.5K 450/60d
4.5K-350/30d
3K 250/6d

3K 250/80d
4.5K 350/10a
3K 350/304
4.58 250/30d.
3K 250/30d

3K 350/1504
4.5K 450/1704
3K 450/604
4.5K 250/804 -
3K 350/804
4.5K450/334-
3K 450/10d
4.5K 250/270d

4.5K 350/2704
" 3K 250/2704 .

3K 350/2704
4.5K 450/270d
3K 450/270d

RHO-C-28

TABLE 3

“AIR CONTENT AND TENACITY

" Estimated
Air Content-%

Fracture Surface

W

e o s 2 8 o ¢ ¢ o fae bl

Q

»®

NWWHENMNNWWW &

wn

0 00

o

5
5
4.75
S
: 4.75
4.75 (bubble clusters)
4.75 (bubbles around aggregates)
4.75
4
5 .
4.75

5 (lapped)
5 (lapped)

4
4

e « LTULYLTBWLY

5 (bubbles around aggregates)
. ‘ 5 .

4.78

5"

L ]
e o s e, 0 o

un NNt o oo
o

= 4.6

"
]
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FRACTOGRAPHIC ANALYSIS OF BROKEN TEST SPECIMENS

Fracture surfaces on 202 c¢oncrete cylinders broken
by compressive or split tensile methods have been examined.
The cylinders represent concrete stcred'for various lengths
of ;ime at'tempe;atures of 70, 250, 359, and 450F. Each
fracture surface was categorized with thelfollowing numerical
scale: ) _

1. Aggregates sheared, very few puliouts

2, Méét'aggregates broken, some  not ‘

3. Sheared‘and unbroken aggregates about.equal

4. Some aggregates broken, pullouts abundant

5. Very few aggregates broken, pullouts very

abundant. See photos.

Observational data are given in Table I.

Relationship of Fracture Surface to Temperature
Comparison of types of fracture surfaces produced
in compression and split tensile tests, using a t-test on-
average ‘values, indicate significant differences between
compressive test surfaces at 70F and thoec at 450F (95% level).
Insignificant differences, determined in the same

way, are indicated for surfaces produced by split tensile

test (70F and 450F).

Inspection of the data in Table I éuggests obvious
differences in compressive vs. spiit tensile surfaces.

The typical surface pro&uced in compressive shows a relatively

=Al-11l- .
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large number of pullouts and few broken aggregates (Ave~=
4.60). 1In contrast, the surface produced by the split-
tensile test reveals comparatively fewer pullouts and‘more
broken aggregates (Ave = 3.63). Average standard deviations:
for compressive and tensile test data are 0.17 and 0.05,
respectively, indicating relative uniformity in the temnsile
test -data.

Relationship of Fracture Surface to Duration of

Storage

Date presented in Table 1 we:e-grouped into two
storage. categories: 4 to 101.days of storage and 150 to
679 days of storage. Fracture surfaces produced by com-
pression tests are not significa#tly different at the 95%
probability level, using a t-test, for concrete in both
storage categories. |

Avérage compressioﬁ test values are 4.58 and
4.63 for the 4 to- 101 day and 150 to 679 day categories,
respectively.

Fracture surfaces formed in the split tensile
test ggg significantly different at the 95% level, using
the same caéegories and statistical test.' Averégé valueé
are 3.57 énd 3.76 for the 4 to 101 day and 150 to 679 day
categorieé, respectively.

CONCLUSIONS

These data suggest the possibility of major

effects of both temperature and time on the tyﬁé_of fracture

-Al-12-
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produced in compression and split tensile tests.  However,
all the tests were conducted after £he cylinder had cooled
to room temperature, thus, possibly producing a poorly =
understood “relax&tion" effect in the paste-aggregate bond,
and weakening the concrete.  Partial elimination of cement
water of hydration and subsequent paste recrystallization
may account_for,stréngth decrease with time and temperature.
Recrystallization normally involves:an increase in crystal
size but this was not observed by thin-section microscopy.
Use of a scanning eiectron microscope may yield conclusivé

data.
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Photo 1 - Compression Test Cylinder 45K 4-28,
stored at 70F for 30 days, with a
fracture surface rating of 4.6.
Note numerous sockets (pullouts)
and relatively few broken aggre-
gates.

Photo 2 - Split Tensile Test Cylinder 45K 4-29,
stored at 70F for 30 days, with a
fracture surface rating of 3.5 Two
centimeter scale.

=Al-1l4~-
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Photo 3 - Compression Test Cylinder 45K 3-21,
stored at 450F for 487 days, ranking
4.7 on the relative scale and showing
mostly pullouts and very few broken
aggregates. Two centimeter scale.

Photo 4 - Split Tensile Test Cylinder 45K 3-22,
stored at 450F for 487 days, which
ranks 3.7 on the fracture surface
scale and shows abundant pullouts.

=Al-15~
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Photo 5 - Compression Test Cylinder, 4.5K 5-9,
moist cured for 679 days, with a
fracture surface ranking of 3.6.
Note relatively numerous broken
aggregates.

Photo 6 - Split Tensile-Test Cylinder, 4.5K
8-29, moist-cured for 679 days.
Fracture surface has relatively
few pullouts and many broken aggre-
gates, with a ranking of 3.5 on the
relative scale.

“fl=]l6~
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TABLE 1

FRACTURE SURFACES ON TESTED CYLINDERS

-Al-17-

Cylinder No. Temp/Days " Compression ' Split Tensile
45K 4-29 70/30 . - 3.5
45K 4-26 70/30 - - 3.5
3K 4-28 ©70/30 - 4.6 -
3K 1-4 70/71 4.0 -
3K 4-26 70/30 - 3.5
3K 4-30 70/30 . 4.8 -
45K 6-28 70/361 ' 4.7 -
45K 4-29 70/30 - j - 3.7
45K 1-11° 70/71 - _ 3.5
45K 2-15 70/71 - 3.7
3K 6-28 . 70/361 4.5 -
3K 7-7 70/361 - . 3.7
45K 9-1 70/194 4.5 -
3K 9-1 70/194 4.0 -
3K 9-3 . 70/194 4.8 -
45K 9-3 70/194 4.8 | -
45K 9-15" 70/194 - 3.3
45K 9-2 70/194 - 3.5
3K 9-2 70/194 - 4.2
3K 9-10 70/194 - 4.5
3K 1-5 70/34 4.5 -
45K 2-7 70/34 4.0 -
3K 1-7 70/34 4.0 -
3K 6-25 70/240 4.6 -

3K 7-28 70/240 - 4.0
45K 6-25 70/240 4.0 -
45K 7-29 70/240 - - 3.4
3K 5-5 250/150 4.7 -
3K 5-2 250/150 - 4.0
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TABLE 1 (CONTINUED)

FRACTURE SURFACES ON TESTED CYLINDERS

Cylinder No. = Temp/Days Compression Split Tensile
3K 5-3 250/150 4.8 | -
3K 5-7 250/150 EE : 4.0

45K 5-5 . - 250/150 4.7 -
45K 5-1 ' 250/150 . - 3.8
45K 5~6 . - 250/150 - _ 3.8
45K 5-3 250/150 4.8 : -
45K 8-1 250/10 4.5 -
45K 8-6 . 250/10 4.5 -
45K 8-3 - 250/10 . - 3.5
45K 8-2 250/10 ' - 3.3
3K 8-3 250/10 4.7 ' -
3K 8-4 250/10 - 3.5
3K 8-1 250/10 - 3.7
3K 8-5 . 250/10 4.5 -
3K 4-3 - 250/80 4.5 -
3R 4-2 250/80 - 3.8
3K 4-1 250/80 4.7 -
3K 4-5 : 250/80 - 3.6
3K 6-4 250/270 - 3.8
3R 6-1 250/270 - ‘ 4.0
3K 6-3 250/270 4.5 -
3K 6-5 - 250/270 4.3 -
45K 6-6 - 250/270 4.7 | -
43K 6-3 - 250/270 ' 4.7 ' -
45K 6-2 250/270 - 3.5
45K 6-8 250/270 - 3.5
45K 7-4 250/30 4.6 -
45K 7-1 250/30 - 3.5
3K 7-3 250/30 - - 3.6
45K 7-3 250/30 4.8 -
45K 7-9 250/30 - 3.6

~Al-18-
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TABLE 1 (CONTINUED)

FRACTURE SURFACES ON TESTED CYLINDERS

Cylinder No. Temp/Days Compression Split Tensile .
3K 7-4 250/3 - 3.5
45K 3-5 250/3 4.6 -
45K 3-3 250/3 . -
45K 3-1 250/3 - .6
45K 3-7 1250/3 - 3.5
3K 3-3 250/3 - .
3K 3-5 - 250/3 4.6 -
3K 3-7" 250/3 - 3.5
3K 3-1 250/3 4.6 -
3K 4-8 350/10 4.5 -
3K 7-14 350/10 - 3.6
3K 4-11 350/10 4.7 -
3K 4-4 350/10 - 3.5
45K 4-11 350/10 4.3 -
45K 4-10 350/10 - 3.3
45K 4-14 350/10 .- - .
45K 4-8 350/10 4.3 -
3K 3-11 350/4 - 3.5
3K 3-14 350/4 4.7 -
3K 3-8 350/4 4.7 -
3K 3-9 350/4 - 3.5
45K 3-11 350/4 - 3.4
45K 3-8 350/4 4.7 -
45K 3-14 350/4 4.7 -
45K 3-15 350/4 - 3.4
3K 6-6 350/80 - .
3K 6-8 350/80 - .
3K 6-11 350/80 .7 -
3K 6-14 350/80 4.8 -
45K 6-7 350/80 - 3.5

-Al-19-
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TABLE 1 (CONTINUED)

FRACTURE SURFACES ON TESTED CYLINDERS

450/18

-A1-20-

Cvlinder No. "Temp/Days Compression Split Tensile:
45K 6-12 350/80 - 3.5
45K 6-11 350/80 - . -
45K 6-14 350/80 . -
45K 5=10 350/30 - 3.6
45K 5-8 350/30 4.5 -
45K 5-14 350/30 - 3.6
45K 5-11 350/30 4.6 -
3K 5-8 350/30 - 3.6
3K 5-11- 350/30 . 4.4 -
3K 5-14 350/30 4.2 -
3K 5-12 350/30. - 3.5
3K 7-14 350/150 - - 3.7
3K 7-8 350/150 4.6 -
3K 7-9 350/150 - 3.7
3K 7-11 350/150 4.8 -
45K 7-8 - 350/150 4.5 -
45K 7-12 - 356/150 - 3.7
45K 7-15 350/150 - - 3.5
45K 7-10 . 350/150 4.7 -
45K 8~15 350/270 - 3.5
45K 8-l1ll 350/270 4.7 =
45K 8-8 350/270 4.7 -
45K 8-14 350/270 - 3.7
3K 8-14 "350/270° - 3.7
3K 8-11 350/270 . -
3K 8-8 350/270 4.8 -
3K 8-6 350/270 - 4.0

45K 6-23 1450/18 4.8 -
45K 6-19 450/18 - 3.7
45K 6-17 4.5 -
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TABLE 1 (CONTINUED)

FRACTURE SURFACES ON TESTED CYLINDERS

-Al-Zl-

Cylinder No. . Temp/Days Compression A Split Tensile
45K 6-20 450/18 - 3.7
3K 6-19 450/18 - - 3.6
3K 6-23 450/18 _ 4.7 -
3K 6-10 . 450/18. . - 4.0
3K 6~-17 450/18 4.7 -
3K 7-23 450/33 4.7 -
3K 7-20 450/33 - 3.6
3K 7-17 450/33 4.5, | -
45K 7-20 450/33 . : 4.5 4 -
45K 7-23 450/33 - 3.5
45K 7-18 450/33 , 4.5 -
45K 7-19 450/33. . - 3.6
45K 6-29 450/170 ‘ - 3.7
45K 5-25 450/170 - } 3.8
45K 4-24 450/170 . 4.7 , -
45K 3-25 450/170 4.7 ‘ -
3K 3-25 450/170 . 4.8 -
3K 5-25 450/170 . -
3R 4-24 450/170 - .
3K 6-16 450/170 - .
45K 4-19 450/6 - .
45K 4-20" 450/6 4.8 -
45K 4-23 450/6 - 3.5
45K 4-17 450/6 4.8 -
3K 4-20 450/6 4.6 -
3K 4-17 450/6 - 3.6
3K 4-23 450/6 4.8 -
3K 4-18 450/6 - 3.6
3K 8-17 450/60 4.8 -
3K 8-13 450/60 - 3.6
3K 8-22 450/60 4.8 -
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TABLE ‘1 (CONTINUED)

FRACTURE. SURFACES ON: TESTED CYLINDERS

«Al=22-

Cylinder No. Temp/Days - Compression Split Tenmsile
3K 8-24 . 450/60 - 3.7
45K 8-23 450/60 - 3.5
45K 8-30 450/60 4.6 -
45K 8-18 450/60 - 3.5
45K 8-17 450/60 4.7 -
45K 9-14 450/100 - .4
45K -9-24 - 4507100 - .6
3R 9-11 450/100 - .8
3K 9-12 450/100 - .
3K 5-20 450/10 4.6 -
3K 5-13 450/10 - .
3K 5-17 450/10 - 3.7
45K 5-16 450/10 4.6 -
45K 5-27 450/10 - 3.5
45K 5-23 450/10 - 3.6
45K 5-20 450/10 .6 -
45K 3-23 450/300 - 4.8 -
45K 3-19 450/300 . -

' 45K 3-28 450/300 - 3.6
45K 3-17 450/300 - 3.
3K 3-20 450/300 - - 4.5 -
3K 3-23 450/300 4.7 -
3K 3-17 450/300 - 3.6
3K'3-13 450/300 - .
45K 6-20 350/487 4.8 -
3K 6-24 - 350/487 4.8 -
3K 6-30 350/487 .9 -
45K 6-26 350/487 .8 -
45K 8-28 250/487 .7 -
45K 8-25 250/487 . -
3K 9-20 250/487 . -
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TABLE 1 (CONTINUED)

- FRACTURE SURFACES ON TESTED CYLINDERS -~

-Al1-23-

Cylinder No. Temp/Davys Compression Split Tensile
3K 9-14 250/487 - 4.7 : -
4.5K 8-29 70/679 - 3.5
3K 8-28 70/679 - )
45K 5-9 70/679 3.6 -
3K 5-28 70/679 4.0 -
45K 3-21 450/487 . -
45K 3-27 - - 450/487 . -
3K 3-12 450/487 . -
3K 3-10 450/487 - . -
45K 3-22 450/487 - 3.7
3K 3-26 450/487 - 3.9 .
45K 3-2 450/487 - 4.0
3K 3-27 450/487 - 4.0
45K 8-26 250/487 - 3.8
3K 9-29 250/487 - 3.6
3K 9-17 250/487 - 4.0
45K 8-16 250/487 - 3.7
45K 6-27 350/487 - 3.9
3K 6-27 350/487 - 4.0
45K 6-24 - 350/487 - 4.0
3K 6-26 350/487 - 3.8
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MIX DESIGN INFORMATION
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"ACCT. MO. CR1480 AWI . '
- . -—=- THE PORTLAMD LENENT HZIOCIRTION —=—-

OLD ORCHARD RORD - ZKOKIE. ILLTNOIE .

TRBLE S - BATCH INGREDIEMTI AND PHYSICAL FROPERTIES OF CONCRETE .

MIX NO 3K 3 -~ DATE MEY

9y

-4
A

TIME 0330

fu

MATERIALS , o ) . ' , ' S
CEMENT . . . . . . . LOME 2TAR P.C CO TYPE II
FINE AGGREGARTE . . 1-3 - R .

: . . 2=-NOME -
CORRSE RAGGREGATE . 1-R -
o - 2-NOME
ADMIKXTURE. . . . . 1-DAREX RAER
. 2-MNOME
.BATCH INSREDIENTS = ‘ : L ' :
CEMENT. . . e+ « + o LBE/CU YD 932, EG3-CU
FINE HCbPEGRTE T 17 . - :
2 . . 0.
0ARSE RGGREGHTE « 1 . . 2102,
: ’ 9. L] . 0 00
ADMIKTURE. . . . . 1 . . 0.20
2 ... 0.00
.« e 277 . - GRALSACU

l}.lRTEPA. L] - o .o ' - - L]

TOTHL WEIGHT . . . . . . LB3/CU ¥D 4095.231

PHYSICAL FROPERTIES OF PLASTIC CONGRETE
SLUMP IN INCHES . . . 3.0
RIR CONTENT:PERCEMT . - 3.8
UNIT WEIGHTsLBS/CU FT . 1S51.7.

BRTCH ANALYSIS '
WATER CEMENT RATIO . . . - . .

0.
PERCENT OF FINE TO TOTAL AGEREGATE = 35.5 BY WT
2.14 PRESS

%OID3 CEMENT RATIOs BY ARS VOL

ADDITIONRL DRTA 4 A ' '

. SPECIMEN SIZE 6X12 INCH CYLINDERS CAST 27 IN SUMM
CURE MOIST CURE 73F 100RH %0 DRYS ‘
MIXER=-6 CUEBIC FOOT TILTING DRUM ‘

MIX CYCLE-S MINUTES ALL IN

59 BY wWT

¥YD. 3.30

YD 32.33

£.37 GALS-BE
37.0 RABR3 vOL
2.02 UMIT T
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" ACCT. MO. CR1430 AWI . .

-——= THE PORTLAND CEMENT AISOCIATION =——=—
" OLD DRCHARD ROAD' - SKOKIE

ILLLHDIS

TRBLE & - ERTCH INGREDIENTS AMD FHYSICAL PPUPEPTIE 0OF: L.DNLPETE

MIX MO 3K 4 . DRTE 22 MAY 75

- MATERIRLS : . :
CEMENT . . . - « o LONE 3TRR P.
FINE RbFPErRTE o o =S .
2-NONE
COARSE AGGRESATE . 1-R e
2-NONE
RDMIXTURE. . . . . 1-DRREY RER
S-MOME.

BATCH INGREDIEMTS
CEMENT . . . .
FINE RGGPEGRTE .
DDRRSE RGSREGRTE .

ADMIXTURE. . . . .

LI (VI 1V I (VI

WATER. & v v v v W

- TOTAL WEIGHT . . . . « « LBE/CU YD

PHYSICAL PROPERTIES OF PLASTIC COMNCRETE -

SLUMP IN IMCHES . . . 3.25
RIR COMTENT.PERCENT . . 4.3
UMIT WEIGHTSLBS/CU FT . 143.3

BATCH ANALYSIS
WATER CEMENT RATIO . . ' :
FERCEMT OF FINE TO TUTRL RGFRECHTE
¥YOIDS CEMENT RATIOs BY RBS vOL

HDDITIUHHL DATA

SPECIMEN 3JIZE 6X12 IHLH CYLINDERS CAIT 30 IN

CURE- MOIST CURE 73F 100RH
MIXER-6 CUBIC FOOT TILTING DRUM
MIX CYFLE-S MINUTE» ALL IN

LBIS-CU ¥D

CTIME 1030

4005 .45

(7]
m J &

90 DRAYS

(=3 ANV}
wH

o

C O TYPE 11

o
n
]
n

BRLI/CU YD 23,72

BY WT -
B WT
PRESS

UMM

5.5% GAL3/BG
37.0 ABS vOL
T2.12 UNIT WT
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PPCT NU. LPl4Rn Al T - .
-=—= THE FPORTLRMD IEMEHT H::D'IHTIUH ————
" OLD ORCHARD ROARD - SKOKIE. ILLINGIZ

TABLE 7 - BBTCH‘INGREDIENTS AND PHYSICAL PROPERTIES OF CONCRETE
MIX' NO. 3K S ‘ DATE ‘22 MRY TS TIME 1100
~MATERIALS

CEMENT . . . . . . . LONE STAR | P C CO TYPE 11

FINE RGGREGARTE . . 1-S
'~ 2-MONE

'CORRSE FA3GREGATE . 1-R
. 2=-NONE
“ADMIXTURE. . . . . 1-DRREX. RER
o 2=-NOME
BHTCH INfFEDIENT¢ ~ ' :
CEMENT . © ¢ v o 0 e o & LBQ/CU YD 494, BGS~#CU ¥YD S5.35
FIME RGbPEGHTE N S 1202 T
o 34 . 0'.
COARSE HGbREGHTE « 1 . . 2033.
2 .- 0,00
"ADMIXTURE. + . o o 1 .. 0.34
- 2 . . 2.00
'.’JHTER - e & o o e .o » - .

255.  FALI/CU YD 30.72

TOTAL WEIGHT . . . . . . LBS/CU YD 4037.03

PHYSICAL PROPERTIES OF PLASTIC COMNCRETE
RIR CONTENTSPERCENT . . 4.9
UNIT WEIGHTSLBS/CU FT . 143.S5.

BATCH AMALYSIS s T
WRTER CEMENT RATIO . . . . . 0.51 BY MT  S.34 GALS/BG

PERCENT OF FINE TO TUTRL HGHREVBTE - 3%.5. BY WT 35.92 R/BS vOL

' VDIDS CEMENT RATIO, BY ABS vOL. 2.02 PRESS 2.12 UNIT WY

ADDITIONAL DRTR
SPECIMEN SIZE &X12 INCH CYLIHDERS CAST 30 "IN ;UMM
CURE MOIST CURE 73F 100RH 20 DAYS
MIXER-5 CUBIC FOOT TILTINS DRUM
MIX CYCLE-S MINUTES ALL IN

“A2=3= .
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"RCCT. MO. CRid20 RAWI
=== THE POFTLRMD CEMENT H::DIIGTIDH ———
~ 0OLD ORCHARD FOAD - SKOKIE. ILLINOIZ |

TAELE & - BATCH INGREDIENTS AND PHYSICAL PROPERTIES OF CONCRETE

MIX NO 2K & - DHTE 2z MR%}?W : TIME 1120

= MRTERIALS . ' _ S
ZEMENT . . . -+ . LONE ZTRR P.-C CO TYPE I1

FINE HGBPEbHTE . 1= .
- 2=-NONE
CORRSE AGEREGRTE . 1-R |
. 2=-MOME
. RDMIXTURE. . . . . 1-DRREX AER
' 2=-NONE .

BATCH INSREDIENTSZ. '
LBS-CU ¥D 432, - Bi3:-CL ¥D. S.

CEMENT o v v ¢ ¢ ¢ o o & 21
FINE RSGREGHTE . . 1 . . 1172 :

. 2 . . ..
COARSE AGGREGATE . 1 . . 2071.

: : 2 . . D.00
"ADMIXTURE. . . . . 1t . . 0.33

2 . . n.090

WATER. ¢ ¢ o o ¢ o o o 250, BAL3ACL D 31.24

"TOTAL WEIGHT . . . . . . LE3/CU YD 4001.33

PHYSICAL PROPERTIES DF PLRITIC COMCRETE -
SLUMP IN IMCHES . . . 3.50 -
AIR COMTENT.PERCENT . . . S.0
UNIT WEIGHT sLBS/CU FT . 143.1

BRTCH RNALYSIS o .
WRTER CEMENT RATIO . . . . ' . .

0.52 BY WT  $.39 3AL3/BG
PERCENT OF FINE TO TOTAL AGGRESATE 35.2 EBY WT  25.5 RAES vOL
2.13 PPESS 2.24 UNIT WT

vOIDS CEMENT RATIO. BY AB3 YOL

RDDITIONAL DRTR o :
SPECIMEM SIZE 4X12 INCH CYLINDERS CRAST 30 IN 3umm
. CURE MOIST CURE ?3F 100RH 20 DRYS
MIXER=-& CURIC FOOT TILTING DRUM
MIX CYCLE-S MINUTES ALL IN

~A2=~4~
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R°CT. NO. dr14‘H AWT ' o
=—== THE FORTLAND iEMENT HT:DIIRTIUH ——
- OLD ORCHARD RORD - ZKOKIEs ILLINDIS

TRBELE 7 ~ BRTCH INGF‘.EDIEHTE‘- AMD PHYZICAL FROPERTIEZ oF COMCRETE

MIXK MO 3K 7 DRTE 22 MRY 7S TIME @330 .

»MATERIALS

CEMENT . . . . . .. LDHE STAR P.C CO TYPE IT-

2-NONE
COARSE RGGREGATE . 1-R
_2-NONE
ADMIXTURE. . . . . 1-DAREX AER
: 2-NOME
BATCH INGREDIENTS ' g
CEMENT . % . . . . . . .LB3/CU YD '434. . BG3/CY ¥D S.1S
FINE AGGREGATE . . 1 . . 1159 . -
. 2. . 0..
CORRSE AGGREGATE . 1 . . 2047,
: 2 . . 0.00.
CADMIXTURE. . . . . 1 . . 0.33
- 0.00 - ,
WRATER. & =« & & s o o o - 261. BAL3/CH YD 21.42

TUTRL'WEIGHT « ¢ « « o o LBE3/CU YD 3252.33

PHYSICAL PROPERTIES OF -PLASTIC COMCRETE.
SLUMP IN IMCHES . . . 3.0
RIR CONTENTSPERCENT . . - 5.3
UNIT WEIGHTLBS/CU FT . 145.7

BATCH AMALYSIS | .
WARTER CEMENT RPATIO . . . . . 0.53 BY WT  £.03 GALS/EBG

FERCENT OF FIME TO TOTAL- HGbPEGRTE 26.3 BY WT 35.5 ABS vOL

vOIDS CEMENT RATIOs BY RBS VOL ~ 2.34 PRESS .~ 2.3S5 UNIT uT

ADDITIONAL DARTA
SPECIMEM SIZE sX12 INFH P"LINDERS CAST 2% IN UMM
iZURE MOIST CURE 73F 100RH 20 DRYS
MIXER-5 CUBIC FOOT TILTING'DRUN
MIX CYCLE-5 MINUTES ALL IN

-A2-5-
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ACCT. MO. CR1430° AWE
=—== THE PORTLAND CEMENT ASSOCIATION --oo
OLL ‘ORCHARRD RORD - SKOKIE: ILLINOIS

TABLE /O ~ BATCH INGREDIENTS AMD PHYSICAL PROPERTIES OF :unm:s'rs
MIX MO 2K S DATE 23 MAY fs : . TIME 0310
-MATERIALS ‘ o L

CEMENT . . . . .. . . LOME STAR p C £ TYRE 11

FINE AGGREGATE . . 1-3
- - 2-NOMNE

CORRIE AGHREGRTE . 1-R
" 2=-NONE
ADMIXTURE. . . . . 1=-DRREX RER
2~-MNOME .
.BATCH IMSREDIENTS - '
CEMENT . +. « o ¢« o o « o« LBS/CU YD 431, B30 YD S.322
FINE HGGPEERTE A TP 1133 . :
2 . . d.
CDRRSEAHGGREGRTE S 2ove.
: . . 2 . 0.90
RIMIXTURE. . . . . 1 . . 0.34
. 2 e . 0.00
WATER. o« « o« o o '« s o & '

- 287, BALS-/CU ¢D 32.13

TOTAL WEIGHT . . . . . . LE3-CU ¥D 4015.02

PHY3ICAL PPDPERTIEQ aF PLR“TIC CONCRETE -
SLUMP IN INCHES . . . 3.25
RIR CONTENTPERCENT . . 4.3
UNIT WEIGHTsLBS/CU FT . 143.7

BATCH RMALTSIS o _
WATER EMENT RATID . . .. . D.54 BY T

A.19 SALS-ER
PERLENT OF FINE TO TUTRL HbfPEGRTE 3p.3 BY WT. 35.8 HRES VOL
2.2

(V]

¥OIDS CEMEMT RARTIO» BY ABS vOL 2.21 FRESS UNIT WT .

HDDITIONAL DRTR
SPECIMEN SIZE &X12 INCH CYLINDERS CAST 30 IN UMM
- CURE , " MOIST CURE 73F 100RH 90 DAYS
MIXER~-6 CUBIC FOOT TILTING DRUM
MIX CYCLE-S MINUTES ALL IN

=A2=6=



 BCCT. MO.

CR1430 AW ' '
== THE. PORTLAND RSEMEMT e::uururrun ——
OLD ORCHARD ROAD - 3

RHO-C-28

TKOKIE S

L=

ILLIHUI-

-

TRBLE {{ - BATCH INHFEDIENT“ AMD PHYVZICAL- PPUPEPTIEQ DF IUNFﬁETE

MIX MO 3K 2

MHTEPIHLb
CEMENT . .

FIME HrbRECRTE .
CORRSE HGGREGRTE .

ADMIXTURE.,

BRTCH IHbPEDIENT“

.CEMENT . .

FINE HhrPEGHTE . e

CORRZE HGBPEGHTE .

ADMIXTURE .

WRTER. . .

TBTHL WEIGHT

PHYSICAL FROPERTIES UF PLRQTIC CDNFPETE
SLUMP IN INCHES . . .

DRTE

1=-3
2-NONE. -
A-R
- 2=-NONMNE

2=MOME

. NNr\)H [ (YRS

AIR COMTEMT sPERCENT . ;A

UMIT WEIGHTSLRBS/CU FT ..

BATCH ANALYSIS

WATER CEMENT RATIO . .
PERCENT OF FINE TO TGTRL RbHREfHTE

YOIDS CEMEMT RATIO,

HDDITIB!RL DRTR

SPECIMEN SIZE

CURE -

MIXER-& CUBIC

MIX CYCLE-S

BY RBS

FOOT TILTING
MINUTES ALL IN

. LDNE THP P

.00

23 NRT, 79

C

1-DRREX RER .

LBIsCU YD

Lsakcu'vn

S.0

. 143.1

YaL

DRUM

TIME

cQ TYPE LI

4001,.33

5X12 INCH CYLINDERS CAST 22 IN
MOIST CURE 73F 100RH %0 DRYS

-A2=7-

UﬁeU

B5Z/C0 YD

. BALS/CY

UMM

Z.21

YD 31.59

FALS/BG -
ABS 0L
UNMIT WT.



‘ACCT. MO. CR1430 HHI
=== THE PUFTLHND LENEHT AZIZ0CIRTION -=--
OLD ORCHARD FORD - ZROKIE. ILLINOIZ

'ARHOjCj28

THBLEIZ.— EHTPH INGREDIENTS RHD PHv ICAL PPDPEPTIE° oF- Pun'psrs

MIK MO 4.5 K 2 DHTE 7: MAY-?T ' TIME lulf

MRATERIRLS '
l EMEHT . c’ . ) L 1 .
FINE AGSREGATE . .

COARSE AGBREGATE .

ADMIXTURE. . .. . .

BATCH IMGREDIENTS
CEMENT . . . ... .
FIMNE RRGREbRTE o« .

CORRSE RAGSREGATE .

RDMIXTURE. . . . .
MRTER * L] - L] L] L] N

- TOTAL WEIGHT . . .

. . . LBS/CU ¥YD &52.
1 . . 1215.
2 . . D..
1 . . 1364.
2. . 0.00.
1. . 0.53
2. . 0.00
ce 273.

. LOMNE STAR P C O TYPE 11
1-3 o : : .
&-MONE -

1-r

2~NOME
1-DRREX RER

' 2-MOME

BRI CH-YD 5,34

BRLS-CIL YD 33.33

D
I

+ « « LBS/CU ¥D 4010

PHYSICAL PROPERTIES OF PLRSTIC'DUNCRETE

SLUMP IN IMCHES: .

- AIR CONTEMT sPERCENT

. 3.00
) e 5-0

UMIT WEIGHTsLBS/CU FT . 143.5 -

BRTCH RNRLYSIS.

WRATER CEMENT RRTIO
PERCENT OF FINE TO TUTRL HCbPEGRTE
vuxn° FEMEHT RATIO. BY HB“ vou

ADDITIOMAL nafn

) GRLS<Bi3

e o ' . . 0 42 . By WT T
3%.4 BY WT 3.3 RET vOUL
1.72 PRESS 1.7

2 UNIT WT

'SPECIMEN SIZE €x12 INCH CYLINDERZ CRST 22 IN 3UMM
CURE - ' MOQIST CURE 73F 100RH 20 DRYS
MIRER=& CURIC FOOT TILTING DRUM

MIX CYCLE-S NINUTE> HLL IN ’

. ~A2-8-



. RHO-C-28

CACCT. MO. CR1420 AwI
. : -=-=_ THE PORTLAND CEMENT AZZ0RIATION —---
OLD ORCHART ROAD - SKOKIE. ILLINOIZ

TABLE [3 - BATCH INSREDIEMTS AMD FHYSICAL F‘FIDPERTIES OF COMCRETE o

MIX MO 4.5K 4 DRTE .22 MAY 7S TIME 1335
MATERIALS o '
o CEMENT . . . - . LOME 2TAR P © CO TYPE I
FINE RESREGATE - . 1-3 : o
: . 2~NOME
COARSE AGGREGATE -, 1-R
2-MNONE
ADMIXTURE. . .. . .. 1-DRREX AER
T2-NOME
BATCH IMNSREDIEMTS : o
CEMENT . . . « « o o o LB3/CU YD 8S2. EGS/CU ¥D - 5.34
FINE nsrpsbars A S 1203,
2 .. 0.
CORRSE AGSREGATE . 1 . . 1350,
' 2 .. 0.00
ADMIXTURE. . . . .1 . . - 0.53
o 2 . . - D.00 o
WATER. & v & o o o o o . 239. SALS,CY YD 34,72

TOTAL WEIGHT . . . . . . LBS/CU ¥D 4012.33
PHYSICAL PROPERTIES OF FLASTIC COMCRETE

SLLMP IN INCHES . . . 3.00

AIR CONTENT.PERCENT . . 4.6

UNIT WEIGHTSLBS/CU FT . 142.6

BRTCH- AMALYSIS ' o '
WRTER CEMENT RATIO . . . . e o o D.44 BYOMT

S.00 SALSSPS
PEPLENT gF FINE TO TUTHL RGFPErRTE ' 2.3 OBY WT - 29,7 - RBE vOL
1.74 UMIT WT

VOIDS CEMEMT RATIO. RY: HBS voL 1.75 PRESS

RDDITIDNHL DRTA : .
SPECIMEN SIZE £X12 INCH LYLINDEF‘Q CAST °0 IN 2umMm
-UPE MOIST CURE 73F 100RH 90 DRYS :
MIXER-6 CUBIC FOOT TILTINSG DRUM
- MIX CYCLE-S MIMUTES RALL IN - '

-A2-9-



. RHO-C-28
ACST. MO. CR1420 AMI , , ’
=== THE FORTLAND CEMENT AZIOCIATION ----.
OLD ORCHARD ROAD - ZKOKIE. ILLINOIS '
TABLE {4~ BATCH INGREDIENTS AND PHYSISAL PROPERTIEZ OF CONCRETE
MIX NO 4.SK S " DATE &2 MAY 7S TIME 1400 '
MATERIALI

CEMENT . ... . .. . LONE STAR P © CO TVPE II
FINE AGGREGATE . . 1-3 LT

: . 2-NONE
CORRSE RGGREGRTE . 1-R
.. 2=NOME
ADMIXTURE. . , . . 1-LAREX RER
’ : " 2-NOMNE g
BRATCH IMSREDIEMTS : :
CEMEMT . .+ «. 4 « . . . LBSACU %D &51. BEEACY YD 5.33
FIME HREPECHTE D . 11322, ' . :
‘ T2 e e 0.
DDHRSE AGSREGATE .. 1 . . 132553.
' : 2 0.40
ADMIXTURE. . . « . 1 . . S D83
: : 2 .. . 0.00
WMATER. ¢ ¢ ¢ ¢ « o o & & 303, GALIACU YD 37 .20
TOTAL WEIGHT . . . . . . LBEZ/CU %D 40p2.52
PHYSICAL PPUPEPTIE“ OF PLRETIC PDNPPETE
SLUMP IN IMCHES . . . 4.00
RIR CONTEMTsPERCENT . . 4.5
UNIT WEIGHT,,LBS/CU FT . 142.5
BATCH RMALYSIS ' _ '
WRATER CEMENT RATID . . . e o s s 0.47 BY WT Se. qb FRL S/ BR
. FPERCENT OF FIME .TO TOTRL RCbPEEHTE . 33.1 BY WT 2.4 H”RERZ wOL
1.753 UNIT w7

YOIDS CEMENT RATIO. BY ARRS wOL . 1.25 PRESS

RDDITIONAL -DARTA : :
SPECIMEN SIZE EH1E INCH CYLINDERS CRST 22 INM SUMM
CURE . : MOIST CURE ¥3F 100RH 20 DAVS
MIXER=-S CUEIC FOOT TILTING DRUM s
MI¥ CYCLE-S MINUTES RLL IN

~A2-10-.



T ‘ A RHo-c—zs

CRACCT. MO. CR1420 AT
S -—--~ THE FORTLAMD CEMEMT AZIOCIATION —=—--
oLD DPlHHPD ROAD - IKOKIE. ILLINOIS

THBLEIS’- BATCH INHFEDIEHT“ RND PHYZICHL FPUPEFTIEb aF" LDHIRETE

MIM¥ MO 4.5K & ‘ '_' DHTE_EE MARY TS TIME 14g.-
_ MATERIALS : , .
- CEMEMT . . . . . . . LDHE STRR F O TYPE 11
i} FINE HEEREGHTE S R .
. 2-MOME
CORARSE RASSREGRTE . 1-R
‘ - 2~-NONE
ADMIXTURE. . . . . 1-DAREX RER
- 2-MONE
BATCH IMNSREDIENTS :
CEMEMT . o . ... « « o.. LEZ/CU ¥DI &40, BEEIACU D 6031
"FIME AGGREGATE . . 1 . . 1130, .
2 . . 0.
CORRZE RASGREGATE . 1 . . 1230.
o 2 . . N.00
ADMIXTURE. « . « . 1 . . 0N.57
S . . 0.00
WATER. & ¢ v ¢ o« « o o 230. - GALS-CL YD 33.483
TOTAL WEISHT . « . . . . LES~/CU ¥D 3342.21
PHYSICAL PROPERTIES OF PLASTIC CONCRETE
LUMP IN IMCHES . . . 4.50
RIR COMTENT.PERCENT . . S.4
UNIT WEIGHTSLBS-CU FT . 145.0
~ BATCH AMNALYSIS .
WRTER CEMENT FRTIO . « v & o o« o e «. 0N.43 BY WT . 4,32 GALS-ES
FERCEMT OF FIME TO TOTAL bePEFHTE o 3%2.4 BY WT 32.7 HART vOL
1.33 UMIT WT

- MOIDS CEMENT RATIOS -BY AES vOL . 1.73 PRESS

ADDITIOMNAL DATA ' ' -
SPECIMEN SIZE 6 X 12 INCH SYLINDERS CAST 30 IN S
CURE - MOIST CURE T23F 100RH 20 DAY A
MIXER-5 CUBIC FOOT TILTING DRUM .
MIX CYCLE-S MIMUTES ALL IN |

=A2-11-
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-

<RH07C-28

MO, CR143M HMI
-——- THE FORTLANID tENENT AI3DCIATION -=--
oLD DPlHHED IKOKIE . ILLINMOIE

FORD -

TABLE {6 - EATCH INGREDIENTS AMD PHYIICAL FROPERTIES OF COMCRETE

MI¥ MO 4.5K 7 DATE 22 MAY TS TIME 1445
MATERIALSZ o ‘ .
CEMENT o v v o o . . LDHE STAR P C CO TYPE II
FINE RSGREGATE . . 1-3 e :
: S 2-MOME
CORARSE RBGGREGATE . 1-R
: . - 2-NONE :
RIMIXTURE. . . . . 1-DAREX AER
‘ 2-MOME
BATCH IMGREDIENTS . .
SEMENT . . . e e o o o LBI<CU YD 543, B53-CU
FINE AGEREGATE . . 1 . . 1125,
. a ‘e Y ')'..
CORRSE RSSREGATE . 1 . . 1332. .
o : 2. . 0.00
ADMIXTURE. . « « . 1 . . 0.57
. ' ' . ‘ i 3 Y D On
l.'jHTER - . . . 'v‘ . - e » - 3?4 -
_TOTAL WEIGHT . . . . . . LB3/CU YD 3357.33
PHYSICAL PROPERTIES OF PLASTIC CONCRETE
SLUMP IM IMCHES . . . 4.50
AIR COMTENT sPERCENT . . © 5.7
CUNIT wEIGHTaLasxcu FT . 145.5
BATCH AMALYSIS :
WRTER CEMENT PATIO . . . . . 0.45 BY WT
PERCENT OF FIME TO TOTAL AGSRESATE , 33.2 BY WT
- w0IDS CEMENT RATIOs BY ABS vOL e 1.32 PRESS
HDDITIUHHL DHTH
SPECIMEN SIZE 6X12 IMOH CYLINDEPS CAST :9 IN IUMM

CURE . . MOIET CUFE 72F 100RH 20 DRYS
MIKER=< CURIC FOOT TILTIMNG DRUM
MIX CYCLE-S MIMUTES ALL IN '

~A2~12-

tD 6.3

SALI/CU YD 33.34 .

S.16 SALI/RA

32.5 AR VOL
1.37 UNIT WT



RHO—C-28
_‘ﬁCET. MO. »P14«n =T

—-——— THE FORTLAND CEMENT H::DlIHTIUH ———

LD ORCHARD RORD - _KDkIEs'ILLIHUIS

THBLE(7 - BHTFH INSREDIEMTS HHD PHYZ IPHL PPDPEPTIE oF IDHIFETE

MIX MO 4.SK. ~ DRTE 22 MAY. 7S TIME 1515

_ MATERIALZ , o
- CEMENT . . . . . . . LDME sTﬁR,P’c.cn TPE 11
FINE RG5REGATE . . 1-3 : o

4 2=-MOME -
COARSE ASGREGATE . 1-F

 2-NOME
ADMIXKTURE. . . . . 1-DRFEX AEA
. 2-MOME

BRTCH INSREDIENTS

CEMENT . . . e o o « « LEZ/CY D £S2. E“*'U YD & .33
FINE RSGPEGHTE S 1207 .
2 . . 0.
COARSE AGGREGARTE . 1. . 1355.
' 2 . . 0.00
ADMIKTURE. . . . . 1 . . 0.52
2 . . 0.00
c o o 14, SRLS/CHD YD 25.32

"jHTER . - . . . . .

.
o

TOTAL WEIGHT . . . &+ . . LBS-CU YD 4010.98

PHYSICRL FROPERTIES OF PLRSTIC COMCRETE
"SLUMP IN INCHES . . . 3.0
HIR CONTENT.PERCENT . . 4.8
UNIT WEIGHTSLBS-CU FT . 143.5

BATCH ANALYSIS :
WATER CEMENT RATIO . . . ' e o D.45 BV WT

PEPCENT OF FIMNE TO TOTAL: HCCPEGHTE ©3%.4 7 BY WT

“OIDS CEMENT RATIO. BY RES VOL . 1.72 PRESS

RDDITIOMAL DATA o : ' : '
SPECIMEN SIZE €X12 IHFH CYLINDERS CA3ST 30 IN 3IUMM
CURE . : MOIST CURE 73F 100RH 20 Dﬂr~ -
MIXER-5 CWBIC FOOT TILTING DRUM
MIX CYCLE-S MIMUTES ALL INM

=A2-13-

$.0% GALS/BE
33.7  RABY wOL
1.75 UNIT WT



- o 'RHO-C-28

DHCCT. MO. CR1430 /LI ' ,

-——= THE' PUFTLHND CEMEMT RIIOCIATION ——-- -
OLD ORCHAFD FORD - IKOXIES ILL;HDI

TABLE J§ - BATCH. IMGREDIENTZ AND PHYSICAL FROPERTIES OF COMCRETE
MIX MO 4.5k @ DRTE 23 MAY 7S - TIME 0350
_MATERIALS . R :

CEMENT . . . . . . . LOME-STRR P C O TYPE II

FINE HGFPEfHTE e o 1=5 .
2=-MOME"

CORRSE RSGREGARTE . 1-R
2-MOME .
RDMIXTURE. . . . . 1-DRREX HER
2-MOME
BHTFH IMSREDIENTS o
CEMEMT . . . e « « o o LBI“CU YD &S0, BSZIIU 8 (R o
FINE HEEPECRTE P : 1240,
2 . . .
CORRSE RARBREGATE . 1 . . 1352.
: 2 . . D.90
ADMIXKTURE. . . . . 1 . . n.82
, 2 . . - 0.0 ,
lAHTER . . . Y . . . . - - ) 23? . ‘SHL::"":IJ 'T'D 3:3 Y ?S
TATAL WEIGHT . . . . « . LES/CU YD 3%32.03
PHYSICAL PROPERTIES OF PLRASTIC COMCRETE
SLUMP IM IMCHES . . . 32.50
RIR CONTENT sPERCEMT . . Sed
UNIT MEISHT sLBS/CU FT .  147.3
BATCH AMALYSIZ i : .
WRTER CEMEMNT ERRTIO . . T e HL3E RV WT 4.15 SRk
PERCEMT OF FINE TO TUTHL REGPEbHTE 3.9 BY WT 40.2 HED “OL
YOIDZ CEMEMT RATIO. BY REZ YOL 1.35 - 1.8

PEESZ

RDDITIUHHL DATH . o ' ' :
SPECIMEN 3IZE SX12 IMNCH CYLINDERS CHST 22 IM ZuMM
CURE MOIST CURE 72F 100RH 30 DRYS
MIXER=5 CUBIC. FOOT TILTING DRUM
MIX CYCLE-S HINUTEv ALL IN

~A2-14-



RHO-C-28

Portland Cement Association

Construction Technology Laboratories

Project CR-1480 -

TABLE 19 - CONCRETE MIX INFORMATION -

.Pértlénd

Concrete Test Cylinder Fabrication
Battelle Pacific Northwest Laboratories

Water Water - Air. Sand .- Aggregate  Darex.
No. Cement - Cement ‘
Ratio ,
3R Concrete Mixture
3K3 0.55 . 498" 277 - 3.8 .. 1217 ‘2102 0.20
3KR4 0.50 490 247 4.9 - 1198 2068 0.29
3R5 0.51 494 255 - 4.5 1202 2083 0.34
3R6 - - 0.53 " 489 260 5.0 1179 2071 Q.39
3R7 0.53 484 261 6.3 1169 - 2047 0.38
3K8 - 0.54 491 267 4.9 . 1183 2072 . . 0.34
3K9 0.53 489 263 . 5.0 1179 . 2068, Q.36
Ave. 0.53 491 261 4.9 1190 2073 0.33
Target 0.54 498 271 . 5.0 1213 - 2096 0.20
4.5K Concrete Mixture -

4.5K3 0.42 652 278 5.0 1215 1864 0.59
4.5K4 0.44 652 289 4.6 1209 1860 0.63
4.5K5 0.47 651 309 4.5 1192 1855 0.63
4.5K8 0.43 640 - 280 5.4 1190 1830 0.67
4 .5K7 0.45 - 643 294 5.7 1186 1832 0.67
4.5K8 ~ 0.45 652 294 4.6 . 1207 1856 0.68
4.5K9  "0.36 650 239 5.2 - 1240 1862 0.68
Ave.,  0.43 649 283 5.0 1206 1851 0.65
larget 0.43 658 - 286 5.0 1240 1880 0.30"

-A2~-15~-



RHO-C-28

Portland Cement Association ™~
Construction Technology Laboratories

Préject CR-1480 ~  Concrete Test Cylinder Fabrication
- Battelle Pacific Northwest Laboratories

TABLE 20 - MATERIAL CONSUMPTION

Mix  Lone Star. - S R . '6x12 in. Cast
No. - Cement . - Aggregate . Aggregate . Spec Order
: 3K Concrete Mixtures

64.6 164.94 271.70° 15

1 1
2 64.6 - 164.94 271.70 17 2
3 110.6 : 270.04 472.0 27 5
4 110.6 - 271.50 - 462.7 30 6
S 110.6 - 271.00 467.3 i 30 7
6 110.86 271.00 467.3 ‘ 30 . 8
7 110.6 . 271.00 467.3 29 15
8 . - 110.6 ' 271.00. 467.3 = . . 30 .16
9 - 110.6 271.00 - 467.3 29 17
SUB TOTAL ‘ ' ' o
TO DATE 903.4 2497.42 | 3814.6 237 o -
.4.5K Concrete Mixures . _
1 85.30 168.61 . 243.70 : 16 . 3
2 85.30 . 168.61 .243.7Q le . 4
3 146.2 . 275.6 417.8 28 "9
4 ~146.2 0 275.6° 417.8 30. - 10
5 146.2 275.6 , 417.8 - 28 11
6. 146.2 275.6 417.8 ‘ 30 - 12
7 146.2 275.6 ' 417.8 29 . 13.
8 146.2 : 275.6 417.8 ‘ 30 14
9 . . 146.2 275.6 . 417.8 . 29 - 18
SUB TOTAL . : ~

TO DATE 1194.0 2266.42 3412.00 236 -

TOTAL g '

TO DATE 2097.4 4763.84 7226.60 473 18

AWI 5/27/75

. =A2-16-
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